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ARTICLE INFO ABSTRACT
Editor: L. Eder In this study, polycyclic aromatic hydrocarbons (PAHs) at practical concentrations in the simulated sludge
Keywords: treated by the Fe®* /H,0, and Fe?* /peroxymonosulfate (PMS) systems were evaluated in terms of the PAHs
Textile dyeing sludge (phenanthrene, anthracene, fluoranthene) removal, element migration, Cl~ effect, and chlorination by-product
Advanced oxidation process formation. The results indicated that according to the removal rate of PAHs, the optimal dosage of the Fe?* /PMS
Element migration system (XPAHs removal rate was 64.66 + 2.82 %) was 1/30 of that for the Fe?* /H,0, system (XPAHs removal
Polycyclic aromatic hydrocarbons (PAHs) rate was 78.63 =+ 0.38 %). The elemental contents in the simulated sludge were mainly affected by the extent of

Chlorination by-product advanced oxidation and the amount of generated iron flocs. By studying the PAHs removal, free chlorine for-

mation, total organochlorine content, and PAHs products in Fe?* /H,0,/Cl and Fe?* /PMS/CI’ systems, it was
found that chlorine radicals (-Cl) had high reactivity with phenanthrene and fluoranthene, whereas dichloride
anion radicals (Cl,") exhibited the opposite behavior. Furthermore, PAHs were oxidized by -Cl and hydroxyl
radical in the Fe?* /H,0,/Cl" system, whereas PAHs and their products were chlorinated by free chlorine and -Cl
in the Fe?* /PMS/Cl" system to six chlorinated by-products such as ClI-PAHs (9-Cl-phenanthrene, 2-Cl-anthra-
cene, 9,10-Cly-anthracene, 3-Cl-fluoranthene). These results provide some useful suggestions for the safe ad-
vanced oxidation process treatment of textile dyeing sludge.
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1. Introduction

Textile dyeing sludge has a complex composition and contains more
than 500 types of organic compounds, including 91 priority pollutants
such as chlorobenzene, phenolic compounds, polycyclic aromatic hy-
drocarbons (PAHs), aromatic amines, and other persistent organic
pollutants (POPs) (Liang et al., 2013; Wang et al., 2011; Weng et al.,
2012). The content of X;¢ PAHs in textile dyeing sludge was
1463 = 177 ng/g to 16,714 = 1507 ng/g, and the main components
of PAHs were phenanthrene (Phe), anthracene (Ant), and fluoranthene
(Flu) (Ning et al., 2014). Moreover, owing to the extensive use of
flocculants such as ferric chloride, polyaluminum chloride and poly-
meric ferric sulfate (PFS), textile dyeing sludge has a large content of
elements such as S, Cl, Fe, and Al (Zhang et al., 2017).

The traditional Fe**/H,0, system is a commonly used advanced
oxidation technology that has been investigated in several studies. For
example, Lin et al. (2016) treated PAHs in textile dyeing sludge with
Fe?* /H,0, and found that the removal rate of %, PAHs reached 83.5
%. However, the production of a large amount of iron flocs by H>O, and
Fe?"* has limited the wide application of the Fe?*/H,0, system
(Pignatello et al., 2006), and the dilution effect of iron flocs on organic
matter has been rarely considered in the studies reported in the lit-
erature. In addition, the investigations of the Fe?>* /peroxymonosulfate
(HSOs ™, PMS) system have mainly focused on sludge dehydration (Liu
et al., 2018). Although the degradation of trace organic pollutants
(antibiotics, toluene) (Balcioglu et al., 2017; Oncu et al., 2015;
Waclawek et al., 2016) in the sludge by activated PMS had attracted
much attention, studies of the degradation of trace organic pollutants in
the sludge by the Fe?* /PMS system have been rare; thus, further in-
vestigations of the degradation of PAHs in textile dyeing sludge by the
Fe®* /PMS system are necessary.

The main oxidation radicals in the Fe?>* /H,0, and Fe?" /PMS sys-
tems are the hydroxyl radical (‘OH) and the sulfate radical (SO4 ~);
these radicals are non-selective and have oxidation potentials of 2.8 V
and 2.5-3.1V, respectively (Cai et al., 2014; Lin et al., 2014). The ex-
istence of Cl in textile dyeing sludge is inevitable, and in the de-
gradation system, Cl” not only forms free chlorine (Cl,, HCIO, ClO") with
H,0, and PMS, but also forms free radical reactive chlorine species (-Cl,
Cl, 7, "ClO) with "OH and SO," (Fang et al., 2014). Free chlorine and
free radical reactive chlorine species are collectively referred to as re-
active chlorine species (RCS). Free chlorine (Cl,, HCIO) chlorinated
aromatic compounds (e.g. PAHs) and non-aromatic compounds through
electrophilic substitution, and Cl, has stronger electrophilic ability than
HCIO (Georgi et al., 2007; Zhu et al., 2011). "Cl, Cl,~ and 'ClO are
selective radicals with oxidation potentials of 2.47, 2.0, and 1.5-1.8V,
respectively (Beitz et al., 1998). Free radical RCS can preferentially
react with electron-rich moieties containing olefins, phenols, anilines,
and alkyl-/alkoxybenzenes (Guo et al., 2017). Additionally, CI" may
also be oxidized to form chlorate (ClO3") (Hou et al., 2018). The study
by Gu et al. (2018) showed that Cl” were beneficial to the degradation
of Phe by PMS system, proving that free radical RCS exhibited higher
selective reaction of Phe. However, it is still necessary to further in-
vestigate which free radical RCS shows high reactivity with PAHs (Phe,
Ant, Flu). Phthalic acid and phthalic anhydride were the main de-
gradation products of Phe and Flu under the action of "OH (Bendouz
et al.,, 2017), and phthalic acid was converted into 1,2-benzenedi-
carboxylic acid dichloride when CI" were present in the PMS system
(Yuan et al., 2011). Thus, either PAHs themselves or their degradation
intermediates are likely to be chlorinated and then form chlorinated by-
products. However, previous studies had paid little attention to the
effect of Cl" on the PAHs degradation products. Therefore, it is neces-
sary to study and compare the effects of Cl" on the degradation of PAHs
and the PAHs products in the Fe?* /H,0, and Fe?* /PMS systems.

The advanced oxidation process will introduce a large amount of
iron into the sludge, and may also change the contents of calcium,
sulfur, phosphorus, and other elements in the sludge. This will affect
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the subsequent incineration of the sludge, which is currently the main
method of its disposal (Zhang et al., 2013). Previous studies have shown
that dioxin formation in the sludge thermochemical treatment was not
only related to the chlorinated organics in sludge, but was also related
to the FeCls, CaO, and S present in the sludge (Nganai et al., 2009; Qin
et al., 2017). Therefore, it is necessary to compare the changes in the
contents of iron, calcium, sulfur, and phosphorus in the simulated
sludge degraded by the Fe?>* /H,0, and Fe?" /PMS systems, taking into
account the entire sludge treatment and disposal process.

In this study, the Fe>* /PMS system was applied to remove the main
PAHs (Phe, Ant, Flu) in textile dyeing sludge, and the effects of the
Fe** /H,0, and Fe** /PMS systems for the removal of the PAHs (Phe,
Ant, Flu) in the simulated sludge were compared. Then, the optimal
conditions for the removal of PAHs (Phe, Ant, Flu) from the simulated
sludge by the Fe?'/H,0, and Fe?'/PMS systems were identified.
Furthermore, based on the element migration observed for the simu-
lated sludge, the effects of the Fe**/H,0, and Fe®*/PMS systems on
subsequent sludge incineration disposal were examined. Finally, the
effects of CI~ on the removal of the PAHs (Phe, Ant, Flu) and PAHs
(Phe, Ant, Flu) products by the Fe?*/H,0, and Fe?>*/PMS were stu-
died. The price of FeSO47H,0 is ¥9.0 per Kg, and the price of PMS
(¥280.0 per Kg) is 127.27 times that of 30 % H,0, (¥2.2 per Kg), so the
actual usage of PMS cannot be equivalent to that of H,O,. It is more
practical to compare the two systems under the optimal operating
conditions and the same cost.

2. Materials and methods
2.1. Materials

Sources, purities and concentrations of chemicals are shown in Text
S1.

2.2. Sludge samples and simulated sludge

Three types of textile dyeing sludge with a water content of 99 %
were collected from three textile dyeing plants (TDP1-3) in different
cities in Guangdong Province, China. The samples were refrigerated at
4 °C until analysis. The Cl~ contents in the water phase of the three
types of textile dyeing sludge samples were 54.13 *= 4.77 mg/L
(TDP1), 94.67 + 2.38mg/L (TDP2), and 1081.96 = 14.31 mg/L
(TDP3), respectively. The chemical composition of the solid phase of
the textile dyeing sludge is shown in Fig. 1 and Text S2.

PFS solution was mixed with certain amounts of CaO (100 mesh),
Na,HPO412H,0, and SiO,. The mixture was continuously stirred with
a magnetic stirrer (HMS-901D, China) at 200 rpm, and the pH was
adjusted with a NaOH solution until pH = 7 (Lai et al., 2019; Liang
et al., 2019). Then, the mixture was centrifuged at 4000 rpm for 10 min,
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Fig. 1. Chemical composition of the textile dyeing sludge and the simulated
sludge.
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and the solid residue was freeze-dried (LGJ-10C, China) at —-60 °C for
24 h. Finally, the simulated sludge that did not contain PAHs and had a
similar physical structure and inorganic composition to the actual
textile dyeing sludge was obtained. The chemical composition of the
simulated sludge is shown in Fig. 1. X-ray fluorescence (XRF) spectro-
meter test shows that the relative contents (expressed in oxide form) of
Fe, P, Si, Ca, and S in the simulated sludge were 65.97 %, 4.02 %, 3.96
%, 3.03 %, and 11.36 %, respectively. Iron ions in the simulated sludge
might exist as hexaaquo ions (Fe(H,0)6> ™) (Bolobajev et al., 2016), and
the simulated sludge did not contain Fe,;O3, Fe;0,4 and Fe® (Liang et al.,
2019).

2.3. Experimental procedure

Details related to the experimental procedure are provided in the
Text S3.

2.4. Analytical methods

Details pertaining to analytical methods are provided in the Text S4.

2.5. Quality assurance and quality control

Details pertaining to quality assurance and quality control are
provided in the Text S5.

3. Results and discussion

3.1. Effects of different reagent ratios, reagent dosage and reaction time on
PAHs removal

The effects of the reagent ratio, reagent dosage, and reaction time
on the removal of PAHs by Fe?" /H,0, are shown in Fig. 2(a)-(c), re-
spectively. According to Fig. 2(a), as the amount of Fe?* increased, the
ratio of Fe2™ to H,0, increased, and the removal rates of Phe, Ant, and
Flu increased. For the Fe?™ to H,0, ratio higher than 1, the removal
rate of the total PAHs did not increase significantly, so that the optimal
Fe?™ to H,0, mole ratio was identified as 1:1, which was similar to the
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research results of Lin et al. (2016) using Fe?* /H,0, to degrade PAHs
in textile dyeing sludge. At these conditions, the removal rates of Phe,
Ant, Flu, and total PAHs were 69.06 = 4.00 %, 79.23 = 0.80 %,
71.64 + 0.05 %, and 76.58 + 0.80 %, respectively. However, a large
amount of iron flocs produced by the Fe?* /H,0, system increased the
total amount of the sludge, diluting the organic matter in the sludge
rather than removing it. Therefore, the removal rates of the PAHs after
removing the influence of the iron flocs produced by the Fe?*/H,0,
system is shown in Fig. S1. Comparing Fig. 2(a) with Fig. S1, it can be
seen that when the dosage of Fe?* is 11.11-33.33 mM, the total PAHs
removal rate increases by 0.38-1.11 % due to dilution of iron flocs;
when the dosage of Fe>" is 100mM and 150 mM, the total PAHs re-
moval rate increases by 2.58 % and 4.00 % due to dilution of iron flocs.
Therefore, when the amount of the added Fe?™ was less than
33.33mM, the effect of the iron flocs produced by the Fe? " /H,0,
system could be ignored.

As observed from Fig. 2(b), the removal rates of Phe, Ant, and Flu
increased with increasing reagent dosage. The main components of
PAHs in textile dyeing sludge were Phe, Ant and Flu (Ning et al., 2014),
so the optimal dosage of degradation system should be determined
according to the removal rate of total PAHs. As shown in Fig. 2(b), for
the dosage of more than 30 mM, the removal rate of the total PAHs did
not increase significantly—considering the interference of large error of
Ant removal rate. Moreover, when the added Fe?' was more than
30mM, the increase of total PAHs removal rate (0.55-3.25 %) was
probably due to dilution of iron flocs. Therefore, the optimal dosage
was identified as 30 mM. At these conditions, the removal rates of Phe,
Ant, Flu, and total PAHs were 47.53 = 0.09 %, 81.69 + 1.32 %,
74.96 = 0.39 %, and 76.03 + 0.61 %, respectively.

As shown in Fig. 2(c), the removal rates of Ant and Flu increased
with longer reaction time. The decrease of Phe removal rate at 40 min
might be due to the cracking of the simulated sludge, which might lead
to the release of PAHs that were not originally detected in the simulated
sludge, or the degradation of macromolecular PAHs to form small
molecular PAHs (Bissey et al., 2006; Lin et al., 2016). When the reac-
tion time was greater than 20 min, the removal rate of the total PAHs
did not increase significantly, so that 20 min was determined to be the
optimal reaction time. Based on the above-described results, the
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Fig. 2. Effects of reagent ratio, reagent dosage, and reaction time on removal of PAHs in simulated sludge by Fe?* /H,0, or Fe?* /PMS (a: 100 mM H,0,, 40 min; b:
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optimal operating parameters for the removal of PAHs by the Fe?*/
H,0, process (Fe?*/H,0, = 1:1, H,0, = 30mM, 20 min) were ob-
tained. For these conditions, the removal rates of Phe, Ant, Flu, and
total PAHs were 81.42 * 0.07 %, 84.00 = 0.88 %, 67.27 = 0.22 %,
and 78.63 * 0.38 %, respectively.

The effects of the reagent ratio, reagent dosage, and reaction time
on the removal of PAHs by the Fe?* /PMS are shown in Fig. 2(d)-(f).
When the Fe®* to PMS mole ratio was greater than 1, or when the
dosage was greater than 1 mM, or when the reaction time was greater
than 20 min, the removal rate of total PAHs did not increase sig-
nificantly. Thus, the dosage of PMS and Fe?" of 1 mM, and the reaction
time of 20 min were identified as the favorable conditions for the re-
moval of PAHs. At these conditions, the removal rates of Phe, Ant, Flu,
and total PAHs were 52.29 + 1.21 %, 77.34 = 0.59 %, 53.17 + 6.88
%, and 64.66 *+ 2.82 %, respectively.

According to Fig. 2, the removal efficiencies of PAHs were obtained
in the order of Ant > Flu > Phe. This is due to the low energy required
for the formation of a highly stable oxide (9,10-anthraquinone) in Ant
degradation (Forsey et al., 2010). Moreover, Peluffo et al. (2016) found
that Phe was the most difficult to degrade in the 3-4 rings PAHs. Ac-
cording to the price of reagents in China, the price of treating simulated
sludge containing PAHs with the optimal conditions of the Fe?* /H,0,
system (Fe?* /H,0, = 1:1, H,0, = 30 mM, 20 min) is ¥82.54 per m>;
the price of treating simulated sludge containing PAHs with the optimal
conditions of the Fe?* /PMS system (Fe?*/PMS = 1:1, PMS = 1 mM,
20 min) is ¥174.65 per m>. Therefore, when the optimal dosage of the
Fe?* /PMS system was 1/30 of that for the Fe?* /H,0, system, the re-
moval rate of the total PAHs was reduced by 13.97 %, and the treat-
ment price was doubled. When the dosage of the Fe2t/PMS (1:1)
system was 0.5 mM (the removal rate of total PAHs was 35.93 + 2.68
%; 40 min) and the dosage of the Fe2* /H,05 (1:1) system was 30 mM
(the removal rate of total PAHs was 76.03 + 0.61 %; 40 min), the cost
of treating simulated sludge by the two systems was not much different.
However, under these conditions, the removal rate of total PAHs by the
Fe?* /H,0, (1:1; 30 mM) system was 2.11 times that by the Fe?>* /PMS
(1:1; 0.5 mM) system. When the Fe?* /H,0, (1:1) system dosage was
10 mM (the removal rate of total PAHs was 70.10 = 4.91 %) and the
Fe?™ /PMS (1:1) system dosage was 5 mM (the removal rate of the total
PAHs was 70.10 + 1.87 %), the removal rates of the total PAHs in the
two systems were equivalent. However, under these conditions, the
treatment price of the Fe2* /PMS (1:1; 5 mM) system was 31.74 times
that of the Fe?* /H0, (1:1; 10 mM) system. In conclusion, considering
the removal of PAHs and the dosage and price of reagents, Fe** /H,0,
system was more advantageous for the removal of PAHs from the
sludge.

3.2. Elemental migration in the Fe?* /H,0, and Fe?* /PMS systems

Under the conditions of different iron ion dosage, the results for the
migration of iron, calcium, and sulfur elements are shown in Fig. 3, and
the pH before and after the reaction is shown in Table S1. The attri-
bution of iron elements in the simulated sludge system was obtained by
measuring the concentration of iron ions in the liquid phase of the
degraded simulated sludge system and the degraded pure water system.
Fig. 3(a) shows that the added Fe?* formed a large amount of flocs
([Fex(H,04)(OH)2]*", [Fea(H,07)(OH)3]*", [Fes(Hy0)10(0H)41°") in
the Fe2*/H,0, system (Wang and Xu, 2003). With the increase of
FeSO,7H,0 dosage, the particle size of iron-forming flocs increased
(Zhang et al., 2005). Iron-forming flocs accounted for 28.98 %-50.43 %
of the total added iron. When the addition of the FeSO4,7H,0O was
greater than 20 mM, iron ions appeared in the liquid phase, causing
secondary pollution to the water environment. As shown in Fig. 3(d),
Fe®>* added in Fe*>* /PMS system formed a small amount of flocs. Iron-
forming flocs accounted for 0.36 %-32.41 % of the total added iron. No
iron ions appeared in the liquid phase of the Fe*'/PMS system.
Fig. 3(a) and (d) shows that the simulated sludge can adsorb iron ions.
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When the Fe?* dosage was greater than 20 mM, free iron appeared in
the liquid phase, while when the dosage of Fe?" was greater than
33.33 mM and the iron ion concentration of non-flocs was greater than
60.50 mg/g, the simulated sludge approached the limit of iron ion ad-
sorption. The maximum amount of iron ions adsorbed by the simulated
sludge was 38.5mg/g. Simulated sludge is a floc with the ability to
adsorb metal ions (Gang et al., 2019), so simulated sludge can adsorb
iron ions. Lai et al. (2019) showed that the addition of sulfate greatly
increased the specific surface area of simulated sludge, decreased the
particle size of simulated sludge and increased the adsorption sites of
simulated sludge. Therefore, in this experiment, with the increase of
FeSO4,7H,0 dosage, the ability of simulated sludge to adsorb iron ions
was enhanced.

Bolobajev et al. (2016) showed that iron-containing sludge had a
lower catalytic capacity for H,O, than Fe>*, because the release of iron
from sludge into the aqueous medium required additional chemical
reactions (protonation). In this study, the iron ions released by the si-
mulated sludge were smaller than those adsorbed by the simulated
sludge (Fig. 3(a) and (d)). Therefore, the activation of H,O, and PMS
would not be affected by iron ions released by simulated sludge.

As shown in Fig. 3(b) and (e), the Ca?" ions in the simulated sludge
were released into the water phase under the action of the Fe?* /H,0,
or Fe** /PMS systems. In the Fe**/H,0, system, the release of Ca®*
first increased and then decreased with the increase in the Fe*>* dosage.
When the Fe? ™ to H,0, molar ratio was 1:3, the maximum Ca* release
amount of 16.26 + 1.11 mg/g was obtained. This may be because with
the increase in the Fe?* to H,0, molar ratio, the Fe?* /H,0, reaction
strengthened and the pH decreased (Table S1), increasing the release of
Ca®* from the simulated sludge. However, with the increased amount
of added Fe?*, a large amount of iron flocs were formed. Ca®* can be
adsorbed by these iron flocs, possibly explaining the observed reduction
in the observed amount of released Ca™. In the Fe2* /PMS system, the
amount of released Ca®" increased with the increase in the Fe?* do-
sage. It is also likely that the pH decreased with the increase in the Fe**
dosage (Table S1), enabling the Ca(OH), in the simulated sludge to
dissolve more Ca®™.

The migration of sulfur in simulated sludge was obtained by mea-
suring SO4>~ concentration in the liquid phase of the degraded simu-
lated sludge system and the degraded pure water system. The results for
the migration of sulfur are shown in Fig. 3(c) and (f). In the Fe? " /H,0,
system, with the increase in the Fe®>* dosage, SO4>~ were first released
from the simulated sludge and then were adsorbed by the iron flocs.
Initially, the enhanced Fe?* /H,0, reaction increased the amount of the
S0,2~ released in the simulated sludge. However, with the increased
amount of added Fe? ", the amount of SO,>~ adsorbed by the iron flocs
was larger than that released by the simulated sludge, consistent with
the results obtained for Ca?" in the Fe?* /H,0, system. In the Fe?*/
PMS system, with the increase in the Fe** dosage, the amount of iron
ions adsorbed by the simulated sludge increased and the mobility of
S0,2 decreased, which was contrary to the results of Ca2" in the Fe?*/
PMS system. Among them, when the molar ratio of Fe*>* to PMS was 2,
the release of SO,>~ suddenly increases, probably because the pH of the
simulated sludge system was less than 5 (Table S1), which greatly re-
duced the stability of the simulated sludge (Cao et al., 2010). When the
molar ratio of Fe** to PMS was 3, the simulated sludge adsorbed a large
amount of iron ions, which improved the stability of simulated sludge
or the ability of the simulated sludge to adsorb SO4>~ (electrostatic
adsorption), thus reducing the release of SO,%”. In addition, the
phosphorus in the simulated sludge was not released in any of the re-
actions.

Based on the above experiments, the optimal reaction conditions for
the removal of PAHs from simulated sludge were determined. Under the
optimal reaction conditions (Fe** /H,0, conditions: Fe** /H,0, = 1:1,
H,0, = 30mM, 20min; Fe?*/PMS conditions: Fe?*/PMS = 1:1,
PMS = 1 mM, 20 min), the migration of iron, calcium, and sulfur ele-
ments was continuously studied. As shown in Fig. 4, there were no iron
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Fig. 3. Migration of iron, calcium and sulfur elements with different iron ion dosages (a,b,c: 100 mM H,0,, 40 min; d,e,f: 2mM PMS, 40 min).

ions in the liquid phase of the Fe>*/PMS system and no secondary
pollution to the water environment was observed. Moreover, the
amount of iron transferred into simulated sludge in the Fe?*/H,0,
system was 23.83 times that in the Fe>* /PMS system. The migration of
Ca®* in the Fe?" /H,0, system was 4.69 times that in the Fe?*/PMS
system, and the sulfur in the simulated sludge was released into the
water phase after the treatment by the Fe>*/PMS system instead of
being adsorbed. Since most of the dehydrated sludge will be incinerated
(Zhang et al., 2013), the influence of the content change of the char-
acteristic elements after conditioning on the subsequent sludge in-
cineration should also be considered. Sulfur in the sludge will produce
sulfur dioxide during incineration, causing air pollution (Amand and
Kassman, 2013). In addition, the CaO in the sludge is conducive to
inhibiting dioxin formation during incineration (Qin et al., 2017), while
iron oxide in the sludge catalyzes the conversion of dioxin precursors
into dioxins (Nganai et al., 2009). Therefore, based on the results for
the migration of the elements in the sludge, the textile dyeing sludge

treated by the Fe®* /PMS system is likely to give rise to less pollution in
its subsequent incineration.

3.3. Effect of chloride ion on the Fe?* /H;0, and Fe?* /PMS systems

Although the Cl™ concentration in the liquid phase of the three
types of actual textile dyeing sludge was 54.13-1081.96 mg/L, some
wastewater treatment plants use polymeric chloride as the flocculant;
this greatly increases the Cl” content in the solid and liquid phases of the
sludge. Therefore, the Cl" concentration range in this experiment was
set to 0-5000 mg/L. The results for the effect of the Cl" concentration on
the removal of PAHs by the Fe**/H,0, and Fe**/PMS systems are
shown in Fig. 5(a) and (b). In the Fe?* /H,0, system, with the increase
in the Cl" concentration, the removal of Phe, Flu, and total PAHs first
increased and then decreased. The removal rate of Ant decreased with
increasing Cl” concentration. The highest removal rate of total PAHs
(80.93 % =+ 1.09 %) was obtained for the Cl” concentration of 50 mg/L,
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PMS conditions: Fe?*/PMS = 1:1, PMS = 1 mM, 20 min).
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while the lowest removal rate of the total PAHs (72.01 %-72.37 %) was
obtained for the Cl” concentration of 2000-5000 mg/L. When CI" con-
centration was 5000 mg/L, the removal rates of Phe, Ant, Flu, and total
PAHs were 5.96 %, 8.18 %, 7.90 %, and 6.26 % lower than those
without CI, respectively. In the Fe?>* /PMS system, the removal rates of
Phe, Flu, and total PAHs increased with increasing ClI" con-
centration—considering the interference of error and Ant removal rate.
And when the Cl" concentration was 5000 mg/L, the removal rates of
Phe, Flu, and total PAHs were 78.82 % * 0.48 %, 73.89 % =+ 1.47 %,
and 82.35 % * 0.70 %, respectively. At these conditions, the removal
rates of Phe, Flu and total PAHs increased by 10.74 %, 22.69 %, and
9.79 %, respectively, compared to the results obtained without CI.
Yang (2015) and Wu et al. (2019) showed that when the Cl" con-
centration was from 0 mg/L to 1200 mg/L, the steady-state concentra-
tion of -OH in the UV/H,0, system was basically unchanged, while the
steady-state concentration of SO, in the UV/persulfacte system de-
creased by four orders of magnitude. Therefore, ClI” has a greater in-
fluence on SO,” and the removal of PAHs by Fe?>* /PMS. In this study,
for the Cl concentration of 2000 mg/L, the removal rates of total PAHs
in the Fe?*/H,0, system and the Fe?*/PMS system were 72.01
% = 0.67 % and 69.37 % = 0.72 %, respectively. Thus, for the CI
concentration of 2000 mg/L, Fe?* /H,0, and Fe?"/PMS showed the
same ability to remove PAHs from the simulated sludge. However, the
Fe** /H,0, system was more advantageous for removing the PAHs
from the simulated sludge when the sludge contained less than
2000 mg/L CI". In practical applications, chlorine-containing flocculants
such as polyaluminum chloride are now increasingly less used due to
their poor flocculation efficiency. Therefore, the use of the Fe?* /H,0,
system is still a better method for the removal of PAHs from textile

dyeing sludge. In addition, according to the analysis of ClO3™ in the
degradation systems, it was found that the Fe?* /H,0,/Cl" and Fe**/
PMS/CI systems will not cause secondary pollution due to ClO3™ gen-
eration in the treatment of textile dyeing sludge (Text S6).

In the Fe?"/H,0,/Cl~ system, H,0, reacted with Cl to generate
free chlorine (Cl,, HCIO, ClIO ™) under acidic conditions (Egs. (1)-(2)),
while HSOs" in the Fe?* /PMS/Cl~ system reacted with Cl” to generate
free chlorine under neutral conditions (Egs. (3)—-(4)) (Fang et al., 2014;
Wu et al., 2019). The obtained results for the concentration of free
chlorine in the Fe?* /H,0,/Cl and Fe?* /PMS/Cl" systems are shown in
Fig. 5(c) and (d). The pH of the liquid phase of the simulated sludge
before the reaction was 7.00 + 0.01, and the pH of the liquid phase of
the simulated sludge treated by the Fe?>* /H,0,/Cl" (Fe?* /H,0, = 1:1;
H,0, = 30mM; 20min) and Fe®**/PMS/Cl" (Fe**/PMS = 1:1;
PMS = 1 mM; 20 min) systems were 2.69 * 0.26 and 5.19 *= 0.03,
respectively. As observed from Fig. 5(c), free chlorine was formed in the
Fe** /H,0,/Cl~ system only when the Cl" concentration was 5000 mg/
L. It is also observed that the concentration of free chlorine increased
with the increased reaction time. A low concentration of Cl" could not
form free chlorine in the Fe?* /H,0,/Cl system, possibly due to the
strong reduction of H,0, to convert free chlorine into Cl" (Eq. (5)) (Luo
et al., 2019). However, when Cl" concentration was 5000 mg/L, the free
chlorine was not reduced by H,0,, possibly due to a large amount of CI
consuming a large amount of H,O,. As shown in Fig. 5(d), when the
Fe?* /PMS system contained CI, free chlorine was generated in the
system. This was because HSOs reacted with Cl to form free chlorine
under a wide pH conditions. The formation of free chlorine in the Fe2t/
PMS/CI" system was very rapid, and a stable concentration of free
chlorine was obtained in a short reaction time. With longer time, the
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concentration of free chlorine remained essentially unchanged, except
for the case of the Cl” concentration of 50 mg/L. It is highly likely that
free chlorine will decompose into chlorine radicals (Egs. (6)-(7)) (Fang
et al., 2014), and therefore, the concentration of free chlorine did not
increase with increasing reaction time. Furthermore, for a low CI
concentration (50 mg/L), the ClI" concentration clearly decreased with
the increased reaction time, so that the free chloride content decreased
with longer reaction time. As the Cl' concentration increased, the
concentration of free chlorine first increased and then decreased. It
appears that more Cl” reacted with SO, to form free radical RCS than
free chlorine in the case of high Cl" concentration. With the increase in
the PMS dosage, the concentration of free chlorine increased. When the
PMS dosage was increased by a factor of 3 (3 mM), the concentration of
free chlorine increased by 2.95-6.29 times. Therefore, the formation of
free chlorine in the Fe?*/PMS system was related to the CI° con-
centration and PMS dosage.

H,0, + 2HCl — CL + 2H,0 (€9)
H,0, + HCl —» HCIO + H,0 (2)
HSOS + CI- — HCIO + SO~ 3
HSOs + 2ClI- + H* - Ch + H,0 + SO;~ 4
H,0, + HCIO —» HCl + O, + H,0 (5)
HCIO/CIO™ — «Cl + +OH/0"~ (6)
Clh — «Cl+ «Cl @)

Fang et al. (2014) and Wu et al. (2019) showed that C1™~ reacts with
‘OH and SO, to form free radical RCS ('Cl, Cl, -, C1O"). Summarizing
the existing reaction equations, the formation and transformation of
free radical RCS in Fe?*/H,0,/Cl" and Fe?* /PMS/Cl" systems are il-
lustrated in Fig. 6. Since it was difficult for the C1~ at low concentration
to form free chlorine in the Fe? " /H,0,/Cl" system, the free radical RCS
in Fe?* /H,0,/Cl" system were mainly -Cl and Cl,". In the Fe** /H,0,/
Cl" system, the removal of Phe, Flu, and total PAHs first increased and
then decreased with the increase in the C1~ concentration (Fig. 5(a)). It
appears that with the increase in the Cl~ concentration, the reaction
involving CIOH™ and -Cl to Cl,” were accelerated, reducing the -Cl
concentration in the degradation system (Fig. 6(a)). Because the free
radical RCS is a selective free radical (Hua et al., 2019), the experi-
mental results showed that -Cl had a good selective reaction with Phe
and Flu, while Cl,” showed the opposite behavior. In the Fe?* /PMS/Cl"
system, the removal rates of Phe, Flu, and total PAHs increased with the
increase in the Cl” concentration (Fig. 5(b)). Gu et al. (2018) showed
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that the removal of Phe in the aqueous phase by PMS system is im-
proved at higher Cl" concentration. Thus, both the previous studies and
this study proved that free radical RCS has higher reactivity to Phe. In
this study, SO, and Cl” can directly form "Cl, while it is difficult for 'OH
to react with Cl” to form CIOH™ and then convert into "Cl (Fig. 6), so the
-Cl content in the Fe>* /PMS/CI" system might be higher than that in the
Fe2* /H,0,/Cl system. Furthermore, the increase in the Cl° con-
centration was beneficial not only for the "CI conversion but also for the
-Cl formation and 'OH conversion to -Cl (Fig. 6(b)). In the Fe? " /H,0,/
ClI' and Fe?*/PMS/Cl system, the effect of Cl” concentration on Ant
removal was different from that on Phe and Flu removal. This was
probably because the reactivity of free radical RCS with Ant might not
be as good as that of -OH/SO,~ with Ant. But the chlorination of free
chlorine removed part of Ant. Thus, the removal rate of Ant varied
greatly and irregularly in the Fe?*/PMS/Cl system.

3.4. Degradation products of PAHs

3.4.1. Production of total organochlorine

The total organochlorine (TOC]) is an important measure for the
determination of chlorinated organics that can quantify the total
amount of the chlorinated by-products. Fig. 7 showed the TOCI results
obtained in the Fe®* /H,0, and Fe®* /PMS systems under different C1~
concentrations. The TOCl amounts in the solid phase (simulated sludge)
and the liquid phase were almost zero in the Fe?*/H,0,/Cl~ system.
Only when the ClI- concentration reached 5000 mg/L,
277.25 = 7.68ug/L TOCl was detected in the liquid phase of the
Fe?* /H,0,/Cl~ system. As reported by Huang et al. (2018), the for-
mation of chlorinated by-products was mainly due to the attack of the
chlorine radicals or direct chlorination (electrophilic substitution) by
free chlorine on the organic matter itself or its intermediate products.
Almost no free chlorine existed in the Fe?*/H,0,/Cl™ system, so that
PAHs and their intermediate products could not be directly chlorinated
by free chlorine to form chlorinated by-products. There were almost no
chlorinated by-products in the Fe?* /H,0,/Cl~ system, indicating that
the effect of "Cl on PAHs and their intermediate products made only a
small contribution to the total free radical effect; the steady-state con-
centration of "Cl in the Fe?*/H,0,/Cl~ system might be lower than
that in the Fe?* /PMS/Cl ™ system. Even if PAHs and their intermediates
are chlorinated by "Cl in the Fe?*/H,0,/Cl" system, chlorinated by-
products are likely to be degraded by 'OH.

By contrast, different TOCl concentrations were detected in the
Fe2* /PMS system under different C1~ concentrations (50-5000 mg/L).
Moreover, with the increased Cl~ concentration, the TOCI concentra-
tion increased significantly in the degradation process of PAHs. This

acidic k=2.0¥101° /MS

2 ) _k 4.3%10°/MS Non-acid k=23 /S
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Fig. 6. Generation and conversion of chlorine radical in Fe?" /H,0,/Cl~ (a) and Fe?* /PMS/Cl~ (b) systems.
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means that with the increase in the Cl~ concentration, the amount of
the chlorination by-products increased. As the Cl~ concentration in-
creased from 50 to 5000 mg/L, the TOCI concentration in the liquid
phase increased from 32.51 + 1.10pug/L to 1087.33 + 52.92ug/L,
and the TOCl concentration in the solid phase increased from
367.74 = 71.44ug/(20¢g) to 1367.97 + 28.23ug/(20g). The TOCI
concentration in the solid phase was higher than that in the liquid
phase, indicating that the chlorinated by-products formed by the de-
gradation of PAHs in the Fe**/PMS/Cl~ system were mainly hydro-
phobic organic substances. Since the concentration of free chlorine in
the Fe?* /PMS/CI" system first increased and then decreased with the
increase in the Cl° concentration, while the TOCI concentration in-
creased monotonically with the increasing Cl" concentration, the for-
mation of chlorination by-products in the Fe** /PMS/Cl" system was not
due solely to the chlorination of organic matter and its degradation
intermediates by free chlorine. In addition, the correlation between the
removal rate of PAHs (Phe, Flu) and TOC! in the Fe?* /PMS/Cl" system
showed that TOCI was significantly correlated with the removal rate of
PAHs (the Pearson coefficient for the Phe removal rate and TOCI was
0.834, with p = 0.039, while the Pearson coefficient for the Flu re-
moval rate and TOCl was 0.817, with p = 0.047). Therefore, in the
Fe?* /PMS/Cl" system, the formation mechanism of chlorination by-
products was related to the removal mechanism of PAHs. PAHs and
their degradation intermediates could also be chlorinated by -Cl.

3.4.2. Degradation products of Phe, Ant, and Flu

For the simulated sludge containing PAHs (Phe, Ant, Flu) with the
concentration similar to that of the actual textile dyeing sludge, the
optimal reaction conditions of the Fe?*/H,0, (Fe*'/H,0, = 1:1,
H,0, =30mM, 20min) and Fe®’"/PMS (Fe’*/PMS = 1:1,
PMS = 1 mM, 20 min) systems were determined in this study. The re-
action conditions were amplified by a factor of four (the reaction time
was unchanged and the Cl~ concentration was 2000 mg/L) to degrade
the simulated sludge containing either 1 mg/g Phe or 1 mg/g Ant or
1 mg/g Flu. The degradation products of PAHs (Phe, Ant, Flu) in the
Fe?* /H,0,/Cl" or Fe?>* /PMS/Cl" systems were identified by gas chro-
matography-mass spectrometry (GC-MS) (Fig. 8) and are listed in
Table S2. The extracted ion chromatogram of the structures and the
corresponding mass spectra of the molecular and fragmented ions are
displayed in Figs. S2-S8. The chemical structures of the oxidation
products detected by GC-MS were proposed based on the molecular
mass, product ion spectra, relative chromatographic retention time, and
previously reported information on product formation (Pinto et al.,
2014; Xu et al., 2018).

In the Fe®* /H,0,/Cl~ system, the removal rates of Phe, Ant, and
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Flu with high concentration were 39.08 %, 63.46 %, and 49.79 %, re-
spectively, whereas in the Fe?* /PMS/Cl~ system, the removal rates of
Phe, Ant, and Flu with high concentration were 66.56 %, 97.19 %, and
86.77 %, respectively. Although the Fe** /H,0,/Cl™~ system was not as
effective as the Fe?* /PMS/Cl~ system for the removal of high con-
centration of PAHs, small amounts of oxidation products (1-(4-[2-(4-
Methoxymethylphenyl)vinyl]phenyl)ethanone, 4-Hydroxy-3-penten-2-
one, 910-Anthracenedione, 3-hydroxyl-fluoranthene) were found in the
Fe?* /H,0,/Cl~ system. Thus, it was concluded that the Fe** /H,0,/Cl’
system can degrade PAHs more thoroughly than the Fe**/PMS/Cl~
system.

In the Fe**/PMS/Cl~ system, 6 types of chlorination by-products
were found, and Phe, Ant, and Flu were degraded to form two identical
chlorination = by-products  (trans-1,2-Dichlorocyclopentane,  2-
Chlorocyclopentanol). In addition, Phe, Ant, and Flu were chlorinated
into the corresponding Cl-PAHs (9-Cl-Phe, 2-Cl-Ant, 9,10-Cl,-Ant, 3-Cl-
Flu). The electron-rich C9 and C10 atoms at the center ring of Phe and
Ant were attacked by RCS (free chlorine and free radical RCS) and
became 9-Cl-Phe and 9,10-Cl,-Ant. Moreover, 2-Cl-Ant was also a
common Cl-Ant (Johnsen and Gribbestad, 1988; Sankoda et al., 2012),
and some studies have shown that Flu can be chlorinated by RCS to
form 3-Cl-Flu (Pinto et al., 2014). The Fe?* /PMS/Cl~ system showed a
higher PAHs removal ability than the Fe?*/H,0,/Cl" system (Fig. 5(a),
(b)), possibly due to the formation of a large number of Cl-PAHs. With
the increase in the Cl~ concentration, the removal rate of the PAHs in
the Fe?>*/PMS system increased due to the chlorination of RCS and
oxidation of -Cl.

In conclusion, in the Fe?* /H,0,/Cl~ system, PAHs were oxidized
by -Cl and -OH, followed by the PAHs ring-opening, and finally became
CO,, and water. However, in the Fe?*/PMS/Cl ~ system, there were two
pathways for the removal of PAHs: in the first, the PAHs were chlori-
nated by RCS ("Cl, Cl,) to form Cl-PAHs; in the second, the PAHs were
oxidized and degraded by -Cl, -OH and SO, -, and some intermediates
were chlorinated by RCS (-Cl, Cl,). The chlorination by-products in the
solid phase (simulated sludge) were mainly Cl-PAHs, while the chlor-
ination by-products in the liquid phase were mainly small molecular
chlorinated organics. Since after advanced oxidation treatment, the
textile dyeing sludge is subjected to the dehydration treatment and then
incinerated, the liquid phase will once again enter the wastewater
treatment system. Therefore, the chlorination by-products of the solid
phase (dehydrated textile dyeing sludge) will enhance the secondary
pollution caused by incineration, and the harm caused by the chlor-
ination by-products of the solid phase (dehydrated textile dyeing
sludge) was greater than that of the liquid phase. Generally, considering
the degradation degree of PAHs, the treatment cost, the formation of
chlorination by-products and the whole process, it was concluded that
the Fe?* /H,0, system is more advantageous for the treatment of textile
dyeing sludge.

4. Conclusion

Advanced oxidation technology based on SO," ~ has been a research
hotspot in recent years, and the Fe>* /PMS system may show superior
performance to the Fe?*/H,0, system for the removal of PAHs from
textile dyeing sludge. The possible replacement of the Fe**/H,0,
system by the Fe?* /PMS system in the textile dyeing sludge treatment
was evaluated by analyzing the reagent dosage, PAHs removal, element
migration, and chlorination by-product generation. Based on the re-
moval rate of PAHs, the optimal conditions for Fe?*/H,0, or Fe2*/
PMS to treat PAHs in the simulated sludge were obtained. The change
in the elemental content in the simulated sludge may be related to the
attraction and repulsion of ions, the pH of the system, the extent of
advanced oxidation, and the amount of the generated iron flocs. ClI" was
not beneficial for the PAHs removal in the Fe?* /H,0, system, because
of the low reactivity of Cl,"~ with PAHs, while the opposite was found
for the Fe**/PMS system. In the Fe’>*/PMS/Cl system, PAHs were
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Fig. 8. Degradation products of PAHs (Phe, Ant, Flu) after the Fe? " /H,0,/Cl~

or Fe?* /PMS/Cl" treatment (Fe?'/H,0,/Cl" conditions: Fe?"/H,0, = 1:1;

H,0, = 120 mM; reaction time = 20 min; 2000 mg/L CI". Fe?*/PMS/Cl~ conditions: Fe?*/PMS = 1:1; PMS = 4 mM; reaction time = 20 min; 2000 mg/L CI).

degraded into oxidation products by "Cl, ‘OH and SO,", and then PAHs
and their oxidation products were chlorinated by "Cl and free chlorine,
generating a large number of chlorination by-products (e.g. Cl-PAHs).
The use of an advanced oxidation method to treat PAHs in textile
dyeing sludge and prevention of the formation of toxic and harmful by-
products in the degradation process is vital in the treatment of textile
dyeing sludge. Therefore, it was concluded that the Fe?* /H,0, system
is more suitable for the treatment of textile dyeing sludge. However,
considering the whole process of sludge treatment and disposal, the
treatment of textile dyeing sludge with the Fe*>* /H,0, system poses a
risk of enhancing the air pollution in the subsequent sludge incinera-
tion. This study provides a basis for obtaining a further understanding
of the degradation of PAHs in textile dyeing sludge by the Fe**/H,0,
and Fe** /PMS systems.
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