Chapter 2

Magnetic Nanoparticles and Their
Heterogeneous Persulfate Oxidation
Organic Compound Applications

Cheng-Di Dong, Chiu-Wen Chen and Chang-Mao Hung

Abstract Nano-zero—valent iron (nZVI), Fe’, has been successfully used to
transform and degrade contaminants in soils and water. Additionally, it has been
used as a catalyst to heterogeneously activate persulfate (Na,S,0Og, PS) for the
treatment of various contaminants. The nZVI-PS oxidation system has received
increasing attention because of its successful use in the treatment of sediments
contaminated with recalcitrant organic compounds; treated sediments have
improved considerably to meet remediation goals, such as the remediation goal for
polycyclic aromatic hydrocarbons (PAHs). The presence of PAHs in sediments is a
major concern because of the risks posed to aquatic ecosystems through bioaccu-
mulation in food chains. To minimize ecological risks posed by contaminated
sediments, it is imperative to develop processes that can degrade the sorbed PAHs.
Efforts have been focused on identifying the most effective PS oxidant for obtaining
the maximum acceptable PAH compound concentration. Moreover, the oxidation
of PAHs in sediments by PS along with the simultaneous activation of the PS by
nZVI, which is a source of catalytic ferrous iron, has been investigated. The
determination and quantification of PAHs in sediment samples were performed
using gas chromatography coupled to mass spectrometry (GC-MS). An adequate
amount of PS must be present because it is the source of sulfate radicals, which are
responsible for the degradation of PAHs. Results have indicated that the addition of
a larger amount of nZVI to a PS-slurry system can enhance the PS oxidation
process, suggesting that nZVI assists PS in the ex-situ treatment of PAH-contam-
inated sediments. Thus, nZVI-assisted PS is a promising choice for organic com-
pound treatment for environmental remediation. This paper presents a study on
magnetic nanoparticles and the heterogeneous PS oxidation of the nanoparticles and
organic compounds (PAH-contaminated sediment), conducted in our laboratory.
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2.1 Overview of Persulfate Oxidation Processes Used
for Organic Compound Treatment

Advanced oxidation processes (AOPs) are chemical treatments used for removing
organic (and sometimes inorganic) materials; they involve the use of highly reactive
radicals generated from various combinations of reactants, such as O3/UV, TiO,/
UV, H,0,/05, and transition metal/H,O, [1, 2]. Among AOPs, those that involve
the Fenton reagent and activated persulfate (Na,S,0Og, PS) are the most powerful,
and they have been used for treating polluted wastewater in the last decade. In a
regular Fenton process, ferrous ions (Fe>") are used to catalyze hydrogen peroxide
(H;0,), generating a highly reactive oxidizing species—hydroxyl radicals (HO®)
that are strong nonspecific oxidants. These radicals are highly reactive and
capable of decomposing organic compounds at high diffusion-controlled rates
(10’-10"° M~ s71). Furthermore, HO® can effectively oxidize almost all organic
compounds. The primary Fenton reactions include the following reactions [3]:

Fe’t + Hy0, — Fe’* +HO® + OH; (2.1)
Fe** + H,0, — Fe’* + HO} + H™. (2.2)

Typically, H,O, reduces the ferric species, Fe(IIl), in catalytic reactions. The
rates of ferrous consumption and ferrous regeneration differ appreciably. The
rapidly exhausted ferrous ions terminate the Fenton reaction and shorten the period
of efficient degradation of the target compounds. Recently, attention paid to the use
of PS has been increasing because PS has been recognized as an emerging oxi-
dizing agent that can be used for degrading a broad range of organic contaminants.
PS has drawn considerable attention because of its unique characteristics [4, 5]. In
general, subjecting PS to highly reactive sulfate radical (SO} )-based AOPs can
produce powerful oxidizing species, such as SO3~, which can be potentially used
for treating dye effluents [6, 7]. PS (S2082_) is used more frequently than H,O, as
an oxidant for in situ chemical oxidation remediation of environments contaminated
with organic pollutants; the chemical oxidation is performed at room temperature,
but the direct reaction of PS with most reductants is slow [8]. When appropriately
activated, PS converts to SO;™ [9], which has an oxidation potential of 2.6 V. This
value is greater than that of hydroxyl radicals (approximately 2.8 V), which are
one-electron oxidants that can potentially remove contaminants. Numerous studies
have been conducted to investigate the efficiency of activated PS for the chemical
oxidation of pollutants. Generally, PS can be chemically activated by transition
metal ions (M"") or thermally activated to generate SO;™ [10].

M chemical-activation

$,08 + SO~ +S0¥ 4+ M+ D+, (2.3)

_ thermal-activation
S,02

280] (30°C < T <99°C). (2.4)
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Thermal activation of PS has been considered as a prominent method, particarly
after intensive study and application in the detoxification of numerous organic
pollutants at contaminated sites. The temperature required for the thermal activation
has been experimentally shown to be in the range of 35-130 °C [11]. Zhao et al.
found that thermal activation was one of the most effective methods of activating
PS for the removal of PAHs in soil when the temperature was increased from 40 to
60 °C [12]. Cuypers et al. showed that the extent of PAH oxidation by persulfate
increased with an increase in the temperature in the range of 20-70 °C (for oxi-
dation durations up to 24 h) [4]. Furthermore, the thermally activated-PS-based
oxidation of target compounds in soil slurries was strongly inhibited by the high
organic carbon content in the soil [13]. Generally, oxidation involving thermally
activated PS is energy-consuming. However, this crucial heterogeneous catalytic
process has attracted considerable attention in materials chemistry, and the effec-
tiveness of the chemical activation process has been improved using
high-performance Fe(II), which generates SO~ and HO® in a manner similar to that
in the Fenton reaction in accordance with (2.5) and (2.6). If a sufficient quantity of
Fe(Il) ions, which at as electron donors, is present, PS anions can also be cat-
alytically decomposed to form SOj™.

$,08” +Fe’t — SO;” 4803~ +Fe’ ™ (2.5)
SO}~ +H,0 — HO"® + HSO; . (2.6)

Generally, various types of catalysts have been widely used for the treatment of
dye-contaminated wastewater. For example, Wang et al. prepared zero-valent iron
(ZV]) catalysts for the degradation conversion of acid orange 7 (AO7); the
degradation conversion involved PS activation through ultrasonic irradiation [14].
Nguyen et al. assessed the feasibility of using activated carbon as a supporting
material for Fe,MnO, catalysts in the oxidation of methyl orange at pH 3.0; they
reported that treating activated carbon with HNO; can functionalize the carbon
surface through the formation of carboxyl groups [15]. Additionally, a recent study
described an efficient technique for the catalytic oxidation of the azo dye Orange G
(OG) in an aqueous stream. The technique involved using a Fe**/PS reagent in the
temperature range of 20—40 °C at pH 3.5. It was observed that the degradation of
OG increased with both Fe** and PS doses [16]. Yang et al. discovered that PS
oxidation can be used for degrading AO7 in the presence of suspended granular
activated carbon (GAC); they observed a synergistic effect in a GAC/PS combined
system [17]. The results of these studies showed the potential of PS to degrade
organic contaminants.

Metal oxides, particularly iron oxides, are promising heterogeneous catalysts
because of their natural abundance, low cost, and environmentally friendly prop-
erties, and they can be used as PS activators [18]. Iron oxides exist in the envi-
ronment in different forms. The synthesis and use of iron oxide nanomaterials with
novel properties and functions have been widely studied; their nanoscale size and
superparamagnetism are responsible for their novel properties. Recently, there has
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been considerable interest in the environmental applications of magnetite (Fe304)
and ZVI, such as the oxidation of organic compounds in dye-contaminated
wastewater [14, 19]. This compound improves the PS oxidation properties by
accelerating the degradation rate through the formation of SO} . Lin et al. inves-
tigated the substantial conversion of the azo dye AO7 to sodium sulfanilamide and
1-amino-2-naphthol by using a Fe;O, catalyst activated by peroxydisulfate in an
electro/Fe;O4/peroxydisulfate process, and they found that the Fe;O,4 particles were
stable and reusable [20]. Zhu et al. reported that core-shell Fe—Fe,O3 nanostructure
(FN) materials can be used as catalysts in the catalytic oxidation of methyl orange
in aqueous solution. They also found that the conversion of methyl orange reached
90 % in an FN/Na,S,0g process after 10 min [21]. Yan et al. observed that
complete treatment eliminated sulfamonomethoxine highly efficiently within
15 min when 2.4 mmol/L Fe;04 magnetic nanoparticles were used as the hetero-
geneous activator of 1.2 mmol/L. PS [22].

The nanoparticles (<100 nm) discussed in this chapter are ZVI particles, and
they exhibit a typical core-shell structure. The core consists primarily of zero-valent
or metallic iron, and the mixed—valent [i.e., Fe(Il) and Fe(III)] oxide shell forms as a
result of the oxidation of the metallic iron. Iron typically exists in the environment
as Fe(I)- and Fe(Ill)-oxide, and therefore, ZVI is a manufactured material. Thus
far, applications of ZVI have been based primarily on the electron-donating
properties of ZVI. Under ambient conditions, ZVI is reactive in water and can serve
as an excellent electron donor; these qualities make it a versatile remediation
material. Moreover, ZVI is a highly reactive material and is used for remediating
various pollutants. Because ZVI has a considerably low standard reduction potential
(Fe®* + 2" = Fe°, Ey = -0.447 V; Fe** + 3¢ = Fe°, E, = —0.037), elemental iron is
thermo-dynamically stable in oxide forms under normal conditions. The pathways
for reducing contaminants involve (i) adsorption of contaminants on the surface of
ZV1, (ii) direct reduction of the adsorbed contaminants, and (iii) catalytic reduction
by Fe(Il) at the interface of ZVI and target products. The nanoscale ZVI particles
show high surface-to-volume ratios and high surface activity [23]. However, the use
of nano—zero—valent iron (nZVI) has a drawback: the formation of aggregates with
the passage of time reduces the activity of nZVI [24]. In the past few years,
researchers have focused on stabilizing nZVI and reducing the cost, thereby
increasing the use of nZVI in environmental technologies. As an Fe** source, ZVI
has been widely used for activating PS to produce SO}~ under aerobic conditions,
anaerobic conditions, or through the direct reaction between nZVI and PS in
accordance with the following equations [25]:

1
Fe® + 502 +H0 — 2Fe’t 4 40H; (2.7)

Fe’ + 2H,0 — Fe?* +20H™ + Hy; (2.8)
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Fe’ 4+ 8,05~ — Fe?* 4+250%". (2.9)

In addition, heterogeneous activation of PS involving direct transfer of electrons
or surface bound Fe?* from ZVI to PS may be an alternative mechanism (2.10 and
2.11, respectively) [26]. An advantage of using ZVI is that the generation of ferrous
iron and recycling of ferric iron at the ZVI surface can prevent the accumulation of
excess ferrous iron and reduce the precipitation of iron hydroxides during the
reaction (2.12) [27].

Fel,, +28,03,) — Fel,l) +250; +250%,,; (2.10)

2 2— 3 *o— 2— .
Fel o) + 5205 — Felonn) +505™ +S05,); (2.11)
2Fe’ T 4 Fe¥ — 3Fe? . (2.12)

So far, numerous preliminary studies have reported the synergistic effect of ZVI
on persulfate and the remediation of pollutants in aqueous solutions. The findings
have suggested that the presence of ZVI in a PS-water system can considerably
enhance the oxidation of pollutants [28]. In particular, nZVI shows a surface area
reactivity that is approximately 100 times greater than that of micro-zero-valent iron
powder. Moreover, nZVI has been found to exhibit the greatest capability to
activate PS in the process of degradation of pollutants [29]. However, to the best of
our knowledge, no study has been conducted on the simultaneous and synergistic
nZVTI activation of PS for the removal of PAHs in sediments. The nZVI obtained in
the current study was characterized by using environmental scanning electron
microscopy coupled with energy dispersive spectroscopy (ESEM-EDS), X-ray
diffraction (XRD), and a vibration magnetometer. This chapter reports a study on
nZVI activation of PS for the removal of PAHs from sediments, performed at the
National Kaohsiung Marine University, with the removal performance and asso-
ciated factors as major considerations.

2.2 Removal of PAHs from Sediments by Using
Magnetic Nanoparticles

Polycyclic aromatic hydrocarbons (PAHs) are a ubiquitous group of several hun-
dred chemically-related environmentally persistent organic compounds with vari-
ous structures and varied toxicity. They tend to persist in the environment and are
widely found in natural media, such as soils, sediments, water, and air. In particular,
because of their hydrophobic nature and low water solubility, they can rapidly
associate with sediments [30-32]. The effect of PAHs is usually widespread and
permanent in environmental media, and thus, PAHs can be eventually deposited
and persist in bed sediment (as a sink) in the aquatic system. Their presence in
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environmental matrices is of grave concern because of their high toxicity, car-
cinogenic effects, and environmental persistence. Such contamination may pose a
risk of indirect exposure to humans exposed to PAHs through the consumption of
foods [33, 34]. Among the various remediation techniques for PAH removal,
chemical oxidation is considered promising and can overcome many limitations of
other methods for the remediation of aquatic matrices contaminated by recalcitrant
PAHs. In other words, the strong sorption of PAHs to a solid phase reduces their
availability for microbial attacks, and high-molecular-weight PAHs (with 5 or 6
aromatic rings) are more recalcitrant to biological degradation [35, 36]. Therefore,
attention focused on the development of technologies for the control of PAHs in the
environment has been increasing.

The use of chemical techniques for PAH remediation has generated considerable
interest, because these methods can offer a rapid and aggressive alternative that is
less sensitive to the type and concentration of contaminant compared with bio-
logical processes. Therefore, the activation of PS by ferrous ions is known to be
effective for PAH removal. The use of SO}~ prevents the treatment from producing
large amounts of slurry (which are produced in the Fenton process). Activated PS
used for PAH oxidation can be effective for up to 24 h [3, 37]. Iron is a typical
candidate transition metal for environmental applications, and ferric ions are easily
precipitated as iron hydroxides at neutral pH [38]. Owing to the buffer capacity of
geological materials such as clay and sediment, their ability to maintain a low pH in
a solution of ferrous ions is limited in practice. Therefore, numerous chelating
agents are employed to maximize the catalytic activity of ferrous ions by preventing
the loss of Fe(Il); the chelating agents bind the ferrous ions to the hydrophilic sites
of natural organic matter [39, 40]. Moreover, the use of nZVI overcomes the
disadvantages of losing Fe(II).

Contaminated sediments were collected from the industrial port of southern
Kaohsiung, Taiwan. This area receives from a steel refinery effluent that is polluted
by organic and inorganic compounds. Several sediment samples were taken from the
first 15-20 cm layer at the bottom with following collection (using an Ekman Dredge
Grab Sampler (6" x 6" x 6"), from Jae Sung International Co., Taiwan), samples
were immediately scooped into glass bottles that had been pre-rinsed with n-hexane,
and stored in a refrigerator until they were used. The samples were free-dried for 72 h
and sieved through a 0.5 mm mesh to ensure uniformity and kept at =20 °C in amber
glass bottles that had been pre-rinsed with n-hexane and covered with aluminum foil
until further processing and analysis. Table 2.1 presents the initial concentrations of
the PAHs in the sediment. According to the number of aromatic rings, the 16 PAHs
were divided into three groups: (i) 2- and 3-ring, (ii) 4-ring, and (ii) 5- and 6-ring
PAHs. The PAHs pollutant level classification was suggested by Baumardi et al.
[41]: (i) low, 0—100 ng/g; (ii) moderate, 100—1000 ng/g; (iii) high, 1000-5000 ng/g;
and (iv) very high, >5000 ng/g. Sediments from river mouth region can be char-
acterized as moderate to high PAHs pollution. The results can be used for regular
monitoring, and future pollution prevention and management should target the
various industries in this region for reducing pollution. Moreover, the results of
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Table 2.1 Initial concentration of PAHs in sediment

PAHs | Chemical formula | Concentration (ng/g)
2-ring

1. Napthalene (NA) | CioHg | 273
3-ring

2. Acenaphthalene (ACY) C,Hg 160
3. Acenaphthene (ACE) CoHyg 265
4. Fluorene (FL) Ci3Hjo 238
5. Phenanthrene (PH) Ci4Hyo 392
6. Anthracene (AN) Ci4Hyo 230
4-ring

7. Fluoranthene (FLU) Ci6Hio 503
8. Pyrene (PY) Ci6Hio 525
9. Benzo[a]anthracene (BaA) CisHy» 235
10. Chysene (CH) CgHi» 245
5-ring

11. Benzo[b]fluoranthene (BbF) CyoHy» 224
12. Benzo[k]fluoranthene (BkF) CyoH 12 197
13. Benzo[a]pyrene (BaP) CyoHi2 273
14. Dibenzo[a,h]anthracene (DA) CyHyy 95
6-ring

15. Indeno [1,2,3-cd]pyrene (IP) CyHjs 193
16. Benzo[g,h,i]perylene (BP) CxpHjs 176
2 LPAHs: Total Light PAHs (1-7) - 1559
2 HPAHs: Total Heavy PAHs (8-16) - 2667
Y PAHs: Total PAHs - 4226

previous studies carried out by the authors on the distribution of PAHs contained in
the surface layers of harbor sediment show that sediment surface layers near river
mouths have relatively higher PAHs concentrations [42]. This indicates that PAHs
are borne by river flow and municipal runoffs to accumulate in the harbor sediment.

The concentration of PAHs (i.e., naphthalene (NA), acenaphthylene (ACE),
acenaphthene (AC), fluorene (FL), phenantrene (PH), anthracene (AN), fluoran-
thene (FLU), pyrene (PY), benzo[a]anthracene (BaA), chrysene (CH), benzo[b]
fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), indeno
[1,2,3-cd]pyrene (IP), dibenzo[a,h]anthracene (DBA), and benzo[g,h,i]perylene
(BP)) in the extracts were analyzed using a GC (HP Agilent Technologies 6890 Gas
Chromatography, USA), equipped with an Agilent 5975 mass selective detector
(MSD). The GC was equipped with an Agilent 7683B split/splitless injector
(splitless time: 1 min; flow: 60 mL/min); injector temperature was maintained at
300 °C. The transfer line and ion source temperature were 280 and 230 °C. Column
being used to separate the PAH compounds was HP-5SMS capillary column
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(Hewlett-Packard, Palo Alto, CA, USA) with 30 m x 0.25 mm i.d x 0.25 pm film
thickness. The carrier gas was helium at a constant flow rate of 1 mL/min. The
column temperature was initially kept at 40 °C for 1 min, gradually raised to 120 °C
at the rate of 25 °C/min, then increased to 160 °C at the rate of 10 °C/min and
finally elevated to 300 °C (final temperature was held for 15 min) at the rate of 5 °
C/min. Mass spectrometer was operated in Selected Ion Monitoring (SIM) mode in
the electron impact mode at 70 eV. The concentration of individual PAH in the
solvent was quantified using the internal standard calibration method with 5-point
standard curves (+* = 0.99). Figure 2.1 shows the total ion chromatogram for this
analysis. The identities of 16 PAHs were confirmed by the retention time and
abundance of quantification/confirmation ions in the authentic PAHs standards.
A time sequence of PAH chromatographs showed that all of these peaks were found
with respect to retention time of existing molecules.

nZVI particles were prepared by mixing equal volumes of 0.94 M NaBH, and
0.18 M FeCls, following the reaction [43]:

4Fe§a;) +3BH4 +9H,0 — 4Fe(()s> +3H,BO; + 12H(,+dq> + 6Hy (o). (2.13)

The surface chemistry of magnetic nanoparticles is complex and plays a crucial
role in various interactions. In this study, ESEM-EDS observations of the
nanoparticles indicated that the nZVI formed small spherical particles, indicating a
high degree of nanoparticle dispersion (Fig. 2.2). XRD spectra were used to
characterize the phase structure of the nZVI nanostructures (Fig. 2.3). The broad
peak reveals the existence of an amorphous phase of iron. The characteristic peak at
20 = 44.9° confirmed the presence of fresh nZVI [44]. Figure 2.4 shows the
magnetic hysteresis loops of fresh nZVI with a magnetic field cycle between —10
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Fig. 2.1 Chromatograms of individual PAHs in slurry system are based on the measurements by
GC-MS
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Fig. 2.2 ESEM-EDS photographs of nZVI particle at 10,000% in the PAH degradation reaction

Fig. 2.3 XRD pattern of
nZVI particles used in the
PAH degradation reaction
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and +10 kOe at 300 K. The fresh nZVI showed strong magnetic properties at room
temperature, and the M—H hysteresis curves passed the original spot, revealing
the super-paramagnetic nature of magnetite nZVI materials. The saturation mag-
netization of the fresh and used samples was 194 emu/g, suggesting that nZVI can
be easily separated from an aqueous phase by applying an external magnetic field.
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Fig. 2.4 Magnetic hysteresis 200
loops (at 300 K) of the nZVI
particles used in the PAH
degradation reaction

100 |

-100 |-

Magnetization (emu/g)
o

-200 T . . .
-15000 -10000 -5000 0 5000 10000 15000

Magnetic Field (Oe)

The effectiveness of PS oxidation for the degradation of PAHs in sediments was
evaluated through a series of batch experiments [45, 46]. The results revealed that a
high degree of PAH oxidation occurred at high PS concentrations [45]. At the
highest PS dose of 170 g/L, the PAHs removal efficiency was only 39.1 %.
Similarities were observed between persulfate and permanganate in terms of the
degradation of individual PAH compounds, namely the degradation rates of 3-ring
and 4-ring PAH compounds were higher for a higher oxidant dose. It was found
that the highest PS dose of 170 g/L can remove 3-ring (4-ring) PAH compounds
with a maximum efficiency of 30.8 % (50.2 %).

These results and the results presented in the literature [45, 46] show that ZVI
plays two roles in the oxidation of PAHs by PS in the PS/nZVI system. One role is
as a Fe* source; it reacts with S,03 and other compounds and reduces Fe** to
produce Fe**. To evaluate the effect of the initial nZVI concentration on the PAH
removal efficiency, experiments were conducted by changing nZVI loading at a
fixed initial PS concentration of 170 g/L. The range of the nZVI dose used was
0.01-1 g/L. The degradation efficiency was 70.2, 78.3, 86.3, and 78.0 % for nZVI
doses of 0.01, 0.1, 0.5, and 1 g/L, respectively. These results demonstrated that a
larger amount of nZVI resulted in the production of a larger amount of ferrous ions,
resulted in higher PAH degradation. In addition, the consumption of PS was pro-
portional to the amount of available Fe**, which was immediately consumed by PS
to generate SO}~ for the degradation of PAHs. Similar to the thermal activation of
PS, the decomposition of PS was characterized by an initial fast stage in the first
18 h, after which the PS decomposition leveled off. However, increasing the nZVI
dose up to 1 g/L reduced the PAH degradation efficiency. The reason was likely that
excessive Fe>* could also act as a scavenger of SO3~ [14]. Similar to other studies,
an optimal value of the ratio of persulfate to nZVI may exist for the slurry treatment
system. For the conditions employed in our study (1 g of soil and 25 mL of
solution), the optimal conditions to achieve the highest PAH degradation were
found to be 0.5 g/ of nZVI and 170 g/L of PS, which correspond to a sediment/PS/
nZVI weight ratio of 1/4.25/0.0125.
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Moreover, the activation of PS to generate SO}~ is more effective when Fe** is
supplied continuously compared with a one-time supply [45, 46]. In particular, the
oxidation of sorbed organic compounds such as PAHs can be inhibited by high
organic matter content in sediments. Thus, the remediation of hydrophobic com-
pounds in sediments with high organic content requires high amounts of a strong
oxidant, powerful oxidation conditions, and a long reaction time. Our results
showed that nZVI is a long-lasting activating agent that can meet the requirements
of sustained oxidation of PS. In addition, the final pH fluctuated in the range of 5.6—
6.8 because of the formation of OH by iron corrosion after the pH rapidly
decreased to the range of 3—4 at an early stage because of the formation of SOF . In
general, SO}~ was more selective than HO® in oxidizing organic compounds.
During the decomposition of organic compounds in the ZVI system, the corrosion
of ZVI was strongly influenced by the H" concentration [14]. Therefore, the pH of
the treated sediments was among the crucial variables, since treated sediments
should exhibit optimal functions in a marine ecological system.

2.3 Conclusions

This study used magnetic nanoparticles and heterogeneous persulfate oxidation for
degrading organic compounds. The oxidation of organic compounds such as PAHs
sorbed on the surface of the nanoparticles could be inhibited by high organic matter
content in the sediment. Thus, the remediation of hydrophobic compounds in
sediments with high organic content requires a large amount of a stable oxidant.
The use of PS eliminated PAH compounds, and PS was consumed by non-target
compounds in sediments. In general, the degradation was limited, which can be
explained by considering several parameters: PAH availability, PAH reactivity, and
sediment characteristics. Moreover, the reaction of PS with PAHs is generally slow
at ambient temperature, and activation of PS is necessary to accelerate the oxidation
process. Therefore, nZVI was used to activate PS for the oxidation of representative
PAHs in sediments. An adequate PS dose must be provided because it is the source
of sulfate radicals, which are responsible for the degradation of PAHs. An increase
in the nZVI dose resulted in an increase in the PAH degradation efficiency because
of increased of increased activation of PS. As a PS-activating agent, nZVI is more
effective and longer-lasting than Fe?* and potentially more suitable for ex situ
treatment of hydrophobic compounds such as PAHs that are strongly absorbed on
the sediment. Furthermore, according to the present experimental data, magnetic
nZVI showed superior performance in environmental treatment applications for
organic compounds, and it may therefore facilitate the improvement of industrial
processes for meeting increasingly stringent regulations pertaining to sediment
discharges containing other organic compounds and help achieve environmental
sustainability. In the future, additional methods for activating PS should be studied,
and nZVI-activated PS is expected to be widely used for the treatment of organic
compounds for the remediation of sediments.
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