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This report presents our results in a low-temperature mechanochemical hydrodechlorination process
applied to fly ash coming from a municipal waste incinerator in order to efficiently remove all traces
of PCDDs, PCDFs and PCBs. We found that the most suitable degradation agent is a mixture of metallic
calcium and calcium oxide. A sample of fly ash presenting a TEQ of 5200 pg g�1 was completely detoxified
(no traces of PCDDs, PCDFs and PCBs detected) after ball-milling at 400 rpm over night.

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

The hydrodechlorination processes are a widely investigated
class of chemical reactions with direct application in depollution
treatments of various contaminated substrates with harmful
chemicals such as polychoro-dibenzodioxins (PCDDs), polychloro-
dibenzofurans (PCDFs) or polychlorobiphenyls (PCBs). The past
few years saw, along with the development of the classic types
of activation (thermal, photochemical or chemical), the emergence
of a new panel of useful applications of one of mankind’s oldest
technology, grinding, in what came to be known as mechanochem-
ical processes. In the hydrodechlorination field, these new
activation-type methods started to make their own little niche,
becoming the mechanochemical dechlorination processes (MDP).
These are a series of procedures that are using, along with the con-
taminated substrate, a hydrodechlorination additive, both being
introduced in a ball mill. Among calcium species used in such
MDP, the preferred reagent is by far CaO (Hall et al., 1996; Ikoma
et al., 2001; Zhang et al., 2001; Mio et al., 2002; Tanaka et al.,
2003; Inoue et al., 2004; Aresta et al., 2005; Nomura et al., 2005;
ll rights reserved.
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Yan et al., 2007; Wei et al., 2009), but Ca(OH)2 (Zhang et al.,
2001; Birke et al., 2004), CaCO3 (Tongamp et al., 2008) or CaH2 (Loi-
selle et al., 1997; Monagheddu et al., 1999) were also used. How-
ever, the reported results depend highly on the chosen substrates
for dechlorination. Thus, DDT was almost completely degraded
after a 24 h treatment, in a water-free environment, under N2

atmosphere (Hall et al., 1996), while in the same conditions degra-
dation yields for PVC range from 20% to 80% (Inoue et al., 2004)
(moreover, a molar ratio 1:4 between PVC chlorine and CaO is
needed). For their part, 3- or 4-chloro-biphenyls are also hydrode-
chlorinated in a 99% proportion (Zhang et al., 2001; Nomura et al.,
2005), although a supplement of quartz is added in the milling pro-
cess (increasing thus the amount of final waste).

When it comes to the MDP applied to PCDDs, PCDFs or PCBs, the
reported results in the use of CaO present mixed rates of success.
For instance, Yan and coworkers reported a 60% dechlorination
yield for PCDDs/PCDFs in fly ash from a medical incinerator, after
2 h (Yan et al., 2007), while Nomura et al. in a mechanistic study,
found that the two octa-chlorinated congeners, OCDD and OCDF,
are almost completely dechlorinated after 8 h (Nomura et al.,
2005). A complete degradation of PCBs from transformer oil was
obtained by Birke (Birke et al., 2004), although in this case, along
CaO and Ca(OH)2, a more potent Mg/MeOH reductive system was
used in the MDP. In his study, Monagheddu reported an almost
complete dechlorination of soil samples artificially polluted with
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PCDDs and PCDFs, using CaH2 under an Ar atmosphere (Mona-
gheddu et al., 1999). Pentachlorophenol was completely dechlori-
nated by CaO, but only upon addition of quartz sand (Wei et al.,
2009).

Among the disadvantages of these processes, the necessity of
dry, water-free, conditions as well as operating at higher tempera-
tures or pressures are major set-backs when considering the costs
of an industrial application. Nevertheless, the use of CaO in hyd-
rodechlorination MDP processes found some practical applications
(e.g. the New-Zealander Environmental decontamination or the Jap-
anese Radicalplanet processes), but from the limited data available
on the internet (Noma, 2002; Vijgen, 2002), it appears that the
quantities of CaO are rather high, which is a major setback of these
methods considering the input of Ca ions in waste waters, with a
subsequent increase of their durity.

Calcium as a metal have been never used in such a purpose, in a
mechanochemical process. Although our own procedure for the
hydrodechlorination of PCDDs, PCDFs and PCBs using a mixed, het-
erogeneous system of metallic calcium, Rh/C and an alcohol is an
effective one (Mitoma et al., 2001, 2004, 2006, 2009a,b), in our con-
tinuous search for improvement we decided to explore the niche of
metallic calcium utilization in a MDP and compare the results with
other MDP procedures simultaneously carried out. There is a cer-
tain advantage when working with metallic calcium, compared
to the use of other metals: for instance, the use of sodium is limited
due to its high reactivity; in comparison, metallic calcium is readily
coated with a film of calcium carbonate, making this secondary
group metal easy to handle, but this does not represent any restric-
tion for its use, since this coating will be swiftly crushed during the
MDP.
2. Experimental

2.1. Fly ash characteristic samples preparation

Fly ash (FA) samples were randomly collected, in several differ-
ent days, from a Hiroshima prefecture municipal waste incinerator
(MWI) having a capacity of 30 t d�1 burned domestic waste. Those
samples presented a total content of PCDDs, PCDFs and PCBs rang-
ing from 2100 to 7600 TEQ pg g�1 fly ash. The samples were dried
at 107 �C (Program System Furnace F-120-SP electric oven, Tokyo
Glass TGK Company), sieved and only particles with a diameter
less than 2 mm (about 95% of the initial quantity) were further
used. A thorough mixing in a pot-mill rotation table (100 rpm, NIT-
TO Science Company) to a basic contaminated fly ash completed
the final representative composite sample, with an overall 4000
TEQ pg g�1. From this composite sample, a quantity of 90 g was
drawn and washed with demineralized water through ultrasonica-
tion in an Ultrasonic Multi-cleaner W-118 (Honda Electronics
Company) during 30 min., using a 28, 45 and 100 kHz frequencies
(in cycles of 1 s each), and separated from the aqueous layer
through filtration on a Millipore membrane filter (0.45 lm). The
solid residue was dried in a furnace at 107 �C (to a maximum
moisture content of 1.4%) and subsequently divided in six equal
parts of about 10 g each, representing the starting material for
each MDP (see Section 3).
2.2. General procedure for the planetary ball-milling of solid samples
and analysis of the residue

All reagents were used as purchased, without any prior treat-
ment. All experiments were carried out using a Retsch PM-100 ball
mill, working at 400 rpm and a rotation-to-revolution ratio of 1 to
�2 (doubling thus the inverse rotation force compared to the direc-
tion of the orbital motion). A mixture of fly ash (�10 g) and addi-
tive (ratio 100:1, in weight) was introduced in a 250 mL stainless
steel pot along with 20 stainless steel balls (10 mm diameter).
The milling time in each case was 20 h. After this period, a 1.0 g
quantity of fly ash was then collected and analyzed for PCDDs,
PCDFs and PCBs concentrations. These concentrations, expressed
as TEQ content, were determined according to Japanese standard
regulations in vigor (JIS, 1999a,b). The solid reaction mixture was
poured into 1 M nitric acid and extracted twice using dichloro-
methane under vigorous shaking. After separation from the aque-
ous layer, the combined organic phases were washed with
distilled water until the pH of the aqueous layer became neutral.
The dichloromethane layer was dried on anhydrous MgSO4, then
filtered and concentrated to 10 mL. For measurement of the PCDDs,
PCDFs and PCBs concentration, the GC–ECD analysis conditions
were the following. GC analyses were carried out using a gas chro-
matograph (GC-14B; Shimadzu Corp.) equipped with a 2 m glass
column (i.d. 3.0 mm, column packing: OV-17, 2% Chromosorb
WAW DMCS 80/100), with N2 as the carrier gas. The injection
was performed in a splitless mode. The detector was an ECD
(63Ni 370 MBq, 10 mCi; cell current, 0.05 nA). In the GC program,
the initial temperature of the column was 205 �C (220 kPa).
Respective temperatures of the injection port and the detector
were 230 �C and 250 �C.
3. Results and discussion

We began our investigation with six identical samples. The first
one was submitted alone to MDP in a Retsch PM-100 ball mill,
while the 2nd, 3rd, 4th and 5th portions were likewise subse-
quently submitted to MDP, using as additives metallic Ca, Al,
CaO, respectively a 1:1 mixture of Ca and CaO. The last sample
was mechanochemically treated with metallic Ca and extracted
with a 1:1 mixture of n-propanol and toluene, under ultrasonica-
tion, for 3 h.

Thus, without any prior treatment, the first sample, consisting
of 10.0 g of fly ash with 1.4% determined level of humidity, was
submitted to ball-milling. Starting from a sample with an average
value of 4000 TEQ pg g�1, we observed an increase of this value, to-
tal toxicity becoming, after treatment, 5200 TEQ pg g�1. This exper-
iment was repeated three times, all attempts giving similar results.
These results corroborated some of our unpublished previous re-
searches, when we observed that some of the less toxic compounds
tend to transform in more toxic (and subsequently more resistant
toward hydrodechlorination) congeners. This tendency is con-
firmed by literature data. For example, octachlorodibenzodioxin
(OCDD), which has a TEF of 0.0003 (van den Berg et al., 2006)
can easily be hydrodechlorinated to tetrachlorodibenzodioxin
(TCDD), which has a TEF of 1 (van den Berg et al., 2006) and is more
resistant toward hydrodechlorination (Huang et al., 1996; Lynam
et al., 1998). Indeed, it has been shown that the reactivity and iso-
mer-specific dechlorination pathways of mono- to octachlorinated
dioxin congeners could be described by quantum–mechanical
parameters such as carbon charges and the magnitude of the en-
ergy gap between the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), whereby a smal-
ler gap (which signifies greater molecular reactivity) was associ-
ated with higher chlorinated congeners (Huang et al., 1996;
Lynam et al., 1998).

When metallic calcium was added as an additive in sample 2, no
significant hydrodechlorination occurred. Instead, a slight increase
of the TEQ was recorded (Table 1).

From these detailed data, the decrease of OCDD/OCDF concen-
trations and the slower decrease of lower-chlorinated PCDFs
concentrations or even the increase of lower-chlorinated PCDDs
concentrations are obvious.



Table 1
Direct MDP of fly ash samples without/with calcium.

PCDD/Fs + co-PCBs DXNs init.c Mechanochemical treatmenta

Without added Ca With added Cab

Finalc Decomp. (%)d Finalc Decomp. (%)d

2,3,7,8-TetraCDD 200 360 �80 70 65.0
1,2,3,7,8-PentaCDD 360 1800 �400 890 �147.2
1,2,3,4,7,8-HexaCDD 890 1200 �34.8 830 6.4
1,2,3,6,7,8-HexaCDD 2900 4100 �41.4 3100 �6.9
1,2,3,7,8,9-HexaCDD 1900 3000 �57.9 2300 �21.1
1,2,3,4,6,7,8-HeptaCDD 18 000 25 000 �38.9 26 000 �44.4
1,2,3,4,6,7,8,9-OctaCDD 41 000 29 000 29.3 41 000 0
2,3,7,8-TetraCDF 1100 670 39.1 590 46.4
1,2,3,7,8-PentaCDF 1800 1600 11.1 1900 �5.6
2,3,4,7,8-PentaCDF 3000 2200 26.7 3000 0
1,2,3,4,7,8-HexaCDF 1800 1200 33.3 1500 16.7
1,2,3,6,7,8-HexaCDF 2200 1900 13.6 2200 0
1,2,3,7,8,9-HexaCDF 880 540 38.6 610 30.7
2,3,4,6,7,8-HexaCDF 3600 2400 33.3 3100 13.9
1,2,3,4,6,7,8-HeptaCDF 4400 4700 �6.8 6000 �36.4
1,2,3,4,7,8,9-HeptaCDF 690 900 �30.4 1100 �59.4
1,2,3,4,6,7,8,9-OctaCDF 5600 2900 48.2 5400 3.6

Total (PCDDs + PCDFs + co-PCBs) 360 000 460 000 �27.8 410 000 �13.9

Total TEQ (pg TEQ g�1) 4000 5200 �30.0 4400 �10.0

a GC–ECD analysis, 400 rpm, 20 h.
b Ca/ash = 0.1 g/10 g, balls (£ = 10 mm, 10 pieces).
c pg g�1 total treated ash.
d Percentage, minus (‘‘�’’) means increase.

1328 Y. Mitoma et al. / Chemosphere 83 (2011) 1326–1330
When no additive is added and fly ash is directly submitted to
the ball-milling process (previously to washing), the TEQ tends to
grow (from 4000 pg g�1 up to 5200 pg g�1) – entry 1 in both Tables
1 and 2. We assumed that this process is due to the transformation
of highly chlorinated (octa-, hepta-) derivatives (with lower TEFs)
into medium chlorinated derivatives (tetra-, penta-) with higher
TEF, probably under the influence of some of the mineral compo-
nents of the fly ash. Therefore, we decided to try its removal by
simple washing, operation that we performed under ultrasonica-
tion. Coincidentally, the TEQ of washed samples presented the
same value of 5200 pg g�1: we had to assume that the same pro-
cess occurred during ultrasonication, the ultrasound activation
playing a similar role than mechanochemical activation, in the
braking of less energetic C–Cl bonds in the OCDD/Fs. The severed
chlorine are probably transformed into water-soluble inorganic
forms. The presence of chlorine in the aqueous phase was deter-
mined through Mohr’s titration. Since ultrasonication in water is
a simple method for the elimination of a certain percentage of
the chlorine, we decided to thoroughly wash each sample before
ball-milling it. Thus, all initial samples introduced in the ball-mill-
ing process showed a 5200 TEQ pg g�1 initial concentration (in-
stead of 4000 pg g�1 before washing). We did not find this
detrimental for our research: indeed, the PCDDs, PCDFs and PCBs
congeners now present in the fly ash mixture are of the more toxic
Table 2
MDP of washed fly ash samples.

Entry Starting materials

Fly ash (g) Additive (g)

1a 10.0 –
2 10.0 CaO (0.01)
3 10.0 Ca (0.01)
4 10.0 Al (0.01)
5 10.0 Ca + CaO (0.005 + 0.005)
6b 10.0 Ca (0.01)

a Initial sample, prior to water-washing.
b After the mechanochemical treatment, a 3 h extraction with n-PrOH: toluene (1:1)
nature and more resistant toward hydrodechlorination. The suc-
cess of the decontamination procedure would be therefore more
significant.

Our next step was to add various additives to these washed
samples: metallic Ca, CaO, metallic Al and a mixture 1:1 of metallic
Ca and CaO. The results are summarized in Table 2.

The relatively low degradation yield recorded when using only
CaO (entry 2) is somehow in accordance with previous results re-
ported by Yan et al. (2007). On the other hand, the use of only
metallic Ca (it was introduced in the ball mill as purchased, with
particle size 0.1–2 mm, without any preliminary treatment) did
not prove to be as successful as expected (entry 3). Nevertheless,
compared to the use of another metal, Al, metallic Ca was sensibly
more effective. Finally, the combination of metallic Ca and CaO (en-
try 5) was the most effective, when no traces of chlorinated com-
pound could be detected.

In order to assess the effectiveness of this procedure for future
industrial application, we compared its detoxification yield with
the one for a regular procedure actually applied. Such a classic ap-
proach usually implies a combination of extraction of chlorinated
contaminants in an organic solvent and a thermal or chemical
dechlorination process (EPA, 1994).

Thus, result obtained in entry 3 can be improved if an extraction
is subsequently performed. Indeed, by simply washing with a 1:1
Results (TEQ pg g�1) Degradation yield (%)

Initial TEQ Final TEQ

4000 5200 –
5200 2900 44.2
5200 900 82.7
5200 3300 36.5
5200 Undetectable 100
5200 79 98.5

was performed.
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mixture n-PrOH – toluene, the TEQ values of the already treated fly
ash sample 3 are dropping from 900 pg g�1 to only 79 pg g�1.
Among the solvents we tested (ethanol, n-propanol, toluene), this
mixture gave the best results. This proves that in the case of
MDP with a single additive, an almost total degradation can be
achieved, only if an extraction is performed after ball-milling. In
the same time, a mixture of two additives insures a complete
hydrodechlorination.

Table 3 presents detailed results obtained when using Ca only,
respectively the mixture Ca–CaO. It is obvious that the last is the
most effective, no chlorinated derivatives being detected (if pres-
ent, these compounds were in concentration below the minimal
limit of detection of the standard GC–ECD method used (JIS,
1999a,b)).

According to the theory of MDP (Beyer and Clausen-Schaumann,
2005), such processes take place in a triboplasma state (Heineke,
1984), a state in which free electrons can be easily generated by a
so-called tribo-emission phenomenon (Nakayama, 2006). Materials
have been organized in tribo-electric series (Gady et al., 1998; Ohara,
2003), in which they are ranging from most positive (tendency to
lose electrons) to most negative (tendency to gain electrons). Such
an efficient materials for triboemission of electrons, found in these
tables, are sand, glass or quartz (Hasegawa et al., 1995), which
Table 3
MDP of washed fly ash with Ca and Ca/CaO mixture.

PCDD/Fs + co-PCBs DXNs init.c MDP trea

Ca additi

Finalc

2,3,7,8-TetraCDD 170 79
1,2,3,7,8-PentaCDD 1000 350
1,2,3,4,7,8-HexaCDD 1100 250
1,2,3,6,7,8-HexaCDD 4000 570
1,2,3,7,8,9-HexaCDD 2900 410
1,2,3,4,6,7,8-HeptaCDD 33 000 3100
1,2,3,4,6,7,8,9-OctaCDD 48 000 3000
2,3,7,8-TetraCDF 730 180
1,2,3,7,8-PentaCDF 2100 260
2,3,4,7,8-PentaCDF 3200 370
1,2,3,4,7,8-HexaCDF 1700 180
1,2,3,6,7,8-HexaCDF 2600 270
1,2,3,7,8,9-HexaCDF 740 110
2,3,4,6,7,8-HexaCDF 3700 290
1,2,3,4,6,7,8-HeptaCDF 9000 680
1,2,3,4,7,8,9-HeptaCDF 1400 130
1,2,3,4,6,7,8,9-OctaCDF 8800 450

Total(PCDDs + PCDFs + co-PCBs) 580 000 67 000

Total TEQ (pg TEQ g�1) 5200 900

a GC–ECD analysis, 400 rpm, 20 h.
b Ca/ash = 0.1 g/10 g.
c pg g�1 total treated ash.
d Percentage.
e Minimal limit of detection of the JIS standard method used, in pg g�1.

Metal (Ca) Metal+ + e− (Ca2+ +

Cl

Clm

ball-milling

or e−
Clm-1

Scheme 1. Possible radicalic
explains the excellent results obtained previously for the hydrode-
chlorination of PCBs (Zhang et al., 2001; Nomura et al., 2005; Wei
et al., 2009). Thus, assuming that the hydrodechlorination MDP
occurs in a triboplasma state, subsequent to a triboemission of
electrons, our results would fit in this scheme in the following
manner:

– steel is in a triboseries just below the ‘‘neutral’’ cotton, thus the
collision of steel balls will generate only heat (no tribo-emis-
sion) – only limited hydrodechlorination would take place, only
for those species who can easily eliminate the chlorine atom
(entry 1), e.g. the higher chlorinated congeners, yielding mostly
tetra- or pentachlorinated dioxins, with a higher TEF (van den
Berg et al., 2006);

– for his part, aluminum is the first metal placed in such a tribo-
series higher than cotton, with limited tribo-plasma generation;
however it will allow a certain ratio of hydrodechlorination
(entry 4) along with a small decrease of the TEQ;

– Ca and calcite (CaCO3) are above Al, thus they generate higher
tribo-plasma fields and should therefore provide better results,
expressed as a more significant TEQ decrease (entries 2 and 3).
Finally, the mixture CaO/Ca offered excellent MDP results,
implying a cumulation as well as a possible synergic effect
tmenta

veb Ca/CaO additive

Decomp. (%)d Finale Decomp. (%)d

58.5 <5 100
65.0 <5 100
77.3 <10 100
85.8 <10 100
85.9 <10 100
90.6 <20 100
93.8 <100 100
75.3 <5 100
87.6 <5 100
88.4 <5 100
89.4 <10 100
89.6 <10 100
85.1 <10 100
92.2 <10 100
92.4 <20 100
90.7 <20 100
94.9 <100 100

88.4 – 100

82.7 – 100

2e−)

+ Cl

[H] donor
H

Clm-1

CaO
[CaOCl] species

dechlorination pathway.
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between the two species (entry 5). Since both methodologies
(the use metallic calcium in an alcoholic hydrodechlorination
process, respectively the mechanochemical dechlorination with
calcium oxide) have proved their efficiency in the treatment of
various substrates, fly ash included, it is not surprising that the
mixture of both reagents is effective in a MDP applied to fly ash.
What could be surprising is the amplitude of the hydrodechlo-
rination: no traces of any chlorinated compound was recorded.
Literature data (Ma et al., 2005) demonstrated synergic effect of
commercial CaO and a-Fe2O3 in the thermal dechlorination of
hexachlorobenzene. Indeed, when CaO and alpha-Fe2O3 coex-
isted, HCB was dechlorinated by about 98% after 0.5 h reaction
at 300 degrees C. A similar synergic effect can be the explana-
tion for the remarkable results obtained with a mixture of
CaO and metallic Ca.

Indeed, assuming a radicalic hydrodechlorination process
(Mitoma et al., 2009b), metallic calcium is more prone to generate
free electrons than its oxide which, in return, is available for the
trapping of chlorine atoms formed in the process (Ikoma et al.,
2001; van der Heijden et al., 2005) (Scheme 1).
4. Conclusion

The mechanochemical treatment of contaminated fly ash with
PCDDs, PCDFs and PCBs in the presence of a mixture of metallic cal-
cium and CaO is the most effective, since dechlorination is total –
no traces of chlorinated compound was detected after the treat-
ment of a sample presenting a previously determined TEQ of
5200 pg g�1. Such a process could represent the future in terms
of sustainable development and ecofriendly depolluting tech-
niques: it does not require heating, organic solvents, fancy cata-
lysts or expensive reagents, it does not yield harmful by-
products, it does not generate exhaust gases. On the contrary, it re-
quires only electricity, cheap and commercially available reagents
and eventually water.
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