
FULL PAPER
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Methyl radicals radiolytically produced in aqueous solutions
react efficiently with Cr0, Mn0, Fe0, Ni0, Cu0 and Zn0 pow-
ders immersed in the solution. The Cr0, Mn0, Fe0, Ni0 and
Zn0 powders reduce the radicals to form methane. On the
other hand the Cu0 powder seems to oxidize the radicals.
Surprisingly a part of the energy absorbed by the Cr0, Fe0,
Ni0 and Zn0 powders is transferred to the aqueous solution,
thus increasing the radical yield. CH4, C2H4, C2H6, C3H6 and
C3H8 are formed when an aqueous deaerated buffer solution,

Introduction

Extensive use of halogenated aliphatic compounds, as
solvents and degreasing agents in industry, and as pesticides
in agriculture, has led to environmental problems of con-
tamination of groundwater systems. Therefore, there is con-
siderable interest in developing methods for removing halo-
genated organic compounds from industrial and agricul-
tural wastes. Zero-valent iron,[1�11] Fe0, is an effective re-
agent for the dehalogenation process of contaminated water
streams. Despite recent significant progress in the eluci-
dation of this mechanism,[9,12,13] many basic questions re-
main unanswered. The principle goal of our research pro-
gram is a detailed investigation of the dehalogenation
mechanism. The elucidation of this mechanism is of scien-
tific interest and might enable to improve the process.

The mechanism of the dehalogenation process probably
involves in the first stage the reactions:[2,6,14]

Thus, it seemed of interest to study the mechanism of
reaction 2 and the mechanism of the decomposition of the
transient I formed in it. For this purpose it was decided to
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pH 4−5, is added to powders of analytical iron, zinc, mangan-
ese and chromium. The source of these gases is carbon traces
present, as atoms or atom clusters, in the ‘‘analytical’’ metal
powders. These carbon atoms, when present on the surface
of the metals, are reduced by the metal particles in aqueous
solutions. This mechanism might be the source of light al-
kanes and alkenes in the prebiotic era.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

form the radicals R· in the vicinity of iron powder using
radiation chemical techniques. The methyl radical was
chosen due to its simplicity and reactivity as a strong oxid-
izing and reducing agent.[15,16] However blank experiments
revealed that light alkanes and alkenes are formed when
‘‘analytical’’ iron is dissolved in slightly acidic aqueous
solutions. This observation, which partially corroborates an
earlier study,[17] might affect the nature of the final products
obtained and was therefore also studied. For comparison
purposes the analogous processes in the presence of other
metal powders were also studied.

Results and Discussion

Formation of Alkanes during the Dissolution of Analytical
Metals in Aqueous Solution

Light alkanes and alkenes are formed when analytical
iron is dissolved in He-saturated, CO2-free, slightly acidic
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Figure 1. Yield of alkanes and alkenes in the gas phase: 10 g Fe0,
2.5 mL 0.5  acetate buffer pH 4.0 or 10 g Fe0, 2.5 mL 0.1  phos-
phate buffer pH 4.0; t � 3 h, T � 25 °C

buffers. Typical results are summed up in Figure 1. The
major product is always methane. The results suggest that
the nature of the buffer slightly affects the relative yields of
the different products. The larger methane yield in the acet-
ate buffer is tentatively attributed to the larger buffer ca-
pacity of acetate at this pH.

As, at least in the phosphate buffer, the source of the
organic gases has to be the iron, an analysis of the carbon
content of the iron powder was performed. Indeed the re-
sults point out that the carbon/carbide content of the ana-
lytical iron is 450 ppm by weight, though this is not men-
tioned in the analytical data given by Merck. As expected,
analysis of the iron ions formed indicates that over 95% of
the iron is present as FeII

(aq) and not as FeIII
(aq). The yield

of H2(g), not shown, is very similar to that of FeII
(aq) and

corroborates the previous observation.
Analysis of the time dependence of the process shows

that no induction period is observed and the product gases
are formed within the first 20 min of the process, during
which the pH at the metal surface presumably increases
thus stopping, or slowing down, the process. The obser-
vation that the process is over within the first 20 min could
alternatively suggest that the carbon atoms are present only
at the surface of the iron particles. In order to check this
possibility, the iron powder was activated in sulfuric acid
(0.1 ) for 30 min, it was then washed with excess distilled
water, and was bubbled with He for one hour. The water
was then removed and the bulb was closed and deaerated
with He before adding the phosphate buffer. After a further

Table 1. The relative yields of the different gases depend on the nature of the metal and of the radiation[a]

Metal Radiation E [V] Carbon [ppm] CH4 [ppm] C2H4 [ppm] C2H6 [ppm] C3H6 [ppm] C3H8 [ppm]

Cr0 � �0.41 3000 30.8 16.9 8 9 �
Cr0 � 28 14 6 8 �
Fe0 � �0.44 450 29 17 11 4.9 3.9
Fe0 � 21 10.1 8 � 3.7
Zn0 � �0.76 40 23.6 � 1.8 � 3.2
Zn0 � 22.2 � 1.8 � �
Mn0 � �1.18 50 87.8 � 5.1 0.4 �
Mn0 � 72.9 � 3.1 � �

[a] All samples contained 10 g of activated metal powder and 2.5 mL of water at pH 4.0, t � 3 hours, radiation dose 480 Gy. No buffer
was added to these experiments.Error limit � 15%.
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Figure 2. pH dependence of the dissolution of iron in phosphate
buffer 0.1 : 10 g Fe0, 2.5 mL phosphate buffer 0.1 ; t � 3 h, T �
25 °C; error limit � 15%

20 min the gas phase was analyzed. The gas composition
and concentrations were the same as in the previous experi-
ments. This result points out that the carbon atoms are pre-
sent in the iron bulk.

The emission of organic gases during the dissolution of
iron powder in slightly acidic aqueous solutions is surpris-
ing. The yield of the organic gases increases with the de-
crease in pH of the solution (see Figure 2). It seemed of
interest to check whether similar results are obtained for
other analytical metal powders. The results obtained are
summed up in Table 1. The results clearly demonstrate that
light alkanes and alkenes are also formed during the dissol-
ution of ‘‘analytical’’ Cr0, Mn0 and Zn0. However, the rela-
tive yields of the different gases depend on the nature of
the metal.

As the main purpose of our research was to study the
mechanism of reaction 2 and the mechanism of decompo-
sition of the transient I formed in it, the influence of radi-
ation on the dissolution process of the metal power was
studied. When the samples (10 g activated metal powder,
2.5 mL water at pH 4.0) are irradiated in a 60Co γ-source
with a dose of 480 Gy, the yield of the alkanes and alkenes
increases somewhat. Typical results are shown in Table 1.
Clearly the radiation enhances the rate of dissolution of the
metals; this might be due to the reactions of the radicals
formed by irradiating the aqueous solutions (see below)
with the metals.

The mechanism of formation of the alkanes and alkenes
probably involves in the first stage one of the following
steps:
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1. Hydrogen atoms adsorbed to the iron particles migrate

to exposed carbon atoms forming

groups.

The migration of the hydrogen atoms is equivalent to that
involved in the formation of H2(g) via the migration of two
hydrogen atoms. The formation of transients containing
Fe�alkyl bonds is analogous to the formation of transient
complexes in the reaction of alkyl radicals with iron()
complexes,[18] and other low valent transition metal com-
plexes,[16] in homogeneous solutions.

2. The iron particles act as microelectrodes charging
negatively the less electropositive exposed carbon atoms
that then reduce the water.

These two mechanisms might contribute in parallel to the
process observed.

In addition, the next step might occur via two mecha-
nisms:

1. Migration of the alkyl groups of

in parallel to hydrogen atom migration, to form

2. The carbon atoms might be dispersed in the metal par-
ticles as C1, C2 and C3, which are then reduced. This
mechanism does not require migration of alkyl groups
which at least for

seems to be difficult.

The results of the study of the mechanism of the reaction
of ·CH3 radicals with metal powders (see below) seems to
suggest that the latter mechanism is more probable. How-
ever the considerably smaller ratios of [CH4]/[C2H4] and
[CH4]/[C2H6] in non-buffered solutions than in buffered
solutions (see Table 2), suggests that the acid-catalyzed het-
erolysis of the metal�carbon σ-bonds[19,20] in the dissol-
ution process of the metal powder, inhibits alkyl migration,
thus increasing these ratios.
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Table 2. Ratio comparison of gas concentrations formed in the dis-
solution process of analytical iron in the presence of a buffer and
in its absence[a]

Presence of buffer [CH4]/[C2H4] [CH4]/[C2H6]

� 9.8 7.1
� 2.1 2.6

[a] Every sample contains 10 g of activated iron powder, 2.5 mL
H2O or 0.1  phosphatebuffer pH 4.0, t � 3 hours, T � 25 °C, No
radiation. Error limit � 15%.

The last step of the mechanism clearly involves the heter-
olysis of the M�C σ-bonds, in an analogous mechanism to
that observed for homogeneously dissolved complexes with
metal�carbon σ bonds.[21�23]

The results clearly demonstrate that whenever the re-
duction of haloalkanes by metals is studied by following
the kinetics of formation of the organic products,[24,25] the
corresponding blank experiments, in the absence of organic
substrates, have to be carried out.

Finally it is tempting to suggest that the production of
alkanes and alkenes via this mechanism might have contrib-
uted to the formation of light organic compounds[26] in-
cluding petroleum,[27] in the prebiotic era. Clearly this
mechanism does not require the harsh conditions required
by many alternative mechanisms.[28]

Reaction of Methyl Radicals

At first the reaction of activated iron powder with methyl
radicals was studied. The results (see Table 3) clearly dem-
onstrate that considerably more CH4 is formed in the ir-
radiated sample containing iron powder than in the sum of
the blank experiments (non-irradiated sample and ir-
radiated sample without iron powder). The gases formed in
the non-irradiated blank experiment are due to the dissol-
ution process of the iron powder, which contains 450 ppm
of carbon by weight. A comparison of the yields of the
gases formed in the irradiated sample containing iron pow-
der and the same non-irradiated experiment (see Table 3),
demonstrates that the C2H4, C3H6 and C3H8 gases formed
in irradiated experiments originate from the dissolution of
Fe0. However the yield of CH4 and C2H6 in this experiment
is considerably larger than that in the non-irradiated experi-
ment. It is suggested that the excess CH4 and C2H6 formed
in the irradiated samples containing iron powder are

Table 3. Emitted gas composition in reaction with (CH3)2SO[a]

Presence of Iron Radiation CH4 C2H4 C2H6 C3H6 C3H8

� � 1598 18 147 4 5.7
� � 45 17 11 3.9 5.7
� � 990 � 122 � �

[a] 10 g activated iron, 2.5 mL solution containing buffer acetate
0.1  and (CH3)2SO 0.05 , pH 4.0, radiation dose 480 Gy, N2O
saturated. Error limit � 15%.
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formed via the mechanism outlined in Scheme 1. It is pro-
posed that the reaction proceeds via the inner-sphere
mechanism, as the formation of CH3

� is endothermic in
analogy to oxidations by hydrogen atoms.[30,31] The forma-
tion of MI�CH3 σ-bonds is analogous to the observed
mechanism of reaction of ·CH3 radicals with a variety of
low valent transition metal complexes.[16,21]

Scheme 1. CH4 and C2H6 formation via reaction of methyl radicals
with iron powder

It is of interest to note that the yield of [CH4] � 2[C2H6]
in irradiated samples containing iron powder is consider-
ably larger than in irradiated samples without iron powder,
by at least a factor of two. This result proves that more
methyl radicals are formed by radiation in the solution con-
taining the iron powder. This result points out that some of
the energy absorbed by the metal powder is transferred to
the aqueous solution or to(CH3)2SO molecules adsorbed to
the powder surface. Energy transfer and charge transfer
from irradiated solids to the solvent or to adsorbed mol-
ecules is a well-known phenomenon in the literature.[32�37]

But the solid systems studied were porous silica, zeolites,
porous glass and clay systems i.e. insulators. Nothing is
known about energy transfer or charge transfer from ir-
radiated metals to adsorbed molecules or to the solution.
Obviously, the present results point out that, surprisingly,
this phenomenon occurs also for iron, i.e. for a metal. This
means that a band gap between the ground state and the
excited state is not required for this process.

The dependence of the yield of CH4 and C2H6 on
(CH3)2SO, in the range 0.02�0.08 , was studied. The re-
sults (not shown) point out that the gas yields are indepen-
dent of (CH3)2SO. This suggests that either the energy is
transferred from the iron to the solution or that even at
the lowest concentration the iron surface is saturated with
adsorbed (CH3)2SO. The latter alternative seems less prob-
able.
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The results are pH independent in the range 4�6. There-
fore it was decided to omit the acetate buffer from the solu-
tions. This action decreases the [CH4]/[C2H6] ratio in the
blank experiments that do not contain iron powder, because
reaction 6 contributes to the methane yield.

When N2O-saturated blank solutions containing only
0.05  (CH3)2SO are irradiated, the methane and ethane
are formed via reactions 7 and 5. Using the radiation dose
480 Gy and k5 one can calculate k7 from the results.

The calculated value of k7 is smaller than the k6 value,
therefore, in the absence of acetate buffer, the contribution
of reaction 5 is larger and the yield of ethane is increased
in comparison to the methane yield.

At the end of all the reactions the FeII and FeIII concen-
trations were measured using a colorimetric method.[39] The
measured concentrations of FeIII ions are negligible [(5 �
0.8) � 10�5 ] compared to FeII [(1.2 � 0.2) � 10�3 ].
The FeII and FeIII concentrations were the same at all pHs
and for irradiated and non irradiated systems. The calcu-
lated concentration of FeII due to reaction 3, which yields
2100 ppm CH4 (see Table 4) in the irradiated system is 1.1
� 10�4 , i.e. within the experimental error of the non-
irradiated sample.

Next it was checked whether the methane is formed via
the reaction:

For this purpose N2O-saturated solutions containing
FeSO4 were irradiated. The results (see Table 5) clearly
point out that reaction 8 involving the Fe2�

aq ions, formed
in the corrosion process, is not the source of the methane
formed in the presence of the iron powder.

Thus the results illustrate that methyl radicals react with
the iron powder to form CH4 and probably some C2H6.
Assuming that all the ethane is formed via reaction 5, i.e.
that reactions 3c and 4 do not contribute to the ethane
yield, one can calculate the apparent rate of reaction 3a
from the known dose rate and k4. Thus k3a � 20 � 10 s�1

and is calculated for this powder.
A considerably larger [CH4]/[C2H6] ratio is observed in

the irradiated samples containing iron powder than in the
blank non-irradiated samples (see Table 4). In the irradiated
samples the density of -CH3 groups bound to the iron par-
ticles is clearly considerably higher than in the blank non-
irradiated experiments. These observations suggest that the
C2H6 formed in the blank experiments does not stem from
the reaction:
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Table 4. The role of metal powder activation and irradiation on the gas yields[a]

Metal Activated Irradiated E0 [V] Carbon [ppm] CH4 [ppm] C2H4 [ppm] C2H6 [ppm] C3H6 [ppm] C3H8 [ppm]

(CH3)2SO � � 500 370
Cu0[a] � � 0.34 560 41 20

� � 17 5.6
� � 44 82
� � 2

Cr0[b] � � �0.41 3000 1500 72 160 32 30
� � 75 19 15 8 7.4
� � 466 28 37
� � 58 13.7 5.3

Fe0[c] � � �0.44 450 2100 63 240 1.2 4
� � 28.4 13 8.6 4.7 5
� � 753 22 85 2.7 1.7
� � 30 20 8.8 8 3.2

Zn0[d] � � �0.76 40 2060 553
� � 12 2.6 1.6
� � 903 150
� � 1.8

Mn0[e] � � �1.18 50 790 90
� � 170 32
� � 780 132
� � 140 8

[a] Composition of the gases formed in the reaction of 10 g activated/ non activated metal powders with 2.5 mL (CH3)2SO 0.05  solution,
pH 4.0, t � 3 hours (radiation dose 480 Gy), T � 25 °C. All samples N2O saturated. Error limit � 15%. Cu0 powder (Aldrich 99%,
�10 µm). [b] Cr0 powder (Alfa Aesar 99.8%, �10 µm). [c] Fe0 powder (Merck 99%, �10 µm). [d] Zn0 powder (Aldrich 98%, �10 µm). [e]

Mn0 powder (Aldrich 99%, 325 mesh).

Table 5. Dependence of gas formation in the presence of Fe2�
aq

ions[a]

Sample composition Irradiated CH4 [ppm] C2H6 [ppm]

FeSO4, (CH3)2SO � 480 190
FeSO4, (CH3)2SO � � �
(CH3)2SO � 500 370

[a] 2.5 mL of N2O saturated solutions containing FeSO4 (5 � 10�3

), (CH3)2SO (0.05 ), pH 4.0, t � 3 hours (radiation dose 480
Gy), T � 25 °C. Error limit � 15%.

i.e. from the migration of -CH3 groups bound to the iron
particle. Thus the results corroborate the suggestion that
the C2H4, C2H6, C3H6 and C3H8 gases formed in the non-
irradiated blank experiments containing iron powder, orig-
inate from small carbon clusters present in the iron metal.

It was interesting to check whether analogous reactions
of methyl radicals also take place with other metal powders.
For this purpose the reactions of Cu, Cr, Zn and Mn pow-
ders with methyl radicals were studied. In addition, the role
of metal powder activation on the gas yields was investi-
gated; the results are summed up in Table 4. The effect of
irradiating metal powders immersed in water at pH 4.0, in
the absence of (CH3)2SO, on the yield of light alkanes is
minor (see Table 1).
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Conclusions

According to the experimental results the following con-
clusions can be drawn:

1. For all metals, except for Cu0 and Mn0, in the {M0,
(CH3)2SO, Ra} system the radiolytic yield of methane is
considerably larger than that obtained in the absence of the
metal powder but the ethane yield decreases, except for the
system containing activated Zn. Thus, the results point out
that under the experimental condition the rate of reaction
9 is considerably higher than that of reaction 5.

2. For all metals except for Cu0, the total radiolytic al-
kane yield, [CH4] �2 [C2H6], in solutions containing
(CH3)2SO and metal powder, is considerably larger than the
sum of the yields of the two blank experiment, i.e. the non-
irradiated solution containing metal powder and the ir-
radiated solution containing only (CH3)2SO without the
metal. This result points out that some energy transfer from
the irradiated metal to the solution or to adsorbed
(CH3)2SO occurs.

3. The addition of copper powder to (CH3)2SO decreases
the total radiolytic gas yield considerably (see Table 4). The
logic explanation for this observation is that methyl radicals
are oxidized by the copper particles. A mechanism for this
process is presented in Scheme 2. It should be noted that
the oxidation potential of ·CH3 radicals is considerably
higher than that of Cu0

(s). Thus, thermodynamically the
methyl radicals can oxidize copper as they oxidize the other
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metals. The copper system is still under investigation and
the yield of the methanol and dihydrogen in the system will
be determined.

Scheme 2. Reaction of methyl radicals with copper powder

4. Activation of the metal powders leads to an increase
in the radiolytic gas yield. In the activation step oxides are
removed from the metal surface, this probably transforms
the metal particle into a stronger reducing agent. Oxides
present on the surface might react via:

thus decreasing the yields of CH4 and C2H6. Neverthe-
less, the activation step does not contribute to an increase
in the radiolytic gas yield in the case of Cu0 and Mn0. The
explanation for the Cu0 system was outlined above. Mn0 is
the strongest reducing metal studied (E0 � �1.18 V) thus,
it probably tends to act only as a reductant.

It seemed of interest to check whether the use of metal
nano-particles, prepared via reduction of the metal ions
with BH4

�,[40] affects the results. The results of these experi-
ments are summed up in Table 6. A comparison of the re-
sults for iron in Tables 4 and 6 reveals that indeed the
smaller particles scavenge a larger part of the methyl rad-
icals thus increasing the methane yield and decreasing the
ethane yield. Furthermore, the total gas yield, [CH4] �
2 [C2H6], is larger for the ‘‘nano’’ particles, that is the
smaller particles induce a larger energy transfer from the
metal to the solution, as expected.

Table 6. Reaction of methyl radicals with synthesized metal pow-
ders[a]

Metal Irradiated CH4 [ppm] C2H6 [ppm]

Fe0 (synth) � 2600 152
� 14

Ni0 (synth) � 25000 606
� 18

[a] Gas product composition in reaction of 10 g activated nano-
particle metal powders with 2.5 mL N2O saturated solution con-
taining 0.05  (CH3)2SO solution, pH 4.0, t � 3 hours (2 h of
radiation, 480 Gy), T � 25 °C. Error limit � 15%.

Finally it should be pointed out that:
1. Methyl radicals which are strong reducing and oxidiz-

ing agents[15,16] oxidize Cr0, Mn0, Fe0, Ni0 and Zn0 pow-
ders. The products of these reactions are methane and the
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corresponding M2�
(aq) ions. The analogous reaction with

Cu0 powders probably yields methanol and dihydrogen.
2. As the radicals formed in the dehalogenation reaction

1 are formed in the vicinity of the metal surface, it is clear
that, since reaction 9 is fast, reaction 1 is followed by reac-
tion 9.

3. The results suggest that if radioactive wastes are stored
as aqueous solutions containing organic materials in metal
containers, the formation of alkyl radicals will contribute
to the corrosion of the container.

Experimental Section

The sources and properties of the metal powders used in this study
are summed up in the footnotes of Table 4. All other chemicals
were of AR grade and were used without further purification. The
water used was deionized water, which was further purified by a
Millipore Milli-Q setup with a final resistivity of � 10 MΩ. The
solutions were deaerated by bubbling with N2O (He was used for
studying alkane formation during the dissolution of analytical met-
als in aqueous solutions) for 15 min using the syringe technique.
Then 2.5 mL of the solution were added to a glass bulb (15 mL)
sealed with a rubber septum containing 10 g of the metal powder,
which was previously activated by H2SO4 (0.1 ) for two minutes
and then washed 7�8 times by 8 mL portions of water. This bulb
was also deaerated by N2O (or He was used for studying alkane
formation during the dissolution of the analytical metals in aque-
ous solutions) prior to the injection of the solution.

After three hours of reaction the gas phase above the metal was
analyzed using an HP 5890 GC fitted with a FID detector (Poro-
paq QS GC column 10Ft 1/8 in, Supelco). The carrying gas was
He (30 mL/min, T � 70 °C). Hydrogen was determined using a
TCD detector (12 mL/min of N2, 40 °C). Some of the samples were
irradiated for two hours, within the three hour time span, in a 60Co
γ source with a dose rate of 4 Gy/min.

The FeII yield was measured using a colorimetric procedure based
on ortho-phenanthroline.[39]

The amount of carbon in the metals was determinate using a Car-
bon-Elementary Analyzer, of LECO.

Metal nanoparticles were synthesized was by reducing MII/MIII
(aq)

ions with NaBH4 in He-saturated aqueous solutions.[40,41]

Formation of Radicals with Ionizing Radiation: When ionizing radi-
ation (γ -radiation) is absorbed by a dilute aqueous solution, the
following initial products are formed:[42]

where the G values are given in parentheses (G values are defined
as the number of molecules of each product per 100 eV of radiation
absorbed by the solution). In concentrated solutions the yields of
the radicals are somewhat higher while those of H2O2 and H2 are
somewhat lower. In N2O-saturated solutions the hydrated electron
is converted into the hydroxyl radical:[43]
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At pH � 3 the solvated electrons will all react with N2O yielding
·OH as the major radical.

Preparation of the ·CH3 Radicals: The methyl radicals were
formed[44] via the following reactions in N2O-saturated solutions:
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