Methanol Oxidation

S. Yao, X. Zhang, and B. Lu
School of Environment Science and Technology, Tianjin University, Tianjin 300072, China

DOI 10.1002/aic.10450
Published online March 28, 2005 in Wiley InterScience (www.interscience.wiley.com,).

Plasma oxidation of methanol (CH;0H) in oxygen and nitrogen was investigated using
two dielectric barrier discharge (DBD) reactors with or without Al,O; as a catalyst and
using a DC circle-to-plate (CTP) reactor. An AC power supply was used for the DBD
reactors to generate corona discharges. A DC power supply, a 20-MQ resistor, and a
100-pF capacitor were used to yield pulselike discharges. CH;OH was oxidized to
formaldehyde (HCHO), carbon monoxide (CO), and carbon dioxide (CO,). HCHO was
the main product when using DBD reactors and without Al,O;. CO was the main product
when using the DBD reactor with Al,O; and CTP reactor. Al,O; could inhibit CH;0H
further oxidation. The energy efficiency of the DBD reactors decreased with increasing
power input and power density. The energy efficiency of the CTP reactor peaked with 7 g
CH;OH/kWh that was three times as high as that with the DBD reactors at the same
power input. Furthermore, the power density of the CTP reactor was higher than that of
the DBD reactors, implying that the CTP reactor could be used for CH;OH oxidation with
a small discharge space volume. © 2005 American Institute of Chemical Engineers AIChE J, 51:
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Introduction

The abatement technologies for controlling hazardous air
pollutants, such as volatile organic compounds (VOCs), are
becoming increasingly important with respect to consideration
of human health and globe warming. In particular, emission of
VOCs from building materials and indoor furniture in China
has been the focus of increased attention. To reduce emission
of VOCs, thermal incineration with or without catalysts, ad-
sorption, condensation, biofiltration, membrane separation, ul-
traviolet (UV) oxidation, and plasma discharge have become
the center of a number of investigations. In 1997 Vercammen
et al.! reported that plasma discharge technologies are useful
for reducing VOCs at gas flow rates < 1000 Nm%h and
concentrations < 10%. Many types of plasma discharges have
been developed, among which corona discharges are of interest
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because this kind of plasma can be carried at ambient temper-
ature and atmospheric pressure, and at an operation cost lower
than that of thermal incineration.>”'” However, plasma dis-
charge technologies have encountered site-specific constraints
(such as economic considerations) that have limited their com-
mercial availability.'8

Recently, one of the authors developed a pulsed-plasma
discharge for methane conversion using a point-to-point
(PTP) reactor and diesel particulate matter (PM) removal
using a dielectric barrier discharge (DBD) reactor, which
implied that the energy efficiency of the plasma discharges
is related to the structure of the reactor. For methane con-
version, acetylene is the main product conventionally pro-
duced by hydrocarbon partial oxidation at an elevated tem-
perature and followed by rapid quenching. The pulsed-
plasma discharge with a PTP reactor is a rapid heating
process, with a peak power density of about 10° watts per
liter (W/L) of discharge space and rapid cooling, suggesting
that the pulsed-plasma discharge with the PTP reactor is
suitable for conversion of methane to acetylene.'®2° For
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Figure 1. Plasma system for the plasma oxidation of methanol.

PM removal by carbon oxidation, DBD reactors driven by a bottle was held in a 25°C water bath to obtain a certain
pulsed-power supply (to treat a large amount of gaseous gaseous CH;OH concentration. A gas mixture of N,, O,, and
exhausts from diesel engines) have a peak power density of CH;O0H was used. N, was supplied at a rate of 77.3 mL/min,
10* W/L of discharge space.2':?> The types of plasma in which 8.76 mL/min was used for methanol bubbling. O,
reactors and power supplies may influence the energy effi- was supplied at a rate of 21.3 mL/min. CH;OH concentra-
ciency of removal of VOCs from a limited space. In this tion in the gas mixture was estimated to be 1.81%. A direct
study, three types of reactors were used for methanol current (DC) power supply and an alternating current (AC)

decomposition (oxidation), using AC and DC power sup- power supply were used. The AC power supply was used for
plies at room temperature and atmospheric pressure. dielectric barrier discharge (DBD) reactors. The DC power
The mechanism of methanol oxidation in plasmas was sug- supply and a high-voltage capacitor (100 pF) and resistor
gested. (20 MQ) were used to generate a pulselike discharge by the

self-breakdown of the discharge gap. The output powers P
of the power supplies were calculated from the average
output voltage meters and average output current meters
equipped on DC and AC power supplies.

Experimental Setup

Figure 1 shows the experimental systems, which include
three gas flow meters, a CH;OH bubbling bottle, a plasma
reactor, and a power supply unit. The CH;OH bubbling
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Figure 2. Structure of DBD reactor (DBD1). Figure 3. Structure of DBD reactor (DBD2) with Al,O,.
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Figure 4. Structure of CTP reactor.

Power densities P, and P, are defined in Eqgs. 1 and 2 in
W/mL of discharge space volume (V) or in joules per liter of
the gas mixture, respectively

P
Py=—

7 [W/mL] (1)

[W/L] 2

| o

Pp=

where F is the flow rate of the gas mixture in L/s.

Three types of reactors are illustrated in Figures 2—4, in
which corona discharges or pulsed-spark discharges occur.
Two DBD reactors (Figures 2 and 3) primarily consist of a
glass tube inserted between anode and cathode. The dis-
charge zone is limited in the space between the outside
surface of the coil and the inside surface of the glass tube in
the DBD1 reactor (Figure 2) and in the space between the
outside surface of the stainless steel rod and the inside
surface of the glass tube in the DBD2 reactor (Figure 3). A
1.04-g sample of a-Al,O5 particles was filled 7 mm beneath
the stainless rod with an 8-mm bed height in the DBD2
reactor (Figure 3). The properties of a-Al,O5 particles are as
follows: sphere diameter, 2 to 4 mm; surface area, 6.9 m2/g
(BET); hole volume, 3.8 X 10~* L/g; fill density, 980 g/L.
A circle-to-plate (CTP) reactor was mainly made from a
stainless steel tube and stainless steel cap (Figure 4). The
discharge zone in the CTP reactor was the space between the
side cross surface of the stainless tube and the top surface of
the stainless cap. The main factors and discharge conditions
for each reactor are listed in Table 1.

The discharge voltage and cathode discharge current were
measured with a voltage probe (P6015A, Tektronix) and a
current transformer (TCP202, Tektronix), respectively. The
analogue signals from the voltage probe and current trans-
former were recorded with a digital phosphor oscilloscope
(TDS3054B, Tektronix).

All experiments were carried out at atmospheric pressure
and without external heating, except plasma heating.

CH;OH and its oxidation products were analyzed online
with a gas chromatograph (SP-3430, BFRL, Beijing, China),
equipped with a 2-m Porapak-N and a methanizer, before
analysis by flame ionization detector. CH;OH conversion
was calculated using Eq. 3. Carbon products of formalde-
hyde (HCHO), carbon monoxide (CO), and carbon dioxide
(CO,) were found in this study. The carbon balance was
>95%. The selectivity of each carbon product was calcu-
lated using Eq. 4.

CH;OH concentration without plasmas — CH;OH concentration with plasmas

CH;OH conversion = - - X 100% 3
3 CH;O0H concentration without plasmas ? )
Table 1. Main Factors and Discharge Conditions for Each Reactor
Reactor Discharge Reactor Volume Residence Time Power
Type Type (mL) (s) Supply R (MQ) C (pF)
DBD1 Corona 1.35 0.81 AC None None
DBD2 Corona 0.78 0.468 AC None None
CTP Spark 0.028 0.0168 DC 2 100
1560 May 2005 Vol. 51, No. § AIChE Journal
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Figure 5. Waveforms of discharge voltage and cathode
current using DBD2 reactor.

Selectivity of CO, CO,, or HCHO

B moles of CO, CO,, or HCHO formed
B moles of CH;OH converted

100% (4)

The energy efficiency (in g CH;0H/J and g CH;OH/kWh) is
defined as follows

grams of CH,OH converted s~

Na = P [g/J]
grams of CH;OH converted s~
= P X 3.6 X 10° [¢/kWh]
&)
9T
8 -
7%
6
% 3
] 5 L
en E
8 4%
S i
> 3
2
1
0 -
-0.002 0 0.002 0.004 0.006 0.008

Time (s)

Figure 6. Voltage waveform using CTP reactor and DC
power supply.
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Figure 7. Voltage waveform in a pulselike discharge dura-
tion using CTP reactor and DC power supply.

Results and Discussion
Typical waveforms of discharge voltage and current

The typical waveforms of discharge voltage and cathode cur-
rent, using the AC power supply and DBD2 reactor at an average
out voltage and current of 10.4 kV and 0.9 mA, respectively, are
shown in Figure 5. Although there was no obvious drop in voltage
on the sine-wave form of voltage, there were multiple discharge
current pulses that could be found from the waveform of discharge
current. Those multiple discharge current pulses induce the for-
mation of corona discharges in the space between the stainless
steel rod and the glass tube.!!-23.24

In contrast with the DBD reactors, the waveforms of dis-
charge voltage and current using the CTP reactor and DC
power supply, together with a 2-M() resistor and a 100-pF
capacitor, are shown in Figures 6-8, respectively. The dis-
charge gap was broken down at voltage < 8.2 kV, which
resulted in multiple pulselike discharges within the discharge
gap of the CTP reactor. The frequency of those multiple
pulselike discharges was estimated to be 2 to 3 kHz (Figure 6).
After the gap was broken down, a high-voltage oscillation
(about 12 MHz) was found with a duration time of about 0.5 us
(Figure 7). The discharge current wave could be observed
almost in the same time duration with a positive peak current
of 8 A and negative peak current of —16 A (Figure 8).
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Figure 8. Cathode current waveform in a pulselike dis-
charge duration using CTP reactor and DC
power supply.
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Figure 9. Methanol conversion as a function of power
input using various types of reactors.

Methanol oxidation

The conversion of methanol is shown in Figure 9 as a
function of power input. Methanol conversion increased with
increasing power input. Methanol conversion using the CTP
reactor was higher than that using either the DBD1 or the
DBD2 reactor. Methanol conversion using the DBD2 reactor
with Al,O5 was lowest compared with that using other kinds of
reactors at the same power input. When the same DBD2 reactor
was used, however, methanol conversion with Al,O; was lower
than that without Al,Oj; this difference obviously results from
the use of Al,O5;. Al,O; stopped methanol oxidation in the
product stream gases from the discharge part of the DBD2
reactor.

The carbon products from CH;OH oxidation in plasma dis-
charges were found to be HCHO, CO, and CO,. Figure 10
shows the selectivity of each product using the DBD1 reactor
at various power inputs; at 8.1 W power input, HCHO selec-
tivity was as high as 55.5%. With increasing power input,
HCHO selectivity decreased and that of CO and CO, increased.

The selectivity of methanol oxidation products using the
DBD?2 reactor, with or without Al,O;, is shown in Figure 11.
The selectivity of each product without Al,O5 was similar to
that using the DBDI1 reactor, having the following selectivity
order: HCHO > CO > CO,. However, the selectivity order
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Figure 10. Selectivity of each product at various power
inputs using DBD1 reactor and AC power
supply.
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Figure 11. Selectivity of each product at various power
inputs using DBD2 reactor and AC power
supply with or without Al,O,.

with Al,O; was CO > HCHO > CO, at a power input < 18

W, and CO > CO, > HCHO at a power input > 18 W.
The main product of methanol oxidation using the CTP

reactor was CO and CO, at a power input > 10 W (Figure 12).

Mechanism of methanol oxidation

The oxidation of methanol in plasma discharges would in-
clude the decomposition of methanol arising from the electron
impact of electrons in the discharge zone and the oxidation of
methanol in the space downstream from the discharge zone.
The mechanism of methanol oxidation in a gas phase and over
catalysts has been reported. The main reactions are listed in
Eqs. 6-13.25> The gaseous oxidation of CH;OH starts with
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Figure 12. Selectivity of each product at various power
inputs using CTP reactor and DC power sup-
ply.
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dehydration by O and OH (Eqgs. 6 and 7). O and OH also
promote the oxidation of HCHO to CO, by HCO (Egs. 9, 10,
12, and 13). CO formation is attributed to the reaction of HCO
with O,

CH;OH + O = CH,OH + OH (6)
CH;OH + OH = CH,OH + H,0 @)
CH,OH + O, = HCHO + HO, 8)
HCHO + O = HCO + OH ©)
HCHO + OH = HCO + H,0 (10)
HCO + 0, = HO, + CO (11)
HCO + O =H + CO, (12)
CO +OH =H + CO, (13)
0,+e=20+e (14)

0+ 0, =0, (15)
0;+M=0,+0+M (16)
0, + OH = 0, + HO, (17)

O; + HO, = OH + 20, (18)

In this study, O could be produced by plasma discharges (Eq.
14). The lifetime of O radicals [except the metastable state O
(2'D,) with 110 s lifetime that could not form under the
experimental conditions] is on the order of 1075 to 107 5,26
which implies that the O radicals disappeared as the gases
flowed out from the discharge zone of the DBD1 and DBD2
reactors downstream to a distance < 1.36 X 10> mm. This
phenomenon is explained by the facts that CH;OH conversion
without Al,O; was higher than that with Al,O; and that the
residence time of the feed gas in the space between the dis-

o0

Efficiency (g-CH,OH/kWh)
=
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2
0 DBD2 with Al,O,
0 5000 10000 15000
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Figure 13. Energy efficiency as a function of power input
using various types of reactors.
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Figure 14. Energy efficiency as a function of power den-
sity using various types of reactors.

charge zone of the DBD2 reactor and Al,O; was obviously
longer than 10~ s; thus CH;OH oxidation in the downstream
space is attributed not only to the O-radical-related reactions
but also to the ozone (O;)-related reactions.

0O, is formed from the combination of O and O, (Eq. 15). O,
acted as a carrier to yield O and OH (Egs. 16—18)>’—both
radicals play important parts in CH;OH oxidation as described
above.

Energy efficiency of methanol oxidation

The discharge energy efficiencies (7),) of methanol oxidation
at various power densities are illustrated in Figure 13. The CTP
reactor had the highest energy efficiency, 1.5- to threefold that
using the DBDI1 reactor and the DBD2 reactor without Al,O5.
The DBD2 reactor had the lowest energy efficiency as a result
of the inhibition of gaseous CH;OH oxidation with O;. The
discharge energy efficiency of methanol oxidation could also
be illustrated as a function of power density (Figure 14). The
CTP reactor had the highest energy efficiency and highest
power density because of its smallest reaction volume. The
energy efficiency using the DBD1 and DBD2 reactors de-
creased with increasing power density.

Conclusions

CH;O0H oxidation under plasma discharges and various
types of reactors was investigated. CH;OH oxidation is attrib-
uted not only to the O radicals but also, indirectly, to O from
O; or directly by Os.

Al,O5 could accelerate HCHO further oxidation, but inhib-
ited CH;OH oxidation. The energy efficiency with Al,O; was
lower than that without the use of Al,Os.

The CTP reactor had the highest energy efficiency and the
main products were CO and CO,. This type of reactor and the
pulselike plasma discharges would be suitable for CH;OH
oxidation.
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