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Sludge from a groundwater treatment plant was used to prepare biochar by pyrolysis. The Fe—Mn rich
biochar was used to activate percarbonate for the remediation of polycyclic aromatic hydrocarbons
(PAHs) contaminated aquatic sediments. Results showed that the sludge—derived biochar (SBC) pro-
duced at a pyrolysis temperature of 700 °C was the most effective in activating percarbonate, which
exhibited significant oxidative removal of PAHs. PAHs degradation took place via a Fenton-like oxidation
manners, contributed from the Fe>*/Fet and Mn>*/Mn®" redox pairs, and achieved the highest
degradation efficiency of 87% at pHp 6.0. Reactions between oxygenated functional groups of biochar and

I;fggf;:ds' H,0, generated of O3~ and HOe radicals in abundance under neutral and alkaline pH was responsible for
Percarbonate the catalytic degradation of PAHs. Our results provided new insights into the environmental applications
Polycyclic aromatic hydrocarbon (PAH) of SBC for the green sustainable remediation of organics-contaminated sediments and aided in reduction
Pyrolysis of associated environmental and health risk.

Sludge © 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Aquatic sediment is a major sink for hazardous chemicals, which
has become one of the most critical environmental issues world-
wide (Zheng et al., 2019). For example, the rapid industrialization
and growing scale of anthropogenic activities have increased
discharge of persistent organic pollutants such as polycyclic aro-
matic hydrocarbons (PAHs), which, in view of their hydrophobicity
and low water solubility, readily accumulate in aquatic sediments
and pose significant threats to aquatic organisms and humans
(Maletic et al., 2019). The US EPA has listed PAHs as priority control
pollutants, as these carcinogenic, mutagenic, and teratogenic spe-
cies with high bioaccumulation ability may adversely affect human
health (Du and Jing, 2018). Therefore, much attention has been
directed at the remediation and management of PAH-contaminated
sediments (Meng et al., 2019; Han et al., 2019).

Sustainable approaches to the remediation of contaminated
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marine sediments remain highly sought after (Dong et al., 2017,
2018a,b; 2019a-c; 2020a,b). Among these approaches, advanced
oxidation technologies (AOTs) such as Fenton oxidation allow one
to efficiently degrade and mineralize contaminants in groundwater
and soils but commonly require the use of liquid H,0, (Fu et al,,
2016). Recently, in situ oxidation relying on the production of hy-
droxyl radicals (HOe/H,0, E® = 2.76 V vs. NHE) from solid-
supported H;0,, e.g., sodium percarbonate (SPC) has received
much attention. Compared to conventional Fenton reagents, AOT
systems with solid-supported H,0, feature the advantages of high
stability, operation in a wide pH range, ease of handling, trans-
portation safety, and high treatment efficiency (Danish et al., 2017).
In these systems, non-selective HOe radicals are produced through
heterogeneous electron transfer and therefore feature a signifi-
cantly prolonged lifetime (Fu et al., 2017). Moreover, numerous
agents such as non-metallic materials and transition metals can be
used to activate SPC for HOe and O3* production (De Luna et al.,
2020; Hung et al., 2020). Miao et al. (2015) reported that high-
performance chelating agents such as citric acid monohydrate,
oxalic acid, and glutamic acid improve the efficiency of tetra-
chloroethene degradation by increasing the concentration of Fe3*
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in solution, which leads to the continuous generation of reactive
species such as HOe and O3°, a typical Fenton process. Li et al.
(2019a) studied the removal of PAHs from water using Fe—Mn bi-
nary oxide—modified biochar (Fe—Mn-BC) and achieved a signifi-
cant reduction of naphthalene content in contaminated soils using
photo—Fe-Mn-BC/H,0, system. Danish et al. (2017) activated SPC
by a zeolite-supported nanocopper bimetallic composite to remove
trichloroethene from water and achieved a removal efficiency of
>95%. The enhanced catalytic reactivity was ascribed to the pres-
ence of Fe3*/Fe** and Cu®"/Cu’ redox couples. Fu et al. (2017)
studied the removal of benzene by an Fe(Ill)-activated SPC system
and identified HOe and O3° as the major species responsible for
complete benzene degradation. Lemaire et al. (2013) investigated
the remediation of PAH-contaminated soils by SPC and reported
that the presence of Fe salts increased the degradation capacity of
PAHs.

Carbon-based materials such as biochar exhibits enhanced cat-
alytic activity and are widely available, cheap, and environmental
friendly (Wang et al.,, 2019a, b). In addition, biochar is chemically
stable under both acidic and alkaline conditions and can be pre-
pared from biowaste such as water treatment plant
derived—sludge, which allows one to drastically reduce material
cost. Raw biomaterials such as sludge have received much atten-
tion, because of their intrinsic floc structure and high organic car-
bon content, which enables the production of biochar that is rich in
pore structure, large specific surface area, and abundant oxygen-
ated functional groups with high metal affinity (Liu et al., 2019; Tao
et al., 2019). The chemical structure and microporosity of biochar is
known to strongly influence the sorption/desorption and chemical
degradation of PAHs (Kottowski et al., 2017). Moreover, magnetic
biochar has been proposed as an ideal heterogeneous catalyst
because of its high biocompatibility and ease of separation (Dong
et al.,, 2019d, 2020b). Hung et al. (2016a,b) studied the Fe304-pro-
moted decontamination of dye-polluted wastewater and reported
high degradation capacity. Zhao et al. (2013) reported that the
activation of persulfate (PS) at 60 °C, completely removed PAHs
from soils and attributed the high PAH removal capacity to the
generation of OHe and SOz°. Recently, Dong et al. (2017) synthe-
sized magnetic iron oxide—carbon composites for the removal of
hazardous chemicals and reported effective catalytic degradation of
PAHs in contaminated sediments. Thus, high catalytic efficiency is
one of the main criteria of heterogeneous catalyst development.

Groundwater is an important source of drinking water in Taiwan
because of the short supply of surface water (Kan et al., 2017).
However, high Fe and Mn content in the Taiwanese groundwater
has complicated the water treatment operation and produced large
amounts of sludge, which becomes a significant engineering and
environmental burden (Kan et al., 2012). Hence, much attention has
been drawn to the pyrolysis of sludge to synthesize sludge—derived
biochar (SBC), which features the advantages of high catalytic ac-
tivity, thermal stability, and environmental friendliness, and is
therefore a promising material for AOT applications (Zhang et al.,
2015; Huang et al., 2020). However, the effect of pyrolysis tem-
perature on the performance of SBC in the SPC—mediated oxidation
of PAHs has not been investigated. The current study was based on
the hypothesis that the SBC has the potential to contribute to
enhance environmental sustainability, which was significant to
understanding the SPC activation mechanism for the degradation
of PAHs in sediments. Therefore, this work aimed to develop Fe—
Mn-SBC for the remediation of PAH-contaminated marine sedi-
ments and evaluate the effect of SBC preparation temperature on
the efficiency of SPC activation for the degradation of PAHs in
sediments. Moreover, mechanistic insights into PAH degradation in
the above system were gained using X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, UV—Vis

spectroscopy, and X-ray photoelectron spectroscopy (XPS).
2. Experimental
2.1. Chemicals

2NayC03e3H,0, (SPC; 20—30 wt% Hy0,) was received from
Sigma-Aldrich Co. Ltd. (St. Louis, USA). Acetone, methanol, and n-
hexane (99.8%, HPLC grade) were purchased from Merck (Darm-
stadt, Germany). A standard solution containing 16 PAHs (at
80 ppm), standard internal deuterated PAH solution (4000 ppm),
and standard surrogate solutions (2000 ppm) were purchased from
AccuStandard Chem. Co. (New Haven, CT, USA). All chemicals were
of analytical grade and used without further purification. Solutions
for all experiments were prepared with DI water.

2.2. Sediment collection

Aquatic sediments (the top 0—15 cm) from the Kaohsiung Har-
bor (22°32.416’ N 120°20.639’E) in Southern Taiwan were scooped
into glass bottles pre-washed with n-hexane. The bottles were
immediately capped and kept frozen during transport to the lab-
oratory. The samples were air-dried at 25 °C for 7 d, then homog-
enized, pulverized, and sieved through a 2-mm standard sieve.
Subsequently, samples passing through a 0.5-mm sieve were ho-
mogenized using a mortar and freeze-dried for 72 h. The sediment
composition was determined as loamy (34, 61, and 5 wt% sand, silt,
and clay, respectively).

2.3. Preparation of biochar from groundwater treatment plant
sludge

Dewatered sludge, collected from the Changhua Water Treat-
ment Plant in central Taiwan, was used as the substrate in this
study. The groundwater was a potable water source of the water
purification plant at a treatment capacity of 30,000 m3/d. Specif-
ically, the raw water, drawn from 12 deep wells, having Fe and Mn
levels of 0.2—0.6 mg/L, was sequentially subjected to aeration,
chlorination with sodium hypochlorite, and manganese green sand
filtration (Kan et al., 2012). The content of Fe and Mn in the sludge
were ~240,000 and 286 mg/kg, respectively. Raw sludge was air-
dried to constant weight (105 °C for 48 h) and sieved to remove
particles larger than 150 pm. The water treatment plant
derived—sludge biochar was prepared without any pretreatment
using a one-step process of pyrolysis in a laboratory-scale furnace
(NBD-01200, Nobody Materials Science and Technology Co., Ltd.,
Henan, China) at 300, 500, 700, or 900 °C, respectively, at a heating
rate of 10 °C/min in purified N; (99.99%, 100 mL/min) flow. Biochar
samples were labeled as SBCX, where X being the pyrolysis
temperature.

2.4. PAH degradation experiments

PAH degradation tests were carried out in borosilicate glass
bottles (40 mL volume) containing 1 g of sediment and 25 mL of SPC
solution (PAH:SPC molar ratio = 1:1 to 1:100). SBC (0.83—6.67 g/L)
was then added into the solution. The sample vials were manually
shaken for ~30 s and further shaken in a constant-temperature
(25 °C) water bath shaker (SB-9D, Hipoint Corporation, Kaoh-
siung, Taiwan) at 200 rpm for 6 h. All experimental and control runs
were triplicated. At predetermined reaction time, SPC-mediated
PAH degradation reaction was quenched with methanol. Then the
mixture was sonicated after the addition of solvent (acetone:n-
hexane, 1:1 v/v) to extract the liquid phase for the determination of
residual PAHs. PAH concentration was determined by gas
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chromatograph (Agilent Technologies, Model 6890, CA, USA)
equipped with mass-selective detector (Agilent Technologies,
Model 5975, CA, USA). The PAHs analyzed included: naphthalene
(NA), acenaphthylene (ACY), acenaphthene (ACE), fluorene (FL),
phenantrene (PH), anthracene (AN), fluoranthene (FLU), pyrene
(PY), benzo[a]anthracene (BaA), chrysene (CH), benzo[b]fluo-
ranthene (BbF), benzo[k]fluoranthene (BKF), benzo[a]pyrene (BaP),
indeno[1,2,3-cd]pyrene (IP), dibenzo[a,h]anthracene (DA), and
benzo[g,h,i]perylene (BP).

2.5. Characterization of prepared sludge biochar (SBC)

XRD analysis was conducted with Diano-8536 diffractometer
using Cu Ko radiation source. FTIR spectra were obtained with FT-
700 spectrometer (Horiba, Japan) in 32 scans at spectral resolu-
tion of 4 cm~'. UV—Vis spectra were acquired in the wavelength
range of 200—800 nm under ambient conditions on a U-3900
spectrophotometer (Hitachi, Japan) equipped with an integration
sphere (diffuse reflectance mode). XPS analysis (AXIS Ultra DLD,
Kratos Analytical Ltd., Manchester, UK) gave the chemical state of
major elements on SBC surface. Electron paramagnetic resonance
spectroscopy (EPR; EMX-10/12, Bruker, Germany) with DMPO
(0.1 M) as a spin-trapping agent was used to qualify and quantify
the production O3° and HOe radicals, which concentration was
determined, after correcting for background-noise intensity of
DMPO-03* and DMPO-HOe peaks, respectively.

2.6. PAH analyses

PAHs were analyzed with gas chromatography-mass spec-
trometry and Agilent split/splitless injector (Model 7683B, 1-min
splitless time, 60-mL/min flow rate) in selected ion monitoring
mode. The injector, transfer line, and ion source temperatures
equaled 300, 280, and 230 °C, respectively. Separation of PAHs was
carried out using capillary column (HP-5MS, Hewlett-Packard, Palo
Alto, CA, USA), which length was 30 m, inner diameter was
0.25 mm, and film thickness was 0.25 pum. The carrier gas was
Helium at a constant flow rate of 1 mL/min. The initial column
temperature 40 °C was held for 1 min, raised to 120 °C at 25 °C/min,
further increased to 160 °C at 10 °C/min, and finally increased to
300 °C at 5 °C/min. Satisfactory coefficients of determination
(? = 0.98) were obtained for each calibration curve.

3. Results and discussion
3.1. Characterization of SBC samples
XRD peaks at 26 = 30.1°,35.5°,43.2°, 53.6°, 57.0°, and 62.7° were

ascribed to the (220), (311), (400), (422), (511), and (440) planes of
Fe304, respectively (Fig. 1a) (Dong et al., 2019c). The peaks at

20 = 28.9°,32.3°, 36.1°, 50.7°, and 59.8° were assigned to the (112),
(103), (211), (105), and (224) facets of Mn304 (Li et al., 2016),
respectively. As the pyrolysis temperature was increased from 700
to 900 °C, the peak intensity of (311) of Fe304 and (112) of Mn304
were significantly changed, likely due to increase in crystallinity
and structural stability. Results indicated the presence of Fe30Og4
induced the crystallization of Mn304 in SBC. Peaks at 26.2° and
43.9° were attributed to the (002) and (100) planes of amorphous
graphite, respectively, indicating the presence of aromatic rings
with increased m—polarity on the SBC surface, which enabled
strong T-electron donor—acceptor interactions between SBC and
aromatic compounds (Dong et al., 2018a). The sharpness of XRD
peaks reflected the presence of highly crystalline Fes04 on the
surface of SBC, which contributed to the magnetic property (Jung
et al., 2016). Two sharp FTIR peaks at 480 and 577 cm™! repre-
sented the Fe—O stretching vibrations of Fe304 nanoparticles
(Fig. 1b). The strong peak at ~1539 cm~! was attributed to
carboxylate groups interacting with Fe304 particles, while peaks at
643 and 522 cm~! reflected Mn—0 bond vibrations, and those at
1405 and 794 cm ™! represented the vibration of Mn—O—Mn units
(Kumar et al., 2016). SBC700 showed a broad band at ~3400 cm~,
which reflected the presence of surface —OH groups. Moreover,
signals at 1036, 1619 and 1558 cm ™! corresponded to C—0—C, C=C,
and C=O0 bond stretching vibrations in the aromatic ring, respec-
tively, while the strong band at 1640 cm™! was ascribed to hydroxyl
bending vibrations (Xu et al., 2012). The oxygen-containing func-
tional groups (i.e., hydroxyl and carbonyl) present on the SBC sur-
face were believed to act as electron donors and SPC activator, and
also were considered as reactive sites for the adsorption and
degradation of organic contaminants (Wang et al., 2020). The
strong peak of C—O—C and C=C aliphatic/ether stretching on
SBC700 indicated that aromatic carbon compounds played a central
role on biochar structure (Wang et al., 20193, b). However, the in-
tensity of C=C and C=0 groups on the SBC surface were weakened
at 900 °C due to the decomposition of organic substances in the
sludge during the pyrolysis process. Biochar prepared from organic
residues tended to have abundant surface oxygenated functional
groups, which greatly expanded its potential to environmental
remediation application (Mohamed et al.,, 2015). Moreover, in
certain geochemical environment such as pH, oxidation-reduction
potential (ORP), and metal ion, biochar promoted generation of
reactive oxygen species (ROSs) that efficiently enhanced the
degradation of contaminants (Fang et al., 2015). A split of absor-
bance maxima of SBC700 was observed in the UV—Vis spectrum
centered at 260 and 340 nm, corresponding to 0>~ — Mn?* and
0%~ — Mn>* charge transfer (Guo et al., 2018) (Fig. 1c).

3.2. PAHs degradation over SBC

The total sediment PAHs concentration was 1005 + 9.4 mg/kg,
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Fig. 1. The (a) XRD pattern, (b) FTIR and (c) UV—Vis spectra of SBC catalyst.
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which was correspondent to medium to high contamination level
according to Baumard et al. (1998). PH, FLU, and PY were the pri-
mary PAHs, with the four-ring PAHs (FLU, PY, BaA, and CH) being
accounted for 58% of the total PAH content. The highest individual
concentration was observed for PH (242 + 9.8 mg/kg) and FLU
(208 + 16 mg/kg). The extent of PAH degradation was monitored for
SPC dosages from 2 x 107> to 2 x 107> M (i.e., from a S[PAH] to
[SPC] molar ratio of 1:1 to 1:100) (Fig. 2a), with the highest total
PAH degradation efficiency of 44% occurred at SPC concentration of
2 x 1074 M (or =[PAH] to [SPC] molar ratio of 1:10). Thus, SPC was
efficient in degrading organic contaminants, consistent with results
reported by Fu et al. (2016), who suggested that reactive ¢OH and
03° radicals contribute to PAHs degradation at high SPC concen-
tration. However, further increase in SPC dosage led to decrease in
PAHs degradation efficiency due to the consumption or scavenging
of eOH radicals by excess SPC (Lemaire et al., 2013). Furthermore,
the efficiency of the removal of individual PAH was closely affected
by molecular weight and number of ring. PAH is known to cover
hundreds of individual congeners with two or more fused aromatic
rings, which can be divided into those of low molecular weight
(LMW) (two and three rings) and high molecular weight (HMW)
(four to six rings). LMW PAHs are more responsive to oxidation
than that of HMW because of greater water solubility (Mojiri et al.,
2019). Herein, five PAHs (LMW PAHs: ACE, ACY, and NA; HMW
PAHs: DA and IP) were detected in sediments at relatively low
levels, and the highest degradation efficiency occurred on ACY
(90%), NA (78%), and BP (76%) (Fig. 2b). The optimal SPC level for
PAH degradation was 2 x 10~% M, and the degradation efficiency 91,
61, and 54%, respectively, for the three-, four-, and five-ring HMW
PAHs under otherwise identical experimental conditions (Fig. 2c).
The kinetics of PAH oxidation over SBC was readily described by a
pseudo-first-order model. The observed rate constant (kops) was
determined from the slope of the linear plot of In(C/Cp) vs. time (t),
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where Cp and C are PAH concentration at times zero and t,
respectively. As shown in Fig. 2d, the greatest kops (4.3 x 1072 h™1)
occurred at =[PAH]:[SPC] ratio of 1:100, exceeding that of 1:1 (Kobs,
5.0 x 1073 h~!) almost by 8.6 folds. The presence of abundant HOe
radicals contributed to the efficient PAHs degradation.

Pyrolysis temperature was found to greatly influence biochar
properties (Chen et al., 2016). Fig. 3a shows the effect of pyrolysis
temperature on the preparation of SBC and PAH degradation. Re-
sults demonstrated that SBC700 was most effective in SPC activa-
tion toward PAH degradation with 62%. Biochar has been reported
to activate H,0O, via single electron transfer from persistent free
radicals to H,O, to produce ¢OH for organic contaminant degra-
dation (Fang et al., 2014). Therefore, SBC catalyzed SPC activation
and facilitated electron transfer among surface species. The
SBC700/SPC system exhibited the highest degradation efficiency of
65, 56, and 65% for PH, PY, and FLU, respectively (Fig. 3b). The
degradation efficiency of six-, five-, and four-ring PAHs was 87, 66,
and 63%, respectively (Fig. 3c)The kops value was 1.4 x 1072
6.6 x 1072,11.8 x 1072, and 6.4 x 1072 h™! for SBC300, SBC500,
SBC700, and SBC900, respectively (Fig. 3d). Based on the above
results, the SBC prepared at 700 °C was selected for further XPS
analysis. Moreover, XPS peaks of SBC700 at 726.7 and 713.6 eV were
assigned to the Fe2py); and Fe2p3), transitions of Fe(I) and Fe(III),
individually (Dong et al., 2019b) (Fig. 4a). The Mn 2p3; and Mn 2py,
2 spectra could be deconvoluted into peaks at 642.6 and 654.7 eV,
which confirmed the presence of Mn304 (Xia et al., 2019) (Fig. 4b).
The strong C 1s peak at 285.8 eV indicated the presence of carbon-
containing functional groups (Fig. 4c). Furthermore, active oxygen
(Oags) could be produced by O—0 bond cleavage on the surface of
Fe304 catalysts. It must be noted that Fe?* and Mn2™, as electron
donors, catalyzed the decomposition of SPC anions and thus
enhanced PAH degradation. It has been reported that Fe?* and
Mn?t can activate H,O, to generate eOH and O3°, powerful
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oxidants capable of effectively decomposing aqueous contaminants
(Li et al. (2019a,b); Xia et al.,, 2019). Treatment of the PAHs-
contaminated sediments with SBC for 6 h results in the highest
PAH removal efficiency, which demonstrated that SBC played a
crucial role in controlling the catalysis capacity. SPC activation over
SBC that generated «OH and O3 ° through the Haber-Weiss mech-
anism was probably initiated by a special interphase surface that
produced Fe** and Mn?* species through efficient electron transfer
(Zhangetal., 2011; Liet al., 2016). Wang et al. (2019a) demonstrated
that specific surface area, abundant micropores, and salt contents of
biochar together with optimal pH substantially enhanced the
adsorption and degradation of organic contaminants, namely,
PAHs, in aquatic sediments. Therefore, SPC and SBC appeared to
exhibited synergism on the degradation of PAHs.

Further experiments to explore the effect of SBC dosage on PAH
degradation in the SBC/SPC system were conducted using SBC700
at different doses (0.83—6.67 g/L) and fixed SPC loading
(2 x 10~% M). The extent of PAH removal was almost 85% at SBC
dose of 1.67 g/L, whereas, the PAH degradation was 81% when the

SBC dose was 6.67 g/L in reaction time of 6 h (Fig. 5a). In general, the
increase in catalyst dosage accelerated the decomposition of SPC to
eOH and 03° because of abundant redox centers and sufficient
active species serving as electron donors. However, the number of
active sites on the reactants can be reduced due to agglomeration of
catalyst particles at a high dosage (Mian and Liu, 2018). At the
maximal SBC dose of 6.67 g/L, degradation efficiency of 84, 80, and
84% occurred for PH, PY, and FLU, respectively (Fig. 5b), while the
degradation efficiency of the six-, five-, and four-ring PAHs was 97,
89, and 87%, respectively (Fig. 5¢). The kops value at SBC dose of 0.83,
1.67,3.33, and 6.67 g/Lwas 9.5 x 1072,13.1 x 1072,6.6 x 1072, and
9.5 x 10~2 h™!, respectively (Fig. 5d). The ability of Fe?* and Mn?*,
when present in excess quantity, to scavenge eOH radicals
decreased the efficiency of PAH degradation (Ruan et al., 2019).
PAH degradation in the SBC/SPC system was evaluated at initial
pH values of 3.0—11.0. Fig. 6a shows that substantial PAH degra-
dation occurred at pHg 6.0 (87%) and 11.0 (85%) over 6 h, whereas a
slightly decreased efficiency of 83% at pHp 3.0 was observed. The
results demonstrated that PAH degradation by SBC-activated SPC
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t = 6 h. (c) Degradation efficiency of PAH as a function of ring numbers. (d) Rate constant of PAH degradation. Values are expressed as the mean + standard deviation of triplicate
samples. Experimental conditions: sediment = 1.00 g, reaction volume = 40 mL, T = 25 °C, pHo = 9.0, [SPC] = 2 x 10~ M.

— T ]
:(a) @ contol | ]
wE g ¢ LR S H: ;
. | pHo | 2 ]
[ @ pH11 | = ]
o8 1 = ]
s ] 8 ]
o C ] ® ]
O o6 3 -] 3
o N ] 2 ]
L ol Q
L i c:> 3
041 ] o 7
C ] T ]
1 ] = ]
ozf i i ] ]
ool o v v ] .
o 2 ” 5 NA ACYACE FL PH AN FLU PY BaA CH BbFBKFBaP IP DA BP
Time (h)
S N 18 prr T
100 (c) '. F (d) 3
- § ] E 2 3
C ] 1“E ) E
so [ ; g 4 ~ F E
- . ] < 12F E
g % ] = E E
> el 1 o 1f £ E
2 B R o E [ ] E
2 r ] = sf E
5 C ] E E
E of E 2 E
w B g ] S SE 3
- © pH3 | E =
N pHE | ] 4F E
20 |- pHO | E 3
[ @ pH1 | ] 2F E
ol v ob v v e
1 2 3 4 5 6 7 0 2 4 6 8 10 12
Ring pH,

Fig. 6. The degradation of polycyclic aromatic hydrocarbon (PAH) as a function of initial pH in the presence of SBC catalyst. (a) Change of different initial pH. (b) Distribution of PAH
degradation products at t = 6 h. (c) Degradation efficiency of PAH as a function of ring numbers. (d) Rate constant of PAH reduction. Values are expressed as the mean + standard
deviation of triplicate samples. Experimental conditions: sediment = 1.00 g, reaction volume = 40 mL, T = 25 °C, [SBC] = 1.67 g/L, [SPC] = 2 x 10~ M.

was favored under neutral and alkaline conditions, due to the The sediment pH was well buffered by SPC, therefore, no apparent
weakly basic nature of SPC and its ability to slightly increase the pH inhibition of PAH degradation occurred at pHp 11.0, i.e., the SB/SPC
of the sediment matrix. Under basic conditions, more ¢OH radicals system could function in a wide pH range. CO3* radicals have been
were produced through the reaction between SPC and H,O/OH™. reported to be more stable at near-neutral than at acidic pH (Cui
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et al., 2017). The initial solution pH of the SBC/SPC system was 9.0,
and hence, a significant amount of CO3°® was available. At the
optimal pH (pH 6.0) for PAH degradation, the degradation effi-
ciencies of PH, PY, and FLU equaled 85, 77, and 79%, respectively
(Fig. 6b), while the corresponding numbers for six-, five-, and four-
ring PAHs equaled 90, 86, and 83%, respectively (Fig. 6¢). The kops
value was 10.7 x 1073,14.0 x 1072,9.5 x 1072,and 14.9 x 1072 h},
at pHyp 3.0, 6.0, 9.0, and 11.0, respectively (Fig. 6d). Overall, PAH
degradation was favored by high pH. The fastest degradation at pHg
11.0 was ascribed to strong PAHs adsorption on SBC at alkaline pH
(Li et al., 2019a,b). Thus, SBC-catalyzed PAHs oxidation by SPC was
effective in the neutral to alkaline pH region (in which Fe and Mn
precipitation was avoid) and was superior to conventional Fenton
process. Furthermore, since eOH radical was stable in neutral
aqueous media, pH would markedly affect SPC activity. The disso-
lution of Fe304 and Mn,Oj3 released Fe?>™ and Mn?", respectively,
which tended to increase the degree of SPC activation and subse-
quent generation of e OH/O3°. Excessive Fe>* or Mn®>* enhanced the
generation of ¢OH and accelerated electron transfer among surface
species, thereby enhanced PAH degradation. In essence, biochar
acted as an electron shuttle to mediate electron transfer reactions
among chemical species involved in the Fenton-like system (Xia
et al, 2019). Numeral mechanisms, including columbic forces,
hydrogen bond, and Lewis acid-base complexation, were respon-
sible for PAHs oxidation in the SBC/SPC system (Wang et al., 2019a,
b). Consequently, control of the SBC dose could minimize the
inhibitory effects of SBC on eOH/O3* production. Increasing pH
decreased the oxidation capacity of «OH because of concomitant
enhancement of eOH scavenging. Further, pH also affected the
adsorption and catalytic capacity of biochar toward PAHs. The re-
sults indicated that PAHs removal by the SBC/SPC process was not
significantly influenced by pH (Ahmad et al., 2014), rather efficient
PAH degradation occurred over a wide pH range of 3.0—11.0.

Free radical generation due to SPC activation over SBC was
probed by EPR (Fig. 7). Pure water in the presence of DMPO, i.e.,
exhibited no spins capture, while signal characteristic of 5,5-
dimethylproline-(2)-oxyl-(1) (DMPOX) occurred when DMPO was
added to the SPC solution. Two radical adducts were detected when
SBC was present together with DMPO and SPC. Among the two
signals, the dominant one was ascribed to DMPO-03"°, indicating
the generation of O3° and its participation in PAH degradation,
while the weaker signal was assigned to DMPO-HQOe, which was
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Fig. 7. Electron paramagnetic resonance (EPR) spectra of radical adducts trapped by
5,5-dimethyl-1-pyrroline N-oxide (DMPO) of the SBC catalyst.

evidenced of contribution of HOe to PAH degradation in compli-
cated sediment matrix. The results demonstrated that SPC activa-
tion by SBC formed of a large amount of 03°. Fe?* created oxygen
vacancies, adsorption sites for O,, that formed active chemisorbed
oxygen on the SBC surface (Dong et al., 2019c¢). Further cleavage of
0—0 bonds on the SBC surface produced active oxygen (O.qs). The
addition of SPC to water released H,0; (Eq. (1)), which was further
decomposed to HOge, 03°, and H (Egs. (2)—(5)) that triggered a
series of synergistic reactions, such as electron transfer and for-
mation of other radicals (Lin et al., 2017). The Fe?*— and Mn®**—
catalyzed decomposition of H,0, to form HOe radicals can be seen
in Egs. (6)—(17) (Zhang et al., 2011; Xia et al., 2019).

2Na,C053-3H,0, — 2Na,CO3 + 3H,0, (1)
2H,0, — 2H,0 + O, (2)
H,0, — HO, + H' 3)
HO, - O, "+ H" (4)
0, "+2H,0 —» H,0, + O, + H' (5)
Fe’" + H,0, — Fe’" + HO» + OH~ (6)
Fe’* + H,0, — Fe*" + HOp» + H (7)
Fe'' + H,0, — Fe*" + 0, "+ 2H" (8)
Fe* ™+ 0, > Fe?' + 0, 9)
Fe’* + HOy» — Fe* + 0, + H' (10)
Mn*" + Hy0, — Mn’ + HO+ + OH~ (11)
Mn** + H,0, — Mn®*" + HO,+ + H (12)
Mn** + H,0, — Mn*" + 0, "+ 2H" (13)
Mn*"+ 0, " — Mn*" + 0, (14)
Mn*" + HOp» — Mn*" + 0, + H' (15)
Fe’™ + Mn®* o Fe3* + Mn?* (16)
PAHs+ HO+ + O, "+ O, — byproducts + CO, + H,O (17)

Therefore, the synergistic interactions between Fe?*/Fe3* and
Mn?+/Mn>* redox couples at SBC active sites enhanced the cata-
lytic activity. Moreover, the standard redox potential of Fe?t/Fe* is
0.77 V vs. NHE and that of Mn?*/Mn>* is 1.51 V vs. NHE, which
shows that electron transfer from Fe?* to Mn>* is thermodynam-
ically spontaneous (Eqgs. (18)—(20)) (Wen et al., 2019).

Fe*™ + e~ — Fe’™; E; = 0.77 V vs. NHE (18)
Mn3* + e~ — Mn?*; E; = 1.51 V vs. NHE (19)

Fe’™ + Mn®* — Fe3* + Mn?"; E = 0.74V vs. NHE (20)
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The activation of HyO, by SBC produced HO® and redox Fe3*/
Fe?* and Mn>*/Mn?*t pairs enabled efficient electron transfer,
which together, accommodated the Haber-Weiss mechanism of
AOPs (Danish et al., 2017). Further, reaction between HOe and H,0
produced H;0,, a strong oxidant and an essential Fenton reagent
(Fig. 8a). PH, a typical LMW PAH with three fused benzene rings,
was present at high levels in the PAH-contaminated sediment
studied in the present research. In the absence of standard chem-
icals for the identification of intermediates, while based on infor-
mation available in the literature (Bouzid et al., 2017; Yu et al., 2018;
Chen et al., 2019), a conceptual reaction scheme was proposed for
describing PH removal from contaminated marine sediments
(Fig. 8b). The PH degradation pathway was suggested to described a
series of reactions involved reactive radicals (O2* and HO®) and
benzene rings of parent compound and its intermediates. Accord-
ing to the pathway, 03° and HOe, being generated from activated
SPC, attacked the benzene ring of PH to trigger hydroxylation,
decarboxylation, and cleavage of aromatic ring that formed a series
of intermediates, including 9-phenanthrol, 9,10-phenanthrenediol,
9,10-phenanthrenequinone, 9,10-dihydroxyphenanthrene, anhy-
dride, 2,2'-biphenyldicarboxylic acid, phthalic acid, 1,4-
hydroquinone, and 14-benzoquinone. Further attack of 9-
phenanthrol by the above radicals affords 9,10-phenanthrenediol,
9,10-phenanthrenequinone, 9,10-dihydroxyphenanthrene, and an-
hydride. Upon oxidation and ring opening, the anhydride is con-
verted to 2,2’-biphenyldicarboxylic acid. Attack on 2,2'-
biphenyldicarboxylic acid by HOe yielded phthalic acid. Further
oxidation of phthalic acid formed 1,4-hydroquinone and 1,4-
benzoquinone which were further mineralized to lactic acid, car-
bon dioxide, and water. Therefore, the byproducts produced during
the SBC/SPC—mediated degradation of PAHs should be further

(a)
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0; H,0,

Na*~0

Phenanthrene
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HO o] i
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HC OH
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explored as to better assess the associated health and ecological
risks.

4. Conclusion

The Fe— and Mn—rich water treatment plant sludge, a low-cost
feedstock, was treated at different temperatures (300—900 °C) to
produce sludge—derived biochar (SBC). SBC prepared at 700 °C
exhibited the highest oxidative removal capacity of PAHs from
contaminated aquatic sediments due to its higher activating SPC
potential that led to the production of HOe and O3 * radical. PAHs
containing 2—6 benzene rings were significantly removed over a
wide pH range (pH 3.0—11.0) in the SBC matrix. The presence of
crystalline Fes04 and Mn304 on the SBC surface enhanced PAHs
oxidation via synergistic interactions between Fe?*/Fe>* and Mn?"/
Mn3* redox couples and active surface sites. Moreover, biochar
effectively activated SPC and accelerated the formation of O2* and
HOe radicals for PAH degradation. Overall, results of this study not
only presented a valuable management strategy on resource-based
disposal of sludge, but also demonstrated that SBC/SPC system was
highly effective in the removal of hazardous contaminants, such as
PAH from contaminated sediments, further illustrating the benefits
of environmental application of biosolids.
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