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Abstract

The main content of this work is to investigate theoval of polycyclic aromatic
hydrocarbons (PAHs: phenanthrene, anthracene,lamicifithene) from simulated sludge
solid phase employing an Fenton/€ystem under various Giontents and pH values.
The steady-state concentrations of the hydroxyrote, and dichloride anion radicals
([-OHlss [Cllss and [Cb]s9 in heterogeneous system were first measured using
tert-butanol, nitrobenzene, and benzoic acid. The ogsoexhibited that increasing the
CI" content from 50 to 2000 mg/L (pH=3.0) or raisitg pH from 3.0 to 5.0 (1000 mg/L
Cl) caused [-OH] to continuously decrease and {Qis and the concentration of
superoxide anions (HQO,") to continuously increase. When the pH was 3.0taadl
concentration was 1000 mg/L, [-Glhad a maximum value of 9.27%¥0M. Combining
the results of PAH removal, radical quenching, pratiuct analysis, it was found that - Cl
in the Fenton/Clsystem promoted the oxidative degradation of phémane without
forming chlorination byproducts. Furthermore, HO," was helpful in removing
anthracene and fluoranthene. Under the environmiehtgh CI content £1000 mg/L),
PAHs could be removed more effectively by using oA . This investigation
underpins further study on the regulation of rea@ctpecies and the efficient degradation
of target organic matter in Fenton/@ystem, and provides a basis for studying the
formation of chlorinated or toxic byproducts in tpeocess of treating textile dyeing
sludge by Fenton.

Keywords: Textile dyeing sludge; Polycyclic aromaliydrocarbons (PAHs); EéH,O.,

2



(Fenton); Chlorine radicals; Superoxide anions

1. Introduction

Textile dyeing sludge (TDS) is the most importagpioduct of textile wastewater
treatment stations and is the key source of secgradevironmental pollution (Raheem et
al., 2018). There are many pollutants in TDS, lgaycyclic aromatic hydrocarbons
(PAHs), dioxins, anilines, mono-benzene compoundg &eavy metals (Table 1)
(Krizanec and Le Marechal, 2006; Liang et al., 2Q4@ng et al., 2013; Ning et al., 2015;
Ning et al., 2014; Weng et al., 2012; Zhou et 2019; Zou et al., 2019). Among them,
PAHs are priority pollutants primarily originatinfpom dye impurities and dye
conversion intermediates, which have health hazawdh as toxic, carcinogenic and
mutative (Lin et al., 2016). Our previous reseagghibited that the majority of PAHSs in
TDS solid phase were three to four rings PAHs, aglkanthracene (Ant), phenanthrene
(Phe), and fluoranthene (Flu), and their contergsewd.54-2773.13 ng/g in dry sludge
(DS), 9.91-2882.76 ng/g DS, and 16.96-4560.42 b@grespectively (Ning et al., 2014).
The total content of PAHs in TDS exceeded the requent of agricultural reuse of
sludge (Table 1)Thus, efficient, environmentally friendly and susé&ble treatment of
TDS, especially PAHs in TDS, holds the key to susfiale development (Guan et al.,
2018; Zhang et al., 2019b).

Table 1
PAHs have low biodegradability and are resistantctmventional treatments

(Sanchez-Brunete et al., 2007), so advanced omidgtrocesses (AOPs) have been
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employed for degrading PAHs (Bendouz et al., 203d;et al., 2018; Jia et al., 2018).
The Fé'/H,0, (Fenton) system is considered a typical AOP that effectively destroy
organic compounds (Zhu et al., 2019). Previousissuckvealed that ferryl ions (Fe)),

a reactive species, might exist in this systemdah et al., 2012); however, Wang et al.
(2020) employed a new method to explore and contfivah there were no Fej present
(pH<5.0). Thus, the reactive species in the Fentoresystre hydroxyl radicals (-OH: 2.8
V) and superoxide anions (H@D, " 1.5 V) (He et al., 2016). The - OH are the dominan
reactive species that react with PAHs (free radaddition reaction), which are then
converted into quinones and subsequently degrddsxdt al., 2001). Flotron et al. (2005)
used Fenton to degrade Flu, benzo[b]fluorantheme p@nzo[a]pyrene in the sludge solid
phase, and showed that the maximum removal effigief benzo[a]pyrene was 67.00%
under optimal conditions. Lin et al. (2016) usedtba to degrade 16 kinds of PAHs
detected in TDS solid phase, where the total PAidoral efficiency reached 83.50%
when the amounts of 3, and F&" were each 140 mM and the pH was 3.0.

Due to Clin the textile wastewater and the use of chlodaetaining flocculantén
wastewater treatment, @h the TDS (CI concentration in liquid phase=54.13-1081.96
mg/L) cannot be ignored (Lai et al., 2020). Funthere, Cl can react with kD, and -OH
in the Fenton system to form reactive chlorine g®e(RCS such as -Cl, ] - ClO, C},
and HCIO) (Eq. 1-12) (Fang et al., 2014; Meghlagtual., 2019; Nikravesh et al., 2020;
Wu et al.,, 2019). However, our previous researcai @t al., 2020) showed that free

chlorine (C} and HCIO) and - CIO could not be detected in thatdréCI system when



the content of Clwas below 2000 mg/L. This may be because a largauat of HO; in

the Fenton system reduced free chlorine (Eq. 13@A)mp et al., 1998). Therefore, the
reactive species in the Fenton/Gystem (CI<2000 mg/L) include -OH, -Cl (2.47 V),
Cly" (2.0 V) (Beitz et al., 1998) and H@D, . Among them, -Cl, GI and HQ'/O," are
selective radicals (Fang et al., 2014; He et &162. It has been shown that free-radical
RCS (-Cl, G, and -CIO) play an important role in degradingcérgollutants, like
trimethoprim, caffeine, and carbamazepine (Gud.ef@17; Hua et al., 2019; Wu et al.,
2016). Nevertheless, free-radical RCS may alsoecab$orination byproducts to form
(Huang et al., 2018; Lei et al., 2021; Yuan et 20]11). Considering the entire course of
disposal of TDS, if the concentration of chlorigethe solid phase of sludge treated by
the Fenton/Clsystem increases, it will increase the risk okaidormation in subsequent
incineration of TDS (Nganai et al., 2009; Wang ket 2017); if products with greater
toxicity than PAHs are formed in the sludge treatgdthe Fenton/Clsystem, it will
increase the environmental risk of TB8bsequent reuse and landfill (Liang et al., 2019).
Then Fenton system could become a non-clean slindgenent technology. At present,
few studies have considered the oxidation or chaion roles of free-radical RCS in the
removal of organic matter using an Fenton/§jstem; therefore, this requires further
studyto determine whether Fenton is a clean treatmehntdogyunder the interference
of CI.

H,0, + 2HCl - Cl, + 2H,0 (1)

H,0, + HCl - HCIO + H,0 )
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H,0, + HCIO — HCl + 0, + H,0 (14)

As was mentioned, the reactive species in the Rédfosystem (CI<2000 mg/L)
include -OH, -Cl, GI', and HQ/O,". The formation and concentration of those reactive
species are obviously influenced by pH anddBhcentration (Hua et al., 2019; Zhu et al.,
2019). Cl concentration and pH affect the transformationedpamong -OH, -ClI, and
Cl,” (Fang et al., 2014; Lai et al., 2020; Wu et ab19). CI concentration and pH also
affect the morphology of HOO, and the cycle of Fé& and Fé&" ions, which
consequently affects the formation and concenmataf - OH and H&YO, " (Jung et al.,
2009; Xu et al., 2017; Zhu et al., 2019). Furtherenohe mechanism by which organic
matter is removed is affected by the type of re@acsipecies and its concentration. Thus,
it's essential to further investigate how pH and €incentration affects the reactive
species concentration and the removal of PAHs diitarsified structures.

The main research objectives of this work wereodlews: 1) to assess the influence
of CI concentration and pH on the removal degree and vahkinetics of PAHs (Phe,
Ant, and Flu) from thesolid phase of simulated sludge using an FentosiGtem; 2) to
clarify the dominant reactive species (-OH, -CL"'Cbr HGQ,/O,") in the Fenton/Cl
system under various @ontents and pH and to explore how these paramatiexs the
steady-state contents of -OH, -Cl, and @ OH]ss [-Cllss and [C}]s9; 3) to analyze
the relationship between reactive species and é¢hwoval efficiency of PAHs or the
first-order rate constant of PAHs removal; andatpbserve the structure and toxicity of

intermediate products of Phe degradation in thedf@@l systemand to explore whether



Phe and its intermediate products are chlorinated.

2. Materials and methods

2.1. Reagents

Standard solutions of Phe, Ant, Flu, and phenan&:i210 (as an internal standard)
as well as a mixed standard solution of fluorineBldnd pyrene-D10 (as surrogate
standards) with purities >99.5% came from O2Si $i8alutions (Charleston, SC, USA).
Nitrobenzene (NB; purity>99.8%), benzoic acid (Bstandard solid (purity>99.9%),
tert-butyl alcohol (TBA; purity>99.5%), p-benzoquinone (BQ; purity>99.5%),
5,5-dimethyl-1-pyrrolineN-oxide (DMPO; purity>97%), dimethyl sulfoxide (DMSO
purity>99.5%), polymeric ferric sulfate (PFS), FeSH0, anhydrous sodium acetate,
N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA),nd pyridine came from Macklin
Company. HO, and BSO, were purchased from Guangzhou Brand Reagent Compan
and NaCl, CaO, N&PQO;-12H0, NaOH, SiQ, sodium hyposulfite, and anhydrous
sodium sulfate came from the Tianjin Damao Rea@emhpany. Other high-performance
liquid chromatography (HPLC) grade organic reagemasie from ANPEL Laboratory
Technologies Company. All inorganic reagents wedraralytical grade or guaranteed

grade and need not be further purified.

2.2. Solid phase of simulated textile dyeing sludge

In our previous research, PFS solution was mixeH imbrganic compounds such as

CaO, NaHP(@ SiOG, and NaOH, then the mixture was centrifuged, andlliy the solid
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phase of the mixture was freeze-dried (460 24 h) to prepare the solid phase of
simulated sludge (Lai et al., 2019; Liang et @.1%). In this investigation, on basis of the
TDS elemental content (Lai et al., 2020) and thepparation method of simulated sludge
solid phase, the simulated sludge solid phase witR&Hs was obtained and exhibited a
similar inorganic composition and physical struet(particle size, microstructure, etc.) to
those of TDS (Lai et al., 2019; Liang et al., 20IR)e relative content of elements in the

solid phase of simulated sludge is shown in Talile S

2.3. Experimental procedure

Under different conditions (pH, Ckoncentration, reaction time and quencher),
Fenton/Cl system was used to treat the PAHs in simulatedgsiisolid phase and the
probes of reactive species (NB, BA, TBA, DMPO) imglated sludge liquid phase. A

more detailed description is shown in Text S1.

2.4. Analytical approaches

The NB and BA were analyzed by HPLC. Gas chromafagy-mass spectrometry
(GC-MS) was used to analyze TBA, PAHs and PAHs pectel The concentration of
HO, /O, was analyzed by electron paramagnetic resonariRie)(H he chronic and acute
toxicity of Phe and its products were predicted BYOSAR program. More detailed

analytical methods are shown in Text S2.



2.5. Quality assurance and control

All experiments were performed in the dark. Eachesinent was repeated three or
more times, and each batch of degradation expetsmiggnd a control sample without
degradation treatment. Routine analysis of PAH tsuibss (fluorine-D10 and
pyrene-D10), spiked blanks, and program blanks eaased out. The recoveries of Phe,
Ant, and Flu were 116.05+2.87%, 80.21+2.92%, an@®.11+1.63%, respectively,
whereas the recoveries of fluorine-D10 and pyre@8-h samples were 80.68+3.73%

and 109.19+7.13%, respectively.

3. Results and discussion

3.1 Effects of Cl content and pH on PAH removal from simulated sludg

Fig. 1

In real situations, the factors affecting the realoof 16 PAHs from TDS by the
Fenton system can be divided into three categorieaction conditions, solid-phase
properties of sludge and liquid-phase impuritieslatige. The reaction conditions include
the ratio of F& to H,0, (1:9 to 1.5:1), HO, dosage (20-180 mM), pH (2.0-6.8) and
reaction time (5-60 min) (Lin et al., 2016). Sqaticbperties of sludge include particle size,
microstructure and organic composition (organictargtolarity, aromatic carbon content
and fatty carbon content) (Ke et al., 2018; Liamngle 2017). The impurities in sludge
liquid phase include humus and inorganic ions, @0, HCOy, HPQy, Si0s*) (Lai et al.,
2019; Ribeiro et al., 2019). TDS is a very compgstem, but in this study, the TDS is

simplified, which can clarify the mechanism of ih8uence of Cl concentration and pH
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in the Fenton/Clsystem on the removal of PAHs with different stuues.

Our previous research (Lai et al., 2020) determitiez best reaction conditions
(H,0./F€=1/1, H0,=30 mM) for removing Phe, Ant, and Flu from simeftsludge
solid phase using an Fenton system at initial ppl=Because of the contact limitation
between reactive species in liquid phase and PAH®Ild phase (Lin et al., 2016), the
dosage of KD, in simulated sludge research was higher thannrgmulated wastewater
research (Bendouz et al., 2017). Then, under thesetion conditions (b0./F€'=1/1,
H,0,=30 mM, pH=3.0), the effect of Ctoncentration (50-2000 mg/L) on PAH removal
from simulated sludge solid phase using the Fe@iosystem was explored (Fig. 1). As
shown in Figs. 1(a)-(d), the PAH removal effici@xincreased with increasing reaction
time. When the reaction time exceeded 30 min, thkElsPhad no obvious change in
removal efficiency. This was because the oxida#ibitity of the system was too weak to
degrade PAHSs after 30 min, which was similar tovjmes studies (Lin et al., 2016; Sun
and Yan, 2008). Therefore, the influences of @ncentration on the PAH removal
efficiency were examined with reaction times ofrdid.. When the content of Glas low
(50 mg/L), the order of the PAH removal efficierxidover 40 min) was Ant
(85.47+0.99%)>Flu (62.95+0.22%phe (63.16+1.86%). Increasing the @ncentration
initially increased the removal efficiencies of Péred Flu, after which they decreased.
When the content of Clvas 1000 mg/L, the removal efficiencies of Phe Bhudreached
their maximum values of 88.61+0.07% and 82.36x1.6f%pectively. When the content
of CI'was<500 mg/L, increasing Ctontent didn’t affect the removal efficiency of tAn

11



However, when the content of ‘@as>1000 mg/L, increasing Clontent obviously
decreased the removal efficiency of Ant. When thiecentration of Clwas 2000 mg/L,
the removal efficiency of Ant was the lowest (53044%). In addition, when the
content of Clwas<1000 mg/L, the total PAH removal efficiency exhdaltnegligible
changes. This was because thé &incentration had different effects on PAHs with
different structures, and the final phenomenon thas the total PAHs removal had no

obvious change (C£1000 mg/L).
Fig. 2

Anhydrous sodium acetate was employed as a pH rbuffthe Fenton/Clsystem
(Wang et al., 2019). How pH affects the removaPéHs from simulated sludge solid
phase using this system is exhibited in Fig. 2pAsincreased, the removal efficiencies
of Phe and Flu didn’t obviously alter, but the remloefficiency of Ant clearly increased.
When the pH was raised from 3.0 to 5.0, the remeffadiency of Ant increased from
63.61+1.40% to 85.88+0.08% after 40 min. The rerhe¥kiciency of Phe and Flu was
not obviously affected by pH, so the total PAH remdcefficiency was not significantly
altered with increasing pH valu&enerally speaking, in the acidic and propercdGhtent
(<1000 mg/L) environment, the change of pH anddBhtent had little influence on the
removal degree of total PAHBlowever, in the environment with high Cbntent, it may
be more beneficial to remove total PAHs by propeadyusting the environmental pH to
weak acidity.

The data in Fig. 1 and Fig. 2 were further analyzed the first-order rate constants

of PAH removal are shown in Table 2. Since the atiah ability of the Fenton/Céystem
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was too weak to degrade PAHSs after 30 min, thetiiramalysis focused on the reaction
before 30 min. When pH=3.0, increasing €bncentration caused the first-order rate
constants of Phe and Flu removal to first decretis®) increase, and finally decrease
again. Contrastingly, the first-order rate consta@Ant removal continuously decreased.
When the pH was 3.0 and the concentration 6fw@ls 1000 mg/L, the first-order rate
constants of Phe and Flu removal had the largdsesawhich were 7.75x10/s and
6.17x10" /s, separately. When the pH was 3.0, the changeeifirst-order rate constant
of total PAH removal was consistent with those dkeRand Flu as Clconcentration
increased. When the content of @las 1000 mg/L and the pH of the system was
increased to 5.0, the first-order rate constant8lef and Flu removal decreased to 0.17
times and 0.14 times, respectively. Additionallige tfirst-order rate constant of Ant
removal increased to 1.02 times, and the chandbkerfirst-order rate constant of total
PAH removal was consistent with those of Phe and FI
Table 2

To sum up, under the condition that the concewtnadf CI can be controlled,
according to the efficiency arfdst-order rate constants of Phe, Ant and Flu reamhat is
necessary to keep the system at a low pH value ghiand an appropriate ‘@ontent

(e.g. 1000 mg/L) in order to remove all kinds ofHAquickly and simultaneously.

3.2 Contribution of reactive species to PAH removafrom simulated sludge solid

phase

Before the formal experiment, the concentratiorfreé chlorine in the Fenton/Cl
13



system was determined. The results show that thaseno free chlorine in the Fenton/Cl
system under different conditions (pH=3.0-5.0; £5I0-2000 mg/L) (Eq. 13-14), which
was similar to previous studies (Lai et al., 2020).
Table 3
Fig. 3

However, the formation of - Cl and LClin the Fenton/Clsystem results from the
reaction of - OH with C(Eq. 3-5), and TBA can quench -OH and hinder thaseations.
In this study, TBA and BQ were used to quench -QH, Cb, and HQ/O, " speciein
the reaction system. The second-order rate cosstdrihe reactions between TBA, BQ,
and these reactive species are exhibited in Tatffa3g et al., 2014; Hasegawa and Neta,
1978; He et al., 2016; Hua et al., 2019; Li et2020; Ma et al., 2019; NDRL/NIST, 2017;
Varanasi et al., 2018; Watts and Teel, 2019). Tdextive species contribute to PAH
removal, as exhibited in Fig. 3. Additionally, PAkblatilization may be partially
responsible for low PAH removal (Fig. 3: Other)gF8(a) exhibited that as Gtontent
increases, the contribution of H@, " to Phe removal increased. When the content of ClI
was 2000 mg/L, H®/O,  contributed to 39.37% of total Phe removal. As CI
concentration increased, the contributions of -O€l, and CI” to Phe removal first
increased and then decreased. These contributiersslargest when the concentration of
ClI" was 1000 mg/L, where they accounted for 90.81%tafl Phe removal. Thus, as ClI
concentration increases, the removal efficiencyPbé over 40 min first increased and

then decreased because the combined contribution®H, - Cl, and Gl also initially
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increased and then decreasédrying the Cl concentration caused changes in the actions
of the -OH, - Cl, and €I species, which consequently altered the Phe renefficdency.

As shown in Fig. 3(b), the contribution of H{®," to Ant removal increased
slightly with increasing Cl concentration. When Clcontent was>1000 mg/L, the
contributions of -OH, -Cl, and £l to Ant removal decreased significantly. These
contributions to Ant removal were smallest whehd®htent was 2000 mg/L, accounting
for 17.57% of the total Ant removal. Thus, when €bntent was>1000 mg/L, the
removal efficiency of Ant (over 40 min) decreasedcduse the combined actions
of -OH, -Cl, and GI" decreasedAs CI concentration varied, the change in the Ant
removal efficiency was primarily affected by chasge the actions of the -OH, -Cl, and
Cl," species.

Furthermore, Fig. 3(c) shows that increasing €bncentration significantly
increased the contribution of H@D, " to Flu removal. When Ctontent was 2000 mg/L,
HO,/O," contributed to 86.72% of the total Flu removalu$hbecause the action of
HO, /O,  increased as Ctontent rises, the removal efficiency of Flu (048rmin) first
increased. However, it subsequently decreasedaltleetcombined actions of -OH, -Cl,
and C}~ decreasing at high Gtoncentrations (2000 mg/LAs CI concentration varied,
the change in the Flu removal efficiency was relatechanges in the contribution of all
reactive species.

Fig. 4
As shown in Fig. 4, the HOJO, " species in the Fenton/Gystem was analyzed by

15



EPR. It was found that increasing” @oncentration caused the DMPO-OOH adduct
signal to increase (Chen et al., 2017), and iteiased the concentration of K@, " in
the Fenton/Cl system. Cl complexed with F& in the Fenton/Clsystem and its
complexation strength was greater than that of @htl F&" complexation (Lu et al.,
2005; Wang and Xu, 2003), which could reduce treedpby which H/O, and Fé&*
react. In addition, the reaction betweerf'Fend HO, was very slow (0.001-0.01 /Ms,
25 [, aqueous phase, no catalyst), which was the dpedihg step of the Fenton
system (Zhu et al., 2019); therefore, the formatwdrHO, /O, was not significantly
affected by F& complexation with Cl Overall, considering the formation and reactién o
HO,/O,", increasing CIl concentration increased the content of JHQ ™ in the
Fenton/Cl system and the contribution of H®, to PAH removal. Changes in the
concentrations of - OH, - Cl, and,Cill be discussed in the following sections.

When the pH wag4.0 (Fig. 3(a)-(c)), the PAH removal was mainlyiatited to the
oxidation of HQ/O,". This was because the concentration of, HI) " increased with
increasing pH (Fig. 4). High Cktoncentration (1000 mg/L) and high pB4(0) were
unfavorable for H@/O, ™ to reduce F¥. With the decrease in iron-ion circulation,
the - OH concentration decreased and the /@@ concentration increased. When the pH
raised from 3.0 to 5.0, the removal efficiency d¢fePand Flu (over 40 min) exhibited
negligible changes because of the great increas#OgfO, " contribution. Under similar
conditions, the removal efficiency of Ant increaseecause the oxidation of Ant by

HO, /O, at a pH of 4.0-5.0 was stronger than the Ant cdadaprovided by all reactive

16



species at a pH of 3.0herefore, due to the action of H, ", increasing pH does not
inhibit Phe and Flu removal, but it facilitates Aetnoval. In addition, in the environment
with high CI content £1000 mg/L), it is more effective to degrade PAHSTIDS with
HO, /0,

Comparing Figs. 3 (a), (b), and (c), it was fouhdttwhen the pH was 3.0 and the
CI" concentration was 50 mg/L, the contribution of HQ, " to Ant removal was the
largest. This indicated that the reactivity of HO, ~was greater with Ant than with Phe
or Flu. With an increase in Trom 50 to 1000 mg/L, the concentration of HO, " also
increased, but the contribution of H@, " to Ant removal exhibited little change. This
could be due to the high reactivity of -OH and Anthe degradation system (Lai et al.,
2020), which caused the small decrease in [sO&fd the small increase in H{®,"
concentration to have little influence on Ant rerabwWoreover, with increasing CI
concentration, the contribution of H@D, " to Flu removal greatly increased. This shows
that the reactivity of -OH is lower with Flu thanitkv Ant, but HQ/O,"  also
demonstrated strong reactivity with Flu. Theref@esmall increase in the concentration
of HO, /O, ™ had significant influence on Flu removal. The taaty of HO, /O, with the

PAHs was in the order of Ant>Flu>Phe.

3.3 The steady-state concentrations of the - OH, - &@hd Cl," species

3.3.1 Determining steady-state concentrations (03 min) of -OH, -Cl, and C}~

The -OH species in the Fenton/€ystem can react with Gbr forming free-radical

17



RCS (-Cl and GI') (Fang et al., 2014; Wu et al., 2019). ContrasyingO, /O, " cannot
accomplish this because of its weak oxidation gb(lHe et al., 2016). Therefore, as Cl
concentration and pH increase, [-@QH]:-Cllss and [C}]ss may change, as well as the
contributions of -OH, -Cl, and £lto PAH removal. In this study, NB (19.14 pg/mL),
TBA (31.00 pg/mL), and BA (40.00 pg/mL) were usedmeasure [-OH{ [-Cl]ss and
[Cl, ]ss These values were obtained according to the flasnm Eq. 15-17 (Hua et al.,
2019). The second-order rate constants of the ioescbetween NB, BA, TBA, and
reactive species are shown (Table 3). Previousestuthve shown that NB, BA, and TBA
do not react with HYO, " (Table 3) (Ma et al., 2019; Watts and Teel, 20I9)us,
HO,/O," did not interfere with the determination of [-QHJ-Cl]lss and [C}]ss in this
study. The degradation system in this study wasrbgéneous (containing simulated
sludgesolid phase), so the adsorption of simulated slsifjd phase was also considered.
In addition, previous studies have shown that tietén reaction process consists of two
stages: F&/H,0, and F&'/H,0, (Lu et al., 2005; Zhu et al., 2019). In the fissage, F&
quickly reacts with HO,, a large amount of -OH is produced, and organittemas
rapidly degraded. Since Faeacts very rapidly with $D,, this study mainly explores the
kinetics of PAH removal and the steady-state cdstehfree radicals in the second stage
(0.5-30 min) of the Fenton/Cdystem.

Kis = Kaasorption-np + Kou-ng X [ OH]ss (15)
Kisa = Kaasorption-tea + Kon-rpa X [+ OHlss + Kci_rpa X [ Cllss (16)

Kia = Kaasorption-pa + Kon-pa X [ OHlss + K.ci_pa X [ Cllss + Key—pa X [Cl5 ]ss 17)
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where K represents the first-order rate constant (/s)kaintlicates the second-order rate
constant (/Ms).
Fig. 5

As shown in Fig. 5, NB (hydrophobic organic matt&A (weak acid), and TBA
(hydrophilic organic matter) in the system liquidase were adsorbed by the simulated
sludge solid phase under different pH conditions. pH increased, the first-order
adsorption rate constant of NB showed little changgle that of TBA increased. When
the pH was 4.0, the first-order adsorption ratestamt of BA had a minimum value of
2.49x10° /s. Therefore, pH exhibited a weak influence on &tBorbed onto the solid
phase of simulated sludge by the hydrophobic effgstthe pH decreased, the solid
structure of simulated sludge was destroyed andni@unt of TBA adsorbed by the solid
phase of simulated sludge (via hydrogen bondingpped. With the pH increasing, BA
changed from its protonated state to its ionicesf{@Ka=4.20) (Karunanayake et al.,
2017), causing a drop in the amount of BA adsoliethe simulated sludge solid phase.
When the pH was 5.0, the adsorption capacity ofbBAhe simulated sludge solid phase
increased slightly because of the enhanced el¢atiwadsorption of the simulated sludge
solid phase. Fig. S1 exhibited that NB, BA, and TiBAhe simulated sludge liquid phase
were removed by the Fenton/Glstem with different Clconcentrations and pH values.
According to Fig. 5, Fig. S1, Table 3, and Eq. I5{tOH};s [-Cl]ss and [C} ]ssin the

Fenton/Cl system were calculated (Fig. 6).
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3.3.2 The relationship between the steady-state amentration of free radicals and

PAH removal

Fig. 6

Figure 6(a) exhibited that when "Glontent rose from 50 to 2000 mg/L, [-QH]
decreased from 8.14x10to 1.42x10“* M while [Cl, ]ss increased from 5.14x18 to
1.01x10° M. The value of [-Cll was the highest (9.27x1HM) when the concentration
of CI"was 1000 mg/L. Wu et al. (2019) studied the stestdie content of free radicals in a
UV/S,05%/CI" system (805> =0.5 mM; pH=7.0) by simulation calculations andridtthat
[-Cllss peaked at a value of 1.5-2.0%fM when the concentration of Ghas 3.55-35.45
mg/L. Furthermore, the results of this study hagads similar to those seen in the work of
Wu et al. (2019). In this study, the reaction betweOH and Clwas accelerated (Eq. 3)
and the formation of free-radical RCS (- Cl and Lincreased Eq. 4-5) when the ClI
concentration was increased, which caused [sOid] decrease. In addition, when™ Cl
content was 2000 mg/L, -ClI reacted with a large wamof CI and was converted into
Cl,” (Eg. 5), which resulted in [- GlJdecreasing. At this time, [€]ss (1.01x10° M) was
five orders of magnitude larger than both [- Ql].42x10** M) and [- ClLs(3.06x10" M).
However, under similar conditions, the co-contrbntof - OH, -Cl, and GI to Phe, Ant,
and Flu removal was at its lowest (Fig 3). Therefdhe reactivity of GI" with PAHs is
inferior to that of -OH with PAHs. Additionally, ¢hremoval of PAHs by @I can be
neglected. When Ctontent was 1000 mg/L, the value of [-&(P.27x10** M) was the

highest, and the co-contribution of -OH, - Cl, arld @ Phe removal was the greatest
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(Fig. 3(a)). This suggests that the reactivity ©f with Phe is greater than that of -OH
with Phe. However, when Ctontent was 1000 mg/L, the co-contribution of -O&l,
and C} " to Ant removal was greatly reduced, indicating tha reactivity of - Cl with Ant
is inferior to that of -OH with Ant. When CTlcontent was 50-1000 mg/L, the
co-contribution of -OH, -Cl, and £lto Flu removal exhibited little change; thus, the
reactivity of - Cl with Flu may be equal to that-@H with Flu. The reactivity of - Cl with
the PAHSs is in the order of Phe>Flu>Ant. In additias the removal of PAHs by Cl
can be neglected, £lwill not be considered in the subsequent discassio

As CI concentration increased, the first-order rate w@onsof Phe removal first
decreased, then increased, and then decreased &gamnmight be because when™ ClI
content was 50 mg/L, the [- OKValue was the highest (8.14%%(M), so the rate of Phe
removal over 5-30 min was fast. However, when ¢@ntent was 100-500 mg/L, the
system was dominated by -OH and the value of [¢Oéfcreased. This caused the
removal of Phe (over 5-30 min) to slow down. When ¢@ntent was 1000 mg/L the
degradation system was dominated by -Cl ([s€9]27x10"* M), which provided the
fastest rate of Phe removal. When Cbntent was 2000 mg/L, [-O8]and [-Clks
decreased and the rate of Phe removal subsequéntlgd down again.

Increasing Clconcentration caused the first-order rate constént removal to
decrease, which was the result of low reactivity ©f with Ant, [- OHls decreasing and
the contribution of H@/O, " negligibly changing. Increasing Ctoncentration also

caused the first-order rate constant of Flu rembavaitially decrease, then increase, and
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then decrease again. However, unlike Phe, the rehaflu was obviously affected by
HO, /0O, " (Fig. 3). The value of [-OH]was the highest when ‘Glontent was 50 mg/L,
which made for the rapid removal of Flu over 5-3.nHowever, when Clcontent was
100-500 mg/L, the system was dominated by, H®)  and -OH, and the reaction
between H@/O, and Flu was slow. This reduced the speed of FlwovaimWhen CI
content was 1000 mg/L, the system was dominateli®y/O, " and -Cl. Furthermore,
the total steady-state contents of - Cl and - OH v@iecontent was 1000 mg/L were 2.09
times greater than those when &intent was 500 mg/L, which caused Flu removal to
suddenly accelerate. When™ @€bntent was 2000 mg/L, the system was dominated by
HO, /O, and the rate of Flu removal again slowed.

When the pH increased from 3.0 to 5.0, [-QHlecreased from 2.62x10 to
2.82x10'® M, [-Cl]ss decreased from 9.27x1bto 2.66x10* M, and [C} ]ss increased
from 5.09x10° to 1.31x10 M (Fig. 6(b)). As pH increased, the peak valug-@fl]ss
shifted in the direction of low Ctoncentration; therefore, the first-order ratestants of
Phe and Flu removal decreased because the valup©Hiss and [-Clls decreased.
Although the concentration of H@O, " increased with an increase in pH (Fig. 4), the
reaction of HQ/O, "~ with Phe and Flu was slow. With the pH increadnogn 3.0 to 4.0,
the first-order rate constant of Ant removal alsoreased due to the concentration of
HO,/O," increasing, which again demonstrates the stroragtikety of Ant with
HO, /0,

Generally, different Clconcentrations and pH values in the Fentorg@@tem have
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affected PAH removal in different ways, which isnparily due to the different reactivity
of PAHs with -CIl, CI", and HQ/O,". Therefore, the outcomes of this investigation
exhibit that the main reactive species in the Fa&/@b system can be controlled by
regulating the Clconcentration and pH value. Furthermore, the fete@nd efficient
degradation of some trace organic matter can deedaWhen the target pollutants in
the system have high reactivity with -OH (e.g.,)Arttis necessary to maintain the pH
and CI concentration of the Fenton/Gystem at low values. When the target pollutants
in the system have high reactivity with - Cl (eRje), the pH and Ctoncentration of the
Fenton/Cl system must be kept within an appropriate rangeeblver, when the target
pollutants in the system do not react with - OH.(ecgrbon tetrachloride or chloroform)
(Smith et al., 2006), have poor water solubilitymi® et al., 2015), or have high
reactivity with HQ'/O,", it is necessary to increase the pH or c@ncentrations of the
Fenton/Cl system However, if the original Clcontent in TDS is higland -OH or -Cl in
the Fenton/Clsystem is greatly converted into,Clthe micro-acid environment is more
effective in removing organic matter by using HO- .

It is worth noting that a large amount of salinesteavater entering the environment
will lead to soil salinization, plant growth retattbn and biological poisoning (Hu et al.,
2013). Therefore, adding Clduring sludge treatment may increase the desmlmat
pressure of wastewater treatment plants. The pedctpplication of the Fenton/Cl
system needs further research and consideratiowetdw, this study can prove that the
original CI in the system is not necessarily unfavorable ¢orémoval of organic matter,
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and put forward the solution to remove organic erathder the condition of high Cl

3.4 Structure and toxicity analysis of Phe products

According to the aforementioned experimental raswthen Clcontent was 1000
mg/L, the value of [-Cl} in the Fenton/Clsystem (HO./F€'=1/1, HO,=30 mM,
pH=3.0) was the highest. Furthermore, the reagtwiit- Cl with Phe was greater than that
of -OH with Phe. Alegre (2000) and Martire (2001)ak showed that chlorination
byproducts might be formed by the reaction of - @hwrganic compounds (free radical
addition). Therefore, the degradation of Phe in gheulated sludge by the Fenton/Cl
system (HO./Fe*=1/1, H0,=30 mM, CI =1000 mg/L, pH=3.0) was likely to form
chlorinated byproducts. To identify the degradatiproducts of Phe, the reaction
conditions were all quadrupled {8,/F€"=1/1, H0,=120 mM, Cl =4000 mg/L, pH=3.0,
1-30 min) for degrading the simulated sludge comtg high content of Phe. The
degradation products of Phe in the Fentons@étem were identified by GC-MS and are
available from Table S2, Fig. S2, and Fig. S3.

The Fenton/Clsystem (HO./Fe*=1/1, H,0,=30 mM, CI =4000 mg/L, pH=3.0)
was used to treat high concentrations of Phe insttreilated sludge, and the removal
efficiency of Phe from the simulated sludge solichge was 87.24% (30 min). Within 1
min, Phe in the liquid phase was completely degtadéew products (such as
9-phenanthenol) were detected in the solid phase,tlae main products in the liquid
phase were 2,4-dert-butylphenol and diphenaldehyde. The changes dk pesas of

these products are shown in Fig. S4. The peak aféaphenanthenol and diphenaldehyde
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have the maximum values at 1 min and 3 min respaygti while the peak areas of
2,4-ditert-butylphenol increase with the increase of timerilg the entire degradation
process (1-30 min), no chlorinated byproducts wagtected. There are two possible
explanations for this: 1) after - Cl reacted witla tfenzene ring (free radical addition), the
resultant compound reacted with water moleculagenoove HCI and formed a hydroxyl
compound (Martire et al., 2001); and 2) the chiation byproducts were degraded
by - OH very rapidly. Overall, Phe in the Fenton&Sistem can be degraded by -Cl and a
large number of chlorinated byproducts will notfbamed.

The acute and chronic toxicity of Phe and its potsluvere calculated by ECOSAR
software (Table S3) (Liang et al., 2019). 2,4alit-butylphenol is the only degradation
product with higher toxicity than Phe. 2,44dit-butylphenol was not detected in other
related studies on degradation of Phe (Table SéhqBuz et al., 2017; Gu et al., 2018;
Woo et al., 2009). Therefore, the appearance otl2tdrt-butylphenol is probably due to
the action of Cl In this study, 2,4-diert-butylphenol (hydrophobic compound) only
appeared in the liquid phase, and its content as&é with the increase of reaction time.
This is probably because Phe was degraded intoojpldic compounds during
Fenton/Cl treatment, and then the hydrophilic compoundsh(@sphenol) reacted with
small molecular compounds (such as alcohols andins)ein liquid phase by
Friedel-Grafts reaction under the catalysis of Be€lform 2,4-ditert-butylphenol (Zhu,
2011). Therefore, the formation of toxic produstsiot due to free radical RCS, but to the
catalytic action of FeG] the formation of 2,4-diert-butylphenol is inevitable when the
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iron-based system is used to treat chlorine-comigimastewater or sludge. Generally
speaking, the sludge conditioned by iron-basedesyss incinerated, and the sewage of
sludge is returned to the wastewater plant fortimeat, which may be a friendlier
disposal method than sludge landfill and reuse.

Fenton, a classical AOP, is widely used (Zhang let 2019a). There are two
speed-limiting steps for Fenton/Glystem to degrade trace organic pollutants ingaudl)
reduction of F& in the Fenton system (Fe+ H,O0, —» F&* + HO, + H") (Zhu et al.,
2019); 2) contact between reactive species indigiase and PAHSs in solid phase (Lin et
al., 2016). Therefore, how to speed up the redakecyf Fe(lll)/Fe(ll) and improve the
utilization efficiency of HO, in Fenton reaction is the core issue studied byyma
scholars (Zhu et al., 2019). However, researches-@mton and Fenton-like systems
mainly focus on the formation of -OH, the circuatiof Fé'/Fe** (Zhu et al., 2019) and
the interference of inorganic ions (Ribeiro et 2019), while ignoring the action of RCS,
the formation of chlorination byproducsd toxic productdn addition, conditioning and
disposal (incineration, agricultural reuse and fdijcare often considered separately in
the whole process of sludge treatment and dispdsathis investigation, Fenton/Cl
system was used for treating PAHs in simulatedggdudnd the role of RCS and the risk
of conditioning were explored. It was proved tha&nten may be used as a clean
technology to treat PAHs in TDS on the premisencfrieration However, resulting from
the complex composition of TDS, many organic conmusu except PAHs may be
chlorinated by free-radical RCS in the Fenton&yktem, so the formation of chlorination
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byproducts in actual TDS still needs further study.

4. Conclusion

For exploring the potential hidden trouble of thenton system in sludge treatment,
PAHs in simulated sludge were degraded by the RéGtosystem in this study. The
[-OH]ss [ Cllss and [Ch ]ssin the complex system were determined using TBB, &hd
BA for the first time. It was found that the contration of reactive species (-OH, -Cl; Cl
and HQ/O,") and the removal of PAHs changed regularly witharges in Cl
concentration and pH valu€&he increase of Cand pH was not necessarily unfavorable to
the removal of PAHs. Comprehensive results shotwad-Cl in the Fenton/Csystem had
strong reactivity with Phe, while the weak reaeyiwof Cl,~ with PAHs could be ignored.
HO, /O, was helpful in removing Ant and Flu from the sqgdidase of simulated sludge.
On the premise of high Tlkontent £1000 mg/L), PAHs could be removed more
effectively by using H@/O, " in micro-acid environment. In this study, the reatt of
reactive species (-Cl, £ and HQ/O,) and multi-structure PAHs was clearly
recognized, which provided a basis for further stigations on the efficient degradation
of target organic compounds in the Fenton/§istem.In addition, according to the
product analysis of Phe, it was found that the taldireaction of - Cl in the Fenton/Cl
system would not produce chlorination byproduatsl the solid-phase toxicity of the
treated sludge would be weakened. Therefore, orptemise of incineration, Fenton

system interfered by Cinay still be a reliable clean technoldgy PAHs degradation.
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Fig. 1 Effect of the Clcontent on the PAHs ((a) Phe, (b) Ant, (c) Flud &) > sPAHS)
removal from the simulated sludge solid phase ke Fenton/Cl system (Fenton/Cl
conditions: pH=3.0, bD,/F€*=1/1, H0,=30 mM, 40 min).
Fig. 2 Effect of pH on the PAHSs ((a) Phe, (b) Ant, (ciFand (d)} 3PAHS) removal from
the simulated sludge solid phase by the Fentons@stem (Fenton/Clconditions:
H,0,/F€=1/1, HO,=30 mM, CI=1000 mg/L, 40 min).
Fig. 3 The contribution of free radicals to PAHs ((a) P{® Ant, and (c) Flu) removal
from simulated sludge solid phase (Fentoh®hditions:H,0,/Fe*=1/1, HO,=30 mM,
40 min).
Fig. 4 EPR spectra of DMPO-OOH adduct formed after 3 mithe Fenton/Clsystem
(Fenton/Cl conditions H,0,/F€**=1/1, H0,=30 mM, 250)).
Fig. 5 Effect of pH on the adsorption of free-radical pge (NB, BA, and TBA) by the
solid phase of simulated sludge and the first-order constants of simulated sludge solid
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radicals (- OH, -Cl, and €) in the Fenton/Clsystem.
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Table 1 Organic matter and heavy metals in theléedyeing sludge.

Threshold values (Environmental

Protection Administration, PR China)

Pollutants Concentration Agricultural sludge  Sludge burned

(GB 4284-2018, A separately (GB/T

grade) 24602-2009)
Cu (mg/kg DS) 61.5 — 571° 500 100
Pb (mg/kg DS) 6.32 — 36%9 3 5
Ni (mg/kg DS) 31.5-19%° 100 5
Cd (mg/kg DS) 1.16 — 5.68 500 15
Cr (mg/kg DS) 69.2 — 577 3 1
Zn (mg/kg DS) 42.5 — 2588 1200 100
Mono-benzene compound
12.81 — 54.97 - -
(mg/kg DS)
Anilines (mg/kg DS) 11.0 — 825" - -
1.72 — 657
Dioxins - 1.0 ng TEQ/m
ng I-TEQ/kg"®
¥ 16 PAHs (mg/kg DS)  1.46 — 16.71 5 -

3(Liang et al., 2013)° (Zou et al., 2019)° (Weng et al., 2012 (Ning et al., 2015)°
(Liang et al., 2017)"(Krizanec and Le Marechal, 2006)Zhou et al., 2019)? (Ning et
al., 2014).



Table 2 Outcomes of the first-order rate constahi8BAHs (Phe, Ant, and Flu) removal

from the simulated sludge solid phase by the Fé@losystem between 5 and 30 minutes.

pH CI' (mg/L) First-order rate constants (/s)
Phe Ant Flu >3 PAHs
2.77<10%  9.63x10* 5.40x10* 6.42x10*
3.0 50
(R°=0.99) (R°=0.95) (R°=0.91) (R*>=0.95)
1.86X10*  7.16X10* 1.69x10*  4.10x10*
100
(R°=0.75) (R°=0.97) (R°=0.99) (R*>=0.99)
2.14x10* 3.96x10* 3.03x10* 3.33x10*
500
(R°=0.94) (R°=0.85) (R°=0.98) (R*>=0.96)
7.75X10*  4.06X10* 6.17X10*  5.44x10*
1000
(R°=0.92) (R*=0.78) (R°=0.94) (R?>=0.90)
4.10x10% 3.28x10% 4.79x10%  4.11x10*
2000
(R°=0.89) (R°=0.86) (R°=0.77) (R*>=0.88)
1.51X10*  4.23x10* 1.57X10*  2.00x10*
4.0 1000
(R°=0.99) (R°=0091) (R°=0.96) (R*=0.97)
1.32X10*  4.15X10* 0.88x10*  1.24x10*
5.0 1000
(R°=0.10) (R°=0.80) (R*=0.78) (R*>=0.88)




Table 3 Second-order rate constanfshomogeneous reaction of organic compounds

(scavengers or probes) with -OH, -CkL @r HG, /O, in aqueous phaseithout catalyst.

Reaction
Rate constants
Scavenger Reactive Conditions References
(IMs)
or probe species
BQ .OH 1.2x10 25(1, pH=7.0 (NDRL/NIST, 2017)
-Cl UN UN UN
Cly” UN UN UN
HO,/0," 9.6x10 2501, pH=7.0 (He et al., 2016)
NB .OH 3.9x10 25(1, pH=2.0-9.0 (Fang et al., 2014)
-Cl N 25101, pH=2.0-9.0 (Fang et al., 2014)
Cly” N 2511, pH=2.0-9.0 (Fang et al., 2014)
HO, /O, " N 20+2 ], pH=3.0 (Watts and Teel, 2019)
TBA .OH 6.0x16 25(71, pH=3.0-9.0 (Li et al., 2020)
.Cl 3.0x16¢ 251, pH=2.0 (NDRL/NIST, 2017)
Cly” 7.0x10 2511, pH=1.0 (Hasegawa and Neta, 1978)
HO,/0O," N 25101, pH=2.0-8.0 (Ma et al., 2019)
BA -OH 5.9x10 25+2 1, pH=3.0-8.0 (Hua et al., 2019/aranasi et al., 20)8
.Cl 1.8x10° 25421, pH=3.0-8.0  (Hua et al., 2019/aranasi et al., 20)8
Cly” 2.0x10 2511, pH=7.0 (Hasegawa and Neta, 1978)
HO,/0O," N 25101, pH=2.0-8.0 (Ma et al., 2019)

N: negligible; UN: unknown.
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Text S1 Experimental procedure.

Considering the investigation of PAH content inuatfTDS from Guangdong (Ning
et al., 2014), and the water solubility of PAHsnbof dichloromethane and 10 pug each of
Phe, Ant and Flu were added to 1 g of simulatedgausolid phase. The mixture was
aged for 24 h to obtain the solid phase of simdlatkidge containing PAH. Then,
ultrapure water was employed to introduce a watsrtent of 98% to the simulated
PAH-containing sludge. The pH (3.0-5.0) of the sgstwas adjusted using,80,, a
typical acid conditioner for sludge conditioninghka(epoxy cement tank or enamel
reactor), and anhydrous sodium acetate (Jonssan 2007; Wang et al., 2019). The Phe,
Ant, and Flu contents in the solid phase of theesgswith 98% water content were
1767.60£239.18, 3370.18+272.36, and 4575.17+47dgdd, respectively.

In the early stages, we used Fenton to degradeAls within the simulated sludge
and determined the optimal operating conditionghef Fenton system (Lai et al., 2020).
Based on these optimal conditionsQd/Fe?*=1/1, HO,=30 mM), the effects of pH (3.0,
4.0, and 5.0), Clconcentration (50, 100, 500, 1000, and 2000 mgfhdl, reaction time (5,
10, 20, 30, and 40 min) on the removal of PAHs fdmulated sludgsolid phase using
the Fenton/Clsystem were further investigated. In addition, whiee TBA concentration
was 135 mM, or that of BQ was 10 mM, PAHSs in sinedasludge solid phase were
degraded by the Fenton/6ystem (HO./Fe*=1/1, HO,=30 mM, 40 min, Cl=50-2000
mg/L, pH=3.0-5.0). DMPO in DMSO was also degraded thbe Fenton/Clsystem
(H,0./FE€=1/1, H0O,=30 mM, 3 min, CI=50-2000 mg/L, pH=3.0-5.0).

NB (19.14 pg/mL), BA (40.00 pg/mL), and TBA (31.0@/mL) were added to the



liquid phase of the simulated sludge system witko98ater content. The adsorption
kinetics of free-radical probes (NB, BA, and TBAY bimulated sludge solid phase at
different pH values (3.0, 4.0, and 5.0) were inigaded. In addition, the free-radical
probes in the liquid phase were degraded by the¢oR&DI system (HO./Fe*=1/1,
H,0,=30 mM, 0.5-30 min, CE50-2000 mg/L, pH=3.0-5.0) and their removal Kkicgti
were explored.

Simulated sludge solid phase (1 g) was added th 6frdichloromethane, followed
by 1 mg of Phe. Using the same preparation metsiotyjlated sludge containing a water
content of 98% and a high concentration of Pheprepared. Then, Phe was degraded by
the Fenton/Cl system (HO,/F€'=1/1, HO,=120 mM, 5-30 min, Cl=4000 mgIL,
pH=3.0).

The reaction was carried out at normal temperatiree mixing speed of the
reaction system was controlled at 300 rpm usingagmatic mixer. The Fenton/Gystem
was guenched with excess sodium hyposulfite (1068%eorequired stoichiometric ratio).
After the reaction, the samples were centrifugdrpm, 5 min) and the solid samples
were freeze-dried at -60 for 24 h while the liquid samples were filtereddastored at

411,

Text S2 Analytical methods.
The chemical composition of the simulated sluddel sthase was determined using
an energy dispersive X-ray fluorescence (XRF) spewtter (EDX-7000, China). The pH

values of the samples were determined using aatlighi meter (pHS-3C, China). The



concentration of free chlorine was calculated ab 5in (HJ 586-2010) using an
ultraviolet spectrophotometer (Cary 100, Agilent,SA). Electron paramagnetic
resonance (EPR) analysis was performed using an@XxL0/12 spectrometer (Bruker,
Germany). The working parameters of EPR were dswst scanning width, 100 G;
center field, 3512 G; microwave frequency, 9.85 Ghircrowave power, 20 mW,; and
temperature, 251. Methanol and ultrapure water were used as theilen@hase (1
mL/min) for high-performance liquid chromatograpiyPLC, SHIMADZU LC-16). The
concentrations of NB and BA in the sample liquichgd were determined by HPLC at
266 nm and 235 nm, respectively, and the chromapinc separation was achieved using
a C-18 column (Poroshell, 4.6x50 mm, 2.7 um). Tervecentration of TBA in the sample
liquid phase was determined using a purge and tcapcentrator and gas
chromatography-mass spectrometry (GC-MS, ATOMX-E98977B, Agilent, USA).
The operating parameters for GC-MS quantitativdyasmaof TBA were as follows: inlet
temperature, 250; carrier gas, highly pure helium (16.2 mL/min)dashunt flow rate,
12 mL/min. The initial temperature was 40(held for 1 min), which was increased at a
rate of 100//min to 24001 where it was held for 1 min.

Phe and its products in the sample liquid phasee vestracted with a 1/4 (v/v)
dichloromethanethexane mixed solution (Lai et al., 2019). The PAddsl Phe products
in the sample solid phase were extracted by uliraso(JY92-1IN, Ningbo Science
Biotechnology, China) with a 1/1 (v/v) dichloromatie/acetone mixed solution (Lin et
al., 2016). The extracted solutions were treatdtl amhydrous sodium sulfate to remove

water and particulate matter. Then, the extractddtisns were concentrated to 1 mL.



GC-MS was used to quantitatively analyze the PAHR$ qualitatively analyze the Phe
nonpolar products. In addition, 1 mL of the concateld sample was dried with nitrogen,
50 pL of BSTFA and 50 pL of pyridine were addedhe sample, and the sample was
derivatized at 6071 for 30 min. The sample was then re-dissolved witexane and
dichloromethane, and finally the polar Phe produatge analyzed by GC-MS.

The operating parameters for quantitative analg$i®AHs by GC-MS: the inlet
temperature was 280, and the carrier gas (34 mL/min) was highly pusdium.
Temperature conditions: the initial temperature 8@s! (held for 1 min), rising to 161
at a rate of 31/min, then rising to 220! at a rate of 5//min, and finally rising to 280
at a rate of 201/min (held for 2 min).

The operating conditions of GC-MS qualitative asalythe inlet temperature was
28011, and the carrier gas (50 mL/min) was highly puskum. Temperature conditions:
the initial temperature was 35 (held for 3 min), rising to 220 at a rate of 101/min

(held for 3 min), and finally rising to 280at a rate of 201/min (held for 5 min).

Table S1 Relative content of elements in the solid phassimilated sludge (expressed

in oxide form).

Ignition
Relative content of elements (%)
loss (%)

FeO; SO, Sio, P,Os CaO Other

Simulated 1654+ 56.38+ 1246+ 643+ 3.70x 282+ 1.67=
sludge 0.37 0.37 0.07 0.09 0.05 0.03 0.05




Table S2 Name, structure, retention time, and characteristnis of Phe products after

Fenton/Cl treatment identified by the GC-MS. Fenton/Gionditions: pH=3.0;
H,0,/F€=1:1; HO,=120 mM:; reaction time=1-30 min; 4000 mg/L Cl
Non-derivatization
Liquid/Solid Objective/ Retention Characteristic
duct/Derivati Struct
procuctiervative Products (chemical formula) ructure ) ) ,
phase time (min) ions(m/2)
product
Non-derivatization Phenanthrene @
Solid phase 19.542 178,176,179,76
g (C1H10) Q
product
Non-derivatization Liquid phase

product

Non-derivatization

product

Non-derivatization

product

Derivative product

Non-derivatization

product

Non-derivatization

product

andsolid phase

Liquid phase

Liquid phase

Liquid phase

andsolid phase

Liquid phase

Solid phase

2,5-Dimethyltetrahydrofuran

(CeH120)

2-Furanmethanol
(CsH1002)

2,4-ditert-butylphenol

(C14H20)

3,7-dioxa-2,8-disilanonane

(CH2505)

Diphenaldehyde

(C14H100y)

9-Phenanthrenol
(C14H100)

(L

ﬁ

3.230

4.372

16.349

17.844

20.448

23.617

56,41,85,43

71,43,41,27

191,57,206,192

191,31,73,44

181,152,153,182

165,194,166,82




Table S3 Ecotoxicity of Phe and its products

Octanol-water Acute toxicity (mg/L) Chronic toxicity (mg/L)
Objective/
partition coefficient Fish Daphnid Green Algar Green
Products (chemical formula) Fish Daphnid
(atm ni/mol) (LCs0) (LCs0) (ECso) Algar
Phenanthrene
4.50 0.83 0.60 1.15 0.11 0.11 0.50
(CiaH10)
2,5-Dimethyltetrahydrofuran
1.77 131.85 73.30 50.05 12.57 6.74 12.51
(CeH120)
2-Furanmethanol
0.45 697.06 489.26 117.57 44.23 55.01 39.28
(CsH1005)
2,4-ditert-butylphenol
4.80 0.27 0.28 0.98 0.04 0.05 0.04
(C14H220)
3,7-dioxa-2,8-disilanonane
0.68 1866.17 938.04 422.15 157.99 65.16 84.27
(C7H2505)
Diphenaldehyde
3.19 1.52 1.42 0.34 0.04 0.11 0.16
(C1aH100)
9-Phenanthrenol
3.87 1.29 0.89 3.42 0.17 0.17 1.57

(C14H100)




Table $4 Intermediate products of Phe degradation in differeaction systems

Oxidation process (dominant reactive species)

_ Iron-based catalytic
Compound Structure Fenton UV/TIO, . . Fenton/Cl.
a , ~ Materials/sodium persulfate .
(-OH) (-OH) this study

(sulfate radicalf

y y y

9-Phenanthrol

(o} O

° Q
a
I

9,10-Phenanthrenequinone

2,3-Phenanthrenequinone

W,
> S

2,2’-Biphenyldicarboxylic
anhydride

{ )
=S

3,4-Benzocoumarin

&
&
<

Diphenaldehyde

2,

()
2
2
2

CHO
HO

e

2,2-Biphenyldicarbaldehyde

CHO

Naphthaldehyde N \

g

Phtalic acid

<

Phtalic anhydride

Acetylbenzoyl

<




OH

2,4-ditert-butylphenol \/

215 g/L HO,, H,0./F€*=10:1, 6-8 mg/L Phe, 20-60, pH=2.5, liquid phase (water and methanol)
(Bendouz et al., 2017)tf 100 mg/L TiQ, UV=365 nm, UVA=3.9 Mw/cmy UVB=1.1 Mw/cnf,
UVC=0.3 Mw/cni, 10 mg/L Phe, 257, pH=6.0-8.0, liquid phase (water and acetone) (\&bal.,
2009); © 50 mg/L iron-based catalytic materials, 0.3 mM isod persulfate, 1 mg/L Phe, 20,

pH=2.0-10.0, aqueous phase (Gu et al., 2018).
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Fig. S1 Effects of Cl concentration and pH on the removal of free-rddicabes (NB,
BA, and TBA) from the simulated sludge liquid phaseng an Fenton/Ckystem. The

first-order rate constants of free-radical probmageal are also provided (a,c,e: pH=3.0,

Fe?/H,0,=1/1, HO,=30 mM; b,d,f: C1=1000 mg/L, F&/H,0,=1/1, HO,=30 mM).
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Fig. S2 Extracted-ion mass chromatographs for the prodott3he obtained from the

Fenton/Cltreatments.
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