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Oxidative dehydrogenation of ethane and propane over
magnesium—cobalt phosphates,®gs_ . (POy)2
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The magnesium—cobalt phosphates Mag3_ , (POy)2 belonging to the olivine-type structure were synthesized by coprecipitation and
then investigated in the oxidative dehydrogenation (ODH) of ethane and propane. The best yields, with the excepsigh!g$ G Os)-,
were achieved with the compositions ranging betweeq ¥ < 2.5. Magnesium phosphate M@0O,)» displayed no activity and pure
cobalt phosphate G@PCOy)2 was found to be the less active component of the solid solution. Comparison of the catalysts performances
showed that they all have similar activity in ethane and propane ODH, albeit, they are more selective in propylene than in ethylene produc-
tion. The Ca Mgs_, (POy)> solid solution was also studied, for characterization purposes, in butan-2-ol conversion. The samples presented
acid-base properties due essentially to the (PO-H) groups but they do not bear conventional redox centers. All the catalysts were active
at low temperatures in the alcohol dehydration. The dehydrogenation activity versus the phosphates composition displayed two maxima
aroundx = 1 and 2, respectively. Similar striking behavior was also observed in ethane and propane ODH. UV-visible investigations of
Co,Mg3_, (POy)» showed, in agreement with the XRD data, that théCmns are distributed in the phosphate framework between six-
and five-coordinated sites. The cobalt atoms in the five-coordinated sites Co(5) and their Co(5)—-Co(5) interatomic distances were assumed
to play the main role in the C—H bond activation and the appearance of maxima in the activity. Magnesium cations presumably intervene
in acid-base properties of the samples apdaCtivation. Characterization of the samples showed that they do not undergo any noticeable
transformation after the catalytic tests.
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1. Introduction breaking of the C—H bond is probably not the main diffi-

requiring acid sites [1-3]. Among this large family of ma . . | latively low t
terials aluminum phosphate, AIRQis probably the most euterium on app_ropnate catalysts at refatively ow temper-
studied [4,5]. Depending on its composition it might havgtures [16]._The literature also reporteq that transition met-
acid (AP < 1), neutral (Al/P= 1) or basic (Al/P> 1) prop- als ad_sorb light alkanes (e.qg., @Hproducing carbpnaceous
erties. Similar results have been achieved with other phd!EPOSits on the catalyst surface and alkyl species by the re-
phates such as BR®r a-ZrP [6,7]. The acid properties of moval of hydrogep from the hydrocerbon [17.,18]. A subse-

a surface can also be improved by loading it with differefuent hydrogenation of these deposits leads in some cases to
amounts of sulfates, boronz®s, or organic compounds for higher alkanes. Therefore, one may presume that the light
enantioselective hydrogenations [8—11]. The resulting soli@éanes activation does not only depend on the strength of
usually exhibit enhanced catalytic performances. Howevéte C—H bond but also on the composition of the catalyst
despite these technical improvements of the catalysts, the ded its structural features. A variety of phosphates have
scription of the active sites and the understanding of the cheen examined as catalysts for the light alkanes activation
alytic processes requires the use of solids with well defineshd promising results were recently reported in the litera-
structures in order to minimize irrelevant interpretations. ture [13,19].

Selective oxidation and oxidative dehydrogenation of The present study is devoted to the investigation of
light alkanes represent an important economic issue angha catalytic properties of cobalt-magnesium phosphates
§C|ent|f|c challengein heterogeneous catalysis. Several stdgy, Mg;_ . (POu), (0 < x < 3) prepared by coprecipitation
ies have been recently carried out over many phosphofishe oxidative dehydrogenation of ethane and propane. The
based catalysts [12-14]. However, exceptfdiutane con- 4.4 properties and the redox behavior of this solid solution
version to maleic anhydride on vanadium phosphorus O). e 5150 studied in butan-2-ol conversion. Attempts to cor-

ides (VPQ), only few solids exhibited reasonable Selec“Yélate the catalytic activity and selectivity in both reactions

ity .[15].' S_wtable catalytic conditions for_C—H bond aCt"to the structural properties of the samples were undertaken
vation in light alkanes are not as yet entirely known. The

and special attention was given to the catalysts characteriza-
* To whom correspondence should be addressed. tion before and after the catalytic tests.

1011-372X/01/0400-0047$19.50/02001 Plenum Publishing Corporation



48 A. Aaddane et al. / Ethane and propane ODH over Co,Mgs_, (POg)2

Table 1 F(R)
Surface areas of the catalysts ,®g3_,(POy)2 calcined at 550 and
700°C.

X
0 0.5 1 15 2 2.5 3

Area at550C (m?g~1) 57.8 11.8 216 138 9.8 127 9.3
Areaat700C (m?g~l) 83 65 46 73 37 38 2

2. Experimental

Several compositions of the solid solution ,G4gs_,
(POy)2 (with 0 < x < 3) were prepared by copre-
cipitation in agqueous media by adding to a solution of
(NH4)2HPOy stoichiometric quantities of Mg(N$§)2-6H>0
and Co(NQ),-6H,0 separately dissolved in water. The pre-
cipitate was kept under stirring for 1 h and then dried until
the water was completely eliminated. For each compositi@iyure 1. UV-visible spectra of Gdgsz_, (POy)2 (0 < x < 3), samples
(x =0,05,1, 15,2, 2.5 and 3), the resulting material was calcined at (a) 550 and (b) 76C.
heated overnight at 30, then submitted to repeated cy- . .
cles of grinding and sintering at 550 and 7@ 3. Resultsand discussion

The specific surface areas of the samples calcined ﬁ
550 and 700C were measured using nitrogen adsorption at™

—196°C. The results are reported in table 1. X-ray diffraction patterns of cobalt-magnesium ,Co
X-r.a.y powder dlﬁrqctlon patterns were recorded Oﬂ/lgg_x(PO4)2 (0 < x < 3) phosphates calcined at 76D
a Philips PW 1710 diffractometer using CueK(» = 4re similar to those reported in the literature [20]. Both
0.1542 nm) radiation. _ _phosphates, GOPOs)> and Mg(POy),, are isostructural
Diffuse reflectance spectra were taken with a Perkingyg completely soluble in each other over the entire com-
Elmer (Lambda 9) spectrometer equipped with an integrajasition range. Their structure belongs to the olivine-type
ing sphere and BaS(as the reference. The measurementg,q is mainly built up of (Co,Mg)@ (Co,Mg)Gs and (PQ)
were performed in gcell permitting situ treatments of the o \yhedra shearing comers [21]. The samples calcined at
samples at the desired temperature. . ~ 550°C exhibit a weak level of crystallization. Their purity
Butan-2-ol conversion was performed at 220in a mi- a5 checked by IR spectroscopy and chemical analysis. IR
croreactor operated at atmospheric pressure. The alcof@bctra confirmed the absence of pyrophosphat®AP-
was introduced in the reactor diluted iR, (air) ata par-  groups which are characterized by a P-O—P vibration around
tial pressure equal to.8 x 107 Pa. The total flow rate was 795 cnyl.
equal to 60 cm'min. Prior to the reaction, 50 mg of the  y\.visible spectra of the samples calcined at 56ais-
catalyst were evacuated under a pure nitrogen flow for 2 h@ibyed several bands in the near infrared at 2100, 1700, 1100
300°C. and 900 nm and in the visible region at 450-600 nm (fig-
Oxidative dehydrogenation of hydrocarbons was carrige 1(a)). The assignment of these bands was based on
out at atmospheric pressure, in a quartz U-shaped reg@ge structural properties of GMgs_,(PQs),. Those ap-
tor. The catalyst, with grains ranging in size from 125 tgearing at 2100, 1080 and 580 nm were attributed to the
180um, was placed in the reactor between two quartz-wogl?* ions in octahedral coordination. Those located at
plugs. The composition of the feed was 6 vol% of the alkarnie70o, 900 and 490 nm by comparison with the spectrum
and 3 vol% of Q diluted in nitrogen. The reaction mixtureof [Co(trenMe)CI]Cl were assigned to €bions in a trigo-
was introduced in the reactor at room temperature with a teal environment [22]. The single band centered on 235 nm
tal flow rate equal to 60 cAmin—!. Immediately after, the was attributed to & — Co?* and & — Mg?+ charge
catalyst temperature was linearly increasetdBnin-1) un- transfers. All the spectra of the solid solution showed iden-
til 500 or 550°C. The products were analyzed on Porapak €tal profiles, presumably because the energies of the tran-
columns using two on line gas chromatographs. sitions do not change with the cobalt concentration in the
The absence of external and internal mass transport lisemples. When the phosphates are calcined at@0the
itations was checked varying (i) the gas flow rate versus thgo bands centered at 900 and 1100 nm are better resolved
catalyst mass at constant contact time, and (ii) the convéfigure 1(b)). These bands, as reported in the literature, re-
sion versus the catalyst grain size. The homogeneous resuit from C&* ions located in a trigonal bipyramidal and
tion does not start in the selected experimental conditioimsan octahedral environment, respectively. Their relative
before 600°C. intensities showed a slight tendency of&dons to prefer-
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Figure 2. Rates of butan-2-ol dehydration (a) and dehydrogenation (b) ver- ] ]
sus CqMgs_, (POy), composition at 220C. The samples were calcined Figure 3. Rates of butan-2-ol dehydration (a) and dehydrogenation (b) ver-
’ at 550°C. sus CaMgs_, (POy)2 composition at 220C. The samples were calcined
at 700°C.

ably occupy the five coordinated sites rather than the sixq,snhates exhibit, in the temperature range where butan-2-
coordinated sites. This distribution does not seem to be g a5 converted, a Bransted acidity that participates in the
fected by an increase of €bion concentration in the PhOS- 4ehydration reaction. Beside these acid centers, the system
phate. Neither did the samples, before or after the catalygi§, pears basic sites probably constituted by the negative
runs, exhibit any presence of &oions which are charac- charges located on the oxygen atoms of the POgroups
terized in octahedral environments by d-d transition bandsy on the C&+ cations [26]. It was shown in the liter-

around 400 and 700 nm [23]. ature by EPR technique, in the similar case of CoO-MgO
) solid solution, that superoxo radicals are formed orf‘Co
3.2. Butan-2-ol conversion and spill over M@+ cations [27]. It is probably those 0O

O~ and G species that act as the redox sites in the dehy-

Itwas pointed out that the mechanism of the oxidative dgirogenation to produce methyl ethyl ketone. The amount of
hydrogenation of ||ght alkanes involves redox and aCid—baﬁﬁse Charged oxygen Species varies with the phosphate con-
sites [24]. Investigation of these sites on,®ty3—(POs)2  tent in cobalt and magnesium and consequently modifies the
was carried out using butan-2-ol conversion in presence &talytic properties of the catalysts. The optimal concentra-
O2. The reaction produces butenes by dehydration on agjgns of these active species are probably reached when the
centers and methyl ethyl ketone on basic or redox sites. Figatalysts compositions are aroune= 1 and 2.
ure 2 displays the achieved activity versus the composition at The existence of the maxima of activity reveals, on the
220°C on samples calcined at 550. It shows (figure 2(a)) other hand, a sensitivity of butan-2-ol conversion to the cata-
that the rate of butan-2-ol conversion to butenes goes throygéts composition. As a matter of fact, the Ggs_ (POs)2
a maximum located at = 1, then it decreases and increasesolid solution undergoes modifications of the length of the
again untilx = 3. Mgz(PO)2 is only active in the dehy- Co(5)-Co(5) interatomic distance when the solid solution is
dration reaction while Cf{PQy); is active in the dehydra- enriched with cobalt [28]. If it is assumed that the alcohol
tion as well as in the dehydrogenation. The dehydrogengdsorbs on two adjacent cobalt bearing oxygen atoms the
tion activity shows two distinct maxima for the compositionactivity variations might be then related to the presence on
x = 0.75 and 2.25 (figure 2(b)). When the catalysts are cahe catalysts surface of correctly spaced atoms that can ac-
cined at 700C, the dehydration and the dehydrogenatiotommodate butan-2-ol adsorption and conversion [29]. The
activities also displayed two maxima.at= 1 and 2 (and distance between the,&arbon and the oxygen of the OH
a much higher activity at = 3) (figure 3). The shift of function in butan-2-ol is approximately equal to 3.18 A.
the maxima positions while increasing the calcination tenTherefore, the best catalytic results should be obtained when
perature is probably related to the completion of the samplgsing phosphates that exhibit Co(5)—-Co(5) interatomic dis-
crystallization and the surface atoms organization. At thiances lying around 3.18 A. The experimental results indi-
calcination temperature pure magnesium phosphate is inaate that the compositions= 1, 2 and 3 should have ad-
tive and adsorption of acetic acid or pyridine on it showsquate Co(5)—Co(5) distances (figures 2 and 3). The crys-
that it only possesses weak acid—base sites that disappgelographic positions of cobalt ions in the solid solution
completely after an evacuation above 3825]. However, Co,Mgs_.(POy)2 (0 < x < 3) confirmed thatt = 2 and
enrichment of Mg(PQy)2 with Co leads to catalysts active3 have Co(5)—-Co(5) distances equal to 3.00 and 3.062 A,
in the dehydration and the dehydrogenation. Therefore réspectively [21]. Forr = 1, the structure has not been
might be assumed that all the Nlg. Co, (POy)2 (0 < x < 3) yet resolved and the Co(5)—Co(5) distance is not available.



50

A. Aaddane et al. / Ethane and propane ODH over Co,Mgs_, (POg)2

However, we can reasonably admit that it is superior to 3 Atate for various compositions of Mg, Co, (PQs)» calcined

All the other compositions display Co(5)-Co(5) distancest 550°C are displayed in figure 4. The reaction temper-
inferior to 3 A and consequently low performances. Thiatures investigated are 500 and 580 Magnesium phos-
interpretation of the results assumes that the Co(5)—-CofBate is inactive. However, as its content of?C€dons is
distances on the catalyst surface are identical to that existingreased, the ethylene conversion rapidly increases to reach

in the bulk.

34% forx = 1. It stays around that level with apB4 se-

In view of the complexity and the intriguing character ofectivity approaching 45% until the compositian= 2.5,
the results presented here, all the experiments have beenwkere the conversion becomes 36.6% and the selectivity
produced several times on each composition in order to miéd%. Pure Ce(PO4)2 unexpectedly exhibited a much lower
imize the errors and authenticate the observed phenomeractivity (13%) and a selectivity of 55%. At the reaction tem-

3.3. Oxidative dehydrogenation of CoHg

perature equal to 50 the activity is lower than at 55
but it clearly exhibits two maxima located.at= 1 and 2.5.
Table 2 reports ethane conversion and products selectiv-

Under the experimental conditions used the reactigfy at stationary state versus the phosphates composition at
starts around 45%C and produces only ethylene and €O (ifferent temperatures of reaction and calcination. It shows
The conversions and the selectivities achieved at the steaglyt the activity increases with the reaction temperature. The
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optimal results are achieved when the samples are calcined
at 550°C. Figure 5 displays the ethylene selectivity versus
the catalysts composition at 10% of conversion and differ-
ent calcination temperatures. The curves display two max-
ima located atvr = 1.5 and 2.5. The catalysts calcined at
700°C showed lower performances than at 8360proba-

bly because the specific surface areas of the samples are
lower.

The origin of these unusual maxima was attributed, as
in the case of butan-2-ol conversion, to the composition
and structural changes that the samples undergo when their
cobalt content is modified. As a matter of fact, the bond
length of the five-coordinated cobalt atoms Co(5)-Co(5)
in Mg15Co15(PQy)2 and Mg sCaop5(PQy)2 is equal to
2.980 A, while in MgCe(PQy)> and Ca(PQy); it is equal
to 3.00 and 3.062 A, respectively [21]. The size of the ethane
molecule is 2.44 A [30]. Therefore, the solids that will best
accommodate the bridged adsorption oHg on two ad-
jacent cobalt cations are those presenting the compositions

Figure 4. Ethane conversion (—) and ethylene selectivity (---) versus the= 1.5 and 2.5 (figure 5). This adsorption o$Ks is fol-
Co,Mgs_, (POy), composition. The samples were calcined at350The  lowed by the breaking of one of the C—H bonds to form ad-
reaction temperature wae)(500 and W) 550°C. sorbed alkyl species which can lose another hydrogen and

Table 2
Performance of Mg_, Co, (POy)> in ethane ODH.

X Calcination ~ Reaction temperature 5@ Reaction temperature 58C

temperature  ag Selectivity (%) ag Selectivity (%)

0 (%) G COx (%) & COx
0.5 550 4.0 37.0 63.0 7.1 38.9 64.1
0.5 700 8.6 6.2 93.8 11.0 9.3 90.7
1 550 26.3 29.9 70.1 33.0 44.6 55.4
1 700 8.0 10.3 89.7 9.3 12.2 87.8
15 550 19.3 48.9 51.1 33.6 44.8 55.2
15 700 11.6 39.2 60.8 19.6 47.4 52.6
2 550 21.0 355 64.5 34.6 39.2 60.8
2 700 8.3 30.5 69.5 10.6 24.6 75.4
25 550 22.7 43.1 56.9 36.6 44.4 55.6
25 700 131 40.3 59.7 18.3 58.1 41.9
3 550 10.7 28.9 71.1 13.6 55.3 447
3 700 6.6 18.6 81.4 9.3 32.4 67.6
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Figure 6. Propane conversion (—) and propylene selectivity (---) versus
Co,Mg3_, (POy)2 composition. The samples were calcined at 86&nd
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Figure 5. Ethylene selectivity at 10% of ethane conversion versus the cat- . "
alysts composition. The reaction temperature was®85and the samples 5hd propylene SeleCtIVIty versus the CataIySt composition at

were calcined at (a) 550 and (b) 700. 500 and 550C. The propane conversion displays two max-
ima located att = 1 and 2.5. It also shows that the substi-
then desorb as ethene. The phosphates that have Cofg}ion of magnesium by cobalt in M@gPQs). leads to active
Co(5) bond lengths exceeding 3 A perform low ethylene sand selective phases. The best performances were achieved
lectivity. The cobalt cations located in the six-coordinatedhen the reaction was performed at 380and the catalysts
sites like in the most oxides, are essentially known to exhilite calcined at 55TC.
good combustion and hydrogenolysis properties [31]. Table 3 summarizes the results collected at the stationary
The magnesium cations, as evidenced by the resubgate. Forx = 1 the conversion reaches 33% with selectiv-
participate also in the mechanism of the reaction. Théyjes toward propylene, ethylene and methane that are equal
probably act as the centers that favor the formation of bt 43.8, 6.3 and 1.2%, respectively.
sic oxygen species which capture the hydrogen released byFor a better comparison of the catalysts performances,
the ethane after the cleavage of the C—H bond [27]. Thisopylene selectivity versus the phosphates composition at
synergetic contribution of Mg ions to the catalytic ac- 10% conversion and different calcination temperatures is
tivity was confirmed by a complementary series of experiepresented in figure 7. The shape of this curve differs com-
ments which showed that the substitution of My Zré+ pletely from that obtained for ethylene selectivity in ethane
in the same phosphates family leads tozZrCo,(PQy), ODH (figure 5). It displays only a broad maximum around
compounds which were found totally inactive in the ox77% forx = 2 when the sample is calcined at 580 At a
idative dehydrogenation of the light alkanes in the investtalcination temperature of 70C, this maximum disappears
gated temperature range. This difference might in part bed afterx = 1 the selectivity remains constant for all the
attributed to the fact that the proportion of cobalt in the fivesompositions. Pure G¢POy), has a selectivity around 60%
coordinated sites Co(5) is much lower inZpCo,(PQy), at 10% of conversion.
than in Mg_,Co,(PQy)2. The cobalt cations in the Co(5) The results, as in the case of ethane, seem to indicate that
sites represent around 73-74% in ¢MgCo,(POy), while the reaction is sensitive to the catalysts composition. There-
this proportion in Zp_,Co,(PQy), does not exceed 36-fore, as previously shown, the size of the hydrocarbon mol-
44% [32]. ecule has to be considered in order to understand the exis-
According to the literature, Go ions might exist on the tence of the maxima observed in the activity and propylene
catalysts surface and hence be the source of the catalytics@lectivity. If it is assumed that prior to its dehydrogenation
tivity [33]. However, XPS, magnetic and UV-visible investhe hydrocarbon adsorbs via the hydrogen atofisHCand
tigations of Mg_. Co, (PO4)2 before and after the catalytic C°~H on two adjacent cobalt ions, the interatomic distance
tests did not evidence such species or any noticeable mod#(5)—Co(5) has to be of approximately the same size as the

cation of the phosphates structure. propane molecule [30]. The ethane molecule is smaller than
that of propane (3.27 A) which is larger than any Co(5)—
3.4. Oxidative dehydrogenation of C3Hg Co(5) bond length in Mg_Co,(PQ4)2. The propane, as

a result, will be less sensitive than ethane to the variations
Catalytic behavior of Mg, Co,(PQ4)2 was also investi- of the Co(5)-Co(5) interatomic distances, as shown in the
gated in propane ODH. Figure 6 reports propane conversifigure 7. The cleavage of°GC? bonds would obviously
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Table 3
Activity and selectivity of Mg_, Co, (POy)2 in propane ODH.
X Calcination temperature Reaction temperature®8D0 Reaction temperature 58C
0 ag Selectivity (%) ag Selectivity (%)
(%) G C C COoO (%) G G C CO
0.5 550 13.9 30.2 0.7 0.1 69.0 19.4 34.5 1.5 0.4 63.6
0.5 700 10.6 50.1 1.2 0.1 48.6 11.6 45.3 2.0 0.1 52.6
1 550 28.1 39.9 2.8 0.4 56.9 33.3 43.8 6.3 1.2 48.7
1 700 5.7 52.6 0.7 — 46.7 8.5 50.6 2.4 - 47.0
1.5 550 21.2 55.7 5.2 0.5 38.6 24.3 55.6 6.6 1.6 36.2
15 700 18.3 43.2 2.2 0.2 54.4 24.7 38.9 3.2 0.4 57.5
2 550 23.8 47.5 2.5 0.3 49.7 28.6 46.2 3.8 0.6 49.4
2 700 11.7 50.4 1.7 0.1 47.8 14.4 54.2 2.8 0.3 42.7
2.5 550 23.4 47.9 3.4 0.4 48.3 29.9 42.8 4.4 1.0 51.8
2.5 700 15.0 44.0 2.0 0.3 53.7 24.0 34.6 2.1 0.4 62.9
3 550 13.0 67.7 3.1 0.2 29.0 24.1 51.9 3.3 0.4 44.4
3 700 15.0 28.7 1.3 0.1 69.9 17.7 37.3 1.7 0.2 60.8
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Figure 7. Propylene selectivity at 10% of propane conversion versus the oat- oA al / A
alysts composition. The reaction temperature was°8band the samples 0'2 I . Y
were calcined at (a) 550 and (b) 700. '0 e . ) ) . )
0 05 X 15 2 25 3 x

lead to the production of carbon oxides and methane. This

analysis of the results is inspired by the multiplet theory (b)

formulated by Balandin and illustrated by Somorjai’s studsigure 8. Ratios of ethylene and propylene selectivitifg, { / Sc,-)
ies [34,35]. It emphasises the importance of the “geometkigrsus the catalysts composition at reaction temperatum@s500 and
factor” in the ODH of light hydrocarbons over the catalysts (e) 550°C. The samples were calcined at (a) 550 and (b)°TQ0
investigated.

To underline this influence of the catalysts structure dhat ethylene selectivity becomes superior to that of propy-
the activity and the selectivity, the ratf,— /Sc,— (ethyl- lene only for compositions which exhibit interatomic dis-
ene selectivity/propylene selectivity) was plotted in figure Bnce Co(5)—-Co(5) shorter than 3 A (i.e., for= 1.5 and
versus the phosphates composition. It shows that the n2a5). Propane ODH produces propylene, ethane, methane
jor experimental data collected are located in the domaémd CQ while ethane gives only ethylene and €Qn the
Sc,=/Scs= < 1, confirming that the propane ODH is morecase of propane, the thermodynamic stability of the reaction
selective than that of ethane in terms of alkenes productigmmoducts and the hydrogenolysis properties of the cobalt are
The phenomena is more pronounced when the samples e main factors that lower the ODH performances in the
calcined at 700C than at 550C. It might also be noted specific conditions used.



A. Aaddane et al. / Ethane and propane ODH over Co,xMgs_, (POg)2

4. Conclusion [8]

El

The very stable phosphates of the solid solutionzMg 10]

Co(POy)2 (0 < x < 3) were prepared and found activ
and selective in the oxidative dehydrogenation of ethane an

propane. Performances of this system in propane ODH were
slightly superior to that of ethane. The results interpreté3]
tion was based on the “geometric factor” and the interatomic
Co(5)—-Co(5) distances of the cobalt ions in the phosphi}é
lattice. [15]
Magnesium ions intervene in the mechanism of the reggs)
tions as promoters of the activity. They probably contribufé7]
in the regulation of the basic oxygen species that capture the
hydrogen atoms released by the hydrocarbon. (28]
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