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ABSTRACT

The combustion of methanol was studied in a conical methanol—oxygen flame of fuel-
lean composition (equivalence ratio ¢ = 0.25) burning at atmospheric pressure surrounded
by a flowing argon shield. Oxygen bubbled through liquid methanol contained in two gas
saturators provided a premixed flame of excellent stability and reproducibility. The flame
gas was sampled into a mass spectrometer which was used to detect a variety of naturally
occurring ionic species, both positive and negative. Although the maximum level of ion-
ization in this flame had the rather low value of 5 X 108 ions ml™}, nevertheless concen-
tration profiles were drawn as a function of distance along the flame axis at 17 individual
mass numbers (m/z) for positive ions and 11 for negative ions; that is, whenever an appre-
ciable signal could be detected below 100 amu. The positive profiles in the reaction zone
are dominated by proton transfer processes which indicate that CHO" is the primary ion.
A variety of protonated combustion intermediates and products were detected including
both stable molecules (H20, HCHO, the CH30H fuel, CH2C0, CH3CHO, HCOOH and
possibly CH3OCH3/C2HsO0H) and radicals (C, CH, CH2, HCO, CH20H or CH30, CH3CO
or CH2CHO, and possibly CH300). Chemical ionization by charge transfer is certainly
operative for two species (02 and NO as an impurity) and perhaps others (CH3, O). As
far as the negative ions are concerned, a number of species can be ionized in the reaction
zone by three-body electron attachment and subsequent charge transfer processes (O2
initially, and then O, OH, HO2, HCOO and possibly HCOOO). Some of these negative
ions are sufficiently strong bases to abstract protons from other species in proton transfer
reactions (CH3OH, possibly H202, HCOOH, and perhaps the peroxidic intermediates
HCOOO and HCOOOH). The remaining negative ions detected can be interpreted as clus-
ter ions (OH™ - H20, HO2 - Oz or HO3 - CH30H, CHO3 - H20). All of this ion chemistry
was compared with that observed previously for an analogous fuel-lean methane—oxygen
flame. Many similarities were noted, particularly downstream, for both positive and nega-
tive ions. However, the combustion path leading to formic acid is more prominent in the
methanol flame.

INTRODUCTION

The solution to the vanishing suppiy of retrievable petroleum from the
earth’s crust will probably involve a considerable variety of other energy
sources. Of major interest are those which make use of a renewable or inex-
haustible resource. In many parts of the world, fast-growing poplar or syca-
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more trees constitute a renewable resource which can readily be used to pro-
duce fuel alcohols. The conversion of wood Ca‘fbuuydfate:. O sugars by
enzyme action with subsequent fermentation to ethanol has an overall effi-
ciency of approximately 25% by weight [1]. At the present time in Brazil,
up to 20% of cane alcohol is routinely blended with gasoline for use as a
motor fuel requiring no carburettor modification [2]. Alternatively, meth-
anol can be obtained from the destructive distillation of wood. rar‘aal}y OXi-
dized fuels like alcohols offer additional advantages by way of improved pol-
lution and sooting characteristics.

Thase considerations, and inevitable future interest in alcohols as motor
fuels, provided the motivation for the study of a methanol—oxygen flame
ueSCﬁut:u !.lt:ft: buualuerduxc uuurmduuu d.UUub bllc uuucny.ulg .l.lCul:.ld..l LllCLLl'
istry of combustion can be inferred from the ion chemistry of this flame
which was observed using the technique of flame-ionization mass spectrom-
etry. Comparisons are made with our similar studies of methane—oxygen
flames done previously [3—6]. Information in the literature about methanol

flames is sparse. Ignition delay is longer than that for ethanol [7] and flame

velocities are similar to those for comparable methane flames [8,9]. Spectro-
scopic studies have shown the absence of Swan-band emission for C, [10].
Kinetic mechanisms have been suggested [7]; in one case, comparisons were
made with methane combustion [10].

EXPERIMENTAL

A laminar premixed methanol—oxygen flame was stabilized on a simple
cylindrical quartz burner (2 5 mm i.d. X 9.0 mm o.d.) at atmospheric pressure
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flowing ar
blue reaction zone approximately 0.25 mm thick in the form of a cone some
6 mm high and 3 mm in base diameter with a rounded tip. Pure oxygen (CP
grade) with a volume flow rate V; = 17.0 ml s~! measured at 298 K and typi-
cal room atmospheric pressure P, ., = 740 torr was passed through two gas
saturators in series containing methanol (analytical reagent grade), each fol-
lowed by a commercially available flash arrestor (Matheson 6103) as shown
in Fig. 1. Except for the second flash arrestor, all of this equipment was
submerged in a stirred water bath with the second saturator maintained at
296.2 + 0.3 K such that the saturation vapour pressure of methanol P}
could be maintained at 111 + 2 torr. Additional pure oxygen with a tvmcal
flow rate V; =1.0 ml s™* at 298 K and 740 torr was added downstream to
provide a fuel-lean combustible mixture of equivalence ratio ¢ = 0.250 for

the typical figures given above, caicuiated from the formuia
¢ = P/ (Paten — PRIVII(V, + V2)] @)

where the effective methanol flow rate Vi is 3.00 mi s~! at 298 K and 740
torr from

M = ViP/(Patem — Pr) (2)
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Fig. 1. Premixed methanol—oxygen supply to the burner. The operating temperatures are

Troom > 298 K, T1 = 295.2 K, T2 = 295.7 K and T3 = 296.2 K; variations of T3, T2 and
T3 are each < 0.3 K.

WATER
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For variations in room atmospheric pressure from day to day, ¢ was never-
theless maintained at 0.250 by appropriate changes to V;; that is, the input
mole fractions of methanol and oxygen were maintained at 0.143 and 0.857,
respectively. A computer programme (GASTEMP, Shell Research Limited)
based on JANAF Thermochemical Tables [11] was used to calculate the
adiabatic flame temperature of 2377 K and the corresponding equilibrium
burnt gas composition given in Table 1.

It was noted repeatedly that the premixed gas would not ignite with a
match for ¢ <l 0.245. Therefore, it was just possible to operate a stable flame
near, this flammability limit in a reasonably safe manner without resorting to
heated burner and burner tubes. A sufficient saturation vapour pressure P§;
was obtainable at 296.2 K for ¢ = 0.250. For safety, however, the laboratory
temperature was always maintained above 298 K so that methanol could
never condeunse anywhere in the second flash arrestor, burner tubes or
burner. Since the flame velocity of this fuel-lean flame will increase with
increasing methanol concentration, any condensation of methanol must be
avoided since it would promote a dangerous flash-back condition. It is partic-
ularly important in a set-up of this kind involving gas saturators since the
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TABLE 1

Calculated equilibrium burnt gas composition
Species Mole fraction
O, 0.588

H,O0 0.253

CO, 0.129

OH 0.0199

(s 0.00591

CcO 0.00312

H, 0.00106

H 4.68x 1074
HO, 1.91 x 10-5
(o 8 9.26 X 10~8
HCO 3.75x 107°

volume of explosive premixed methanol—oxygen gas is inevitably rather
large (ca. 800 ml). For added safety, each saturator was protected with its
own flash arrestor. The two efficient saturators shown in Fig. 1, fitted with
fritted glass discs 7 cm in diameter which produce large numbers of small
bubbles, were sufficient to guarantee saturation of the oxygen stream at
296.2 K; the loss of methanol from the second saturator is less than 1 g h™!
compared with more than 13 g h™! from the first saturator. )

The simple burner shown in Fig. 1 was mounted on a motor-driven car-
riage having accurate axial alignment and calibrated drive such that 0.1 mm
along the flame axis corresponded to 1 em on the X-axis of an X-Y recorder.
Details of the flame-ion mass spectrometer have been given previously [3,6].
Very briefly, the flame burned vertically upwards against a pinhole 0.09 mm
in diameter in a platinum—iridium disc welded into a water-cooled stainless
steel flange. The sampling rate was approximately 1 ml s™! at room tempera-
ture and pressure. The gas sample passed into a first vacuum chamber main-
tained near 107* torr by a fast vapour booster pump. The ions were focussed
electrostatically through a 2-mm orifice into a second vacuum chamber
maintained below 8 X 107% torr by a 6-in. diffusion pump and liquid nitro-
gen trap. The ion beam was analyzed by a 6-in. quadrupole mass filter. The
transmitted ion current was collected on a Faraday cage, amplified by a
vibrating reed electrometer (grid leak resistance of 10'! £2) and displayed on
the Y-axis of the X-Y recorder. Thus, the fundamental data consisted of
profiles of ion signal (in mV) for individual ionic species versus distance
along the flame axis, z. Positive or negative ions could be detected by revers-
ing the polarity on all electrodes.

Calibration measurements have shown that approximately 20% of the ions
entering the sampling pinhole reach the mass filter. Profiles could be drawn
for ionic species having maximum concentrations in the reaction.zone as
small as 5 X 10° ions m!™!. Simultaneously with the tracing of each ion pro-
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file, the flame pressure profile derived from an ionization gauge in the
second vacuum chamber was drawn on a second X-Y recorder. The pressure
-profile showed a sharp bend corresponding to the downstream tip of the
luminous reaction zone, and provided a reproducible origin (=2 = 0) in the
flame for the distance scale of the ion profiles.

RESULTS AND DISCUSSION
Spurious ion profiles from flash arrestors

Before going any farther, it is worth mentioning a troublesome phenome-
non which may be encountered by other workers. The commercially avail-
able flash arrestors (Matheson 6103) contain a spring-loaded check valve fol-
lowed by a small-diameter copper cooling coil. For gas flow rates >10 stan-
dard ml s™! (up to the highest values used of 30 ml s™*), the check valve gave
rise to stable oscillations in the frequency range 250—500 Hz depending on
the flow rate. The frequency is easily ascertained from the pitch of the musi-
cal note heard when a length of tubing connected to the flash arrestor is
placed near the experimenter’s ear. Both flash arrestors exhibited similar
behaviour.

The effect on the ion profiles was dramatic. Figure 2 shows CHO; pro-
files at 45 amu traced minutes apart with, and without, oscillations at 440
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Fig. 2. The effect on a typic il flame-ion profile of oscillations in the second flash arrestor.
The same negative ion profile at 45 amu is shown with oscillations at 440 Hz both present
(dashed curve) and absent (solid curve). L
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Hz in the second flash arrestor. When present, pressure pulses from the oscil-
lations were transmitted through the gas from the flash arrestor to the flame
through the interconnecting tubing where their presence was just discernible
to the eye as a slight fuzziness of the inner bright luminous zone. The effect
was to spread out the reaction zone in space. The double-peaked structure is
expected; the oscillating reaction zone spends more time near its turning
points than in the middle. The distance between the two peaks has been ob-
served anywhere in the range 0.2—0.8 mm. In Fig. 2, the integrated ion sig-
nals represented by the areas under the two curves are approximately equal.
Similar curves were obtained at virtually every mass number where ion sig-
nals could be observed.

We were able to find spatial orientations of these flash arrestors where the
oscillations did not occur if the gas flow was started slowly. Once started,
however, the oscillations would proceed indefinitely and were difficult to
detect. We draw the attention of other workers to this potential problam
since it could easily go undetected while possibly having a deleterious effect.

Total ionization profiles

Before presenting data for individual ionic species, some considerations of
total ion profiles provide a useful background to the discussion. Total posi-
tive and negative ion profiles are given in Fig. 3, and bear a strong qualitative
resemblance to those obtained for a fuel-lean methane—oxygen flame [4]. As
mentioned earlier, the reaction zone extended upstream from z = 0 although
the distance scale was distorted in this region because of the conical flame
geometry. That is, the thickness of the reaction zone through the side of the

- ToraLr FOSITIVE IONS ——— —

TOTAL NEGATWVE IONS --——-

/10N SIGNAL (mV)

— UPSTREAM DISTANCE Z (mm) DOWNSTREAM -—

Fig. 3. Total ionization profiles for both positive ions (solid curve) and negative ions
(dashed curve). -
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bright luminous cone was approximately 0.25 mm. It appears much larger
when sampling along the flame axis, however. With the mass-spectrometric
sampling probe inserted well upstream of z = 0, ions can still diffuse through
the sampling orifice from the inside surface of the truncated luminous cone.
Also, the negative ion profile extends upstream of its positive ion counter-
part in the same manner noted previously [4]. Free electrons from the pri-
mary chemi-ionization process have a high mobility and can diffuse upstream
of the positive ions against the flow by an amount which depends on the
Debye length for the flame plasma in this region; a more detailed considera-
tion of the phenomenon is underway in our laboratory.

The ion density [I'] at a point in the flame was estimated from the total
collection of positive ions on lens elements in the first vacuum chamber
divided by the volume flow rate through the sampling orifice. At the peak of
the positive ion profile, [I'] was estimated to be 5 X 10® ions ml™! at the
flame temperature where the total gas density is 3 X 108 ml~!. This amount
of ionization is rather low compared with a peak density approximately
three times as large measured in a similar fuel-lean methane—oxygen flame
[4,6]. The ratio for these two fuels is in excellent agreement with that mea-
sured by Bulewicz and Padley [12], whose results show that the partially ox-
idized alcohol fuel has a lesser tendency than the corresponding hydrocarbon
to decompose to form CH radicals. The last statement assumes that ions orig-
inate primarily by the chemi-ionization process [12—14]

CH+ O - CHO" +e”~ AH°=-—-17 (3)

whose rate in a flame is probably limited by the production of CH rather
than O atoms. (Empirical formulae for ions will be used throughout, but
structural formulae for neutrals to avoid isomeric ambiguities. Standard
heats of reaction AH? are quoted at 298 K in kJ mol™1.)

Figure 3 also shows that negative ions achieve a maximum concentration
in the reaction zone just less than one-third of the maximum value for posi-
tive ions. Downstream, the negative ion concentration is surprisingly con-
stant while the positive ions decrease; that is, [I"]/[I"] increases steadily
over a range of several mm. This implies that the net loss of negative ions
through ion—ion recombination, associative detachment and collisional
detachment is small compared with the net loss of positive ions through elec-
tron—ion recombination.

Intermediates in the oxidation/pyrolysis of methanol

Many o .idation studies of fuels have been carried out at comparatively
low temperatures in the range 500—1000 K in glass vessels. In general, flames
burn at considerably higher temperatures without contributions from wall
reactions. In a premixed flame when unburnt fuel approaches the reaction
zone, it suffers a rapid temperature increase before maximum temperature is
reached, and some pyrolysis may precede the actual oxidation processes.
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Even in a fuel-lean flame, large quantities of oxygen may have only a small
effect on the initial pyrolytic decomposition [15]. - )

A considerable bedy of evidence [16—18] suggests that methanol is initi-
ally converted to formaldehyde by reactions possibly involving methyl per-
oxide as an intermediate ’

CH,OH + C, - CH500 + OH AHP® = +268 . )
CH,00 + M -» HCHO + OH +M AH°® = —96.9 (5)
or CH,OH and HO, radicals

CH,O0H + O, > CH,OH + HO, AH® = +204 6)
CH,OH + O, -~ HCHO + HO, AH® =—170 (7)

Reactions similar to the last two involving H-atom abstraction by OH, H or
HO, would give rise to H,O, H, and H,O,, respectively, as intermediates.

The oxidation of formaldehyde has been considered in a number of
reviews [19—21]. At flame temperatures, the major loss of formaldehyde
should involve H-atom abstraction to form formyl radicals, either in a chain-
branching reaction-with nxygen

HCHO + O, > HCO + HO, AH® =+173 (8)
or by radical attack
HCHO + X -» HCO + HX 9)

where X is OH, H or HO,, as mentioned above. In a similar manner, formyl
radicals should be lost by further H-atom abstraction

HCO + O, » CO + HO, AH®=—133 (10)

which has a low activation energy [19] and is therefore preferred over ther-
mal decompositicn

HCO+M~-H+CO+M AH? = +64.0 (@R )
or association

HCO + O, ~ HCO; (12)
Although peroxidic compounds like HCO; might not be expected to play a
major rcle at flame temperatures, they should be mentioned since they are
dominant in certain low-temperature mechanisms. The key species is per-
formic acid ) ’

HCHO + O, - HCOOOH - i - (A3)

HCHO + HCO, » HCO + HCOOOH : 14)
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which may have a variety of decomposition products

HCOOOH -~ HCO + HO, (15a)
- HCOO + OH (15b)
- CO + H,0: (15c)
- HCOOH + O (15d)

As an alternative to eqn. (15d) for the production of formic acid, Hay and
Hessam [22] postulated a source reaction involving HO, radicals

HCHO + HO, -~ HCOOH + OH AH® =—251 (16)

It is unnecessary to list here the various chain termination reactions. Of
major interest, however, is the variety of neutral intermediate species which
may undergo chemical ionization in the flame and subsequent detection in
the flame-ion mass spectrometer. In order of increasing molecular weight,
these include H, O, OH, H,0, CO, HCO, HCHO, CH,0OH (or CH;0), CH;0H,
0,, HO,, H,0,, CO,, HCOO, HCOOH, CH,00, HCO3; and HCOOOH.

Positive ion profiles

Individual ion profiles were recorded at every mass number below 100
amu where an appreciable signal could be detected. In this way, a farnily of
profiles was obtained at 17 mass numbers for positive ions and 11 for nega-
tive ions. These figures do not include a number of profiles clearly attribut-
able to isotopic species involving 3C, D, 0 and '®0. The positive ion pro-
files are shown in Figs. 4-—6. Figure 4 presents species whose signals persist
downstream into the burnt gas including H;O" and its first two hydrates; in
addition, the signals at 32 and 16 amu have peaks in the reaction zone (z <
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Fig. 4. Positive ion profiles which persist downstream into the burnt gas.
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Fig. 5. Positive ion profiles arising from the protonation of stable molecular species in the
reaction zone,

Fig. 6. Positive ion profiles arising from the protonation of radical species in the reaction
zone.

0). The remaining peaks in Figs. 5 and 6 are confined to the reaction zone
and conveniently divide into two groups on a basis of size. It will become
apparent that the large signals of Fig. 5 are due to protonated stable neu-
trals while the small signals of Fig. 6 arise mainly from protonated radi-
cals. Assignments for the mass numbers m/z of these ions are given in Table
2 together with the corresponding neutral species from which the ions are
likely to be formed and the probable chemica? ionization processes. Most of
the ions in Table 2 are consistent with the presence in the flame of expected
neutral intermediates. However, additional comment is warranted in some
cases and will be given in order of increasing miss number.

The CH', CHZ and CH3 profiles shown in Fig. 6 may arise from proton
transfer to C, CH and CH, radicals, respective'y. The low ionization energy
for CH3 of 9.76 eV at 298 K means that a contribution to the CH3 profile
may stem from charge transfer to CHj; radicals. A reasonable mechanism for
the formation of the CH, (x = 1—3) radicals might be the thermal decompo-
sition of methyl peroxide different from that given in eqn. (5)

CH;00+M - CH; + O, + M AF° = +118 17)
followed by sequential H-atom abstraction
CH,(x=3—-1)+OH - CH,_; + H,O (18)

In any event, the presence of CH, (x = 1—3) profiles provides evidence for a



TABLE 2

Mass numbers and assignments of positive ions

Mass number Empirical formula Cecrresponding Probable mechanism

(amu) neutral

13 CH" C Proton transfer

14 CHE CH Proton transfer

15 CH; CH,, CH; Proton transfer, charge transfer

16 o* 0O, O, Charge transfer, rearrangement

19 H;0" H,O Proton transfer

29 CHO" CH + O, see text Chemi-ionization

30 upstream CcH, 0" HCO Proton transfer
downstream NO* NO Charge transfer

31 CH;0" HCHG Proton transfer

32 upstream CH, 0" CH,CH, CH;0 Proton transfer
downstream O3 O, Charge transfer

33 CH;0" CH; OH Proton transfer

37 H;0" - H,O H,O Clustering

43 C,H;0" CH,CO Proton transfer

44 C,H, O isotopes CH5CO Proton transfer

45 C,H;0" CH3;CHO Proton transfer

47 CH;03,C,H,0° HCOOH, Proton transfer

. CH;OCH;
48 CH,4 O, , isotopes CH3 00, see text Proton transfer
55 H;0" - (H20), H,O Clustering

secondary combustion path at flame temperatures which is different from
the expected CH,OH—HCHO—HCO—CO path. _

Formation of CH} at 16 amu is not expected, however, since the proton
affinity PA of CH; has the very low value of 536 + 8 kJ mol~! [11,6], and
CH, is not present to take part in a charge transfer reaction. If this is the
case, the smallest profile in Fig. 4 at 16 amu must arise from O". This profile
is remarkably similar to one observed in a fuel-lean methane—oxygen
flame [3], and may stem from a known secondary channel of the reac-
tion of CH" with oxygen [23]

CH' + 0, > O' + HCO AH® =—18 (19)

In general, the high heat of formation of O" equal to 1565 kJd mol™! at 298 K
makes source reactions difficult to postulate although loss reactions are
rather numerous (see Fig. 6 of r<f. 3).

The smallest profile in Fig. 5 at 29 amu which peaks in the reaction zone
and then persists to some extent downstream can only be due to CHO" ions.
These may be formed by the chemi-ionization reaction (8), by proton trans-
fer to CO whose PA has the low value of 596.6 + 4.2 kJ mol™ at 298 K
[24,6] '

HX' + CO - CHO" + X (20)
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Y +HdCO—> CHO " +Y (21)

or by other ion—molecule reactions involving heavy particle rearrangement
o e 2V D J DU ) PR 5.

such as the hydride ion transfer reaction
CH; + HCHO » CHO" + CH, AH® = —226 (22)

which has a fast rate constant £ = (1.00 = 0.05) X 10”2 ml molecule™! s™! at

208 K {25} The contribution of rnanhnn I‘)n\ will be nna"hmh]o since the

concentration of CO will be low early in the reactlon zZone and ionic species
HX" correspending to neutrals X having PAs less than that of CO (e.g. CO,,
CH,, O,, O, H,) were not detected. The charge transfer production of CHO™
by reaction (21) is difficult to assess. Many of the ions observed in this

roginn have anercics cufficiont to inonize HOO (oo V' onuol ta OHY O
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CH3, O*, CH,0O", O3, etc.) although the nature of their reactlons with HCO is
unknown. Other ion—molecule reactions may contribute to the CHO® signal
in varying degrees. Certainly the contribution of eqgn. (22) to the CHO" sig-
nal will become appreciable if the peak concentration of HCHO becomes

'Iarn'p Downstream, CHOY may be produced by proton transfer via the back-
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wa.rd reaction of
CHO" + H,O = H,0' + CO AH°(forward) = —95 (23)

involving a very large ion signal H,O" and a sizeable neutral concentration for
CO; the viability of this process has been demonstrated previously [5]. Loss
processes for CHO" have already been considered in some detail [3,6] and
are not expected to differ appreciably in this flame. In particular, the role of
CHO" as an initiator of sequential proton transfer reactions which dominate
the ion chemistry in the reaction zone has been emphasized.

The small rising signal downstrearn at 30 amu in Fig. 6 undoubtedly
comes from charge fransfer to NO formed when room air is entirained into
the burnt gas through the argon shield. Although most of the signal at 31
amu can probably be ascribed to protonated formaldehyde, there are fast
reactions involving CH"’ (x = 3—1) with meithanol [26] which can also lead

to this ion such as

A ==
G

CH; + CH;0H — CH,0" + CH, AH® = —247 (24)

For the sharp upstream peak of the profile at 32 amu in Fig. 4, presum-
ably protonated CH,OH (or CH3C) radicals make a major contribution. The
downstream peak occurs in approximate coincidence with the profile max-
ima for H;O" and its hydrates, and the signal then continues on far down-
stream. The behaviour can be explained by O3 in equilibrium with H,O"
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making use of a reaction sequence

H,0' + OH = H,0" + H,0 AH® = +91 (25a)
H,O" + O, = O} + H,0 AHP® = —54 (25b)
H,O" + O, +OH = O} + 2 H,0 AGS300 = +46 (25)

invoked previously for a fuel-lean methane—oxygen flame [3].

No positive-ion evidence was found for either HO, or H,0, even though
the condition PA(CO) < PA(HO,), PA(H,0,) < PA(HCO) (see Table 1 in
ref. 6) would be favorable for their detection. Profiles observed at 34 and
35 amu were entirely accounted for by isotopic contributions from CH;O™;
at 35 amu, the relevant species is CHs'®0". Profiles for the first and second
hydrates of H,O" at 37 and 55 amu are shown separately in Fig. 4 although
they probably form mainly during passage through the cold boundary layer
and expansion cooling at the sampling orifice [27].

Profiles at mass numbers 43, 44 and 45 are not surprising when exother-
mic reactions of radicals like CH, (x = 0—3), HCO and CH,OH with major
stable neutrals such as CH;OH and HCHO are considered. Examples might be

CH, + HCHO -~ CH,CO + H, AH° = —339 (26)
HCO + CH;0H -~ CH;CO + H,0O AH® =-—-107 (27)
CH,OH + HCHO - CH;CHO + OH AH®° =—023 (28)

Certainly CH,CO and CH;CHO, and presumably CH3;CO also, possess high
PA values (see Table 1l in ref. 6) and will readily undergo chemical ioniza-
tion in proton transfer reactions [28]. The detection of these species prob-
ably reflects their high PA values rather than high concentrations. Neverthe-
less, they provide evidence for the existence of neutral condensation reac-
tions not included in the neutral reaction scheme discussed previously.

The second largest profile in the reaction zone is at 47 amu shown in Fig.
5 and is the first to reach a maximum upstream. The logical candidate is
CH;O3 formed by proton transfer to formic acid which has a high PA value
[29,6] and may be produced in reactions like (16d) and (17). A possible,
albeit less likely, alternative is C,H,O" arising from proton transfer to
CH;0OCH; or C,H;0OH, both of which have a PA value even higher than that of
HCOOH [29,6]. Proton transfer from CHO" to all three species has been
studied recently with the York flowing afterglow apparatus which, in the
case of C,H;OH, was accompanied by dissociation at room temperature [28]

C,H,0" - H;0" + C,H, AH® = +136 (29)
Possible source reactions for these C,H;O compounds in the flame
CH;0H + CH; - CH3;0CH; + H AH® = +88.92 (302a)

-» C,H;OH + H AH® = +37.88 (30b)
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tend to be endothermic at 298 K. One of these compounds may be involved
in the downstream foot of the profile at 47 amu. This peculiar feature has
also been observed previously for a fuel-lean methane—oxygen flame [3].

However, the profile at 48 amu shown in Fig. 6 also occurs early in the
reaction zone and would be entirely accounted for by isotopic contributions
from C,H,O" (primarily >C'?CH,0O"). On the cther hand, if formic acid is
involved, only about one-half of the profile at 48 amu would be due to
13CH,03. The logical candidate for the remaining half would be protonated
CH3;00 radicals which should occur early in the reaction zone. Although not
conclusive, the explanation for the profiles at 47 and 48 amu involving
HCOOH and CH;00 is more in keeping with the expected neutral flame
chemistry.

A summary of positive-ion results is given in the final section on conclu-
sions. At this stage, however, it must be apparent that most of the ionic
species in Table 2 stem from chemical ionization of many of the expected
neutral flame species listed at the end of the preceding section.

Negative ion profiles

Individual negative ion profiles are given in Figs. 7 and 8. Each of the five
profiles in Fig. 7 has a sharp maximum in the reaction zone and persists far
downstream where it shows a second broad maximum or plateau; for the
OH™ profile only, a third small peak is evident between the two maxima.
Each of the six profiles in Fig. 8 has a single sharp maximum in the reaction
zone and the signal falls rapidly to zero near z = 0 on the distance axis. In
addition to these eleven profiles, there are a number of tiny signals (<1 mV)
particularly at the higher mass numbers which, although clearly deiectable,
have a signal-to-noise ratio toc small for the measurement of meaningful pro-

NEGATIVE ION SIGNAL (mV]

D&
—UPSTREAM DISTANCE Z (mm) DOWNSTREAM —

Fig. 7. Negative ion profiles whick persist downstream into the burnt gas.
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files. Assignments for the mass numbers of the 11 ionic species are given in
Table 3 together with their corresponding neutrals and the probable chemi-
cal ionization processes.

The case has been made previously [4] that O is the first negative ion
formed by three-body electron attachment to Oz. Charge transfer from O; to
O and OH will be exothermic at all temperatures although direct electron
attachment is also possible. These processes will be operative both upstream

TABLE 3
Mass numbers and assignments of nagative ions
Mass number Epirical formula Corresponding Probable mechanism
(amu) neutral
16 O~ o Charge transfer, attachment
17 OH™ OH Charge transfer, attachment
31 CH30" CH3; OH Proton transfer
32 (053 (07 Attachment
33 HO; HO,,H,0, Charge transfer, proton transfer
35 OH~ - H,0 H,O Clustering
45 CHO; HCOOH Proton transfer
60 CO3 HCOOO, see text Proton transfer, etc.
61 CHO; HCOOOH, Proton transfer, etc.
see text
65 HO: - O, 0O,, CH30H Clustering

HO2 - CH30H
79 CHOs3 - H,O H,O Clustering
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in the reaction zone as well as downstream in the burnt gas. Direct electron
attachment may also be responsible for the small intermediate peak in the
OH~ profile just downstream of z = 0. This intermediate peak occurs in
approximate coincidence with the sharp maxima in the H;O" and its hydrate
profiles. These maxima correspond to a maximum in the free electron con-
centration as is evident in Fig. 3.

Proton transfer involving the abstraction of protons from methyl alcohol
by basic anions

OH™ + CH;0H - CH;0~ + H,0 AH® =—42 (31)
O~ + CH30H - CH;0™ + OH AH? =—5 (32)
probably outweighs attachment to CH,OH (or CH;0) radicals because of
the very high concentration of CH;OH. The case is less clear for the profile

at 33 amu in Fig. 8, however, since both HO, and H,O, might well be
involved

e+ HO, + M~ HO; + M AH® = —297 (33)
O; + HO. - HO; + O, AH® = —249 (34)
OH™ + H,0, -~ HO; + H,0 ‘AH® =—239 (35)

In either event, the profile provides some evidence for a neutral species
which is not ferthcoming from the positive ion data. The peak at 35 amu,
which can only be due to the OH™ - H,O hydrate, is slightly larger than the
OH ™ peak although most of the hydrate may form during sampling [27]. Un-
like OH™, the hydrate is not observed downstream, however. The largest
negative-ion signal at 45 amu undoubtedly stems from the fact [4,6] that
HCOOH is a sufficiently strong acid such that proton abstraction by even
the very weak base O3 is exothermic

O; + HCOOH — CHO; + HO, AH® =—36 (36)
A number of source reactions for CO3; and CHOj; have been suggested pre-
viously for a methane—oxygen flame including direct reaction with CHO3Z,
fast switching reactions of hydrated cluster ions and three-body association
reactions involving CO and CO; [4,6]1. Also, it was pointed out that the two
ions might equilibrate rapidly by a reaction such as
CHO; + OH = CO; + H,O (37)
In the reaction zone of this methanol—oxygen flame, however, certain neu-
tral peroxidic compounds mentioned in egns. (12)—(15) might provide addi-
tional sources of these ions
OH™ + HCOOOH -~ HCO; + H,0 (38)
OH™ + HCO; -~ CO3 + H,O (39)

Downstream, the late broad maxima in the profiles near z = 2.3 mm at 60
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and 61 amu implies the involvement of CO,. For example, the hydrated OH
observed in the reaction zone might take part in a switching reaction

OH~ - H,0 + CO, » OH™ - CO, + H,0 (40)

where the product ion could rearrange to form the highly stable HCO3 bicar-
bonate ion [30]. Subsequent water clustering to form HCOj3 - H,O would
account for the small profile measured at 79 amu. A similar profile at 78
amu attributable to CO3; - H,O is apparently below the limit of detection.
Finally, cluster ions arising from three-body association reactions with HO3
could account for the profile which peaks early in the reaction zone at 65
amu

HO; + CH;O0H + M - HO; - CH;0H + M (41)
HO; + 0, + M -~ HO; + M 42)

The negative-ion results will be summarized in the final section on conclu-
sions.

Comparison of fuel-lean methanol and methane flames

In many respects, the families of positive and negative ion profiles given in
Figs. 4—8 are remarkably similar to those measured previously for a fuei-lean
methane—oxygen flame [3,4,61. Although the level of ionization is less for
the methanol flame, the relative profile heights for positive ions in the reac-
tion zone decrease in order of mass numbers 33, 47, 43, 31, 45, 15 amu, etc.
(see Figs. 4—6) compared with 43, 33, 47, 31, 45, 15 amu, etc. for the
methane flame. That protonaied methanol at 33 amu is enhanced in the
methanol flame is hardly surpn :mg In other respects, the signal at 47 amu is
enhanced while that at 43 amu is greatly diminished, emphasizing a decom-
position channel in the methanol flame involving HCOOH rather than
CH,CO. In addition to magnitudes, the profile positions in the two flames
are strikingly similar. For example, the profile at 47 amu peaks furthest up-
stream while that at 31 amu peaks furthest downstream in the reaction zone.

For negative ions, profiles are detected at most of the same mass numbers
in the reaction zone of the two flames although the relative magnitudes dif-
fer to some extent. Perhaps the most outstanding feature of the methanol
flame is the degree to which the HCOj3 peak at 45 amu dominates, being
more than five times as large as the sum of the profile magnitudes at all other
mass numbers in the reaction zone. Once again, as was the case with positive
ions, formic acid is emphasized as an intermediate. In fact, starting with the
methanol fuel molecule containing oxygen formic acid is a reasonable prod-
uct for a combustion path such as

CH,OH 3 RH + CH,OH 2 OOCH,OH M on + HCOOH
commencing with H-atom abstraction by a species R. A parallel combustion
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path for methane
CcH, B RH + cH; 2 cH,00 ¥ OH + HCHO

results in formaldehyde rather than formic acid. Finally, the downstream
behaviour in the burnt g.s for both positive and negative ions is very similar
for the methanol and methane flames as expected since the chemical identity
of the fuel will not survive so far downstream.

CONCLUSIONS

This fuel-lean (¢ = 0.250) methanol—oxygen flame has a level of ioniza-
tion of just 5 X 108 ions ml™!, lower by a factor of three than that for a meth-
ane—oxygen flame of even more fuel-lean composition (¢ = 0.21) studied
previously [3,4,6]. To a considerable degree, the positive-ion chemisiry in
the reaction zone is dominated by proton transfer reactions. This model sup-
ports the designation of CHO" as the primary ion. Chemical ionization by
proton transfer indicates the presence of a number of combustion intermedi-
ates and products, both stable molecules (H,O, CO, HCHO, CH.CO,
CH;CHO, HCOOH or CH3;0CH;/C,HsOH) and unstable species including radi-
cals (C, CH, CH,, HCO, CH,OH or CH,0, CH,CO or CH,CHO, and possibly
CH;00). Chemical ionization by charge transfer is certainly operative for
two species (NO, O,) and may be involved in other cases (CHj;, O). However,
the positive ions do not provide any clear-cut evidence for peroxidic com-
pounds.

With regard to the negative ions, a variety of chemical ionization processes
are operative. Three-body electron attachment to O, makes O3 the primary
ion which can charge-transfer to a variety of radical species of higher elec-
tron affinity (O, OH, HO,, HCOO and presumably HCOOOQO). Alternatively,
free electron attachment to any of these species is also possible. The negative
ions so formed should also be thought of as bases (e.g. OH™ is a strong base,
O3 a weak one). They can chemically ionize other species to form negative
ions by proton abstraction from neutra! acids present in the reaction zone
(CH,;OH, possibly H,O,, HCOOH and perhaps the pair of peroxidic acids
HCOOO and HCOOOH). Thus, the negative ions provide some evidence,
albeit inconclusive, for the presence of peroxidic compounds in the flame.
Clustering or three-body association reactions account for the other negative
ions observed.

In many respects, the ion chemistry is very similar to that observed for an
analogous fuel-lean methane—oxygen flame. This is particularly true down-
stream for both positive and negative ions. However, the combustion path
leading to formic acid is favoured in the methanol flame compared with
methane, probably stemming from the initial steps in the combustion of the
oxygen-containing fuel molecule.
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