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I prosont. thesis the results of a study of the combinod action of a solid g_ataiysﬁ and g
gas-phase initiator, hydrogen peroside, in the methane partial oxidation and oxidative

coupling ré}octxons are presented.
All experiments were carried out in continuous-flow mstallatlons using ﬁxed

reactors, The different typer of reactor systems were designed to nwestlgugﬂ tho
influence of residence tiine, contact time and linear flow rate on the methane co_;fi?ersion B

and product selectivities, -

The surface areas of the catalysts were determined by the BET method. The
adsorption of metiyl alcohol on the oatalysf surface was characterised using FT-IR
spoctroscopy X-Ray Diffraction analysns (XRD) and Scannmg Electron l‘vﬁomscopy

~ the crysta.lhne structure, morphology and dxstrxbunon of elomeuts on the surfaoe of ﬂae
catalysis. '

The homogeneous and catalytic oxidation of methane to mothanol were studied at

atmospheno pressure in the temperature range 460-625°C with a feed consisting of 82%
methane and 18% oxygen. The residence time was vatied from 95 to 216 s. h

A SEM) coupled with Ene;gy stperuwe X—Ray analysns (hDX) were used 0 detonmne\% _

To determine the effect of proosure on the product seleotmty and methane oonverslon, _ |

experiments were pecformed at 1 and 50 bar, temperatures of 450-490°C, residence
times of 5,8-102 s, and oxygen concentrations in the feed of 4. 2 and 17 mol.%.

The use of 30% ILBO;.;!AJ;;O_; had,a visible catalytic effect on the partial oxidation of
methano pexformed at low pressure. In the presence of this catalyst the methanol ylold
was moreased up to 0.18% at 550°C and the reaction temperature at whtch mm.hanﬁl
was first observed was lower tha:i that for the homogeneous reaction. NN

Partial oxidation of methane by oxygen in the pmsenc.e of hydrogen peroxide to form
formaldehyde and methanol has been studied over the seriés of silica supported catalysts
with 3d, 4d, 4f, 5p and 6p metal oxides at 500°C under ambient pressure. _

. It was shown that pure precipitated $i0, exhibited remarkable a.oﬁﬁw toward
formaldehyde formation. The presence of titanium, vanadium, chromium, iron,
molybdenurn, lead, bismuth and lanthanum metal oxides appeargd to suppress the
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activity of bare silica, as well as reduce metha:i’é conve:ﬁion and therefore, fonnaldehyde (, -

yield, under a given set of exparimental corditions. The only elements which enhanced
bare s:hca activity were the 5p metals, tin and antxmony A maximur cambmed
formaldehyde ‘and methanol yield of 1.32% at a methane conyersmn of 3.5% was
observed on the 0.1 mmol Sn/g of Si0; catalyst. '

The positive effect of doping silica with Sn and Sb can be explained by the possible

activation of hydrogen peroxlde on these el emants, and the formation of active radicals,

presumabl: hydroxyl radicals,
The influence of hydrogen peroxide and 1ts concentratlon in the'reaction mixture on
CH, conversion and Cas hydrocmbon selectmty was exammed o the gas phase as well

as over a wz.k numbei of catalysts in "‘\\. tempemturc mvge 400-1 100°C using ‘a :

Sreactant mixture of CH/ON, with me:tbane and oxygen concentrations of 35-60 and .

4-30 mol%, respectively. Am aqueous’ solutmn of hydrogen peroxide With
concentration varymg from 2.6 to 21 wt. %, or pure: water was added tn the reantant
mixture v1a ‘an evapomtor at & rate of 0.03 mi/min. - L '
A companson of the apparent activati v energles, obtained ﬁ'om the gas phase
homogeneous oxidative couplmg of methane in the presence and absence of hydrogen
peroxide (, = 55.7-64.8 kI mol™ and 225.8 kJ mol™, respectively), indicate that CH,
activation occurred via the interaction of radicals formed during the d:gsoclatlon qf
Hzoz‘ . - ' o ..
The maximum yield of C;. products, obtained on 1% Auw/ 5% La;05/Ca0 in the
presence of 21 wt, % hydrogeﬁ peroxide, was "27%_“&&1 a corresponding 7.3% vyield of
benzens; this is one of the best results obtained to date for the title reaction.
The total C; hydrocarbon selectivity increased from 49.6 to 62.3% at corresponding
CH; conversions of 26,7% and 31.4% as the reactant gas was dilkited by wafer_vapour
in the reaction peérformed on a 28% Laz0s/ 7% SrO/CaQ catalyst. An absolute vield of

~of0.11s.

On the basis of the experimenta&-fi'esxﬂts a reaction scheme was proposed for the
homogensous - hetemgeneous activation of methane in the presence of hydrogen |

peroxide.
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20% of both C;H, and C;H; was obtained at 2 CHJ/O; ratio of 4. Danda res:denoe time !
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~ Chapter 1. INTRODUCTION

" Methane is the principle constituent of natural gas a(f.'ithé__l: lean nat;n‘al gas or
| associated gas from crude oil production), fandfill gas, or coalbed methane. it is also a
_ by-product, trorn oxl refining and chemicals procesmng It has potential value a5 a
| source of clean fossil energy or as a raw matea'lal prowded it can be brougﬁt

econoiically to the point of use. Remote gas has no yalue, ;;ntﬂ a means of

.' tr_ansportation is provided_ and may have negative value if itis b}'-Pl'nduct.

. The ﬁrst and most obvious optlon for methane transportatmn isto bulld a plpehne If
B the market is limited and a pipeline cannot be justified then tmnsi:ortanon as
- compressed natural gas (CNG) may be a viable optmn. Where an oceafj is in the way,

shipping as liquefied natural gas (LNG) has been used menmvely to brmg £a8 10 the

" market, The other alternative, and the one which is the subject of present work, is to
convert the metha;ne toa pmduct either a chenucal or a fuel - which can more readily |

be transported, If the product s a transport or heating fuel, it must then compete with .

- comparable fuels from conventional refining of crude oil. : o

- Revent estimates suggest that world pi‘overﬂreserifes of natural gas are large;" ﬁmn -
those of crude oil, Natural gas is prospected and developed in conditions rather similar
to those of oil and coukd have an important role in the energy supply of the next =

a

decades, Whereas proven crude oil reserves seems approximately constant, those of

natural gas have been regulacly growing and could meet demands of consumption for

that the Ieve! oi the oil reserves depend on the barrel price, since it could become

econormcai to extract crude oil in more difficult conditions (deep sea fields for
. mstance) The discovery of few fields of natural gas can also modify the situation: |
important gas fields were recefatly discovered in the Netherlands* and Namlbxa, their

capacity could reach 20 billion ibn ‘equivalent (te),

300 yeats at the present level (Saint Iust et al 1, 1950). However, ‘it should be stressed -

At the present time, the world price of oit has dropped to $20/barrel and very few

experts are predicting much more than a modes_t increase in the price for the rest Of this

C
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decade Many of the gas reserves are in regions remote ﬁ'om major industrial use and

this is reflected in their market price. In remote regioris, such as the Middle East, *

where gas is either co-produced with ofl far in excess of any amounts that can be used

‘locally or where the reserves are very remote from the market, as in Siberia; the gas is
very cheap. Indeed, where them are restrictions on flating natural gas from oil
* productio f wells, the cost of recompression and re-injection into the well are such as

almost 1;' give it a negative price. By contrast, in Western Europe, gas is s(;(_, highly
favoured fuel, and there is » much closer balance between supply and demand, with the

- produgers currently having the edge in negotiations. «

~ chemical commodities can be summarised as follows:

‘Presently, the alternatives for cataljt_ic transformation of methane into vatuable

= c
]

+ Routes via wynthes:s gas .

 Fischer-Tropsch ;ﬁgr&ﬁesm F
Methanot and mixed alcohols ; _ :
Methanol to gasoline and distillates ,
* Direet conversion | '
Partial oxidation to methanolifonnaidehyde

* Osxidative coupling |

Reductive coupling
Electrophilic conversion _
Hydrocarbon synthesis over }ﬁgh-siiica zeolite

" Table 1.17 gives the current price of chemicals or liquid fuels that are traded on a
large scale and which could be made from natural gas, cither through the synthesis
route or by a new process such as oxidative coupling to ethene. A number of general
obsetvations arise from inspection of Table L1, | )

First of ail the transport market, for gasohne and dissel fuel is enormous. The

chemical product market is much smaller which means that the addition or loss of a |

world-scale plant can have a comsiderable impact on price, both upwards and

downwards. On the other hand, demand for thess produects is growmg at a steady. and_

attractive rate, compared to the relatwely static transport fuel market.

®




Table 1.1. Current prices (1992) of products potentially derivable from natural gas,

quoted in ton equivalent (1:t=.f)2
Product Knrmaal Frorld marker | Ammual growthirate | Market price
| - (0°wY) @) < | @Yy
Methanol ™ [ 3-a KT
Ammonia 110 4-5 ~ loo
Ethanol 2 — = 350
{ Ethene " 65 . o2a30 | as0
Gasoline om0 - 14 Y
Dicsel fuclkerosine | 900 07  |. 1%

=

‘The other major factor is, of course, the pr:ce that one may obtain for the product
Table 1.1 represents a snapshot of pnces in the latter half of 1992. The price of ethene
in parncular ‘has been very volatile over the past few years reflecting both world

~ events (e.g. Gulf conflict) and the loss of large scale plants. However the values quoted ,

‘here do allow some qualitative remarks to be made.

1. Eihene is cleaﬂy a product which would atlow highest added value to that of
natural gas. The price is based on the steam nrackmg of ethane or naphtha and ﬂu
established process is one which would be the target of. any newﬂtechnology base" /6:1

oxidative coupling of methane.
2. Competition in the market is keeping the price %’ ammonia and methanol

down. Even though the capital cost of steam reforiming is high, the product is Isold at

rela:tiveiy low prices. Clearly, any new plairts would be ‘%ited where the feed is
| cheapest. Another point to be borne in mind is that for an eq_uivalent mass, methanol

- has under half the enthalpy of combustion of natural gas or gasoline. Thus, as a

poteniial transport fuel, the equivalent price for equal heat output should be rather
over $220 te™, very much the same as the price of gasoline or dieset fuel. =~

3. The cost of gasoline and diesel fuel, or at least the price to the consumer, is
really 'very low. With the price of gas in Western Europe (150-190 $*¢™) there is no
hope of developing 2 process with an end-product of gasoline at a price anywhere near
 that derived from the petroleum-detived equivalent, Even in the USA, the margin s
insufficienily attractive to encourage development of such a process.

£
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The main “obstadle remains the coSt of transportation of natural gas over large
distances. Gas has a low energy density (enthalpy/volume) compared to petroleum
liquids and in addition, LNG has high capital costs associated with it. The cost of
tsansport of liquids, such as oil or methanol, does not add more than 10% to the cost
of product delivered at the point of use. LNG has an important future role to play as a
method of transporting nati’al gas to areas where it commands a high value a5 a "
premiuin fisel (it was imported into, Western Europe in 1990 ai prices esti:i:ated |
~.between $2.7 - $3.3 per million BTUs). It is, however, too expenpive to deliver the gas
at a price attractive to the chemical industry.- . | y |
- From the arguments presented bere, it is ciear why natural gas conversion is ued n -
- with remote, and hence cheap, supplies. The one exceptlon may possibly be the case of
~ ethene. Assummg that & selectivity of 80% in oxldatwe coupling can*iéecgnmntsmed ina
o Iarge-scale plant, and_-takmg into account the stoichiometry 6F th_e reaction, it wquld
 take only 1.4 te of methane in the form of natural gas to make {te of ethene. Thus,
even in areas where gas is expensive, there is quite a wide margin between the current
sellmg price of the product compared to the cost of the hatural gas required to make it.

The alternative would be to make ethene at locations where gas is cheap and to ship. it

as it.is currently traded internationally m_hquxd form, The boiling point of ethene is 169 ..
K, compared with 111 K for methane but the critical tcinperature (282 K) is much
higher than that of methane (191 K). Jt is shipped in reftigerated, slightly pressuriscd
tankers at a cost that is rather lower over 10 000 km than that for LNG, say $50 tg™". T

The key fo an economic direct conversion process is to improve selectivity without
- reducing conversion per pass below practitat levels. There ars in any case, good
reasons for believing that there is an inherent limit, of the order of 30 mol%, for the
yield per pass of coupled products over oxide catalysts. Attemp_t_s to lforce c_:mive_tsidn
lead only to increaséd levels of CO and COz )

There are many ways t0 activate methane: for example, Hunter and Gwseqa have
discussed photochemlcal and electrochemical actlvanon, laser-induced activation, and
radiolysis, as well as catalytic activation as means to achxeve this mim. The right |
combmatlon has yet to be discovered. _ . Ty

)/
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1.1. Oxidative coupling of methane

™

I
RN

= b

Addition of an oxidizing agent to methane alters the thermodynamics of ‘direct
methane t:oilm‘sion: so that a favourable équilibrium can be pehieved at low ‘
- temperatures, It also results in large exothermic heats of reaction which control bow |

the process is configured. Our work concentrates oz two of the more promising new
direct conversion technologles (1) oxidative coupling and (2) partial . oxidation ta
methanol/formaklehyde. In each case, the direct conversion step is followed by

- ohgomenzatton of the product to liquid hydrocm'bcms
Smoe much of the cost of the direct conversion process lies in the handling of the
large heat of reaction, it is instructive to review the thermochemlstry of snme_of the.
" basic reactions". Heats and free energies in kilojoules per mole. ofmethane ,conve;ted

are as follows:

Reaction TLEC) | A | AGP
“Oxidative coupling : T [~
CH + 1/20; -5 12CH} + F0 S vse0 | -1se | bise
CHy + /40, - 1/2C,Hs + 1/2H;0 w0 | o-ar | s
| CHy+20, — CO, +2H,0 | 800 801 800
Partial oxidation | -
CH,y +1/20, —»CH:OH 400 126 92
CH + 0, - HCHO + H,0 400 276 291
CH, +20; - €O, + 2H,0 400 794 =800

- These large exothemﬁc heats become even hrger as the reaction selectivity
decreases. For example, if 20% of the methane in the oxidative coupling reactnon 13
converted to COy, the heat of the reaction per mole of methane converted is. mughly
doubled. I should also be noted that the ideal stoichiometric consumption of the
oxidant is atom for atom with carbon converted in the case of oxygen. If these
products are oligomerized 10 gasoline with an average © z\Mﬂ’hcun number of 8, then 4 - |

moles of O, are required per mole of gasc,?*ne A 20% loss in selectmty (to COz)
’ 4 l:" :




" causes a 60% increase in oxygen consumption. This is the reality that any oﬁi&ative '

methane conversion p_roc_ess faces. Because of the large enthalpy, direct oxidat_ion

reactions are associated with a large adiabatic temperature rise, unless the conversion

© per pass is quite lov:, and a high activation energy (on the order of 230-250 kJ/mol) so
that it may be difficult to avoid runaway in tubular reactor. | | h

Since the first anncuncement of methane oxidative coupling to produce C; and
higher hydrocarbons by Kelier and Bhasin® in 1982, the reaction has received world-
wide attention as a potentially interesting process for upgrading natural gas, A recent
article by Lunsford® provides an overview of the process, Methyl radicals and surface
hydrowyls are considered to be the primary products of the catalytic reaction, which is
generally cmﬁed out over metal oxide catafysts, modified with fithium'or smﬁum ions

at about 800°C. The methyl radicals, in the gas phase, couple to form ethane. Ethylene

and higher hydrocarbons are then formed from ethane by gas-phase ﬁ'ee—radical
chennstry o

There is a strong correlation between C, hydrocarbnn selec*mty and methane
convetsion in oxidative coupling wl;:_mh seems to hold for a variety of catalysts and
conditions, The yiheld ie. the product of selectivity and conversios, stays relatively
constant between 15% and 25%. Selectmt" is a more significant econotruc factor than
copwersion but both must be cof’  red in reactor design’™®

In general, efforts to develop oxidative coupling catalysts ‘tave taken one of two
approaches, either using alternatng feed cunditions (redox approach), &g over a
reducible metal oxide, or catalysts stable vnder co-feed conditions, i.e, k:imtaining a
non-reducible metal oxide. To be effective, redox catalysts must contain a reducible
metal oxide component able to supply lattice;"gxygen to the reaction in the absence of

gaseous oxygen.

This distinction between the two types of catalysts was first made by Keiler and

Bhasin (1982) of Union Carbide. Using the redox approach, they noted that of the

Al;O; supported metal oxides tested, only those of Sn, Pb, Sb, Bi, Tl and Mu were

effective in oxidative coupling. The above oxides possessed two positive oxidation
states, differing by 2¢”, and were thus tapable of supplylng 0% to the reaction. Since
this eatly work, and followmg the results obtained by Hinsen et al'® under co-feed
conditions, Union Carblde have appeared to concentrate more on developing eﬂ‘ectwe

. "\\




co—_fe‘ed catalysts. This has included testiﬁg various alkaline earth/metal oxide an_d’ N,

metal/metal oxide catalysts, together with simple perovskites, metal/molecular sieves
and catalysts based on Pr/Ce oxygen camiers. Judging by the recent literature, the

favoured catalysts are Ba or Sr chlorides or carbonates supporte” on TiO; or AlO;, " |

with performance enhanced by various means.
Tt is generally observed that the maximum yield of Car-(C2Ho and CoH,) is obtained

at 700-900°C, so most studies have been concentrated in this temperature fange. Best
 yields are commonly in the wrder of 10-20% of methane, in the feed and a limiting

figure of 30% at 1 bar pressure has beén predicted by Labinger and Ott' on the basis
of a simple kinetics ana!ys;s The main Emitation to an increar<d ylelﬂ of C; products

was the further oxidation of products, especxally of ethene, at catalytu;glly active s::tes

‘In addition, where there is free dioxygen in the gas phase, homogeneous reacfions
which are essentially out of the catalyst control, will lead to CO and CO..

The Jatier view of the catalyst’s primary role is to abstract hydrogen from methane in -

an acid-base reaction as shown in equation (1): | 4
CHy + 0% ~> CHy + OH g 6))

where subscript (5) refers to surface species with a low coordination nurber.

The acid-base mechanism'™>**** suggesting that tfie methane activation occurs via

heterolytic cleavage on low-coordination surface M™-0* ionic pairs, appears
attractive. This model has an immediate consequence for a catalyst preparatlon
strategy, becaxse the catalytic properties can then be linked thh established ac:d—base
chemis 7, The mmphcatton of equation (1) is that the effectiveness of a catalyst
depends on its strength as a base, Basicity of an oxide is stfoﬁgly influenced by the
cation. Among the usual methods to measure solid state basicity (i.e., acid titration
using Hammett indicators'®, acidic gas adsorption, viz, carbon dioxide™,
decomposition temperature®®, - binding energy calculation of Oy by Xeray
photoelectron spectroscopy®, determination of the conventration of base sites by the
adsorption of benzoic acid from dry heptane'® and catalytic methods™), the method

based on the decomposition temperature of carbonate appears quite appmpﬁatg,.-Jhs

‘carbonate

meuasurement ‘temperafures are close to the reaction temperature, thus providing a

I
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~ rationale for the poisoning effect of the r'eactidn by-product carbdn dioxide. Such a
" method also helps in selecting opti’n_mmz reaction temperatures'. Tn the presegce_ of

carbon dioxide, stronly basit oxides easily form weakly basic carbonates of high

. thermal stability. This method is based on the assumption that the higher, he carbonate '

dmmposxtnon temperature the lngher the basicity of the cotresponding ox:de

It should be recognized that the basicity as detenmned ‘from the caﬁmnata o

PN

- decomposition temperaturc Tgfers to the bulk property and that the piopemes of the
- surface sites may differ markedly However, within a pasticular senes of oxides the

same baslcxty sequence. is hkely to be mamtamed for carrespondmg surface sites. A

" major variation may be encountered n the surface prnpertles of systems that contain

impx..ities a3 second ot third components due to the tendency of the impurities to
segregate to the surface with a concomitant change in mbmholngfr. The basicity

) _'consideration of cataiysts is restricted to the bulk basicity of the pure, moﬁophasic

oxides as determined by the thenncgra.wmetry of carbanates’m'“ and is illustrated in
F:gures 1.1-1.3 for the carbonates of alkali thetals, alkaling earths and the rare earths,
respecuvely ' -
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Figure 1.1. Ther}nt)graﬁmetﬁc curves for alkali nﬁatal carbonates. Conditions~ 4 mg
samples in fused alumina cups usmg ot~-Al O3 referenw, 40 m]/mm flow rate of a:r and
3"C/mm heating rate™®, - ' o
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LL1 Alkali metal catalysts, It is olear from Figure 1.1 that only Li;CO; shows a
definite decomposition zround 750°C. Although the oxides of the heavier elements are
expected to be more basic than Li;O, their carbonates tend to subhme wrthmlt

decomposition to the oxide. This is in qualitative agreement with the catalytlc activity

data shown in Teble 1.2 which lists a host of data, all of which are based on alkali
“metal catalysts in composite with vatious supports. Most of these catalysts are lithium-
containing and, of the metals, it is only the lithium catalyst without a support which has
‘been shown fo satisfy the performance criteria. The catalytic proﬁcrties have been

compared on the basis of a simple assessment criterion of the sum of the methane
conversion (X) and selectivity to higher hydrocarbons (S), Only those catalysts which

gave a (X-I-S) value of at least 80, for a methane conversion of 5% or more, were

selected for assessment.

The activity and selecthty of MgO modified by alkali metal cations in methane .
oxidative coupling was studied by Sinev et al® Both the activity and selectivity
| 'decrease in the order Li0/MgO < KJCszO/MgO, i.e., with increasing bas;clty Cations _.
with latger ionic radi are not abie to substitute Mg?', but they pi'esumably enter into

the interstitial pusmons this is ewdenced by a line broadening of the X-ray diffraction
patterns. :
A different dependence was obtained for MaO/ALO; by the same authors The
activity and selectivity in -methane oxidative coupling enhance with increasing ion
- radius, when going from Li to Cs. In'this case, addiﬁon of an alkali catim”stabi]izés the
cubic phase of y-ALO;s and results in aluminate formation, |

A series of investigations on alkali metal oxides was petformed at the Ruht
University™>®, The authors managed to obtain high yields of C, bydrocarbons at a high
methane cqnten;‘. in the reaction tixture on calcium oxide promoted with alkali metal
compounds (Table 1,2). The reaction was performed at 740°C, In general, at high
methane concentrations (60-70%), the samples promoted by lithium, sodium and
potassium show a similar yield (12 + 2%). But if the methane concentration is hatved, a
C; hydrocarbon yield of 17% can be obtained on a 5% NaOH/CaO catalyst at ethylene
: ethane ratios close to unity. The lowest yield was “ohtained on catalysts promoted
with transition elements, and the highest yield was found using the Na/Mg0 system,
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Table 1.2. Activity data for alkali metal-containing catal_ysts“. C

- Catalyst - Feed® _WIF" T - Conversion” | Selectivity -
| CHuOzdil | @wml) [ CC) {CHy 02 | C2 € G CO CO;

Li 176:1:13 | 0072 | 850| © 30 | 40 29 8 5 13
{1iMay 6:1:13 | 0093 [ 850]21. 100 | 29 38 71 5 2
fuives ~ |96:1:4 [022 |80 13 100 {42 ;M B 7 2
LiMg, | 2:1:2 {13 |mol40 7t [ 11 32 4 14 a4
LiMgss | 3:1:4 {55 |770|59 8 |17 36 53 2 46
|LiMgal, [21:1:4 {035 [734| 9 9 |51 28 8 1
LiMgAldNi | 11:1:4 | 0064 { 760| 14 99 | 47 25 80 . 1° 20
LiMgSios {11:1:4 {024 | 794{15 100 |33 38 & 2 17)
LiCaAl, |11:1:4 | 037 [690{ 6 6 |62 28 95 3 F

2 |

)
1
L
2
LiMgsZn | 2:1:45 [ 048 [.g05| 27 58 [ 30 26 56 2
LiMgilaoy | 2:1:62 | 065 {%0] 25 - |35 6 98 2 2
LiMgiCeos §| 2:1:62 | 065 | 700 25 - |31 68 9 1 I
LiMgPr, | 2:1:62 | 065 [700{ ¢4 - | 12 32 4 2 54
LiMg/Ndoy | 2:1:62 | 065 | 700] 25 - 36 & 9% 2 2
LiMgsSmoy | 2:1:62 1065 |700| 24 - |31 56 8 . 1 12
LiBag °~ | 2:1:70 |24 [800) 3 - |- - 57 3 4
LiCass  |44:1:4 |87 |711] 18 - {271 38 7 3 27
LiLa, 44:1:4 |88 |710f 21 - 2 39 6 4 29
LiCa;Ti 44:1:4 {88 |707] 17 - |31 40 716 2 22
VusnTio, 144:1:4 |88 | 7100 15 - |34 32 70 2 238
LiaCOu/Cas | 9:1:35 | 036 | 740 16 o1 {27 41 77 - -
K:COs/Cazs | 9:1:351014 |740| 14 91 | 20 42 7 - -
‘Na;COJ/Cay | 9:1:35 | 014 | 740} 15 83 | 25 4 78 - -
NaiSOCap | 9:1:35 | 019 | 740| 16 92 | 26 45 78 - -
KSO/Cas | 9:1:35 (022 | 70| 15 85 |27 42 7 - .
LiSOJ/Caxs | 9:1:35 | 14 “ | 740| 16 90 |33 32 76 ~ -
I LiBe 2:1:3 {013 |760) 35 B0 |21 44 e - -
NalaZr, |4:1:5 |0007 [720| 20 - |28 3 61 - -
KLaZt, 4:1:5 {0007 | 680 22 - 30 31 61 - -




Table 1.2. (continued)

&

11

RbLaZz,
LiStm
NaSmy
KSmy
RbSmy
CsSimy

{Li.Ti

Na;;,;l;a
NaP2078m;

NaSOLaus

4:1:5

2,5
2.5
25:
2.5
| 25:

—t ek ek ek e

: 47
- 47
47
. 47
: 47

4:1:15

5:1:65

2:1:38
3:1:3.8

170.007

0.65
0.65
0,65
0.65
0.65
0.16
0.65
0.63

0.63

660
750
750

50
750

750
750
750
828

800 }

23
18

37
38

38
38
10

26
43

10 -

100

100 |

100
<100

100
68
92

26

731

28

-
-
-

46
32
11
“

Y
2.

21
40

35

_53._ -
54_'

49

50

46

45

73

71

46

79

21

22

13

il

Catalyst compositions have been expréssed- in tertns of atomic ratio of thq cations.
Asions are not mentioned when catalyst components are likely to be essentially in an
oxide form under reaction conditions, viz., salts such as hydroxide, nitrate, carbonate,

acetate, etc., which decomposs to oxides. Relatively more thermally stable anions sucls' 9
as sulphate, chloride, phosphate, etc., have been shown mthe catalyst composition.
*CHy: 02 dit = volume ratio of methane : oxygen : inert diluent in the feed gus.

bW/F = pssudo-contact time (g s ml™") obtained by dividing catalyst mass (g) by

flow rate (m/s) under standard temperature and pressure.

“Conwrsion of ither methane or oxygen was expressed as pement conver;ed '

10 products. _
Selectivity = fraction of methane converted to each partlcular product viz.;
ethane (Cy), ethylene (Cy.), total hydrocarbons (Cz.), carbon monoxide and
" carbon dioxide, as a percentage of the total methane converted.

Other pure alkali metal carbonates are not active?. It is generaily observed that the
interaction of thermally stable carbonates with suitable supports results in

destabilization of the carbonate and produces active oxide sites. For the destabilization

to ocour the support material shouid have a lower basicity. It is evident from the -
comparison of data that Li;CO; supported on highly basic BaO (LiBays in Table 1.2)

gives a lower performance than the pure BaO catalyst (see Table 1.4), whereas there is

& general consensus that Li/MgO being a good catalyst.




LE _J

R Table 1.3 gives 4 mmmary of dath_uﬁing alkali metal .bompnsite cata’lyéts that ailso

~ contain an element which is capabie of showing variable oxidation states, vm., Fe, Co,
Mn, Ti, Zr, Ce, Pr, Sn, Pb. It can be seen that with the most widely studied LiMg =
cataiysts, the introduction” of one of these oxides either improves the overall
performance or enables the catalysts to achieve a good pe:fonnance at a fow
temperature®. However, “variable valency” does not appear to be an essential criterion
for effective additives. Performance enhancement of the Li/Mg catalyst in the presence
of'a thu'd component. consisting of the cation with the fixed valency such as B, La, Nd,
gtc., has also been observed by many researchers™". I is difficult to rationalize these
improved selectivities in terms of the bulk basicity. Surface bamc;ty rnay, however, be _'

| sufficiently different to make important contributions, . b

Table 1.3, Actmty data of oatalysts conta:mng tlkah metals and othm‘ cations o _' | §
showing vamble oxidation states®, ' | L

(k]

Catalyst Feed - W/F - T | Conversion | - Selectivity

© PcrgOudil | geimD) | CC) [CHy 02 | ©2 G € CO-COR|
LiMgz Mg [ 2.1 :1:4 1048 [e05|39 95| 22 31 53 0 47
LiMg.Cora |21:1:4 | 052 | 80022 - | 45 s2 o7 - -
|LiMpisFenr [2.0:1:4 [ 052 [s00|23 - |43 2 o7 . .
LiMgeeSoy |44:1:4 |75 |708]28 - | 27 35 e 1 3l
LiMguCeos | 2:1:6 |75 | 70046 ~ | - - 44 - -
Li;TiO 2:1:0 {065 |70[22 8|42 13 8 o 4
LiCe0; | 2:1:0¢ | 065 |788(38 10| 14 34 52 0 48
LipZ10; 2:1:0 |065 | 79438 10| 13 32 49 o 51
LiPrOy | 2:1:0 | 065 |784|40 100 | 16 28 52 0 48 |
LiThO, 2:1:0 | 065 | 805|31 100 13 33 53 o 47
NaPbO/SIO; | 31:1:4 |24 |840| 6 100 47 "33 87 .3 10




112 (ata{ysts based ion alkaln‘ie—earth meral ox:des Aithough the pure alkali -
metal oxide catalysts usuaily perform poorly (due to excesmve stability and high
volatility of their carbonates) the alkaline earths, especially the strongly basic ones -

. 8rO or BaQ - are capable of giving high selectivities *"****, Definite trends of increase -
in' the performance including cz; selectivities, WGrc observed with an increaso of_
| .basmty in the alkaline earth oxides in the soquenco - Mg0, Ca0, Sr0 and BaQ®%%*,

" The data in Table 1.4 indicate that StO or BaQ require, for maximum performance,
hlgher reaotlon temperatures (800°C or gbove). This can be pnderstood in the hght of
the high decomposition temperatures of StCO; or BaCO; as §hown in Fxgure 1.2, This
trend continues even in composite catalysts, Thus, the data in Table 1.4 show that, in
oothpositos.,with MgO-ZrO;; Ca0 required 620°C for a good performance; $rQ,
700°C; and BaO, 800°C*. "These data also indicate that, with sujtable additives, the

‘strontium - or banum catalysts require lower optimum temperatures than ‘when no |

additive is present. This clearly demonstrates the effective role-played by the additive in
 lowering the carbonate ‘decomposition temperatures Slgmﬁcant lowering of the
decompos:ﬁon temperature of 8rCOa or Ba.CO; have been observed i in the preSenoe of
suitable additives®. Decomposition maxima fom;he pure alkaline earth carbonates in
fowing air are: MgCOs, 420°C, CaCOa 6‘70°C SrCOs, 860°C andBaCOs, 990"(3

;E . . 1. o : "~
§ . Ga : .
A .75 T o 1 i i o

b 200 400 G600 BoOo 3000 _1200 '
“ TEMPERATURE (*C)

Figure 1.2. Decomposition of alkalim: ea’rtli carbonates in air, Conditions! 4 mg
sample in ﬁised alumina cup using oa~A1203 reference, 3°C/min heating rate and 40

mI!rmn air flow rate”®, o R o o




“Table 1.4. Activity data for alkaline earth and rate earth cataiﬁrs_ts contammg o

alkali metals®,
Catalyst “Feed | W/F | T |Conversion] . Selectivity
| - CHOzdil | (gvmD) CO) |CHy 02 | €& G G CO CO
Cal 19:1:0 0052 | 80| 8 & | - - 7B - -
MgO | 19:1:0 Joos2 |80 5 | - - M - -
510 19:1:0 | 0052 |80 o s2f - - m d .
BaO 19:1:0 | 0052 |850| 7 76| - - 84 - -
$10 8:1:3 |25 (70|12 88|28 36 72 3 25
BaO 8:1:3 |16 |740|14 98T32 31 7 0 30
Zr0, 4;1:5 | 0065 {82018 -2 ‘23 §$3 . -
VCazeo, | 4:1:5 |oo0es |700[20 - |32 30 e - -
220, | 4:1:5 | o065 {74021 - |34 34 &8 - - |
BaZrO, | 4:1:5 [0065 |820[20 - |33 33 6 - -
CaZrsMgos | 4:1:5 |o0065 [620{19 - |33 20 e - -
_SI‘ZI’Q&MEO.I _ 4 1 5 0.065 1 700 "23 - 13 3 68 - -
BaZrosMgo,1 | 4:1:5 | 0.065 | 800 | 22 - | 32 3E 65 - -
fcauBa | 10:1:4 |01 | 800 15 961 3% 31 69 8 21
Ism 6:1:0 0039|750 20 95| - - & - -
La 9:1:0 | o000z {850) 13, 82| - - W - -
Sm 9:1:0 joooz |80f{ 12 8| - - T - -
Eu 9:1:0 {0002 | 850 11 72 - - T - -
Ho - 9:1:0 | o002 [8s0] 11 e - - T . -
Gd 6:1:13 | 023 | 800| 19 100] 27 31 61 10 29
La 6:1:13 1 018 | 750] 20 100 | 31 26 59 8 33
Mglais | 6:1:13 {018 [750| 21 100 | 32 28 6 9 26
CaLagz 6:1:13 [ 018 [ 750} 19 100 | 31 29 64 9 26
StLass 6:1:13 (018 | 750 21 100] 35 20 6 5 26
Balas 6:1:13 [ 018 |80] 20 100 | 3¢ 31 68 3 29
 {cCauBa 5:1:66 {053 [ 80| 23 1200 27 34 6 - -
La 4:1:45 10007 | 750| 12 27| 17 41 e 18 15
MgLao, 4:1:0 | 0019 [800] 24 - |24 39 6 - . -
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Table 1.4, (continued) SR

0025 | 800] 24 - | 35 33 &8 - -

CaLages | 4:1:0
CaY, 10:1:0 | 0018 1 826) 11 75| 27 42- 69 18 13
SrY, 10:1:0 [ 0018 {778 15 92|36 41 7 7 16
BaY, . | 10:1:0 {0018 | 772| 15 94| 38 39 77 6 18
{ S1Th, “L10:1:0 {006 |807| 12 7l3s 37- 75 9 16
1 SilLa 10:1:0 0018 | 759| 15 100| 44 34 78 4 18
PbO/22MgO 1 9:1:53 {016 |800| 13 o7) s4 16 T1 1 28
PbMg;s - | 2:1:19]099 {800{ 30 100 2t 26 47 1 52
AgLag 6:1:13 {018 [800] 20 100| 32 28 63 5 32
BiMg; 5:1:19 {12 |s8w) 20 _90f 37 25 6 0 37
Bilap | 6:1:13 018 [ 750 18 100 35 27 65 2

3 |

These temperatures are sensitive to the presence of carbon dioxide, increasihgéhfafply _
as the partial pressure of carbon dioxide increases®. This explains why these catalysts
are so easily poisoned by carbon dioxide. - : : ;
Methane oxidative coupling on 3-7% 1,120/Mgb was described by Lunsford et al 37
and Larkins et a1.* For pure MgO the yield of C; hydrocarbon was only 7%, while for
7% Li/MgO catalyst at 720°C a 19.4% yield of C, hydrocirbon was attained at 50%
selectivity and an ethylene : ethane ratio of 1:5. During the reaction CH,;OH and
HCHO were also fornied in trace quantities. However, the catalyst lost its activity with
time. According to the suthors, the active centres are generated through the
 substitution of Mg?* cations by monovalent lithium, resulting in the formation of Li"0™
defects. The catalyst was activated by & Li loading of 0.1 wt%. At higher than 7 wi%
Li loading the overall attivity decreased due to the loss of surface area from Li,COs
sintering, but the selectivity to C; remained stable at around 80%. o
As Hlustrated in Figure 1.4 doping with Liz"0; or LIOH salts resulted in a catalyst
wiih similar activity (~20% methane conversion and ~70% C, selectivity). Catalysts
detived from LICl salts on Mg also had kigh methane conversion but the selectivity
te C; was lower. A LSOy derived catalyst system had fow actmty, while LiF denved
catalyst system was found to be inactive, '

j

=
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700

TEMPERATURE (*G) FOR 50% DECOMPOSITION

%
S
500
i 450 e ' L "
| iLa Ce Pr Nd mamnmmamnm ]
F:gure 1,3. Decomposition temperamre for the last step (Ieadmg 1o Man) iof the
lanthanide carbonates: (o) in nitrogen, (e} in carbon dioxide. Data_for Nd, Tm and L
are shown by (A) in vacuum and (&) in 500 Torr COy, respectively, h

The activity of Ma(OH)z and of MgO based catalysts is similar, as shown in Figure
1.5, with 20-25% conversion and 70% C; selectivity. Ca(OH); had a slightly lower
activity (~15%), while the $i0; and TiO, base] catalysts have low activity (< 5%) at
800°C. Althoﬁgh the 7-Al;05 based catalyst has high activity (21%) the selectivity to
C, is only balf that of the Mgo based catalyst.

The effects of doping the Li/MgQ catalyst with 2 mol % transmon metal relatwe to . |
lithium is shown in Figure 1.6. The presence of the, transition metal generally, with | J
chromium being the exception, increased the CH, conversion at BOO"C In terms of C;
selectivity manganese, iron and cobalt were most effective, A tﬂmperature dependence

/

if
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CHEMICAL SUPPORT

L7 L2C03 LIOH  LICI L2504 ®© 20 40 B0 B 400
LITHIUM SALT UMIT IN PERCENTAGE
Figure 1.4. CH; conversion and C; Figure 1.5, C}h conversion and C;

selectivity of 6% LiMgO catalyst systems
at 800°C, as a function of L1 salt?.

selectivity of 6 wt. % Li (denved fron{
L12C03) on dlﬁ'm‘ent support™,

study sh'oWed.that the Mn doped catalyst had comparable activity to an uadoped
LifMgO: catalyst at 50°C 'ldwe: temperature. The eftect of CO on the activity of
Mn/LiMgO catalyst was also determined. As the partial pressure. of CO in the reactant
mixture was increased the conversion of methane decreased and the selectivity to C,

TRANSITION ELEMENT

80 100

b 20 40 &0
" UNIT IN PERCENTAGE *

CHEMICAL SUPPORT

Mg{Ot)2

e

40 eo=—"" 90

[ +] ' 1)
* UNIT IN PERCENTAGE

Figure 1.6. CH; conversion and C;
selectivity of 6% LiMgO doped with 2

mol. % of various dopants at 800°L%,

Figuré 1.7. CH; conversion and C;
selectivity of fresh urklo;)ed chernical
compounds®™,
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increased but no significant dxfference in produot distribution was observed. When CO

was present 1p»xhﬂ\,\reactant gas it was. preferontlally oxidized to CO,. This result
- indicates thatl __diation of CO only competes for surface oxygen sites with-the
- oxidative dehydrogenanon of methane. Less oxygen is avallable for the full oxldation |

of product and hence the selectivity to C, increased.

. The selectivity to CO over a fresh catalyst was found-t i momase with the acldlty of
;__f:-""-;the surface (Figure I 7) These surfaces are likely to generate mtermedlate species
o "'whlch preferontlally oxidize to carbon oxide. The data in Figures 1.4 and 1 T also .-

support the view that acidic sites aré not primarily responsible for the cleavage of the
H-CH; bond in methane to form methyl radicals since the CFl, conversion is Ligher in
general for the more basic oxides. : _ _

The presence of transition metal oxides,on the surface increases the coricentration of
surface oxygen and hence the oxidative reaction is faoﬂxtated Since chromiun oxide is

a very good OXIdatIOR catalyst it results i in the full ox:dation of the hydrocarbons to

carbon dioxide (Fi igure L 6) a[though convarsion is low.

Total Ddea.ﬁOtl to CO; and to CO; bonded in the form of stable Li;CO; occurs on
the active and selective LzIMgG catalyst. The excess of LiCOs in LiMgO has
 practically no effect on the rate of catalyst interaction with CH,%. Presumably, only’
that pa.ft of Li which is incorporated ‘nio the Mg() s%-mctore forming the -substitutio_n:
| ~ type of a solid solution and, corréﬁyondinély, Li'O" centers, is of essential importance '_

 for the activation of the CH; miofecule, Li* and Mg*" ions have almost the same ion

radii: 0.068 and 0.066 nm, respectively. Under catalytic conditions, the carbonate can

“be partlaﬁy converied to LIOH according to *{1& reaction:

[bOs](S) +Hy > 2[0HL§} +CO

L]

~and swept away in the form of CO by the gas flow (hydrogen is. always present n

: apprecxable amounts among the reaction products)

A considerable yield of C;, hydrocarbons was obtained by Aika et ai.‘“ on snnp!e |

oxides of alkaline-earth metals. The C; hydrocarbon yield and the se.lootmty rose in
proportion to the atomic number of the metal. Thus, when moving from MgO to BaO

0

e ——— e
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the selectivity to C; increased from 4.4 and 11.7% for MgO to 15.2 and 45.4% for
BaQ, respectively.

The positive effect of water vapour on C; hydrocarbon yxeld was reported by'

Matsukata et al*' At the same time water vapour as well as £O, were found to
provide almost no effect on the oxidative dehydmd:menzatmn of methane on pure
MgO®. | |

Gne nay consider that CO; and water vapour suppress the deep oxidation of
methane and reaction prdducts on one hand and block the active surface centers,
producmg surface carbonates and hydroxides on the other hand. The nature of the
Wuenoe of carbon dioxide and water vapour will be determined by the stabihty of the
corresponding carbonates and hydromdes on the catalyst surface, which is why it
should depend on either the ‘Ft s neture of the reaction conditions (temperature)
and the concentration of dopants introduced.

"1"
LA3. Catglysts based on the oxides of rare-carth elemepts>  Seusitivity of
decomposition temperatures to the presence of carbon dioxiide (and hence the extent of
poisoning by carbon dioxide) is greatly reduced when the lapthanide carbonates,

especially, the ‘heavier carbonates are used as shown in Figure 1.3. The_

thennogrammetry (TGA) data in this figure was collected using a heating rate of
10°C/min. This is expected to give rise to higher apparent decomposition temperatures
(by say 30-50°C) than when applying a heating rate of 3°C/min as used for the data in

Figures 1.1 and 1.2. Note that Figure 1.3 refers to the decomposition of the last

decomposition step which is thought to reflect the maximura basicity of the oxide.
Complete decompoasition of the lanthanide carbonates usually takes place in iwo or
three regions of temperature indica,ting the presence of oxides with different basicity™.
As summarized in Table 1.4 the lighter lanthanides, with the exception of those
showing variable oxidation states (Ce, Pr and Tb), give good performance, )

- Otsuka et al. ™ discovered that the oxides of rare-earth elements possessed high
catalytic activity. These authors inveé%igated the catalytic properties of the whole range
of rare-earth elements and reported more than 90% éelectivity towards Cy hydrocarbon
formation for all but the three oxides mentioned above, Ihese uxides, Cé:, Pr and Th,

R MR ot A At
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falt outside of the general' correlation. Low activity of the Ce-containing samples miglit

~ be associated with the formation of a MgCeO, phase. The rate of C; hydrocarbon
formation on Pr,03 and Th,05 a4 T < 700°C is 1 to 2 orders of magnitude smallerthan
that on other oxides, but at higher temperatures and conversions they are reduced and
lose their activity. As the data in Table 1.4 shows, lanthanum, samanum europlum,
izadolinium, holmium and ytirlum are the most smiable lanthanide catalysts The
basicity reflected in Figure 1.3 suggests La;O; to be the best catalyst which ey indeed

be the case. However, with other oxides the performance-basicity telationship was
found to be less straightforward than for the alkaline euths. Irregulatities were thought

to arise from the presence of other less basic sites*™* probably involving peroxide and
superoxide species: which are also present™ " pnd which promote sequental
oxidation of Cy hydrocarbon to COx. Thus, the differences in the catalytic
performance of various polymorphic phases of La;0,00:, Smp05% ete., may be
attributable to differences in basicity and/or electrical properties (e.g., oxygen-ion
conductivity). When the weakly basic oxides are contacted with a layer of alkali metal
carbonate, espectally Li;COa, 'strongly basic sites are generated through destabilization
of 1iCOy and suppression of acidic sites. Table 1.2 lists & host of examples of
improved performance for aik.ali metal doped lanthanide catalysts. Thus, an (X+8) of
about 80, commonly observed for La,0,, increases to 98 when it is doped with
lithium™, Even the weakly bagic cerium oxide which was shown to be & strong methyl
radical absorber, once coated with alkali metal becoroes a methane couplmg catalyst™,
Interesting, results were obtained by Hoffman et al, who studied the catalytic
properties of a CeOp-MgO-LiyCO; system in the oxidative dehydrodinerization of
methane, The addition of cerium oﬁde to the lithium-magnesiom systeni considerably
improved the C; hydrocarbon yield and increased the catalyst stability under
comparable conditions (Table 1.5). The cerium oxide dopant is assumed to accelerate
the regeneration of active centers of lithium-magnesium catalysts, |
A dopant of lithium in fanthanum oxide did not provide any noticeable effect on its
catalytic properties. A slight decrease in the C; product yield was observed by the
these authors. At the same time the composition with calcium oxide provided a high
activity and selectivity towards C; hydrocarbons, the analogy with samarium oxide was

noted. The C, hydrocarbons yield of 16.3% was attained at 300°C,

S e T L L O Rz T, T
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Table 1.5, mﬂugny/&?ﬁeﬁuni oxide dopant on the C; hydrocarbon yield on lithium-
magnesium catalyst at 750°C*, |

B T Y R I e D e c L ek - BN AT - Tl

Component contont (wt. %5) ' ~ Yield of C,,

Li,CO; o, L max (W)
4 o 0 T 9.
6 Y :
R . 0
5 o %0 h B
s % N IR

The influence of samarium oxxde promotlon wrth alkali and alkaline earth metals

studied by Roos et al.% showed that a calcmm oxlc‘le dopant mcreaaed both vield and |
' sel?ctmty of C, products on Sm;O; However a lithium dopant worseneﬂ the catalytic '

- properties of samarium- oxide prepared in this work ‘The authors considered the_
- inhibiting effect of lithium to be catised by its influence on s, structural transformation
of the cubie’ form of samarium oxide to a monowedge one, whxch, aecormngﬂo the
reponted data, is less actwe '

A detailed study of the Smy0:-Ca0 system was glso reported by Sokolovskii et al ¥ .

These authors considered a catalyst contalmng a m:xture of two phases of samarmm

Table 1.6. Comparison of catalytic properties of samarivm-caleium catalysts of
various phase contents (5% Sm;0/Ca0, 90% CH, 10% Oy, ©=0.1)"".

Structureof |BETsa] T | CH, - Yield(%) CrCs | Oy

S0 |(m?g) | (°C) |conversion(%4)| CiHls  Cs-Cs |selectivity lonversion(%6]

Cubic 71 [ 700| 43 ] 01 | 15| 369 s

750 55 105 |25 462 | 53

Monowedge |42 [ 70| 43} o1 | 16 381 | 6

. 750 78 10 | 38 | 489 72

~ IMonowedge+ | 43 | 700 8.9 08 | 48 | s46 78
| cubic 75| 130 | 27| 88| e0 | 93
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Figure 1.8, The tem;:erature relatmnslup between the °Iectroconductmty of calcmm
oxide ‘and samarium-calcium 5% Smy0:/CaO systems with different samarium oxide
structure (A-~cubic, B-monowedge, C-cubic + monowedge)™.

2

oxide — cubic and monowedge — to be the most active and selective {Table 1.6).The .
higher selectivity of this catalyst is likely to be provided by the high mobility of its

oxygen, which was characterized by the jonic eiectmconductmty of the cataiyst

(Flgure 1.8).

The highest reantion rate for Smz0; (828 pmol 57'g™) at 750°C has been found by
Otsuka et ai.* The seie_ciivity increased as the temperature increased in the 600-800°C
interval. Some side reactions occured at highei' temperatures Many catalysts are not
.~ stable under the reaction conditions because of both a lass of active component and
overheating in the course of this highly exothermic process, Often the most efficient
catalysts can function only if mixtures with low CH and 0, con_centratmns are
employed. As a result, the C; product .cont':entmtions in the reaction mixture turn out
to be low and this prevents their isolation by using conventional methods.

A
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L 1.4. Other cxide catalysts. Total oxidation proceeds via redox processes on the
vast majority of transition element oxides with lattice oxygen of the catalyst being -
involved. Among those catalysts which are not represented by the oxides of alkali and
alkafine earth_ elements manganese containing systems appear to be the most efficient.

* Pure oxides are catalysts used for the total oxidation of metha.ne,'ubut when
supported or enteﬂng into the composition of compounds they can become active and
selective catalysts for the oxidative coupling reaction. For the Mn/SiO; catalyst the S-
value was found to be 27% A modification of the catalyst by sodium essentially

| increases’both the activity and selcctmty This is associated with a specific interaction
between sodium and manganese and give rxse to 2 non—stmc}uumemc B-Nag MO,
phase. The formation of the a—NaMnOz phase is also likely”. The 13% Na/ 17%
MnO/8i0, composition was the most eﬁ“:icxent, and when present, CHy conversion was
-found to be 45% at S = 60-65% {850°C, contact time = 0.5 8, CH/O, = 2) Fora

NaMnOdMgO catalyst an 18, 8% yield was obtaaned at 900°C under the same reaction

conditlons

:)
e
1

Thomas et al* investigated the szMl‘leleg catalytw system (centhrolite). The

authors obtained a 20.5% yield of €, products at 68% selectivity at 800°C and using a -
reaction ‘mixture containing methane and oxygen at a 1:1.13 ratio diluted with.

dinitrogen.

Rather low C; hydrocarbon yields were recorded for lead and bismuth oxides, if the

latter were not combined with a basic support. The yields were approxlmately 5045162

" for either individual oxides or a mixture of the oxides supported on Alea At the same
time, as was mentioned above, the yxelds of C; hydrocm'bons on alkahne earth oxides

. promoted with these elemerits exceeded 20%, conﬁrmmg the :mportant role of the "

basic component in these catalysts _
' 5 : - { )

Rather low yields (less than 1%) were obtaaned either on lead compounds like salts
of oxygen-containing acids (molybdemum tungsten, «;hmnnum, phosphorus sulfure
acids)®. Thus, the most efficient catalysts for the o:#idatwe dehydrodimerization of

methane usnder connnuous conditions are systems baseql on the oxides of alkaline earth.
[ :

and rare earth elements

wl
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Oxides of 1ead are not more basm than MgO, and the support materials, e.g.; silica or
alumina, have little activity themse!ves Thus, simple acid-base properties seem unable

“to account for these catalytic propertxes-, unless perbaps synergy with the support_ leads
- to an unusual surface morpho_ibgy that produces glhigh density of oxide sites with Jow

dqordination number. The buylk basicity is then hiaadequate to describe the basic
propeny of the sx.irfat_:’e; This possibility is supported by the data of Jezl et al.* where

* the performance of a PbO/SIO; catalyst remained virtually unchanged ~ after

introduction of sodium in the fornmiation. The work of Sokolovskil et al. /% - with
composite PbD—MgO chtalysts showed a ditect relatlonshtp between the density of
surface basic sités and the rate of hydrocarbon formation. The dependence of catalytic

 properties on the concentration of basé sites; found from adséiption of henzoic acid,

was examined usmg 2 Iea.d-magnesmm system with acidic (P, W) and alkaline (Li, Na,
K) addmves These additives were mtroduced into Pb-Mg catalysts via 1rnpregnation'-

- of the bmary system w1th solutlons of nitrates of alkaline elements or of {NH,) mwuo“ _

» nHz0 and (NH.;);PO.; 3H,0. The results obtamed are shown in Figure 1.9 which

_ shows that an increase it the concentratlon of basi¢ sites leads to an increase in the

overali rate of methane conversion as well as in the rate of Cax products form_at_lon. _

i

b o o
i

Rate, 107" molecules/em?s|

05 10 1.5 2.0 25 '
Basicity, 168 mol C4H5CO0H/mM?

Figure 1.9, 'Ratés of methane conversion (a) and dehydrodimerization (b) on PHO-

_ MgO catalysts with additives: (1) 5% P, (2) 5% W, (4) 5% Na, (5) 5% Li, (6) 5% K and

@2 [

{3) without additwes
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Figure 1.10. Conuentratmn of acceptor sites (Iml) and rate of methane duncr%hatmn on
PbO-MgO catalyst ™ iz

As found by ESR, addition of lead oxide resizl_ts in the appeatance of one-clectron
‘acceptor ‘sites in the catelyst which may be attributed to a compressed tetrahedron,
{Pb0s)". A clear correlation was found between the rate of methane conversion to Cy.
hydrocarbons and the concentration of acceptor sites which depended upon the content .

‘oflead oxide in the catalyst (Figure 1,10).

Agam the performance of optimum PbO-MgO .,atalysts was shown to be further
improved as its basiciiy were boosted by alkali metal promotmn. A similar relationship -
between basicity and performance has also been reported for aika!x metal promoted Bi-
Mn r:zs.'ralyf.»'t.‘.i‘55 .
These results are probably dose to. fhe limit for the high temperature oxidative
coupling of methane. Labinger™ estimated fheﬁmiting yield of C; hydrocarbons in this
feactﬁﬁn accouhted'fdr the ratio of the rate constants of inethane, ethane and ethylene
conversion and for the possibility of improvement ir the activity of the catalysts, which
has an influence on the rafe ratio of methane activation and the oxidation of the
mtermedlate and final products For a reaction mixture pressure of 1 bar the estimate
of the limit yield value is ca. 30%

[x]

o



o L TR END WA R AR T TR T A S TR TR PR TR SRR e e e el T e e e

B

1.2 Mechanism of the oxidative coupling of methane

The successful acbigements in the development of the process of methane oxidative -
~ coupling stimulated 2 great number of studies on the mechanism and kinetic
regularities of this reaction. Most attention was paid to the mechanism of methane _ :
activation and the states of oxygen participating in the reaction, The general scheme
for the product formation in dimerization and deep oxidation, and the description of
the process and its kinetios for some specific catalysts have also been considered. A
survey of the current literature in this area is given below.

1.2.1. - Isotope e:échmge studies. A number of mvestlgatwns have utlhzed
isotopically labeled gases to study the reaction and the reaction mechagism FTSBESTT,
 These investigations have used labeled oxygen, “C labeled methane as! CHJCD4
nixtures in the feed gas. The reaction has been examined under sieady-state conditions

using unisbeled and labeled reactants. One of the benefits of using isotopically labeled
reactants under steady-state reaction conditions is that component concentrations
remain unchanged, so the isd:opio yields can be determined by monitoring the
molecular ion ﬁ'agments for the labeled and "uxﬂabeled spg&‘ies of each reactant or
product. The tgansients'provide information about the relative lifetimes of surface
species, or in the case of oxygen, the unportance of lattice oxygen versus adsorbed or
gas-phase nxygen.

Two different routes have been proiaosed for the formation of the methyl radicals
requited for dimerization to ethane (equation (1)) ‘The first involves the removal of a
proton from a methane molecuﬂe on the basic snte leadmg to the formation of methyl
anion**%" o the surface of the catalyst - a carbanionic fragment M-CH;, “bsequent
iransfer of the electron from the methyl anion and the proton to acceptor sites on the
catalyst and the oxygen results in the formatlon of a methyl radical and water via an -
OH intermediate,

In this scenario, the activation of' methané in both the oxidative coupling reaction and
the deuterium exchange reaction. involves the same initial step, i.e., heterolytic splitting
of the C-H bond, The rafe of methan¢ conversion in the coupling reaction can
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therefore be expected to correiate with the catalyst’s abihty to effect such splxttmg as

measured by the rates of deuterium exchange.

The second proposed mechanism for the mefhyl radical formation involves the

formation of a transition complex consisting of the adsorbed methane molecule and
the surface oxygen™ %", which subsequently dissociates yiclding & methyl radical and

water (or its precursor, e.g., OH). In this case the rate of methane conversion under .
the oﬁ;idative coupling conditions can be expected to correlate with the ability of the |

catalyst to activate oxygen as measured by the rates of the O-O bond splitting reaction.

Such a correlation could be expected 1o b more pronounced under the aandmons of

hxgh OXygen convemon, i.e., where the methane conversion rate may be hmlted by the
availability of oxygen™.

The dependence of the rate of methane oxldanve dehydrodlmenzatmn on oxides of |

alkaline earth metal based catalysts on the concentration of base sites was studied by

Sokolovskii et al’>™ The déhydrodimerizaﬁpn rates were compared with the

concentration of one-electron sites and the rate of the CHy/CD; isntope exchange.
_  The awyors observed heterolytic actlvatmn of methane on magnesium oxide
containing low—coordmanon sites expenmentally and suggested a possxty?e role of thig
process in oxidative dehydrodimerization of methane, o |
After a high temperature treatment of magnesiunt oxide under vacuum, which results
in the appearauce »f low-coordination sites, the catalyst revealed activity towards F/D
isotope exchange of methane, However, oxygen sadsotption led to complete
deactivation of the sample, most probably, by destroying low-coordination sites.
However, as has already been ﬁlentioned, heterolytic activation of methane occurs only
on low&oordination sites. To verify whether low-coordination sites which can activate
methane are retained during the course of oxidative dehydrodimerization in a methane-
oxygen mixture, they studied the CHy/CI, isotbpe exchange directly in the prﬁcess.

The results obtained are listed in Table 1.7. As can be seen in the table, on

magnesium oxide a rather fast isotope exchange occurs, which may provide evidence
- for a high concentration of low-coordination sites on its surface,
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Table 1.7. Comparlspn of rates of nmdatwe dehydrodimenzaﬂon (Wa) and
CH4/CD, isotope exchange (W,) under catalytlc conditions on alkaline earth metal
* oxides. Conditions; T = 800"0 the reaction mlxture composition: 45% CH4, 45% CD,

e

and 10% 0, ™. ) e
Catalyst . Rate, 10 ¥molec/em®s | Basicity - W
| Wo Wi Ovenall 10°mol CsH;COOH/m® | W, + Wy
MgO- 19 008 1.9 | 214 | 0.045
Ca0 120 650 - 185 794 | 0350
10%PbOMO | LI 050 08 S B R I

As has been mentioned, the isotope exchange in methane on magnesium oxide bégins
at fairly low temperatures”. From this fact it follows that the primary heteroljﬁc
activation of methane is relatively fast. The total rate of methane actxvation {defined as
& sum of observed rates of exchange and dimerization) increases with increasing
basicity of the oxide, which is in agreement with the conclusion about heterolytic
 activation of methane at catalyst base sites. At the same time, the rate ratio Ul
exchange and diineriza;tion is different for different oxides (Table 1.7).

A simuita:neous' occurrence of exchange and diﬁlel'ization indicates that Ehe rate of -
the primary actlvauon of methane is hzgh enough to promde a pathway for both
reactions, . e ..

It seems likely that the step of the heterolytic dxssoclanon of methans on MgO is fast.
and reversible and that the rate-determining step is the splitting of a M-CH;, bond. The
binding energy in this case can reach 200-300 kJ/mol. Note that the presence of. an
inorganic anion at the metal ion makes the M-CHj bond stronger™. The dependence of
~ the dimerization rate on %ha \conoentranon of acceptor sites (Figure 1,10) allows eng to
suppose that the rupture of this bond is accompaaied by an electron transfer from the
anionic fragment into the catalyst acceptor site. Due to an increase in the proportion of
aceeptor sites when -passing from pure magnesium oxide to the lead-magnesium |
system, the difference~between the rates of isS\tope exchange and | oxidative
dimerization has a tendency to decrease (Table 1.7), However, the rate of the
exchange is still much higher than that of dimerization
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The methane oxidative coupling reaction over MaMoO, and allali (Li,cNa, K)
promoted MnMoO, at 700°C using “CH¢M™CH; transient isctopic labeling

- experiments under steady-state reaction conditions was investigated by Ozkan et al”
. The highest activily was observed over the Na-promoted catalyst, but the most
selective catalyst for C; hydrocarbon formation was the K-promoted catalyst. When _

the corversxon levei was kept at 10% for all catalysts, a selectivity of 41% to C;
hydrocarbon was obtained for the K-promoted catalyst as compared to 1, 3 and 10%
for the unprometed MnMoO.;, and the MnMaO.; catalysts promoted mt}} Li and Na,
-reSpectmely - :
Methane was found to quickly decay in *C content during the gas—phase holdvp time
and no C labeled methane molecules were later detected. The short residence time of
methane on the surface could mdicate weak mteractmn, or irreversible adsorptwn
‘leading to further teaction, o '
The unlabeled carbon monoxide rapidly djsappearecl for the Li- and Na«promoted
MnMoOs catalyﬂt, but did remain longer on the catalyst surface for unpromoted and
| K-promoted MiMoQ; catalyst. The longer residence time of carbon monoxide for
these catalysts niay mdlcafe A multi-step reaction, strong adsorptmn or readsorption of
the product or a longer resxdence time for & species which is a precursor for carbon

monoxide. To determine which one of these possibilities would explain the observed |

data better, the authors ran a series of experiments where puises 6f CQ aad CO; were
passed over the catalyst under the. reaction conditions, The results showed no
diﬁ‘eréhee in the Jength of time that it took for these species to go through the system.
These experiments indicated that it is not the interaction of the final products, ie, CO
and CO, with the surface that leads to a slower decay behavior for CO, but the surface
residence of another species which could be a precursor to CO.

This observation, combined with the observation that the CO signal did not dec}ine
to zero within the gas-phase hold-up time over K/MnM004, leads to the suggestion
that methy! radicals have a longer “surface life” over K/MnMoQ, ai_ld that CO, in part,

is formed from the methyl radicals. The longer surface residency of methyl radicdis, on .

the other hand, could allow for the desorption and subsequent coupling of these
species info C; hydrocarbons leading to higher C, selectivity. "

i
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-  likely to contain rather a small amount of accepting centers. Conséqusntly the parml _
 reversibility of the first stage: ) | |

4
[

il

that' the sites which provide a longer .“s:art‘acé_ life” for methyl radicals are the
cont_rollihg factars for increased C, selectivity. This observation combined with the
inereased selectivity of the K-promoted catalyst for Cy species implies that these sites,

which appear o be associated with the formation/retention of methyl radicals, could be -

attributed to the pfesénce- of K-promoter ions on the surface of the catalyst,

It is interesting to analyze the data reported by Cant et al® In thig work the Mﬁc o

isotope effect was studied in the methane oxidative coupling reaction on LiMgO,
$mz03 and S1CO; and simultaneously the rate of CHY/CD; exchange was messtred.
An evident inverse correlation between the isotope el}’ect and the ratio of isotope

B eschénge and dimérization rates is observed. The. 10weﬂgiﬂeﬁc isotope effect is found -
for §1CO, and the greatest ratio of exchange and dimerization rates i§ observed for the

same catalyst. Since it is a con;;iderably strong base, strontium carbonate is assumed to
heterolytically dissociate the C-H bond in methane rather easily. At the same time it is

CH, + M¥0™ > CHyM™ + H'O™

- . is provided and, thus, the observed value of the isotope effest is decreased and the

ratio of exchange and dimedzaﬁqn rates increased. This is also supported by ‘the
recorded decrease of the isotope efféct when the dioxygen conversion is raised. Under

- the conditions of raised dioxygen conversion the catalyst is more reduced. This slows

dovwm the relative rate of second stage:
CH M ~» CHy + M**

and increases the reversibility of the first stage and diminishes the value ofithe observed
kinetic isotope effect. B -

In sumnia}y, the mechanism of the heterolytic _Man of methane in the process of
oxidative cF;oupling seems t? be more likely for several reasons: (1) The ?atalysts for
oxidative éoupling are either solid bases or contain basic elements as a i 'In these

13
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. The persist'ing NON-ZEro slgnm observed for unlabgled ethane and ethylene Sugggsts
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systams the 1sutope exchange in methane proceeds rather easxly at low teraperatures.
(2) The presence of radical centers on the catalyst at high temperatures, assisted by
molecular _OXygen, may provide the chain Processes and gives rise to decreased
__ selectmty, which can be avoided by heterolytic activation. (3) The fow activation
energies are typmal of radical detachment and thus it is difficult to explam the observed
high activation energm for the oxidation coupling reaction. The act:vatlon energy fora
hetemlytlu mechamsm may be rather high.

132 Kinetics of t&«\axrdatrve caup!mg of meinare. The oﬁidative coupling of
methane is usually camed out in the presence of catalysts and requlres temperatures up

to 900°C. At these temperatures, non-catalytic reactions in the gas phase, however,

play an essential role in the formation of higher hydrocarbons, X i;generally accepted

that the most widely studied slkali metal/alkaline earth metal oxide and__the rare earth

metal oxide catalysts can act as a methéhe activator and in particular as & producer of
: meﬂlyl radmals with the subsequent reactions taking place in the gas phase. o

The reaction between methane and oxygen is certamly initiated on the r.:atalyhc
surface, but there is still some debate as to whether the methyl species produced by
dissociative adsorption of methane continue to react on the surface or whether they are
 completely desorbed as radicals into the gas phase before a further reaction goes on. )

In a recent review, Lunsford® has pointed out the impo:tﬁnce of branchédffahain
reactions in the gas phase with respect to the generation 'Qf methyl radicals.
Consequently, he proposed that catalysts might be an important initiator of the chain
reaction, but not a major source of methyi radicals. Kinetic models based on the free-
‘radical qieeham';m have been set up in order to undersiand the role played by the gas-
phase reactions and the interaction between the gas-phasé(reachons and the reactions *
on the catalyst surface, TR

Kimble and Kolts*! have set up 2 model consisting of a methane activation through
hydrogen abstraction by the catalyst surface and a number of subsuquent free—radWJ
teactions among the hydrocarbons without involving any mtygen—'contaiﬁing""’ species.

With this model, the methane conversion a well as C. selectivities were calculated. -

Gortd agreement between the mogel predlctmn and experiments was obtained for the

jJ

' i}i
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dependence of conversion and salect:wtms with time. I~Ia'anfal~r the dioxygen
conversion and the COx selectwmes could not be calculated. o &

A Kinetic model for the gas phase reqction. 'The studies of Baerns et al." and Marin
ot al® have attempted to establish 2 detailed kinetic model for the oxidative coupling
of methane at atmospheric pressure in the gas phaée. In their studies they attempted to
determine a set of reliable Arrhenius paremeters for the elementary radicl reactions

involved under these conditions by the careful selection from data bases and by means -
of a regression analysis of experimental data. The important chains, branched or non~

branched, which fead to the formation of the major products, were identified,

From the literature, it is known that, in pnnclple, several hundred elementaly
reaction steps entailing approximately 40 species may occur in the oxidative
conversion of methane. To reduce these numbers to values that can be simulated by

available computer programs, it was required to select the important steps and"specigs |

by taking into account the existing experimental evidence. A detailed analysis’of
previously reported reaction models, in part{z‘::ar those presentled by 'Bael}i; (1990),
leads to a network consisting of 66 reactions yong the 20 retained species, as shown
in Table 1.8. o
The reaction network includes 20 species, out of which 11 are molecules:
glhydrogen, water, . hydrogen pero:ude, dioxygen, methane, methanal, carbon
monoxide, carbon dioxide, ethyne, ethene and ethane; and 9 are radicals: hydrogen and
oxygen atoms, OH, HO,, CHO, and CHO radicals, and methyl, vinyl, and ethyl
radicals, . "
The elementary reactions considered can be grouped as foliows:
(a) primary initiation, reactions 1 and 2 |
(b) methyl radical generation, reactions 3-6, in which a radical abstracts a
~ hydrogen atom from methane forming & methyt _radibal :
(c) roethyl radical oxidation to CHyO and CH;O, reactions 7-10
(d) methyl radical coupling to C components, reactlons 11-13

Oy (¢) oxidation of CH;0 and CH,O to carbon monoxide and dmmde, reacﬁons )

h
\j 14-28 |
¢ (h) hydrogen-oxygen reactions, reactions 50-66

i ' .
|_-' . e

g
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Table 1.8,  Elementary reaction steps and their respective kinetic parameters
(k= AT"exp(~E, / RI)) as used for the simulation of the gas-phase oxidative coupling

) of methane 5%, | | A
no. . | Reaction 4 on B
f | laimor's | | gamoi™
1|CH,—>CH;+H o 0.370E+16 | 0.0 434.00°
2 | CH, + 0, —> CHy + HO,  {omeEt7 | 00 | 19278
3 | CH +H—>CH +Hy 7 loz2z0m-01 | 3030 | 43.62
4|cH+0scm+0o | oz08+02 | 2168 | 6265
S | CHi + OH - CH + ;0 [ 0.1328+09 | 2400 | s
65 | CHy+ HO; —-}(‘H; + HoOs __ 0.5985+08 | 0.0 . 9598
7 | CH; + 07> CH;0+0 h | 0.781E409 | 0.0 124.80
8 | Ciy + 0y -> CHO+OH | os36E+08 | 00 101.00
9 | CH, + OH ;:c\,po +H 0.864E409 | 0.0 75.21
10 | CH + HO, ~» CH;0 + OH 0304E+08 | 0.0 - 0.00
11 | G+ CHy — CoHs 0.125E+08 | 0.0 0.00
12 | CHs + CHs - GiHs +H | ooa0mt08 | 00 | 10824
13 | CH; + CH; — CH + Hy 0.100E+11 | 00 | 13400
14 | CH,0 - CHO+H 1 0158B+15 | 00 | 115.00
15 | CH0 + O > CH,0 + HO; ) 0.660E+05 | 00 | 1090
16 | CH0 + Oz ~ CHO + HO, | 0.2008408 | b 0.0 1 163.00
17 { CHO +H~ CHO + H, - 0.250E+08 | 0.0 J 16,70
18 | CH0+0 ->CHO+OH 0350E+08 | 00 | 1470
19 | CH0 + OH — CHO + H,0 0.580E+08 | 0.0 5.00
20 | CH;0 +HO; - CHO + H,0, 0.100B4+07 | 0.0 33.50
| 21 { CHZ0 + CH; — CHO + CHj 0.241E-01 | 2810 | 2265
22 | CHO+M - CO+H +M 0.500B+16 | —2.140 85.50
23 { CHO + 0; — CO + HO; 0410E+07 |~ 0.0 0.00
24 | CHO + CHs -» CO + CH, 0.1208400 | 0.0 0.00
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0 +H,0 —» OH + OH

0.460E+04

Table 1.8, (continued) | o
25 [CO+0;,5C0,+0 02508407 | 0.0 200,00
26 | CO+0+M—> O+ M 0.6205+03 | 0.0 12,60
27 [CO+OH-CO,+H | 0aq0m+01 | 1500 | 310
28 | CO +HO, - CO, + OH 0390E+09 | 0.0 103.88
29 { CHs »eczﬁs% H 0.500E+17 0.0° 372.00
30 | CyHe + 0, - CH; +HO, | 04008408 { 00 | 213.00
31 | GiHg+H - CiHs +Hy 0118802 | 3500 | 2033
32 | C;Hs + OH - CoHs + HeO 0.142E405 | 1040 7.60
33 | CiHy + HO, —» CiH, + B0, 0290E406 | 00 | 6250
34| CjHs + CH, - CoHy + CH, 0.550E-06 | 4018 | 3487
35 |CHs +HO, > CHs +CH,0+OH | 02408408 | 00 000
36 | CHs+OH~» CHs +O 0.300E+06 | 00 25,00
37 | Cils > CRL+H © < 1 osoeB+1a | 00 | 16766
i 38 | CHs + Oy ~» G4+ HO, 1 0,588E+07 | 0.0 26,14
39 | CH, + 0y ~» CoH, + HO, {0281Ew07 | 00 | 14455
40 | CaHly+ H -5 Gl + Hy 0150E+09 | 00 | 4270
41 | CiHy+ 0 - CiHy + OH 01308406 | 0630 | 570
42 | CiHy + OB - CH; + H,0 06128408 | 00 | 2470
43 | CoH, + CHy - CHs + CH, [|0199E+07 | 00 | 5146
44 | CiHy+ O — CH; + CHO Hoa27E+03 | 1430 | 180
45 | CH, + OH - CH; + CH,0 ‘|ossor+o7 | 00 0.00
| 46 | CaHs + CaHg — CHy + CoHs 0.600E~03 | 3300 | - 4390
47 |CHs > Gl +H L 0.121B416 | 0.0 17644
48 | CH + g CiH Hdz | 0.198E+06 | 0.0 0.00
49 | CHy ++ Oz -5 CHO + €210 03416407 | 00 14336
50 | 0;+H—>0+0H 0156B+12 | 0910 | 14085
51 | Op+H+M-»HO, + M 02008407 | 0800 | 000
52 | 0+ HO, -5 0, + OH 0.200E+08 | 0.0 0.00
53 | 0 +Hy > OH+H 0.150E+02 | 2.0 3160
300 | 7150
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Table 1.8. {continued) ) |
55 | 0+ H;0; = OH + HO; 0.631E+07 | 0.0 2075
56 | OH + Hy - B0 +H | 0.100B+03 | 1600 | 1380
ST OH+H+M->HO0+M o 0.2208+11 | 2000 - 0.00.
58 | OH+HO; —»H0+0; 0200E+08 | 0.0 ° 0,00
| 59 | OH + 5,0, -» B0+ HO; C.L75E+07 | 0.0 133
60 | HOy+H - 0y + Hy 0.250E+08 | 0.0 290
61 | HO; + HO; - 0y + OH + OH 0.2008+07 | -0.0 0.00" ]
62 | HO, +Ho > HiOp+H 0.300B+08 | 00 109.00
63 | OH+ OH+M — Hy0, + M 0320B+11 | -2000 | 000
64 | HO,+ H —~ OH + OH O150EH09 | 0.0 7420
1 65 [ H,0,4 H> OH+H,0 . 0.100E+08 | . 0.0 16.60
66 |'H+H ‘ﬂ;ﬁM—>Hz+M "' 0.180E+07 | . 1.000 0.00

A common practice in combustlon studxes is to use the medxﬁed ﬁmhemus equanon

forthe rate esoefﬁmmt of the elementary steps, ie,

 with three temperature-independe

k- mmm%

b

.

(e

parameters; the activation energy K, the pre-

éxponéntial factor 4, and the exponent 11 which accounts for the variations with

temperature of the E’, and A’ ierms in the simple Arrhenius eguation wiik two
- parameters: | |

FedepELR) @8

If a linear rélatiqn is assumed for the variation of £, with ‘temperature: ’

B =K, + CT - @8

P i g g




Integration of : .
R E’= RP@nkoD @
giveé- _ By | |
z E, v C
Ik=-—— + 7 +kC" Ga)

RT R

therefore 4 = C” and n = C/R. Combining this effect with the variation of A" yields

: the values reported in the literature for n, ranging from -2 to 4, ' ' =

The rate coefficient for the reverse step was caloulated by means of the equlltbﬂum _

" gonstant and the rate coeﬁiclent for the forward step k;, according to

Y S ©2)

“The equ:hbnum constant K, is calculated at memwed temperature by using the |

CHEMKIN thermodynamic data base of the Sandia National Laboratory.

TheafﬂmtyforareactnonA+B-a~P+stgwenbytheGibbsﬁeeenergy
]
|

| dxﬁ'erence with the minus sign;

Cala : ;': B
A=RT 10K+ RT In —~—— = RT M - (79)

Cr Cy ' ¥

The valye of the affinity of a reaction pfovi'des direct information on the direction in

which it proceeds and its approach to equilibrium,

The reactor model was reduced to a set of continuity equatwns for the speclas
involved The flow pattern in the reactor was assumed to be of the plug flow type. |
With these nssumptions, the continuity. equation for component j at the steady state is

gwen by %
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with F, the molar flow rate of the jth component (mol/s); z, the length along the
", reactor (m); v,, the stoichiometric coefficient of the jth t:émponent in the ith reaction,

negative for a reactant and positive for a praduct and initial conditions, F; = F,¢ at z
= O . ) ' . . : 1
E»ery reaction consists of bnth a forward and a hackward step The rate ofreactlon

i, 1, is given by

ro= Rt o= kTG -k TGP 99

A

in mml"3 . with 7 and 7 being the rate of the forward and backward steps

respectively, k; and ., the corresponding rate coefficients, and C, the concentration of

component j in mol m™, As only elementary steps are considered, the reaction orders,
oy and @, are equal to the molecularities of the involved reactants. Integration of the
ont;rulty equatmns (8 a) leads to the concentrations of all the involved components.
*[l‘he. foed conversions and product sefectivities caloulated with the parameter
estm_,hates in Table 1.8 are in good agreement with the experimental observations.
Figure 1.11 shows that, at 100% oxygen conversion, the conversion of methane is still
far from 15%. Figure 1,12 shows the selectivities of some important products versus
space time at the set of conditions correspondmg to Figure 1.11. Obviously, the
highest C, hydrocarbon selectmty is attained at the shortest space time, correspondmg
to low conversion levels. Extrapolation to zero space time indicates, however, a

significant direct oxidation of methane to CO. Figure 1.13 depicts the selectivity versus

oxygen conversion. The calculated and expenmental product distribution are shnwn to
be in good agreement. In Figure 1.14, the catculated effect of temperatum on feed

conversions and selectivities is compared With the observed effect. The temperature

hers refers to the maximum in the axial temperature profile, denoted as T, in Figures
1.11-1.13, At higher temperatures, the calculated C; hydrocarbon selectivities are a

2N
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Figure L1L, ‘Conversion of methane Figure 1.12,. Selectmnes for the main
and oxygen veisus space ﬁme’_. Full lines:  reaction products versus space time. Full
calculated by integration _bf equation 8 a) ~ lines: caleuiated by integration of equatipn
with the parameter values of Table 1.8. (8 a) with the parameter values of Table
Poinis, experimental (A) CHi (+) O 1.8 Points, experimental: (A) C;El, -
I‘,.,“-‘790°C CH/07=10%, I {+) C:Hs,(O) Co an_ci (0) COQ "

little higher than observed and the opposite is true for C0x. The effect of tempx{m!ure '
is most pronounced on the coﬁverswn of oxygen, less on the selectivities fo d" ’laiid ‘})
COy, aud least on the conversion of methane because of stoichiometric llfmtanoﬂb The
selectlwty to C, hydrocarbons decreases with increasing temperature, This mdlcates

that ethane Formatlon via a non—actlvated recombination of two methyl radicals is
important,

The 1mportant chains in the network were assessed by a contribution analysns The
integrat contantlon factors used in the following sections whre calculated ;«':th tha
parameters in Table 1.8, The corclusions deduced from the fullowmg iiibi.-llssmzl i 5
be considered as typical for the chains determining the selectivity of the oxidative

coupling of methane beyond the primary 1mtlat10n petmd
A\
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 integration of equation (8 a) with the -
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= 109,

F:gnre 114, Feod conversions and

- gelectivities for - the main reaction

products  versu§  the

temperature along the reactor. Full lines:

caloulated by integration of equation {8

" maximum
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a) with the parameter' values of Table -

18. Points, experimental: (A) CHy
convgysion; (+) Oy conversion; (e) Cy

setqpiii'vity; (©) COx selectvity™.

Activation of mezhane and chainy ro met!u;l radicals, The methyl mdlcals are .
- involed i in 23 reactions (Table 1.8). More than 90% of the radxcal is fonned in merely
three steps All three rezctions in which methyl tadicals are formed are hydroi,en.
abstractions from a methane molecule by a radical:

 CHy+H->CH; +H,

- (3b)

CH, +OH — CH; +H;0 (5b)
CH, + HO, - CHy +H;0; 6b
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i

R monoxide

whlle the przmary mmatmn of gas—phase methane oxxdatzve couplmg oacurs hy .

hydrogen atom abstractmn with molecular oxygen
'CI-L+0=.-»CL_13+H02 | " @b
and contnbutes less than 0 1%, and t‘xe ununolecu!ar dxssocmtmn of metbane (step (1

b), T le 1.8), even less, :
Part of the generated methyl radmals is oxidized towards methoxy spec:es :

| CHy+0;-> CH,0+0 )

which subsequently decompose into hydrogen atoms and formaldehyde. The. hydrogen .

atoms combine with oxygen in the presence of tlnrd bodies 1o form . hydroperoxy

radicals,

4

02+H+M-'+_H02+M' - . G1h)

: -whzle funnaldehyde ylelds fonnyl radlcals which are rap:dly oxxdlzad to carbon -

CHO+0,—»CO+HO, = - (23b)
: _. | L \
These are the o5t significant oxygen reactions during the intiation périod;

At space times in the range of 3.0-3.4 s molecular oxygen is consumed by reaction

with formyl radicals (23 b), hydrogen atoms (51 b), ethyl and vinyl radicals

. EHs + 02 > CHy + HO, | (33%)
- CHy+ 0y > Coila+ HO, (48b)

The average contributions of those species to the oxygen speciﬂc destruction rate are
39%. formy!, 16% hydrogen atom, 17% athyl and 25% vinyl in the main o:udatlan
region.

.



L]

in contrast to high-temperature corbustion, only small amouns of molecular oxygen

- participate in the chain branching process

H+0, > 0H+0 | BN 15)

under the selected operating condmcns The oxygen atoms generated from steps (7 b) :

-and (50 b) react with methane towards methyl and hydroxyl species

CH4+O_-'-—>CH;+(_)H | @y

- "This renction is important only in the mtt:atmn penod and its relatwe sngmﬂcance :

' dummshes at space times higher that 25,

- Hydfoxyl, hﬂiroparaxy radicals and h}wagen pemxzde More than half of the OH
réidiont is formed in & secondary initiation step |

" H20;+M-a-_2OH+.M | o (637:)

which is fast compared to other initiations, This is a braaching step in which a

relatively’ unstable molecule of ljwdmgen peroxide gives nm to two OH radicals, |

- Another one-fifth of the OH radwpls result from . ” P

CI_-Ig +HO, ~» CH30 + OH o | (10b)
and less than one-tenth ﬁ'om

CHg;oz;-.cHzmSH _' . | @ b)

H0, originates almost exclusively from step (6 b). Thus the O, radical is obviously

the primary source for OH radicals, taking step (10 b) also into consideration. The
HO, rad:cal in turn, is formed directly from dmxygen, either via step (23 b) andfor via

step (38 b):
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CHO+0:~>CO-I HO, = (23b)

CHs+0;>CHFHO, (8D)

7

‘The consumptmn of the OH radicals is greater than 90% in stzp (5 b) and produm' |
m }radicals. Therefore, it tay be concluded that, under typical methane coupling

eondmons, the OH radical gmerated by a branchmg ﬂtep p!ays a substa,nnal role in
generating methyl radicals,

&

. The dominant chains that lead to the formatmn of the methyi rad:eal, i.e, steps (5 b)
and (6 b) accoust for over ﬂnee»fourths of the methyl radical péduction. The global

 reactidns ) and (i) can both be cansidered as branched chains, the common branehmg o
'step bemg the decomposmon of the hydrogen peroxide

ICH,+ 02+ CH0 5 2CH; +CO+2H0 ()

ICH+ O+ CiHs > 2CH; + CH 20,0 7 (i)

The hydrogen sbstraction reactions in (5 b) and (6 b) and, hence, OH and HO, as chain
lfgarxief are alss common to both chains, In a ‘study of the oxidation of methane by

oxygen in the temperature range of 500-550°C, Vardanyan and Nalbandyan™ came to
similar conclusions concerning the chain branching. They pomted to the deeompesntmn '

of methyl hjdroperomg;le and hydrogen peroxide as branching steps Moreover they
antmlpated that the role played by hydrogen pert)ude as a chmnwbrane}ng agent would

" increase sharply with increasing temperature. : |
~ The hydrogen afom is forWy in lmlmelemllar radical decompemtions suchas

. e

N

CHO+M—-H+CO+M - ' (2b)
CoHy — H+ CH, | @y
CaHls - H + CHj | @Y

CH&-—}',;“CH;}O] - (lgb)';_

while the rest, less than one—ﬁﬁh ongmaxes ﬁ'om step (3 b), ie, from molecular
hydrogen. ’

!
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The o@ntribﬁtioh bf(ll b) to the specific CH; cohsmnptipn rate declines from 82% at
= 0.2st0 45% att=3 s, and then decreases Ir_apidly to less than_z% within 'JFhe main

oxidation region. Mote than 90% of the total ethane iiroducﬁon is dug.to : b (11 b)
which slows down the methane oxidation chain besause of net consumptioi; of two |

]

 Selective path to hydrocarbons. “The major routes to methyl radical generation are

hydrogen abstracuons from methane molecules by hydroxyl radxcais hydmperoxy_

radicals, and hydrogen atoms
' CHi+ OH > CHy + Hh0 ey
CH; + HO; - CH; + Hy0, . (6b)
| CH¢+I-'I_-—-)'CH3+H2 T 35

At an axygen conversion nf 50% ('c =3.25) the aontnbutmn of those reactions to the

spemﬁc methane consumption ‘and CH; formation rates read 45% hydroxyi, 16%

 hydroperoxy and 39% hydrogen atom, At higher conversions the pyrol,ruc hydrogen |

abstractxon (3 b becomes the dominant CH; formatton process vmh a 90%
contribution at compfte oxygen consumption, )

Some of the met.hyl radicals generated by the above reactions are converted to

éthaue molecules via the chain tenmnat:on step

'CH,'+CH;,—+C;HG B iy

)

methyl radicals,
Ethane undergoes a sedes of dehydrogenatlon steps resultmg in the fonnatmn of
ethyl radmals

Caty + CHy —> CHly + CHy EE'T)

| Czl‘ﬁ"*“H-)Csz*'Hz @y

The methyl reaction is the dominant ethane consumpnon channel exhibiting minimum
and maxlmum spectﬁc destmctlon rates of 43% and 80%, respectwely Step (31 vj]

Q)

&
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becomes ‘important iate in the reactmn (37% contrlbumn at T = 3.8 5). Attack by

~ hydroxyl radicals - o

 CiHg+ OH—» CHs + HiO. Lo
is another sngmﬁcam route with a 35% maximum specific ethane cﬁnsmﬁptzan rate at T
= 3,2 5, while becornes ineffective due to OH depleuon at lugh temperagures.

Ethylene originates from ethyl radicals through 2 thermal decomposition and dlrect

| 'o:n‘t{anon wuh molecular oxygen | : - %

s .

TCHs S CHGFH @)

CoHs + 03 = CHy + HO, sy, =

. T
foand

The oxidative step has a 42% avernge oontnbunon to the ethaneé: formatlon mate upto

a reaction time of 3 4'and ther declines rapndly to less than 2% at 3.6 5 because of the

low oxygen concentration levels. By contrast, the significance ot the thermal

7

' whereas another fraction undergoes hydrogen abstraction to vinyl radicals

decomposition route mcreases from an average 49% at 3 s to. about 80% at the reactor-

. : : o o oo
Part of the ethylene is converted back to ethyl rqpicals via

{
b

| (40b)
\:|I . :

CyH, + CH; —» CH; + CH,' @31b)
These reactions account for 60% and 24%, respectively of the average specific
etiylene consumption rate at space times lugher than 3 5. Other reactions of less
importance are the hydroxyl attack on vinyl radical and formaidehyde -
 CHA+OH-CHy+HO . (42b)
CzHy + OH - CH0 + CH; ) NG T

T
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‘with a combited 4% é;verag»:' specific'ethvlene consuinption rate in the main oxidation

region. A small fraction of the vinyl radicals is converted to acetylene through teaction
(48 b) and also by direct thermal decomposition.

&k

t ‘t =
Non-sclective path o mygems cmd ::a?bon oxides. The non-sefertive path of the
mechamsm consists of two branchas (1) Oxidation of methyl racicals to_methoxy

species by HO; (step (10 b)), and (2) Oxidation of wnyl radicals to formaldehyde and

formyl radwals by molecular oxygen =~ ™
CH; +HO, ~> CH;O + OH S moebe

* CyHly + 0y~ CH;O + CHO s @eh)

“Almost all methoxy species formed within the main oxidation section originate from -

step (10 b) which is also responsible for producing 12% of the CH destruction rate at.
% = 3,2 5, Reaction (7 b) is inportant only in the initiation penod The CI-130 radicals _

| decompose rapidly P

CH,0 > CHO+H - (14 b)

- contributing an average 48% to the formaldehyde formation rate. The viny! sadical
route is equally significant with average contributions of 49% and 33% to the specific
CH0 and CHO formation rates. Nearly 95% of the vinyl radical destruction in the
main oxxdatiou region is due to reactior; {3&’ b). Step {45 b) algo r;onverts sma]l
- amounts of ethylene to formaldehyde.

Formaldehyde undergoes dehydrogenanon to formyl radicals by reactnon with methyl_

radicals, hydrogen atoms and hydmxyi species,

'cHzo+c1i3->CHo+CH4 : @b

- CH0+H—CHO+H; - (17b)
CH:G+OH— CHO+H0 (9b)

and to a lesser extent with hydroperoxy radicals and molecular oxygen

)
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Is

CHO+HO,~»CHO+H,0,  (200)

CI-I;,,O+02—->CHO+H02 o '_ . eby

=,

Nnte that about 10% of the methyl radlcal wnsmnptlon in the main oxldation region is |

| causedhy regction (21 b). .
Forntyl radicals are rapidly converted to carbon rnonoxtde by reactxon with mygen _
and by thermal dmmposxhon
CHO +0;—CO+HO; (@)
M+CHO-M+COH - (@2h)

' The oxidative step is four times more significant than thermal de_composiﬁon up toa

space time of 3 s,
The non-selective path ends with the pmductwn of small amounts of carbon d:oxide
 through carbon monoxide oxidation with HO; and OH species

© CO+HO, > €0, +OH @y
CO+OH->CO+H - @7b)

The hydroperoxy route appears to be ﬁve tlmes more important than the h,euroxyl
route in the main oxidation region The c{:mm oxidation of carbon monoxtde with
molecular oxygen e | . e

CO+ 0y —CO+0 (@S5

is of minor significance under the conditions used in the present simulation.

Based on the reaction-path analysis results certain conclusions can be drawn on the

feasiblhty of an optimum cofeed catalyst design that nught enhance the  overall
coupling performance®, | | | |
In order to minimize the gas-phase oxidation of methyl radicals to oxygenates the

catalyst surf?ce should have the pdtential for reducing the concentration of '



-

- hydroperoxy spebies_t@ the lowest pnséibfe fevel, This will diminish the exteat of step _ :
(10 b), presumably without affecting the selective chain propagation branch to &

significant éxtent since in catalytic oxidative coupling the latter is mainly supplied by
 the surface network, To minimize the gas-phase hydroperoxy radical poo! the catalyst
should promote the following processes: (a) surface deactivation of HO, radicals, (b)
surface oxidation of oxygenated species direcﬂz_ to carbon oxides and water so as to

lessen the effect of step (23 b), @© "surface "dehydrogenation of ethane and ethyl _species '

directly to ethylene and water in order to minimize the extent of step (38 b), and (d)
coupling of hydrogen atoms with oxygen containing surface species towards water in.
order to diminish reaction (51 b). _ |

~ To minimize the rate of hoinogeneous ethylene combustion (step (48 b)), the
mﬂyst surface Should also have the highést possible capacity for rééuchlg the gas-

phase oxygen concentratlon in the main oxidation region by - trongly catalymng'
‘selective and secondary non-selective reactions requmﬁg rhrect participation of

adsorbed mr.ygen molecules,

Surface deep oxidation of carbon monoxide to carbon d:oxlﬂe (secondary non- o

selective reaction) appears 10 be one of the reasons for the larger hydrocarbon yleids
obtained with co-feed catalvsis as compared to the homogeneous case. This was
verified by simulating the effect of & hypothetical surface which drives-the coupling
reaction in the gas phase and catalyzes the direct oxidation of carbon monoxide te

carbon dioxide. For example, reducing the activation energy of step (25 b) from 20010

80 kJ/mol increased the yield by almost 50% since smaller amounts of oxygen were
available in the main oxidation region tp oxidize atkyl radicals. Higher rates of carbon
monoxide to dioxide oxidation, however will tend to reduce the coupling actmty of
alkali metal supported catalysts due to excessive surface carbonate formation.

A higher rate of oxygen adsorption on the surface will increase the concetitration of
active oxygen centres, which in turn will induce a larger flux of methyl radicals

| generation through met_hane activation and, consequently, & higher rate of hydrocarbon

formation since the coupling reaction is second order in methyl concentration, This is
the principal reason for the larger yields obtained in the presence of co-feed coupling
catalysts. The rates of surfuce dehydrogenation of ethane and hydrogen oxidation

towards ethylene and water will likewise increase. These selective processes are also

N
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beneficial for d.mmlshtng 't'he‘hydrc)‘peroxy radical pool ag discussed above. However,
high concemra:tion of ethylene and methyl species promote vinyl radical

generation via the hydrogen abstraction reaction (43 b), which in turn increases the -

N rate of pariial oxidation of vinyl (and methyl) radicals towards oxygenates. Thesé
considerations are reflected. on the ‘space time dependence of the majbr produo‘.
- selectivities. Methane oxidative coupling catalysts with high affinity towards oxygen

' adsorptxon areg expected to 1mprove the product yields only if the secondary ethylene
| combustion reaction does not offset the gams from the enhanced hydrocarbon

formatmn.

A microkinetic model. A microkinetic modef was constructed by Dumesic et al.* in
an attempt to expisin quantitatively the behavior of a Li/MgO catalyst for oxidative
methane dimerization. Microkinetic analysis permits the construction of a simple
kmeuc model that describes in a sat:sfactory manmer the overall expermlental methane
: consumptlon observed for an alkali metal pmmoted alketine ba:th metal oxide catalyst.
The model was obtained through mlcrolqnet:c analysis of the experimental evtdenca
g accmmllated for the methane and oxygen surface Meractlon steps. '

This model consisted of the 12 steps listed in Table 1.9, Seven of these steps are -
meant to be elementary- steps. In contrgst, steps 6,7, 9, 11 and 12 (Table 1.9)
represent paris of the process consisting of more than one elementary step but whose
elementary breakdown is not significant under the reaction conditions. | o

itis assumed that step (1) in Tablel.9 is-in equnhbnum, step (2) is reversible, step
(3)is meversxble, and the coverage of M~O-M is essentmlly 1.0, then it can be shcrwn |
 that the rate of overall miethane consumption is gwen by '

1

feﬁ=(a/4)[(a2%~_ Iab)"f*-a] N Cae

where rov = overall methane consumption rate, 2 = kP W), b=k KiPos)™?,
= equiibrium constant for step (1), kz forward rate constant for step ),k =

reverse rate constant for step (2), & = ate eonstant for step @), Peu = methene =" -

pressureandPoz oXygen pressure, L .
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. Tnble 1.9. Complete methane dunenzatmn mechamsm

| Step .' o Reactmri
' ' Methyl radical production
[ 0;+ IM-O-M € 2M-0-0-M
2 M-—O—O—MQZM—O
3 CH, + M-Q" > CBy +M-OH
4 ZM-OHHH;;O +M-0-M
- Couplmg
3 'ZCH‘s:hﬁ CaHs
' Ct oxldanon _
6 CHy + 03 > CH,0 + OH: ’ } o .
7 CH0 + OH: + 3/40, — co2 + 3;2H,,o
- 8 CHy +M-0- <> M~OCH;
9 M-0CH; +3/20, — CO, + H;0 + M-OH
. ' ~ Ethane dehyelrogmatlon s
10, | CH+M-OoCHs+MOH
11 | CHe+1/40,— CH, + 1/2H,0
L | | . Cz oxidation .
12 C:m+20:—+zc:o+mo

L

In general, step (5) in Table 1.9 represents ihe- coupling process, in whi_éh the C;

species capable of undergoing coupling is denot_éd CHx. This species may be either a

gaseous CH- radical or 2 surface miethoxy species at this point, The authors defined s -

as the forward rate of this elementary step, ks as the forward rate constant, and Pexs 8

 the pressure of gaseous CHy- species. The rate of step (5) can then be expressed as

follows: c - o oL

'_,.,ﬂks(Pms)z i . . _._.._.(2(:)

)
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Step (5) in Table 1.9 is assumed to be Tirrevgrsib}a. 'I'hus,’.whén the rate of C;

50

hydrocarbon conibustitm is negﬁgible, 75 should equal the axpeﬁmentﬁﬁy determined
rate of C; production. Therefore, equation (2 ¢) can be rewritten as follows:

Rez = ks (Pewsl? (3¢

&)

where Ry is defined as the net rate of Cy hydmcarbon productlan The authors also
defined rcox as the net rate of praduction of COy, species, Assuming gas-phase oxygen
“and the sutface species M— O and M~0-0-M are respcmsible for oxidation of G

' specms it can be written as foilows

a

Peox = ku Pen Omo + ko KPP on™” + g PowaPon S 4 0)

where ks, bz and ks are _rfite constants, Buo 18 the'fractional coverage of M~O- s;iecies,
K, is equilibrium constant for step (1), Peys and Po; are pressures of gaseous species;
Figures 1.15-1.18 show comparisons between experimental and model activities and
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Figure 1.1_5. Experimental and theoreti- -

cal methane mnwﬁeigo vatious products
versus pseudocbnt%-';;t time, W/E . Catalyst:
LiMgO (W = 1g), T = 620°C, Pesz = 40
kPa, Poz = 8 kPa Solid lines: model
summarized in Table 1.9. (1) overall, {0)
to Cils, (@) to CoHy, (A) to €Oy (4) to
co®. |

© CiH,, (A) to COy, (A) to CO™,

“Figure 1.16.Experimental and theare-
tical metane converted to various pro-
ducts versus temperature. Catalyst; L/

MgO (W = 1g). Total flow rate: 0.83

ml/s. Total reactor pressure: 101._3“kPa R

Solid lines; model summ_arized in Tabie
1.9. (1) overall, (o) to CsHs, (o) to

7 4
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Figure 1.17. Expeﬁmental and théoreiiéal
methane couver"ed to wanous proaucts wr- -

sug oxygeﬂ mlet pressure Cata!ysy Lt!MgO
(W= Ig) T = 620°C, Pcm = 40/ kPa Solid
lines: mrbdnl summarized in Table 1.9, ()}

overall (o) to Csz, (0) to CzH4 (A) to .
. CO,, (m t0.CO¥.

F’lgnre 1,18, Expenmentai and

theoretxcal methane cﬁnycnad to various
: pmducts versus methane infet pressure.

Catalyst: LiMgO (W = 1g), Poz = 8 kPa,

total reactor -pressnfe' 101.3 kPa. Solid _

lmes model mrmnanzed in Table 1.9. ()
overall (o) to Cg}i[ﬁ, (o) to CHy, (4) 1o

COy, (A) to CO™. 'f

selectivities at low con\( fons. 'I‘he ﬁgures demﬂnstrate that the agreement betweem :
the model and expemm s in this range of reactlon condtuons is satisfactory both

quahtatwely and quantrtatwely It is possible that the small d:babreement between
model and experiments regafdmg the catalytic behavior versus c«:mtact time is due to

carbonate formation at high oontaci times.

The microkinetic analysis’ outlined above prov:des msight into the processes
responstble for catalytic activity and selectivity. With the 12 steps listed in Table 1.9,
the mode! was unable 10 predict a limit to C; hydrocarbon yield close to that observed
experimentally. - .

According to the authors, active sites appear to be produced via fw.o elementary

- steps, Ixi the first step, surface peroxidé qu_/}ies form as gaseous dioxygen adsorbs on
the catalyst. In the second step, mcthane—a,:btivating sites are produced as the surface

peroxide species undergo OO bond cleayage. The second step is a key process in

determining overall astivity. It also leads to the conclusion that the main route through
which C, species undergo combustion probipbly involves gaseous O,, In this case, the

:
{

“_.
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rate of c.qupling is determined by thepsqﬁar‘e of the CHy radical concentration while the = -~
rate of C }oxidation is determined by the CHy radical concentration to the first power -

times the oxygen pressure. This result suggests that an effective catalyst ust be able
to produce high CH;: radical concentrations at low oxygen pressure. The production

of CHj- radicals is not an equilibrium prbcess, and its rate of production is determined
mainly by the generation of active sites. Accordingly, the most effective catalysis are

those that can form high concentrations of surface per_oxide species at the low oxygen

ﬁres_éure, Alkali metals are known to form stable buik peroxides, which explains why in

general oxides containing these materials have been found to be effective dimerization
catalysts.

A detailed study of the Kinetics of methane oxidative om.plmg on 20% PbO/ALOS
catalyst way reported by Krylov et al.”” The measurements wese camed_out in a flow
~ reactor, theﬁ‘actmﬁal conversions of the reagents did not gxceed 10%. The reactor
was considered to be ﬂ n—gradlent one, and the rate was calculated as for a

d:fferenﬁal reactor.

“The heterogeneou&-homogeneous model is d:rectly used to develop the kmetlc _

equations:
ky
(1) 0{3,+CH4-—->0H(5}+Cl‘13
(2) 2CHy " s
() CHy +0, & cmoy
1) 2CH:0y K O+ C0+ 10
(5) CHy +CH;0z {cf) co+ CO,+H0

where O (5 represercs active oxygen, which is the center for methy] radical formation.

Reaction (3) is aﬁsumed to be an equilibrium reaction. At temperatures h:gher than
650°C the equilibtium is shifted to the leR, towards methylperomde decay In this =

temperature region one can obtain the best selectivity to Cz products.

At iemperatures lower than 650°C the equilibrium is shifted to 'methylperoxide

formation. The isomerization and decay of this species may provide the chain reactions
which result in the fqm?tﬁon of deep oxidation products. :
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Fo? the quasx-steady-state appromma_tmn the fo!iowmg analyncal ex"

lumtmg, selectmty relative to ethane fonnatmn Was obtamed

Siim

k-

=

fat Ks Pon (aoPon + k) |

,u_.-‘\.

n for the |

4d).

where % are the rate constangs of the correspondmg stages of tlre sche.me K3 is the

equdlbnum constant of methyl

is

oxide formatlon

N

» ‘The comparison of the theo!

ical and experimental values obtamed on vamus

catalysts (includmg the empty reactor) have shown that the latter do no exceed the

deep oxidation,

=f-'=kPmcmP"o§

theoretical curve, caleulated i in accordance with the knawn constants of gas phase
~ chain reactions (Fxgure 1.19). The selectmty vafues, which are low in companson o
the calculated ones, may be accounted for by the additional wntnbution oﬁ’
heterogeneous reacions assisted by active forms of surface oxygen tn the reaction of

@d

‘1\5 .

Most often, the kmettcs of oxidative couphng is descnbed by a formal power

.\&watmn

L@

S
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> 700

.T'! C E

Figure 1 19, The relatlfnshlp between selectivity towards cthane at fow conversions and
the temperature, (1) & - AbQOz; (2) Y70s; (3) Ta0s, (4) 20% CAO/ALO:; (5) 20%
PbO/ALQs; (6) BaO; (7) Sn-Sb-0; (8) Pb-Sn-K-0; (9) quartz; (10) empty reactm'@dotted
line-8ym calculated from equation (1 d) i
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" In most cases, mis higher than 7, and the reagtion order with respeet to methane is
elose to unity, j#hereas the reaction order with respect to oxygen s near zero. |
4 Mars-van Krevelen type equation, characteristics of the processes which proceed

" via a redox meclmm was obtained for the kinetics of methane oxidative coupling for

20% PHO/ALOs. -

KenaPcviskonP o2

r=- . '"‘. S (’id)

e kwPautkePo

v =

-whére ket an(i ki stand for the rate constants for ré:iuctian of active centers by':'
| ‘methane and their rmeonWomrmwmw ALangnnurtypeequatmnwas
* applied for the kinetics of omdaﬁve coupling on Sm;0;, LrJMgO, BaCeO;, and

LaCefNiO“‘”

kipéi;y’- o kPor o
| . e X {1[ o | . .s_.'J -:? : (4 d)
I_rz+k3Pm ko’ + b Por A

The authors ‘believe that agreement of this equatmn w:th the expenmental data
supports the mechanism of surface interaction hetween CH, and Oy, It is easy to verify
that equation (4 d) can be readily reduced to equation (3 d). s |

It wiis noted that the E-values for oxidative coupling on a number of catalysts lie

within the interval of 200-220 kJ/mol. An analysis of equation (3 d) showed that the

following relation for the efficient activation energy Loy is valid:

N+ Enn o
14y

where E,d and I:m are the activatwn energies for catalyst reduction and uxldanon,
YESPGCHWIBG and x = kaP'or T kwiPear. At - 5 F 18 close tol/2 (Boa + Bl If B

T Lp
5

-
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increases linearly with decreasing E,es, the fr value will be approximately const_afxt for .
a series of catalysts, but if the rates of reduction or reoxidation are subéianﬁally '

different, the process rate will be controlled by the kinetic parameters of the slow step. -

Most often, the kinetics of complete methane oxidation on the same catalysts is
described by power- or Langxmur type equations, If, for oxidative coupling, m > n is
more typxcal, then 72 > m is characteristics of complete oxidation to CO,. This appears
to su(pport the idea that complete oxidation is controlled by the catalyst oxx_dation

- stage. In most cases, the £, values for total omdatmn are substantially below those for
oxidative oouphpg and amount to 130~170 kJ/mol This means that the mechanism of

total deatlon and oxidative couplmg are quite different. These reactmns proceed in

| paralle.l routes on different active sites,

7

Ethane undergoes finther omdatwe dehydmgenauon according to the following

mec.hagnsm.

(6) CaHs +Os — CyHy: + (OH)g:
(7) CoHg + Og — CoHy + (OH)y
(8) 2(OH)s' — Os -+ H,0 |

The C~H bond energy in methane is 434 ki/mol, and the bond energy in ethane is

400 kJ/mol. Provided the Polanyi-Semenov equation:

E=FE;+0.75AH - {6d)

is valid, such a difference in the C—{-I bond energy (Ecas) should lead to a difference of

25.5 K/mol in the activation energies for methane and ethane, For & given pre-
B exponenual factor, at the oxidative coupling temperature of ~750°C, the rate of ethane
 interaction with the surface centers forming C,Hs* would be greater by one order of

magnitude. Correspondingly, ethane must react with the surface at femperatures 100~

L 150°C lower. The rate of ethane interaction with the 20% PbO/ALD; catalyst for

methane oxidative coupling is higher than that of methane interaction by a factor of 10-
20®. The rate of oxidative dehydrogenation of CH; to CzH4 is hlgher than that of
methae oxidative coupling by a factor of 4-5.

f
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In the gas phase, C;Hs radxcals can be trm:sfonned into ethyl peroxide radwals,' _

which teact further:

| (©) CHs +026—)‘C2H502 )
A (10) CH0y—> CiHy +HO, | Tl
(1) CpHs + HOz — CHy + HaOy -
(12) H,0;+M— 20H: +M
(13) OBt + Cablg — ClHly +H,0

'CoHsOx also forms some produets ofﬁ complete oxidation .when' interacting with the
surface. The reaction rates for CHsOy in the gas phase ate considerably higher than
those for CH;Oy. Therefore, the probabzhty for the interaction of C;HsOy with the
surface is substantially smaller than that of CH;0z. Correspondingty, the selectivity of

oxidativg dehydrogenation of C:Hs is higher as compared to methane oxidative '

coupling. For 3% LiMgQ catalyst at 600°C, the selectivity of Csz transfom&ﬁon
into C;H; was 75% at 40% conversion.

The kinetics of ethane oxidative dehydrogenauon on the 20% PbO/Ale_a. catalyst is

described by an equation similar to equation (3 d), which can be obtamed by assuming
the involvement of two oxidized sites in the process:
Wi s P P .
S — it (7«1)
Thax Poz + (Fox PPoz + 8 ko’ Pozss ex Pon) 2} -

where Xa is the ratg-{ constant for reduction of the active centers by ethane. The rate
constants for reoxlciutlon, ke, measured in the experiments with mcthane and ethane
tumed out to be very close; from this fact the conclusior was drawm ccmcermng the
participation of active sites common to both processes. '

Though Langmuir equations are in good agresment with the kinetics, as was
mentioned above, this cannot serve as any proof in favour of thé adsorption rﬁechamsm
in which the adsorbed forms of molecular oxygen and metharte are key reactants in the
reaction. The kinetic constants obtained are rather formal.

R~
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Analogous eﬁnations; were.obtained by Sbkoioi;ser'-
Langmuir-Hinshelwood mechanism. Theyconsxdm:d_ - _' hemefottheseparm
interaction, in which the stag&s of reductant and oxldant mteractmn with the catalyst
surface included two steps o - 5'.5-

R

'a)mh+§e+mﬂ%ﬁ*

(2) CHy™ z:H’ —> CHa'l"' :E1Hr

_ S (3) 22;1H"<->H20+4E+E}

. I o . J[
o @) 0,05 ﬁ "
(5)03 +0 -—>0“’"+b~+é

= ' b [y

[l . . . |]

o &
. B

wherez M*Oﬂ“ﬂlsmeoxygeuvanamy ‘
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The reducuon stage includes the step of, erolync methane activation. with

‘subsequent electron transfer to ‘the aweptlng ter, radmal foml.ation and the

* seduction of the surface.*The stage of reomdaﬂon g ades the formation of an
adsorbed Oxygenfonn(eg, as is shown in the sch»erne abhve, it can be 2n ioh-radical -

Oz‘), which is reduced to the lattice oxygg;r/son if aﬁ oxygen vacancy is present, -
ssuming: - i: R

1

o A .-»;1'+ CH;‘#;H* >> z:;l-l* +0
under steady—state condltmns, this scheme is trahsformed to prowde the following
expresmon for tlﬁ rate of methane consumpnon ami meﬂlyl radical formation;
L S : .
(“I\Tpl JL“ ay'Py + ay Rz’PxPz)Kz : o
r= - -_ . L (l1e)

7] \ ) . \:JU .
A

w:thout recouise to & ,

a9

&

)

B - T
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K are the direct and reversal constants of the corkesponding stage, P1, P2 are the partial
-methane and dioxygen pi'esmres Under the condition when (aﬁ‘?x KayPy) <<

ay’ay" PP, the equation transforms to an expressxon

£

4]

Ky ai'ay PPy “ L | |
rw . - . R e}
(1 +ay’P) (1 _+ a2’ Py)

Ewdentiy, m the general case, coetﬁcle?t 4y’ ay either decrease or mcrease w1th a L

E temperature me For the adsorpt:on process due to the pnsmva adsorpnon heat Ey >

Ey At low te}}xperatures and high activation energy K.y the inequality E., << X -
may be ttue, bppcause the activation energy of stage (5) may be low. If at the same time

- By < Ey, then {l will rise with the temperature. Along with the temperature rise due to

| s:tuatmn may ‘arise, when E_, >> Ks L1, In thls case ' wﬂi be the true adaorptmn

transfo:med to o .

_ stage (2) is hﬁtang (E.,; >> Kz) one can obtain the expressmn )

"
Al
I
i

inequality £s #E..; the ratio of the iteins in the denommator for a;” wilk change. The

goefficipnt which should decraase with rising temperature.
In the case when the. first stage is the lLimiting (&.1 < Kz) equation (2 e) is

i:l - E : . T o Fol " IO

Ki a;‘Ple . R

P e - (B9

(1 +aPPy (1 +aPy)

o

A kmettc isotope effect shouid be present and thus was observed™. By ccntrast when

. ;
Y
R

KzKpl az’P 1Pg . .
' (4e)

P

: .- (1 +KuPy) (1 +a'F) :

| where a’ transfonns the eqmlibnum constant of stage (1) (K,,;) and: Ltlna motope effect
whould be ver‘y sma!l According to equation (2 €) in the general caaw the reactmn Tate

:

o



' 'should decrease thh the rise of vacancy concemration or the Ievel of catalyst |
' reductmn (excluding the conditions when ay’P; >> 1), e -
- The data of Sokolovskii et at. ¥ presented in Figure 1:20, which relate to a study of ©
-the rate depe}danc:es for the oxidative coupling of methane on 2% PbOfMgO upon
the level of the catalysts reduction. The catalyst was reduced by CO pulses, thena
- pulse of methanc-dioxygen mlxture was supplied (CH, ¢ 0= 9-1) and the rate was
measured. A hyperbolic fall of the dimerization rate with the surface reductxon fevel is-
observed which COTrespon: “s to equation (2 ¢) under the condition that az’Pz <<,

A detailed kinetic model based on a free-radical mechanism has been developed, |
which allows the adequate cal__cﬁlation of the feed conversions and prnduct selectivities
under process conditions typical for the oxidative coupling of methare, For that matger -
fhe available kineiic data bases are xnt feiiable encugh, and an estimation of the most

~ important parameters in the model by régression of the experimental data was
| necessary A cuntribution'analysis revenled the essential features of the complex
| reaction network by identifying the important- _\chains.' Large amounts of methyl radicals |

i

r-107, maleculas CH fnl-s

B I L R T T N - N

0 5 10 15 Y
- - B% monnlayar

ﬁFlgure 1.20. The relationship between rate of methane c@nversmn (I) and C; product ;
ﬁmnanon (2) on the degree of reductlon of fhe catalyst (9) Reaction condmon-* T =
[soo**c 10% PHO/MO, CH, : 0= q%, -
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are formed through branched chains, which degencrate via & fermination step'.'t_q__
produce the desired product ethane. The decomposition of hydrogen peroxide is the
main branching step. Dehydrogenation of ethane leads to ethene. The dehydrogenation
via the thermal decomposition chain dominates the oxydehydrogenation via the
oxidative chain, Carbon monoxide formatlon is mainly due to the oxidation of the
methyl radical at the conversion levels mveshgated ‘ '

I 2 3. Reaction mechamsm and nature of Ihe active sifes. ‘\.t present there are two
main mechanisms; one is based on O™ as the active site, whxlst the other is based on
0" having a low coordmatxon number - ”

The original Lunsford“’”’”"‘ mechanist is described in terms of equations (1 £4 f):

O+ CHy— O - CHy | ap
| Cm-+['J(:;13-+M—+C?}IG R - | (2':?%.
.;’e.’,OH'@——#Oz'(s,-b[.%-{-.HzO . ; .(Sf)'_'
2-@+[_]+1/zoz-+zq"@_ - . ¢p

where | ] represeats an anion vacancy and the subsoript (5) a surfack species.

The original assignment of activity inLi/Mg0 cataly;ts (éo’ntaining vartous Li: Mg
ratios) fo specific Li'OF centers was bﬁsed on the observation of a paralielism between
* the density of Li'O™ centers and the number of methyl radicals formed, and also the
rate of ethane formation, Indeed, up to Po; = 50 Torr a correlation between Li'0”
concentration and C; product yield is observed, However, this correlation hecomes
reversed for higher preswures. The best correlation was recorded between Li'0™
concentration and deep oxidation product yields (Figure 1.21) ™, B

The appearance of a radical center in a binary oxide system is provided by the
substifution of bivalent magnesium ion by univalent fithium ion. The addition of larger
ions { Na for example) should not produce these centers, which is conﬁnnesi by the
authors in their axpenments on the doping of MgO with sodium carbonate,.
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Figure 121, The relatifmshiﬁ between methane 'convefsion, reaction product yields
and [Li"07] cef:ter concentration on 7% Li/MgO c;talySt and dioxjrgen pressure m the
regction mixture (1) CHy, (o) CoHy + CaHs, {A) CO + £O;, Reaction conditions: T =
620°C, pseudo-contact time = 0 83g s/ml Pess =300 Torr)

At the same time, the introduction Of sodium ions into calciur oxide allows an
 increase in the yield of dimerization products according to the same hypothesis.

Later, however, it was demonstrated that magnesium oxide promotion with sodium
ions more efficicit than a lithium-magnesium catalyst for metﬁane -din;erizat_idn”.
These results cast doubt on Lunsford’s concept of methan_e activation.

The reactions of radical detachment usually have low activation euergies. The
activation energy for the reaction of O~ with hydrogen was determined by Kazanskii et
al*® to be ~15 kifmol. At the same fime, the reaction of oxidative methane
dehydrodimeri:&ation is known to have a very high activation energy (Table 1.10). The
value of 230 k¥/mol was obtained by Lunsford et al™ for the lithium-magnesium

hsystem. In order to resolve this contradiction, it was conéidered that the stage of active

 center regeneration is the limiting one:
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Table 1.10. Activation energies of the reactions of methane on basic catalysts 2,

" Reaction

0

Catalyst -, Ea (kI/mol)
A MgQO Oxidative dimerization - 260 '

! b0-MgO Oxidative dimerization " 250
LiMgO | Oxidative dimerization 230
MgO. Non-oxygen dimerization 250
BaO; % B Non-oxygen ¢imerization 60

2[Li*OH] - Li'0” +Li'T ]+H0 G5

Li*0* +Li"] ]+ 1/20; - 2Li"0" 6H

These stages may be characterized by a high actiﬁrati_on -energy which may also
characterize the total activation energy. But the reaction also proceeds with a high Ea
value in the non-oxidative mode (without 0, in the reaction mixture) when the

" regeneratian of active centers is not inchaded (Table 1.10).

Thus, the assumption that the regeneratmn of active centers is the hmltmg stage of

the process does nof resolve the contradiction in the prasent hypothesis about the

" participation of O" in methane activation and the observed high activation energy.

Amcng other oxygen ion-radical forms, anion-radicals Oz are obse.rved most
ﬁ'equently on the surface of oxide catalysts”’””

CH; +O;— CHy' + Oy

@9

The O, superoxide species is known to be very reactive and capable of promoting

deep oxidation of the hydrocarbons to COx™™. Obviously, for the reaction to be carried

out in the éatalytic mode, the surface Oz~ needs to be rapidly dissipated via a complex
series of equilibria. Similary the surface OH (equations (1) and 1 () must also be

- thermally decomposed by such mechanisms as shown by equanon (3 ). The

implication of equation (7 £) is that the higher hydrocarbons can only be generated in
the presence of oxygen. This also implies that the generation of higher hydrocarbons in

the absence of oxygen in the feed, will only be possible if the catalyst possessﬁs-] the

4
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capacity to store oxygen, i.e., variable oxidation states. However Q7" are unstable at
the temperature of oxidative coupling, \ T

_ Another plausible active center for oxidative coupling is & peroxide-ion 0%, Whose
stabilization is possible in those systems that contain alkali and alkali-earth catlons
Krylov et al'™ ‘méntioned the possibifity of obtaining selectmty towards C;
hydrocarbon close to 100% for BaO,, Howavgr, with Ba/La,0; catalysts the
| population of 05>~ species ag determined by X-ray ﬁh‘otoélectron spectroscopy (XPS)"‘
 showed no relationship with the catalytic performance.

The correlation between the activation energy and the heat of hydrogen detachment
by a variety of fragments is in good accordance with Semenov’s rule for radical
moieties {equation (6 d)). The expemnentally lﬁﬁf&?nined activation energy of the
reaction of thethane with peroxide ion also fits thu.__éneral picture. This data provides
the conolusion that methane activation ocours on peroxide jon via the detachment of a
hydrogen atom and methyl radical formation, This conclusion is further substantiated if
the interaction of methane with barium peroxide is considered, for which the applied

activation stiergy was measured, However, this activation energy '{60 kl/mol) is

considerably lower than enetgies measured over the oxides of alkaline earth metals.
~ This contradiction is not removed when the chaage of concentration of the surface
- forms with temperature is consiered, becauss the reaction of peroxide formation from
. oxide and oxygen is an exothiermic one. Thus, the concentration of peroxide ions
should decrease with rising temperature and the observed activation ene;gy will be still
lower. :

Against this background, t_he alternative acid-base mechanism of Sokolovskii et

al \0B103I0 g ocesting that the methane activation occurs via beterolytic cleavage on

‘low coordination surface M"™~0™ ionic pairs, appears attractive. The efficient

catalysts for the oxidative cc_luplmg of methane are generally strong bases, The |

methane activation in these systems may oceur via its interaction with an acid-base pair
with subsequent proton detachment and metal-methyl compound formation, in which
the methyl group is negatively charged. The rate of oxidative dehydrbdimexization on
~ the set of catalysts was shown to rise with an increase in the concentration of the basic
- centers (Figure 1.9, and Table 1.7). ” |

mmy
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Figure 1.22, .IR-Fourier MgO spectra of the adsorbed (1y CH;OH, (2)' CH,, (3)

(CH3),80Ch, (3 3) (cag)zs;:cx,_ in Kbr. (*) ~ the absorbence line cm‘respondmg to

gaseous CH,

To charactérize methane activation on basic catalysts, methane adsorption on

magnesium oxide was studied by IR-Fourier transform spectroscopy 2 The interaction

of methane with the surface of magnesium oxide at 300°C gives rise to the appearance
of bands at 3650 cm™ ascribed to hydroxyl groups and of new bands in the region
2940 aad 2980 cm” assocnated with C-H. stretchmg vxbrauons (Figure 1 22) Asthe

temperature was increased up to 500°C, a concerted decrease in band mtensmes wis

observed. This is evidence that a dissociatively adsorbed state of methane is present on

the surface of magnesium oxide, A comparison of the bands observed in the spectra of
materials containing metal-methyl and methoxy groups supgests that adsorbed CH;

groups are bound to magnesium ions, Support for this"ccnclusion comes from

experiments in which CH;OH and (CH;‘);SnClz was adsorbed onto MgO ( Figure
1.22). Note also that a band E\ 3085 cm™ was observed after exposure of a sample :

with methane adsorbed at 300"(‘3\‘(1113 is suggestwe of C-H stretchmg vibration

assaciated with 2 double bond and can be attributed to the molesule of ethylene,
According to the iimtei"olytic mechanism of methane activation .",'j[the scheme for

interaction of methane with the surface of basic catalysts is as follows: - |

i

CH, + M¥0% > CHs M* + H'O* (1g)

CH: M* 5 CHy + M* 2g)
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The first stagt is the heterolfﬂc dissociation of methane to produce 2 surface metal-
methyl compound. The coordmatlvely imsaturated metal jon, paired to a strong
nucleophile (O ion), may act as an active center. The results of quantum-mechanical
calculations for the mteractlon of a methane molecule with MgQ show that the

interaction energy is positive only for the coordinatively unsaturated Mg** ions. For |

Mg“wn:h coordination number three the energy of the Mg—CHs bond is close to the
. activation energy of the oxydehydrod!menzanon of methane observed on thxs catalyst.
Ina recentiy published mvestigatlon on the oxidative coupling of metﬂane on ultrafine

crystalline magnesium oxide doped with lithium', a cons:derahie amounts of .

coordinatively unsaturated centers were observed. Accordmg to the liiminescence

spectra, the’ assured coordmatxon mumber of magnesmm was thwc. The lithmm'

dopant is assumed to be responsxble for the getieration of coordmatﬂrely unsaturated
centers, These centers are considered to be the centers of methane activation, w];mh is

| conﬁrmed by the correlation between the 1ummescence intensity of these centers (?\m,.

= 1450 nm) and the catalyst activity. i
" Ealier work by Garrone and Stone™ ~on basic oxides indicated that surfacé sites
with different coordination numbers, eg., 5, 4 or 3, showed different acld-base

properties and different reactivities towards adsorbed molecules. Basicity increases

with mcreased coordinative unsatutation. Thus, molecules with relatively low’ pK.
values, e.g., CH;OH or water (pK. = 16) dissociate extenswely on MgO even at the
least reactive Mgsc?'~Osc’™ pairs whereas the dissociation of ammonia or C;H, (pK, =

36) or methane (pX, = 40) requires the sites of greatest coordinative unsaturation

(Megsc™*~0sc™). The authors gave an estimate of the relative proportions of surface ion

pairs Mgsc?*—0sc®, Mgxc®'~0s? and Mgsc™-0sc” in polycrystalhne Mg0, there
were 90%, 10% and 1%, respectively.

The anion methyl form may donate its electron to an acceptitg center and transform

.to a methyl radical, which then dimerizes. This stage can proceed with intermediate

~ transformation of metal-methyl groups to methoxy groups. If there is an insufficient |

supply of these centers on the surface this step may become the iimiting one, Metal
ions with transient valence in the oxidized state as well as electrophilic forms of

oxygsn and defects of the crystalline lattice, inclﬁding hole centers of the catalyst such. |

as V-centers (the anclogs of O™ in solid oxide) may act as accepting centers. However,

85
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these latter defects are not !ocated on the catalyst surface, sd"cannot act as cﬁﬁers of

radical detachment. Inﬂnscaseacorrelauanbetweenthedxmmzat;onmeandthe’_

- concentration of ho!e centers in the caxalyst may. be observed

- Studies on ﬂm mechanism of methane oxl;latwe coupling are contmmng At pment

o one may mentm:;%several mote or less well-estublished facts.” .
_ 1 Methane cmdanvq\couphng proceeds vig & heterogeneous—hcmageneous
meuhamsm that mipl:es the interaction of CFL molecule thh the surface Oy oxygen

centers and the fo:mauon of OH groups on the, urface and CHy* radicals in the gas

B phﬂSB . ' ’ ) " by . . o

2, The strongly basic oxides of alkai ‘metals, alkaline earths and the rareearths |
cansﬂtutethebestca;ta.lyhcmatenal Thesetrendscanbeexplanedhyanamd-base: _

mechanism which is based on the assumptl.en that methane activation proceeds via
heterolytic.cleavage ona basic O™ site witha low oéordmaﬂen mumber. |

3. Ethane i is formmbyrecnmbmatmn of CHz rpdxcalsmthegasphaae 'I'he.- L

probability of this reactmn on the catalyst smface is low,

4. Bthane can be converted into ethylene by oxidative dehydragenatlgn of C:Hs e

by an im*eractnon with the Surface oxygen, O, or in the gas phase

‘ ‘5. Complete oxidation to CO oceurs either in the gas phase through oxidation
‘of formyl radicals, CHO {or by the:nnal decompomuon) or on the sur!hce Vi
interaction between CHy, CaHy,, CiHs, or CiH, and mobile oxygell (0’7 Further
oxidation of Co yxelds CO;,
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1.3 Direct oxidation of methane to oXygenates

o *

13.E" Partial ox:da!:an of methane o mexhzma};/ The world cnnsumption of _ )

methanol today is in excess of 25 mnlhon tons pﬂr year and growing steadzly This
indicates that ‘methanol is still gaining importance i the hulk chemlcal market More
than one-thxrd of the preduced methanol i} used to make fonnaidehyda;mé rest is

mainly used for the production of acetic acid and gasoline octane improvers such as

methy}-tert-butyl ether. Promising new areas for methanol are the direct use in fizels or

in firef cells as well as feedstock for Mobil’s MTG (methanol-to-gasoline) process.
The existing.commercial process for methanol production involves twa steps. In the

first step hydmcarbonﬁ are reformed to synqhes:s gas at high temperatures. This step is

T highly endothermm, so that some of the hydrocarbons bave to be burned in order fo
' fun. the process. The second step is the low-presmne methanol synthesis, where the -
syngas is catalytically converted to metl;anul at around 250°C and 50 bar. The

hydrocarbon sources for the first step mclude natural gas, petroleum resuiues, naphtha,
and coal, the first bemg by far the most nnportant

The direct paxml oxidation of methane has been investigated by several authors ‘The
pubﬁshed results for the homogeneous gas phase reaction scem fo be very promzsmg in

respect to methanol selectivity, but in most of the studies the yield is still far too low to

- be of economic mterest

. There seems to be litile dispute about the mechanism, which has a first step:
. CHy+ O, ~> CH + HO,
The equilibrium | S

CH; + 05 > CH:0,

plays a key role in the way products vary with temperatute. The source of methanol is

the methoxy radical, CH;0, formed from the methylperoxy radical, CHy0y, reacting
with hydrogen atoms from the various species present. As methané'is’ present in -

' : , »F‘"“\\ '
excess, it is the most probable source of the hydrogen atoms, as in: o b
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CH;0 + CHy —» CH;OH + Cm

Parkyns et al also drew attention to the possible influence of the OH radical on
“events, as it reacts with any source of hydroget'i_;atoms to form water. This is
essmtiélly""a stable product under condition of these experiments (400-500°C) and
considerations of hydrogeﬁ balance show thai for ¥ach molecule of water formed, the
selectmty of methane conversion to methanol must fall below 100% ‘The modelling
studies of these authors gave an upper lumt of 67%.

One e:q:lanatmn for the lower selectmtles is the possible further oxidation of
methanol to other products such as formaldehyde and especially, COx and water.
Burch et al. " showed, however, that metfianol was a surprisingly stable molecule in a
glass-lined reactor even in the presence of oxygen. In the presence of copper, however,

- over-oxidation was quite rapld. |

Many researchers have looked at the pass:btlzty of enhanmng the ‘methanol yxeld by
by packing the reactor with dlﬁ’erent materials to check both adverse and wsefid
catalytic activity. The results confirm that glass is a reasonably inert surface for these
reactions (i.¢., the oxidation of methane to methanol and further oxidation to carbon
oxides). For pressures above 40 bar stainless steel was only a little more reactive than
glass, in agreement with the experience of Burch et al. Copper, on the other hand
promotes complete oxidation to carbon dioxide. This ﬁndmg casts considerable doubt
on the validity of work of previous authdrs, who suggested that copper aided the
formation and overall yield of methanol. | o

Morton et al™ also pointed out that the treatment of alonising a steel tube to

protect it from oxidativé attack, a not {incommon practice, had to be used with care..
They found that the coating of alumina produced with this treatment was highly active
in the methanol dehydration with dimethyl ether as a major product. This acﬁvity could
be partially suppressed by washing the alonised coating with a KOH solution 10
\, neytralise acid sites on the alumina, ' -
" Rytz and Baiker™ have also examined the effect of packing a glass-lined tubular
flow reaclor with quartz chips with a diameter in the range of 1-2 mm. Experiments
were performed at pressures of 20-50 bar temperatares of 425-500°C, space times of
3-12 5, and oxygen concentrations in the feed of 3, 5, and 10 mol%.
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The major produuts found were carbon monomde, ‘water, and methanol with smnlier
amounts offormaldehyde, carbon dxoxxde, and ethylene. Ethane and formic acid were

sometimes detected in trace quantities.
. For the following observations the reaction temperature, the presmre, and the

oxygen partial pressure were kept constant and only the space fime was \sﬁn&d by

7
hangmgmetotalﬁ’owﬂmghthereacﬂonsystm A. typical examplem\ﬂle

-+ dependency of the selectivity and the methane conversion on the space time is showm

' _m Figure 1.23. thously a hlgher space time increases the convemon. o
At low conversion, the selectivity to methanol is very small, almost zero, but it

increases with increasing space time. This may be indicative of methanol being a

, " secondary product. ‘The selectivity increase, however, continues rmj&to the point
= . where the Q; convers:on reaches 100%, and thmt remains at apmnvﬂ\y the same

“-\.

| level before starting to drop shghtly InFlgure 1 2g oxygen reaches a t érsion

'-atthepommememhcomonstartstoleveloﬁ' Note that, atverylow

' conversion, the selectivity to ethylene is lugh, but it drops shafply when the conversion

exceeds 2% as other products start to appear This would suggest that ethyiene isa
pnma:y product. Interesungly the ethylene yleld is found to be almost independent of
the space: time.
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Fugure 1.23. 'I'ypmal example of tie space fime dependency of the conversion and the
selectivity of the primary products Reaction conditions: P = 50 bar, 7' = 450°C and 5%

0. (0), carbon monoxide; (¢), carbon dioxide; (1), ethylene; /}x}, methaniol (all left y axis);

(A), converston(rxght ya:-ns) we } o /
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The selectivity to formaldehyde i mmases with decreasmg space time, but it never
surpasses 10%. When the oxygen conversion reached 100%, fonnaldehyde could no
longer be detected as a product. The selectivity to carbda monoxide is almost zero at

" low space times and low conversion; but as the residence time increases, the selecuwt?{

o carbon monoxide also goes up. When the oxygen conversion reaches 100%, the

selectivity increases very little before Ievelmg oﬁ‘ and remaining at the Ievel even at

- longer space times. The fact that carbon manomde appears as a product only if the

| -convermon exceeds 1% indicates that it is a secondary product like methanol. o

The “selectivity to carbon dioxide does not change very much over the' rauge of the -
reaction pararasters, and carbon dioxide is present even when the conversion is very
10W this may indicate that carbon dioxide fike ethylene is a primary product,

" To determine the effect of the pressure on the selectivity and the convetsmn;
expenments were carried out in a pressure range between 20 and 50 bar, The other

reactugn paraineters (i.e., temperature and oxygen partial pressure) were kept constanL

As is to be expected, at higher pressures, the conversion of methane increases. It

reaches a maximum when all the oxygen is consu_med.

[ Carbon monoxide selectivity increases monctonically with rising pressure. The

selecuwty to  methanol also goes up wiih mc(easmg‘ *,essure, until the oxygen -

convermon reaches IGO% The selectivity to formaldahyde 15 always below 16% and it

dra[{'rﬂo practically zero with rising ptessure, The présst ﬁfe dependency of the ethylene _
_& selectivity shows behavior ..umlar to the oorrespnndmg space time dependency.

1
{!

As expected, the conversmns of methane and oxygen increase with mcreasing--
temperature The selectivity to metheno! seems to increase at low conversion levels
u@f/tfechne\at higher conversivn levels, when the temperature is increased. The
selectivity to carbon monoxide, however, is almost unaffecied by an increasing
temperature. This is also true for carbon ditiide, the selectivity of which, as has been
mentioned earfier, stays at approximately tﬁe aams devel for ail the reaction conditions.
At low conversions the éthylene selectivity is high, Biit with increasing conversion it
drﬂ sﬂm‘ply to insignificance at high conversion levels. |
{/ Rather similar results have been reported by Haruta et al,'® this time using an empty
quartz tube (dlameter = 10 mm, heating volume = 24 ml), Even under normal
pressures (1.5-3.0 bar), they obsen(w,the formation of methaaol by gas phase reaction

[
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Figure 1.24. Effect of pressure on the cxidation of methane: (a) methane conversion as |
a fonction of tetnperatare; (b) product salectivity as function of methane conversion,
" Reaction conditions: CH,: O, =41, flow rate = 15 m}/:nin, résidence time =96 5%,

of methane with oxygen in the 425-490°C range with methanol selectmues exceedmg
 30% ata methane conversion of 5%. -

anure 1.24 (a) shows the conversion of methane under different pressures as a
function of reaction femperature. Ax increase in pressure shifis the reaction curves
toward lower temperatures, in agreement with the previously reporfed results for the
high pfessure reactions, and afso makes the slopes of the curves greater. | '
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Figure 1.25. .Effect of oxygen concentration on the oxidation of methane; (2) methane
conversion as a function of temperature; (b) product selectivity as a function of methane
conversion. Reaction conditions: CH, s O'z = 4:1, flow rate = 15 mi/min, residence 'time =
96 5, presaure = 1.5 bar '*,
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Thus, to increase methane conversion from 6.7°to 14%, a temperatute increase of

- only ~5°C was sufficient at 3.0 bar, while an increase of more than 15%C wisneeded at .

1.5 bar. o _
The selectivities to methanol and formaldehyde plotted against CH; conversion

(Figure 1.24 (b)) show that at the very beginning =i the reaction, the selectivities to-

HCHOQ were larger than to CH:;OH. As the feaot_ion progressed with an increase in
reaction temperature, selectivities to HCHO markedly decreased and became smaller
than those for CH;OH. Siace methanol and formaldehyde are casily attacked by radical
species resxﬂtmg in the ﬁzﬁnatioq of carbon oxides; an increase in methane punversion
always causes a decrease in the selectivities to these pactial oxidation produ&s. -

Since oxygen is the limiting reactant in these ;..-_»acﬁm‘\@, a5 shown in Figure 125 (8),

increasing O, concentration appreciably decreases tlyé reaction temperature. Figure
1.25 (b) shows that at low méthane conversions (below 2%), the methanol selectivities
arg little affected by O, concentration; however, at higher methane conversions, higher
0, concentrations become advaniagenus for methanol formation. Consequently, the
formation of the partially oxidized products is more favoured when a higher oﬁygeu
concmtraﬁonisysed. | - N

As generally expected, in order to obtain the same methane conversion, higher

temperatures are needed for shorter residence times. It was observed that for obtaining |

a methane conversion of about 7% by the reaction of metbane with oxygen at a

* coneentration of 20% under 3 bar, the reaction temperatu:lres required were 435, 455
and 468°C at residence times of 96, 32 and 24 s, respectively. Within the range of the
. residence times invesﬁgate_d, however, methanol selectivities were found to be little
affected. '

Attempts have been made to influence the initistion reaction, ie., by addition of

small amounts of other initiating species. Thus, Omata et al."® placed a Pt wire at the
entrance to a conventional flow quartz tube at 42,5 bar with a methane/air m!xture at
CHy/O; ratio of 30, Heating the platinum wire to about 250°C lowered the
temperature at which the reaction started from: 420°C to 380°C. Lowering of the
temperature by 40°C waé observed throughout the range studied but there was almost
no effect on the selectivity to methanol which was low throughout the expesiments
(18.8% selectivity for a methane vonversion of 2.4% in the presence of Pt).
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They raﬂanalxsed theié' results by assmmng that the Pt wire produced methyl rathcals
v CH +R* —» CH; + RH

which then enhanced the conventmnai activation step by formmg methyl-peroxy
specles _ '
. - CHy+ 0z > CHaO:z
. "

Addition of H; to the extent of 4 mol% of the methane both in the presence and
absencelof Pt did not affect the extent of conversion of methane but did increase the
selectivity to methaool, from 6. 7% to 34.2% but at 2 very low conversmn le-vel of
methane (0.2%) at 380°C. This was accounted for by the increased tendency of CH;O
radicals to react to give methanol rather than decompose to formaldehyde and hence te

3 oxldes ofcarbon_

CH:0 + Hy —» -CI-130H +H

Catalytic oxidation of methane to methanol. Most workers generally found that

- passing methane/oxygen mixtures over a catalyst yielded results inferior to those
'- qbtained in its absence._ They have also reported that metals suéh as.Ni, Cu, Ag, steel

and cerfain alloys appear to have a catalytic effect. The results show that at relatively
low i:ressures the use of metallic reactors and/or catalysts leads to the formation of
complete oxidation products. However, at higher pressures none of the experiental
parameters studied had & significant mﬂue{ ice on the Selectmty 1o methanol. |
Investigations on the stability of methanol at high temperatures and pressares in the
presence of oxygen performed by Burch et.al.'!" showed that Joss of methanol through
fisrther oxidation is unimportant except in the presence ofmetals such as Cu. In the
presence of methane and oxygen some methano! is destroyed, [and this is attributed to
reactions intvolving methyl radicals produced during the aquaﬂm of methine by
oxygen. However, this loss of methanol is insufficient to account for the low overall
selectivity observed. It is concluded that the detailed design of the reactor may be of -
critical importance in obtaining bigh methanol yields, . |
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_ Table 1.11. Effect of Cu on the selectivity to methanol The reaction smixture
" comprised CHy : 021 Np =203 1: 19,

4

p Flow rate T 1 X Scimon ()

Gw) | (@mmy | e | 9 | G Nm
10 361 450 i3 <o 41
22 L s | 40 | a5 |o2-33 3
30 | 240 475 22 <20 29

The purpose-'of the work of Burch et al, :was to examine the relative impoftance of
homogeneous gas-phase and’ surface—catal]'sad processes in the direct synthesls of
methanol from methane at hlgh pressures and temperatures,

The results obtaied in their work showed clearly that the choice of reactor 15
1mp0rtan1:, especially when operating at Iow pressures Thus, when using & steel

© reactor no methanol is p_rodueed until the pressure exceeds 20 bar, whereas with a |
" glass-lined reactor methanol is observed at all pressures 2 5 bar. Furthermors, although
the selectivity to methanol in a steel reactor mcreases with pressm'e it is still less than

that cbserved with & glass-lined reactor at 50 bar
- They have also mvesngated the effect of using a Cu insert in the steel reactor. No
methanol was detected at 10 bar. When 500 mg of Cu turnings were placed in the

 Pyrex-lined reactor the results shown in Table 1.11 were obtained. Comparison with

the results obtained in the sbsence of Cu show clearly that Cu catalyses the complete

oxidation of methate and/or methanol. Numerous other metallic and non-metallic
- ¢atalysts were tested, but in all cases the selectivity to methanol was much lower than,

that obtained from the purely homogeneous reaction.
" The stdinless steel is a less reactive surfuce, but even at temperatures around 450°C

more than 50% of the methanol produced was destroyed by further axidation. In a-
Pyrex-lined reactor the methinol is remarkably stable, and there is virually no further

oxidation, even at 500°C. This would tend to suggest that the low overall selectivities
which they observed are not due fo loss of methanol once formed.
Very recently, Chun and A:rt.‘nonjr"2 have also published results which gave the same

conclusion. At pressures of 50 bar and short residence fimes (2-5 seconds). They .

=

W



abtai’aaed better methauol ylelds for the homogeneous 2as phase reactxon then forthe
reactibns carcied out m the presence of nurnerous catalyats in 3 tmnperan;re range of

370-480°C
- 1!’0 mvestxgate if homogeneous reactions occur in the vmd voiume of the catalyst bed

‘ aqh if mixed oxide catalysts inhibit homog\eneous reactions, the temperature proﬁle, o
carwerslons, and produet selectivities were compared using Pyrex beads and potenhal e
caJ}talysts For this investigation, 0.125/0.149 mm Pyrex beads, 0. 125/0. 149 mi

| vanadlum pentoxide pellets, and 0. 074/0.149 mm 25% Ag/a-alumina were used.

JT he mﬂh&nﬂl selectivities for the empty Pyrex tube at low oxygen conversions were I

s:{gmﬂcantly higher than'the methanol selectivities at the higher oxygen conversions.
The methanol selectivity with an empty tube at a methane conversion of 4.0% was

39 7%, but the methanol selectivity with 0.125/0. 149 mm Pyrex beads at a methane

qlonversaon of 0.7% was 42.4%. These results mdmate that the surface of Pyrex glass

 inhibits the frce»mdlcd reactlons The conversions of methane with the 0.125/0.149 ~ -
mm vanadmm pentomde (resxdence time 4.5 £) and with 0 074!0 149 mim 25% Agla-. C
alumina loadmg were Jess than 1.5% at 450"8 For CuMole-S 25% CuO/oc—alunnna, :

FeMo/Si-S or V;Osl'I‘1~I the reaction did not oceur at temperaures less than 520"0
and 50 bar, These results suggest shat homogeneous reactions are occurring in the void
volume of the catalyst bed and the catalysts are not very active,

The inhibiting effect of oxid- catalysts can be explained by free-radical cheamstry

The gas-phase homogeneous oxidation of methane is & free-radical chain reaction with

initiation, propagation and termination, The initiation step is hydrogen abstraction from

methane by molecular oxygen:

CH4+02—)' CH3+H02

The HO; radicals produced from this reaction propagate the primary chain reaction, It

is common knowiedge that the chain renctions terminate at the surface of mixed oxlde

catalysts probably by removal of specles such as HO; or H20,. Therefore, the reaction

temperature with mixed oxide catalysts is higher than the reactson temperature inan
empty tube a.
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1.3.2. Partial oxidation of methane to formaldehyde. Catalytic partial oxic_iatibn_ |

renctions of methane to C; oxygenates have been intensively studied worldwide during
the last decade by many research groups. Most studies have focussed on increasing the
 overall formaldehyde yields and selectivities, while very few efforts have been placed

on a mechanistic understandmg of the reaction. Silica has been widely used s a
-support for metal oxide catalysts for methane partial oxidation to oxygenates, A"

mz'mb;er of papers have shown that silica itself has some catalytic activities for methane
oxidation to formaldehyde. Kasztelan and Moffat™™® have shown that up to 4.5% of the
 methane co-fd with O, can be converted at 593°C at relatively high contact tirhes, but
selectivity to formaldehyde was poor (8%) and no formaldehyde was detected with
N0 as oxidant, | |

There has been a sug_géstidﬁ in ;ire*;ious literature that dioxygen may be qver-active
and may oxidise any formaldehyde produced to carbon oxides. Nitrous oxide has been

proposed as an alternative, although the evidence for improvement has never been -:

convincing, The catalyst group at Limerick™ bas investigated the use of both oxidants
~ in a series of melal oxide catalysts supported on silica. They ccnﬁmn that only
' molybdenum or vanadia show any actmty towards formaldehyde fonn&hom Over a
range of 500 to 800°C, the conversion of methane was low (< 1% for both Mo and V)
using N;O and the selectivity to formaidehyde modest (21% at 0.9% conversion). An
interesting point was made in that the cotivers;_ion depended quite markedly on the

CHy/oxidant ratio, being much greater when methane was present in excess. The -

authors comment that this effect tended to obscure the effect of the choice of the
' oxidant, so that it was not easy to say which was the mare selective reagent. None the
legs, nitrous oxide did ot have a decisive advantage over oxjrgen, in line with earlier
results,

'I‘hey also have reported tha inability of Fe, Ag, Cr, Na and Co ions to improve the
activity of sﬂxca-suppoﬂed MoO; and V,Os catalysts, For unpromoted V;0s/Si0;
catalysts, they found that a V;0; loading in the range 1.8-7.2 wt.% gave the best
performance. Such a high gctivity of the medium loaded V205 catalysts has been
attributed to their capability to readily undergo a reduction-reoxidation process in the

S

reaction conditions.

o
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Table 1.12. Aciivity and formaldehyde productivity of “fumed” M5 aad
“precipitated” Si 4-5 P SlOz-supporbed MoO; and VzOs catalysts in the pamal
oxidation of methane us

Sample TBET | T |Reactionrate] Selectivity (%) | SIYawmo

S.A. (10" moles -{ (gkg
@igY)| (0 | gl [HCHO CO CO.| 1Y
4.5% MoOy/Si0; M5 | 165 [ 550 | 057 | 95 - 5| 616"
600 293 91 5 4} 2951
. 650 | 1365 | 8 9 5 | 12678
2.2% V.0s/Si0; M5 | 191 |550 | 998 82 15 3 | 8831
| 600 | 5838 | 50 23 27 | 31805
| | 650 | 216.98 30 35 35 | 68746
2% MoOJ/510, 51458 187 | 550 | 100 | 70 - 30| 76 |
60| 313 || 70 - 30] 27
., 650 | 1050 '| 70. 2 28 | 7610
§5% V30s/8i0, 814-5P| 231 [550 | 1527 61 2 37 | 10055
| 600 | 6087 | 48 14 38 | 31805
650 | 210.61 35 51 14 | 79348

Parmaliana et al."" have presented a comparative study of the catalytic properties of
varioys bare SiO, samples and differently loaded MoQ4/SiO; and V,04/8i0, catalysts
“in the partial oxidation of methane to formaldehyde. The experiments were performed .
using a specifically designed batch reactor, pmvided with an external recycle pump and
a liquid product condenser placed downstream of the reactor and maintained at ~15°C,
which traps the oxygenated products and prevents their further oxidation, The reaction
mixture consisted of 18.2 mmol of methane 9.1 mmol of oxygen (CHy/Q: = 2) and

54.6 mmol of helium as diluent. o : _

Amongst the different Si0; samples, the highest HCHO ptoﬁuctivity_ expmssed a5
space time yield (STYuco, gk e i) is found with “precipitated” silica, while
“famed” SiO; results in the least reactive silica.
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Table 1.13. Methane partial oxidation on ssltca and sxhca-supported M003 and sz)s
_ catalysts in the presence and absence gas-phase oxygen '® :

~ Catalyst | T Reagents Rate of product formation
(°C) - (10" molec - g7l - 57
HCHO  CO  CO;
Si0; Si4-SF 550 |CH,+0, | 08 261 1230 |
| - - =
600 |CH(+Oy 1.68 690 261
T e ) e )
650 |CH,+0; | 354 1680 633
5 | ENe:A - s -
% MoOy/Si0, S145F | 550 |CH; v0, | 030 043 108
600 [CH,+0, | 090 105 195
| CH, | - ~ -
650 |CHs+0, | 255 360 225
| | 74 CHy : - - -
5% VZ0/Si0z S14-5P | 550 | CHs+ Oy 168 246 138
| . | - - -
600 [CH.+O, | 360 2004 828
CHy I 135 -
650 |CH,+O, 576 7650 1680
e A 0.30 720 330

The activity data of the oxide eatalysts supported on “fumed” MS silica ahd
“precipitated” Si 4-5 P $i0; are presented in Tablel.12 in terms of reaction rate,
product selectivity, and STYucwo. These results indicate that MoO; and V;0s do
improve the cathlytic properties of “fymed” Si0,. The promoting effect of VzO,a;' is
- more pronousnced than that of MoO; even if the loading of V,0s is lower than that of
MoQs. In fact, V305 exerts & promoting effect on the activity of “precipitated” Si0;z
similar to that observed for the addition of V;0s to the “fumed” Si0,. This is in
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agreement with the literature data, while MoO; decreased the original activity of the
bare “precipitated” Si0; sample. The different promoting effect of MoD; and V205 on

- the reactivity of the silica surface can be explamed by invoking a different capability of .

such supported oxides in stab’hsing reduced states of metal fons. According to the
fiterature data, Mo ion on the 8i0; surface exists in octahedral coordmatlon wlnch
assists the stabilisation of the highest oxidation state (Mo"). On the contrary for
V205/8i0; catalysts it has been claimed that V jons form surface compounds with
~ lower coordination number which assist the stabilisation of lower oxidation states.

The partial oxidation of organic compounds usually proceeds via a stepwise

mechaﬁism, while the data presented in Table 1.13 suggest that the partial oxidation of
 methane to HCHO on silica-based oxide catalysts in the temlﬁerature range 550-650°C
occurs mainly through a concerted mechanism without participai:ion of lattice oxygen.
It can then be proposed that O, species, more aclive than lattice Q. ions (0*7), are
involved in the fitle reaction. These active species can be created in the process of gas-
phase Oy (Oay) interaction with the reduced sites (RS) on the catalyst surface. If such
an interaction proceeds with rather a low rate some intermediate species (0)'s
(between initial state (Oxg) and final state (O%)) can have a long lifetime. This
condition likely occurs on the catalyst surface having tather a low density of electrons
which avoids a rapid deep reduction of molecular oxygen to lattice ions (Oz"a;):

' RS ) .
Oy = (0)s » 0%y

Taking into account that the catalysts possess a very _low concentration of reduced
sites ( ~ 0.01% of O, monoclayer) for O, activation, the above condition related to the
long fifetime of active intermediate O, SpBCleS (O)'s, which should be realised on the
catalysts Then, it can be proposed that the amount of speczﬁc reduced sites having the
capability to activate gas-phase Oy and stabifise surface active oxygen species ©)s
governs the catalytic behaviour of silica-supported oxide catalysts in the partial
oxidation of methane. This statement is strictly supported by the straight correfation
between density of reduced sites and STYucyo for different silica-supported oxide
catalysts. ' “

o -
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The next important poiﬁt for ﬁ; -partial' oxiﬂation relates to the activation of the
hydrocarbon molecule. This activation can occur on ﬁdi'di:_: sites on the 6xide'surface.
The data clearly shows that the CHj activation process is not the rate-determining step

for the partial oxidation of methane. Indeed, a different order for the acidity and
activity properties of the unpromoted and MoO; and V20s doped SiO; catalysts has
been found. As shom abovs the reason for the different catalytic activities observed in
such oxide catalysts lies in their different abilities to activate gas-phase oxygen. This
means that redox prcpm'txes play & prominent role in controlling the activity of the
oxide ca_talysts in the partial oxidation of CH, to HCHO. Then, taking into account the
- above experimental ﬁndings as well as the literature data dealing with the suitability of
the 5102 surface in activating CH, molecules, the following reaction pathway seems
adequaxe for descnbmg the partial oxidation of methane with Oy on silica-based oxide
catalysts '

CH: + L <> (CHY's + (O)'s ~> P

3
RS
+
Oz or Oxs

where (CH.)'s and (0)'s indicate CH, and O, sufface actwated species respect'rvély, P
refers to HCHO and CO,, and  and RS represent specific: surface centers for CHi
activation and the reduced surface site, providing molecular oxygen activation from
gas-phase (Ox) or adsorbed form (Oys), respectively.

To summarise work to date in this ﬁeld,.there niow seems to be & consensus that the
use of nitrous oxide offers no advantage in respect of selectivity to formaldehyde aver
the use of dioxyizen. Formaldehyde seems to be a primary product and methanol which
is sometimes ob_served in very éma_!l amouttts, is probably formed in a parallel reaction, |
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All pathways can be accounted for in terms of homolytic reactions, even those on the

surface, with CHj as a primary reactant, At temperatures of 650°C or lower, CHaOz is
formed in the gas phase and is the most Izkely source of oxygenates.



'I'he parha] oxidation of methane to fonnaldehyde wnth molecular O; over bare §i0,
and mlwa-mpported MoO; aund vzos catalysts proceeds mamly via a mncerted

mechamsm without partxc;patxon of lattice oxygen. C ;ﬁq,/
" The acidxc _properties of silica-based oxide catalysts seems to exert v dzmcl
o mﬂuenne on the reattion pathway of the methane pa.rhal oxidation. Y

A direct relaﬂonshlp exists between the density of reduced sites and the reactwmes

of oxlde catalysts in the parual tmdatmn of methane to fomaidehyde The catalytic
activit: f these catalysts is controlled by the capability to prov:de activation of gas-
phase oxygen into active species by redyce_d sites on the cstalyst_ surface.
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1 4 Dlﬁ‘crenl types of oxidants for methane oxidative ccuplmg

end selectwc 0x1dat10n of lower para:ﬁ'ms

&

n most stz_x:dies on the oxidative coupling of CH, to CHs and CiH,, molecular

oxygen has been used as the oxidant. Because the oouphng reaction is a complex
network of heterogeneous and homogeneous reactions, il is instructive 'to'_empIOy
other oxidants, such as nitrous oxide. Otsuka and Nakajima'"® obtained kinetic data for

the 't_ixidaﬁve coupling reaction over Smﬁa, hsing N2O as the oxldam They observed

that for the oxidative coupling reaction at rélativ’e’ly low temperature (550°C) using
N,0 as oxidant resulted in the formation of C;Hs witii high se]aectmty, wh)/e complete
oxidation occurred with 03 as ‘the oxidant. Moreover, _ 20 _deqomposmos was

befieved to be the rate-’lmntmg step in the catalytic cycle.

| Hatchmgs et al. """ have also compared N,O and O; as oxidants. The results of
their experiments presented in Table 1.14 show that the exchanga of O, for N;O at

530°C has no effect upon the yield and selectmty of Ca: hyslrocarbons on magnesmm-

oxide, while on Li/MgO the selectivity increases markedly, but the éonvemm 5

diminished by an order of magnitude (this could be the reason for the risé in saiectmty) B S

Table 1.14. Influence of the natyre of the oxidants on oxidative coupling reaction

on MgQ and Li/MgO catalysts (CHy/oxidant = 3.3-3.5) "7,

Catalyst | Omdmnt | T | Xem | Selctivity (%)

coo | o | cam  oH o
MgO O, | 50 | 30 | 04 16 20
LifMgO o, | 50 | 16 | s0 - 115 225
MgO NO | 550 | 18 | 03 16 . 19
LiMgO N0 | 550 02 70 758 82.8
Imeo | 0 | 70 | 52 | 24 184 468
LiMg0 | 0 | 720 | 27 | 265 389 . 654
MgO NO | 720 3.0 27 16 43
Li/MgO N 720 03 93 389 482

N
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1ncreasing the teroperature to 720°C resulted in a decrease i both conversiOn and .
wty for the two catalysts when 02 was replaced by N;;O For Mg() i wad an
- st ofmagmtude | | - Yoo
The origin of co, during the oxidative coupling of CH, 1s still a matter of
conjecture; however, it is clear that certain unportant gas phase reactions occur with
02, but not with Nzo For example, the reaction:

CH; + Oz — CH0 + OH | ' o
supphes hydroxyl radicals wlnch are known to he chain carriers in the cambustmn of
. hydrocmbuns By contrast, the analogous reaction with N;;O '

o

CHy +N;0 = CH;0 +N2-_ |

does not form OH radicals. The previous attempts to ‘model the Theterogeneous-
homogeneousr coupling reaction over Lv'MgO with O as the omdant suggested that
gas phase reactions did not account for more than 10% of the COy at short residence
times, at 700°C, and with low partial pressures of reagents, If this is mdeed the case,
then one must Juuk for other explanations for the dtﬁ‘erences in the product
selectivities betwe.m 0, and N,O as oxidant; ‘Molecular oxygen may form a different |
type of active site on the surface that is respons:ble for the complete oxldatlon of the
hydrocarbons-in the syst,m Such a siie mlght be Os5~ ions, which are known to be
formed at low temperatures {:y the reaction: “ "

Qs™ +03,-*033
P

were the subscript “s” refers to a surface s]?'pecies In stoichiometric reactions oznnide
ions were found to be much less selectwe than Q" ions in the dehydtogenat:on of
As an oxidant for a kinetic study W0 ha$ a distinct advantage over O with respect
to the range of CHY/O, ratlos that can be: explored At CH/O, ratios < 1, complete
combusticn begins to dominate, wheteas, with NzO as the oxidant La_{ge C: selectivities

A
-
i
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Table 1.15. Comparison of O, and N>O as oxidants for the oxidative coupling of CHy

overa LiMgO catalyst. (P(CHL) = 30 kPa, P(O2) = 5.6 kPa and PQN,0) = 68 kPa) ™.

Oxidant | T Xens | Selectivity (%) -
coy | ow) € Ca G co, €O
0, 635 3.0 7 22 T 6 25
O; 66 | 39 | 10 24 1 44 21
o, -} 665 | 71 16 37 2 34 i1
o, | eo0 | 107 [-2 36 4 m 6
N;0 635 | 22 | 16 63 12 0
N0 650 | 31 | 23 59 10 0
NO | e65s | 48 | 29 50 1 0
NO r,j 68 | 35 44 11 0 0

are observable under differentisl conaitions, even at CHJ/O, ratios of 0.1._' Asa

consequence the entire range of rate-limiting' steps may be examined, from oxygen
incorporation in the catalyst at one extreme to C-H bond breaking at the other
extreme, Since honselecﬁve secondary reactions involving the oxidant are less likely 1o
occur, it is also possible to study the rate of m?thyl radical formation over a muck
broader range!of oxidant partial pressures with N2O than with O,

The recentmvesngauon of Lunsford et al.”™ was carried out in an effort to explore
further the n{echamsm of the omdatwe couplmg reaction over LiMgQ catalysts using
Nz2O as the ‘oxidant, In this study an attempt was made to compare N2O and O; as
oxidants at, 2 near equal level of CHj conversion, This was achieved by measuring the

CH, muvermon level at an arbitraty set of MO and CH, pressures, and then

substltutu‘;g 0, for N;O. The O, pressure was adjusted such that the CH, conversions
were simjlar at 646-650°C. The results, as shown in Table 1.15, may be summarized as
follows: {1) comparable Cl-h conversxor.s wete achieved at a much lower partial
pressure. of Oy, (2) the Cy. selectivity was greater with N,O as the mudant, (3)a
cons:derable amount of Cs product was found with N;0O, and (4) Co was detectﬁd
only in the presence of O,

w
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Figure 1.26. Arhenius plots for CH, radical formation: (¥) CHYN;O = 1;1!3.8:
mi/min, (») A#/CH/N;O = 3.8/1. 1/0.025 ml/min and (o) CO:JCHJN:'J =
3.8/1.1/0.025 ml/min '

Methyl radical formation was observed over the Li/MgO catalyst both at small and -
large CHy/N;0 ratios. The Arrhenius plots, shown in Figure 1.26, reveal that the rate
~ of production of CH; radicals increases with NzO partial pressure Previously it was
repoﬁed that the CH radical production rate increased atmost linearly with respect to
N>O pressure up to 4 CHy/N,O ratio of unity, anlli at Targer N2O pressures the rate did
not increase substantially. The change in E, at 700°C from 75 £ 16 to 134 £ 8 klfmol
as the CEH/N,O ratio increased is also consistent with a change in the ratelimiting
step. Apparently, when the temperature becomes < 600°C, the rate-limiting step
changes at the large CHy/N2O ratios, and it becomes the same as at the small CHy/N;O
ratios; namely, C-H bond breaking. The F, associated with this rate-limiting st‘ej: is 134
+ 8 klfmol. It js important to note that these E, values were obtained under catalytic
conditions, but at very low CO; partial pressures. As pointed out previously, the rate-
limiting step may be a flmctmn of the total pressure, as well as the CI-L!N;O ratio and
the temperature. -

When CO, was substituted for Ar as the matrix-forming gas, there was a dramatic
decrease in the production of CH; radicals, and the £, increased by sbout 84 k¥mol, A
similar phenomenon was observed with O as the oxidant. '

The 6xidant may. drastically change the reaction sequencé in the pariial oxidation of
methane to oxygenates. Otsuka and Wang'® have reported that the product
distributions for partial oxidation of methane cn Fe;(MoQ4); catalyst were changed
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Table 1.16. Cémparison of catalytic results for partial oxidation of CH, on
~ Fex(MoQy); with different oxidan(s. Reaction conditions: T = 725°C, W= 0.5 g, Fiuyt
= 3.6 den’/h, P (CH4) P (ovidant) = 25.3 kPa'™. |

Oxidant | Xems | Seiseiiy OO

| % | BCHO  CH,  CH co CO;
o, 26 | 492 b0 41 31
N0 1.6 20 398 62 213 37

remarkably when the oxidant was switched from oxygen to nitrous oxide. When -
oxygen was used as the oxidant, the main products were HCHO and CO. Homver, .
when, itrous oﬁde was used, the formation of HCI-Io.was greatly suppressed and C; _.
hydrocarbons (Csz and G;H,) were produce:! | | |
~ Table 1.16 shows typmal examples of the resulis for the oxidation of mefhane with
NzO and O, on & Fex(MoQy) catalyst under the same reaction conditions, When
- oxygen was used as the oxidant, HCHO and CO were the main products A smalf
amount of CO, and & trace of CH;0H (selectmty <0, 19) were also detected.
However, C, hydrocarbons were not produced at all I!ffuontrast to this, Cz
hydmcarbons became the predominant products when N2O was used instead of O,
This observat:on is quite unexpected becaus:a N0 has been beheved to be a better
oxidant than O; for the partial oxidation of CH4 to oxygenatf.s over molybdenum based
oxides. -

" In order to obtain information about the reaction pathways, the changes in the
product distributions with contact time have been observed for the oxidation of
' methane using N;O at 700 and 725°C. As shown in Figure 1.27, the CH, conversion
increased linearly with the contact time (expressed as W/F) at 700-"(_;;. The HCHO yield
also increased lineatly with the contact time, but the,,iincrease' in, fht_: yield of C;
products (CaHy and Catly) obviously slowed down at longer contact time. In contrast
to this deceleration of the incroase in C; yield, the CO yield increased more steeply at
longer contact time, The change of the product selectivities at 700°C is shown in
Figure 1.28. |
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- Figure 1.27._ CH.; convemon ang

product yields as a ﬁmctmn of the
‘contagt time at 700°C. (e} ‘CH,

conversion, (o) HCHO yield, (4) Cz

yield, (0) CO yield, (V) CO; yield ™.

Flgure 1.28, Product selectivities
as a function of the contsct time at

706°C. (0) HCHO, (A) Cy {RY C(_'j,

(V) €05, (8) Ca+ CO+CO ™.

<

 The HCHO selectivity and the sum of the selectivities of Cy, CO'and €O, are lmost

constant with the change in contact time, "These results suggest that HCHO is formed.
- in paratlel with other products, na.mely, C2Hs, CoH, and carbon omdes (CO and CO:)

The observ&tlon that the selectivities of carbon oxides increase wnh 3 decrease in the

selectivity of C; hydrocarbons (mainly -C,Hs) suggests that carbon oxides are the

_congecutive products from G;H.

Asa ‘summary, the pathways for pam'Ll oxidation of CHy by N;O over Faz(MOO.;)a

fcanbawnttenas B

a.:,.

i

/"'7-
"”/7 \ €0, CO;
\ (CH:OH)
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Though methanol was formed only in a trace amount, the possibility that CH;OH is
* the precursor to HCHO cannot be excluded. In fact, the results of the oxidation of
methanol by N;O over Fe;(MoQy); under similar reactics conditions showed that
- methanol was very easily transformed to HCHO. |

- 'This reaction pathways relates specifically to NzO as an oxidant. The authors have

also proposed that the reaction using O, over the same catalyst proceeds as follows:
CH; » CH;0H —~ HCHO — CO — CO,
it is to be noted that, when N;O is used as the oxida.nt, C.Hs is formed as one of the

primary products, and thus the product d:smbfutmns in the two cases are notably
" different (Tablel 16). S e

Oxygen has been the oxidant of choice af most workera, although mveshgatxons |
have also heen cartied out by several groups of workers on other oxidanis such as °

N:O, €O, O3, and ever NO, NQy, 80, or 80s. With 05, NO, NO,, 50; or SOs,
carbon oxides tend to dominate the product spectrum™"™. Due to its high cost,
nitrous oxide as oxidant is unattractive for viable mdustnal processes, although some
interestitig catalytic data have beer: reported One ‘such example is the work® by

Shepelev and Tone™ who reported 9,6% CH conversion with up to 90% selectivity to

higher hydrocarbons, mostly aromatics and saphthalenes using nitroua oxide over a
pentasi! zeolite at only 400°C, This catalyst gave only 5% selectivity to hydrocarbons
using oxygen and gave no hydrocarbons at all when other oxidants such as NOQ, NO,
or SOs were used.

Gesser and Hunter have investigated the possible act:vatmg effect of ozone off the
methane ~ and etharie > xygen reaction. 'I‘hey have demonstrated that it is possible to
sensitize the oxidation of alkanes by converting "2 portion of the oxygen in an
homogeneous oxidative system to ozone. In the reactor jtself the ozone decomposes

thermélly to produce molecular oxyge-1 -l oxygen atoms which then initiate the phain )
reaction. The ozone was produced by a conventional electrical “silent discharge” in “

oxygen. At 400°C with a ratio of CHy/O; of 12-13, about 2% of the methane was
converted to methanol following ozanisation. With ethane, a complex mix of

i»
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oxygenates, methanol, formaldehyde, aé.etaldehydé and ethanol with a total selectivity
of up to 95.7% was observed but at hydrocarbon conversions of < 1%, |
The proposed mechanism is:
: .
i

for ozone: N 0; =0, +0

for methare: O+ CH, - CH + OH |
. OH+CH:—»CEs+HO
CH; + 0, - CH0,

- for ethane: o+c,}1g->cﬁm+0H

OH + CHs — CoHs +H20
21'15"‘02—#021‘1502

When the 03/0; _reaction with methane or etharie was allowed to proceed at room
temperature, no products wefe observed. This result indicates that the direct reaction
of Qs with the hydrocarbon does not ocour, '

A study of the oxidative dimerization and selective oxidation of methane over c

magnesium oxide and gallium phosphate catalysts with Oz and O; as the oxidants was
reported by Sokolovskii et al.' | '

The comparison of the methane conversion and ozone decomposition rates (Table
1.17) indicates the radical charactes of the methane activation in ozonized oxygen. It is
also confirmed by the methane convérsion rate independence on-the reaction
temperatures ranging from 500 to 600°C in ozonized oxygen, "

Methane oxidation by oxygen over galhum phosphate starts at 560-570°C. The
selectivity to formaldehyde at the constant methane conversmn increases with
temperature. Considering the selectivity to the reaction products as a function of -
methane conversion one can conclude thaf the formation of the oxidation products
(methanol and formaldehyde) and dimerization products (ethane and ethylene)
proceeds via a parallel mechanism, Carbon oxldes form by the further oxldation of
fomlaldehyde '

&
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Table 1,17, Oxidation of methane by ozone and OXYREN OVes. GaPQy catalyst.

Reaction conditions: CHy 3 0z = 2:1, concentranon of ozone = 0.02 vol.%, contact

time = 0.7-0.8 5. (O - ozonized oxygen) e

167.0

T Osidans |Rate, 10%mola's " Selectivity (% mol)

©0) CHy 0, |CHO C C#H, CO €O, CHOH
500 | 0; | 1181 104 | 458 - -~ - 543 -

s00 | 0 | - ~ - - e e e -
550 | O | 2324 99 |41 37 - 35 163 04

50 0 | - -

s15 | o | 1988 110 |77 25 61 62 154 09
55| 0, | B0 - [781 03 03 112 100 04
600 | of |2272 15 |78 65 03 137 70 09
600 | 0, - |71 04 03 161 128

0.6

The authors suggestsd the fo!iowmg general scheme for methane gonversion over

gallium phosphate:

CH;0H ¢~ CH, — CH, 0 — CO

AN
c0,

g
v

CaH,

On the bgsis of the experiments on methane oxidation by ozonized oxygen, it is

possible to conclude, that methane activation by the radical oxygen species (O, 07)
under the action of gas phase oxygen at Iower temperatures promotes the formation of

the selective oxidation products,

Although these results are interesting, it has to be said that they wers all obtmned at

about 1 bar pressure because the silent ﬂischarge is inherently a low pressure process, "
It is improbable, therefore, that the benefits of the activation by ozone could be appked _
to the high pressure selective oxidation of methane,



: The catalyiic-- ﬁrbperties of Al, Ga, Si, Bi, Pb and Fe oxides and graphitized carbon

~ towards propane osidation by SO, were studied by Sokolovskii et al'® in a

continuous flow reactor at 600-640°C. Oxidative condensation products (OCP)

mntalmng C, H, O and § which form during the reaction over Ga, Al Si oxides and
carbox? were shown to be active towards propylene formation. ) |

. Propylene, ethylene, methane, carbon oxides and sulphur were the main products

- formed during propane oxidation over the studied catalysts._ In the nuual_penod of

reacfion CS; and S were formed on a aumber of catalysts. For Ga, Al and Si oxides,
propane conversion and selectivity towards propylene increased with time of stream

(Figure 1 29 (a)), while for Fe, Bl Pb omdes propane conversion decreased (Figure

L290). - .
As shown by the chermical analysis data, Ga, Al and Si oxides do not change thelr
phase composmon during the mactwn, hut the oxidative condensation products,
containing C, H, O and 8, were deposited on the surface. Dependmg on the reaction
time, Fe, Bi and Pb oxides undergo phase changes i, became SlﬂphldlZEd No

| formation of OCP was observed on these catalysts.
- For identical reaction mixture compositions, the compos:txon of the oce fmmed was

also similar. As the surface of catalysts was packed with OCP, the activities became

mol.%
2

0 100 200 300 400 100 200 500 400
Time, mir.

Figure 1.29, (1) Propane oonvermon, @) selectmty towards propylene, (3) carbon

oxides and {4) carbon balance vs. t:me for (a) ¥-Al0; and (b} FeaO; catalysts. Contact |

times. for y-ALQ, = 1’5, for Fezt)a 258'%,

O
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similar. Sulphidization of the catalysts did not lead to an increase in propylene
formation rate. Thus, the acuve catalyst for selective propane oxidation with 50, is an
oxidative condensation product occuring on the mineral substrate. i :

' The authors have suggested that in selective propane oxidation with SOz, the
products of oxidative condensation containing C, H, O and elementary sulphur are the
active species. Taking into account the observed composition of the reaction products
and the rate dependence, the scheme for propylene formation can be presented as
follows; o B
| $0,+3Z 5 ZS+220

| Z8+RH; - R+ SHZ i
SHZ +Z0 —»Z8 +H,0+2
| ZS > 2Z+8 |

where 2 are the active mtes on the mndensatmn product. _

It is known rhat elerentary sulphur can selective!y dehydrogenate hydrocaxbons and
for this reason the eﬁ‘ect of sulphur vapour treatment of the catalyst on actmty |
towards propylene formation has been tested. The rate of propylene fonnatmu aver the
cataiyst treated with sulphur v_apours increased oonmderably. In all cases, treatment of
the catalyst with the reaction mixture, sulphur vapours or sulphur djoxide resulted in
.1 increase in the yield of propylene with increasing sulphur content on the catalyst

The free sulphur can interact with unsaturated . hydroc:arbohs (e.8.
oxidehydtodimerization of toluene to dibenzyl or the dehydrocoupling of isobutene to
2,5-dimethythexene reactionsy forming high.boiling sulphur compounds, which may
deactivate the catalyst by accumulation on its surface. One may decrease suck contact
deactivation by introducing sufficient amounts of dioxygen into the reaction mlxwre to
prevent the deposition of such sulphur compounds but insufficient for deep oxidation
to occur. The positive effect achieved by the addition of optimum amounts of dioxygen
results from the formation of hydrogeri sulphide and its subsaquent oxidation to
sulphur dioxide. This provides a more efficient util_iaaiidh of the process in the catalyst
bed. '
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Sulphtir dioxide is in genieral a milder oxidant than dioxygen. .Howev'er technological .
| complications may arise due to the corroslve nature of sulphur compounds and the

- separation of sulphur from the reaction products
~ Many researchers have attempted to increase the productivity and selectmty {}f

direct oxidation and oxidative coupling of methane to avoid “the limiting y:elds" g, |

byt increasing pressure, by using different oxidants such as Nz(), Os, SOz, SO, carbon

_ _omdes, and even NO or NOy; or by mtroductlon chlonne-cmmnmng substances into
| the reaction miature; _ :

_' As was mentioned above, many oxidants are mattmct!ve for wable mdustml_
piocesses, due to their high cost, corrosive naure or & lack of actmty under the
appropriate reaction conditions, Chlorine-containing catalysts in oxidative coupling of

methase may be able to transcend the Cy. hydrocarbon yield limitation but there are
atherpmblems notably lack of stability and, as in case ofSO;, the introduction of

. species that lead to severe corrosion problems, - o

The ultimate goal might well be a smgle—step process from methane to hlghm: :
hydrocarbons or oxy-products. There are fhany aliernative ways to activate the CH,
molecule and the right combination of catalyst, reaction oondmon,okm and smable :
rea.ctorhasyettobetliscovered | ' e A |

e

e
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1.5 Aims and scope of this study

As the products of methane selective oxidation (CHyOH, HCHO) are much less
stable than CH and could readily be oxidized into catbon oxides, a catalyst which
facilitatey the formation of oxygenates without catalyzing their further oxidation is

- required. Many attempts have been made to find a catalyst for direct methane
- oxidation to methanol, but fio catalytic effect has been demonstrated, The published
results on the homogenecus ges phse reaction by conirast seem promising with

respect to methanol selectivity, but in most of the studies reported to date the y:eid is

“  still far too low to be of economic interest.

Remarkable progtess along this d:rectlm has been achieved in the last decade with
the development of metal oxide catalysts for the oxidative coupling of methane
towards more valuable hydrocarbon products (Ca:). Despite variations in. the
expenmental conditions employed by different workers, certain trends emerge  from the
global performance data. Thus, the strongly basic oxides of alkah mctals, alkaline earth

‘and rare earth metal oxides constitute the best catalytic matenal Unfortunately, all

catalysts developed to date are characterized by a strong inverse relaﬁqnship between
1 methane conversion and hydrocarbon selectivity, imposing a barrier to the maxitmum

attainable hydrocarbon- yield and greatly reducing the economic prospects of a

commercial methane omdatrve coupling process,

The best yields of C; products are commonly of the order of 10-20% and a hmltmg
figure of 30% at 1 bar pressure has been predicted by Labinger and Ott'> on the basis
of a simple analysis of kinetic data. The main limitation to the increased yield of C;
products is the further oxidation of products, especially of ethene, on the catalytically

active sites. In addition, when free dioxygen present in the gas phase, homogeneous
reactions which are essentially beyond control of the catalyst, will fead to CO and CO,.
The possibility of methane oxidative coupling via a heterogencous-homogeneous
mechanism, ie., & reaction initiation on the catalyst surface and continuation of
oxidation in the gas phase, suggests a route to increasing the C; product yield by
improving the gas phase reaction. One such approach could be via the introduction of
a gas phase initiator into the reaction mixture,

i’
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Hydrogen 7 momde could be such an nitiator as well as an oxidam exther for the

hﬁmogeneous non—catalyﬁc methane oxidative coupling or for oxxdatwe conversion of *

methane in the presence of a catalyst The pasmbihty of the formation of hyﬂgogen
 peroxide in situ in the process of oxidative coupling on solid catalysts'’ suggests that
it may also be used for the subsequent activation of methmle in the gas phase, resulting

in the formatxon of additional amounts of C; preducts. Hydrogen peroxide could also

SETVE 85 8 SOurce of active species, ¢.8.,; perox:de or mperaxlde surface species orHO;
and OH radicals. These species could mteract with methane to form reactwe ‘surface

(intermedmtes or gas-phase methyl radicals, whmh could recombine to form ethane, an

Jethyl radical, or ethylene.

It has been shown, that the o:ndatlon of methage to fonnaidahyde is governed by the ”

formation of active oxygen specles ‘on the catalyst surface, which interact with
methane, Baseduponlmowledﬂe of these calreat:txons, active oxygen species are

' predicted to be produced from hydrogem peroxlde, which contains active partially -

reduced oxygen. Hence, the active species cou!d be formed more read:ly from

) hyth-osen peroxide than from molecular oxygen and the reaction could proceed under .

“milder” conditions. N
© The sbove study constitutes thé basis of this thiésis work.

et
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Chapter 2. EXPERIMENTAL METHODS AND APPARATUS / :

2.1: _Catalyst Prep_afa’tion o e

211 Cata{vsfs for methane oxidative omqalmg A range of different catalysts
were used in the methane oxidative coupling study. Tﬁ;(o metal omdes, Ca0 and MgQ,
~ were chosen as the supports for most of the catalysts. y’l‘he reason for this i is that these
alkaline-earth mietal oxides are Well known and have extenswely charactenzed
O | T
The 0.6% Pi/Ca0 and 0. 25% Fe/Ca0 catalysts wele: prepared by incipient wetniess
Mpregnauon of calcium oxide (CP grade, BDH) aqueous solutions of Pt(HCl)ﬁ
6510 and Fe(NOs): - 9ELO followed by drying for 1  hours at 0°C and calcmatlon
at 800°C for 6 hours. Priof to use, the catalysts iwere compyessed, cnn:hed and
screened to 2 parncle size of 0.50-0.85 mm, ' _
 Thelead (IV) oxide supported on maguesmm and Jralcmm foxedes (both used in thelr
chemically pure grade, BDH) were prepared using P nmpregnatzon method by adding
aqueous solutions of lead nitrate of the correct concq}ltrauons to Ca0 and MgO. The
lmpregnated samples were dried at 120°C until all the ‘water had evapnrated, pelletized
© (0.50-0.85 mm) and calcined at 800°C for 6 hcm:rsf ) S
"The 5.5% MoOs/ 21% La;04/Ca0O and 5.5% Muogf 21 %LaanIMgO catalysts were
prepared by mpregnatmn of lantha:mm—calmwpn oxide and lanthaﬁum-magnesmm
oxide with an aqueous sohution of mmwciﬁom 41,0. The lanthanum-calcium
(21% La;0yf C20) nd lanthanum- ijm oxides (21% La;0yMgO) were
'preparedhywetmmngofappropﬁate : 'oflanthanmnomdeandCaO MgO,
(all CP grade, BDH) followed by drying' ht at 120°C and calcmatlon ai 800°C '
for 6 hours, | | .
The 7% SrO/ 28% La,0/Ca0 catalyst was 1{repa:ad by heatmg an}queaus sturry of
'. St(NOs);, La(NOs); - 60 and Ca(NO;), - 411*13&» {CP-graje, Aldnch) to 100°C for
" several hours while stirring vigorously and the:i; evaporating the water. The dry sample
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was calcined in air at 800°C for 6 hours, compressc"' -and sieved to 0.50-0.85 mm

- particle size.

The 1% Aw/ 5% La;05/Ca0 catalyst was prepared by impregnation of lanthanum.-

" calcium oxide with a solution of AuCls in absolute ethyl alcohol. The lanthanum-~ -

calcium oxide (5% La;0s/CaQ) wus prepared by wet mixing of appropriate quantities
of lanthanum oxide and calcium oxide (CP grade, BDH). The impregnated sample was
dried overnight at 120°C and then calcined at.800°C for 6 hours. The cataljrst was
compressed and subsequently crushed to obtain the used particle size fractidn of 0.50-
0.85 mm. '

- 2.1.2. Catalysts for partial oxidation of methane to formaldehyde. The series of
silica supported catalysts with 3d, 4d; 4, Sp and 6p - metal oxides was prepered by the
impregnation of precipitated silica (Si 4-5P, Akzo product) with aqueous solutions of
Cr, Fe, Pb, La nitrates and titenium chloride; basic solutions (pH = 11} of ammonium
heptamolybdate and ammonium metavanadate; a solution of Bi nitrate in 10 wt.%
HINOs; and a solution of Sn t@mde in absolute sthyl alcohol (all CP grade). After
impregnation, the catalysts were dried overnight at 120°C and calcined at 600°C for 8
hours. The metal loading was 0.1 mmol/g of 802 for all samples. In addition, Sn/Si0;
catalysts were prepared with the loading of Sn** varied between 0.03 angi 1.0 mmol/g
of Si0,. All the catalysts were compressed and subsequently crushed to a particle size
of 0.50-0.85 mun. | "

2.1.3, Catq';rb;sts Jor partial oxidation of methane to methariol. Only three catalysts
have shown cctivity in catalysing this reaction: 0.6% PY/Ca0, 0.1 mmol Su/g Si0; (the
methods of preparation are described “#bove) and 30% H;BOg!A}I}Os “which was
prepared by incipient wetness impregnation of ALQ; (Al - 3982T, Enpethard) with an
aqueous solution of botic acid whose concentration was selected to i__ve 30% IﬁBO;
on the surface of aluming. The resulting sturry was stirred on a water bath at 80"(} until
dry and then subsequently calcined in air in two steps: 10 hours at 120°C and 5 hours
at 300°C. After calcination the catalyst was compressed and crushzc to obtain the
particle size ﬁ'aqtion of 0.50-0.85 mm. '



o3

2.2 Installation

All experiments were carried out in a continuous-flow installation usiny a fixed-bed
‘reactor. A pror s flow diagrem of the apparatus and reactor system is shown in
Figure 2.1. ' |
The pre-reactor zone. As the schematic diagram in Figure 2.1 illustrates the reactant
gases (CHy, 99.9% BT Grade, AFROX and N; + O3, Special Gases, AFR(}X, 25% N;
and 75% Ogz) were supplied from cylinders, ‘and the flow was: controtled using mass

flow regulators (MFRy and flow meters (FM). The two reactant gases were then -

combined through a “X” shaped union (Union Cross, Swagelok) before the mixed

reactant gases were passed to a liquid Pyrex evaporator (£) with an internal diameter |

of about 20 mm. The pressure in the system was controlled using a pressure gauge

(Asheroft) - (M), A thermocouple-well was located on the top of the evaporatér and

the thermocouple passed down the centre of the evaporator which was heated by an
electric heating cord. The thermocouple, which controlled the temperature of the
evaporator fitted into the well and was of the J-type. A liquid inflow tube was located
at the bottom of the evaporator and led to a peristaitic pump (P) through the refief
valve (RV1). This pump was conected to a flask which contained the liquid of conoern,

The reaction mjxture then Ieﬂ the evaporator at an exit tube near the bottom of the -

evaporator which led into the reactor. ‘The exit tube was also heated along its whole

lepgth, It was usuaily held at a temperature of 150°C to prevent condenshtmn of the -

g

liquid of concern.

The reactor zone. A diagram of the reactor system with the evaporator, the heavy
organic and coke trap (Trapl), and the trap for collecting pxy-prqducté {Trap2) is
~ shown in Figwe 2.2. The Trap2 was cooled with dry ice , whereas the Trap/ was held
at room temperature during experiments. ' .

The type of apparatus and reactor used in the reactor zone of the mstal{atlon was
dependent on the type of experiment that was being performed. The appropriate
reactor was mounted vertically inside electrically heated furnaces (EFI and EF2)
which are shown in Figare 2.1. The length ofthe beating jacket for reaction was 32 cm
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Figure 2,1, General scheme of experimental apparatus used for methane oxidative
coupling and partial oxidation to oxygenates.
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which was divided into two eyual heating zones: the main reaction zone (contained the
catalyst) and the post-catalytic reaction zone (specifically designed for study of purely

_ homogeneous reactions). Temperatures in these reaction zones were conirolled using
" two K-type thermocoupi®s mounted externally between the reactor and the elsctric

furnaces to avoid problems due to the reactivity of the thermocouple material.
There is some concem regarding the influence of aspects of the experimental
procedure adopted by researchers On 2 catalyst’s apparent performance. For example,

due to the highly exothermic nature of the reaction, temperature in various zones of
 the catalyst bed may be quite different. The use of hot spot temperatutes bas often

been recommended. From the temperature profile, which was measured for methane

oxidative .cbupling condition by moving the thermocouples up and down inside the
 glectric furnaces, the qdnstant temperature zone appears to be about 30 cm iong.'
g Outside this zone, the temperature falls rather steeply from the maximum to the
“iemperature of the electric furnace. A temperature controller (REX-C100) allowed the

réactor to be operated isothermally. This means that the conversion outside the
reaction zone would be limited and considered negligible as compared to the

. conversion in the reaction zone. Therefore, we have correlated the conversion, yield

" (MO), which was held at a temperature of 170°C. The gas lines connecmg the traps

 and selectivity data with the maximum reactor temperature.

|

The pdstweaﬂor and analysis zone. The reactor eﬂluﬁ’m flowed through Trapl'
| then Trap2, cooled in a dry ice bath (~78°C) and heat~trani£.d lines to the middle oven

with the middle oven and the gas chromatographs were heated to 170°C to prevent
condensation of the products. Inside the middle oven the reactor effluent entered the
six-port T.C.D. gas-satipling valve (Vaico) - (S¥2), configured so as to allow the
product gases to fush a sample-loop (SL) of 0.95 mi in volume before passing
through to the six-port F.ID. gas-sampling valve (SV2). This valve was also present in
the middle oven and was configured to flush a 0.49 mi sample-loop (SL.2). The exit
tube out of the second valve was then paése_d to the exterior of the middle oven where
the reactor effluent flowed through a bubble-flow meter, which allowed an accurate
measure of the gas flow rate, before being vented. The product gas sample collected in
the T.C.D. sample-loop could be injected into the gas chromatograph (Hewlett-
Packard 5710A) ~ {GC2), equipped with a thermal conductivity detector (7.C.D.).
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Ei_gure 2.2.__ Diagram bf the reactor system ﬁtt@}.d with the evaﬁi'&mtdr, the heavy
organic and coke trap (7rap), and the trap for collecting oxy-products (Trap2). -
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_ A third valve was located in' the oven of G("zl ‘This was also the six-port gas-sampling

valve (SVS) configured s0 as to allow for selection between one of two separation
columns (SLZ and SC3); namely molewlar sieve 13X (1.5m leogth x 180d) and |

., Carbosieve STI (2m length x 1/8”0.d.). Both of these columns were connected to the
T.C.D. detector. Likewise the sample of ‘the product gases collected in the F.LD.

sample-oop could also be injected ito the gas chroinatograpy (Hewlett-Packerd
5790A) - (GCI), equipped with & ilame ionization detector {F.LD.), which was
cennected to the Pompak QS column, (Zm Iength x Hs"cd) - (.S'Cf) Heavy

hydmcarbons {Ce:) and oxy—products were gollected in Trapl and Yh:q:? and then
analyzed by an off-line GC, equipped with & F.LD, detector and & DB5 capillary

~ column (30111 x 025 mm ID} ‘Helium was used as a camer gas for ol gas

| chromatagmnhs ata pressure of 300 kPa and a flow rate of 30 ml!mm The resulting
integrator report was read and saved into the computer for Iater data evaluation. The

integrator (Varian 4290) also ‘controlled the ovens, all the valves and the .

_ chromatogmphs, through 2 oontm1~box
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2.3 The ﬁmduct analysis

2 31, The product analysis using gas chromatagm;éﬁy. The reaction products

were analyzed by on-line sampling using gas chromatography, A Porapak' QS column
was used for the separation of CH, C; (C2Hs, Gtz and CoFly), C; (CsHs and C3Hy),
Cs, Cs, CeHs, CHzOH and HCHO. A Carbosieve SII column was used for CO and €O,
analysis and a molecular sieve 13X coliimn for O and N, analysis, Nitrogen was sed
as a marker to determine changes in the reaction mixture volume during t1 : éay_,étion.

Benzene, toluene, naphthalene and ofher heavy hydrocarbons (Ce) Were ataiyzed by

an ofiiine GC with DB5 capillary column, The response factors for the reactants and
products were determined using certified calibration gases. Calibration of methanol and
formaldehyde was achieved with a 10% HCHO aqueous solution stabilized with 2%
CH;OH. Having obiained the mole percentages of the prodicis via calibration, the
CH, conversion, the product selectivities 'with respect to CIL, and the prv .  -elds
also with respect to CH, were then calculated.

it
=i

2.3.2. Quantiiative determination of formaldehyde. Formaldehyde was condensed
from the exit reactor stream in 7rgp? and quantitatively determined by iodometric
titration or by a spectrophotometric method with chromotropic acid'®, The last
procedure has been well-established as a rehable method for detemnmng smull

amounts of fonnaldehyde in aqueous solutions, }j Tj'_

Deremanmion of aldehydes in water-soluble mpfes 6y iodometric titration
{sodium bisnlfite methmﬂ

Reagents: lodine solution (standard 0.1 N). 12.69 g of CP (BDH) ludme was
dissolved in a solution of 24 g of CP potassium mmde in 200 mi of distilled water and
diluted to 1 liter. The solution was stored in a clean, brown, glass-stoppered bottle.

Iodine solution (standard 0.01 N). This solutxon wos. mwna.red hy accurate
dilution of the standard 0.1 N solution. It was stored in a ctean, browﬂ, gmss-stoppered
bottle and a fresh solution was made at least every three days.

Sodium bicarhonate (GP 99.5%, LABCHEM).

N

it
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Sodium bisulfite solution 0.1%). 0.50 g of CP (BDH) sodium bisiffte was

~ dissolved in distilled water, made up to 500 m! and well mixed. A fresh solution was

made every day.
Starch indicator solution.
~ Procedure: With the aid of a measuring cylinder, 100 ml of the sodium btsulﬁte
solution was poured into a 250-ml conical f#sk and allowed to stand in an ice bath for
15 min. 25 ml of the sample was added[gmd mixed with the reagent. 1 mt of starch
indicator was added to the conical flask and the solution titrated quickly with 0.1 N
iodine solution to within an estimated 0.5 ml of the end point. The titration witr8.01 N

iodine solution ‘was complet as determined by the first permanent blue end point. 1 g of

- sodium bicarbonate was added, mixed well, and titrated with the 0.01 N iodine solution

-until the blue color at the end point persisted for 5 min.

Calculation: The formaldehyde content of the sample was calculated using the
following equation: | '

. Formaldehyde, mol = (V) (T) 0.05/2 (%) am

where N = normality of the standard jodine solution, |
T'= volume of iodine solution used i the titration after addition of sodium
bicarbonate, ml, GE{’ '
V= volume of sample 3taken, ml,

Determination of formaldehyde by colorimetric chromotropic acid method.

Apparatus: Micropip ” Kirk-type,covering the range from 10 to 1000 yliters.
Spectrophotometer, Sequoia-Turner.340, equipped with 1-cm cell. |

Steam bath demgned so that 50-ml volumetric flasks, except for the upper

portion of the neck, are entirely enclosed by the bath and protected from light.

Reagents; Sulfuric acid, CP, 98% concentrated (SAARCHEM).
Benzene, AR, 99.0% (SMM). o
Sodium_bisulfite_solution (0.02 M). 2 g of powdered CP (BDE) sodium

metabisulfite was dlssolved in 1 liter of distilled water, This solution was prepared

fresh daily.




o ofapprommatelyo%mg/nﬂ theactualconcena'aﬁonwascalculatedumngthesodmm .
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_ - Chromotropic acid maggn. nt: 40 g of chromotropic acid (18- |
dihydroxynaphthalene- 3,6-disulfonic acid), practical grade (Bastman Kodak) was
 dissolved in 100 mf of distilled water and the solution was filtered into a 2-liter flask.
- 300 m! of water was placed in anvther 2-liter ﬂask and 700 m! of cold concentrated

| sulﬁmc acid was slowly added with continuous chxlhng and gentle switling. The chilled

acid solution was added to the filtered chromotroplc acid solution in small increments
with shrnng and molmg The reagent was stored in a dark, giass—stoppered bettle and
usuglly prepared every week.

Standard formaldehyde solution (appmxmmtely 0.06 mg/ml). A sulutwn of
fommldehyde (approxmtely 6 mg!ml) was prepa:ed by weighing 8.5 g of

: fo_rmaldehyde solution (AR, 37-40%, SMM) into a SOO-ml volumetric flask, diluting to

the mark with Water and mixing. The solution'vgas then transfered to a S00-ml brown .‘
glass, Screw-cap bottle. 1.00 mi of the standardlzad formaldehyde solution by means of

a mficropipet was pipeted into a 100-m} volumetric flask, diluted to the mark with 0.02 .

N sodium bisulfite solution, and mixed, This solution had a formaldehyde concentratwn

bisulfite method described above. This solution was used for sweral mofiths
mlgn_oimm. By means of micropipets, exactly 0, 0.100, 0.200,

" 0.400, 0.600, 0.800, and 1.00 mi of the standard formaldehyde solution (~ 0.060

mg/ml) was mtroduced into separate dry 50-ml volumetric ﬂasksﬁ Sufficient sodlum -
bisulfite solution was added to make a total volume of 5 ml, Frm#c a buret 40 il of
chromotr?plc acid was added while swirling the contents of the flask, The unstoppered
flasks were heated inside a steam bath, protected from light, for 30 min. The flasks

- were then removed from the steam bath and cooled down almost to room temperature.

The absorbance (at 570 nm) of the solutions containing 0, 0,100, 0.200, 0,400, 0.600,
0.800, and 1.00 ml of the standard formaldehyde solutipn was placed in a 1-cm cell
anda cahbratton curve (graph of absorbance vs concenrmtlon of fomaldehyde) was

plotied. : - -
Procedure. By means of a mlcropxpet, 0, 100 mi oE sample Was transfered into a
clean, dry 50-ml volumetric flask, For samples expected 10 contain less than 0.006
mg/ml of formaldehyde 1.00 ml of sample was used. Sufficient sodium bisulfite
solution was added to make a volume of 5 ml If fess than 1.00 mi of the sample'
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solution was taken, sodium Bisulﬁte solution was added tobnng the total volume to :5'

. o S by
 From a buret 40 ml of chromotropic acid resgent was added while swirling the
contents of the flask. The unstoppered flask, protected from hght, was heated by
means of 8 steam bath for 30 min. When the concentration of fum:aldehyde was less
_ thanOGOﬁmg!ml,thesamplewasheated for only 15 min. Theﬂaskwasthenrmnoved
frem_the steeim bath, alfowed to come almost 10 room temperatuze and flask '.content:

mixed ly, The absorbance of the sample solution was measured relative to

distilled water at'S{0 nn in & 1-om absorption cell. A b ermination usiog 5 1l
-of sodium bxsl.llﬁte so!utmn in place of the sample was> y made.

Caloulasion, The sbsorbance found for the blank detecmination was subtracted

from that found for the sample. Using & calibration cutve, the concentration of
formaldebyde in the sample was determined. The formaldehyde content of the salnple

(mo] %) was calculated using the followmg equat:on
. J

Fonnaldehyde mm“\vryé (D)/(M) . (2 h)

>3,

. “ whm'e or=the concentrat:on of formaldehyde in the sample,

. | V= yolume of sample obtained during the experinent,
M= molar mass of formhldehyde (30 g mol™)," 7"

D= thesmple lutmnfﬁ‘cidﬁ‘(wozsoorsoo) f L o

./’f
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2.4 Calculations and mass balance procedure

e

The nitrogen present was used as an inert marker to deteimine changes in the volume

* of the gas mixture during the reaction for purposes of mass balance. The amount of

nitrogen was measured on the molecular sieve column in 2 blank experiment at 200°C

and subsgquently dusing the reaction. This was done since-the conversion of methane
was found to be extremely low at temperaturcs below 300°C and at atmospheric

pressure, with traces of carbon oxides and C;Hs being the only detectable carbon-

coq_taiining_ compounds. A dilution factor (@) was calculated for every individual run by

++ teking the final quantiiy of nitmgén leaving the reactor during the reaction V™) and
' dividing by the initial quantity of nifrogen measured during the blank experiment |
(Vuz"). The dilution effect was then accounted for by dividing'the amount of each . | o
substance. {products or reactants) obtained during experiment hy thts dultiop factor. .

 Ttie final amount (jmol) of each substance leaving the reactor (i) was calculated by

~ dividing the. area counts (NJ obtained from the resulting integrator report by the

- response factor (f}) determmed via cahbratmn The list- of the response factors is gwen | |

_ inTable2.1, -

- The ratio of the volumes of the F.1D. and T.C. D. sample—loops (P.guf Vm 0.52)

* was used as a correﬂ:tlon factor in caicq atmns of the final amounts of pmducts and -

reactants which were analy?d by the gas chromatograph, equipped wnth a T.C.D.

detector. This was done to eliminate the eﬁbct of the different sample-loops volumes
The relationships used to calculate the methane conversion (Xcry), the selectivity (S))

and the yield (13 for & product I, a8 well as carbon and oxygen mass balances (MB)
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Talale 2.1, The response factors of ‘products and reactants obtained via cahbratmn |
of the separation columns connected to a flame ionization detector (FI.D} or a

thermal conductivity detector (T.C.D.). -
Product.’re&ctgnt_ R:esponse Tactor £, (V- commol)
: F.LD. detector
T CH 53869
| CHe 95118
G 96425
Cafls o 1olo04
Cabls 3 150833
CHs s )
oG | 202008
¢ CHe v 303282
T.C.D. detector -
CHe "' 780
0 971
N o6
©o D e
co S
_ 300 Ens™ "“'40(.-52&‘4% "
Scs 04 (04) = e — T
’  Zen™ -
600ncamm'_ S
Scma(%)“..._a__._._'- @ yo
Z'L. ﬂgm - .
L)
; ‘007:@5‘“' |
Scax (°/6)-‘- | G .i)
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MB(C) (%)= - ) oy
Newd® ' '

I

| 100(2(71_024‘?1;'23{*”&333)“'3(n¢a+kcm+ﬂcsfrd+1101f4}+4ﬂcbz+9ﬂcm+ Aol

MB(03) = i
: 2mg°

- : (s 1)
where Ci stands for the number of carbon atoroy in one mojecule of & product i,

FP _ the an}qunt of product or reactant obtained during the reatﬁon, (umm)! _

P - the :mhé»hmount of the reactant measured durmg the blank experiment, .
(umol). | I
In the present research, the carbon and Oxygen mass balances were generally I;e*ter
than 98-99% for all the tuns. - "
Defiition of residence time () and contact fime (9. The residencé’time of the
reaotant mixture in experiments performed at pressuges of 3 and 20 bar was defined as
ii . N\ o

fm e @),

where: ¥ = volume of the reaction zone, (ml),
v = volinetric flow rate of feed at ambient temperature (I") and atmosphenc
pressure (P°), (ml/s), ' '

T'=hot spot temperature of the reaction zone, {°C), . ey

P = pressure in the reactor, {bar). N
The contact time was defined as the ratio of the catalyst volume, expressed in ml,

—

 and the volumetric flow rate of foed at ambient temperature and atmosphgg{. pressure.

.t T
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2.5 Experimental procﬁ-.r?ure '

The parameters used in the e:gnenments (ie, pressure, temperature, res.ldence nme

and Oz concentratlon) were vaued over a wide range, but care was taken to always |

reiain outside of the explosion limits with the CEL/O; gas mirtures.

- Cooper and Wiezevich'™ investigated the upper e:éplosive litnit of methane-oxygen
mixtures by varying the temperature and pressure. They réported that explosion did
not oceur with 14% oxygen at temperatures less than 410 C and pressures less than 14
bar. Melvin*' investigated the occurrence of explosions with 10% air (90% methane)
ina sqdium silicate vessel at 12 bar and 350°C, and found that explosions coriv ot

in this region. However, he reported that the occurrence of explosions were not

reproducible. He also found that packing the vessel with stainless steel strips to raise
the surface to volume ratio to 12:1 suppressed explosion at pressures of 102 bar for
mixtures containing less than 40% air. All of the above mentioned authors posmlateﬂ
that the packing ofthe vessel increased the rate of surface destrurtion of radicals rather
than accelerating c-:ndat:on catalyzed by the surface. Bven though oxidation of
methane has been studied by many researchers, no explosions h_ave been reported with
less than 10% oxygen (90% methane) in the feed at pressure of 50 bar.

- 2.5.1, Oxidative conpling of methane, Tha reaction mixture, oonsisting of metha_ne,
oxygen and mitrogen with & concemration of O; of 14, 22.5, 28, or 30 mol%
(CH/Oo/N, = 35/14/51, 70/22.5/15, 62.5/28/9.5 or 60/30/10) depending on the
experiment, was fed 10 the appropriate reacior at a flow rate which cosured the
attainment of contact times equal to 0.52-0.11s. |

The gas phase oxidative coupling of methane in the presence of hydrogen peroxide
was performed in the temperature range of 400 to 800°C with the reaction mixtures
CH¢N> and CI-h-air; and a total flow rate of 40 to 100 ml/min, An aqueous solution of
hydrogen peroxide with concentrations of either 7.6 or 23 wt.% with a flow rate of
0.03-0.09 mlfmin was added to the reaction stream. In the blank experiments pure
water was used instead of the hydrogen peroxide solution, '

I S AE A e A e
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Figure 2.3. Different reactor systems used in the methane oxidetive coupling study.
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Catalytlc testing was casried out in the temperature range of 600 to 1100"0 under
atmospheric pressure in a fixed-bed continuous-flow quartz reactor using 0.10-1.00 g
of catalyst. Thedepthofthecatalystbedwas 0.4-7.5 cm, depmdmgontheid of the
reactor system. Five difforent types of reactor systems (a, b, ¢, d and €) were designed
to investigate the infiuence of residence titne, contact time and linear flow rate on the .
methane conversion and product selectivities (Figures 2.3 &ud 2.4). The upper sectlon,
which contained the cataiyst, was 18 mm o.d. for reactors “a” and “b”, and onISt_ 6 mm
o.d. for reactors “c” and “¢”. The lovfer section was constructed of 18 mm o.d. quartz
tubing for reactors “g™ and “c”, and 6._mm o.d. tubing for reactors “b” and “d”. So thai
all combinations of large and small main reaction and post catalytic zones were
investigatel.. Tt was suggested by, Baldwin et al."*? and Thomas et al.™ that the large
‘volume of empty space after the catalyst bed contributes significantly to homogeneous
gas phase reaction. Wheteas, the use of a small catalytic reaction zone {~ 1.89 mn3 for
the reactors “c” and “d”) _followéd by a space where the temperatme is much lower
(200-300°C) ensures that the reaction is mostly heterogeneous. The smaller diameter .
of the post catalytic reaction zone (“b” and “d”) allowed the products to pass ?rapidly | |
out of the hot main reaction zone without subsequent oxidation of _C.z - Cs
_ hydmcarbons to carbon oxides. _

Reactor “¢” was désigned for mvesngatmn of the highly exothermic methane
oxidative coupling reaction in the adiabatic mode. The outer wall of the reactor was
insulated by a double layer of quartz filled with air. This reactor device (Figure 2.4)
penmtted experimental data to be obtained which were unaffected by heat-transfer
from the catalyst to the reactor wll and from the wall to the internal surface of the
heating jacket. The thermocouples centered in the main reaction and the post catalytic
zones were also covered by a quartz tube The hot-spm temperature was measured in
the middle of the catalyst bed. _

Blank experiments were carried out at 200°C at the beginning of every run,

' , Approximately 2 hours were required to reach steady-state - conditions, This was

determined by sampling the reactant stream repeatedly until the analytical results were
. repmducib!e. The temperature was sub%quently increased fo the reaction temperature
and the experiment was performed under stabilized conditions (i.e, pressure,
teruperature, product seléctivity, and CH, conversion). The analysis was done using a |

N
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(£, &) partial oidation of methane to methanol.
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temperature ramp which lasted 35 min, so that it was possible to analyze on-linc gas

samples every 50 mia. After a run the reactor was first cooled and then the reagent
gases swiiched off All acqmred data and calculations were then prccessed using
* LOTUS-123 software. o
Visual inspection of the internal wall and the surface of the catalyst after the

experimental runs did not indicate the formation of any carbon residues during

reaction. All results reported were obtained under conditions where no carbon
deposition ogourred. .

2.5.2. Partial oxidation of methane to formaldehyde, The reaction was carried cut

at atmosphenq pressure m a quariz reactor (Figure 2.3 (b)) with an mtemal dlameter of
15 mm, narrowing down to 4 mm bekind the chtalyst ljfyer this shape mcreased the
rate of removal of post catalytic reaction riwﬁ:n the main reaction zone and
restricted the poésibility of secondary transfo

catalyst. Except where otherwise indicated 0.25 g of the catalyst was employed. A
mixture of methane, oxygen and nitrogen wag passed through the reactor with flow
rates of 180, 45 and 15 ml/min respectively, which corresponded .to a contact time of
0.12 5. An aqueous solution of hydrogen perozide (21 wi.%) was added t.o the

reaction mixture through the evaporator at a rate of 0.12 ml/min. During catalyst

testing the main reaction zone was held at 500°C (at which the hydrogen peroxide
decomposition was negligible) and the post reaction zone at 250°C. Fonnaldehydé.v#as
condensed from the exit reaction stream n,za dry ice trap at —~78°C and quantitatively
detertnined by the aforementioned methods. o

Blank tests with the émpty reactor have shown that contributions from reactor wall
and gas phase reactions 'wiere negligible. In order to elucidate the role of oxygen and
~ hydrogen peroxide in the formation of oxy-products, experiments with the reaction
mixture without hydrogen peroxide or oxygen were performed. Also in the blank
experiments pure water was used instead of the hydrogen peroxide solution.

The fesults obtained for a given set of reaction parameters were reproducible, in the
sense that the selectivity and the conversion were practically the same when the
experiment was repeated with identical reaction parameters. '

A

of reaction products beyond the |
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l?igilre 2.5. Effect of feactor type on methanol selectivity at 450°C in the pressuré
range 1-50 bar: (x), 316 stainless steel; (o), quartz; (1), Pyrex ',

2.5.3. qutiaf oxidation of nethane to methanol. Much of the early wdfk on the _
partial oxidation of methane was performed in metal reactors. The results obtained by
Burch et al.'% (Figure 2.5) show cleatly that the choice of reactor is important,
especially when Gperating at lower pressures. Thus, when using n steel reactor no -
methanol is produced until the pressure exceeds 20 bar, whereas k&lth a glag;s~_1ined
reactor methanol is observed at all pressures greater than or éﬁua] 1o 5 .bar.

‘Furthermore, although the selectivity to methanol in a steel reactor increases with

pressure it is stil less than that observed with a glass-fined reactor at 50 bar. In the
hght of thesé results all our subsequent work was performed using the quartz and
quartz-lined reactors. |

The homogeneous and catalytic oxidation of methane to methanol were studied at
atmoépherig pressure in the temperature range 460-625°C with a feed cohsisting_of
82% methane anth 18% oygen in the quartz reactor (Figure 2.3 (a)) with an internal
diameter < 15 mm. The residence tine was varied from 95 to 216 seconds. by
changing the total flow from 11.4 ml/min to $ mYmin through the reaction system.

To determine the effect of pressure on the product selectivity and the methane

conversion, experiments were carried out at 3 and 50 bar respectivély in the

temperature range 430-490°C. The direct qxidation. of methane to methanol was




o

performed at-3 bar pressure in the reactor. (F:gum 24 (i)) which cons:sted of an
. Inconel stainless steel tube with an inner diameter of 13 yam and length of 420 mm, of

which 300 mm were heated by the electric furnaces. A close-ﬁttmg quartz tube was

. msertedmtoﬁatuhemahngthekctualmtemal dlamater 11. Bnun,thxsgaveaheated‘

_reactor volume of 32 cnr’. The well~nuxed reactantga%s(CH.; 02 tNz=80:1373 3).'-. _
_' ~were passed at 21 mi/min (reszdenoe time = 102 5) through the reactor and a Wlnt’ey’ o
~ microfine needle valve was used to control the ﬂow rate as well a3 maintain a

backpressure, The products were analymd by on-fine gas chromatography. The g
line connecting the reactor with the GC was heated to 170°C to prevent condensatmn

3 of methanol and water.

The expemnents were also performed usmg the hxgh-pressure ﬂow nucmreactor

shown i in Fagm'e 24 (g), whlch was nonstmcted of & 420 mm quartz caplnaw fibe _.

. {0.86 mm i, d) inserted into a 316 stainless steel tube; thlse"gorresponded to a heated

reactor voiume of 0.17 cm A sta.ndard reactant mixture of methane and oxygen

(95 8% CHj and 4. 2% 0,) was used under 50 bar pressure with 29, 31 and 33 ml!mm

flow rates, which gave residence times of 6.6, 6.2 ani 5.3 s respectively. The
tempa'amre dependency of the methane conver&on and the produet selectivities was
determined by thetemperatm*eand keepmgtheother reaction parameters(ie, '

__‘pressure, reéside \e time and oxygen feed concentration) constant. The major products
: “‘_foﬁnd were carbon ionozide, water, and methanol with smaller amounts of carbon

dmxsde and ethane Ethylene and ‘formaldehyde were sometimes. detected in trace
quantities, The selectmty, conversion and yield of all major products were _cglculated

~ from the GC analysis data with respect both to CHy and Oz, The carbon mass balance

was 98 2 0.5% and the oxygen mass balance was 99 £ 0.5%




2.6 Catalyst characterisation
 2.6.1 Surface Area determination. The method of Brunnater, Emmett aund Teller ~
- (BET) based on the low temperature cousecutive adsorption and desorption of
nitrogen gas was used to detecmine the total sarfice area of the catalysts, Liquid
nrtrogen was used as the coolant to affect the adsorption. The eqmpment was’
. constmcted in our laboratory"’" This equipment was calibrated using samples of
known surfuce area. Results are quoted as m¥/g.

. X~ Ray Diffraction (XRD). XRD has been used in some cases for bulk
charactensatxon of the support and catalysts. After reaction sampl% were removed
fmm the reactor, crushed 10 < 45 um, pressed into's disk and analyzed by X-ray
_ dimacuon usmg 4R ps PW183( powder diffractometer and Cu Kot radiation under

thie fo lowing conditidns: tube voltage, 40 kV; current, 20 mA; angular diffraction from

28 = &0-140 step scan wicth, 002"!3, counting time, 0.5 s/step. Samples were also
analyz%\d before reaction, but after themaal treatment,

lf'». : |’-

2. 6.3\ Scanning Electron M:croscqpy (SFM &carmmg electron microscopy was
used to k;.tl_alyze the morphology of tlie catalysts employed in the mathane oxidative
coupling ﬁ'eactmn For conventional work a Jeol JSM-840 analytical scanning electrpn
mcroaooﬁ'e operating at 20 keV was used which was capable of a pomt—to-pomt
resolution d\f 0.28 pm. An improved tungsten filament was used at 2400°C.

SEM spelmmens were prepared by placing a droplet of ethanol solution, containing
© the groundl catalyst powder in suspensmn, on a carbon-film-coated copper grid
| foliowed I)ysI blotting on filter paper and air drying. The coating material primarily
conducts ch:large and heat from the specimen to the stub, in addition it does not readily
react with thie specimen surface or oxidize over a long period of time. Gold and gold-
palladium system are particularly usefisl in this respect.” |

2.6.4. Energy Dispersive X-Ray Analysis (EDX). Compositional data on individual
crystals as j@veﬂ-"ps the distribution of elements on the surface of the catalyst were
obtained using energy dispersive X-ray analysis facilities coupled to. the scanning
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electron microscope. EDX spectra were obtained using & L, J000-QX sysiem .

*" equipped with a AN10000 detector (with a beryllium window), The energy resolution
of the EDX system was 149 eV at 5.9 keV. The EDX was capable of fixed spot, line
scans, and mapping plots Samples were mounted on graplnte stubs and appioximately
300 A of gold was sputtered onto the catalysts to ensure adequate conductivity. A
beam, 10 nm in diameter, which covered a particle, was used to generate an EDX
spect_:ﬁm. The cé]lection time was usually 100 5. During the collection, the beam was
sometimes spread (underfocussed or overfocussed) for a while to obtain an image of
 the particle and the b -q\krelocated on the particle to compensate for any spem‘meg_
‘The detector efficiency fuctors for alununum and platinuin were unity. The 7-Al;03
was used as a standard for calibration. Generally, CJC.; = (K/Kn) (I.,/Ip) where C., _
the weight of the o element, K, is the elemenial sms:tmty factor of @, and I., xs the !
EDX mtensaty of a. When the detecior eﬂioaency crf the (X, L, M) line of efement o is

& instead vf anity, therealmtenmtywﬂlbe[ whereI""“-s Iu.Theelemental'-

. se;nsxtmty factors Ka were taken from the Operator’s Mamual of the LINK system..
Theywerngg 1.0, Kax = 117, Ky = 1.56.

2.6.5. Diffuse Reﬂecrance Faurier' T}-dn.y“om Infra-Red Spectroscopy (DRIFTS).

Infra-red studies of the interaction of methyl alcobol with catalysts used in the direct

oxidation of methane to methanol were carried out on a Bruker IFS 85 FI-IR
spectrometer, A DRA-2CT, (Harric Scientific Corp.) DR optical attachment had been
installed in the sampling compartment of the spectrometer. A water cooled silicon
carbide TR source was used with a DTGS detector. The IR speétra were recorded in
the range 4000-1250 om™ using Bruker OPUS software,

Infra-red studies of successive additions of the methanol indicate the build-up of -

various alcohol species on the catalyst surfuce which can be characterized mainly. by
their CO stretching bands and also by the presence of OH and CH bards, Infra-red
desorption studxes/ at room and at elevated temperatures were used to investigate the

&

stability of the adsorbed species. All IR spectra of adsorbed species were corrected |

- against the background spectmm and the band intensity was calculated in mtegrated
absorbance,
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F:glme 2.6, Cross-sectional view of the variable tempemture rwctor cell and the _.
sample cup of a Bruker IFS 85 FT-IR spectmmeter P

An in situ reaction cell shown in F' igure 2.6 was employed for all the IR SpECtroscopy
performed. The cell consisted of three main componetts; the pase plate onto which the
cylindrical heating post containing the sample cup was attached;’a water-cooled
enclosing jacket and a dome containing the IR transparent windows, When the cell was
used to record DR-IR spectra of catalysts under reaction conditions, a dome
containing , & single l_'nsmisphexicallcrystal of Zn$ waé employed. When carrier gas N2,
99,8% BT Grade, AFROX) containing methanol was introduced into the cell at 120°C,
the contributions due to IR absorptions of reagent molecules in the internal volume
between the hemispherical window and the top of the sample cup wete ﬁndetectable
(confirmed using 2 nonadsorbing sample). Defails of the design of the reaction celf and -
IR, instrument were obtained from workers in the catalysis laboratory™, |
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Chapter 3. RESULTS

'3.1. Partial owidation of methane to formaldehyde in the

- presence of hydrogen peroxide ..

Partial oxidation of methane by oxyger in the presence of hydrogen péroxide to form
formal?ehyde, methanol, carbon oxides, and Cz products (ethane and ethene) hag been
studled over the series of silica supported catalysts with 3d, 4d 4f’ 5p and 6p - metal
oxides in the 500—600°C temperature range unde.r ambient pressure. The catalytic
performanoe of 0.1 mmol of Cr/g of SiO; was compared for a wide range of

experimental condmons, including the influence of the additive in the feed (10, or

H;0). The reacior contained 0.50 or 0.25 g of the catalyst. The catalytic behaviour of
this sample at 500, 550 and 600°C i in'the main reaction zone (T.,_.), and at 250, 300°C
in the post catalytic zone (Tywa) is presented in Table 3.1 in terms of methane

conversion, and product selectivities, The conversion of methane in the presenge ‘of
hydrogen peroxide increased with increasing contact time, while the selectivity to |

formaldehy( gradually decreased. t is surprising that the selectivity to CO; remained
almost constant, while a compensating relationship in selectivity was observed between
formaldehyde and carbon monoxide. The formation of ethane became noticeable at
higher reaction temperatures, indicating the initiation of the oxidative coup]ihg of me-

- Table 3.1. Effect of the reaction temperature, contact time (t) and the presesice of

H;0, or H;O on the CHy chnversion and product selechvnhes over 0.1 mmoi Crlg 8102

Tl | Flow raios i) | € | Xew|  Selectivity (%)

) | CHL ¢t 0. Additive| (s) | (%) | HCHO CHOH €,  COx
600/306 | 75 f_ 34 70H0.|050 | 49 | -  —. 207 793
o000 | 154 65 aemOyf025 |07 | 29 - - 7M1
fsc0ms0| 180 45 140,0./025| 08 | 192 - 288 520
5007250 | 180 45 140ELO [0.12 joco2{ 10 o~ - — )
5001250 | 180 45 140H50,]012] 03 | 779 21 16 184

W

i
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- Table 3.2. Methane partial oxidation on silica and silica-supported catalysts,
 including 3d, 4d, 4F, 5p and 6p metals at loadings of 0.1 mmol of M/g of 8i0; for all

| samples Reaction conditions: Tey = 500°C, Toon = 250°C, fow rates of CH, = 180 O

" =45 and ;0 (21 wt.%) = 140 mi/min, W = =025g,1=0125.

Catalyst | BET surf. | CH, conversion ! Sebcgw&@ﬁ)
area (m%/g) %) HCHO CH:OH C - CO,
Ti | 394 62z | ®03 17 < =
v | 39 o1 1 w00 - - -
o | 33 | ﬁ 0.3 | 779 21 1.6 184
Fe. | 341 | L oa 60 - - 28 282
Mo 378 02 . | 583 ° 83 208 126
sn | 332 | 3.5 323 54 294 329
sb 130 |19 545 50 08 390
Pb | 399 004 | 100 = - ~
Bi 340 o8 | s40 63 250 129
la | 362 03 | eo0 125 - 19
5o, | 40 | 07 | s3 152 15 30

thane. The addmon of pure water instead of 21 wt.% hydrogen peromde solution to
the reaction mixture caused Q ‘tstm deorease in methane ‘conversion and carbon
oxides formution. The selectmtj?"to formaldehyde, however, was improved during H,0

3\

addition, and this indicated that the retardation of the formaldehyde formation by water ~

vapor was weaker than COx formation, e _
The use of the experimental conditions (T = 500°C in the main reaction zone and
 Tpow = 250°C in the post catalytic zone, contact time =0.12 5, ﬂow. rates of CH, = 180,
0, = 45 and H,0; = 140 mV/min), determined after preliminary blank tests, revealed
_ that the contribution of the homogeneous gas phuse reaction or blank effect of the
“walls” of the reactor could be completely neglected. The resulis of a -comparaﬁvé
'study'-of the catalytic properties of different metal oxides supported on silica in the
presence of hydrogen peroxide are presented in Table 3.2, Oue can See that the pure
silica exhibits remarkeble activity toward formaldehyde formation. All transition metals

i
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Tahle 3.3, Pmduct dxsmbuhon of thq rp“ A\{ oxidation over silica cété\
impregnated with vamng quantities of Sn’ menesence of Hy0z or B0 *.
Reaction conditions: T = 500°C, T,,.,;~250°C W=025g | o
Catalyst | Flow rates (mlmin) | =7 | Xoms Selectivity (%) S
| CH: O Addit | (9 | (%) |HCHOCHOH C:  COx o
O0.1mmol/| 180 45 012 | 35 | 323 54 294 329 -
gofSi0; | 180 45 012 joe1. |10 - - =
60 0 080 | 06 | 946 54 - -
100 40 100 020 | of |81 @5 - 14
|25 94 w0 |omw | 0ajsmo 120 - -
Tmmol | 180 45 140 | 012 | 214304 48 05 643
g of Si0z o I .
OAmmolV| 180 45 140 | 012 | 20 | 310 50 48 592
8 of Si0; o R
0.03mmol | 180 45 140 | 0.12 | 14,511 45 368 76
Ig of S0, | | | - |

‘\J

5y

it

peyell as La lower the activity of ihe bare stlica, mcludmg V which has been shown to '
(( e thi; best promoter of silica in the reaction used for conventional methane oxidation- \
Wlth gen'” in the absence of Hy0z. A similar lowering effect was found for 6p
elements (Pb and Bl) 'I'he only elements which enhanced bare silica activity were the
Sp metals, Su and L A maximum combmed formaldehyde and methanol yield of
1.32% ai, a methane conversion of 3.5% was observed at a tin loading of 0.1 mmol/g
Si0,, ‘aé,
conversion. However, the product distributions obtained from the 0.1 mmof Sn/g Si0;
catalyst and that from the bare silica pre. quzte different. The main selectivity difference
ties in the considerable amounts of Cz hydrocarbons and CGx formed over the Sp/SiQ;
catalyst. By contrast, it wds observed thdt over the unpromoted Si0, the major “
products are formaldehyde and methanol with negligible amounts of Ca hydrocarbons
and COx. It is noteworthy that the metlidne conversion and the yield to formaidehyde B
of the catalysts with the lower surface area {~ 330 m’/g) achieved maxinum values,
apprommately 810 times as large as those with the higher suface area (~ 400 m ?/g).

parently, ti]e support contributes significantly to the overall methane
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In addition, the effect of the tin loading on the 'Y:Iiys: performance under typical

* reaction condmons (reacuon temperature 'rmm 500/250°C, contact fime = 0.1-

| 0.3 s and total flow rate = 125-450 mi/mm), w5 mvesﬂgated in the presence of’ H,o,' 3

“ or pure water (Figure 3.3). To attain a bgtter understanding of the tin-sifica system for
methane oxidation, experiments without hydrogen peroxide or oxygen were

performed. Ouly traces of oxy-producis have been found afier the reaction with

~ addition of H0 instead of H;0;. Thus, the preseﬁces':of hydrogen peroxide is crucial

 for oxy-product formation, In the reaction without oxygen but wzth hydrogen peroxide
in the reaction mixturs, formaldehyde productmn dropped only about two fold, though
methanol completely disappeared from the reaction products.

Studyifig the title reaction on a series of d:fferemly loaded SnfoOz catalysts, it was
abserved that the selectivities to formsldehyde and Cz hydrocarbons decreased and the
“selectivity to carbon oxides increased with the amount of tin on the catalyst surface. -
The methane conversion and the yield of fonnaldehyde increased w:th tin loadmg on
the catalyst.. The yield passed through a meximum at mtemedmte load.ngs and then -
decreased at higher loadings (Table 3 .3). 1t was found that Sn Ioadmg 0f0.1 mmnof per
g of 8i0; gave the best pesformance.

In the present research, it was notioed that the product dustnbuﬁon for methane
pamal oxidation over silica supported catalysts depended on the reactlon teinperature. -
Low temperatures clearly favored the formation of formaldehyde over the C;
hydrocarbons, and vice versa at high temperatures, The regults deﬁmtmfl, confirm that |
Sn and Sb promoted catalysts were more active than bare precipitateqd SiO; and the |
addition of T, V, Cr, Fe, Mo, Pb, Bi, and La produced a considerable decrease in the

*activity of the bare precipitated S10; surfice toward oxy-product formation.

o

b
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3.2. Partial oxidation of methane to methanol

 3.2.1. "Gas phase partial oxidarion of methane to methanel,” The influeace of the
reaction paramieters (pressure, temperature, residence time, oxygen feed concentration)
on the methane conversion and the product selectivities has beéh systematically studied
' using specially designed high-pressure Sow microreactors, described in Chapter 2.
Table 3.4 shows how the methanol, ethane and ethem; yields vary with the resideme
time at various tempemtv m the hot zome of the reactor. A reactant mmwre. of
methave and oxygen (CH 3 03=4.51 ) was used under atmosphenc pressure with 5,

- Table 3.4. The temperamre dependency o_f-ihe __product yields for-different resiﬂmé_e
times. Reactant mixture; 2% CHy and 18% O,. Pressure = 1 bar.

T 7=2165 f=120s | 1=95s |
(°C) | Yemsonw * Yeus Yome | Yowon Yems Yemw |Yomon Yoms Yems
@ | - e - | - - - |- - =
a0 | - e - | - 001 - | - - = |
8 | - o004 -~ | - 00z - | - 001 -
40 | - o006 o601| - om - Y - om -
500 | 002 011 02| -~ 004 - | - 004 -
510 | 003 021 006| -~ 004 - | - o004 —
520 | 004§ 035 013 " - 00 o0l | - 007 -

530 | 607/ 046 023 ] 002 016 003 [ - 010 001 ]
540 | 0.07 0.5 04f | 005 020 005 |we2 013 002
550 | 009 084 06l | 005 033 011) 004 025 007
560 | 009 - 094 ofs | 006 048 022] 006 032 014
570 | 009 112 103 ] 0.09 065 037 { 009 053 025
580 | 009 124 ¢ ;28| 010 083 057 | 010 o070 04
590 | 010 136 154 011 100 08I | 009 071 050
600 | 009 148 183 | 012 , 117 107 | 008 076 052
610 | 009 157 209! 015 137 148 | 008 033 067
620 | 008 168 239 ) 013 148 175 | 007 099 09
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9 and 11.4,mVmin flow rates, wiuch gave re.sxdence fimes of 216, 120 and 93 8¢

respectively. _

For the following observations the pressure and the 0, feed concentration were kept' |
~constant for the different residence times. As expected, the methane conversion as well
the ethane and ethene yields increased gradually with increasing temperature, The

methanol yield also went up with increasing temperature, until the oxygen conversion

reached 100% at 600°C, and then it started decreasing slightly even at higher residence
times. Obviously a higher residence time increased the conversion of methane.
‘Depending on the ras:dence time, selenti_ﬁties to methanol of up 1o 30% could be

reached - with methane conversions of 0.3-0.4% at 590-600°C, At higher CH,
canversions levels of 1.2% observed at 620°C (¢ = 216 1) the selectivity to methanol

~ dropped to 7%. At low CHs conversion the methanol yield was very small, almost

zero, but it increased, with mcreasmg resxdence time. The highest methanol yield was
observed at 610°C with a residence time of the_reactant gases in the reactor of 120 s,
Small amounts of formaldehyde were detected at low reaction temhperatures (below
560°C) and its selecnvxty decreased Iwith mcreasmg msldenee time, but it never
surpassed 1%. When the oxygen conversion reached 100%, formaldehyde could no
longer be detected as 4 produét. The effect of the temperature on the selectivity in the
experiments petformed at atmospheric pressure was not as clear as that of the
residence time. However, the tesults showed that as the residence \@e was increased |
the temperawre at which methanol was first detected wq,s Iowened, from 540°C with ¢
= 95 s 10 500°C with =216 s, '

Table 3.5. Methane conversxbm, product selectivities and methanol yield obtained in -
the gas phase reaction at 3 bar pressure and different reaction temperature, 2= 102 s,

T | Xan Selectivity (%) , “mon

C) %) | cuo0H ¢, €O co, 0!
&0 | 117 -] 139 06 83 171 | 16
475 | 122 | 138 06 684 . 172 | 11
430 127 | A28 10 688 174 | 16
485 | 129 | 107 13 705 114 14
00 | 138 | 86 1.3 72.0 180 | 12
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Tabie 3.6. Methane conveision, product selectwmes and methanol y;eld nbtmned in
the gas phase reactxon #% 50 bar pressure and different reactlon temperature '

” R Selectivity (%) Yesmon
(s) ©C) %) |[CHOH € €O « CO | R
| 50 | 24 | 500 03 _ 455 42 | 12
455 2.7 48.1 04 471 44 | 13
66 | 460 28 | 48 04 506 53 12
465 3.1 357 05 515 124 1.1
a0 | 32 | 303 05 549 143 | 10
350 | 22 | 471 05 4471 - ] 1z
455 | 23 -] 533 05 450 12 | 12
62 | 460 | 26 | 506 05 452 28 | 13
[ 465 | 27 | 442 05 452 100 | 12
c470. 1 27 | 390 07 468 135 | 11
450 | 21 572 06 423 - | 12
| oass | 21 | ses 06 425 - | 12
58 | 450 | 23 | 565 07 428 - 1.3
465 | 23 | s52 o8 430 11 | 13
A0 | 25 | 461 09 437 . 94 | 12

Data shown in Table 3.5 were obtained at a pressure of 3 bar using a méthane :
OXygen : niﬁ'ogm mixture (80 : 17 ¢ 3) with 21 ml/min flow rate, whichggave 102 s
residence time, The temperature dependency of the methane conversion and product
selectivities was determined by altering the temperature from 470°C to 490°C and
keeping the other reaction parameters constant. |

The results of the eéxperiments performed in the 450-470°C temperature range at 50
bar pressure are shown in Table 3.6, The pressure and the oxygen feed concentration

“were kept constant and only the res:dence time was varied from 6.6 to 5.8 s by
changing the total flow rate of the reactant mixture (95.8% CH, and 4.2% 0,) from 29
to 33 ml/min.

At higher pressures as well as at atmospheric pressure the selectivity to methanol
increased at low methane conversion levels and decreased at higher conversion levels, -

S
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when the temperature was increased. Selectivities to methanol of up to 57% could be

reached at pressare of 50 bar with methane conversions of 2.0-2. 5% At higher
conversions levels of 12-13% at 3 bar pressure (Table 3.5) the seiectmty to methanol

. vapped to 10-13%. The highest methanol yield (1.7%) was ‘obtained at 3 bar pressure
and a methape canversion of 12.2%. At the lower tempesatures (450°C) the selectivity

to methagol usually decreased as the residence time increased. The results also show

that as the presﬁue or residence time were increased the temperature at which
methanol weeﬁrs‘t detected was lowered considerably.

The selectivity to carbon dioxide was almost zero at low residence times and low
methane conversion, but as the residence tii.: increased, the selectivity to carbon
diozide also,went up. It was found that the selectivity both to CO, and to co

decreased mcderateiy with increasing pressure At constant pressure the selectivity to

- carbon moroxide changed slightly over the range of temperaures investigated and it

 always increased monotonically with increasing contact time and methane conversion.
Considerable amounts of C; producta (mostly ethiane at 3 and 50 bar pressure). were:

obiserves at 'high methane conversion, However, with decreasing conversion the
selectivity toward C; products dropped to insignificant levels )
The selectivity to formaldehyde was always below 1% and it practically d1sappeared

from the detectable products with rising pressure, The experimental results showed

that high pressufe favours methanol production and low pressure {1 bar) favours that
of formaldehyde. In both cases the selectivity to methanol and formaldehyde was over
50% at low conversions (less than 3%), but the selectivity decreased significantly at
high methane conversions, |

3.2.2. Catalytic oxidation qf methane to methanol. If the influence of the pressure
and the temperature on the selectivity toward methanol is considered, the lowering the
temperatﬁee' without significant lowering of the methane conversion is pessible."This
was done by increasing the pressure and the residence time of the gas in the reactor, It
may be worthwhile to increase the pressure still further, to see if this trénd is
continued, Another possible way to increase the CH, conversion at lower temperatures
is the use of a catalyst. Efforts toward the development of suitable catalysts for this

r. " :9
if
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Table 3.7. Effect of reaction temperature on methanol, ethane and ethene yields for -

the partial oxidation of methane over vatioys catalysts. Pressure = 1 bar, ¢ =955,

T 0.1 munol Su/SiO; . ~0.6% P/Ca0 30% HaBGYALO;

(°C) .chou Yems Yo | Yomon Yems Yo Yemon Yems Yoms

470 | - 001 - - - - -~ =
0. - o2 -] - - - | - - -
490 |00t 003 - | - - - Jomm o0z -
500 | 002 003 - | ~ 001 - | 003 002 -
510 [ 003 006 -~ | - 002 - | 004 005 -
0 | 004 om om| - eox - 009 008 001
530 | 005 019 004) - S - | 015 015 002
540 | 007 030 008) - 006 -~ | 017 028 007
550 | 007 046 016 { 001 010 - | 018 042 0.3

560 | 006 049 021 003 018 003 | 018 057 020
570 | 005 055 026 | 005 030 007 | 016 o072 042
s80 | 0.05 061 030 007 042 o012 | 016 084 054
590 | 004 068 033 | 008 035 020 | 016 097 060
600 { 004 079 039 | 007 069 029 015 113 067

610 | 0.03 093 045 | 007 08 042 | 015 121 075

620 | 003 L12 052 ) 006 103 060 ] 014 138 082

reaction were underiaken and the results of the non-catalytic gas phase oxidation
presented above were used as a reference for the comparison of the non-catalytic and
the catalytic partial oxidation of methane on various catalyss.

To allow comparison with the homogeneous reaction performed at atmospheric
pressure experiments using 0.25 g of catalysts were carried out under identical
conditions, The results obtained while keeping the residence time of the _reactioﬁ
mixture (82% CH and 18% Oj) constant at 95 s and varying the temperature are
presented in Table 3.7 in terms of CH;OH and C, product yields. |

When 0.1 mmol Sn/Si0; and 30% II;BOJAlzbs catalysis were in the reactor, the
redction temperature at which methanol was first observed was lower thanthat for the

I
._‘j..-"f"_'—\_.—-—.""
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homogeneous reaction ('I‘able 34. Consequently, the methanol yield WES mgmﬁcanﬂy

. higher in the presence of either of these catalysts than for the empty reactor at low

methane conversions of 0.2-0.5% (at temperatures below 560°C). The temperature
difference can be explained by the accelerating effect of the catalysts. In the presence .
of 30% HBOy/ALOs catalyst the methanol yield was increased up to 0.18% at 530°C.
The 0.6% PY/C20 catalyst was Jess active toward the metharol production due to
subse(iuent oxidation of CHyOH, HCHO and C, hydrocarbons to carbon oxides.
However, 30% H:BO4/SiO,, 10% V,04/8i0,, 2.5% SO 7210, and 0.34% PV 2.5%
804 “1Zr0O; have not shown any catalytic activity for the partial cxidation ofmethane
The selectivity to msthanol in all experiments was much lower than that obtained from
' the purely homogeneous reaction. - o
The adsorptlon on MoQ;, K20, SlOz and MgQ suxfaaes of more complex molecules

-. associated with methanol syntiesis, such as formic acid, methanol, and formaldehyde,

" has been characterised previonsly using FT-IR spectroscopy™®™%™, It was of
subsequent interest to exarnine the effect which H;BO; addition to AlQO; has on the
adsorpnon of methyl alcohol molecules. The absence of reportead studies of this system -
has, therefore, led to the FT-IR study of methanol adsorptlon on 30% HaBOs/AlzGﬁ
catalyst.

At the start of each series of runs, the IR specmun of ther ALO5 or 30% H:BOY - o
ALO; discs was recorded and digitized for use as the standard background adsorption.
The build-up of alcohol species on the surface was studied by adding known aliquots
of alcohol vapour to the cell at 120°C and record_mg the spectrum; 15 min was allowed
for each methanol addition to equilibrate with the surface. The desorption of species
from the surface at higher temperatures was studied by heating. the sample in the
presence of HyO vapour to 400°C, |

Figure 3.1 (a) displays spectra of the untreated Al,Os sample with a surface areg of
144 m?/g. Figure 3.1 (b) shows specira resulting from the addition of 21 of methanol
at 120°C. Infrared bands appeared at 2940 and 2820 em™ which can be associated
with the presence of methoxy groups on the ALO; surface. These bands all grew with
further addition of alcohol and showed a steady decrease in intensity with increasing
temperature. The results obtained from CDsOH adsorption on MgO'™ confirm that
these bands arise from CH vibrations (H/D shift ratio 137). Introduction of water va-
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. Figure 3;1. Infra-red spectra of the (a) untreated Al:Os, (b) expdsed to methanol at
© 120°C and (c) followed by thermal desorption at 400°C in the presence of Ho0

VAPOUL.

pour at 400°C removed all these bands from the surface (Figure 3.1 (c)) indicating a-

very weak bond with respect to high temperatures and the presence of HyO.

The BET surface area of ALQ;z after impregnation of boric acid was decreased from
144 m%/g to 102 m¥/g. The spectra of the untreated 30% HyBO4J/ALO; are shown in
Figure 3.2 (a). The adsorption of methyl alcohol on the surface of 30% H:BOy/ALO;
gave two peaks at 2952 and 2873 cm™ which were characteristic of methoxy groups

on ALOs. In addition, peaks at 3016 and 3002 cm™ were detected. These peaks were -

ascribed to vibrations of methoxy groups on HyBOs. It was also disqovered that
“adsorption of methy] alcohol on an AlO; sample containing HyBO; resultei? in a slight

. F
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“Figure 3.2, Tnfra-red spoctra of he (2) untreated 30% HyBOZ/ALOs, (b) exposed to
methanol at 120°C and (c) followed by thermal desofption at 400°C in the presence of
- Hy0 vapour. ' _ o

 shift of the vibrational frequencies to higher wa\;enumbers. However, the intensities of
these peaks for bare AlOs were slightly greater than those noted for methyl alcohol on
 30% H;BOy/ALO;. After heating the sample in the presence of HzO vapour the bands
 atiributed to the vibrations of alumina and boron methoxy species remained, and new
strong bands appeared at 3370-3625 cm™? (Figure 3.2 ()). The region about 3500
e has been suggested by many authors™*** to be characteristic of the
stretching vibrations of the hydroxy! group in various environments.

)
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temperature on the selectivity to the methane partial oxidation products cannot be
viewed independently of the changing sonversion levels. Qur resuits show a strong

- pressure dependence for the product selectivity. Thus, increasing pres‘sure !aads to an
 increase '/conversmn, which in turn leads to a change in prodm-.t seleutmty
~ Increasi s the pressm-e favours both selectmty to methanol as Weﬂ a)s methane

mcmb\the uonvemon ‘to such an extent that the y:eid is increased. H:gh )

temperatures are Ue tu@rtal“to the methanol selectmty It appears that the low

 selectivity to methanol is due To T tact that a hrger fraction of the methane was
converted direetly into carbon monmude\\

By usmg glass-hned reactors it is poss:bl \r\ensure that the reactlon is essentnally

| purely ‘homogeneous. The experimental results Hi~eur work also confirm that the
sngmﬁcanﬂy decreased by
mcreasmg the res:dmce time or by using 0. 1 mmol Sn! i0; and 30% HGBO;IAJ;;O; |
 catalysts, FT-IR study showed that the adsorption of m
formanon of methoxy species on aluminum. On 30% I-I;BO;/AI;O; the adsorptivt of _

reacnon temperamm for homogeneous reactiot °

' nn,‘.;(f in the

methanol leads to the formation of methoxy groups ligated. ra alununum and also of

met_hoxy groups. gg,ated to boron. An important aspect of this study_ is that 30%
* H:BOy/ALO; reveals the presence of relatively strong CH stretching vibrations which
were more stable during thermal treatment thap those noted for ALOs alone. The

vibration ﬁ-equencxes for aluminum methoxy species “were sh:ﬁed to ingher
wavenumber.

In summary, -a comparison of the influence of residence time, pressure, and
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- 3.3 Methane oxidative coupling

331 C'a!abﬂﬁc oxidative coupling of methihe in the absence qf hydragen

| peroxrde The methan&qmdatwe coupling reagtion was carried out over a wide
number of catalysts in the temperature range\ef 600-1100°C. The- influence of
temperature, residence time, linear flow rate of the feed gas on the properties of the
cata!ysts was explored. The reacﬁun was peffoﬁned in three d:ﬁ'erent resctors which
were designed to invesﬁgata the effect of the volumes of the main catalytic and post
catalytic zones on the reaction products. Table 3.8 §hows the effect of high residence
time of the reactmn mixture in the post catalytic zone (~26.5 en®, Figure 23 (c)) on
the methane conversion and the product seIectMty over 0.6% Pt/ CaD, 3% PbO/Ca0
Cwd 5% L#;05/Ca0 catalysts. In contrast, the smialler volume of the post_ catalytm

reaction zone (~1.9 cm’, Figure 2.3 (b)) allowed the products to pass rapidly out of the
‘heated zone without secondary transformations (Table 3.9). For the 'followi_ﬂg o

observations the cbn_tact time (T *—-_'O.S' s) and the oxygen feed concentration were kept |

a

~ Table 3.8. Conversion and selectivity data for the methane oxidative coupling

reaction performed in a fixed-bed continuous-flow quartz reactor with small catalytio

(1.9-om”) and large pnst catalytic (26.5 cm’®) reaction zones. Reaction cohdit_ions: total

flow rate of the feed gases (CH, : Oz =2.5 1) = 100 ml/min, W=0.7 g,

.Catalyst Teat = Tyont CH, con. | | Selectivity (%)
o | | &G G-t cox
| {70 | 89 356 - 644 |
0.6% PVCaO 800 | 218 5.4 TR
R 900 414 0z - 97
- 760 38 | BS 08 B3
3% PbO/Ca0 800 170 | 248 16 36
| 900 30.7 17.1 1.9 80.7
_ ;. 700 | 194 | 156 03 841
5% La;0+/Ca0 800 240 | 205 09 782
! 900 |..283 -] 215 11 769
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- 334 Cafab:ﬁc oxrdarxve coupling of merbmw in tke absence of h}dmgyg
peroxide. The methane oxidative couplmg reactncm was camed out over'a mdé -

f
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number of catalysts in the temperature range of 600-1100°C. The influence of = -

temper&rm-e, residence fime, linear fiow rate of the feed gas.on the propemes of the -
| catalysts was explored The reaction was performed in three dt&’erent reactors which N
- were designed to investigate the eﬂ'ect of the volumes of the main catalytlc and post’
‘catalytic zones on the reactlon products ‘Fable 3.8 hows the effoct ofhlgh residence
time of the reacl::on mu:mre in the post catalytic zone (~26.5 cnd’, F'gure 23 (c)) on
the methane conversion and the praduct selectivity over 0.6% Pt/ Ca() 3% PbO/Ca0
and 5% La;04/CaQ catalysts. In contrast, the stualler volumme of the post catalytic / \

o

# ” reaction zone {(~1.9 em®, Figure 2.3 ) allowed the products to pass rapxdly out of the \“ _

- heated zone without secondary transformations {Table 3 9) For the follgwmg
observations the contact time (x=0.5 s) and the oxygen fesd concentranon were kept

. -Table 3.8. Conversion and selecnwty data for the methane oxidatwe coupling
reaction performed in a fixed-bed continuous-flow quartz reactor with small mtalyt:c
(1.9 ey and large post catalytic (26.5 ent®) reaction zones, Régction condmons total

. ﬂowrateofthefeedgﬂses(m 0,=25: 1) IOGnﬂ/mm,W 073. '

" Catalyst T~ Ty | CHly comv. Saectivity O
¢ cCy | | G GG O
760 39 35.6 7Y
0.6% Pt/Ca0 800 | 218 5.4 - 946
900 41:4 02 - %7
| 700 33 5.9 08 753

3% PHO/C20 800 170 °| 248 16, 76
| o0 | s | w1 19 807
700 | 194 15.6 03 - B4l

5% La;05/Ca0 g0 | 240 | 205 5 09 782
0 | 283 - | 218 / 11 769

#

1
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Table 3.9. .Conversion and selectivity dgta for the methane owidative coupling .

“reaction performed i m a fixed-bed continuous-How quastz reactor with large catalyhc

'\)'\ lf

(26.5 cm®) and small post catalytic (1.9 cm”) rdaction zones. Reaction conditions: total |

. flow rate of the feed gases (CHa : O2=2.5 : 1} = 100 mlfwin, W=0.7 g. : 0
Catalyst Tews = Tpon | CHs corly. | Selectivity (%)
| o | G "C-C COx
| 700 86 | 360 T 6o
06%PUCa> g0 | z21s) | w1 - 889
| : 900 410 | 17 - 982
T 700 | 34 | B0 03 67 |
I3wphorcao | 800 16. 271 14 TS5 .
| %00 | 291 | s .16 798
. | 700 19.3 162 - 03~ 83.5 -
S%1m0/Ca0 | 800 | 238 [ 257 07 156
o 900 29 256 08 ° 73.1

constant and only the tempera ure was vanqp In the b{ x expenmemt perfonned ori
5% La04/Ca0 catalyst (Table 3.10) the eﬁ{pct of, temperature in the range 200°C to
1100°C in the post catalytic zone (o) _was investigated, The lower temperature

{200°C) ensured that the reaction ‘was inostly hetemgenéuus; while the higher

temperature (1000-1100°C) aliowed us to observe thermal coupling of methane and
reaction products.

The catalytic results p:esented show that promoting thc CaO with Laz0; leads to
a system which was more productive in C; hydrocarbons than the other itwo. The rate
‘of methane conversion was very lugh on 0,6% Pt/Ca0 and 3% PbO/Ca0 above
800°C, however the seleciivity to Cp products was poor due to subsequent oxidation

of these products to carbon oxidié. The Pt promoted catalyst was found to be

overactive for the methane oxidative coupling reaction, i.c., at higher conversion levels

of 41.4% (Table 3.8) the selectivity to C; hydrocarbons dropped 1o 0.2%. For 5%

La,05/Ca0 the conversion of metheme was not as strong a function of temperature as -
& 2 -

S
Do

s
o

©



Table 3.19. Conversion and selectivity data for the methane oxidative coupling over
5% La0,/Ca0 catalyst performed in 2 quartz tube with 4 wm 1.d. and the volume of
the catalytic reaction zone 1.9 cm®, Reaction condmons total flow rate of the feed
- gases (CH, 02=25 1) = 100 ml/min, W=0.7 g

el
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Tere/ Toom CH, conv. Selectivity (%)
) % | @  G-C  CH  COx
700 7200 8 | 161 0z < 8.7
800/200 228 24.1 04 ~ 753
9007200 23.2 244 0.5 - 749
900/ 1000 289 275 36 . 94 59.9
900 / 1100 357 | 302 - 42 131 531

the other two sysiems, so that below 300°C the conversion of methane was much
highé} but at high temperatures it was comparable or lower, This catalyst was also far
more selective at high temperatures, that is the highest yield to Cz hydmcarbons
(7. 1%) was obtained at a methane conversion of 27.9% at 900°C.

Comparison of the results of the expenn.ents performed in the three different types

of reactors revecls that decreusing the residence time of the reaction mixture in the
empt( “ume of the post catalytic zone leads to a sigrificant improvement in the Cy
“hydrocarbon selectivity. It is also evident that the methane conversion did not vary
considerably with ths residence time in the post catalytic reaction zone for all the
catalysts tested: |

As stated in Chapter 1, catalysts used for the oxidative coupling of methane
generated some mérmedlate complexes which prolonged the couphng regction or
interacted with products in the post catalytic zone via homogeneous gas phase
reactions, An decreage the temperature of the post ﬁatalytic reaction zone (Tpo) t0
200°C (Table 3.10) resulted in Jowering of the C, hydrocarbon yield from ?:1 0 5.8%.
The reason for this i; that these intermediates most likely serve as initiators for
consecutive gas phase oxidation coupling reactions. However, at 200°C, these
intermediates are captuted on the “cold” reactor walls anélwfm a decrease in the CHj
conversion and selectivity to Cz. products can be seen, The additional gas phase
initiation of methane can be achieved at far higher post catalytic zone temperatures, A




o J‘.I.

rewew of the Iiteraturem

" post catalytic zorie held at Ty = 1007°C or above was petformed, The results are
given in Table 3.10. The major products in the gaseous samples were ethylene,

acetylene and catbon pxides, and the minor products wefe ethane, propene, propane
and butenes. In the fiquid samples (quenched) the products were bénzene” and

. na;thalene. Likewise, at the uwestigated temperatures, naphthalene only appeared in
a frace amount (selectmty <1%). The mmmum tnethane conversion achieved in thase

expenments was 35.7% at 1100°C i the post catalytic mctlon zone. It appears that

the CzHJCsz and the CaHz/CzH4 ratios increased with temperature _ v

A comparison of the experimental dats let one assume that the homogeneous gas
phase processes are responsible for producmg additional amounts of Cy, Cyand C¢

hydrocatbons Hence when the post catalytic zone was held at low temperature
(200°C)\ﬁ*{q intermediates generated on the catalytic bed did not have their life times
prolonged as they would in a heated post catalytic zone. ‘Rather the gases ‘were
quenched by the cool post catalytic zone reactor wals and so resulted in a lower Ca
ﬁdrocarbon yield. However when the post catalytic zone was heated to the same
temperature as in the main catalytic reaction zone or above (1000-1100°C), the Cj.
“hydrocarbon yield was significantly increased. A possible reason for this effect is

- probably a3 follows. The mtemedxates gmerated on the catalytic bed produced Cav

hydrocarbons by coupling homogeneously in the gas phase. These coupled
hydrocarbon products then entered the heated post catalytic zone and decomposed into
radxcals which in the presence. of methane acted s initiators for further homogeneous
coupling processes. This ultimately resulted in a chain propagation radrcal. reaction

which consecutively lead to an mcrease the Cz hydrocarbnn yield aﬂd to the formatlon __

| of aromahcs

o

suggests a temperature of 1000°C and above should be used
to observe the effect. Hence a study of a two reactor system.in which the reaction
mixture passing out of & main catalytic zone at Tex = 900°C was then directed into & -
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332 | Gas phase oxidative ¢
peraxide.  ‘The gas phase reacti

g of metiiane in the pmsenc; af kydrogen
ithout any catalyst was perfonned in.a quartz
reactor (Figure 23 (a)) in the temperaturs range 400-800°C wusing the reaction-

" mixtures CH;-Nz and CHj-air, with a total ﬂow rate of 40-100 mi!nnn A hydrogen

137

pemxlde solution of either 7.6 or 23 wt.% at a ﬂow rate of 0. 03-0,09 mb/min was o
added into the reaction stream. In the blank expenments pure water was nsed instead -

i

i

'I'able 3.11. Inﬂuence of hydrogen peroxlde on the reactlon of methane oxldatrve

300

18.6

couphng
Feed T CH, conversion | C; selectivity Ozoutletn'
0 mol-miny | Q) | &) @) | (10° mol - min™)
T 550 05 100 0
CH, (1.56) 60 | 1.0 100 o -
NEo) | 650 15 100 0006
H,0,{0.22) R0 3.2 60.0 0.006
17 10140 750 43 527 0031
800 56 .2 0.026
T | 600 43 301 0504
CH,(1.56) 650 " 90 33.4 0464
air (2.90) 700 10.5 309 0482
H;0:(0.22) 750 13.0 364 0.420
H:0 (1.41) 800 194 371 0362
I .- 600 00 100 0607
1 CH:(1.56) 656 | 003 100 | 0.607
| air(290) 700 ot 100 | - 0607
H,0 (1.67) 750 0.8 514 0.589
800 28 - 56.7 0.558
CH, (0.89) 400 "33 145 |, 0Bz
air (0.89) 500 105 26.7 " 0210
H,0: (0.21) 600 15.0 18.8 088
- H;0 (4.60) 18.6 0152

LN
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of hydrogen peroxide solution. The major pm;’/fmts found at the lower temperatures
(below 650°C) were carbon monoxide, etharis and water with smaller amounts of
ethylene and carbon dioxide. As the temperature mcreased, the selectmty fo ethylene
and carbon dioxide also went up. The results of the experiments are presented in Table
3.10.
It can be seen that ¢Ydition of the hydrogen peroxide solution into the mixture of
' methane and air resulte’ in product forma_tion. which statied at temperatures as fow as
400°C. A higher rate of the reaction was observed when the hydrogen: peroxi'de
 solution was added into a reaction mixture consisting of methane and air. However,
using a mixture, cbntaining methane and air, with an addition of pufe water gave 1o

reaction under the mentioned conditions. The analysis of the oxygen concentration in «“

the outlet reactor effluent (last column in Table 3.11) showed that the observed effect
" cannot be telated to the increase of oxygen concentration in the reaction wixture due
to hydrogen peroxide partial decomposition. This is evident from the comparison of

the results of experiments using a methane-air mixture and pure water, and a methane-..

mtrog,cm mixture with addition of hydmgen peroxide solution.

The Arrhenius plots, shown in Fxgure 3.3, reveal that the rate of C; hydrocarbon
production increases with addition of hydrogen peroxide into the reaction muctqre._ For
the methane oxidative coupling in the presence of hydrogen peroxide the apparent
_ activation energy was in the range of 55.7 to 64.8 kJ mol™ Faa, F 45 and Ea,,,' Figu:‘?
3.3). When Hng was substituted for pure' H;O there was a dramatic decrease in the
methane conversion and thé C; hydrocarbon yield; the apparent activation energy

increased by about 2258 kJ mol™ (£, Figure 3.3). It is impottant to note that these

Eg4 values were obtained under pure homogeneous gas phase reaction conditions, at

very low CHy, O, and N; partial pressures. '

Tlese results indicate that hydrogen peroxide, which is stable enough un&er the
reaction conditions of the ‘methane oxidative coupling performance, can selectively

oxidize methane into C, products as well as serve as an accelerator of the reaction of

F

miethane with oxygen.

~
-
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Figure 3,3, Arrhenius plots for Cz hydi'ocarbon formation in the'homogeneous gas phase methane oxidative couphng in the 'pfesenc& of
(1) K0 (CHy/sir}, {2) H;0; solution of 23 wt.% (CH/air); (3) HyO; solution of 23 wt.% (CH.;IN;), (4) H;0; solution ef 7.6 wt.% (CH./air).
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3.3.3. P/Catalync ox:dative coupling of methmre in the presence of hydrogen

As was mentioned above, hydrogen péroxide can serve as an o:udant a8
well 4s an m:tmtor for the pure gas phase homogeneous methane oxidative couplmg- :

B reaction, On the other hand, hydrogen peroxlde can be formed in situ undes the

conditions of catalytic methane oxidative coupling. Indeed, H:0, fonnauon in the

~ process of methan&--&ndatwel coupling could explain the effect of reaction mixture

quendhing which is observed to take place in the region after the catalytic bed"*?,
Taking into account the two above menticned possibilities of acceleration of the
methane omdaﬂve coupling, using a catalyst and a gas phase :mtlator together in the

- reaction appears #itractive.

Table3.12. Cnnvei‘sidi: and selectivity data for the methane oridative coupling reaction
over various catalysts in the presence of 2.6 wt.% solution of hydtogen pemxtde '

1

Catalyst [ ¢ | T | Xaw| - Seleotivity ) | Yo
| @ |co| ]| & GC Cox| )

- 650 | 233 | '*‘;57* 07 636 85
4% PbOMgO | 700 | 256 | 422 14 564 | 112
W=07g 021 | 750 | 2| M3 14 573|117
|80 | 285|377 15 608 | 112

B 600 | 36 209 01 790 49
0.25% Fe/Ca0 | 650 [ 238({ 306 04 690| 74
W=02g | 006 | 700 | 245316 05 679 | 79
| 750 | 252|305 05 690 758

T 600 [ %66 | 372 02 626 99
21%La;0s/ 5.5% MoO#/CaO | | 650 | 27.7 [ 387 03 610 | 108 ]

W=07g lot| 70 | 285|435 05 560|125
800 | 203|419 05 75| 124

_ 600 | 22.0 | 174 01 825 | 38
21% La0y/ 5.5% MoOs/Me0O] | 650 [ 230 205 01 794 | 47

W=07g 0.8 | 700 | 241|173 02 825 42|
| | 800 | 251 167 02 831 42
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‘Four samples contoining lead, iron, molybdenum and 'lghthanum_v:ere used in

 catalytic testing of the methane oxidative coupling reaction in the presence of hydrogen

peroxide. This was done since it can be predicted that these metals could activate H,0:
to form radicals in the gas phase, Gold and strontium supported on the lanthanum-

selectmty in the title process,

3.3.3.1. Ph Fé, Mo and La promoted catalysts.  The results obtained during
. methane oxidative coupling on 4% PbO/MgO, 0.25% Fe/Ca0, 21% La;0sf 5.5%
Mo03/Ca0 and 21% Laz0y/ 5.5% MoQ;/MgQ catalysts in the presence of hydrogen

peroxide are presented in Table 3.12. The reaction was studied in the femperature
range 600-800°C (in both the catalytic and post catalytic reaction zones) under normal
pressure with the reaction mixture; methane - 100, oxygen ~ 45 and nitrogen ~ 15

- calcium system were chosen for a comprehensive study of the effect of the addition of
hydrogen peroxide to the reaction mixture on the methane convers&on and product

ml/min. An aqueous solution of hydrogen peroxide with concentration of 2.6 wi.% .

was added to the neactmn mixture viz an evaporator at a rate of 0. 03 ml/:mn. The
expenments were performed in a quartz, reactor with an internal diameter bf 4 mm

(Figure 2.3 (d)) which had been fougld previously, using the optimum reaction

conditions, to give the highest methane conversion and C; hydrocarbon yield.
A maximum Cy. hydrocarbon yield of 12.5% was obtained at a relatively short

contact time (0.19 5) at 700°C over 21% La;0s/ 5.5% MoOy/Ca0 catalyst in the

presence of hydrogen peroxide. However, using MgO as a support for the same system
drasticly Towered the selectivity to Cy products from 43.5% for 21% La;0y 5.5%
Mo0/CaO to only 17.3% for 21% La;Oy/ 5.5% MoOy/MgO at 700°C. In addition,
when 21% LagO; and 5.5% MoO; are supported on CaQ, an increase in both the
methane conversion (~ 4%) and ethene-to-ethane ratio were observed. Apparently, the
support contributes significantly to the GWerall methane conversion and at the same
time plays an imﬁortant role in the product disiribution,

When 4% PbQ was introduced into MgO, the methane conversion increased up to
28.5% and the selectivity to Cz hydrocarbons up to 37.7% at 800°C in the presence of

hydrogen peroxide.
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The selectivity to C; and C; hydrocarbons as well as the methane conversion for all
tested catalysts increased monotopically with rising temperature. When the
temperature was increased, the combined selectivity to ethane and ethene seems to
' increase at low methane conversion levels and decline at higher conversion levels.

3.3.3.2. Catalytic testing of 5% La0/Ca0, 1% Aw/ 5% La.qu'CaQ ‘and 28%
La;O_;/ 7% SrO/Ca0. The reaction was pert‘orme& in the presence of hydrogen
peroxide which was added as an aqueous solution (2.6, 7.6 and 21 wt.%); thus it was
necessary to investigate the efféct of he dilution of the reactant gases with water
vapour. ‘

The comparison of the activity of 5% Lay0s/CaO catalyst under the different
experimental conditions is reported in Table 3.13. The oxidative coupling of methane
was studied in the temperature range 650-850°C using the reaction mixture, consisting -
of methane, oxygen, nitrogen and H,0 or Ha0, (CH/O/Ny/additive = 100/45/15/40).
An aqueous solution of hydrogen peroxide of 21 wt.% or pure water was mtroduced __
to the reaction mixture at a rate of 0.03 ml/min,

It can be seer) that without the addition of any liquid the maxlmum yield of Case
hydrocarbons was 8.9% at a CH, conversion of 28,6%, The addition of pure water
increased the Cy4 hydrocarbons yield up to 14.4%. This increase was due to a rise in
the total selectivity of the C,, C; and C, products as well as in the methane conversion
(31.9 %). The considerable rise in conversion could be related to dilution of the
reaction mixture by water vapour, The formation of a sma¥ quantity of benzene was
observed, which started at temperatures as low as 800°C. However, dilution of the
reactant gases with water vapour substantially decreased the ethene-to-ethane ratio
(last column in Table 3.13). The addition of hydrogen peroxide solution caused an
increase in the methane conversion at 800°C and above, as well as the selectivity to C;
« Cs hydrocarbons, which resulted in an enhanced yield (16.3%).

A comparison of the results obtained under aforementiotied reaction conditions
reveals .that the 5% Lay0./CaO catalyst becomes more selective toward ethene
production in the presence of hydrogen peroxide. The CoHy/CoH ratio increased from
2.7 (in the experiment without any liquid addition) to 4.4 at 850°C. It can be also seen
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 Table 3.13. Tnfluence of hydrogen peroxide on activity of 5% La;0/Ca0 catalyst
BET surf. area = 40 m*/g) in the methane oxidative coupling. W=0.7g, t=0.12s.

T | Addit.| Xes | Selectivity (%) Total Yz CHHYCHLY

col |eojcm ol c cHocox| 8 |
| l{\ ~ 11621 41 104 - - 855 23 0.4
650 | B0 [294 | 167 23 o1 - 619 | 12 | o8
| sz;*)\?s.s 128 162 01 - 70| 75| os
{ - (258|116 64 02 - 817 47 18
700 | 0 [310 | 205 194 13 - 601 | 128 | 10
HiO,|273 | 184 168 14 - 644 ] 100 | 11

T(B8 | 130 65 03— M8 1 5z | 15

750 | HO {314 | 227 190 15 - 567 | 136 12
H0, 0305 249 149 17~ 585 ) 127 | 17
375 | 191 82 06 < 720 | 77 | 23
800 | H,O {319 | 238 182 16 16 548 | 144 13

HO,|348 [ 295 135 21 18 30| 163 | 22
T1386 [ 224 84 06 - 686 | 89 | 27
850 | H,O {331 | 185 148 17 24 627 | 124 | 13
I H0,|356| 283 64 23 41 589 | 146 | 44

-

from Table 3.13 that low reaction temperatures cleaﬂy':; favoured the formation of
carbon oxides over the Cz+ hydrocarbons, and vice versa at high temperatures.

A review of the literature shows that doping oxidative-coupling catalysts with noble
metals tends to produce systems that give elevated vields for the catbon oxides and
concomitant low yields for kydrocarbon products. An attempt was made in this work

“to dope 5% Lay0yf CaC catalyst with the noble metal gold rather than palladium or
platinum. The logic behind this was that most of the noble metals except for gold
exhibit over active catalytic tendencies which lead to complete oxidation: of
hydrocarbon products to COx. '
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Table 3.14. Influerice of hydrogen peroxide on methane oxidative coupling reaction

over a 1% Au/ 5% La;0,/Ca0 catalyst (BET surface area = 29 m/g). Total flow rate
of the reactant mixture = 200 ml/min, W=0.7 g, t1=0.11 3, |

T | Additive | Xeims “Sclectivity &) | Total Yoo
cojl | | CH oG CH COx| %)
500 | nome | 05 | 14~ 44 - - o9i2| oo
700 | 31.6. ) 191 147 11 -~ 651 11.0
80 | - 1323|245 13 12 - 60| 119
0 | HO | 02 | 86 20 = = 14| 006
700 | 325 | 246 203 14 55 482| 168
800 | 329 | 283 163 17 66 " 411 174 }
600 | B0; | 01 | 122 . 165 = <= 705|003
700 {@éwto)| 354 | 251 201 18 98 430| 201
g0 | [ 359|205 156 21 120 400 213,
G0 | W0, | 01 ] B1 178 - - 8| 00
‘700 |(rowt%) | 358 | 277 205 19 103 394 216
300 | © | 360 | 318 159 24 129 370| 227
600 | H0, | 01 | 165 166 - - 68| 003
700 [@Iwt%) | 359 | 200 . 194 23 162 326| 240
800 | 383 [ 327 155 34 192 284 211

The influence of hydrogen peroxide and its concentration in the reaction mixture on
. CH, conversion and Cz« hydrocarbon selectivity was examined over a 1% Aul5%

La;0y/ CaO catalyst in the temperature range 600-800°C with a reactant mixiure of

CHJ/Oo/Nz = 100/45/15. An aqueous solution of hydrogen peroxide with
congentrations varymg from 2.6 to 21 wt.%, or pure water, was added to the reactant
‘mixture via an e aperator at a rate of 0.03 ml/min, The results of th experiments with
water, hydroge: peroxide as well as without any hqmd addition to the feed are
presented in Table 3.14.

It can be seen that the maximum yield of Cy; hydrocarbons in tlm absence of liquid
additive was about 12% at & methane conversion of 32%. The addition of pure water
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increased the maximum yield to 17.4%. This incresse in yield was due to a nse inthe -

total selectivity of Cz. products as well as an increase in the methane conversion. The

formation of a small quantity of benzene was observed. The rise in conversion could be -

related to dilution of the resction mixture by water vapour'®, Surprisingly, the addition
of even 2.6 wt.% hydrogen peroxide solution to the reaction mixture had a strong
positive effect on the methane conversion as well as the sefectivity to the Ca. prodﬁcts,
which resulted in & yield enhancement. The higher the concentration of added
hydrogen peroxide, the higher the methane conversion and the higher the yield of Cz,

products obtained (Table 3.14), The selectivity to carbon monoxide decreased with =

increasing temperature and was pever greater than 10%. When the oxygei conversion
reached 100% at 800°C in the preserice of hydrogen pemmde, carbon monoxide could
1o longer be detected as a product. = '

The pecuhanty of the performed reactmn was the formation of a. notlceable quantity
of benzene. This could be related to an acceleration of the process of olefin
aromatization by hydrogen peroxide as well as by the metal component (gold) on the

catalyst surface. The maximum yleld of Car products obtmned was 27% with 2

corresponding 7.3% yield of benzene.

The increase of hydrogen peroxide concentration also resulted in an increase in the

ethylene/ethane ratio when compared with that of pure water. The higher

ethylene.}ethane ratio in the experiment wﬁhqut any liqqid addition could be due to the

lack of benzene fcrmation under the aforementioned reaction conditions, as ethylene is
likely to be the precursor of the aromatic products™, o

A comparison of the results given in Table 3.13 and 3.14 ciéariy_ shows that the
1%Au/ 5% La;0s/Ca0 catalyst was morkedly more active and selective towards
desirable products than unpromoted 5% La,03/Ca0. L?oading of only 1% Au on the
lanthmnun-calcmm system caused a significant } mcreasqt of C»: hydrocarbon selectivity

andamthelsmallmcreasemtheCI-kconvmxon I{alsogweadecreasemBET-

surface area from. 40 m’/g of the 5% L2,05/Ca0 f,o 29 m*/g of the 1%Aw 5%
Laan/CaO sample. One canh predict, that gold plays ae;h important role in the hydmgen

peroxide dissociation reaction and radmal_ fofmation under conditions of

heterogeneous-homogeneous methane oxidative coupling.

/
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The selected results of t?lé methane oxidative coupling obtained for 28% Lay0y/
7%SrO/Cs0 catalyst aflier optimization of the reaction conditions (CH4O; ratio,
" contact time and temperature) are shown in Table 3.15. The catalyst was tested in a 4
mm 1 d. quartz tube (Figure 2.3 (d)) in the temperatm-e range 650-950°C, At the
opnmum react:on condition, ie, total flow rate of the reactant mixture
(CHJOz/N:/addmw,- 68!1?/5190) equal 180 mi/min, which corresponded to contact
time of 0.11 s, the best catalytic performance’yas observad in the presence of water
vapour. The data reported shows maximum sel \ft'rvity to all voupled hydrocarbons of
70% at a methane conversion of about 30%. Substantial amounts of hydrogen were
produced during the reaction. However, the heavy fractions (benzene and naphthalene)
completély disappeared from the detectable products under these reaction conditions.
Previous studies have shown that the alkali and allaline £arth promoted La;0s
samples show the highest C, selectivity at the lowest reaction _temper;ture"""’_'”'“""‘_". |
The alksline earth oxides, on the other hand, exhibit lower overall activity and a
“maximum C, selectivity at' much higher temperatures than the rare earth oxides.
Strontium oxide exhibits very low activity, converting only 36% of the O feed at
850°C 1 It was shown that many of the effective catalysis are chemically similar:
they are sofid bases, possessing one stable oxidation state, and strongly adsorb CO.
and H;0 from the atmosphere. Conversely, multiple oxidation states of the d and f
“block metals promote complete oxidation of the methane through a redox reaction
mechanism. Among the many possible combinations of oxides that cétaljrze the -
oxidative coupling of methane, La;0; promoted with SrO gave the best performarnce.
During experiments the catalyst rapidly attained a stepdy-state activity which
remained constant over 72 hours. The catalytic results presented in Table 3.15 show
that promotion of the CaO supported La,0s with SrO was a more selective systemL
towards C; hydrocarbons than the 5% Lay0»/CaO and 1% Aw/ 5% Lay0y/CaO
catalysts. It appears that not only an appreciable amount of lanthadum on the surface
of the sgecimen but also strostium is necaséary for the system to be selective, The
combined selectivity to ethylene and ethang was much higher than that to COx under
optimum reaction conditions, but the molar C;HJC;Hs ratio was less than that
obtained at 850°C on 5% La;04/Ca0 catalyst (2.2 and 4.4, respectively). This seems

te indicate that the presence of Sr0 enhanced the selectivity to C; products and decre—
j R} ,
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Table 3.1 5, Influence of hydro, . peroxide on methane oﬁdaﬁve coupling réaction
over a 28% La0y/ 7% 500/Ca0 fjfaiyst (BET surface area = 4 m‘fg) Total ﬂow rate
of the reactant nuxture (CHy/Oo/Nyfadditive = 68/ 17:‘5/90) = 180 mlfmm, W= 0.7 g,'

,,,,,,

=018 _ o
T | Addit, | Xow | Selectmty A Total Yoo
cC) (%) c,Hf C:Ci CO, €O |- &)
N ) 151 215 - 396 175 | 23
650 | H,0 | 48 '91 296 - 470 144 | . 18
B0, | 81| 49 261 - 498 192 25
- ] s8| 174 317 08 342 159 44
700 | B0 | 126 mj’i 3.0 13 355 86| 70
4 HO; | 151° 12 256 03 489 131 57

T~ | 181 | 275 300 ~ 23° 312 02| 108
750 | RO | 212 | 35p 200 - 18 330 12 ] 139

"" | B0, | 255 271!\5 252 17 382 70| 140
TTTTTZ [ Ba | 35 210 25 294 36| 157
800 | .H0 | 266 ] 39l 265 21 323 - | 180

HO, | 208 | 378 226 20 353 23| 186
= [z [ a1 180 30 329 50| 156
350 | HO | 283 | 440 242 24 289 - 05 ] 200
| 0, | 307 45{ 3 207 22 318 - | 209
| 257 | al0 86 35 383 . 86 o)
000 | H,O | 314 | 464 159 35 324 18| 210
| w0 | 322 | 88 109 32 405 16| 186
| - 269 | 363 .. 3.2 42 443 120 | 1138
950 | H,0 | 316 | 420 82 40 310 88| 1171
HO, | 328 | 385 78 44 401 92| 166

1 L~
¥ . . /

| | o ¥

ased the ethylene-to-ethane ratio, though the b_est' absolute yield of CjH, + CiHy”
remained ~ 20%. The results also show that at low CH, and Oz conversions substantial

~ amounts of CO,, CO.and C;Hs were produced. As “he temperature and CH, (0;)
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conversions increased, a large increase in the selectivity to CHy relative 1o CO; and
CO was observed. The selectivity to carbon monoxide droped to practically zero at
800°C in the presence of water vapour, but as the temperature increésgd, the
scloctivity to carbon monoxide also went up. The results suggests that CO» miy be
formed by the oxidation of CO. However, this must be viewed as a tentative
conclusion, because of the high concentration of CO, relative to CO, and the
campetmg jafluence of the water gas shift equilibrium. !

A

A comparison of the results given in Tables 3.13, 3.14 and 3.15 shows that n”csitalyst
with a lower surface area exhibites a higher C; product selectivity and reduces the
formation of carbon oxides. It seems that the COx formation takes place mainly on the

tglyst surfice, which is in agreement with the published results of Deboy and

o 151514 The data obtained by these authors for the apparent activation energies for
ethane and COx formation can give an understanding of the mechanism by which the
c;irbon' oxides are formed. As discussed above, ethane is formed by the recombination
of methyl radicais in the gas piiase, while COx is formed by the reuction of methyl

- radicals with Oy either in the gas phase or on the catalyst surface. Sipce the activation

energy for methyl radical recombination is near zero™, the overall activation energy
for ethanc formation must equal the overall activation energy for forming g;is-phasa
methyi radicals, Zeu;. 'I'hﬁs, Eow = Ecaus = 36.8 kealimol. If COy, is formed by the gas
phase reaction of methyl radicals and O, then the overall activation energy for COx
formation from methane must at 4 minimum equal the energy for generating the methyl
radicals, However, the apvarent activation energy for COx formation was found to be
only 23.9 keal/mol, substantially less than Fens. It was concluded, therefors, that over
1% SrO/La;0; the COx is not formed in the gas phase but on the catalyst surface.

)

When the highly exothermic methane oxidative coupling reaction was. performed
adiabatically using a specifically designed quartz reactor (Figure 2.4 (e)), a temperature
excursion from 685°C 10 950°C was noted over the 28% LaxQy/ 7% Sr0/Ca0 catalyst
and oue from 720°C to 880°C over tl_xe 5% Laz0y/Ca0 catalysf. After the initial
evolution of heat the oxygen conversion was always 100%. The high activity of the
28% La;Os/ 7% SrO/Ca0 catalyst, which caused the ignition temperature of the
methane oxidaﬁve coupling reaction to be lower and the range of the tempei'ature |
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| excursion to be greater, can be attributed to the presence of strontium oxide and the

higher loading of lanthanum oxide.

The rasults shown in Tables 3.13, 3,14 and 3.15 may be summarized as foliows:

1. Comparable methane conversions were achieved at o much lower

temperatures in the presetxe or absence of hydrogen peroxide in the reaction mixture.

" 2. The addition of hydrogen perd:ﬁde as well as pure water to the reaction
mixture caused an increase in the methane conversion and the selectivity to Co.
hydrocarbons. '

3. A peculiarity of the reaction on 1% A/ 5%La;0y/Ca0 catalyst was the
formation of a.mtic.eable quantity of benzene in the presence of hydrogen percxide.
The Cj: hydrocarbon selectiwty increased remarkably by increasing the concentration
of added hydrogen peroxide. The highest Cp. product yield obtained at 800°C was
27% with & corresponding 7% yield of benzen{?.

4. The product distribution obtained from the 5% La;0y/Ca0, 1% A/ 5%
L&;0;/ Ca0 and 28% La0y/ 7% SrO/CaQ catalysts are quite different. The main
selectivity difference lay in the consxdarable ameounts of Cy hydrocarbon formed dunng
the introduction of hydrogen perox:de to the reaction mixture.

5. The total C; hydrocarbon selectivity increased from 49.6 to 613% at
corresponding CHy conversions of 26.7% and 31.4% as the reactant gas was diluted
by water vapour in the reaction performed on 28% La;Qs/ 7% SrO/CaQ catalyst. An
absolute yield of 20% of both CyHL and C;H; was obtsined at a CHy/O; ratio of 4.0
and a residence time of 0,11 5.

6. It appeared that the ethylene-to-ethane ratio increased with a rise in the
reaction temperature. The highest CoHy/CyH; ratio was observed in the experiment
using 5% La;04/Ca0 catalyst in the presence of 21 wt.% solution of hydrogen
peroxide.



V. - | 150

- 1] . '
3.34. Catalyst ckamdterzsat:orz The sutface areas of the 5% Laz();lCaO 1% An/
5% La;05/Cz0 and 28% Lay0s/ 7% SrO/Ca0 catalysts were determined by the BET

method. X-Ray Diffraction analysis (XRD) and Scanning Electron Microscopy (SEM)

~ coupled with Enorgy Dispersive X-Ray analysis were used io determine the cryotathne

structure, morphology and distribution of elements on the surface ofthese catalysts. *

3.34.1. Surfoce area defermination. The BET surface area decreas_eci after
impregnation the lanthanum-caleium system with 1% Au from 40 m’fg of the 5%

La;04/Ca0 sample to 23 m¥g of the 1% A/ 5% La;05/Ca0 sample. Increasing the

La;05 loading from 5% 1o 28% and replacing 1% A with 7% SrO resulted in 2

| further decrease int surfice area of the catalyst to 4 m /g The colour of the 1% Aw/ 5%

Lay05/Ca0 sample was dark purple, whcroas the 5% Lay03/CaQ and 28% Lagosl 7%

: SrO/CaO sarmples remamod white even after the high temperature exponmental"

investigations.

3.3.4.2. XRD analysis. The bulk structure of the 5% La;05/Ca0, 1% Auv/ 5%
Lay0y/Ca0) and 28% Lax0y/ 7% SrO/Ca0 samples were examined by the XRD.
nethod before and after cataiytlc testing. The Xeray patterns of the 5% LaanICaO '

catalyst before the methane omdatwo coupling reaction (a) and after ~24 hours on
stream (b) at the temperature range 650-850°C are shown in Figure 3.4. These XRD
results clearly indicate that well-crystallized sharp pesks which coimspond to cubic
| Ca0 and hexagonal La;Os phases have disappeared during the high temperature
catalytic testing, and now poorly crystalllzed structure of hexagonal Ca(OH)z and
La(OH); have been detected.

An Xeray diffraction investigation of 1% Aw 5% La203/Ca0 was also camcd out ont

both fresh (calcmod) and high temperature’treated samples (Figure 3.5 (a) and () N

The crystalline structure of CaO and LayOs phases appeared in the XRD pattern for
fresh 1% Aw/ 5% La;Os/Ca0. The position and shape of the diffraction peaks are

identical {o those of unpromoted 5% La;0,/Ca0. In addition four peaks of cubic Au at .
20 values of 38.199, 44.39“,_ 77.55° and 115.26° wers detected (Figure 3.5 (a)). This.

structure was transformed during the methane oxidative coupling to a mixture of

e
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Figure 3.4, X-ray diffraction pattemn of 5% La;03/Ca0 (a) before and (b) after catalytic r&auﬁan_. (0) €20, (V) La;0s, (@) Ca(OH),, (Y) La(OH):s.
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hexugonal Ca(OH);, La(OH); and cubic Au phases (Figure 3.5 (b)). There is no
evidence to suggest that elemental Au undergoes to any structural modifications or _f;'

interacts with the neighboring phases.

The X-ray difftaction pattem of the 28% La;Oyf 7% SrO/Ca0 sample freshly
prepared and subsequently calcined (Figure 3.6 (a)) displayed well-crystaltized sharp
- peaks which cotrespond to cubic CaO, 5r0 and hexagonal La;0; phases. It can be

seen in Figure 3.6 (b) that the XRD pattern of the same sample after exposure to the

reaction nixture (CHi, O, Ny and H,0 vapour) in the temperature rangé 650-950°C -':

revealed the coexistence of Ca(OH); (hexagonal structure) and CaCOs (thombohedral
structure), La(OH)s (hexagonal structure) and La;0:COs (hexagonal structure), and
$1CO; (orthorhombic structure). The XRD analysis did not detect a Sr-La phase after
the thermal treatment of the sample dufing the methane oAslative Mupﬁng‘reacﬁon,
but it should be noted that the low intensities and broadened peaks observed for SrCO;
and La,0,C0; were due to the poorly crystallinie structure of these phases ‘

The tendency of La;0; to react with CO; is well documented. When La;Os is
expipsed to dry €0, or to atmospheric air at room temperature, surface caxbonates or
hydsoxycarbonates are formed mspect:vely, whereas when CO; is chemisorbed at
temperatures higher than 450°C, dwxymonocarbonates La:0,C05 are obtamed“"m
1t is also known'""** that the carbonation of La;Os in air is much less strong than its
hydration, the intensity of the former process depending on the surface area of the

sample, Exposure of rare-earth oxides to the air for up to three years causes an -

increase of X-ray diffraction lines attributable to the hydroxides for La,0s and
Smy05'. In the present study the samples with compéi*eﬁvely high surface arees (40
and 29 m?/g) showed the presence of only La(OHD)s in post-reaction chasacterization,
whereas the sample with low surface aren (4 m?/g) showed diffraction peaks, typical of
hexagonal Laz0:C0s.

‘The influence of carbnnates and oxycarbonates on the catalytic performanue has

already been suggested' i the oxidative coupling of methane**>™ The incorporation
of stable carbonates into rare earth oxides as well as the transformation of La;0; into

La;0,CO; have been found to improve the Ca. hydrocarbon selectm_ty.
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The high reactivity of 14,05 towards CO; whs suggested to give rise-to the
reversible formation of La;0,C0;, at temperatures above 450°C, according to the

Laz0; + €Oy «> La;0,C0s

N

The oxycatbonate is formed via the insertion of CO; molecules between the (La0):

layers of La;03, 2 pi'ocess.wlﬁch requires a thermal activation. When the CQy partial

pressure. over Lay0; is higher than the equilibrium pressure, La;0s may completély
transform into L320:C0;. The higher the CO, partial pressure in companson with the
equbnum pressure, the faster the rate of the transformation. However, the catalytic
reaults obtained by Le Van et al.™** showed that the formation of Laz0.C0; doss not
proceed from gas-phase CO, adsorption, but arises more likely from the ‘susface
oxidation of CHy. According to this proposal, even at 650°C a large amount of
L3,0,C0; (~15%) can be produced, Moreover, the amount of Laf0,CO; produced

~ during the catalytic test at 650°C was constant in the 2-45 hours bf reaction. It was

suggested that the formation and decompos:tmn of La;O;CO;
followmg scheme .
ok fa
Lazos +.CH, + 0z > £220;C0; — La;03 + CO;

In this scheme, the amount of L#,0,COy appears to depend on the Xi/k; ratio of the
rate cunstants of formation and decomposition, and L2,0,C0; is assumad to be an
mte:medmte for the production of CO,, o - |

- The results presented here show that the occurrence of In sitn deep'-éarbonation
phenomena can play an important role in determining the catalytic behaviour of the
La,0s promoted systems for reactions llke the methane oxidative cauphng, where |
significant amounts of CQ; are produced
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: Flgure 3. 6 Xeray diffraction pattern of 23? La;()g/ 7% SrO/Ca0 (a) before and (b) after catalytic reaction. (G) CaO (V) Lax0s, () SfO, 7
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3.3.4.3. SEM and EDX analysis. The influence of the hydration and carbonation
- phenomena on the morphologies of the 5% La,0s/Ca0, 1% Au/ 5% La;()g/CaO atud
28% L2,0s/ 7% Sr0/Ca0 samples durmg the methane oxidative c0upﬁng reaction was
" examined by scanning electron microscopy (SEM). Compositional data on individual
crystals as well as aggregates of particles were obtained using energy dlSpers;ve X-ray
analysis (EDX) facilities coupled to the electron nncroscope
SEM micrographs of the 5% 1.2;04/Ca0 sample after catalytic reaction are shown in
Figure 3.7 (a) and 3.8 (). The dark aggregated phase of the support formed a thick
layer of about 30100 pm with a smooth surface. The supported lanthanym hydro}nde
showed a structure of irregular particles gwhite mclusmns) from 0.1 fo 0.5 fm, often
coalesced into aggregates of about 3-5 pum. When the electron beam was focussed
onto the dark thicker area of the specimen where no white particles could be seen, the 4,
EDX spectrum revealed strong Ca and weak La signals (Figure 3.7 (b)). Quantitative o
EDX analysis showed that the proportion of oxygen with respect to calcium O/Ca was
close to 2, which corresponds to Ca(OH),. The EDX spectrum of the white pérticle
(Figure 3.8 (b)) revealed that most of the surface was covered by lanthanum and
oxygen atoms, The surface comgnosiﬁon obtained from quanﬁtaﬁtive EDX was 18 at.%
La, 8 at.% Ca and 74 at.% O, which corresponds to the atmchmmetry of Ca(OH)z and
La(OH);. The Si sigoal, probably, came from the SEM grid.

Figure 3.9 and 3.10 show SEM micrographs and X-ray spectra of 1% Au/ 5%
L#;0s/ CaO after catalytic reaction performed in the temperature range 600-800°C.
The morphology is, in general, similar to that of the pure lanthanum-calcium specimen.
However, the surface consisted of larger irregularly shaped particles in the size range
10-15 um (Figure 3.9 (). The bigh content of elemental gold on the surface of the
bright white particle (Figure 3.10 (b)) is indicative of the inhomogeneous dispersion of
this promoter. The gold distribution was investigated further by varying the size of the
electron beam used in the EDX experiment. Initially, 2 beam about the same size (~0.1
pum) as the particle was used to generate an EDX spectrum, and the beam was then
defocussed (underfocussed or overfocussed) to the larger size of 1 pm to obtain
another spectrum. The collection time was generaily around 100 s. The dead time and
counts per second were kept the same for every spectrum, When the beam was spread,
the total current of the beam remained constant, so its intensity decreased with the
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Figure 3.7. 5% Lax05/CaC after catalytic reaction: 24 hours at 650-850°C. (a}
SEM micrograph. (b) EDX specira of the dark area on the catalyst surface.
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Figure 3.8. 5% La,05/Ca0 after catalytic reaction: 24 hours at 650-850°C, (a)

SEM micrograph. (b) EDX spectra of the white particle on the catalyst surface,
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Figure 3.9. 1% A/ 5% La,0/Ca0 after catalytic reaction: 24 hours at 600-800°C.

(2) SEM micrograph. (b) EDX spectra of the dark area on the catalyst surface.
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Fignre 3.10. 1% Aw/ 5% La;0,Ca0 afier catalytic reaction: 24 hours at 600-
800°C. () SEM micrograph. (b) EDX spectra of the bright white particle in (2).
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Figure 3.11. /8% L2,0:/7% SrO/Ca0 after catalytic reaction; 72 hours at 650-
950°C. {a) SEM rri:_i;cmgraph. () EDX spectra of the dark area 0‘3 the catalyst surface,
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{a)} SEM micrograph. (b) EDX spectra of the bright area on the catalyst surface. |
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' square of the beam size. At the same time, the specimen material included within the
beam increased as the square of the beam diameter. This means that the EDX intensity
should be a constant if the element is uniformly distributed. Studies of the 1% Aw/ 5%

' L2,03/C20 sample concluded that gold was not significantly associated with calchm
or lanthanum and wgh irregularly dispersed as single large Au crystals. The surface
composition of such a crystal was estimated by EDX using the defocussed X-ray beam
techni'ques as 2 at% La, 11 at% Au, 27 at.% Ca and 60 at.% O, The proportions of
O/La and O/Ca revealed the presence of Ca(OH); and La(OH);, |

Electron microscopic examination of the 28% La;04/ 7% StO/Ca0 aample showed
the coral-like structure which should be related both to the support and the supported.
carbonates (Figure 3,11 (a) and 3.12 (a)). Irregular heaps of aggregated phase (1-2 -
pm), it which carbon and considerable amounts of lanthanum and strontium were
detected by'EDX_ (Figure 3.11 (b) and 3.12 (b)), were observed on the sample surface
after extended catalytic use (abottt 72 hours at 650-950°C). EDX spectrum obtained
from the datker area (Figure 3.11 (b)) showed that mostly oxygen, carbon and calciura
with small quantities of strontium and Ianthanum were present (4 at.% La, 2 wi. % Sr,
14 at.% Ca, 61 at.% O and 19 at.% C), Whereas, nygen, carbon and lanthanum were
detected in large quantities on the surface of the brighter area (12 at.% La, 2 wt.% Sy,
8 at.% Ca, 60 at.% O and 18 t.% C) as shown in Figure 3.12 (b). As can be seen Sris.

distributed quite uniforraly on the catelyst surface. Quantitabive EDX analysis showed
that both the dark and bright particies consist of Laz0,C0s| CaCOs and SrCO; phases
and there is no formation of compounds between lanthmium and strontium.

In conclusion, the structure sensitivity of the methane mudatwa coupling observed
on 5% La 0,/Ca0, 1% Aw/ 5% Lay0s/CaO and 28% Laz0s/ 7% SrO/Ca0 catalysts
strongly suggestﬁ ‘that CO; is at least, produced on the surfhce, providing evidence of
the heteioganeous catalytic character of the reaction and points out the very important
role of sark. nate formation on the methane deep omdaﬂan on the catalyst surface. The
rate of L0, formation seems to be determined by the decomposition rate of the
carbonate species and is likely to affect the final C; product selectivity.

The characterization data obtained by means of XRD, SEM and EDX shows that,
under the conditions existing during the methane oxidative coupling reaction, strong
chemical and stractural modifications of the starting catalytic phase occured. The
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reaction perfonned on i 28% Lax0yf % SrOICaO catalyst leads to the in .ﬂty

- formation of a dxoxymonocarbonate {La202C03) phase,

The inkomogeneity of gold distribution on the catalyst surface was c:bsé_rved for 1%

a Auf 5% La;04/Ca0 after the cata!ytid testing, Increasilm the La;0; concentration from
- 5% to 28% and mtroducmg 8r0 on the surface of a lanthamum-calcium system resufted

in markecl changes in the structural and murphologtcal propertles of the catalyst, -

——
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Chapter 4. DISCUSSION

4.1. Partial oxidation of methane to oxy-products

The purpose of the thesis work was to examine the relative importance of
homogeneous gas phase and surface-catalysed processes in the synthesis of méthanol
and formaldehyde from methane in the’ presence or absence of hydrogen peroxide.
Experiments were performed at pressures of 1-50 bar, temperatures of 450-620°C,

residence times of 5.8-216 s, and oxygen concentrations in the feed of 4.2, 11.8, 17
and 18 mol %. To investigate a possible promotion effect of hydrogen peroxide on the

combined formaldehyde and methanol yield pure water was used in place of B0,
aqueous solution (21 wi.%). Reaquon products observed included methanol,
formaldehyde, carbon monoxide, water, small amounts of carbon dioxide, and Cz
hydrozarbons (ethane and ethylene);

A. specially designed reactor has been used that is suitable for comparative studies of
te noncatalyt and the catalytc oxidation |

4 L1. Partial ax:d::tzan of methane to methanol. Figure 4.1 shows the CH;OH,
C;il-ls and C;H, vields as well as Oz conversion obtained in the lmmogeneouq partial

| omdatlon of methate at 1 bar pressure as a function of the reaction te:mperamw The

temperature dependency of the product yields was determined by altenng the
temperature and keeping the other reaction parameters (ie., pressur_e and oxygen
concentration in the feed) constant. This was done for three different residence times.

 The results show that as the residence time is increased the ternperature at which

methanol was first detected is lowered, from 540°C at =95 ¢ to 500°C at ¢ =216 s,
At low residence time (Figure 4.1 (a)), the maxitaum Yemon is shifted toward lower
temperatures due to incomplete oxygen couversion and this excess of Oy leads to

- methano! oxidation which in turn results in a further deciiue__ in methano! yield. At

higher residence times (Figure 4.1 (b) and (c)) oxygen is totally converted at the point
where the Yomon starts to level off. Therefore, a decrease in methanol yield can be
expiained only by thermal decomposition of the CH;OH mofecules.

CTe e TR e il e it b
awn T R _*_&.-,..-5‘: {»f‘.':grz’%;- e '..-._'--wﬁ"‘-ﬁkﬁi{%@éﬂ-_:‘a_fa‘iai.’.z_-;
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ethylene yields as well asa(f:}) oxygen conversion for three different residence fimes.
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The CyH, and C,H, yields increase monotonically with increasing temperature
indicating the initiation of the methane oxidative coupling resction. In fact, when ih_e
cincentration of CH; radicals builds np in the reaction mixture, the chances of two
" methyl radicals colliding and reacting increases correspondingly'*. |

Figure 4.2 shows how the selectivity and the yicld of the major products vary with

the temperature at 3 bar pressure, The homogeneous oxidation of methane was.

conducted at residence time of 102 seconds. The behavior of the methanol | 4 4d with
respect to temperature is simifar to that observed at 1 bar pressure, that is it declines

slightly with i mcreasmg temperature, 'however it is about one order of n v ‘ude higher -
at 3 bar pressure. The selectivity to methanol also goes up ‘withi mcreasmg temperature, .

until complete oxygen consumption, and then it starts decreasmg shghﬂy at higher
temperatures.

It appears that the low selectmty to methanol is due to the fact that a lm'ge x’ractiou
of methane is converted directly into carbon exides in the temperatm-e 2 studied,

The methano] yield declines after reachmg a maximum,; this is due + . .crease in '

methanoi selectivity and correspondsto a snnultaneoust.nureasa in salectmty to carbon
monoxide. The selectivity to carbon dioxide , however, is almost unaﬁ‘ected by an
increase in the temperature. Thess results allow us to prapose that methanol can either
be oxidised to carbon monoxide at high reaction temperatures;

CH,OH + G - CO + 2H,0
oF thennaﬂy decomposed to catbon monoxide and hydrogen:
CH,;OH - CO + 2H,

1t should be noted that these two routes do not contribute at all to the production of
carbon dioxide which is formed. by a parallel pathway directly from methane in

;_ ey

asl'eement w1th the experimental data (Figurs 4.2 (a'n et
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Figure 4.2, Temperature dependency of (g) selectivity and {(b) yield of the major
products: (o) methanol, (V) C: hydrocarbons, () carbon menoxide and () carbor

.. dioxide. Reaction conditions: pressure = 3 bar, 80 mol % of CH,, 17 mol % of O, and}

3 mol % of N, residence time = 102 s,
‘.

The temperature dependency of the selectivities to the major reaction products
obtained in the homogeneous partial oxidation of methane at 50 bar pressure are
shown in Figure 4.3 and the yields in Figure 4.4 for thres different residence times.

The effect of temperature on the product distribution at 50 bar pressure seems quite
different to that observed at 3 bar pressure. The inifial selectivity to methanoi is
comparatively high (57% at low residence time) and it falls monotonically ‘and fairly
linearly with increasing temperature or residence time. The selectivity to earbon mono-
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xide, however, is almost unaﬁ'ected by increasing temperaﬁlre. This is also trug for the

R I,

C; hydrocarbons, t_hg'salectivity of which stays at approximately the same level (< 1%)

for all the reaction conditions that were used in the experiment. In contrast, the
selectivity to carbon dioxide increases substantially as a function of temperature
(Tigure 4.3). Therefore, we can infer that the increase in selectivity to products of deep
oxidation at 50 bar occuts because of the increase in sclectivity to carbon dioxide
rather than to carbon monoxide as observed at lower pressures (3 bar). 'This is
especially true at high residence times. The balauced equation for the proposed
. reaction is shown below:

- CH:OH + 3/20; — €O, + 2H;0

The reaction témperamre for the homogeneous partial oxidation of methane to
methanol can be significantly lowered by increasing the resiflence time or by using a
catalyst. The results of the non-catalytic oxidation presented sbove can be used as 2
reference for comparison with the catalytic pamﬂ.oxgdaﬁon of methane over various:

catalysts, The results of the catalytic'tésts §f-the 0.1 mmol Sﬂfg $i0s, 0.6% PY/CaQ
and 30% HsBOyALO; samwples are shown in Figure 4.5. The methanol yield was
improved considerably by hsmg a 30% H;BOy/ALO; catalyst at | bar pressure. The

presence of 0.1 mmol Sn/g SiO, and 30% H;BOy/Al,O; in the reactor. also had the
catalytic effect of lowering the temperature at which methanol was first detected by
about 50°C. This is in contradiction with what has been reported by many researchers,
It was claimed in recent pﬁblications that the reaction tem;ieri:ufes for heterugeneous

reactions were not less than those reqmred for homogeneous reactlons and the

presence of a catalyst significantly reduced the methanol yield!*»!+1121%6457

Burch et al.™ reporied that Cu catalysed the complete ovidation of methane and/or |

methanol, Numerous other metallic and non-metallic catalysts were tested, but in all

cases the selectivity to methanol was much lower than that cbtained from the purely

homogeneous reaction. Chun and Anthony''? have also published results which came
to the same depréssing conclusion. They obtained ‘better methano! yields for the
homogenecus gas phase reaction than for the reactions carried out in the presence of
numerous catalysts in a temperature range of 370-480°C. Pyrex beads as well a5
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ethylene yields in the catalytic partial oxidation of methane. Reaction conditions:
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FeMo'fs, Fe/Mo/Ti, V/Ti, CuMo, Ti supported on silica gel, Ag/ac-AliOs fuibited the

radical reactions. It was, therefore, suggested that homogeneous oxidation in the void
volume of the catalyst bed occurred to @ significant extent relative to the

heterogeneous reactions, and that the catalyst surface inhibited ‘the ﬁ'ee—rad:cal

homogéneous reactions.

The experimental data, in agreemént with recent publications, illustrate the lack of
catalytic activity of the 0.6% Pt/CaQ sample toward methano! production due to the
rapid over-oxidation of methanol, and possibly methane, In contfast, the rather more
encouraging results are based on the activating effect of the 0.1 mmol Sn/gr 5i0; and
30% H;BOy/ALO; catalyst, It should ‘oe noted that 30% HsBOy/ALO; has pever been
used before as & methane partiat oxxdatmn catalyst. _ S :

It is of particular interest to compare the experimental data obtained dunng the non-
catalytic and catalytic partial oxidation of methane at 1-bar pressure. The comparison
of the temperature cleptmdendy of methanol yield for homogeneous and heter:: zeneous
reactions is presented in Figure 4.6, '

The adsorption of methanol on alumina and alumina-supported boric acid has been
characterised using FT-IR spectroscopy. A comparison of the spectr: r wulting from

R
Nt

J
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the introduction of methyl alcohol on the sample surface with the spectra of tho

unitreated sample both before and after heating the sample in the presence of water
. vapour io 400°C suggests that the catalytic partial mndanon of ‘methane occurs
' through the formation o/ methoxy groups on the catalyst surface. The bands

corresponded to the CH stretching vibrations for 30% HaBOafAles were found to be- =
very stable during the thermal treatment.

4.1.2. Partial oxidation of metkéue lo formaldehyde over a series of silica

supported catalysts. The reaction was studied at atmosphetic pressure over a series of

 silica supported datalysts with 3d, 4d, 4f, 5p and 6p - metal oxides in the presence of '

hydrogen peroxids-Trom a comparison of the results obtmned for the 0.1 mmol Cr/g

810, and the 0.1 mimol Sn/g 8102 catalysts, shown in Table 3,1 and 3.3, under a variety

of reaction conditions it emerées that the selectivity to formaldehyde depends solely on
methane conversion, which is independent of the temperature - contact time
combination that was used to achieve that conversion. Evidently, the methane

conversion always depends on the reaction conditions: increasing the reaction

tepyperature or contact time leads to an increase in methane conversion, which in tum
leads to a change in product selectivity. As can be seen in Table 3.1 increasing the

temperature from 500 o 550°C results in a drastic inctease in selectivity to Cz

hydrocarbons and COx at the expense of formaldehyde, At 600°C and a comparatively
high contact time (0.5 ) the methane conversion reached & maximum of 4.9%.
Simultaneously formaldebyde disappeared from the detectable products and most of
the methane was converted directly to carbon oxides. In addition, a higher oxygen
concentration in the feed lowered the selectivity to formaldehyde, but increased the
methane conversion. The product distributions are thus largely affected such that

increasing levels of methane conversion correspond to decreasing selectivity to HCHO -

and a concurrent increase in the seleciivity to CO while that to CO; is unchanged. it is
surprising tfiat the selectwy_j\o CQ, remains almost constant, while a compensatory -
relationship i uﬁummﬁr is obm\\tved between HCHO and CO. This indicates that
HCHO is a primaty product thatk ompses to CO. CO; may not ouly be produced
directly from CH, but could also be\ﬁ roduced by the oxidation of CO or by the water -

il
!

N
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“Figure 4.7. Product disiribution yields for mefhane partial oxidation over supported

silica catalysts. c:ondi’tious: T = 500°C, .'rm =270°C, CHl Op=4:1,t=0.125.

gas shlﬁ reaction, The close fink behwvean CO and HCHO suggests that the latter is the
main source of CO. ' " o o

The addition of water vapour. instead of hyc‘rogen peroxxde to the reaction mikture
causes a drastic decrease in the methane conversion and in the formation of carbon
oxides. The selectivity to formaldehyde, however, is improved . .sing HL,O addlnon,
and this indicates that the retardation of the formaldehyde tbrm_anon by water was less
than the formation of carbon oxides, It appears that w#tef vapour can aﬂ%ct the COx
selectivity which is hardly influsnced by the raactlon temperature, _

The major product distribution yields obtained in the title reaction in tht' prescnce of
hydrogen peroxide af 5007C over vmcus metals supported on silica, aomlpared to bure
sitica, can be seen in Fxgtm; 4.7. Obviously silica itself has some catalyuc actmty for .
the formation of oxy-products under the reaction conditions mvesﬂgated, in agreement
with what has been reported in the llterature"”“’"’wg’m The effect of adding tin or

antimony was to increase the selectmty of formaldehyde as well as that of carbon
d oxides. The presence of titanium, vanadium, chrommm iron, molybdenum, lead,
bismith and lanthanum metal oxides appears to suppress the activity of bare silica, as
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- well as reduce methane conversion and, therefore, formaldehyde yield, nhder a given

set of experimental conditions. The relative abtiviqr of these promoters is as foﬂllows: -

Sn> $b >Bi>Fe>Cr>La> Ti>Mo > V>Pb. The positive effect of doping silica
with Sn and Sb can be explained by the possible activatin of hydrogen peroxide, on

Y
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| these elements, and the formation of active radicals, presumably hydroxy radicals.

These two, being 5p elements, are not as active for donating and/or accepting electrons
as the transition elements. The latter can easily change their valencies and catalyse the
~ decomposition of hydrogen peroxide to water and oxygen and this could explain the
inhibition of the M/SIO, system relative to the catalytic properties of shica alone. A
similar explanation can be proposed for 4f and 6p elements, |

&

Figure 4.8 shows th.é distribution of the major products obt;ined at 500°C over silica
catalysts impregnated with different amounts of tin. A significant enhancement of fhe

original activity of the 8i0, is obsmd for Sn loading in the range of 0.03 - 0.1 mmol/

g of 8i0,, whzie a fm'ther increase i Sn loading results in a drop in methane

cotwersion. ¥, 1s noted in Figure 4.8 (b) that the selectivity to ﬁ)rmaldehyde decreased

mversely wsth increasing tin Joading and with a concurrent increase-in the sefectivity to

carbon oxides. At 0.1 mmol loading the selectivity to formaldehyde droped from 80%

for unpmmoted $i0; to only 32% for the Sn/SiQ; system. Slmultaneously,. the

methane conversion increased to such au extent that the formaldehyde yield increased |
to 1.13%. It is reasonable to assume that at loadings of 0.03-0.1 mmol, alf the sites .
where 8n can bond strongly to the SiO; have been saturaied so that tin is highly. -

dispersed on the catalyst surface. Higher loadmgs Iead to the formation of tin dioxide
clusters (Sn()z) on the sifick- kurface, which may block active sites, lowering the d’%*erali
activity and selectmty of the catalyst.

Another § mtérestmg finding of the present work is that the aﬂdmon of tin to the pure

" silies énhanced the selectivity to C; Bydrocarbons at the expense of formaldehyde,
However, foana-dehyde and € hydrocarbons exhibited parallel behavior with respect
to the increasing tm*floadmg on the sifica support. Both the HCHO and C, hydrocarbon

 selectivities droped with increasing tin loading'in ﬂxu\,.__\range 0.03 to 1 mmol/g of Si0;

(Table 3.3). This supgests that the formaldehyde does not originate from methyl

radicals, but rather from methoxy complexes formed when methane chemisorbs .

directly onto the catalyst surface at high reaction temperatures. -

In summary. The investigation of methmte 'patﬁa[ oxidatign to tixy*—_products is
_ suggested to follow a range .of pathways for the formaiicn of methanol and
formaldehyde in the presence and absence of hydrogen peroxide. The approach used is
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 besed on the generally accepted heterogeneous—homgemous mechanis™!, Bven if

the oxygenates {HCHO and CH,;OH) are assumed to be formed on the catalyst surface,
this essentialily entails the generation ofradicals on the surface and the formatmn of the
- products in the gas phase.

It s widely accepted that the initial mtemedxate isa methyl radical (CH;) which, in
the presence of oxygen, will form s methy} _peroxy radical (CH;05). The equifibriun:

s
L) It

- plays a key role in the way products vary with temperature As is well lmown, at

temperﬁmree below 650°C, this equilibrium favo rs the formanon oﬁmethyl peroxy
radicals. Dedompoaiﬁon of methyl peroxy radicals‘or the reaction of these radncms with

methyl radicals produces methoxy radxcals {CHzO) which, in tum, react wrth methane

. to gwe methanol : o e
e :; . 'y ' : o .
CH0,—>CH0+0 R )
CHyO,+CH; > 2CH:0 L G)
\ | CHO+CH:->CHOH+CH, @)

Reaction (4 J) takes place when an excess of‘ methane is' presant in the react:on

mxxture The formaticn d."" formaldehydé occurs when & methoxy radical reacts wrth _

.4 CHO0+0,»CHO+HO, | (Sj)

or by the 'décdmposition ofa methyl peroxy rﬁdiqal:

CH,0;—CH,O+HO 6

Although the last reac_:tion- hes & relé.tively high actwatlon energy since it is a

_ unimolecular reaction, this seli-decomposition of CHO; may result in the fomlaﬁon of
HCHO when the concentration of the radical specxes is low. This assumption explmns =

the fact that in the methane parhal omdatmﬂ 7 methanol at low temperatures some

T4
-
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formaldehyde is always present in the reactor effluent. The results presented in this

thesis can also be explained by the above scheme, since it is expected that high
‘pressures and concentrations of methane will make reactions (3 j) and (4 j) more
favourable so that methanol is produced, while having little effect on reaction (5 j). By

contrast, low pressures and high concentrations of oxygen can explain the prevmhng :

formation offcnnaldehyde '

The results allow one to propose that the formation of methyl radicals increases

dramatically in the presence of hydrogen per_oxlde. The hydrogen peroxide dissociates

L.

- to form surface or gas phase active species I(presumabiy, peroxide or supmxide_ :
surface spemes or hydroperoxy and hydroxyl radicals). These species can attack

 that our expenments were performed at much lower temperatures it can be taken for -

molecules of methane and produce some intermediates (llke methyl radicals in the gas
phase or‘methoxy gmups on the catalyst surface), which in tum can e traasﬁ)mxed '
into the final oxy—products Accordmg to.shis reaction pathway one casi predlct that at

low presstire and !ngh pxygen concentration, the majnr product of the,partial oxidation

of methane will be formaldehyde, in agreement with the cxperimental data.

Hydroxyl radicals formed during the disscciatioiifof hydr@gen peroxide dn the

catalyst surface can interact with methane either in *‘he ‘Eas phase ar w:th CH:

molecules adsorbed on the catalyst surface. According to the mechamsm for the pm'ual
omdanon of methane, by gas phase OxXygen or surface active O, 'species, proposed by
Parmaliina et al “5, adsorbed methane can participate in the redction on silica-
supparted oxide catalysts at temperatures between 550 and 650°C. The adsorption of
methane molecules occuts on the acidic sites of the oxide surface’**®, Considering

X granted that methane adsorbs on the catalyst surface.

Therefore methane part:clpates in the formation of CHs radwals which originate

elthér {rom the gas phase or from the catalyst surfaoe

) B CH‘@.P&;
-

CH; “ G
CHyy "B |

where CHyy refer'sjté) gas phase methane and CHuys, to the adsorbed form.
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 Taking into account the high reactivity of OH radicals it can be proposed that these

~ two channels determine the rate of formation of CHj radicals. It has also been showm'"®

that, the oxidation of methane to formeldehyde is governed by the formation of active

- oxygen species on the catalyst susface, which interact with methane. In our case active

oxygen species can be produced from hydrogen pem:ude, which already confeins
active partially reduced oxygen. Hence, active species can be formed more readily than
from molecular oxygen and the reaction proceeds under “milder™ conditions in

- comparison with oxidation by moleculat oxygen.

The results obtained enable us to propose the followmg gene!al scheme for the .

partial oxidation of methane to oxy-products:

CHy — T <> CHy —> GHi—> €O, CO;

- Ip =~ CH;0 — €0, €O, S

CHOH

where I zf d Iz represent the intermediate compiqu ¢8:°CH; and CH;O, respectwely

A mstis\l radlcal can likely couple with another methy! radical to produce ethane
which can be dehydrogenated to ethylene This scheme suggests that the methyl
radicals are fiot readsorbed on the catalyst surface but Oxygenates and C, hydrocarboz\s ‘
are paratlel products when methane is activated on the ratalysi’ surface at e]evated -

temperatures, cons:stent w:th the observations presented in this thesis.

]

4.1.3. Methane oxidative coupling in the presekce and absence of fgzdmgén
peroxide. To better understand the overall effect of hydrogen peroxide addition, we
have represented our resuits in terms of product yield (or sele&ivities to Ca
hydrocarbons and carbon oxides) versus reaction temperature for the 5% La;O;ICaO
1% Au/ 5% Lag0,/Ca0 and 28% La;Oy/ 7% SrO/Ca0 catalysts in Figuses 4.9, 4.11
and 4.12. Since this effect is sufficiently remarkable over the temperature range
studied, the plot of the major product selectivities against methane conversion provides
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Figure 4.9. Effect of reaction temperature on major product yields in experi"‘menté
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(©) Cs+, (#) CaHe, (@) CO;\
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an yseful methad of catalyst perfarmance momtonng The selectivities to cthane,’

b
\“hl

(a3

- "ethylene, C3+ hydrocarbons, benzene and carbon oxides are displayed ag a function of .

methane conversion in Figures 4,10 and 4.13, A @

As cat be seen from a comparison of Figure 4.9 (a) and (b) the addition of water
vapour to the reaction mixture enhances the formatlon of C;: hydrocarbous but also
results in a decreass i carbon oxifles formation, The addition of hydrogen permnde

o (F' igure 4.9 (c)) further itcreases the ethylens yu}d to about 10%, and has almost no

effect on ‘that of ethane productxon such that the eﬂlylene-to-ethane ratio \)ncmases
marimily In addition the Cz. hydrocaﬂ)on yield is enhanced slightly, It should be noted

that the addmgn of water’ vapour (Figure 4.10 ) shids the satectmty—converslon “

" curves to a higher range of methane conversions Gqfnpared to experiments done

 without the addmon of any liquid. Similarly, in the casé of hydrogen peruxlde, the’

maximum methane conversion obtained is 35% mﬁtead of 33% for expenments with
pure water. An mterestmg feature of the dat;f; presented in Figure 4.10 is the way #

whmhtheshapesofthewrsﬁorﬂwseleeuvitywCOxarenunored@thosefor-

C,Hj in all three cases. sads us to oonclude that z:arbon oxldes appear as 2 result
of the deep oxidasion of ethylene ' - K g

- The influence of hydrogen peroxldg. and its ooncentratmn i the reaction mixiure on

Ca hydmcarbon yield, Cae hydrocarbi in and COx selectivities in the temperature ratige
6C0-800°C aver 1% Aw/ 5% LazoglC. Ois shown in Figure 4.11. We observe that the
maxinmm yield of Ca. hydrocabons i is increased from 12% to 17% with the.addition
of pure water due to a rise in total selqbimtyto theseproducts as well as an increase in
methane conversion. The addition dpf tydrogen peroxide solution to the reaction
mixture further increases the Cp h frdrot.-.arbon selectivity and methane conversion.
Interestmgly, the higher the conoentr:p,tlon of added hydrogen peroxsde the higher the
yield of Ca products obtained (Fl;;tﬂ'e 4. 11 (a) and (b)). The peculiarity of the
performed reaction is the formation qaf a noticeable quanttty ofbenzam The maxmmm
yield of Cy. products (27%) can be seen to oceur at 800°C in the presence of 21 wt. %

hydrogen peroxide; this is one of the best results obtained to date for the tifle reaction.

It can be also secn from Figure 4. 11 (c) that low reaction temperatures cleariy
favoured the formation of carbon oxides over the Car hydmcarbons, and vice vetsa at
high temperatures, '

]

'
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Figure 4.12 shows the temperature dependence of the major product yxelds for the

28% La; 04/ 7% Sr0/Ca0 catalyst, A comparison of Figure 4.12 (a) and (b) mdmaies\

that water vapour significantly improves the ethyiene yield at the expense of carbon

' oxides but has almost ng.gffect on that of ethane, atthough the combmed selctivity to %,

ethane and ethyleae is appmmabla at 19,6%. Wﬂen hydrogen perox:de was mtroduced
into the reactant‘s the overall yield of carbon oxides was h:gher than in the expenmmt
with” pure water, while at a temperature of 850°C the yield dropped to a local

* ipinimum, allowing us to obtain & verymgh yield of C; products, that is 20,3%.

A-comparison of the product selectivity - methane conversion “curves” in Figure
4,13 shows that the addi fon of water vapour and hydrogen peroxide shifls the curves

to significantly higher conversion, Tbgse!echvrhestoCOxde;I-hhavemverse _
trends enabling us 1o confirm our previous suggestion that carbon oxides originate

from ethylene. _ _

A comparison of the results presented in Figures 4.9 - 4.13 shows that the a_ddition
of strontium oxide to the lanthanum-calclum systsm considerably improves the activity
and selectivity of the catalyst under similar reaction conditions, as well as increasing
the catalyst stability. According to the data obtained by EDX analysis of 28% La;0y/
7% Sr0/Ca0 after the catalytic testmg strontium is distributed quiteuniformly on the

coexistence of SrCQOs, Ls* *1(203 and CaCO; phases on the surface of this sample. It is
well known that in the pi réabe of C—Oz strongly basic oxides easily form carbonates of
high thermal stability. The higher the carbonate decampos:tmn temperature the higher
the basicity of the corresponding oxide?#%3], Evidently,’ the ly' oduction of
strontium significanty increases the basicty of the lanthanum-calcium sysiem, since
these carbonates are present at the hxgh reaction temperatures.

The datz in Figures 4.9 - 4.13 indicates that 28% La;0y/ 7% SrO/Ca0 requires”

~ higher reaction temperatures (850°C and a!?ove) for maxinum performance that the

5% Lay0s/CaO or the 1% Au/ 5% La;0s/CaO catalysts. This can be understood in the

: }ighi of the high decomposition temperatures of SrCOs; and La;0,C0; shown in

Figures 1.2 and 1.3, Thus the differences in the catalytic performance of 28 %

L2,04/4% SrO/Ca0 and 5% La;04/Ca0 may be attributed to differences in the bast(smr—-\ :

of these systems, As can be seen in Figures 4.9, 4.10, 4.12 and 4,13, the maximum

Al

§

' caialyst surface and occurs as the SrCOs phase. The XRD results also reveal the .
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selectivity to Cy. prcducts is 46,9% st 800°C for the lanthanum-calcium system which
increased to 68.2% at 850°C when doped with strontium oxide. The Cg. product yxeld

increased from 16% to 21% in the presence of hydmgen peroxide.
- These results appear to suggest that the role of strontium lies in increasing the

overall basmlty of the fanthanum-calcium system which in tumn leads to a drastic
improvement in the selectivity of the catalyst. One may consider that carbon dioxide
and water vapour suppress the deep oxidation of both methane and the reaction
products, and b'_ck the active surface centers by producing surface carbonates and

' hydromdes Obvmusly, increasing the bBSIclty leads to.the same effect, However, more

strongly basic centers which ocour as a result of the equ;hbnnm dissociation of the

. surface carbonates seems to acnvate smethane muich more . effectively, thereby

compensating for the large number of blocked catalytically important oxide sites.
A similar relatmnsmp between basicity and, performance can be seen for 21% Laz04/

5.5% MoOs/ Ca0 and 21% LayOs/ 5. 5% MoOs/ MgO The acidic dopant, Mo, in
 the Janthanum-calcham system'does not provide any notlceahle effect on its catalytic

properties, A. decrease in the yield of Cp products is observed. Furthermore,

~ supporting MoO; on the lanthanum- magnesmm systern prcvxdae a low actitivty and
| sq@ectmw towards desirable produets {Table 3, 12§ k
"I'he above results provxde valuable msxght into the mechanism of methane ox:datwe |

coupling and explain the links between the basicity of the catalyst surface, activation of
the reactants and the selecuwty towards Cy+ products. As has already been mentionied

'mChapterl the oxygen states, namelyo and O, can be proposed as activ. sxtesfor |
rnethane oxidative qoupling on basic catalysts. These states can easily remove a |
‘hydrogen atom froJ(ou

the CH, molecule, thus producing the methyl radical. Primary
activation of methafée can occur via heterolytic splitting of the C-H bond into a proton
and a carbanionic ﬁagment The latter fragment donates an electron to acceptor sites
on the catalyst i }tins leads evenmally to the fonnat:on of gas phase methyl radicals:

.CH';_ H ' hm

T D

CH

A

]



The impiicatioh of this scheme is that the effectiveness of a catalyst depeﬁ]ds on its

strength as a base Basicity of an oxide is sirongly influenced by the cation. This

«suggests that either adso'ptlon or dissociation (or both) of weakly acidic methane on.

‘the surface are an impartant step in the sequence leadmg to radical formation,

-The preseuce &f hydrogen perox:de reveals a new reaction pathway for methyl )
radical formation and therefore of coupled pmducts, It o be seen ﬁ‘om Figwe 33 .

that the apparent activation energies obtained dunng ‘homogeneous gas phase methage

oxidative c.ouphng in the abserce and presence of hydrogen peroxide are; B = 225 8
N
S moi"‘ and 55.7-64.8 kI mol" respectively, which allowed tus to suggest that

met_hane activation occu;s via the interaction of radicals ‘formed during the dissociation
© . of B0, Whefeas, for homogeneous—hetef%g’emoﬁs methane omdanve coupling in the

absence of hydrogén peroxide the agtavatmn of methane and the formation of CH;

radicals proceeds méinly on therataﬁvst surface with the parhmpat:on of active basic .
centers. However, in the presence of hydrogen peroxide an additional charindl for the

formation of methy! radicals becomes evident. As was mggested prev'-usly, the

. _mﬂueme of hydragm p;%de can be related to the formation of hydrmyl mdxcals

<&

o H;of&j’“ v

which could interact with methane to form methy! radicallt |
bm%on-e.cmmzo L e

[{

to ethane dehydroge_namn) the ﬁ:llowlqg cham—branchmg_ process can be initiated:

| OH+HHO+H | @GR
H+0, »0H+0 B C3 ¢
0+H;_-—>€)H+H . - (51:)' :

-+, . This process increases the amount of mdzcals, whmh could partmpate in methane
'-: actzvauon,

.

" ‘Taking into account the ﬁrwence of hydrogen in the reactlon mixture (parucularly due
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" The ahove}éaotion ﬁﬁhway for méthyl radical formation could also be importast for

‘the conventional catalytic methane oxidative coupling reacnon, whare the formation of

h

hydrogen peroxide oCeurs i sim accordmg to the reactxon

'CfL+Hoz‘.—';?cus+Hzoz“ N

The hydroperoxy radwal creatlon proceeds mainly via the oxldatlve dehydrogenanon '

_of fonnyl and ethyl radicals?’,

A compar:s_om of the performance of the catalysts in the presence of lwdrogen_ |
peroxlde shows that gold plays a key role i m the activation of H0; as well as in the
acceleration 6f the dlefin aromahzatmn process. Since goid is & noble metal, it remains

in its unoxidized elemental form under the reacixon comﬁnons, therefore we suggest
+that Au can eﬁ'ectwely ,pm'nclpate inan electmn exchange with hydrogen\ veroxide and
actlvate the d:ssoclauon of the 0-0 bond, Due to the. hlgh activation energy. the rate
of hydrogen peroyde dlssocmtlon slows down sharply mth & decrease in temperawre,
msultmg in & blockage of the add:nonnl channel for methyl radical Formation.

= Obvzously other noble metals such as platinum or palladium would have the =’same§j

- effect, However; these metals are: known as catalysts for deep the oxidation of methane
‘and hlgher hydrocarbons, and therefore, cankpt be used § in the, gt[e reaction.

- general scheme for methane oxidstive c_ouphng ever the catalytic systems _nwmgated.

1

. T;'cat - . | - | ’ | " | . .. &
CHy _ . OH ' OH -
CH;;_ sy CoHg t‘--':21':."4 .> Cﬁl’ﬂi
™

* where (s} refers to surface specles thh a Iow coordmat:on number
b R,

RN

om

In sumnary, alf'the data obtamed, taken tqgether mike it possible to suggest & -

<

v,
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As can be seen in the proposed scheme there are two channels for methyl radical

fonnatxon, one homogeneous and the other heterogeneous Recombmatmn of methyl -
radicals ylelds eth.ana :

it ) 2

_. cm+c:-13—>'i:,ﬁg Ty

. E.thane ualdergoes a senes of dehydrogenaﬁon steps resmtmg in the formation of ethyl

ras.mals E o :
.caHﬁ-f-CHsec;Hsfcm _(81:)
Coi+H->OHs+H, CY)

g ¥

Attack by liydroxyl radicals is another significant route for ethyl radical formation: -

"CzPL-POH-#.Csz_“"_sz o (10k)

' Ethylane ongmates from ethyl radicals via thennal or catalytlc deaomposﬁ.ton as well

as ﬁrom the dlrect exidation of the efhiyl radicals bp molecular axygen:

CHy-» CHH ¢ (k)

%

Calls+ 0; > CiHL +HO, - . (2l

i

Ethylene can then be transfoxined into aromatic hydrocarbons, This process akes place |

more effectively in the presencg of hydrogen peroxide over the 1% Aw/ 5% Lay0,/CaO
catalyst, which can be related to the éccelerating effect of the metal component (gold).

* Thus, the above results show that the methane conversion and the Cs. product yield
. are remarkably enhanced by hydrogen peroxide, which can serve es a gas phase

initiator for methyl radical formation, presumably by generation of hydroxyl radicals.
This channel to methyl radical formation can also be important for the conventional
catalytic methane oxidative coupling reaction, In this reaction hydrogen peroxide is
formed in situ, and leads to a degenerate chain-branching reaction in the post catalytic
zone, resulting in an additional amount of Cz hydrocarbons being formed.

W

1. {}
’ oA
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-Chapter's. CONCLUSION -

q -
A number of conclusions can be drawn from the study of the mlatlonshlp

between the ability of catalysts to activate methane and oxygen, and their perfonnanoe,

in the partisl oxidation and oxidative coupling reactlons
The use of 30% H;BOYALO; had a visible catalyuc effect on the paxual

oxldatmn of methane performed at fow pressure. Not only was it pusmble to detect

methanol at temperatures lower than that used for the pure gas-phase Ihamageneous _

prdpess, but an increase in the maximmn' methanol vield was also obéerved with this

 catalyst, Although the methanol yldgpbtmned in our work is still far to low to be of

economic interest, nevertheless the\. Jyhc oxldatlon of methane has proven to be an
exciting subject for mvestlganon. _

The adsorption of methanol on alumina and alumma—supported bonc acid has
been charactensed using FT-IR spectroscopy. A comparison of the IR spectra resulting

from the introduction of methy alcohol !__o'n the sample surface, with the spectra dffthe-

untreated sample both before and after heaﬁng_ the sample in the presence of w{[tter
vapour to 400°C, suggested that the catalytic partial oxidation of methane oc \Ytrs
through the formation of methoxy groups on the catalyst surface. The \{is

- corresponding to the CH stretching vibrations for 30% H;BOy/ALO; were found to be
 very stable during the thermal treatment.

Partial oxidation of methane by oxygen in the presence of hydrogen peroxide to
form fonnaldehyde and methanol was studied over a series of silica supported catalysts
with 3d, 4d, 4£, 5p and 6p - metal oxides in the 500-600°C temperature range under
ambient pressure. ¢ |

It was shown that the pure precipit'ated Si0, exhibited remarkable activity

toward formaldehyde formation, The presence of tr(nmum, vamdtum, chmnnum, iron,

molybdesum, lead, bismith and lanthanum metal oxldes appeared to suppress the
activity of bare silica as well as veduce methane conversion, and therefore
formaidehyde yield, under a given set of expenmental condmans The only elements
which enhanced bare silica activity were the 5p metals, tin and antimony. A maximum

combined formaldebyde and methanol yield of 1.32% at a metha_ne conversion of 3.5%



L

A2

193

was obsetrved at a tin loading of 0.1 mmol/g SiC,. The positive effect of doping sifica
with Sn and $b can be explained by the possible activation of hydrogen peroxide on
these elements, and the formation of active radicals, presumably hydroxyl radicals,

To attain a better understanding of the tin-silica system for methane oxidation,

experiments with absence of hydrogen peroxide or oxygen were perforfhed. Only
traces of oxy-products were observed after the reaction using H,O instead of E0,,
Thus, the presence of hydrogen peroxide is cruciat for oxy-product formation. In the
reaction without oxygen, but with hydrogen peroxide in the reaction mixture,
formaldehyde production dropped by sbout two fold, while methanol completely
disappeared from the reaction products.

On the basis of the expenmental resulis a reactmn scheme was proposed for the

methane activation in the presence of hydrogen peroxide, By this mechanism the
' _hydmgen peroxide dissociates to form surface or gas phase active species (presumably,

peroxide or superoside surface species or hydroperoxy and hydroxyl radicals). These

species can attack molecules of methane and produce intermediates {such as methyl -

radicals in the gas phase or methoxy grnups on the catalyst surface), which i in turn can

“be transformed into the final oxy-products According to this reaction pat}rway, it can
 be predicted that, the major product of the partial oxidation of methane at low pressure
_and hlgh oxygen concentration wil! be formalde.hyde, in Agreament w:th the

da

The possiblhty of methane oxidative coupling occurring via a heterogeneous-

homogeneous mechanism, i.e., a reaction initiated on the catalyst surface and the

oxidation continuing in the gas phase, sﬁggests a route to increasing the Cy product
vield by improving the gas phase reaction. This approach was tested by the

~ introduction of a gas phase initistor inlo the reaction mixture,

Hydrogen peromde was used as an initiator as'well as oxidant for both the
homogeneous non-catalytic methans oxidative coupling and the oxidative conversion
of methane in the presencs of a catalyst The- possxbillty of the formation of in situ
hydrogen peroxide in the process of oxidative coupling on solid catalysts suggests that
it may also be used forthe subsequent activation of methane in the gas phase, which

would result in the formation of additional amaunts of C, products. Thus, hydrogen

peroxide could also serve as a source_a of zctive species, e.g., peroxide or supéroxide

ety g RN W e o SO AR
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surface species or HO, and OH radicals. These species could interact with methane to
form reactive surface intermediates or gasrphase methyl radicals, wlﬁch"cop'ld'

recombitz to form ethane, an ethyl radical, or ethylene.

A comparison of the apparent activation energies, obtained from the gas phase
oxidative coupling of methane pecformed in the temperature range of 400 to 800°C

“with the reaction mixtures CHi-N; or CHy-air, in the presence and sbsence of

hydrogen peroxide (E, = 55.7-64.8 kJ mof™* and 225.8 kJ mol™, respectively), indicate .

that CH, actwatmn occurs via the inferaction of radicals formed during the dlssociatxon L ‘

OszOm

presenme of hydrogen peromde showed that the I%Au! 5% La;05/Ca0 catalyst was

' markedlgr more active and selective towards désirable products than unpromoted 5%

13203!(3‘&0 A loading of only 1% Au on the lanthanum-calcium system caused a

| mgmﬁcaﬂt increase in the Cy. hydrocarbon selectivity and a ratber small increase in the

CH, convermon Obviously, gold plays an important tole in *the hydrogen peroxide
dlssoclataou reaction and radical formation under conquns of heterogenequs-
homogeneé\us methane oxidative coupling. A peculiarity of the performed reaction was
the fommtipn of a noticeable quantity of benzene. This could be related to an
acceletauonl of the process of olefin aromatization by hydrogen peroxide as well 2s by
the &hetal\c#;mponem (gold) on the catalyst surface. The maximum yield of Cas
products obutmne&*m the presence of 21 wt. % hydrogen peﬂbmde, was 27% with a
coaespondmg 7.3% yield ¢ benzene; this is one of the best resiilts obtained to date for
the title reaction.

Among the many possible combinations of oxides tha catalyze the oxidative
coupling of methane, La;0; promoted with SrO gave the :rbest performance. The
catalytic results showed that promotion of the ¢ad supportedl La;03 with 5§10 was a
more selective system towards C; hydrocarbons thaa the 5% Laa03/Ca0 and 1% Ahf
5% Lay0s/Cal catalysts. It appears that not only is an i;q:vpre.-::iable amount of
lanthanum on the surface of the system necessary for the cataiyst to be selective, but
that strontium is also 2 prerequisite for selectivity. The total Cq hydrocarbon selectivity
increased from 49.6 to 62.3% at corresponding CH conversidns of 26.7% and 31.4%
as the reactant gas was diuted by water vapour in the reaciiion performed on 28%

" The results obtained from the catalytic methane oxidative couphng in the
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LazOsf 7% S$r0/CaQ catalyst, An absolute yxeld of 20% of both CIH4 and Colls was

.obtamedataCHJOzrauoof40andam1dencetnneof011s
 The XRD analysis revealed the coexistence of SrCOy, La0,C0: and CaCOa
phases in the bulk of this sample. X is well known that in the presence of COy strongly

basic nxldgs easily form carbonates of high themal stabxhty. The higher the carbonate

decomposition temperature, the higher the basicity of the corresponding oxide.

Evidently, the introduction of srontium significantly increased the basicity of the
lanthanum-calcium system, since these carbonates were present at high reaction

~ temperatures. .
A similar relatmnsh:p between basm:ty and performance was observed for 21%

Lay0s/ 5.5% MoQs/ Ca0 and 21% LayOy/ 5 5% MoOyf Mg0. The acidic dogant,
MOOg, in the lanthanum-ca]cmm system had ‘a negative - effect on 1ts catalytic

properties. A decrease in the yield of Cy products was observed. Furthermore,
_ addmon of MoO; to the Janthanrm-magunesium system yielded a catalyst mth low
_ actmty and selectmty towardsthedeslred products. :

The characterization lata obtained by means of XRD, SEM and EDX shawed

that, under the conditions existing during the methane oxidative coupling regm
strong chemical and structural modificatiors of the starting catalytic phase occured.
The reaction performed on the 2895} LagOy/ 7% §10/Ca0 catalyst led tor the m situ

| fonnanon of a dioxymonocarbonate (LazQzC03) phase.
An inhomogeneity of the gold distribution on the catalyst surface was observed

for 1% A1/ 5% LaO4/Ca0 after catalyt;c testing. Increasing the LayOs conce_ntmtmn
from 5% to 28% and introducing SrO onto the surface of a lanthanum-calcium system

resulted in marked changes in the $tructural and morphological properties of the

catalyst. | | | |

. Comparison of the results of the experiments petformed in the three difforent
types ofreactors used in this study revealed that a decrease in the residence time of the
reaction mixture in the empty volume of the post cetalytic zone led to a significant
improvement in the C, hydrocarbon selectivity. It was also evident that the m{thmm
conversion ﬁid not vary considerably with the residence time in the post catalytic

reaction zone for all the catalysts tested. Hence, it was assumed that the hombgeneohs“

gas phase processes are responsible for the producﬁbn:of the additional amounts of Cs,

L)



9

B

i

Cs and C.; hydrocarbons When the post catalyttc zone was held at low temperature

("OO"C) the intermediates genoratod on the catalytlc bed did not have prolonged ife

times as was found in a hedted post catalytic zox}/e Rather the gases were quenched by

~ the “cool” ﬁost catalytic. zone reacior walls and so a lower Cos hydrocaﬁ:on yield
| resuited, However, when the post catalytic zone was heated 0 ﬂlt? same tompemture o
as the main catalyhc mﬁctwn zone or sbove {1000-1 100"(,), the Cg{. hydrocarbort yneid'

igt7( generated on the

e

catalytic bed pro:hmod C,. hydrocarbons by coupling homogeneously in the gas phase.

These coupled hydrocarbon products then entered the hested post catalytm zone and _
: -decomposed into radncals which, in the presence of methane, acted & initiators for -
o ﬁzrthor homogeneous coupling processes. This: ultimately resulted in a chain -

propagation radical "remaon which consecutively led 10 an mcrease in the C

“hydrocarbon yield and/o the formatxdn of aromatics. = s ..
Al the data obtained, faken together made it possible to propose & mactmn_ e

scheme for methane oxidative oouphng over the catalytic systems investigated which - '\

congisted of both homogeneous and heterogenoous chamels for methyl radlcal -

. formation. :

Thus, the -above results showed, that tho methane conversion and the Cz+

product yieid_ were romarkably enhanced by hydrogen perox:tie whxch served as a gas
phase initiator for methyl radical ibnnatmn (presumably by generanon of hydmxyl :
) radiicals). This channel to methyl radncal formation was also 1mpartant for the

conventlonal catalyt:c methane ox:dative couplmg reaction. The presenoe of hydrogen
peroxide iu this reaction led to a degenerate chain-branching reaction in the post

catalytic zone, resulting in the formation of an additional amount of C; hydrocarbons.

/
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