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ABSTRACT

The presence of polycyclic aromatic hydrocarbons (PAHs) in sediments is a potential eco-environmental health
risk. FegO4-carbon black (FCB) nanocomposite was synthesized by a simplified precipitation method and used to
activate persulfate (PS) for the degradation of PAHs in contaminated marine sediments. The carbon black was
formed by amorphous non-graphite and the Fe3O4 composed of magnetite of cubic crystal structures. FCB
exhibited typical ferromagnetic characteristics and high degradation of PAHs in marine sediments via PS
oxidation. The pseudo—first—order rate constant of PAHs degradation significantly increased with PS dosage but
decreased with increase in pH from 3 to 9. Langmuir-Hinshelwood model described the kinetics of PAHs
degradation well. The observed rate constant, kops (1.8 X 1072 h’l), at X[PAH]: [PS] = 1:10% (the optimal
condition) was almost 2.7 times that of 1:1 (kyps = 6.6 x 1073 h’l). At the PS concentration of 2 x 104 M (or a
S[PAH]: [PS] = 1:10), pH 3, and 3 g/L of FCB, the FCB/PS system exhibited 94, 97, 94, 98, and 93% degradation
of total PAH (Z[PAH]), PY, FLU, CH, and PH, respectively, while the highest PAH degradation was 99, 98, 97,
and 97%, respectively, for 6—, 5—, 4— and 3-ring PAHs. The presence of Fe?*/Fe3" redox pairs greatly enhanced
the catalytic capacity of FCB leading to an increase in PAH degradation. Electron paramagnetic resonance (EPR)
spectroscopy revealed SO4—° and HOe radicals as major reactive species for PAHs degradation in FCB/PS system.

Results clearly indicated the great potential of FCB for remediation of PAHs contaminated marine sediments.

1. Introduction

The contamination of natural water systems and marine sediments
by persistent hazardous organic compounds such as polycyclic aromatic
hydrocarbons (PAHs), is a major eco-environmental and human health
problem that has attracted great public concerns (Dong et al., 2017a; Du
and Jing, 2018; Ontiveros-Cuadras et al., 2019; Bortone et al., 2020).
Because of the high hydrophobicity and solid/liquid partition coeffi-
cient, and low water solubility and volatility, PAHs tend to be adsorbed
and accumulated intensively in aquatic sediments and become one of
the most widely spread global contaminants (Maleti¢ et al., 2019;
Merhaby et al., 2019). The discharge of PAHs via anthropogenic pro-
cesses to the natural ecosystems has imposed significant adverse effects
on aquatic life and human health with respect to bioaccumulation,
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carcinogenicity, mutagenicity, and teratogenicity (Han et al., 2019;
Meng et al., 2019). Therefore, it is of great urgency to develop effective
ex-situ technology for the removal of PAHs from contaminated dredged
marine sediments (Dong et al., 2018a, b; Giovanni et al., 2018; Ahmad
et al., 2019; Bianco et al., 2020; Wang et al., 2020).

Numerous sulfate radical-based chemical oxidants, such as sodium
persulfate (NayS20g; PS), potassium peroxymonosulfate (KHSOs; PMS),
and potassium peroxydisulfate (K3S20g; PDS) have been employed for
the degradation of bio-refractory organic chemicals from contaminated
sediments owing to their strong oxidation ability, cost-effectiveness, and
large application capability (Matzek and Carter, 2016; Ghanbari and
Moradi, 2017; Song et al., 2019). The PS—based system is a symmetric
oxidant composed of two groups of SOs— in an O—O bond, which dis-
sociates in water to form S,0%-. It is a strong and relatively stable
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oxidant and a promising option for rapid degradation of a broad range of
organic compounds in aqueous media through formation of highly
reactive radical species such as SO4-* (Eg = 2.5-3.1 V) and HOe (Eq =
2.4-3.0 V). These radicals can efficiently degrade specific contaminants
in most environmental media including sediments to harmless products
such as COy and Hy0 (Hung et al., 2016a; Liu et al., 2016; Dong et al.,
2017b; Zhang et al., 2020a, 2020b; Hung et al., 2020a).

However, the use of PS as an oxidant has kinetic limitations due to
slow reactivity (Peluffo et al., 2016). To enhance the effectiveness of PS,
activators must be used to generate SO4~° radicals which has high
reactivity. Iron-containing solid materials such as Fe3O4 magnetic
nanoparticles can catalyze PS decomposition to produce highly reactive
SO4-* radicals (Hung et al., 2016b). Sulfate radical is known to have
ability to efficiently destroy organic contaminants, mainly through
electron transfer mechanisms in sediment decontamination and due to
their low cost, biocompatibility, environmental friendliness, and easy
separation due to its unique magnetic properties (Dong et al., 2019a, b).
However, magnetic nanoparticles agglomerate rapidly, owing to mag-
netic interaction, crystal face attraction, and being easily oxidized to
ferric oxide, becomes a challenge to their wide field applications. Hence,
most studies have focused on functional modification of Fe3O4 nano-
particles to further improve its catalytic capacity (Dong et al., 2019c¢;
Kamari and Shahbazi, 2020).

Recently, various carbon materials have been studied for possible
applications in environmental remediation (Dong et al., 2018a, b; Zhu
et al.,, 2019; Qin et al., 2020). In particular, the PS—based oxidation
system using carbon material activators such as graphene, carbon
nanotubes, and derivatives exhibited enhanced catalytic degradation of
organic contaminants. Wu et al. (2019) studied the removal of cyano-
bacteria in water using high frequency and low intensity ultrasound in
combination with Fe304/multi-wall carbon nanotubes (MWCNTSs) and
PS system and reported that both SO4~* and eOH radicals played critical
roles in the inactivation of cyanobacterial cells. Yin et al. (2019) re-
ported that high-performance reduced graphene oxide nanosheet—Fe304
magnetic nanoparticles (rGO-Fe304) composite improved the nor-
floxacin (NOF) degradation significantly by increasing the concentra-
tion of Fe>* in the solution, which led to the continuous generation of
reactive species such as SO4~°, HOe, and 102 in a manner similar to that
of the Fenton-type reaction. However, most of the carbon materials used
were high cost and thus great limitation in practical applications. Car-
bon black (CB) has attracted considerable attentions as promising sup-
port materials for metal and metal oxides. CB has strong mechanical and
thermal stability in harsh environments, including basic or acidic media
(Ren et al., 2019). Furthermore, because of its porous structure, abun-
dant surface functional groups, low cytotoxicity and high specific area,
CB has high catalytic capacity toward the degradation of organic com-
pounds in sediments (Dong et al., 2019d). The chemical structure and
microporosity of CB strongly influenced the sorption/desorption char-
acteristics and chemical degradation of PAHs (Kottowski et al., 2020).
Dimitriadou et al. (2020) studied the removal of the drug diclofenac
(DCF) by a CB-activated PS system and reported that SO4~° and HOe
were the major species responsible for complete DCF degradation.
Moreover, magnetic FesO4 nanoparticles surface coated with CB has
been reported to be effective in preventing the aggregation and further
heterogeneous oxidation of hazardous chemicals because of its magnetic
property and high biocompatibility (Dong et al., 2020a). Li et al. (2019)
studied the treatment of PAH-contaminated water using a Fe—Mn binary
oxide modified biochar (Fe—Mn/biochar) process, and reported that the
Fe—Mn/biochar/PS photo-Fenton system significantly reduced the
naphthalene (NA) content in contaminated soils. Pi et al. (2019) studied
the removal of the antibiotic tetracycline (TC) using PS activated by
biochar supported nano magnetite particles, and reported a TC degra-
dation of greater than 92%, with SO4~* and eOH radicals playing
dominant roles in the reaction. The enhanced catalytic reactivity was
caused by the reduction-oxidation couples of Fe>*/Fe3" and the abun-
dant surface oxygen-containing groups, preceded by a strong
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electrostatic attraction between TC molecules and magnetite catalyst.

In this study, a magnetic FCB nanocomposite was prepared by a
simplified precipitation method. The present study aimed at developing
FCB process for removing PAHs from marine sediments. The influence of
various parameters including PS concentration, FCB dosage, and initial
pH on PAHs degradation in marine sediments were evaluated. The FCB
was fully characterized using transmission electron microscopy (TEM),
Raman, Fourier—transform infrared (FTIR) spectroscopy, X-ray diffrac-
tion (XRD), vibrating sample magnetometry (VSM), zeta potential, X-ray
photoelectron spectroscopy (XPS), cyclic voltammetry (CV), linear
sweep voltammetry (LSV) and electron paramagnetic resonance (EPR)
spectroscopy. Additionally, FCB were studied using three-dimensional
excitation—emission fluorescent matrix (3D—EEFM) spectroscopy tech-
nology to gain insight into the dominant fluorescent components.
Finally, it was to establish the mechanism of PAH degradation PS over
the FCB composite.

2. Experimental
2.1. Sediment collection

Sediments, at the top 0 to 15 cm depth, were sampled from Kaoh-
siung Harbor, Taiwan. Sediment samples were scooped into glass bot-
tles, pre-washed with n-hexane, capped immediately and kept frozen
while been transported to the lab. The sediments were dried in the air for
7 days, then homogenized and ground to passing a sieve (2-mm open-
ing). Afterward, samples passing through 0.5-mm sieve were homoge-
nized using a mortar and pestle, and then freeze-dried for 72 h. The
sediment sample contained 34% of sand, 61% of silt, and 5% of clay
(Table S1). The analytical results were reported on a dry-weight basis.

2.2. Chemicals and reagents

Sodium persulfate (NayS20g) was obtained from Sigma-Aldrich Co.
Ltd. (St. Louis, USA), n-hexane (99.8%, HPLC grade), acetone, and
methanol were received from Merck (Darmstadt, Germany). Standards
of 16 PAHs in 80 mg/L mixture solution, deuterated PAH internal
standard solution at 4000 mg/L, and surrogate standard solutions at
2000 mg/L were obtained from AccuStandard, Inc. (New Haven, CT,
USA). The ultrapure water used in the experiment was purified by a
Milli-Q water purification system (Millipore, MA, USA).

2.3. Catalyst preparation

The magnetic FesO4 particles were prepared by co-precipitation,
using FeCl3e6H,0 and FeClye4H,0 at [Fe3*] : [Fe?t] = 2:1 following
Hung et al. (2016b) with slight adjustments. The above iron solution was
added ammonia (1.0 M) dropwise until the pH exceeded 9.0 at room
temperature while being stirred vigorously, then heated for 4 h at 80 °C
in an oven to dryness. Washed the solids with adequate amount of
deionized water till reaching a neutral supernatant pH. Freeze-dried
washed solids till black particles which were magnetite products.

The magnetized FCB nanocomposite catalyst was synthesized using a
wet-chemistry approach. Briefly, before Fe3O4 deposition, placed
100 mg of Vulcan XC—72 CB substrate (Uni-Onward Corp., Kaohsiung,
Taiwan) in 2 M HNOs solution (J.T.Baker, PA, USA), refluxed for 2 h,
then filtered to collect the solids. Washed the solids with DI water then
dried at 60 °C for 360 min in an oven. Afterward, dispersed the FCB
composite (containing 5 wt% of Fe304) with CB in hydroxypropyl cel-
lulose (Acros, NJ, USA) solution. Homogenized the mixture in a soni-
cator for half of an hour followed by mechanical stirring for two hours.
The solids were collected after being heated at 200 °C, then calcinated
again at 300 °C under nitrogen gas for 6 hours. The final particle
products were used in all experiments.
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2.4. PAH degradation experiments

Experiments began by placing 1 g of sediments and 25 mL of PS
solutions in glass flasks (40 mL volume) at different [PAHs] to [PS]
molar ratio from 1:1 to 1:10* Thereafter, the FCB was added to each of
the sample vials and then gently shaken for 30 s before being placed in a
water bath shaker (SB-9D, Taiwan Hipoint Corporation, Kaohsiung,
Taiwan) for continuingly shaken at a speed of 200 rpm for 24 h. All
experiments, including controls, were triplicate. At the end of each
experiment, a given amount of potassium iodide (KI) was added to
quench the PS degradation reaction. The residual PAHs were extracted
into 1:1(v/v) acetone:n-hexane, v/v under sonification. PAH concen-
tration was determined by gas chromatography-mass spectrometry
(GC-MS). Analysis of the 16 PAHs of the US EPA priority pollutant
including naphthalene (NA), acenaphthylene (ACY), acenaphthene
(ACE), fluorene (FL), phenantrene (PH), anthracene (AN), fluoranthene
(FLU), pyrene (PY), benzo[a]anthracene (BaA), chrysene (CH), benzo
[blfluoranthene (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. Analysis of PAHs

The residual PAHs concentration in the sediment extracts were
analyzed using gas chromatograph (Model 6890; Agilent Technologies,
USA) equipped with a mass selective detector (Model 5975; Agilent
Technologies, USA) and an Agilent 7683B split/splitless injector (1 min
splitless time; 60 mL/min flow rate) in selected ion monitoring (SIM)
mode. The injector temperature was 300 °C. The ion source and transfer
line temperatures were 230 and 280 °C, respectively. PAH were sepa-
rated on a GC-MS with HP-5MS capillary column (30 x 0.25 mm) with
0.25 pm film thickness (Hewlett-Packard, Palo Alto, CA, USA). Helium
was the carrier gas operated at 1 mL/min flowrate. The initial column
temperature was 40 °C @ 1 min, increased to 120 °C @ 25 °C/min, then
160 °C @ 10 °C/min, and finally 300 °C @ 5 °C/min. The correlation
coefficient (Rz) was 0.98 for each calibration curve.

2.6. Characterization of FCB

The surface morphology of FCB composites was analyzed using TEM
(CM-200 Twin; Philips, Netherlands). Raman spectroscopy analysis was
conducted using a visible Raman system (Nanofinder 30; Tokyo In-
struments, Japan) with a 632.8 nm He-Ne laser. FTIR spectra were
obtained (FT-700; Horiba, Japan) at a scan number of 32 and spectral
resolution of 4 cm™.. XRD curves were recorded using a CuKo radiation
source (Diano-8536 diffractometer). A superconducting quantum
interference device (SQUID) magnetometer (MPMS-XL7; Quantum
Design, USA) was used to study the magnetic properties of FCB com-
posite. Zetasizer Nano ZS90 (Malvern Instruments, Worcestershire, UK)
was used to measure the surface charge of FCB as a function of pH, from
3 to 11, being adjusted with HNO3 (0.1 M) or NaOH (0.1 M). Chemical
composition analysis was performed using XPS (AXIS Ultra DLD; Kratos
Analytical Ltd., Manchester, UK). The cyclic voltammetry (CV) and
linear sweep voltammetry (LSV) measurements were conducted at room
temperature using an electrochemical analyzer (CHI 6081D, USA) using
a three-electrode electrochemical cell to investigate the electrochemical
behavior of the FCB (Hung et al., 2020b). The samples were scanned at a
rate of 25 mV/s between —2.0 and 2.0 V. Glassy carbon and platinum
wire were the working and counter electrode, respectively. Saturated
Ag/AgCl electrode was the reference electrode. The supporting elec-
trolyte was NapSO4 (0.5 M). The three-dimensional excitation—emission
fluorescent matrix (EEFM) spectra were obtained using a luminescence
spectrophotometer (F-4500; Hitachi, Japan) with a xenon lamp as the
excitation source. In this investigation, EEFM comprised 60 segments in
excitation wavelength and 60 segments in emission wavelength from the
range between 200 to 800 nm, yielding discrete values of fluorescence
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intensity at 3600 pairs of excitation/emission wavelengths. Spectral
subtraction was performed to remove the blank spectra from pure water.
5,5-dimethyl-1-pyrroline N-oxide (DMPO) was used as spin-trapping
agent to quantify SO4~* and HOe by electron paramagnetic resonance
spectroscopy (EPR) (Bruker Company, EMX-10/12, Germany). The peak
intensity of DMPO-SO4-* and DMPO-HOe, after background noise
correction, gave the concentration of SO4~* and HOe, respectively.

3. Results and discussion
3.1. Surface and physical properties of FCB

Fig. 1la gives the typical TEM image of FCB. The FCB consisted of
spherical particles ranging from 10 to 50 nm in size. The presence of
nano-sized FCB particles is likely to increase the active sites and improve
the catalytic effectiveness. Some degrees of aggregation can be attrib-
uted to the static magnetism and surface force between Fe3O4 and CB.
Fig. 1b shows the Raman spectrum of FCB. Two main D and G peaks at
1359 and 1580 cm™! were observed, assignable to typical amorphous
carbons. Two peaks at 665 and 535 cm™ were observed, assignable to
typical feature of Fe304. The large ratio of intensity of D and G peaks (Ip/
Ig) of 1.4 indicated surface defective sites on FCB, which could be
beneficial to PS activation (Sun et al., 2020).

The FTIR spectra of the various materials were then obtained for
wavelengths of 400-4000 cm ™! (Fig. 1¢). The samples exhibited several
sharp peaks. The first Fe—O band, observed at 445 and 590 cm ™! was
correspondent to intrinsic stretching vibrations of the Fe3T0?~ and
Fe>T0%" ions (Alveroglu et al., 2013; Pi et al., 2019), respectively,
implying the formation of chemical bond between the CB and Fe304
phases. It is possible that mechanical interlocking, as well as columbic
interactions, took place between Fe—O bonds and oxygen-containing
functional groups (OFGs) present on the surfaces of the FCB (Dong
et al., 2019a). In contrast, several major peaks were detected at 1080,
1539, 1657, 1719 and 3442 cm ™!, which were related to C-O, carbox-
ylate (~COOH) group, C = C, carboxylic C = O group, and hydroxyl-OH
stretching, respectively (Truong et al., 2020). A peak at 1590 cm™!
belonged to the quinonyl and ketone groups. A weak peak at 2358 cm ™!
was attributed to the aliphatic structure. The peak at 1100 cm ™! was due
to the surface functional group of carbonyl (-C =0) and C-O-C
(Dimitriadou et al., 2020). These results suggest that the obtained FCB
contained a large number of aromatic and oxygenic functional groups.

Fig. 1d gives the XRD spectra obtained at 20 between 10 and 80°. The
intense diffraction peaks indicated the cubic crystal structure of Fe3Oy,
at 20 30.4°, 35.5°, 53.5°, 57.0°, and 63.0°, attributed to (220), (311),
(422), (511), and (440) facets, respectively. No other peaks were
observed, suggesting that Fe3O4 was the major phase on FCB. There was
a weak graphitic diffraction peak (101) at 20 ~43.5°, representing the
relatively stable lamellar crystal structure of graphitic carbon (Dimi-
triadou et al., 2020). Results verified successful synthesis of FCB with
incorporation of Fe3O4 in CB.

Fig. 1e gives the magnetic behavior of FCB in magnetic field between
—10 and +10 kOe. The M-H hysteresis curves passed the original point,
indicating that the FCB possessed typical superparamagnetic behavior
(Kumar et al.,, 2019). The saturation magnetization of the FCB was
49 emu/g, implying that the FCB exhibited an excellent magnetic
response to a magnetic field and thus could potentially be easily sepa-
rated from the reaction system after completing the catalytic process.
Fig. 1f gives the surface charge as a function of pH. The isoelectric point
(pHigp) was 4.6. The result revealed that the FCB had positively charged
surfaces at pH < 3 and negatively charged surface at pH 5-11, which
was possibly attributed to the ionization of surface OFGs such as
carboxyl (—COOH) and hydroxyl (—OH) groups on its surface that
decreased the zeta potential.

As shown in Fig. 2a, the survey spectra of FCB exhibited signals
relevant to Fe2p, Cls, and O1s, which were observed at binding energies
of 714.9, 284.6 and 533.2 eV, respectively. Peaks of Fe2p3,5 and Fe2p; /o
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(Fig. 2¢). The three peaks of Ols at 531.2, 535.6, and 537.5 eV were
Fe-O-C, oxygen in hydroxyl groups (O-H), and Fe-O, respectively
(Fig. 2d), thereby indicating that a surface hydroxylation layer (M-OH)

at 714.9 and 728.6 eV (Fig. 2b) indicated Fe>* and Fe?™, respectively. In
addition, the peaks at 284.6, 285.1, 288.1, and 292.3 eV were attributed
to C=C, C-C, C=0 and O = C-O, respectively (Yin et al., 2019)
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might form on the FCB. Results of XPS confirmed again the successful
deposition of Fe304 on CB due to strong association between Fe-O and
carbon atoms of CB.

3.2. PAH degradation by FCB-activated PS

3.2.1. Effect of initial PS concentration on PAH degradation

The concentration of PAHs in the untreated sediment was approxi-
mately 4,395 + 273 ng/g dry weight, which implied that the sediments
were at medium to high contamination level by PAH according to
Baumard et al. (1998). PY, PH, and FLU were major PAHs components,
whereas 4-ring (PY, FLU, CH) and 3-ring (PH) PAHs were the most
abundant constituents (58% of total PAH). PY, a symmetrical 4-ring
compound, was one of the most abundant PAHs in the environment
because of its resistance to biological degradation and high solubility in
water (Nayebzadeh et al., 2020). The individual PAHs with the highest
concentration was PY (1063 +71ng/g) followed by PH
(595 + 75 ng/g).

The degradation of PAHs was observed when the PS dosage was
increased from 2 x 10™° to 2 x 10°' M (or X[PAH] : [PS] = 1:10%
(Fig. 3a). Result indicated higher PS concentration yield higher PAH
degradation. The largest XPAH removal was 70% at an PS concentration
of 2 x 107! M (or a X[PAH]: [PS] = 1:104), which indicated that more
S04-* were generated by PS for the oxidation of PAHs. At lower PS
concentration of 2 x 10> M (or X[PAH]: [PS] = 1:1), the PAH removal
efficiency was only 18%. The results demonstrated the ability of PS to
degrade organic contaminants. Peluffo et al. (2016) reported that at high
PS concentrations reactive SO4-* and HOe contributed to the
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degradation of PAH. SO4-* attack PAHs through electron transfer reac-
tion. The electron—transfer process occurred to form PAH radical cation
(PAHe™), which reacted quickly with H,O by hydroxyl abstraction or
addition to generate (hydroxyl)PAH radicals ((OH)PAH). (OH)PAH
could be transformed into different intermediates and was further
oxidized to CO3 and H,O (Liu et al., 2018). Generally, the degradation
recalcitrant compounds like PAHs requires very vigorous oxidation
conditions (Ferrarese et al., 2008). Especially in sediments where the
presence of high organic matter content and strong solid matrix requires
much strong oxidants and elevated dosage. Results in Fig. 3a indicated
that X[PAH] removal increased sharply at X[PAH]: [PS] 1:102, then
tailed off as the L[PAH]: [PS] ratio was greater than 1:10°. Further in-
crease in X[PAH]: [PS] ratio did not exhibit significant increase in
2[PAH] removal.

The molecular weight and ring number of PAH species determined
the degree of removal of individual PAH. PAHs included hundreds of
individual chemicals of two or more fused aromatic rings, namely, the
low-molecular-weight (LMW) PAHs (two and three-rings) and the high-
molecular-weight (HMW) PAHs (four to six—rings). Because of greater
water solubility, LMW PAHs were more degradable than HMW PAHs.
There were three PAHs (LHW PAH-ACY, HMW PAH-DA, IP) present at
relatively low concentrations in sediments. The FCB/PS system exhibi-
ted 92, 45, 63, and 36% of degradation of PY, FLU, CH, and PH,
respectively, at the highest PS concentration of 2 x 10~! M (Fig. 3b).
The degradation of PAHs was 94, 66, 58, and 95% for the 3—, 4—, 5—and
6-ring PAHs, respectively (Fig. 3c). The degradation rate constants of
PAHs were calculated by fitting the experimental data to a pseudo-first-
order kinetic model (explained in detail in the Supporting Information
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S3: Derivation of kinetics equation). The slope of a linear In(C/Cp) vs.
time (t) plot gave the rate constant (k.ps), where Cy and C were initial
and final PAH concentrations, respectively. As shown in Fig. 3d, kops
(1.8 x 1072 hfl) at X[PAH]: [PS] = 1:10% (the optimal condition) was
almost 2.7 times that of 1:1 (ks = 6.6 x 1073 h™1), because of the
abundant SO4-°* and HOe available for reaction with most PAHs
contaminants.

3.2.2. Effect of FCB dosage on PAH degradation

FCB dosage (2.0-7.0 g/L) had a significant influence on PAH
degradation in the FCB/PS system. Fig. 4a shows that the amount of PAH
degradation with PS alone was about 41% of PAHs over 24 h, indicating
that PS could not effectively oxidize PAHs without an activator. In
contrast, PAHs degradation occurred rapidly when the FCB dosage was
increased from 2.0 to 7.0 g/L. These results indicated that the PAHs
degradation rate was increased in the order of 3.0 > 2.0 > 7.0 g/L,
indicating that the interaction between FCB and PS promoted PAHs
degradation. At the FCB dose of 3.0 g/L, the degradation of PAHs
reached 82% (Fig. 4a).

The increase in FCB dose accelerated the generated SO4~°" and HOe
from the activation of PS by FCB for PAHs degradation revealing that
electron transfer occurred from the iron species and caused the presence
of abundant redox-active centers of FCB (Zhang et al., 2020a, 2020b).
Moreover, PAH degradation was 99, 70, 77, and 91% for PY, FLU, CH,
and PH, respectively, when FCB dose was increased to 3.0 g/L (Fig. 4b).
At this dosage, the highest PAH degradation was 95, 92, 87, and 93%,
respectively, for 6—, 5—, 4— and 3-ring PAHs (Fig. 4c).

The Langmuir-Hinshelwood mechanism of heterogeneous catalysis
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assumed rapid adsorption of reactants (i.e. PS and PAHs) on the catalyst
surface (Supporting data S3). The observed rate constants, kops, were
2.0 x 1072, 2.2 x 1072, and 2.1 x 1072 h! at FCB dosages of 2.0, 3.0,
and 7.0 g/L, respectively (Fig. 4d). Results showed that the maximum
kops was at the FCB dosage of 3.0 g/L, which was in accordance with Eq.
(S15). Therefore, with increasing FCB loading of 3.0 g/L, more available
surface active sites would take part in the PS catalytic reaction to
generate reactive species in sediment. The activation behavior of PS to
produce SO4-* and HOe may be ascribed to the possible existence of a
n—7 interaction between the aromatic structures of CB and Fe30y, in the
FCB/PS system (Truong et al., 2020). These results suggested that FCB
was an efficient PS activator for the degradation and mineralization of
electron-rich PAHs, where FCB acted as an electronic medium to
accelerate electron transfer.

3.2.3. Effect of pH on PAH degradation

The PAHs degradation in the FCB/PS system as a function of initial
pH was studied. In general, the initial pH played an important role in PS
activation. Fig. 5a shows significant PAH degradation of 94 and 82% in
24 h, at pH 3.0 and 6.0, respectively. PAHs removal was slightly
decreased from 82% to 80% when pH was increased from 6.0 to 9.0.
These results demonstrated that PAHs degradation by FCB—activated PS
was more favorable under relatively acidic and neutral conditions. Egs.
(1) and (2) indicate the possibility of accelerating the decomposition of
PS under acidic conditions to generate SO4-"° :
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products at 24 h. (c) Degradation efficiency of PAH as a function of ring number. (d) Rate constant of PAH degradation. Values are expressed as mean + standard
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However, FCB may hydrolyze to form Fe(OH), precipitate under
neutral or alkaline conditions, which could decrease the activation
performance. Moreover, SO4~* and HOe were produced through PS re-
action with HoO and OH™ under alkaline or neutral conditions. The pH
of the sediment was well buffered by PS (Danish et al., 2017). Therefore,
no apparent inhibition of PAHs degradation was observed at pHy 9.0,
indicating that the FCB/PS system could function over a wider pH range.
The optimal pH of 3.0 yielded the greatest degradation of 97, 94, 98, and
93% for PY, FLU, CH and PH, respectively (Fig. 5b). At the optimal
initial pH of 3.0, the highest PAHs degradation was 99, 98, 97, and 97%,
respectively, for the 6—, 5—, 4— and 3—-ring PAHs (Fig. 5¢). The observed
rate constant, kyps, was 6.3 x 10_2, 2.0 x 10_2, and 2.4 x 102 h™! for
pHy values of 3.0, 6.0, and 9.0, respectively (Fig. 5d). The results sug-
gested that a decrease in pH favored PAHs degradation, which was
consistent with previous results of Dong et al. (2019e). The relatively
higher degradation at pH 3.0 could be ascribed to the better adsorption
of PAHs on FCB (Liu et al., 2020). The results clearly indicated that FCB—
catalyzed PS oxidation was applicable in the acidic to neutral pH region,
without precipitating iron, which was superior to the conventional
Fenton process. Since SO4~" was stable under acidic condition, pH
affected PS activity greatly. The dissolution of Fe304, yielding Fe** and
Fe37, increased the activation of PS and generation of SO4~* and HOe.
Excessive Fe?" or Fe®" enhanced the generation of SO4~" and HOe
because of faster electron transfer reactions, thus leading to an increase
in PAH degradation. Moreover, CB acted as an electron shuttle to
mediate electron transfer reactions in Fenton-like systems. Electrostatic
force, hydrogen bonding, and complex formation were likely to be

responsible for the oxidation reaction of PAHs in the FCB/PS system.
Consequently, controlling the FCB concentration could mitigate its
inhibitory effects on SO4~* and HOe generation. The oxidation capacity
of SO4~* and HOe may decrease with an increase in pH. Alkaline pH
increased the HOe scavenging reaction. Moreover, pH played an
important role on the adsorption of PAHs and the catalysis efficiency of
FCB (Ahmad et al., 2019). The FCB/PS system was pH-dependent and
PAHs degradation was most efficient over the range of pH between 3.0
and 9.0. Furthermore, salinity or ionic strength is the predominant
factor determining the distribution of PAH in marine sediments (Zhang
etal., 2020a, 2020b). Further research focusing on the impact of salinity
on the catalytic capability of FCB toward the degradation of PAHs by PS
under various water chemistry conditions is ongoing. Pilot scale studies
on the ex-situ treatment of PAH-contaminated marine sediments as
affected by pH, temperature and salinity (ionic strength) are being
conducted in our laboratory.

3.3. Mechanisms for PS activation and PAH degradation by FCB

Fig. S1 presents the electrochemical characteristics of FCB. The fresh
FCB composite exhibited a highly reversible redox capacity and oxida-
tive current density at scan rate of 100 mV/s (Fig. S1a). The distorted
voltammetric redox peaks at -0.4 and 0.5 V represented the reversible
FeZ*/Fe>* redox pair. The peak at 1.4 V was the one-way oxidation of
Fe*™ - Fe3* (Dong et al., 2020b). These results suggested that the
reversible redox ability of the FCB played a key role in maintaining good
catalytic performance. The LSV curve revealed again that the peak at
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0.5 V was the reversible Fe?>"/Fe>" redox couple (Fig. S1b). The results
suggested that FCB promoted PS activation for PAH degradation. PAH
was adsorbed by FCB catalyst prior to the oxidation-reduction reaction
occurring at FCB active sites.

Fig. 6a shows fluorescence peaks of the three-dimensional EEFM for
a fresh FCB; four significant excitation/emission plots were generated at
220/300 (Peak I), 230/340 (Peak II), 270/310 (Peak III) and 320/
380 nm (Peak IV). Fig. 6b shows the fingerprint of the EEFM for FCB
after the activity test; three substantial excitation/emission plots at 220/
300 (Peak I), 230/340 (Peak II) and 270/340 nm (Peak V) were
observed. Based on the previous literature (Siwach and Sen, 2008; Dong
et al., 2017a; Rajapaksha et al., 2019; Yang et al., 2019a; Yang et al.,
2019b), peaks I and II, III, IV and V were assigned to Fe3O4 nanoparticle,
terrestrial condensed fulvic acid, and humic acid-like and typical
protein-like containing tryptophan and tyrosine components, respec-
tively. It was obvious that peaks III and IV disappeared in the used FCB,
and that two peaks (I and II) could still be observed. This result was
similar to that reported by Siwach and Sen (2008), who determined that
iron nanoparticles at different excitation wavelengths (Aey) in the range
220-280 nm provided fluorescence emission at 303 nm for two different
ranges of 220-250 nm and 255-280 nm. Moreover, the difference of
excitation/emission plot between fresh and used FCB was ascribed to the
metal-enhanced fluorescence effect, which indirectly indicated the
presence of surface functional groups and surface energy traps that
became emissive upon stabilization as a result of surface passivation of
the used FCB (Hung et al., 2016a; Hung et al., 2016b). Therefore, the
presence of the dominant fluorescence components Fe304 nanoparticles
and CB contributed to the formation of active sites which might accel-
erate the degradation of PAHs. This result suggested that the adsorption
via n—x interaction and hydrogen bonding of large condensed fluores-
cent structures with enriched carboxylic groups was favored (Truong
et al., 2020). However, the disappearance of peak II, IV, and V indicated
that the main functional groups had been changed by the PS oxidization
and that the numbers of conjugated double bonds, condensed structures,
and aliphatic, aromatic carbons, as well as the amount of DOM had been
decreased, which may directly affect the composition and characteristics
of the FCB (Yang et al., 2019a; Yang et al., 2019b). Furthermore, the
function groups on CB surface, specifically, —C = O, —COOH, and —OH,
were the active sites that interacted with Fe to form Fe-O-C and Fe-O
complexes (Fig. 2d) which facilitated electron transfer between the
FCB surface and PS responsible for the catalytic activation of PS for
successful degradation of (Lu et al., 2020). The positively charged FCB at
pH 3 might easily bind with negatively—charged aromatic compounds
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with conjugated double-bonds (Fig. 1f). These results could provide
some information on the interaction mechanisms between Fe3O4 and CB
on promoting PAHs degradation.

EPR was used to detect free radicals from PS activated by FCB
(Fig. 7). No peaks were observed when adding DMPO to pure water,
which implied no capture of spins. The addition of DMPO to PS solution
yielded the signal of 5,5-dimethylpyrrolidone-(2)-oxyl-(1) (DMPOX).
Two radical adducts were detected when FCB, DMPO, and PS were
present together. The dominant signal was ascribed to DMPO-SO4-°,
indicating that SO4~* was generated in the FCB/PS system and partici-
pated at the degradation of PAHs. Additionally, another weaker signal
was ascribed to DMPO-SO,4-°, which indicated the contribution of SO4-°
to PAHs degradation. These results demonstrated that the FCB activation
of PS generated a large amount of SO4-". It is suggested that FCB with a
higher oxidation ability could weaken the S—O bond of adsorbed PS, thus
promoting the decomposition of PS into SO4~° (Wang et al., 2018).
Breakage of S-O bonds on the surface of the FCB produced active oxygen
(Oads)- As adding PS to water leads to the generation of SO4~° and HOe
because of the cleavage of the O—O bond (Eq. 3). PS could be further
decomposed to SO4~* and O3- in the presence of an activator (Egs. 4-6)
(Lin et al., 2017), which triggered a series of synergistic reactions,
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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 FCB catalyst.
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including electron transfer and led to the formation of various radicals.
The formed SO4-° reacted with Hy0 and OH-, leading to the formation of
HOe (Egs. 7-8). Therefore, these two radicals might coexist in the
FCB/PS system, and SO4-" consumed by OH~, was replaced by the
generated HOe (Liu et al., 2016). Although the generated HOe also had a
high reactivity toward PAH, it could also be scavenged by SO4-° (Eq. 9).
Under acidic conditions, Fe?* that was produced from FCB, prompted PS
activation with the generation of SO4-° readily for PAH oxidation (Eq.
10). The conventional mechanism for PS activation was that SO4-* was
generated through one-electron transfer between PS and Fe?* (Eq. 11).
Since the enhanced production of O3 from dissolved oxygen was
excluded, it can be deduced that O3~ may be mainly generated from the
direct decomposition of PS catalyzed by the FCB (Eq. 12) (Wang et al.,
2018). From the CV, LSV, and EEFM measurements, it can be inferred
that the reversible Fe?t/Fe3" redox equilibrium and n—n interactions
between PAH and surface functional groups of CB played the major role
on catalytic PAH degradation. The high amorphous carbon content of CB
enabled the formation of micropores, which enhanced PAH degradation
efficiency, was another reaction mechanism. Therefore, PS activation by
FCB led to the generation of abundant SOz° and HOe favorable PAH
degradation. The following reactions briefly described how PS activa-
tion by FCB followed by subsequent PAH degradation:

$,03~ + 2H,0 — HO; + 2505~ + 3H' 3
HO;5 + 2803~ —»S05° + SO;~ + H" 4+ 03— ()]
28,03 + 2H,0 — 3805~ + SO3° + 4H' + 03— 5)
$,03” + 03 — SO~ + SOF™ + O, (6)
SO;* + H,0 — SO}~ + HOe + H %)
SO;* + OH™ — SO}~ + HOe ®
SO3* + HOe — HSO; + 0.50, 9
Fe304 + HY >=Fe?™ + =Fe’t + 4H,0 (10)
=Fe’t + $,03 »=Fe*" + S0;* + SO~ 1)

Journal of Environmental Chemical Engineering 8 (2020) 104440
—Re3t - a2t — + °o—
=Fe’" + S,058" + 2H,0 »=Fe“" + 2HSO; + 2H" 4 O3 (12)

Fig. 8a shows the production of SO3™ resulted from the adsorbed PS
and immobilized iron on BC surface (Eq. 13 and 14). SO3~, a major
oxidizing agent, reacted with PAHs to produce SO3 /OH™ and degra-
dation products (Eq. 15).

FCBgurface—OOH + S,05" — FCBgyrface—O0@ + SOz ° + HSO4- (13)
FCBguriace—OH + $,03~ — FCByyface—O® + SO7° + HSOF a4
SO;*/HOe + PAH — degradation products + SO%’/ OH™ (15)

Oxidative ring opening generated small molecular carboxylic acids
which were further oxidized to CO5 and H50. The reversible Fe?t/Fe®"
couple enabled easy electron transfer for PS activation producing SOz °.
Therefore, the synergistic interaction between Fe?*/Fe>" redox couples
and active FCB sites significantly enhanced catalytic activity. Moreover,
the standard redox potential of Fe?*/Fe>* is 0.77 V (v.s. NHE), which
indicated favorable thermodynamically spontaneous electron transfer
from =Fe®" to =Fe>* (Wen et al., 2019).

Based on the literature (Liang et al., 2006; Hadibarata and Kristanti,
2013; Nayebzadeh et al., 2020), a conceptual reaction scheme was
established to explain the removal of PAHs from marine sediments by
S04~°* and HOe radicals, produced due to PS activation by FCB. FCB
activation of PS produced SO4~* and HOe and Fe?*/Fe3* redox couples
enabled efficient electron transfer according to Haber—Weiss mechanism
(Dong et al., 2019a). Fig. 8b shows the possible pathway involving re-
action between reactive radicals (SO4~* and HOe) and benzene rings
that led to formation of intermediates identified previously by various
authors (Liang et al., 2006; Hadibarata and Kristanti, 2013; Nayebzadeh
et al., 2020). Moreover, hydrogen abstraction, addition on the double
bond, and electron transfer were involved in reaction between SOz * and
the organic molecules, i.e., intermediates (Matzek and Carter, 2016).
According to the proposed degradation pathway, PS activation yielded
S04~°* and HOe which attacked the benzene ring of PAHs and led to the
occurrence of a series of hydroxylation, decarboxylation, cleavage of
aromatic ring, and formation of intermediates, including 1-hydroxypyr-
ene, cis-4,5-pyrene-dihydrodiol, pyrene-4,5-diol, phenanthrene-4,
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Fig. 8. (a) Proposed degradation mechanism of polycyclic aromatic hydrocarbon (PAH) over FCB catalyst and (b) reaction pathways of pyrene (PY) in the sulfate and

hydroxyl radical-based advanced oxidation processes.
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5-diol, phenanthrene-4,5-dicarboxylic acid, 4-phenanthroic acid,
phthalic acid, 3,4-dihydroxybenzoic acid, and cis,cis-muconic acid.
Radical attacks of 1-hydroxypyrene formed cis-4,5-pyrene-dihydrodiol.
Moreover, further SO4-°*/HOe attack of cis-4,5-pyrene-dihydrodiol at its
side chain formed pyrene-4,5-diol. Oxidation and ring opening con-
verted pyrene-4,5-diol to phenanthrene-4,5-diol, phenanthrene-4,
5-dicarboxylic acid, and 4-phenanthroic acid. Further attack on 4-phe-
nanthroic acid by SO4-°/HOe formed phthalic acid, which was
oxidized to 3,4-dihydroxybenzoic acid and cis,cis-muconic acid, which
were further mineralized to the small molecular substances carbon di-
oxide and water. Notwithstanding FCB/PS treatment achieved signifi-
cant elimination of PAH from contaminated sediments, further studies
are necessary to determine the potential side effects of in-situ remedia-
tion of PAH-contaminated marine sediments. It is expected that complex
matrixes of marine environment will affect the efficiency of the FCB/PS
remediation process. Therefore, further studies were necessary to
identify reaction byproducts in the treatment of sediments for PAHs
removal by PS catalyzed by FCB in order to better understand the
degradation mechanism of PAHs. Understanding the nature of reaction
intermediates/byproducts is crucial to risk assessment and reduction of
PAHs contaminated sediments.

4. Conclusion

The results demonstrated that synergistic interaction between Fe3O4
and CB and the activation of persulfate have been applied to remediate
the PAHs—contaminated sediment. Surface characterizations showed
successful interaction between Fe304 and CB led to the formation of Fe—
O—C bond. Results revealed that the FCB/PS system was promising for
the treatment of marine sediments contaminated by PAHs over a broad
range of initial pH from 3.0 to 9.0, with increasing XPAH removal at
acidic pH. At the initial pH of 3.0, the highest *PAH degradation was 99,
98%, 97, and 97%, respectively, for the 6—, 5—, 4— and 3-ring PAHs
individually. *PAH removal reached its plateau as X[PAH]:[PS] ration >
1:10%. Langmuir-Hinsheldwood model described the PAH degradation
kinetics well. The kgps (1.8 x 1072 h’l) at T[PAH]: [PS] = 1:10* was
almost 2.7 times that of 1:1 (kops = 6.6 x 102 h™1). The presence of
dominant fluorescence components of Fe3O4 nanoparticles and CB
contributed to the formation of active sites, which might accelerate the
degradation of PAHs. The degradation of PAHs followed the pseudo—
first-order kinetics model. The degradation rate of PAHs was signifi-
cantly affected by the initial PS and FCB concentrations, and pH value.
FCB was effective in PS activation, which accelerated the production of
SO4~* and HOe radicals for the remediation of PAHs-contaminated
marine sediments. FCB—catalyzed PS oxidation will be highly prom-
ising and sustainable technique for environmental remediation, i.e.,
PAHs—contaminated sediments. FCB/PS treatment significantly facili-
tated the degradation of PAHs in contaminated marine sediments,
however, but it must be noted that if applied in-situ, there might be
adverse effects on the microbial abundance and community composition
of the sediment. As a future perspective, studies on the ecotoxicity of in-
situ FCB/PS remediation of contaminated sediments are necessary as to
ensure that the oxidation products are biodegradable and that the
absence of interference by other constituents in the sediments for the
safe-by-design of the FCB/PS remediation technology.
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S1. Characterization of FCB
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Fig. S1. (a) Cyclic voltammogram (CV) and (b) linear sweep voltammetry (LSV) for the FCB catalyst at different scan rates ranging from 25 to
100 mV/s in 0.5 M Na2S0O4 solution.



S2. Characterization of sediments

Table S1 Physico-chemical composition of the raw sediment. Values expressed in dry

weight.

Characteristics Value
Clay (<2 um, %) 5.0
Silt (2—63 um, %) 61.0
Sand (> 63 pm, %) 34.0
Water content (%) 83.1
pH 6.7
Total organic carbon (TOC, %) 6.4
Total nitrogen (TN, mg/kg) 1540

Total phosphorus (TP, mg/kg) 537




S3. Derivation of Kinetics equation

According to the Langmuir-Hinshelwood kinetics of heterogeneous catalysis,

adsorption of reactants onto the catalyst surface is the first reaction step. Assuming

that at the onset of the reaction, SPS adsorbs onto the active site, Sa, and PAH adsorbs

onto the different active site, Sg, of the FCB composite, rapidly, according to the

following equilibrium reactions:

Sa+PS = Sa-PS; Ky (S1)

Sp+PAH = Sp-PAH; K> (S2)

where Ki and K> are the adsorption equilibrium constants of PS and PAH on the

different active sites of FCB, respectively. Sa-PS and Sg-PAH are the adsorbed PS and

PAH species on the FCB surface, respectively. The reaction between the adsorbed PS

and PAH is the rate-limiting step, that is,

Sa-PS + Sg-PAH — products + Sa + Sg; k3 (rate-limiting step) (S3)

From Eq. (3), one has the rate expression:

d[PAH] _
dt

rate(r) = - ks [Sa-PS][Ss-PAH] (S4)

where k3 is the reaction rate constant. From Eq. S1 and Eq. S2, one has:

[Sa-PS] =Ki[Sa][PS] (S5)

and

[Ss-PAH] = Ko[S5][PAH] (S6)



From the following mass balance relationship, one has:

SAT=[SA]+[Sa-PS] (87)
and
Se'=[SB]+[SB-PAH] (58)

Combing Eq. S5 and Eq. S7 and Eq.S6 and Eq.S8, one has:

_ ShK,[PS]
[S4 —PS] = 1+K4 [PS] (59)
and
_ SEK,[PAH]
[Sg — PAH] = 1 +E,[PAE] (S10)
By substituting Eq. S9 and Eq. S10 into Eq. S4, the reaction rate expression is:
T T
_ d[PAH]_ks o SAK1[PS]  SEKy[PAH] (S11)
at 1+K,[PS] " 1+K,[PAH]

If 1 >> K [PS] and 1 >> K>[PAH], Eq. S11 becomes:
r = k3STK,[PSISTK,[PAH] = kg, [PS][PAH] (S12)

Where kgp, = k3S; K1[PSISEK,. At a constant PS concentration and [PS] >> [PAH],
the catalytic oxidation of PAH follows the following first-order kinetics:
1 = kons| PAH] (S13)
where kops = kapp[ PS] (S14)
Eq. (S14) predicts a first-order kinetics for the degradation of PAH.

Note that ko»s is a function of the product of Sa and Sg. By expressing both sites

as a function of total surface site, St, as a.a and op, and that oa + o = 1, one has



kobs o SZa ap = SE(1 —ay)ay (S15)
Eq. (S15) predicts ko»s as a function of FCB dosage with a peak ko»s around aa = as =
0.5. Therefore it is expected that the rate constant will be at the maximum when the

surface site for the specific adsorption of PS and PAHs are equal.
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