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Since the discovery of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) in the process of
municipal solid waste incineration (MSWI), a large number of researches have been conducted to reveal
their formation mechanisms and emission characteristics. As one of national priority control pollutants,
chlorinated organics are inclined to transfer into PCDD/Fs in the heterogeneously catalyzed process,
which has been considered to be one of great challenges in environmental catalysis. However, so far
direct evidences to support such a conversion process are insufficient, and the reaction mechanisms are
lack of exploration. This study investigated the catalytic elimination of chlorobenzene (CBz) over a range
of industrially applied active species including Pt, Ru, V, Ce and Mn oxides, and explored their reaction
byproducts, chlorine adsorption/desorption behaviors and PCDD/F formations. We found that all of these
species could generate the PCDD/Fs, amongst which, Mn species were the most active for PCDD/F
formation. Approximately 140 ng I-TEQ g~ ! PCDD/Fs were detected on the Mn-CNT surface after ageing at
250°C for 30 h. Even using the dichloromethane (DCM) as a precursor, significant PCDD/Fs were still
detected. The Ru and V species were shown to generate much less polychlorinated byproducts and PCDD/
Fs, owning to their sufficiently high abilities in Cl desorption, which were through the semi-Deacon and
Brensted H reactions, respectively.
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To meet the increasingly stringent regulations in China, large-
scale of control devices have been implemented at the source of
production to reduce the emission of air pollutants. However, in
the operation of these devices, secondary pollution occurs
frequently, which makes many of the mature technologies appear
to be challenged [1-3]. Therefore, exploration of the secondary
pollution and control strategies in the process of air pollution
control have practical significance for assessing the environmental
risk and improving the current technologies.

As one of national priority control pollutants, chlorinated
organics are inclined to transfer into polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDD/Fs, also referred as dioxins) in
the catalytic elimination process, which has been a grave challenge
in environmental catalysis [4-6]. The PCDD/Fs are listed as
Persistent Organic Pollutants (POP) by the Stockholm Convention.
These compounds have attracted much social and scientific
attention as they are among the most toxic chemicals on the
earth. The vast majority of PCDD/Fs in the environment originate
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from anthropogenic sources, which include municipal solid waste
incineration (MSWI), iron ore sintering (I0S), and metal smelting
and coking [7-9]. So far there is no statistics released by China
showing the national annual emission of PCDD/Fs. However, the
Chinese emission standard for PCDD/Fs (e.g., 0.1 ng I-TEQ Nm 3 for
MSWI) is the same as EU standard, putting considerable pressure
on many industrial thermal-treatment processes.

Apart from the aforementioned sources, the formation of PCDD/
Fs from chlorinated organics elimination process should not be
negligible. Recent report shows that in pharmaceutical industries
(Pls), PCDD/Fs ranging from 0.148 ng/m? to 9.051 ng/m> and 0.008
to 0.255ng I-TEQ Nm > were detected in the off-gases of 16
regenerative thermal oxidizer (RTO) devices [10]. Although the
emission levels of most RTOs are lower than the national standard,
annual emission of 19.96 g I-TEQ PCDD/Fs has been estimated
owning to the large amounts of Pls in China. Furthermore, recent
laboratory tests confirmed that the PCDD/Fs could be generated in
the catalytic oxidation of 1,2-dichlorobenzene (DCBz) over CuOy/
TiO,-CNTs [11] and V,05-WOs3/TiO, catalysts [12]. Our work
further revealed that the conversion of chlorobenzene (CBz) into
PCDD/Fs could also occur in a synergistic selective catalytic
reduction (SCR) reaction [5]. Since wg/m? level of CBz have been
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detected in coal combustion process [13], and most of power plants
and industrial boilers have installed the SCR system, secondary
pollution generated from these combustion sources should be also
taken concern.

In the past decades, a large number of catalyst systems have
been explored for the efficient elimination of chlorinated organics
[4,14,15]. However, most of the works focused on how to improve
the destruction efficiencies of applied catalysts, while few efforts
are devoted to explore the potential formation of PCDD/Fs in the
catalytic process. Liu et al. recently studied the distributions of
polychlorinated benzenes (PCBz) in the catalytic oxidation of CBz
over a range of noble metals (e.g., Pd, Pt, Ru, Rh) [16], but did not
reveal insights into the PCDD/F formation. In this work, active
species including Pt, Ru, Mn, Ce and V were loaded onto carbon
nanotubes (CNTs). The support was employed to capture the
potentially generated PCDD/Fs in the process of catalytic CBz
oxidation (CBCO). Samples were subjected to a feed stream
containing 500 ppm of CB, 10vol% O,, and balanced N, at a
WHSV =20,000mL g~! h™'. As reported by Ji et al. [12], there was
no major difference in the homologue profiles of PCDD/Fs between
11 vol% and 2 vol% O,, but the PCDD/F-output escalated rapidly
with decreasing the oxygen content. Accordingly, a sufficiently
high 10 vol% O, was applied herein for heath safety consideration
of laboratory tests. Furthermore, the generation of PCDD/Fs from a
heterogeneous pathway generally proceeds between 200 °C and
400°C [17,18]. As such, a moderate ageing temperature of 250 °C
was selected. Details of reaction measurements, byproducts
analyses and catalyst characterizations were provided in Support-
ing information.

As shown in Fig. 1, the Ru-CNT and V-CNT samples did not show
apparent deactivation after a relatively short-term ageing, while
other samples exhibited a significant decrease in CBz conversion
efficiency. The deactivation of noble metal- and transition metal
oxide-based catalysts has been shown to mainly originate from CI
poisoning [14], where the chlorine accumulation on the catalyst
active sites resulted in the inhibition of CBz oxidation, and could
meanwhile induce an electrophilic chlorination that generated
moretoxic polychlorinated byproducts. Indeed, after measuring
the reaction byproducts in the off-gases, all of the samples were
found to produce significant byproducts. As shown in Fig. 2 and
Table 1, these byproducts mainly involved chlorinated alkanes
such as trichloromethane (CHCl3), carbon tetrachloride (CCly),
trichloroethylene (C,HCl3) and tetrachloroethylene (C,Cly). In
particular, the PCBz including dichlorobenzene (CgH4Cly) and
trichlorobenzene (CgHsCl3) were also detected. Further extracting
the used catalysts by using the dichloromethane, these PCBz were
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Fig. 1. CBz conversion efficiency at 250 °C with the two periods of ageing time.
Reaction condition: 500 ppm CB, 10 vol% O,, N, balance and WHSV 20,000 mLg ' h .
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Fig. 2. GC/MS qualitative analyses of gaseous products generated from the CBCO
reaction at 250 °C with two periods of ageing time. Reaction condition: 500 ppm CB,
10 vol% O,, N, balance and WHSV 20,000mL g ' h .

also observed on the catalyst surface, together with some
chlorophenols (CPs) (Fig. S1 in Supporting information). It is well
known that the PCBz are more toxic than CBz, which could be
further transferred into PCDD/Fs via a series of heterogeneous
reactions (e.g., Ullmann reaction) [18,19], and the CPs are
considered as the main precursor for PCDD/F formation. As such,
the observation of PCBz and CPs revealed an environmental risk for
applying these active species in the catalytic elimination of
chlorinated organics. Additionally, although the Ru-CNTand V-CNT
samples revealed no deactivation after ageing, they still produced
many chlorinated byproducts during the CBCO reaction.

Among these samples, the Pt-CNT was shown to yield the most
dichlorobenzene and trichlorobenzene in the off-gas. The forma-
tion of oxychlorides species (PtO4Cly) in the presence of sufficient
0, has been reported being responsible for this [20-22]. The origin
of PCBz in the Mn-CNT and Ce-CNT samples has been demonstrat-
ed to be caused by the attack of Cl (that were captured at oxygen
vacancies) with adsorbed CBz [23,24], where the Mn-CNT was
found to yield much higher PCBz than the Ce-CNT, suggesting a
more severe electrophilic chlorination in the sample. The Ru-CNT
likely proceeded a semi-Deacon reaction (2ClI~ + O, + Vo = Cly +
20y,¢) in the CBCO reaction [15,25,26]; this efficiently desorbed the
accumulated Cl from catalyst surface, and resulted in robust CB
oxidation (Fig. 1) and less PCBz/CPs generation. The VO, has shown
with Brgnsted and Lewis acidities, which originate from its V—OH
and V=0 groups, respectively [27,28]. The presence of Brensted
V—OH could act as proton source, which reacted with Cl forming
HCl [29,30], facilitating the Cl desorption and inhibiting the
electrophilic chlorination.



1412 J. Liu et al./Chinese Chemical Letters 31 (2020) 1410-1414

Table 1
GC/MS qualitative analyses of gaseous products generated from the CBCO reaction
at 250 °C.

Label Species (Formula) Possible molecular structure
1 Acetone (C3HgO) [ 2
L\L},\f‘
2 Dichlormethane (CH,Cl;) “Lt
3 Chloroacetaldehyde (C,H40) g\ .
L
4 Butanal (C4HgO) o
“Yghe
5 Trichloromethane (CHCl3) &)‘f
6 carbon tetrachloride (CCly) l
@ ® @
7 Benzene (CgHg) H&
8 Trichloroethylene (C,HCl3) c.} .
¢ i«,
9 Toluene (C;Hg) o
[ Q*‘:
10 Tetrachloroethylene (C,Cly) »
S
d *\L
11 Chlorobenzene (CgHsCl) }“f
12 Xylene (CgHyp) Qo
Se2
13 Dichlorobenzene (CgH,4Cl;) St
o \/:__},‘_
14 Trichlorobenzene (CsH5Cls) /‘x n
gy

To further verify aforementioned Cl reaction and desorption
behaviors, temperature-programmed surface reaction (TPSR)
measurements were conducted by purging the CBz and O, onto
each sample and monitored their reaction products using a Mass
spectroscopy (MS). As shown in Fig. 3, HCl appeared at
approximately 200 °C in the V-CNT sample, the amount of which
was distinctly increased with elevating temperature. This result
confirmed the assumption that the V—OH groups provided the H
proton to facilitate HCl formation. The Ru-CNT exhibited an intense
Cl, desorption peak initiating at the temperature of approximately
300 °C, indicating that a semi-Deacon reaction indeed occurred.
For the Ce-CNT and Mn-CNT, no significant desorption was
observed for both HCl and Cl, at the temperatures below 500
°C. This suggested that rather poor Cl desorption appeared in these
two samples. In general, the cleavage of C—Cl was an initial step for
CBCO reaction as the C—Cl bond energy (at 339 k]/mol) was much

lower than that of C—H (414 kJ/mol). At Lewis CeO, and MnOy
surface, such a cleavage process preferred to occur at oxygen
vacancy, followed by a nucleophilic attack with CBz [31]. This
dissociated the Cl at the surface oxygen vacancy and formed
phenyls attached to the surface lattice oxygen atoms. The phenyl
groups were then attacked by H (from the surface hydroxyls)
forming the benzene (see label 7 of benzene in the Fig. 2) [23]. In
the Ce-CNT and Mn-CNT, the captured Cl were very stable, which
led to rapid deactivation of the samples (Fig. 1), and promoted the
electrophilic chlorination, increasing the generation of polychlori-
nated byproducts. In comparison with Mn-CNT, Ce-CNT yielded
much less polychlorinated byproducts. This could be attributed to
the limited surface chlorination of CeO, as verified by our previous
density functional theory (DFT) calculation [31], which indicated,
as the temperature increases, the replacement of chlorine species
located in the prechlorinated oxide surface by oxygen becomes
much more thermodynamically feasible, and the prechlorination
of the surfaces tends to promote the resistance against higher
concentration of Cl, in the equilibrium gaseous phase. Further X-
ray photoelectron spectroscopy (XPS) analyses also confirmed the
presence of much less intense Cl 2p characteristic bands on the
aged Ce-CNT surface (Fig. S2 in Supporting information) [32].

To evaluate the potential generation of PCDD/Fs in the catalytic
elimination process, the off-gases of CBCO reaction were collected
by absorption in a 100 mL toluene, and the used catalysts were
extracted, both of which were subsequently analyzed using a HR-
GC/HR-MS system following a standard PCDD/F measurement
procedure. Since the Pt-CNT sample exhibited remarkably high
PCBz byproducts, only Ru was selected as a representative noble
metal for further analysis in consideration of the health safety
issue. In general, PCDDs have 75 congeners, among which 7
congeners have high toxicity, and PCDFs have 135 congeners, 10 of
which have high toxicity. Therefore, the 17 congeners were
measured herein for comparison.

As shown in Figs. 4a and b, the majority of PCDD/Fs have been
captured by CNTs as only few of them were detected in the off-
gases. After ageing at 250 °C for 30 h, the most toxic 2, 3, 7, 8-TCDD
was observed in the Ce-CNT and Mn-CNT, which were rarely
generated in the Ru-CNT and V-CNT. The sequence of total
concentration of PCDD/Fs was Mn-CNT > Ce-CNT > Ru-CNT > V-
CNT (Fig. 4c), while the Mn-CNT yielded the most PCDD/Fs with the
total concentration at 0.039ng I-TEQ m > in the effluent and
140.9 ng I-TEQ g! on the catalyst surface. The homologue profile
suggested that Mn-CNT was with the primary PCDDs, which has
been reported originating from CPs [33-35] (Fig. S1). It is
noteworthy that the total concentration of PCDD/Fs captured by
CNTs was remarkably higher than Chinese national standard of
solid residue (at 3 ng I-TEQ g™!) in the Mn-CNT, so did the Ce-CNT
that had the value of 13.1 ng I-TEQ g'. Furthermore, the 17 toxic
PCDD/F congeners were all detected in the four samples. Both of
these provided direct evidence that secondary pollution indeed
occurred in the catalytic elimination of chlorinated organics, and
seems to be universal for all industrially applied active species.
Additionally, even we used dichloromethane (DCM) as reaction
precursor, significant dioxins were still detected in the effluent and
on the catalyst surface for Mn-CNT (Fig. 4d). This is the first report
of DCM conversion to PCDD/Fs under laboratory tests, which is in
line with the observation of PCDD/Fs from the 16 RTOs in PIs as the
DCM is a major chlorinated pollutant at this source. It is likely that
the DCM might initially precede an aromatization process,
following by a condensation reaction to form the dioxins. Further
work should be conducted to explore the underlying mechanism
for this important conversion process.

The formation of dioxins through either homogenous or
heterogeneous pathway has shown to be very complex. In the
past decades, significant efforts have been devoted to reveal the
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Fig.4. The homologue profiles of PCDD/Fs (a) on catalyst residue and (b) in the effluents after ageing at 250 °C for 30 h on each catalyst; (¢) the total concentrations of PCDD/Fs
for each catalyst; (d) the homologue profile of PCDD/Fs using the DCM as precursor on Mn-CNT catalyst.

underlying mechanism of PCDD/F formation [19,36]. Some
consensuses have been reached but there are still many features
largely unknown [17]. In this study, we only aim to provide direct
evidences for the formation of PCDD/Fs in the process of catalytic
elimination of chlorinated organic pollutants. We demonstrated
that a range of industrially important catalyst systems, such as Ru,
V, Ce and Mn species would all produce the PCDD/Fs in CBCO
reaction. Amongst which, the Mn specie was shown to be the most
active for PCDD/F formation, even with the DCM as precursor. After
ageing at 250 °C for 30 h, the PCDD/Fs captured by CNTs on both the
Mn and Ce species were remarkably higher than Chinese national
standard, and TPSR measurements suggested that such a high

amounts of PCDD/F generation could be strongly correlated with
their insufficient desorption of Cl from the active sites. Although
the chemical features of PCDD/Fs formation in the catalytic
elimination process are not explored herein, detailed mechanism
studies are currently conducted, the results of which will be
reported in due course.
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