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Pentachloronitrobenzene (PCNB) has been identified as a potential persistent organic pollutant, and
received concerns from many countries for regulation due to its impurities such as dioxins and furans.
Considering the need for its disposal, the mechanochemical destruction approach was investigated for the
applicability. PCNB was co-ground with reactive iron powder in a high energy planetary ball mill at room
temperature. PCNB was found to be destructed finally, and the Dioxins and coplanar-PCBs concentrations
in PCNB had been degraded from 1146 ng-TEQ/kg to 0.04 ng-TEQ/kg finally. Pentachloroaniline (PCA),

f’(z{l‘s;?:ﬁz:ronitrobenzene (PCNB) 2,3,5,6-tetrachloroaniline (2,3,5,6-TeCBA) and 3,4,5,6-tetrachloroaniline (3,4,5,6-TeCBA) were detected
Dioxins as intermediates during the ball milling process and were destructed completely after 8 h milling. The

amount of water soluble chlorides (Cl~) reached 95.8% of the theoretical amount of chlorine in original
PCNB sample after 12 h ball milling. The solvent acetone might play a role as the main hydrogen donor,
which gives rise to the amination reaction of nitro-group. Metastable structures with high molecular were
proposed to be formed during the ball milling process as intermediates. Carbonization was confirmed by
Raman spectrum as the final degradation product of PCNB.
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1. Introduction

Pentachloronitrobenzene (PCNB, CgClsNO,, CAS No. 82-68-2),
also known as quintozene or terraclor, was first developed by Bayer
AG (Germany) in 1930 and primarily used as a fungicide for seed
and soil treatments to control the damping-off diseases of seedlings
[1]. Nowadays, PCNB is still used in many countries including China.
According to the Registered Pesticide Information System main-
tained by the Ministry of Agriculture [2], currently there are 2
raw pesticides and 18 formulations of PCNB registered in Chinese
Mainland. Shanxi Sanli Chemical Co., Ltd. and Shandong Dezhou
Tianbang Agrochemical Co., Ltd. are the producers of registered
PCNB raw pesticide products, with the annual production of PCNB
in China was reported to be about 1000 tons [3-5].

The Pest Management Regulatory Agency (PMRA) in Canada
recently completed a review of quintozene, and will prohibit the
use of PCNB on recreational turf since 31 December 2010 [6]. Also
the Environmental Risk Management Authority of New Zealand has
decided there are grounds to reassess the use of the fungicide quin-
tozene [7]. The PCDD/Fs have been identified as the impurities in
the commercial PCNB powder, while the highest concentration of
PCDD/Fs was 5.6 ng-TEQ/g active ingredient [8]. These facts imply
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the possibility that PCNB might be regulated as POPs and included
in the Stockholm Convention in the future. Considering the manda-
tory obligations of the international treaty, it is necessary to seek
for potential sound disposal technology.

Mechanochemical destruction (MCD) has been considered as
a promising technology to destroy solid waste containing per-
sistent organic pollutants. Co-grinding POPs with calcium oxide
(Ca0) or other metal oxide/hydride, typically in planetary ball mill,
has been illustrated to successfully destroy various halogenated
organic compounds like POPs, including chlorinated benzenes,
poly (vinyl chloride) (PVC), polychlorinated dibenzo-p-dioxins and
furans (PCDD/Fs), PCBs and pentachlorophenol [9-13]. In compar-
ison, the DMCR (dehalogenation by mechanochemical reaction)
method with the use of the base metal and hydrogen donors
mainly aimed at efficient detoxification by stripping off the “organic
halogen” entirely, without the complete destruction of the whole
molecule [14]. As the solid-state reaction without organic solvents
eliminates the need for solvent regeneration, it makes the corre-
sponding processes friendlier from an environmental perspective
[15]. The mechanisms of such MCD reaction when using CaO have
been systematically elucidated for some contaminants like DDT and
PCBs, which basically consist of dechlorination, benzyl ring lever-
age, and polymerization/carbonization; with the inorganic chloride
and carbon as the final products [16-18]. In recent years, field
applications of zero-valent-iron had been conducted for environ-
mental remediation, for example, nano-, micro-, and millimetric
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ZVI [20-22]. Some cases have shown that the association of ZVI
and other technology such as microbial dechlorination and source
zone containment. But that mechanochemical treatment is an ex
situ technique for which reactive iron is tested as dechlorina-
tion reagents without solvents for the first time. However, the
mechanism of contaminants destruction by the MCD process using
zero-valent-metal in a solvent-free system has not been reported
yet. In the present study, the ball milling of PCNB with reactive
iron powder was investigated in terms of efficiency as well as the
degradation pathway.

2. Materials and methods
2.1. Materials

PCNB (95.8% in purity) was purchased from Sanli Chimical Inc.
(ShanXi province, china). Reactive iron powder (98% in purity,
10-100 wm grade, Beijing Modern Oriental Fine Chemicals Corpo-
ration, China) was stored in a dryer prior to use. Acetone (HPLC
grade)was obtained fromJ.T. Baker Inc. (USA). Hexadeuteroacetone
(acetone-dg, 99.9% in purity) was purchased from J&K Scientific Ltd.
(Beijing, China). Nano-iron powder (99.9% in purity, 30 nm) was
purchased from Beijing Topvendor Co., Ltd.

2.2. Reaction procedures

A planetary ball mill (QM-3SP2, Nanjing University Instrument
Corporation, China) was used for the experiments. A mixture of iron
powder (4.5 g) and PCNB (0.3 g) was put into a stainless steel pot at
room temperature with nitrogen protection, which was sealed sub-
sequently. The temperature of the body of pots kept stable between
34.5 and 36.2 °C. The room temperature is 28 °C. The planetary ball
mill was operated at 550 rpm and the rotation direction of support-
ing disk changed automatically every 30 min. Two sizes of balls are
used in each trial: big ball (¢ 9.60 mm); small ball (¢ 5.60 mm).
The charge ratio is set as 36:1, and the total weight of balls (24 big
balls and 100 small balls together) is about 180 g. The nano-iron
has been added into the PCNB solution of acetone under anaerobic
atmosphere. The nano-iron was not used for grinding, but to com-
pare the reducing ability of the NO, group with the ground iron
powder (micro-meter-grade).

2.3. Analytical procedures

Analysis for PCDD/Fs and dI-PCB (dioxin-like PCBs: coplanar
PCB mixture, 12 PCB congeners) in PCNB powder: The sam-
ple, pre-dissolved with small amount of hexane, was extracted
by liquid-liquid extraction partitioning into dimethyl sulphoxide
(DMSO). DMSO was collected and the solution was washed with
hexane finally with DMSO left. The extraction was then diluted
with MilliQ water and re-extracted into hexane. The hexane solu-
tion was then washed with potassium hydroxide and twice with
MilliQ water before dehydrated by sodium sulfate. The extracts

Table 1
Destruction effects for the mechanochemical treatment.

first underwent an acid pre-clean using pure concentrated sulfuric
acid. Then they were purified in a multi silica column containing
acid silica, basic silica, silver nitrate silica, neutral silica and sodium
sulfate. A column with activated carbon scattered silica gel was per-
formed to separate PCDD/F and dI-PCB. Samples were analyzed by
HRGC/HRMS (JMS 800D, Jeol, Japan) using the SIM mode with a
resolution of 10,000. Recovery of all the recovery standards, injec-
tion standards, cleanup standards met Chinese national standard
method (HJ 77.2-2008). The mean recovery percentages of PCDDs,
PCDFs, dI-PCBs and PCNB are 66%, 65%, 67% and 99%, respectively.

For PCNB and HCB analysis: One portion (0.05g) of each
milled mixture was extracted with acetone for 15 min in an ultra-
sonic extractor. The extract was then centrifugalized at 3000 rpm
for 15min. The PCNB and possible degradation products were
determined by a GC/MS (QP 2010 Plus, Shimadzu, Kyoto, Japan),
equipped with a DB-5MS capillary column (0.25mm i.d., 15m
length, 0.10 wm film thickness, Agilent). Helium (99.999% in purity)
was used as carrier gas at a constant linear velocity of 72.9cms—1.
GC oven temperature was programmed from 60 °C (held for 2 min)
to 220°C (held for 1 min) at 25°Cmin~!, and to a final tempera-
ture of 290°C (held for 5min) at 20°Cmin~!. 1 wL of the sample
was auto-injected in the high-pressure splitless mode (high pres-
sure 289 kPa for 2 min) when the injector temperature was set at
280°C. The mass spectrometer was operated in EI mode and the
pressure in the ion source was 2.8 x 10~4 Torr (1 Torr = 133.33 Pa).
The temperature of ion source and interface were set at 250 and
280°C, respectively. Mass acquisition was performed in full scan
mode (m/z 50-700).

A second portion (0.05 g) was used to analyse the chloride con-
tent from the dechlorination of PCNB. The sample was agitated
in deionized water at 80°C for 20min with a magnetic stirrer.
The resulting suspension was subjected to ultrasonic treatment
for 20 min, then filtered through a 0.45 wm fiber filter, and the
residue was extracted two more times in the same manner. The
filtrates were analyzed for chloride ions by ion chromatography
(DX-100, DIONEX Co.,USA) equipped with an lonPac AS4A-SC anion
exchange column. The detection limits for nitrite and nitrate are
0.096 p.g/ml and 0.143 wg/ml, respectively.

The ground samples taken at specific time from the ball milling
experiment were characterized using multiple approaches. Crys-
talline products were identified by X-ray powder diffraction (XRD,
Rigaku D/max-r B, Japan) at the following settings: Cu Ko radiation,
40keV accelerating voltage, 80 mA current, 10-70° 20 scanning
range, 0.02° step and 6°min~! scan speed. Raman spectra were
recorded at room temperature using a Microscopic Confocal Raman
Spectrometer (Renishaw RM 2000, UK) with Ar-laser beam at the
514.5nm line. Infrared spectra were measured using a Fourier
transform infrared (FTIR) spectrometer (NICOLET 6700, UK) with
the KBr disk method from 400 to 4000cm~!. The surface mor-
phologies of the ground samples with different reaction time were
observed using an environmental scanning electron microscope
(ESEM, FEI Quanta 200 FEG). XPS analysis of the ground sam-
ples was carried out on an AEM PHI 5300X spectrometer with a

Before treatment

After 3 h treatment After 8 h treatment

Major ingredient

PCNB (kg/kg-dry) 0.96
Impurities (ng-TEQ/kg-dry)

PCDDs 5.7

PCDFs 190

Total PCDD/Fs 195.7

DL-PCBs 950

Total (PCDD/Fs + DL-PCBs) 1145.7

HCB (kg/kg-dry) 0.04

0.01 0
49 0
560 0
609 0
58 0.04
620 0.04
0.02 0
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Fig. 1. Changes of the PCNB, its intermediates and dechlorination effect.

monochromatized Al Ko X-ray source. The X-ray source was run at
areduced power of 150 W, and the pressure in the analysis chamber
was maintained at less than 108 Torr during each measurement.
All binding energies were referenced to the neutral C 1s peak at
284.6 eV to compensate for the surface charging effects. The soft-
ware package XPS peak 4.1 was used to fit the XPS spectra peaks,
and the full width at half-maximum was maintained constant for
all components in a particular spectrum.

3. Results and discussion
3.1. Destruction effects

Before experiments, we have identified the PCNB purity and
its impurities. The PCNB concentration is 0.96 kg/kg-dry (purity
96%). The impurities in PCNB were identified as 0.04 kg/kg-dry hex-
achlorobenzene (4%), 5.7 ng-TEQ/kg-dry PCDDs, 190 ng-TEQ/kg-
dry PCDFs and 1146 ng-TEQ/kg-dry PCDD/Fs+DL-PCBs. Table 1
shows that the co-treatment of PCNB, HCB and dioxins could be
conducted by addition of reactive iron powder and MCD method.

The MCD treatment of PCNB and iron powder was performed for
8 h, during which time the amount of chloride ions, remaining PCNB
and its intermediates were measured; the percentage of non-ionic
chloride was calculated from the measured amount of chloride ions
and the amount of chlorine contained in the PCNB added. After 4h

1.5x10"
1.2x10"

9.0x10°

Intensity

6.0x10°

H,N

ClI

2,3,5,6-Tetrachloroaniline \

3.0x10° “

0.0

3,4,5,6-Tetrachloroaniline

hexachlorobenzene

277

oh
1h

>

G

C

8

IS
6h
8h

500 1000 1500 2000

wave number (cm™)

Fig. 3. Raman spectra of ground samples.

ball milling, the PCNB concentration was below the detection limit
(Fig. 1). Actually no peaks could be found in the GC/MS spectrum for
samples after 8 h ball milling, which implied a complete destruction
of PCNB and other organic intermediates.

3.2. Intermediates and products

Several intermediates were found by peak identification using
US NIST(05) database searching, including: pentachloroaniline
(PCA), 2,3,5,6-tetrachloroaniline (2,3,5,6-TeCBA) and 3,4,5,6-
tetrachloroaniline (3,4,5,6-TeCBA). PCA was found to be the major
intermediate, whose content reached the maximum at the reaction
time of 3 h, when the PCNB nearly totally disappeared. The con-
tents of 2,3,5,6-TeCBA and 3,4,5,6-TeCBA were very limited, which
only accounted for 1-2% of the initial PCNB applied. Neither nitrate
(NO3~) nor nitrite (NO,~) was detected by ion chromatography.
The remained chlorines decreased gradually, while the detected
ionic chloride (CI~) chloride accounts for 95.8% of chlorine in the
original PCNB applied at the reaction time of 12 h. However, the
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GC/MS chromatogram of the degradation products obtained by 3 h MCD treatment.
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Fig. 4. GC/MS spectra for the comparison study. (a) The chromatogram of 2 h ground sample dissolved in acetone and hecadeuteroacetone-ds, respectively. (b) PCA mass
spectrum of 2 h ground sample dissolved in acetone. (c) PCA mass spectrum of 2 h ground sample dissolved in hexadeuteroacetone-dg.

Cl~ detected only accounts for 76.9% of the chlorine in original
PCNB at the reaction time of 8 h, when no peaks found in the
GC/MS spectrum. This means there is a time interval between
organics destruction and dechlorination, which is similar with the
phenomenon in DDT destruction with calcium oxide [16]. There
might be some kind of high molecular compounds containing chlo-
rine existing in the ground sample between 8 h and 12 h, with the
molecular weight beyond the detection range of GC/MS equipment
adopted in this study (Fig. 2).

The color of initial mixture of PCNB and reactive iron powder
was yellow, which was changed to be black after 6h or 8 h ball
milling. The Raman spectra from the ground samples was shown
in Fig. 3. With the ongoing ball milling, firstly a band with the
peak at 1312cm™! then another band with peak at 1582 cm™!
appeared, with the intensity strengthened gradually. According to
Tuinstra and Koenig, single crystals of graphite show one single
line at 1575cm~! on the Raman spectra; while other graphite

materials like stress-annealed pyrolitic graphite, commercial
graphite, activated charcoal, lampblack, and vitreous carbon show
another line at 1355cm~! [19]. These two bands were actually
identical with so called “D-band” (1330-1380cm~1) and “G-band”
(1540-1580cm™1). It is well known that the sharp G-peak in the
spectra is characteristic for scattering by the optic phonons of
graphite (sp2-bonded carbon atoms). The D-peak in the Raman
spectra is usually diffused and is characteristic for scattering
from disordered carbon (sp?-bonded carbon atoms) [23,24]. The
appearance order of G- and D-peaks on the Raman spectra revealed
that firstly amorphous carbon was formed during the ball milling
process, some of which was then converted into graphite. This
phenomenon was identical with those in other mechanochemical
destruction studies using calcium oxide (CaO) instead of iron
[25,26]. The destruction portion of PCNB in ball milling without
reactive iron powder after 8 h is 9.2%, and the amorphous carbon
and graphite did not appear.
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3.3. Hydrogen source

No hydrogen atom is contained in the molecule of PCNB, nor
has any hydrogen containing reagent been employed in the ball
milling pot. The formation of -NH, indicates the involvement of
hydrogen donors in the process. One possibility would be that
-NH, was formed not in the pot but outside the pot, when the
samples were contacted with acetone as the extraction reagent.
For confirmation and clarification purpose, a comparison study
was conducted. Aliquots of powder samples after 2 h ball milling
were dissolved in the acetone and the acetone-dg, respectively, and
then injected for GC/MS analysis. As shown in Fig. 4a, the reten-
tion times of both PCNB and PCA in two solutions are identical.
However the mass spectra corresponding to PCA were different.
The main bars in the standard mass spectrum of PCNB (e.g. m/z
263, 265, 267, 269) were found in both Fig. 4b and c, while some
bars intensified significantly in Fig. 4c, e.g. m/z 264, 266, 268, 270.
Such differences should be caused by a deuterium atom contained
in the -NH, group when using acetone-dg. Therefore the possi-
bility proposed above was confirmed, i.e. the ground samples did
react with the acetone during the extraction process, resulting the
hydrogen atoms in acetone transfer into the -NH; of polychlori-
nated aniline. Meanwhile, the moisture adsorbed on the surface
of solid materials might be the hydrogen donor. Such reaction
occurring proceeding after the field of mechanical stress, there-
fore is a sort of “posteffect”. Unlike the reactions occurring in
the field of mechanical stress which would most likely involve
mechanically activated species, the role of mechanical action in
this “posteffect” reduces mostly to the generation of radicals, while
the subsequent free-radical process obeys the rules inherent in
them [15]. In this study, the electron spin resonance (ESR) could
not be conducted to detect radicals, due to the magnetism of
iron.

3.4. Fate of nitro-group (-NO3)

Neither nitrate (NO3~) nor nitrite (NO, ) was detected in the
ground samples by ion chromatography. It is necessary to study
the fate of -NO, during the grinding. Klupinski et al. proposed
that nitroaromatic compounds in aqueous media may act as Lewis
bases at vacant lattice sites of iron oxides where they could then
be reduced by proximate Fe(Il), present either as a sorbed complex
or as part of a distinct nanoscale mixed valent mineral phase [27].
In the present study, one proposed reaction is the electron transfer
from ground iron powder which leads to the oxygen adsorption,
while the nitro-group (-NO, ) becomes a metastable structure with
negative electricity. The ground sample after 3 h ball milling was
kept still in air for 3 months, and then was dissolved in the acetone
for GC/MS testing. PCA was found at the GC/MS spectrum, which
illustrates the good stability of metastable structure mentioned
above.

In addition, supplementary experiments had been designed to
testify changes of the (-NO,) group in MCD treatment. Fig. 5 shows
a comparison of GC/MS spectra from the solutions of PCNB in
acetone (100 ppm) added with different iron materials, including
original reactive iron powders, reactive iron powders after 6 h ball
milling treatment (without PCNB), and nano-iron powder. Fig. 5a
shows the experiment in which original iron powders (0.05g,
10-100 wm, see Supporting material) were put into PCNB solu-
tion of acetone (100 ppm), the PCNB has no change. Fig. 5b shows
the experiment that the 8 h ground iron powders (only iron pow-
der, no PCNB) were put into PCNB solution of acetone (100 ppm),
and PCNB has no change either! This is an effectively evidence that
the mechanochemical destruction process involves the reaction of
nitro-group. In order to compare with the reactivity of nano-iron
powders, the commercial nano-iron powder (30 nm) was used to
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solution with original iron powders. (b) 100 ppm PCNB solution with 6 h ground iron
powders (charge ratio is 36:1). (c) 100 ppm PCNB solution with 30 nm iron powder.

see if amination reaction of nitro-group will take place (Fig. 5c).
The nano-iron powders were put into PCNB solution of acetone
under anaerobic atmosphere. As shown in Fig. 5c, part of PCNB
has been reduced to PCA. When comparing Fig. 5b with Fig. 5c, it
can be deduced that 8 h milling is not sufficient to change the iron
powders to nanostructure iron, which will be verified by SEM pic-
ture. The SEM images obtained from the powders (PCNB and iron)
experiencing different grinding time were as shown in Fig. 6. The
particle size of powders decreased along the grinding process. After
8 h grinding, lots of submicron size hollow spheres were observed,
with the size of these spheres ranging from 1 wm to 20 pm. Such
sizes were much larger than that of nano-iron; therefore the degra-
dation should not be attributed to the nano-iron particles generated
during the ball milling process. We also have done the XPS analyses
for the N element (see Supporting material). The atom concentra-
tion of N 1s kept stable between 1.15 and 1.95% on the surface
of the ground sample and original sample. We proposed that N
element is still in the final solids, but the (-NO,) group has been
destroyed.

3.5. Degradation pathway

Based on the results from two comparison experiments above,
the mechanochemical degradation of PCNB in solid phase in the
pot should be the main mechanism, while the reaction between
the powder sample and the acetone as the extraction reagent out-
side the pot was the minor mechanism. The detection results of
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Fig. 6. SEM of the ground samples.
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organic intermediates and products described above illustrated
that the degradation pathway of PCNB under the ball milling
condition in this study should be: (1) the nitro group (-NO;)
was activated by ball milling in the pot and the amino group
(-NH,) was detected in the presence of hydrogen donors such
as acetone outside the pot; (2) the chlorine atoms were removed
from the benzyl ring; (3) carbon was formed via polymerization.
Other researchers have testified the mechanism that dechlori-
nation/polymerization pathway exist if amorphous carbon and
graphite ware produced. This pathway was induced by electron
transfer. This was followed by the dissociation of a chloride ion,
which formed aradical. These radicals could then in turn form high-
molecular-weight compounds through polymerization, leading to
some non-extractable compounds [28,29]. Their conclusions could
support our mechanism of Fe and PCNB reaction for the degradation
pathway.

On the basis of the above results and established theories in pre-
vious studies, a possible pathway was proposed, as shown in Fig. 7.
The meaning of results is that although the amination of nitro-
group will reduce the toxicity of PCNB in ball milling process, it does
not mean the safe MCD disposal of chlorinated organic compounds.
The signal of the most safe treatment measure for mechanochem-
ical destruction is the final carbonization of organics. So in MCD

application, the moment when organic compound peaks no longer
appeared in GC/MS spectrum of the ground sample is the terminal
time of reaction.

For the future work, the reactivity measurement of iron powder
and scrap iron might be interesting. Unlike the approach used for
the aqueous phase [30-32], the methodology applicable in solid
phase should be established.

4. Conclusions

The MCD method could destruct the PCNB powder with reactive
iron powder successfully, and the impurities such as dioxins and
HCB could also be destructed simultaneously. The toxic equivalent
quantity of the PCNB powder has been degraded from 1146 ng-
TEQ/kg-dry to 0.04 ng-TEQ/kg-dry.

Pentachloroaniline (PCA), 2,3,5,6-tetrachloroaniline (2,3,5,6-
TeCBA) and 3,4,5,6-tetrachloroaniline (3,4,5,6-TeCBA) were
detected as intermediates during the ball milling process and were
destructed completely after 8 h milling.

Graphite and amorphous carbon were confirmed by Raman
spectrum as the final degradation product of PCNB with the mech-
anism of carbonization.
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