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a b s t r a c t

Coal-mine gas disaster is one of the most serious coal-mine disasters in China. The main component of
coal-mine gas, methane is chemically stable and very difficult to be degraded by conventional methods.
Hydroxyl radical (�OH), due to strong oxidizing ability and high electro-negativity, is the primary degra-
dation source of atmospheric methane. In the present study, methane degradation using hydroxyl radi-
cals generated by Fenton’s reagent, Fe2+/H2O2, has been carried out in the self-designed bubbling reactor.
The effects of H2O2 concentration, dosage of FeSO4�7H2O and initial pH value on methane removal effi-
ciency were investigated respectively. It has been found that the optimal reaction conditions were
100 mM of hydrogen peroxide, 2.00 mM of ferrous ion and initial pH value of 2.5. Under optimal condi-
tions, the removal efficiency of methane reached 25% after 30 min. The preliminary experimental results
unambiguously demonstrate that the degradation of methane using hydroxyl radicals generated by Fen-
ton’s reagent is feasible.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Coal-mine gas disaster is one of the most serious coal-mine
disasters in China, not only resulting in heavy casualties and tre-
mendous loss of property, but also inducing adverse social impact.
At present, the main technologies for controlling coal gas are phys-
ical methods, such as prediction of gas outburst, mine ventilation
and gas exhaustion (Zhang, 2001). However, due to the complexity
of geological conditions and low gas permeability of coal seams,
many catastrophic gas accidents still frequently occur. Conse-
quently, the present controlling technologies of coal gas are diffi-
cult to assure the safety production of coal mine.
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Coal-mine gas is a kind of clean fuel, meanwhile is the major
source of atmospheric pollution. The main component of coal-mine
gas, methane, is a very important greenhouse gas that needs to be
controlled. Intergovernmental Panel on Climate Change (IPCC) have
reported that compared to carbon dioxide, warming effect of meth-
ane is about 21 times higher than that of carbon dioxide. For a long
time, on the one hand, coal mining in China has promoted the rapid
development of coal industries and guaranteed the energy supply
for the sustaining, high speed and steady development of national
economy. On the other hand, coal mining also has resulted in large
quantity of environmental pollution and coal-mine disasters.
According to a statistic of mining safety field, more than 10 billion
m3 of coal-mine gas cannot be effectively utilized and directly emit-
ted into air, which induces enormous greenhouse effect.

Generally, in coal seams, coal-mine gas mainly occur in form of
free and adsorption phases, most of which are extracted or directly
discharged into atmosphere by the ventilation system during the
coal mining. High content gas in coal seams or released into tun-
nels, are the key factors to result in coal and gas outburst. However,
the chemical reaction activity of methane molecule is very low,
which is difficult to be treated by conventional methods. As a re-
sult, the reducing discharge of coal-mine methane by effective
ways not only can control or prevent coal-mine disasters, but also
can decrease environmental pollution.

Presently, methane emitted into air is mainly degraded through
the atmospheric hydroxyl radicals, soil microorganism and atmo-
spheric loss. In the recent years, Hou et al. (2008) and Chen et al.
(2006) have been devoted to the research of coal-mine gas
degradation by microorganism. The preliminary research results
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of microorganism system demonstrated that coal gas can be
decomposed by adding methane oxidative bacteria into coal sam-
ple. Compared to the microorganism system, hydroxyl radicals in
air have stronger oxidizing ability than methane oxidative bacteria
in soil. Among of 560 Tg methane totally decomposed every year,
about 88% is degraded via the hydroxyl radical oxidation (UNEP,
2001). Moreover, in the field of environmental science, the degra-
dation of air pollutant methane with hydroxyl radicals has been
investigated through basic experiments (Liu et al., 2006) and theo-
retic simulation (Nyman and Clary, 1994). However, as to the
applying hydroxyl radical oxidation on controlling coal gas is still
blank in the field of coal-mine safety.

In general, hydroxyl radicals can be generated by Fenton re-
agent, TiO2 photocatalysis, c-radiolysis, H2O2 and O3 ultraviolet
photolysis, etc. Among of these methods, the advantages of Fenton
process are the simplicity of equipment, mild operating conditions
(atmospheric pressure and room temperature), rapid oxidation
rate, and relatively low cost. Consequently, the goal of this work
was to study the degradation of methane with hydroxyl radicals
generated by Fenton process to explore possible application in
coal-mine gas treatment. The primary factors such as H2O2 concen-
tration, dosage of Fe2+, initial solution pH value, which would influ-
ence the removal efficiency of methane, were investigated in the
self-designed bubbling reactor. The experimental results indicate
that the hydroxyl radicals generated by Fenton reaction have
accomplished the removal of methane under a certain reaction
condition. It has been found that H2O2 concentration, dosage of
Fe2+, and initial pH values have optimal values. Under optimal con-
ditions, the removal efficiency of methane reached 25%. It was
proved to be feasible that the hydroxyl radical oxidation via Fenton
process can be used to decompose coal-mine methane.

2. Materials and methods

2.1. Material and reagents

The hydrogen peroxide solution (30%, v/v) was purchased from
Shanghai Yuanda Peroxide Co., Ltd. (Shanghai, China). Ferrous sul-
fate (FeSO4�7H2O) and perchloric acid were purchased from Shang-
hai Chemical Reagents Co. (Shanghai, China). The standard gas was
purchased from Foshan Kedi Gas Ltd. in China. Deionized-distilled
water was used for preparation of all solutions. Unless noted other-
wise, the concentration of methane gas was 0.026 g/L (3.7%, v/v).

2.2. Experimental setup

A detailed experimental setup to carry out the advanced oxida-
tion reaction in a continuous gas flow reactor system was shown in
Fig. 1. The gas cylinders containing methane, oxygen, nitrogen, and
carbon dioxide were used as reactant gas sources. The reactant gas
was mixed using different mass flow controllers (Advanced
Fig. 1. Schematic diagram of the experimental setup. 1 – Methane cylinder; 2 – O2 cyli
bubbling reactor; 11 – vacuum pump; 12 – GC.
Pollution Instrumentation Inc. Model 700) to form a gas stream.
The gas streams were pre-mixed by a gas blender and a desired
flow rate was controlled at 10.0 L min�1.

The obtained gas stream was introduced into the self-designed
bubbling reactor. The bubbler was a glass aeration head, which
could generate bubbles with 5–10 lm in diameter. The solution
pH was adjusted to the designated value with 10% (v/v) HClO4 solu-
tion. A given amount of FeSO4 solution was introduced before the
H2O2 solution was added. The time upon the H2O2 added was set as
the reaction start time. Meanwhile, in order to ensure the continu-
ous oxidation methane with hydroxyl radicals generated by Fenton
reagent, the mixed gas from bubbling reactor was extracted and
pressurized back into the reactor by using a high-accuracy mine
explosion-proof pump. All the experiments were carried out at
25 ± 1 �C.

The gaseous methane concentration was determined via online
analysis by using Agilent gas chromatograph (6890). According to
the standard curve of concentration, the value of DC/C0 was calcu-
lated and indicated the decomposition efficiency. The measure-
ments were repeated three times for each degradation reaction,
and the experimental error was found to be within ±3%.
3. Results and discussion

3.1. Methane oxidation mechanism

Fenton process is an Advanced Oxidation Process (AOP) known
for more than a century and considered an effective method for
wastewater treatment and indoor air purification (Pignatello
et al., 2006; Kajitvichyanukul et al., 2008). Fenton’s reaction (com-
bination of H2O2 and Fe2+) has been demonstrated to rapidly de-
grade many organic compounds via hydroxyl radicals (�OH), due
to the strong reactivity (second-order rate constants of 107–
1010 M�1 S�1) (Hoigne and Bader, 1975). The Fenton’s reaction gen-
erally occurs in acidic medium at initial pH 2–4 and involves the
steps shown in Eqs. (1)–(8).

Fe2þ þH2O2 ! �OHþ OH� þ Fe3þ ð1Þ
Fe3þ þH2O2 ! Fe2þ þHþ þHOO� ð2Þ
Fe3þ þHOO� ! Fe2þ þHþ þ O2 ð3Þ
Fe2þ þ �OH! Fe3þ þ OH� ð4Þ
�OHþH2O2 ! H2OþHOO� ð5Þ
Fe2þ þHOO� ! HOO� þ Fe3þ ð6Þ
�OHþ �OH! H2O2 ð7Þ
�OHþ organic! productsþ CO2 þH2O ð8Þ
reductantþH2O2 ! O2 þ products ð9Þ

During Fenton reaction, hydrogen peroxide is catalyzed by ferrous
ion to produce hydroxyl radical, which can degrade almost all the
nder; 3 – N2 cylinder; 4 – CO2 cylinder; 5, 6, 7, 8 – rotameter; 9 – gas mixer; 10 –
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organic substrates. However, the rate constant of reaction (1) is
around 63 M�1 S�1 (Kang et al., 2002), while the rate of reaction
(2) is only 0.01–0.02 M�1 S�1 (Martinez et al., 2003). This indicates
that ferrous ions are consumed more rapidly than they are pro-
duced. The hydroxyl radicals can degrade organic compounds
through reaction (8) and hydrogen peroxide can also react with
Fe3+ via reaction (2).
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Fig. 3. Effects of H2O2 concentration on methane removal efficiency by hydroxyl
radical oxidation via Fenton reagent. Experimental conditions: 2.00 mM Fe2+, pH
2.5, T = 25 �C.
3.2. Methane degradation by various processes

Control experiments were carried out to verify whether meth-
ane can be degraded by hydrogen peroxide only, ferrous ion only,
or Fenton process. The experimental results indicated that hydro-
gen peroxide only and ferrous ion only can remove methane about
3% and 2%, respectively. However, Fenton process can degrade 24%
of methane when using 1.50 mM ferrous ion and 100 mM hydro-
gen peroxide at pH 2.5, as shown in Fig. 2. Obviously, methane deg-
radation during the experiments could be attributed to hydroxyl
radical oxidation via Fenton reaction, which makes the Fenton pro-
cess much more efficient than the others.

The intent of this study was to explore the application of hydro-
xyl radical oxidation through Fenton process to degrade coal-mine
methane. Therefore, the parameters affecting the methane degra-
dation by Fenton process, such as the H2O2 concentration, dosage
of FeSO4 and the initial pH values, were evaluated respectively.
3.3. Effects of hydrogen peroxide concentration

Hydrogen peroxide plays the role of an oxidizing agent in the
Fenton reaction. Usually it has been observed that the degradation
percentage of the pollutant increases with an increase in the con-
centration of hydrogen peroxide (Lin et al., 1999). It is the precur-
sor in generating the hydroxyl radicals in the combination with
Fe2+ as shown in Eq. (1). Moreover, hydrogen peroxide can also re-
act with Fe3+ to regenerate Fe2+ as illustrated in Eq. (2). Neverthe-
less, in the presence of excess amount of hydrogen peroxide,
oxidation reaction can be limited by the generation of O2 instead
of hydroxyl radicals and inhibited due to H2O2 consuming hydroxyl
radicals as shown in Eqs. (9) and (5), respectively.

To study the effects of H2O2 concentration on the hydroxyl rad-
ical oxidation for the degradation of methane, 2.00 mM Fe2+ at pH
2.5 was fixed as the initial condition, while H2O2 concentrations
were varied as 5, 10, 20, 30, 50, 80, 100 and 120 mM. The degrada-
tion of methane was shown in Fig. 3. The results indicated that
increasing the initial H2O2 concentration from 5 to 100 mM can
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Fig. 2. Methane removal efficiency by various methods. Experimental conditions:
1.50 mM Fe2+, 100 mM H2O2, pH 2.5, T = 25 �C.
enhance methane removal. When an initial H2O2 concentration
of 5 mM was added, 7% degradation of methane was achieved.
Increasing the initial H2O2 concentration up to 100 mM could de-
grade 25% of methane. The increase in methane removal efficiency
was due to the presence of higher concentration of H2O2, forming
more hydroxyl radicals when reacted with Fe2+. However, decreas-
ing methane degradation efficiency was observed at 120 mM of
H2O2 concentration. The methane removal efficiency was de-
creased from 25% to 23% when hydrogen peroxide concentration
increased from 100 to 120 mM. This decrease was probably due
to the competition of oxidative intermediates with methane on hy-
droxyl radicals. The higher concentration of H2O2 might have fa-
voured the side reaction that scavenged the �OH to form
hydroperoxyl radicals via reaction (5), which has a rate constant
of about (1.2–4.5) � 107 M�1 S�1 (Sun et al., 2007; Watts and Teel,
2005).
3.4. Effects of ferrous ion concentration

Ferrous ion acts as catalyst in the Fenton process. Catalyst con-
centration increases the oxidation rate because iron activates the
hydrogen peroxide to form hydroxyl radicals (Mijangos et al.,
2006). However, ferrous ion can also be scavenger of hydroxyl rad-
icals as shown in Eq. (4) (Pignatello, 1992). In the excess amounts
of ferrous ion, it can react with hydrogen radicals. Then, the hydro-
xyl radicals in the system will decrease and the organic degrada-
tion will also reduce.

To evaluate the effect of ferrous ion, the experiments were con-
ducted on various amounts of ferrous ion as shown in Fig. 4. It can
be seen from Fig. 4 that increasing the Fe2+ concentration from
0.25 to 2.00 mM enhanced the methane removal efficiencies. The re-
moval of methane increased from 6%, 15%, 22%, 24% to 25% when fer-
rous ions were applied from 0.25, 0.50, 1.00, 1.50, to 2.00 mM,
respectively. The increase in methane removal efficiency can be ex-
plained by the rate constant of reaction (1) being 63 M�1 S�1, while
that for reaction (2) is only 0.01 M�1 S�1 (Martinez et al., 2003). This
means that ferrous ions are consumed faster than they are gener-
ated. Accordingly, increasing the Fe2+ concentration promoted the
hydroxyl radical formation through reaction (1) and enhanced the
methane removal via reaction (8). However, the methane removal
decreased to 22% when Fe2+ concentration was increased to
2.50 mM. It might be due to the side reaction between ferrous ions
and hydroxyl radicals through reaction (4), which has a high rate
constant of 3.2 � 108 M�1 S�1 (Kang et al., 2002). That is, some
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Fig. 4. Effects of ferrous ion concentration on methane removal efficiency by
hydroxyl radical oxidation through Fenton reaction. Experimental conditions:
100 mM H2O2, pH 2.5, T = 25 �C.
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available ferrous ion, which did not yet undergo reaction (1), firstly
reacted with the produced hydroxyl radicals owing to the competi-
tive oxidation (Eq. (4)). Thus, the concentration of the hydroxyl rad-
icals that could react with the organic pollutants was reduced.
Moreover, it may be due to the formation of iron complexes via reac-
tion (6). From the study, the optimum initial ferrous ion concentra-
tion for degradation of methane was 2.00 mM.
3.5. Effects of initial pH

According to literature, it was frequently reported that the cat-
alytic decomposition of H2O2 with ferrous ion (Fenton reaction)
can lead to very high efficiency in acid conditions (Lindsey and
Tarr, 2000; Zimbron and Reardon, 2005). Walling and Johnson
(1975) have reported that pH should be in the range 3–5 to reach
maximum organic removal efficiency. Similarly, Wolfgang et al.
(2006) have also reported that in high acid conditions (pH < 3) pro-
tons can function as scavengers for hydroxyl radicals; however, at
low acid medium (pH > 5), the regeneration of Fe2+ catalyst be-
comes difficult because of Fe(OH)3 precipitation.

To examine the influence of initial pH on the efficiency of meth-
ane degradation, a set of experiments at initial pH from 1 to 5 was
carried out, keeping Fe2+ and H2O2 doses fixed to 2.00 mM and
80 mM, respectively. Fig. 5 represents the degradation efficiency
for methane at different initial pH. The highest methane removal
0 1 2 3 4 5
0

10

20

30

M
et

ha
ne

 r
em

ov
al

 e
ff

ic
ie

nc
y 

(%
)

Initial pH value 

Fig. 5. Effects of initial pH value on methane degradation efficiency by hydroxyl
radical oxidation via Fenton process. Experimental conditions: 2.00 mM Fe2+,
80 mM H2O2, T = 25 �C.
efficiency (24%) was found at pH 2.5. As pH was increased from
2.5 to 5, the degradation efficiency decreased from 24% to 10%.
The lowest efficiency was obtained at pH 5, proving that Fe(OH)3

precipitation made the regeneration of Fe2+ ions more difficult
and consequently limited the formation of hydroxyl radicals. At
pH 2 the efficiency of methane removal was lower than that at
pH 2.5, which suggested that the scavenging effect of protons to-
ward hydroxyl radicals started to be more important at high acidic
conditions. Hence, the optimum initial pH for decomposing meth-
ane with hydroxyl radicals generated by Fenton reagent in the
present study was pH 2.5.

Moreover, the effects of varying the flow rate and different com-
ponents of simulated coal-mine gas on the methane degradation
efficiency are under study.

4. Conclusions

In brief, the hydroxyl radical oxidation through Fenton process
is effectively used to decompose methane. H2O2 concentration,
dosage of Fe2+, and initial solution pH value are the primary factors,
which influence the removal efficiency of methane. About 25% of
methane was degraded under the optimized experimental condi-
tions of 100 mM H2O2, 2.00 mM Fe2+, and initial pH value of 2.5
after 30 min. The hydroxyl radical oxidation via Fenton process
can be a feasible and effective technology for actual coal-mine
methane treatment.
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