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De novo formation of dioxins from milled model fly ash
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Abstract Municipal solid waste incineration (MSWI) fly ash
has been classified as hazardous waste and needs treatment in
an environmentally safe manner. Mechanochemical (MC)
treatment is such a detoxification method, since it destroys
dioxins and solidifies heavy metals. Milling, however, also
introduces supplemental metals (Fe, Ni, Cr, Mn…), following
wear of both steel balls and housing. Milling moreover re-
duces the particle size of fly ash and disperses catalytic metal,
potentially rising the reactivity of fly ash to form and destroy
‘dioxins’, i.e. polychlorinated dibenzo-p-dioxins and dibenzo-
furans (PCDD + PCDF or PCDD/F). To test this issue, model
fly ash (MFA) samples were composed by mixing of silica,
sodium chloride, and activated carbon, and doped with CuCl2.
Then, these samples were first finely milled without any ad-
ditives for 0 h (original sample), 1 h and 8 h, and the effect of
milling time (and hence particle size) was investigated on the
formation of polycyclic aromatic hydrocarbons (PAHs), and
of polychlorinated phenols (CP), benzenes (CBz), biphenyls
(PCB) and dioxins (PCDD + PCDF) during de novo tests at
300 °C for 1 h, thus simulating the conditions prevailing in the
post-combustion zone of an incinerator, where dioxins are
formed and destroyed. These compounds are all characterized
by their rate of generation (ng/g MFA) and their signature, i.e.
internal distribution over congeners as a means of gathering

mechanistic indications. PAH and CBz total yield did not de-
crease in MC treated MFAwith milling time, while total pen-
tachlorophenol (PeCP), PCB and PCDD/F yield decreased up
to 86, 94 and 97%, respectively. International Toxic
Equivalents (I-TEQ) concentration decreased more than
90%, while degree of chlorination varied inconsistently for
PCB and PCDD/F, and average congener patterns of PCDD/
F do not vary considerably with milling time for both gas and
solid phase.
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Introduction

Fly ash (FA) from municipal solid waste incineration (MSWI)
has been classified as hazardous waste, because of the presence
of toxic contaminants such as heavy metals, chloride salts, di-
oxins and other organic compounds (Ferreira et al. 2003).
Currently, FA treatment becomes an urgent environmental issue
in China, following fast growth of MSWI capacity. Extensive
studies explain the formation of polychlorinated dibenzo-p-di-
oxins + dibenzofurans (PCDD + PCDF = PCDD/F) starting
from FA (Addink and Olie 1995; Stieglitz 1998; Kuzuhara
et al. 2003; Fujimori et al. 2009; Yang et al. 2015; Zhang
et al. 2016). Such FA contains the necessary precursors or car-
bon, together with catalytic metals, to synthesize PCDD/F.
Obvious precursors are polychlorinated phenols (CP), benzenes
(CBz) and biphenyls (PCB), as well as polycyclic aromatic
hydrocarbons (PAHs). Vogg and Stieglitz (1986) proposed de
novo synthesis as a catalytic oxidative breakdown of a macro-
molecular chlorinated carbon matrix, yielding mainly carbon
dioxide and monoxide, accompanied by Products of
Incomplete Combustion: chlorobenzenes (CBz), chlorophenols

Responsible editor: Roland Kallenborn

* Shengyong Lu
lushy@zju.edu.cn

1 State Key Laboratory for Clean Energy Utilization, Institute for
Thermal Power Engineering, Zhejiang University,
Hangzhou 310027, China

2 Chemical Engineering Department, Vrije Universiteit Brussel,
Brussels, Belgium

Environ Sci Pollut Res (2017) 24:19031–19043
DOI 10.1007/s11356-017-9528-x

mailto:lushy@zju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-017-9528-x&domain=pdf


(CP), polychlorinated naphthalenes (PCN), biphenyls (PCB),
dibenzo-p-dioxins + dibenzofurans (PCDD/F), etc. Thus, de
novo synthesis also generates precursors, linking various pre-
cursor routes with de novo synthesis (Addink and Olie 1995).
CP condenses rapidly to form PCDD (Karasek and Dickson
1987; Peng et al. 2016), whereas CBz form PCB (Kim et al.
2004) and possibly some PCDF. Huang and Buekens (1995)
proposed the ratio of PCDD to PCDF as a simplified discrim-
inant between precursor routes and de novo activity.

Only part of the emerging PCDD is formed directly from the
carbon matrix, while other compounds are also synthesized from
single ring structures that are de novo created (Addink et al.
1995; Stieglitz et al. 1997; Hell et al. 2001) or present as
Products of Incomplete Combustion (PIC). Also, the chlorination
of basic structures (dibenzo-p-dioxins + dibenzofurans) and de-
chlorination of fully octachlorinated dibenzo-p-dioxin (OCDD)
and dibenzofuran (OCDF) could play a substantial role,
explaining part of the signature of PCDD/F (Iino et al. 1999,
2000; Wikström and Marklund 2000; Ryu et al. 2006).
Chlorination on catalytic surfaces in MSWI fly ash has been
found to occur largely at the 2,3,7,8 positions (Luijk et al.
1994; Addink et al. 1996; Ryu et al. 2003a, b, 2004).
Conversely, surface-mediated dechlorination was also occurring
at the 2,3,7,8 positions, resulting in PCDD/F isomer distributions
very different from those produced by chlorination (Hagenmaier
et al. 1987; Wiesmuller 1990; Iino et al. 2000, 2001).

According to the Stockholm Convention, persistent organic
pollutants (POPs) are a threat to the environment and all POPs
should be eliminated and decomposed in an environmentally safe
manner. In particular, both thermal and mechanochemical (MC)
detoxification and decomposition are considered as potential
countermeasures for POPs contaminated materials.

Mechanochemical treatment has shown a remarkable poten-
tial to destroy safely any halogenated pollutant, as a solvent-free
and non-thermal alternative for disposing of the existing PCB
and other POPs stock piles, as well as PCDD/F in fly ash
(Cagnetta et al. 2016b). Successfully treated were as follows:
chlorophenol (Wei et al. 2009; Lu et al. 2012), 1,2,3-
trichlorobenzene (Mio et al. 2002), hexachlorobenzene
(Loiselle et al. 1997; Zhang et al. 2014), hexabromobenzene
(Zhang et al. 2002), perfluorooctane sulphonates (PFOS)
(Zhang et al. 2013), polychlorinated biphenyls (PCBs) (Nah
et al. 2008) and polymers such as polyvinyl chloride (Shu et al.
2001) (PVC).

MC degradation of pollutants proceeds possibly without
any additives during milling, thus avoiding an increase of
the treated waste weight. In numerous studies, however, fly
ash is mixed with suitable additives, such as calcium oxide
CaO (Nomura et al. 2005), magnesium and amine (Birke et al.
2006), CaO and SiO2 as a mixture (Wei et al. 2009; Cagnetta
et al. 2016a) and Fe/SiO2 (Zhang et al. 2014) for rapid de-
struction. In another, recent study, fly ash is washed free from
chlorides, thus avoiding the MC formation of PCDD/F (Chen

et al. 2016). Conversely, Yan et al. (2007) milled fly ash from
medical waste incinerator without any additive, yet achieved a
good degradation efficiency of PCDD/F. Milling treatment
can be performed at atmospheric temperature, while very
high, up to several thousand degrees Celsius temperature at
points of action in the sub-microscopic deformation zone,
where a grain collides at high velocity with a solid surface,
may occur (quasi-adiabatic energy accumulation, so-called
triboplasma), which can bring chemical and physico-
chemical changes of solids due the influence of mechanical
energy (Heinicke et al. 1984). Kuzuhara et al. (2003) showed
that the method and level of mixing might markedly influence
upon the results of consecutive de novo tests.

In the present study, milling tests of model fly ash were
conducted from a different perspective: since milling affects
the reactivity of fly ash, it is verified in how far such milling
may influence the results of a consecutive de novo test.
Following a series of preliminary tests, a model fly ash was
composed and samples of fresh and milled fly ash (1 and 8 h
of milling) were subjected to de novo tests (300 °C, 1 h), and
the formation was monitored not only of PCDD/F but also of a
range of potential precursor compounds. Thus, the amount of
the potential precursors PAH, CP, CBz and PCB was
established. Moreover, the PCDD/F was analysed in terms
of not only PCDD and of PCDF (ng/g) but also their homo-
logue profiles as well as the identity of (theoretically) 136
individual PCDD and PCDF congeners was established.

Materials and methods

Chemicals

CuCl2·2H2O (purity >99.0%), n-hexane (purity 95.0%), di-
chloromethane, ethyl acetate, iso-octane (ACS, ≥99%), anhy-
drous Na2SO4, CH3OH, NaCl (purity >99.5%), NaOH and
HCl of analytical grade reagents (AR) were procured from
Aladdin Chemistry Co., Ltd. SiO2 (AR) was obtained from
Sinopharm Chemical Reagent Co., Ltd., China.

Preparation of MFA

Model fly ash (MFA) samples were prepared from silica
(SiO2) as matrix, sodium chloride as source of chloride and
activated carbon (AC) as source of carbon. A selected amount
of CuCl2 was added to this MFA as catalyst and chlorinating
agent. Activated carbon powder (AC) was first washed with
distilled water and acetone, respectively, and then completely
dried for about 4 h at 100 °C. Silica powder (100–120 mesh)
was rinsed with distilled water and then dried for about 4 h at
100 °C. The MFA was mixed with CuCl2 by grinding these
together in a mortar for about 10 min in the following weight
proportions: AC (2.5 wt%), sodium chloride (NaCl; 10 wt%
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Cl), 0.2 wt% copper chloride CuCl2 was added and silica
(SiO2) formed the balance.

Ball milling of fly ash

An all-dimensional planetary ball mill (QXQM-2, Changsha
Tencan Powder Technology Co., Ltd., China) was used for the
MC treatment (Chen et al. 2016). The samples were milled for
1 and 8 h. Compared with the conventional planetary ball mill,
this unit adds a dimension of rotation. The disk and all pots
slowly rotate (1 rpm) around main spindle to avoid sedimen-
tation of materials caused by gravity, making powders to be
ground more completely. The milling pots, with volume of
500 mL, and balls with either 8 (2.1 g) or 12 (7.1 g) mm
diameter were made of special stainless steel (1Gr18Ni9Ti).
About 40 g fly ash samples were charged into each pot, to-
gether with equal weight big (10) and small balls (43) under
atmospheric conditions, with a ball to powder ratio of 4 wt/wt
The mill was operated for 16 h, with a 30-min driving belt
cooling interval every 30 min (Kuzuhara et al. 2003). The
rotation speed of the disk was set at 300 rpm and the rotational
direction changed automatically every 30 min. After MC
treatment, MFAwas collected for further analysis.

Analytical methods

The chemical composition of fly ash was analysed by X-ray
fluorescence (XRF), and also coupled plasma atomic emission
spectrometry (ICP-AES, iCAP6300) was used. The crystal-
line structure of the fly ash particles was identified by X-ray
diffraction analysis (XRD, X’Pert PRO PAN alytical B. V.).
The microcosmic surface of fly ash with 0, 1 and 8 h milling
was characterized by SEM (scanning electron microscopy)
using scanning electron microscopy (Hitachi SU-70). The
BET (Brunauer-Emmett-Teller) surface area and average par-
ticle size was measured by means of a Micromeritics Tristar
3020 instrument.

Experimental procedure

Figure 1 shows a schematic diagram of the experimental ap-
paratus used for de novo tests. A sample of 2 g of model fly
ash (MFA) was placed into a vertical quartz tube (53 cm in
length and 5 cm in diameter) and fixed by means of glass
wool. Then, the tube was placed for 1 h in a preheated electric
furnace at 300 °C in a flow of 10% oxygen/90% nitrogen
(300 mL/min) to simulate the conditions in the post-
combustion zone of a MSWI. The glass wool used in our
experiments was first rinsed by acetone and then dried at
100 °C. A blank test was run without sample at similar exper-
imental conditions, and after pre-treatment, the sample was
analysed for all selected compounds and no compounds were
detected in the blank test.

Sampling and analysis of PCDD/F

During the de novo experiment in the continuous flow reactor,
all semi-volatile organics were absorbed on XAD-2 cartridges
and in dichloromethane (DCM). These represent the gas-
phase compounds while those remaining in the solid residue
were collected as solid-phase compounds. Gas-phase (XAD-2
resin, DCM and adsorbed condensate) and solid-phase (fly
ash residue) samples were Soxhlet-extracted with DCM for
24 h. The extracts and washes were replaced by 100 mL n-
hexane before further treatment. This extract was divided into
three parts. One was used for CP and CBz analysis, one for
additional pre-treatment to analyse PCDD/F and coplanar
PCB and one for PAH.

For PAH formation in de novo tests, the raw extract was
evaporated and passed through a silica gel column and, after
nitrogen dry, was kept for analysis at 4 °C. The fraction for CP
and CBz analysis was made double in amount by adding
double deionized water and was pre-treated according to a
method described by Huang et al. (2017), and few drops of
5 mol/L NaOH were used to increase its pH >12; it was shak-
en well and kept for a while, until two separate layers ap-
peared. This step was repeated three times. Organic layer
was used for CBz sample preparation and aqueous layer for
CP samples. For chlorophenols, about five drops of 3 mol/L
HCl were added to the water phase to adjust pH < 2 and 20mL

Fig. 1 Schematic diagram of the de novo testing rig
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dichloromethane and ethyl acetate mixed solvent (4:1) was
added and well mixed; then, organic layer was passed through
anhydrous Na2SO4 to remove water. After rotary evaporation
and nitrogen dry, 1 mLCH3OHwas added and kept at 4 °C for
analysis. For CBz, organic phase was passed through anhy-
drous Na2SO4 for water removal, then through multi-silica gel
column. After nitrogen blow dry, 1 mL iso-octane was added
in samples and kept at 4 °C for analysis. Before Soxhlet ex-
traction, the raw extract for PCDD/F was spiked with 10 μL
EPA1613-LCS standards. Then, the extracted solution was
concentrated to 1–2 mL with a rotary evaporator and diluted
with hexane to 10 mL. After adding 25 μL 1613-ISS clean-up
internal standard, half of the concentrated solution went to
sample clean-up including a multi-silica gel column and a
basic-alumina column, while the other half was kept at 4 °C
for possible reworking of the pre-treatment. The eluate was
blown by nitrogen and kept at 4 °C after adding 1613-ISS
standards and waiting for analyses by EPA method 1613
(US EPA 1994). The fraction including PCB was conducted
in the sameway as PCDD/F by using EPAmethod 1668B (US
EPA 2008).

The 16 PAHs were analysed by means of gas chromatog-
raphy with a HP-5 MS (30 m × 0.25 mm × 0.25 μm) coupled
with mass spectrometry (Agilent 6890N GC/5975B MSD).
The temperature program for GC oven was as follows: initial
temperature 50 °C, held for 2 min; 50–200 °C at 15 °C/min;
and 200–300 °C at 10 °C/min then held for 5 min. Carrier gas
was helium (99.999%). The isotope standards were purchased
from Accu Standard, Inc., USA. The quantification of PAH
was performed by using selective ion monitoring (SIM)mode.
The 12 chlorobenzene congeners were analysed by Agilent
GC-ECD gas chromatograph (HP6890N GC-ECD), with a
DB-5 column (30 m × 0.25 mm × 0.25 μm). The temperature
program for GC oven was as follows: initial temperature
40 °C held for 4 min; then increased to 220 °C at the
10 °C/min; and held for 5 min. The quantification of CBz
was performed by using electron capture detector (ECD).
LC/MS/MS analyses for chlorophenols was performed using
an Agilent 6460 triple quadrupole mass spectrometer (Agilent
Technologies, USA) equipped with an electrospray ionization
(ESI) source, operated in the negative ion multiple-reaction
monitoring (MRM) mode. Agilent Mass Hunter Workstation
was used for data acquisition and processing. Nitrogen was
used as the sheath gas and drying gas. The nebulizer pressure
was set to 45 psi and the flow rate of drying gas was 5 L/min.
The flow rate and temperature of the sheath gas were 11 L/min
and 350 °C, respectively. Chromatographic separation was
carried out on a Zorbax SB C8 column (150 × 2.1 mm,
3.5 μm). The HPLC mobile phases consisted of (A) 25 mM
ammonium acetate in distilled water (pH 4.0) and (B) metha-
nol. The gradient program was as follows: 0–10 min, 45–55%
of B; 10–15min, 55–65% of B; 15–20min, 65–75% of B; and
20–30 min, 75–95% of B. The flow rate was set at 0.2 mL/

min.Mass spectrometric detection was completed by use of an
electrospray ionization (ESI) source in negative ion MRM
mode. Analyses for PCDD/F and PCB were performed by
means of high-resolution chromatography with a DB-5MS
column (60 m × 0.25 mm × 0.25 μm) coupled with high-
resolution mass spectrometry (JMS-800D, JEOL, Japan).
The temperature program for GC oven was as follows: initial
temperature 75 °C, held for 2 min; 75–150 °C at15°C/min;
and 150–290 °C at 2.5 °C/min then held for 1 min, with carrier
gas, helium (99.999%), 1.2 mL/min. The isotope standards
were purchased from Cambridge Isotope Laboratories. The
target compounds were all tetra- to octa-CDD/F as well as
the 17 2,3,7,8-substituted PCDD/F and 209 PCB congeners.

Results and discussion

Characteristics of fly ash after 0, 1 and 8 h of milling

Composition The cations, anions and heavy metals of fly ash
samples, milled at 0, 1 and 8 h, were analysed by both XRF and
ICP techniques. As expected, the matrix material’s silicon
showed the highest concentration (Table 1), followed by chlo-
rine and sodium. Surprisingly, the concentration of Fe, Cu and
Cr increased particularly after 1 and 8 h of milling: results show
that the milling may increase some heavy metals due to wear of
equipment and balls, while Ca disappears after 8 h and 0.4% in
0 h sample is below the Ca content in typical MSWI fly ash as
MFA was prepared by mixing 2.5 wt% AC and Ca content in
AC was 1.1% (not shown here), similarly 0.1, 0.01 and 0.1%

Table 1 The main cations, anions and heavy metals in fly ash (aXRF
and bICP analysis)

Elements Fly ash (weight %)

(0 h milling) (1 h milling) (8 h milling)

Caa 0.4 n.d. n.d.

Sia 28.4 36.4 35.0

Ala 0.1 0.2 0.2

Cla 16.6 10.8 9.0

Fe a 0.9 6.0 9.1

Naa 11.2 7.6 5.8

Tia 0.6 n.d. 0.3

Znb 0.0 0.0 0.0

Cub 0.1 0.2 0.2

Mnb n.d. 0.8 1.2

Pbb 0.0 n.d. n.d.

Crb n.d. 1.0 1.8

Superscripts a and b represent values in weight percent obtained by XRF
and ICP analysis, respectively

n.d. not detected
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content in 0 h milled samples (Table 1) observed for Al, Zn and
Cu, respectively, was also lower than the MSWI fly ashes.
When a ball hits another ball or the pot wall, compressing a
small amount of powder, on the contact surface the temperature
rises up to thousands of K in a microscopic area (~1 μm2) for a
very short time (~10−9 s) (Urakaev and Boldyrev 2000), this
brings deformation and disruption of solids, various energy-
rich intermediates arise in the first place and if high mechanical
energy is applied to it, then it can be converted to heat and it is
possible to get various unexpected chemical reactions. If a metal
exhibits stronger strength of microcrystal then it needs greater
degree of disordering (degradation limit) its lattice structure,
apparently in the current study, applied mechanical energy for
long 8 h reached to degradation limit of Ca lattice and it totally
disappeared in the last sample (Butyagin 1994).

Particle size and surface The particle surface was observed
by SEM. Figure 2a shows the fly ash, before milling: it con-
sists of many large particles; 1 h of milling reduces these to
smaller sizes (Fig. 2b); Fig. 2c–d shows particle aggregation,
small particles sticking to larger ones. Further milling only
brings slight change in size, but the particles stick together
to form aggregates.

Specific surface and size The BET specific surface area was
2.54, 5.62 and 6.29 m2 g−1 after 0, 1 and 8 h milling,

respectively; their average particle size dP was 23.6, 10.7and
9.54 nm, respectively.

Crystallinity The evolution of silica and sodium chloride
crystals was monitored by X-ray diffraction (XRD) using Cu
Kα radiation (from a copper tube running at 40 kV and
200 mA) and a diffractometer operating at 2θ of 0.02° (D-
max-2550TC, Rigaku, Japan). Crystalline phases were identi-
fied by comparing the intensity and position of Bragg peaks
with those listed by the joint committee on powder diffraction
standards (JCPCS) data files. The two major components of
model fly ash, SiO2 and NaCl, show weaker peak intensities
after 1 and 8 h ofmilling (Fig. 3a–c); their wave shapes remain
similar, yet with some peak heights declining, and suggesting
that no clear reactions took place between these fly ash com-
pounds during their mechanical treatment. The decrease in
intensity is ascribed to the partial conversion of crystalline
phases to amorphous states, an effect typically induced by ball
milling (Suryanarayana 1995, 2001).

De novo synthesis of organic pollutants

After milling for 0, 1 and 8 h, the particle size becomes small-
er, the specific surface larger and the reactive catalyst (CuCl2)
better dispersed. The purpose of this study was to check how
these various changes would affect the de novo activity,

Fig. 2 SEMmicrographs. a Zero hour milled fly ash magnified at ×1000 (1 k). bOne hour milled fly ash magnified at ×1000 (1 k). c Eight hours milled
fly ash magnified at ×1000 (1 k). d Eight hours milled fly ash magnified at ×10,000 (10 k)
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exhibited by the model fly ash tested. For this purpose, a de
novo test was conducted under the constant conditions: a tem-
perature of 300 °C and a reaction time of 1 h.

PAHFigure 4 shows the effect of 1 or 8 h ofmilling time on
the formation of PAH during these de novo tests. The PAHs
surviving the test include sum of gas and solid phases.
Apparently, milling did not much affect the amount of PAH.
This may be attributed to the test temperature of 300 °C, too
low for producing much PAH (Kim et al. 2004). Among the
16 EPA PAH scrutinized, only the concentration of naphtha-
lene (Nap) augmented with time (0.64, 0.73 and 1.18 ng/g at
0, 1 and 8 h, respectively) and distributed more in gas phase.
As milling under goes for several hours, deformation and dis-
ruption of MFA particles bring out unexpected changes, mac-
romolecular aromatic structures of carbon are also fractured
and could yield only lower molecular PAH, like naphthalene.
Under oxygen deficient conditions Nap could condense and
produce higher molecular PAH. It has been suggested that the
transformation of PAH to PCDD/F or PCB occurs via three
main reaction steps including degradation, oxygen insertion
and chlorination (Weber et al. 2001; Fullana et al. 2004). In the
three cases, two and three ringed PAHs (naphthalene, phenan-
threne and anthracene) dominated the PAHs analysed.
Furthermore, their internal distribution after the three de novo

tests stayed very similar and their total amount of PAH
remained very low for the three tests, with preliminary milling
for 0 h (at 2.95 ng/g), 1 h (2.56 ng/g) and at 8 h (3.26 ng/g).
The result in so far is disappointing that the milling is clearly
accompanied by the formation of amorphous carbon and
graphite and that PAHs were regarded as likely precursors.
Possibly the activated carbon used as rawmaterial was already
too much carbonized to generate PAH under the test condi-
tions employed.

CP In the fresh sample (0 h), all phenol congeners (mono- to
pentachlorophenol) were observed after a de novo test, while
only pentachlorophenol remained in the samples de novo test-
ed after 1 and 8 h of milling. Already in the first sample, PeCP
was dominant, with 324 ng/g (0 h), and later 95 ng/g (1 h) and
104 ng/g (8 h). In fresh MFA samples (0 h), 44 and 9 ng/g was
observed for 2- and 3-MCP, respectively; 2,6-DCP amounted
to 218 ng/gMFA; while 2,4,5-TCP, 2,3,4,5-TeCP and 2,3,4,6-
TeCP showed 30, 165 and 15 ng/gMFA, respectively. In most
de novo studies, chlorophenols are either not analysed or else
the analytical results appear rather erratic, e.g. Schwarz and
Stieglitz (1992), due to an easy transition fromCP to PCDD at
about 300 °C.

1

1

1 1 1 1 1 1

2 22 2

a

b

c

)

Fig. 3 XRD patterns of fly ash a before milling, b 1 h and c 8 h milled fly ash. Legend: 1: SiO2; 2: NaCl
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CBz Figure 5 plots the de novo formation of CBz vs. sample
milling time. The total amount of CBz: 8.24 ng/g (0 h),
4.57 ng/g (1 h) and 6.01 ng/g (8 h) generated remains very
low, yet markedly decreases after 1 h then rises with prelimi-
nary milling time. Among CBz, the lower chlorinated conge-
ners 1,3-DiCBz and 1,4-DiCBz were the dominant congeners;
in contrast Hue et al. (2016) observed PeCBz and HxCBz as
dominant congeners in waste incinerator fly ash in Vietnam.

PCB Table 2 shows the PCB profile at different milling times.
From the isomers analysed, International Union of Pure and
Applied Chemistry (IUPAC) congener #189 is showing the
highest concentration at 0 h milling. Like for PeCP, the for-
mation of PCB is highest for the 0 h sample. The total amount

of PCB and their I-TEF value respectively decreased by 37
and 70% after 1 h of milling and after 8 h, a 41% decrease in
concentration was observed, while the I-TEF value slightly
increased by 12%. Deca-CB is predominantly formed after
1 h of milling. Milling brings amorphization of catalysts like
Cu and Fe and also modification of graphitic structure of ac-
tivated carbon (Cagnetta et al. 2016a) that reduced reactivity
of fly ash to support dioxins and dl-PCB formation. However,
still there are predecessors (unburned carbon, chlorine, cata-
lysts) of de novo formation present in fly ash and sample is
well mixed by milling even after long 8 h. Moreover, to the
best of our knowledge, such problem has never been investi-
gated; why few isomers are formed in high concentration in
mechanically active fly ash than in samples without treatment.
Penta-CB (#123) is such a case in present study which needs
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further assessment in respect to de novo formation, as it
showed quite unusual behaviour and a high concentration
(185.88 pg/g) was observed in 8 h milled sample as compared
to value (113.13 pg/g) obtained in 0 h milled sample only in
gas phase. In solid phase, concentration of Penta-CB (#123)
decreased gradually with milling time.

The PCDD/F homologue profiles (present signatures of
isomer groups from TCDD through OCDF) in fly ash were
analysed (Fig. 6). After de novo tests on raw MFA-samples,
PCDD/F formation (especially PCDF) was substantial. The
presence of PAH, CBz, PeCP and PCB indicated de novo
formation of these precursor compounds (Dickson et al.
1989; Hell et al. 2001). The dominance of OCDD, HpCDF
and OCDF is typical for waste incineration (Everaert and
Baeyens 2002), as there was a catalyst and chlorine source
(CuCl2.2H2O and NaCl) in model fly ash.

Many studies suggested that there should be good correla-
tion between precursor molecules, like PCB, CP and CBz, and
PCDD/F formation (Pandelova et al. 2006 and Pandelova
et al. 2009). A high correlation (R2 = 0.95 not shown here)
between total PCDD/F and total PCB amount was found in all
samples with different milling times, studied here. This result
is supported by many studies focusing on PCB and PCCD/F
formation during combustion within incinerators, where PCB
either by oxidation or by chlorination led to dioxins formation
(Lemieux et al. 2001). The total conc. of pentachlorophenol
(dominant and only congener found in samples with 1 and 8 h
milling) showed a fairly high correlation (R2 = 0.99) with total
dioxins. Almost all CP isomers correlate strongly with
PCDD/F in the gas phase, but only certain isomers, in partic-
ular TeCP and PeCP, are of importance in the particle phase
(Tuppurainen et al. 2000).

Relationship between I-TEQ reductions of all organics
with milling time

In order to test the milling effect on de novo formation of
selected organic compounds in model fly ash, it was milled
for 1 and 8 h without any additive. Previous studies, focusing
on degradation of organic compounds, reported that mecha-
nochemical treatment after 2 h achieved a high removal effi-
ciency of OCDD and OCDF of up to 99.3 and 99.9% with
CaO additive (Nomura et al. 2005). Cagnetta et al. (2016a)
attained after 4 h a degradation efficiency of 76% of dioxins
by milling secondary copper smelting fly ash together with
calcium oxide and silica. Results of the pg-TEQ/g values and
their corresponding percent reduction in gas and solid phases,
during milling, are given in Table 3. Total reduction efficiency
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Fig. 6 Homologue profiles of
PCDD and PCDF for different fly
ash samples

Table 2 PCB content
(ng/g) for 0, 1 and 8 h
milled fly ash samples

Concentration

Time (h) 0 1 8

Tetra-CB (#81) 14.3 0.9 0.5
Tetra-CB (#77) 12.0 2.5 1.2
Penta-CB (#123) 1.6 1.2 1.9
Penta-CB (#118) 14.8 2.0 0.5
Penta-CB (#114) 0.9 0.5 0.0
Penta-CB (#105) 7.3 1.1 0.7
Penta-CB (#126) 17.3 2.6 0.6
Hexa-CB (#167) 4.5 0.3 0.2
Hexa-CB (#156) 11.8 1.0 0.5
Hexa-CB (#157) 6.0 0.8 0.3
Hexa-CB (#169) 9.4 1.1 0.4
Hepta-CB (#189) 18.6 0.9 0.6
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(gas + solid) for PCDD/F and PCBwas more than 90% except
2,3,7,8 PCDD showed slightly lower reduction value of 88%.
Interestingly total Penta CB #123 increased 21%, while PeCP
showed 68% reduction after 8 h treatment. Percent reduction
efficiencies are calculated by the following Eq. (1)

Percent reduction efficiency for gas or solid phase

¼ G0−G8ð Þ=G0� 100 or S0−S8ð Þ=S0� 100 ð1Þ

After 8 h of milling, PCDD/F and PCB showed very low
amount both in gas and solid phase in de novo tests, some of
PCB toxic congeners were not detected even after 1 h. This
could be attributed the fact that MC treatment induces mass
transport process with a significant impact on the physical and
chemical behaviour of solids at different scales (Baláž et al.
2013), and MFA has lost its dioxin generation potential to
some extent. Only PentaCB (#123) showed 64% increase in
8 h milled sample; this could be attributed to the fact that,
although milling reduced reactivity of fly ash to support

dioxins and dl-PCB formation, but still there are predecessors
(unburned carbon, chlorine, catalysts) of de novo formation
present in fly ash and sample is well mixed bymilling, so there
is a possibility that PentaCB (#123) formation increased,
which needs further investigation. Present study showed better
results in terms of total PCDD/F and PCB formation reduction
without any additive and at rotational speed of 300 rpm after
8 h, when compared with the study of Nomura et al. (2005) at
a rotational speed of 700 rpm. Pentachlorophenol showed 60
and 75% reduction in gas and solid phases, respectively; the
possible reason might be that mechanical treatment time and
milling intensity were not enough in the present study to in-
activate FA for de novo potential of precursor formation.
Current value of PeCP is less than the residual PeCP concen-
tration (1.6%) after 8 h milling in another study, reason might
be that they used 400 rpm rotational speed and CaO as an
additive (Wei et al. 2009). PAH and CBz in present study
showed increasing trend with grinding time, although total
conc. Remains very low for both categories. This issue needs
further assessment of mechanical treated FA’s for toxic

Table 3 Reduction efficiency of
PCDD/F, PCB and PeCP after
8 h, G0, G1 and G8: gas phases
for samples milled for 0, 1 and
8 h, respectively; S0, S1 and S8:
solid phases for samples milled
for 0, 1 and 8 h, respectively

Compound Milling time Reduction efficiency after 8 h

0 h 1 h 8 h

G0 S0 G1 S1 G8 S8 Gas Solid
Units pg-TEQ/g %

2,3,7,8-TCDD 23.0 39.5 15.7 15.8 1.3 6.1 94 85
1,2,3,7,8-PeCDD 195 411 27.4 75.4 5.2 14.0 97 97
1,2,3,4,7,8-HxCDD 19.1 110 5.0 9.2 0.8 2.6 96 98
1,2,3,6,7,8-HxCDD 53.8 231 9.3 14.2 1.1 3.2 98 99
1,2,3,7,8,9-HxCDD 60.6 301 13.5 16.8 1.8 5.3 97 98
1,2,3,4,6,7,8-HpCDD 118 747 15.6 29.1 2.0 5.5 98 99
OCDD 23.4 107 3.5 13.0 0.6 1.9 98 98
2,3,7,8-TCDF 90.6 75.5 10.8 35.6 1.7 6.6 98 91
1,2,3,7,8-PeCDF 37.9 77.8 7.4 17.5 0.7 4.2 98 95
2,3,4,7,8-PeCDF 1161 2512 198 742 20.3 162 98 94
1,2,3,4,7,8-HxCDF 514 1702 90.0 204 8.7 81.9 98 95
1,2,3,6,7,8-HxCDF 536 1600 89.6 208 8.8 79.8 98 95
2,3,4,6,7,8-HxCDF 1400 4250 210 514 20.8 138 99 97
1,2,3,7,8,9-HxCDF 468 1214 59.3 130.8 6.6 50.5 99 96
1,2,3,4,6,7,8-HpCDF 560 1790 83.5 187.5 10.1 90.6 98 95
1,2,3,4,7,8,9-HpCDF 121 409 16.3 19.8 1.8 10.6 99 97
OCDF 78.6 121.8 10.4 24.3 1.5 5.2 98 96
TetraCB (#81) 2.9 1.4 0.0 0.2 0.1 0.1 98 95
TetraCB (#77) 0.7 0.5 0.0 0.2 0.1 0.1 92 88
PentaCB (#123) 113 44.0 107 14.3 186 4.9 −64 89
PentaCB (#118) 300 145 50.1 11.2 1.5 13.5 100 91
PentaCB (#114) 0.0 0.0 0.0 0.0 0.0 0.0 96 98
PentaCB (#105) 0.1 0.1 0.0 0.0 0.0 0.0 90 91
PentaCB (#126) 0.2 0.3 0.0 0.1 0.0 0.0 98 95
HexaCB (#167) 0.1 0.1 0.0 0.0 0.0 0.0 93 97
HexaCB (#156) 0.2 0.2 0.0 0.0 0.0 0.0 95 96
HexaCB (#157) 0.1 0.1 0.0 0.0 0.0 0.0 96 95
HexaCB (#169) 0.1 0.2 0.0 0.0 0.0 0.0 95 96
HeptaCB (#189) 0.2 0.3 0.0 0.0 0.0 0.0 98 96
PeCP (ng/g) 165 159 53.0 42.0 65.0 39.0 60 75
dc (PCDD/F-Cl) 7.1 7.1 7.1 6.8 7.2 6.6 – –
dc(PCB-Cl) 7.9 8.0 7.9 7.9 7.9 7.9 – –
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compounds, under influence of different milling conditions in
detail (milling time, milling materials, intensity, etc.). As very
low rotational speeds lead to increased periods of milling, this
thereby induces a large inhomogeneity in the powder due to
inadequate kinetic energy input and insufficient localized heat
input. Conversely, very high speeds can lead to excessive
heating of the vessel, high wear of the balls causing increased
contamination and lower powder yields (Chen et al. 2007).

Degrees of chlorination The degree of chlorination (dc, aver-
age number of chlorine substituent) was one of way to judge
mechanochemical treatment effect for de novo formation of
chlorinated compounds, and can be calculated as follows: To
see how far the chlorination of dioxins has proceeded, we
calculated the degree of chlorination of PCDD/F and PCB,
dc by Eq. (2), which is defined as the sum of the products of
the mole fraction fj and the number of chlorine atoms nj for
each homologue:

dc ¼ ∑
8

j¼4
f j � n j ð2Þ

The results in Table 3 show that the degrees of chlorination
slightly vary from 7.14 for G0 to 7.07 for G1, while 7.16 in G8
sample was observed for dioxins in gas phase, and in solid
phase, a small decrease in Cl content was observed. Dioxin
like PCB showed a gradual decrease in value with milling
time in solid, while in gas-phase dechlorination did not occur,
indicating that milling treatment apparently has no obvious
effect on chlorination/dechlorination of organic compounds.

Resulting isomer patterns of PCDD/F in samples with 0, 1
and 8 h milling

The PCDD/F isomer patterns are given in Figs. 7 and 8. For
dioxins and furans, a maximum is found within the hepta- and
octa-chlorinated isomers (0, 1 and 8 h) for both gas and solid
phases and isomers exhibited same distribution in all samples.
Comparing both phases, it was observed that O8CDD and
O8CDF isomers generally decreased as the milling time in-
creased. For other chlorinated isomers with same chlorination
number, most of them decrease with varied extent, but some
of the isomers did not change in their concentration after
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Fig. 7 PCDD/F isomer pattern of fly ash with 0, 1 and 8 h milling time in the gas phases
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milling, yet few isomers showed higher conc. after 8 h than
samples with 0 h milling. The most of the toxic congeners of
PCDD/F were reduced after 8 h milling suggesting that iso-
mers with alpha (1,4,6,9-position) and beta positions (2,3,7,8-
position) showed same behaviour, and similar results were
found by Peng et al. (2010).

Conclusion

The effect of preliminary milling on the consecutive de novo
synthesis of polycyclic aromatic hydrocarbons (PAH),
chlorophenols (CP), chlorobenzenes (CBz), polychlorinated
dibenzo-p -d ioxins /d ibenzofurans (PCDD/F) and
polychlorinated biphenyls (PCB) was tested at a single reac-
tion time, temperature and gas flow rate. Milling affect sam-
ples in several ways: it reduces particle size, enhances sample
homogeneity and dispersion of the active agent (CuCl2) and
destroys chloroaromatics compounds by mechanochemical
forces. The output of PAH and CBz were not too much affect-
ed by this treatment, whereas PeCP, PCB and PCDD/F

showed variable responses, though the total concentration of
PCDD/F and PCB was greatly reduced during milling. The
total concentration of pentachlorophenol decreased after 1 and
8 h of milling (324 initially to 95 and 104 ng/g).

Milling time significantly affected the I-TEQ concentration
and showed a good reduction percentage over the time period
of 8 h. Most toxic congeners were almost completely degrad-
ed of milling, while few PCB toxic congeners were detected
even after 1 h. Milling time did not change of degree of chlo-
rination for PCB and PCDD/F.

Investigation of detailed isomer patterns of PCDD/F
showed no change with milling treatment time, although few
congeners exceptionally increased in concentration after 8 h
treatment. Same degradation of isomers with the alpha
(1,4,6,9-position) and beta positions (2,3,7,8-position) was
associated with milling treatment time. Detailed investigation
of the 209 PCB congeners was not made in the present study.

Future work will also consider the other parameters of
milling treatment (such as milling speed, milling ball materials
during mechanical treatment) and de novo testing (tempera-
ture and time, gaseous atmosphere, and type of catalysts).
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Fig. 8 PCDD/F isomer pattern of fly ash after 0, 1 and 8 h of milling time in the solid phase
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Results obtained in the present study may provide a basis of
comparison for future work, focusing on all organic formation
in mechanically treated samples.
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