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The process of oxidation of gaseous CH;OH by N,O was carried out over an Ag—
Fe,0;-cenosphere catalyst whose structure can be defined as double shell-core
catalyst. Preparation of the catalyst was carried out in two stages: thermal de-
composition of Fe(CO)s at above 160 °C and then electroless Ag plating. The
process of methanol degradation by N,O was carried out in a fluidized bed reac-
tor. The study confirms that it is possible to achieve complete degradation of N,O
and CH;OH for the obtained catalyst at above 450 °C when the contact time of
the reactants with the catalyst is approximately 6 second and when the substrates
are used in stoichiometric ratios. More than 60% of the hydrogen contained in
CH3OH can be converted to molecular hydrogen at 500 °C with a ratio of
N,O/CH;OH not greater than 0.6 and with a contact time of reactants with the
catalyst of approx. 6 seconds.
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Introduction

Nitrous oxide as a greenhouse gas and an oxidant

Greenhouse gases of anthropogenic origin are the main cause of global climate
change. The first symptoms of these changes are phenomena noted in the recent years: record
average annual temperatures, heat waves, reduction of the surface area of the polar ice cap,
permafrost, and glaciers but also forest fires, violent storms, tornadoes and floods of uncom-
mon scale [1, 2].

After CO, and CHy,, nitrous oxide is the third most abundant GHG which is released to
the atmosphere [3]. Although concentration of N,O in the troposphere is more than a thousand
times less than CO,, N,O is its important component because one molecule of N,O has the same
greenhouse warming power as 298 molecules of CO, [4]. Atmospheric N,O is very stable. It is
estimated that its lifetime in the atmosphere is approximately 120 years [5]. In the strato-
sphere, N,O reacts with ozone. This reaction significantly decreases ozone concentration;
thereby the amount of UV radiation reaching the Earth's surface is increasing [6].

" Corresponding author, e-mail: gabriela.berkowicz@pk.edu.pl



Berkowicz, G., et al.: Catalytic Oxidation of Methanol in the Cencspheric ...
S51232 THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 4, pp. S1231-S1240

Nitrous oxide is released into the atmosphere as a result of the processes of nitrifica-
tion and denitrification occurring in soils and oceans. However, since the beginning of the
industrial revolution, industrial and agricultural activities have resulted in a significant in-
crease in its concentration. Nitrous oxide has increased approximately linearly by about 0.8
ppb per year over the past few decades [7]. Permanent increase in N,O concentration in the
atmosphere resulted in a search for an effective catalytic method of its decomposition [8-18].
The U.S. Environmental Protection Agency reported that in the years 1990-2014, almost 80%
of N,O emitted in the US. had its source in agricultural production (mainly emissions from
the soil and intestinal processes) [19]. It is impossible to reduce N,O contained in this stream.
On the other hand, N,O emissions associated with the industrial activity can be restricted. The
most important industrial processes, which introduce significant amounts of N,O into the at-
mosphere, are the production of adipic acid and nitric acid [20-23]. The other important
sources of N,O emissions include: combustion of fossil fuels, fluidised bed combustion
(FBC), non-catalytic selective reduction (NCSR) of NO,, and using chemicals such as ammo-
nia or urea [24]. The N,O emissions in industrial plants may be reduced e. g. in catalytic re-
duction. Due to its oxidation potential, N,O can be used as an oxidant of other air pollutants
such as simple hydrocarbons, alcohols, aldehydes, ketones, acids, ethers, organic compounds
of chlorine or fluorine [25-27].

In this paper N,O was used as an oxidant of methanol — an example air pollutant.
After CH,4, methanol is the second most abundant organic compound in the atmosphere [28].
The process of catalytic oxidation of methanol enjoys great interest, mainly due to the possi-
bility of hydrogen generation [29-33]. The necessity of rapid removal of heat generated in this
process is the premise for carrying it out in a fluidised bed. Intensive mixing, very good con-
ditions of heat exchange, and good temperature equalization inside the bed should contribute
to finding the temperature at which it will be possible to carry out optimal decomposition of
N,O and CH;OH. An additional advantage of the fluidised bed is its tolerance to dust, which
can be contained in the air used in the process. Being an active metal catalyst in the oxidative
decomposition of methanol, silver was used in the experiments in the form of a catalytic layer
coated on a carrier [34].

Cenospheres as a catalyst carrier

Because the process was carried out in a fluidised bed, it was decided to embed the
catalyst on the surface of fly ash cenospheres. An aluminosilicate sphere filled with gas (N,
CO,) was the core of the active layer of the catalyst. These hollow spherical particles are
formed during the combustion of bituminous coal in pulverized fuel boilers used in the power
industry, and as a fraction of fly ash are retained in electrofilters [35]. Globally, approximately
750 million tons of fly ash per annum are produced, most of which in China [36]. The large
scale of use of coal in energy processes results in large quantities of cenospheres in fly ash,
constituting 0.3-1.5 wt.% [37]. In order to minimize cenospheres impact on the environment,
the method of its application is looking for [38]. Cenospheres can be easily separated from the
other components of fly ash, because of their apparent density of 0.4-0.8 g/cm® [39], which
makes them float on the water surface. Cenospheres are used primarily as fillers. Cenospheres
have a high strength and thermal stability of the mould and thus may be an interesting carrier
on which an active layer of e. g. a catalyst can be deposited. Spherical cenospheres have low
apparent density and therefore can be easily introduced into a fluidised state [40].

Depositing a layer of a catalyst on cenospheres facilitates significant reduction in
density of the target particle of the catalyst. As a consequence, the minimum fluidisation ve-
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locity of grains of the catalyst is reduced and the contact time between fluidising medium and
grains is increased. Previous studies have shown that oxidation of methanol can be successful-
ly carried out on Ag-coated cenospheres having a core-shell structure [41]. It turned out, how-
ever, that the silver deposited on aluminosilicate microsphere is not resistant to abrasion,
which resulted in silver particles of the shell being removed from the fluidised bed.

In this paper, the process of removing CH3;OH and N,O from a gas stream was car-
ried out over an Ag-Fe,Os-cenospheres whose structure can be defined as: core-double shell
catalyst. Studies on the oxidation of CH;OH using N,O seem to be important not only from
theoretical, but also from the environmental point of view.

Experimental part
Catalyst preparation

A schematic diagram of the core-double shell cenospheric catalyst is shown in fig. 1.

The process of obtaining this catalyst was carried out in two stages. First, a uniform layer of

iron was deposited by thermal decomposition of

o, iron pentacarbonyl Fe(CO)s at above 160 °C. In

g, order to ensure uniform iron coating of ceno-

y ; spheres, the process was carried out in a fluidised

4 < 4 bed reactor. Iron pentacarbonyl was decomposed

! according to the reaction: Fe(CO)s — Fe + 5COT

! | [42].

| 2 1 In this manner, 99% vyield of iron deposition

' { process was achieved. The obtained product was

| designated as Fe-Cenospheres. The SEM images of

Fe-coated cenospheres are shown in figs. 2(a) and

2(b). In the SEM pictures, there was a uniform lay-

er of iron covering the almost entire surface of a

T— cenosphere, fig. 2(a). The BSE (backscattered elec-

Figure 1. A schematic diagram of trons) imaging indicated on iron as the only chemi-

Ag-Fe;O5-conosphere catalyst; cal component of coating. The XRD and ICP

%‘gas'f'”ed interior of cenosphere, methods confirmed the presence of metallic iron on
— glassy matter (160-200 um in diameter and . .

2-5 um in thickness), 3 — Fe,0; coating, the surface of cenospheres, fig. 3, and determined
4 — silver coating that the resulting material contains 18 wt.% Fe.

In the second step, the method of electro-
less plating of silver on the iron coating of Fe-cenospheres was applied. Fe-coated ceno-
spheres were introduced into 130 cm® methanolic solution of silver nitrate (concentration of
0.1 mol/dm®). Reduction of silver was carried out by dropping sodium hypophosphite solution
to achieve three-fold excess of the precipitating agent. Silver precipitation process is de-
scribed by the equation:

2A9N03 + NaH,PO, + H,O — NaH,PO, + 2Ag + 2HN03

Precipitation of silver was carried out at 80 °C. The obtained product was filtered,
dried at 100 °C for 2 hours, and calcined for 1 hour at 140 °C and then for 4 hours at 600 °C.
The SEM images of Ag-Fe,O3-cenospheres were compared with images of Fe-cenospheres in
fig. 2(c). The new shell has of a completely different nature. In fig. 2(c) it can be seen that the
new silver is deposited on cenospheres in the form of granular aggregates. That kind of
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Figure 3. The XRD patterns of Fe-coated cenospheres and Ag-Fe,0s-coated cenospheres

roughened layer is preferred due to increased surface area of the material, which ultimately
will be a catalyst. Backscattered electron (BSE) imaging confirms the presence of Ag and also
Fe and O in the layer of the catalyst. Based on the results of ICP and XRD analyses of the
obtained grains, it was demonstrated that the catalyst contains silver (7.10 wt %) and hematite
(12.51 wt %) and does not contain iron. It proves that the yield of silver coating process is
high and that there is another parallel process of oxidation of iron. The process of silver pre-
cipitation on Fe-coated cenospheres using sodium hypophosphite can be described by the
equation which also takes into account the oxidation of Fe:

10AgNO; + NaH,PO, + 2Fe + 5H,0O — NaH,PO, + 10Ag + 10HNO; + Fe,04

Bowker et al. [43] have demonstrated that hematite also exhibits catalytic activity in
oxidation of methanol. Its presence in the surface layer of the core—double shell catalyst is not
undesirable.

Experimental arrangement

The diagram of laboratory system for continuous monitoring of the process of meth-
anol and nitrous oxide degradation on Ag-Fe,Os-cenosphere catalyst is shown in fig. 4. The
system included: a liquid methanol evaporation node, a chemical reactor with the fluidised
catalyst bed, a dilution node for the post reaction mixture with FTIR analyser. Quantitative
analyseS of CH3;0H, HCHO, N,O, NO, NO,, NH;, CO, CO,, CH,4 C,Hj,, CoH4 CsHg,
(CH3),CO, (CH3),0, CH3COOH, HCOOH, (C;Hs),0, and CH;COC,Hs were carried out us-
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) ing the FTIR analyser equipped with a gas cu-
e e vette heated up to 180 °C. The FTIR analyses of
i - [ composition of the products were performed

5 o with a frequency of 0.2 Hz.
The process of methanol degradation by
4 N,O was carried out in a fluidized bed tubular
reactor having a diameter of 35 mm. In the low-
10 | er part of the reactor, there was a distributor — a
3 il GO glass filter on which 20 g of Ag-Fe,Oz-
cenosphere catalyst was placed. The catalyst
: - bed was heated by external heating element in
1 the range of 250-500 °C at a rate of 5 °C/min.
) The fluidisation process was supported by
sounds emitter with a frequency of 45 Hz. It
facilitated achieving the minimum fluidisation

9

Figure 4. The diagram of laboratory system for

continuous monitoring of the process of velocity at low flow speed of gas [40] and also
methanol and nitrous oxide degradation on prevented formation of channels in the bed,
Ag-Fe,03-cenosphere catalyst; local areas of overheating of the catalyst [41].

1 — glycerin bath, 2 — CH;OH, 3 — N0 in Ny, i - 3 i
4 fluidised bed of Ag.Fé,On.Cenosaheres, Liquid methanol (2-18 cm®/h) and a solution of

5 — heater, 6 — set of temperature regulation, N,O (72 cm3/m|n.) in N (0.6-2 dm_3/m|n.) were
7— regu|at0ry thermocoup|esl 8-PID temperature dosed to the round bottom flask aCt|ng as a node
regulator RE72, 9 — FTIR analyser, 10 — subwoofer, of methanol evaporation and as a mixing cham-
11 —air inlet ber for reagents. The flask was immersed in a
glycerin bath at 140 °C. The flows of gas streams were regulated by mass flow controllers.
The gaseous post-reaction mixture was fed to more than one hundred times larger volume of
air flow, causing a dilution of the mixture to levels which are suitable for FTIR analysis.

Results and discussion

Degradation of N,O and CH;OH under
various molar ratios of reactants

A study of the degradation of methanol and nitrous oxide were carried out by pass-
ing those compounds through the fluidised bed of Ag-Fe,0s-cenosphere catalyst heated from
250 to 500 °C. The process temperature was varied in a continuous manner to maintain a con-
stant temperature rise of 5 °C/min. Based on the results of the FTIR analysis, the molar
steams of CH30H, N,O, CO, CO,, CHy4, and HCHO in the product mixture were calculated.
The remaining components taken into account in the analysis may have occurred at a concen-
tration lower than the detection limit of the analytical method. In addition, the molar flows of
hydrogen and water were calculated from the balance of chemical elements, according to the
following equations:

N0 = Nerson in + Mo in = Nerson out — 2Mco, out T Moo out — Micro
Ny, = 2Nchonin — 2Nch, out — 2Nk 00 out — Nhcro — Mo

The process of mutual degradation of CH3;OH and N,O can be described by equa-
tion, wherein the starting materials used in the proportions of 1 to 3 are decomposed into car-
bon dioxide, water and nitrogen.

CH30H + 3N,0 = CO;, + 2H,0 + 3N,
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Studies of degradation of methanol and nitrous oxide were carried out at different
N,O/CH;OH molar ratios in the range from 0.45 to 3.63. It was found that the degree of
methanol conversion increased with increasing ratio of N,O/CH3OH, fig. 5. Under condition
near to stoichiometry, complete conversion of methanol was obtained at a temperature of ap-
prox. 400 and 450 °C for the experiments in which the ratios of N,O/CH;0OH were equal 3.63
and 2.40, respectively. As methanol content in the stream of substrates increased (i. e.
N,O/CH30H ratio decreased), depletion of the oxidizing agent was evident and methanol was
present in the product stream. When the N,O/CH3OH ratio was equal to 1.44, i. e. when there
was a 2-fold molar excess of methanol, there was 9.5% of unreacted methanol in products at
500 °C. At 500 °C, the lowest degree of N,O conversion of 77.6% was achieved in the exper-
iment with the lowest N,O/CH3OH ratio of 0.45, fig. 5.
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Figure 5. Conversion of substrates and efficiency of formaldehyde and hydrogen, as a
function of temperature and substrate ratio

The degree of N,O conversion remained at a high level in most of the experiments.
Total N,O conversion was usually achieved at over 450 °C, fig. 5. Only during the experiment
in which a molar excess of N,O was used (N,O/CH;OH = 3.63), the total conversion of ni-
trous oxide was not obtained, although it reached 94.9% at 500 °C. During the experiments
with a stoichiometric excess of N,O, there was no CH4 and CO among the products of the
process.

Small quantities of formaldehyde were found in the product stream during all the
experiments. The maximum concentration of formaldehyde was reached in the range of 370-
390 °C. The smaller the ratio N;O/CH3OH, the greater the maximum yield of formation of
formaldehyde, fig. 5. The highest efficiency of formaldehyde of 21% at 370 °C was achieved
for the lowest N,O/CH3OH ratio of 0.45. There is no formaldehyde among the products of the
process above 450 °C. In the processes of removal of methanol from gas, formaldehyde is an
undesirable product, due to its toxicity and carcinogenicity [44].
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With increased share of methanol in the mixture of substrates CO was noted and in-
crease of H, as per balance of elements. These compounds can be formed by the reaction:

CH30H + 2N,O —H, + CO + H,0 + 2N,

When the N,O/MeOH ratio decreased in the range between 3.63 and 0.6, the yield
of H, formation was increased. However, when the N,O/MeOH ratio was 0.45, the H, yield
was not significantly different from the yield obtained when the ratio was 0.6, fig. 5. During
the experiment with the N,O/MeOH ratio equal to 0.45, the hydrogen yield in the temperature
range of 450-500 °C was lower by 15% in relation to the experiment where the ratio was 0.60.
It can therefore be concluded that the experiment with N,O/MeOH ratio of 0.6 is the most
favourable in terms of hydrogen production.

The changes in the yield of hydrogen by changing the contact time of the reactants
with the catalyst were examined at the N,O/CH3;OH ratio of 0.60. Results of the investigations

80 Legend are shown in fig. 6. Changes of contact time
——2.00 L/min N2 were made by regulation of N, flow in the

- — i range of 0.25 to 2.00 L/min, while stream of
&, 60+ __0.45LminN2 N,O had a constant value. In previous exper-
T —— 0.25 L/min N2 iments, the stream of nitrogen was constant
340 and equalled to 0.60 L/min. It was found
° that the reduction of the contact time by in-
> crease of N, flow to the value of 1.04 and
20 2.00 L/min reduced hydrogen yield two and
three times, respectively at 500 °C. Exten-

8 sion of the contact time of the reactants with

the catalyst did not result in a growth of H,
yield. Efficiency of hydrogen generation in

) o the range of the highest test temperatures did
Figure 6. Hydrogen efficiency as a result of a change

in the contact time of the reactants with the catalyst not change for EXpe.r iments in which stream
during degradation of N,O and CH;OH of N, was changed in the range of 0.25-0.6

L/min.

The mechanism of catalytic oxidation depends on the type of the catalyst. It is
known, that both N,O and CH3;OH can be adsorbed reversibly on the silver surface [45, 46].
The adsorbed substrates can interact with each other to form surface methoxy and surface
hydroxy fragments. In addition, adsorbed methanol can undergo dissociation which leads to
formation of surface methoxy and also surface hydrogen. According to Schwaner et al., [46]
there is no dissociation of adsorbed N,O on silver. Taking into account the number of regis-
tered products, the following sequence of reactions is proposed. In the proposed mechanism,
*, means active site of the catalyst:

250 300 350 400 450 500
Temperature [°C]

N,O + * > N,O* (rl)
CH,OH + *-> CHsOH* (r.2)
CH3OH* + NZO* > CH30* +OH* +N> (r3)
CH;OH* + *> CH;0* + H* (r.4)
CH3OH* + OH* = CH;0* + H,0 + * (r5)
2CH;0* 5 2CH,0() + 2H* (r.6)
CH,0 + OH* > HCOO* + H, .7

HCOO* > COy, + OH* (r.8)
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HCOO* »> COz(g) + H* (r.9)
N,O* +CO > COz(g) +N,+* (rlO)
CHsOH* + H* > CHyg + O* (r.11)
2H* > Hyg (r.12)

Additionally, in the case of two layer catalyst (as used here) the Fe,O3 can also act as
an active ingredient. Probably, this p-type oxide plays additional important role in mechanism,
because there are various types of oxygen present on its surface: O, atomic O’, regular O™.
Basically, there are two types of conventional catalysts used for oxidation reactions: metal
oxide and noble metal. Ag-Fe,Os-cenospheres catalyst contains both of the two types of active
compounds.

Conclusions

Cenospheres can be successfully coated with a layer of iron by thermal decomposi-
tion of iron pentacarbonyl in a fluidised bed of cenospheres. The obtained core-double shell
Ag-Fe,03-cenosphere catalyst proved to be active during oxidation of methanol by nitrous
oxide. It is possible to achieve complete degradation of N,O and CH3;OH for the obtained cat-
alyst at a temperature above 450 °C when the contact time of the reactants with the catalyst is
approximately 6 second and when the substrates are used in stoichiometric ratios. The use of
N,O excess makes it is impossible to achieve complete degradation of N,O, but above 450 °C
it is possible to achieve complete conversion of methanol. Then the only products of its con-
version are CO, and H,0. The use of more than double excess of methanol in relation to the
stoichiometry of the reaction prevents total conversion of methanol, but significant amounts
of CO, CH, and H, begin to appear among process products.

More than 60% of the hydrogen contained in methanol can be converted to molecu-
lar hydrogen at a temperature of 500 °C with a ratio of N,O/CH3;OH not greater than 0.6 and
with a contact time of reactants with the catalyst of approx. 6 seconds. Increasing the contact
time does not affect the efficiency of the process. The study confirms that environmentally
harmful nitrogen oxide (1) can be successfully used for oxidation of methanol to purify the air
from vapours of the alcohol.
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