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Abstract

Reduced graphene oxide hybridized with zero-valent silver and magnetite nanoparticles (NPs)
(rGO-Ag%Fe3;0, nanohybrids) prepared via 7n situ nucleation and crystallization was used to
activate peroxydisulfate (PDS) for degradation of pharmaceuticals and endocrine disrupting
compounds (phenol, acetaminophen, ibuprofen, naproxen, bisphenol A, 17p-estradiol, and 17a.-
ethinyl estradiol). The deposition of Ag® and Fe304 in rGO nanosheet enhanced the catalytic
removal of phenol in the heterogeneous activation of PDS. The adsorption capacities of rGO-
AgY/Fe304 for 10 uM phenol were 1.76, 1.33, and 2.04 umol g~!-adsorbent at pH 4, 7, and 10,
respectively, which are much higher than those of single NPs studied (AgY, nanoscale zero-valent
iron, and rGO). The rGO-AgY/Fe3;0, effectively activated PDS to produce strong oxidizing
SOy4-and facilitate an electron transfer on the surface of the nanohybrid. The initial pseudo-first-
order rate (kjpj) constant for phenol degradation in PDS/rGO-Ag%/Fe;0, system was 0.46 h~! at
pH 7, which is approximately eight times higher than that in the presence of single NPs (&,; =
0.04-0.06 h~!) due to the synergistic effects between adsorption and catalytic oxidation. Among
various organic contaminants tested, the simultaneous use of rGO-Ag%Fe304 (0.1 g/L) and PDS
(1 mM) achieved more than 99% degradation of acetaminophen and 17-estradiol at pH 7. The
radical scavenging studies with methanol and natural organic matter indicated that phenol was
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more likely to be degraded via free SO4-~ and -OH formation or a non-radical oxidative pathway.
Our findings indicate that the rGO-Ag%Fe O nanohybrids can be used as an efficient magnetically-
separable nanocatalyst for removal of organic compounds in water and wastewater treatment.
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1. Introduction

Sulfate radical (SO4-~ redox potential of 2.5-3.1 V), a strong one-electron oxidant, has
attracted increasing attention due to its high efficiency and selectivity for the catalytic
degradation of refractory organic contaminants and algal toxins (phenol, benzoic acid, 4-
chlorophenol, and microcystin-LR) [1-4]. Generally, SO4-~ precursors, persulfate (PS) (i.e.,
peroxymonosulfate (PMS, SOs%") or peroxydisulfate (PDS, S;0g%")) can be activated
effectively by external energy (e.g., heat [5], ultraviolet (UV) [6], ultrasound [7], and
radiolysis [8]) or transition metal catalysts (i.e., M?* = Ag(I), Ce(IIT), Co(II), Fe (II), Fe(III),
Mn(II), Ni(Il), Ru(IIl), and V(III)) [9] to produce SO4-~ in a photochemical, thermal, or
chemical processes. The transition metals require much less energy and consumable
chemicals for SO4-~ generation compared with those using different energy activators [9].
For example, PMS can be activated by transition metals via the following two pathways
(Egs. (1) and (2)):

HSOs—+M"t - M+ D+ 4 50,.~ + OH™ )

The hydroxyl radical (OH) may be formed during PMS activation, in Eq. (2):

HSOs- +M"* =M+ D+ 1 50.2- + .OH @)

Similarly, SO4-~ can be generated by transition metals via activation of PDS, as follows:
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S,052- +M"t - M+ DF 150, .~ +50,2- 3)
SO, ~ +M'T MV 1 50,2~ @)
S,0¢2- +2M" T — 2oM"t D+ 4 250,2 - )

A systematic study of several transition metal-PS/H,O, couples for their reactivity toward
degradation of a model organic substrate (2,4-dichlorophenol) showed that Ag(I) was the
best activator for PDS in generating freely diffusible SO4-~ (Eq. (3)), whereas Co(II) was the
most effective for activating PMS [9]. It was also found that metal-bound (or caged) SOy~
may be produced with homogeneous Ag(I)/K,S,0g coupling reagent:

5,052 + Ag" — [Ag"(504 )| + 502~ ©

Although dissolved Ag(I)/Co(II) was highly effective in producing SO4-~ in the activation of
PS, the toxicity associated with dissolved metals is always a big concern in water and
wastewater treatment. Alternatively, iron compounds (e.g., pyrite (FeS;) [10], magnetite
(FeszOy) [11], core-shell Fe—Fe,03 [12], or spinel-type ferrite (MFe,O4, M = Mn, Fe, Co,
Ni, and Cu) [13]) have received great attention in a heterogeneous manner that immobilizes
iron in support materials due to their excellent capabilities for PS activation and intrinsic
magnetic properties, which facilitates easy phase-separation by simply using a magnet.
However, excess feeding or sequential additions of Fe(II) can also play a role in quenching
the formation of SO4-~, whereas Fe(I) is rapidly oxidized to Fe(IIT) (Eq. (4)). The zero-
valent iron (ZVI, Fe®) can overcome these disadvantages by slowly releasing Fe(II) in water
[14,15], but the rapid aggregation of ZVI induced by its magnetic property reduces the
catalytic activity [16]. Carbon-based nanomaterials (CNMs) (e.g., carbon nanotubes [17,18]
and graphene oxide (GO) [19-21]) have also been suggested as alternative catalysts as well
as being excellent electron transfer mediators for organic compound oxidation in a
heterogeneous PS activation system. Recently, the incorporation of metal/metal oxides
nanoparticles (NPs) on CNMs has been explored as futuristic and cost-effective
(photo)catalysts. Those nanohybrid (NH) materials are designed for synergistic effects
between (photo)catalysis and the adsorption of organic contaminants or heavy metal ions
[22]. Additionally, a lower aggregation propensity of NHs increases the overall specific
surface area of the nano-catalysts, thus enhancing their performance in contaminant removal
[23].

Among many CNMs, graphene and its derivatives have been used extensively to support
metal/metal oxide NPs for the construction of graphene-based NHs due to their high
electrical conductivity, chemical/mechanical stability, and large specific surface area and
reactivity [24,25]. The hybridization of graphene with metal/metal oxide NPs can improve
robustness against target contaminants and inhibit the corrosion/leaching of metal ions,
which enhances the life span of the catalysts. Moreover, the delocalized m-electron systems
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of graphene renders a strong adsorption capacity for organic compounds by m-mt stacking
interactions [26]. There have been several attempts to improve the (photo)catalytic activity
by controlling the composition of magnetic cobalt ferrite NPs [27] or combining graphene
with various metal/metal oxides NPs. For example, Al-Anazi et al. [27] reported that the
increase in molar ratio of cobalt in the spinel ferrite NPs (CoyFe3; (O4; x = 0.1, 0.5, 0.7, 1.0)
enhanced the degradation efficiency of 2-phenylbenzimidazole-5-sulfonic acid in activation
of PMS into reactive SO4-~ and -OH without use of additional heat and light. P25, titanate
nanotubes [28], ZnO [29], CuO [30]/Cu,0 [31], CuFe;04 [32], and Bi,WOg [33] have been
assembled with graphene nanosheets as photocatalysts for organic dye removal. More
recently, several facile approaches for synthesis of reduced graphene oxide (rGO)-based
NHs with Mn3Oy4 [34], Co304 [35], Co(OH); [36], MnFe,O4 [37], and CoFe,O4 [38] have
been demonstrated to enhance the catalytic performance in heterogeneous activation of PMS
system for degradation of organic dyes (e.g., methyl violet, methyl orange, methylene blue,
orange II, and rhodamine B) or phenols. To our knowledge, there is no reported study
examining bimetallic rGO NH (silver and iron compounds deposited on a rGO nanosheet) as
a heterogeneous PDS catalyst in degradation of organic contaminants, although those single
metal/metal oxides have been found to be very efficient catalyzers for SO4-~ formation in PS
activation systems.

Over the past few years, large groups of environmental contaminants such as
pharmaceuticals and endocrine disrupting compounds (EDCs) have gained much attention
because they are frequently detected at trace levels (< 0.1 pg/L) in surface water and
wastewater [39-41]. Particularly, the pharmaceuticals and EDCs occurring in surface and
ground waters are likely to have adverse impacts and potential risks to human health and
ecology but are not commonly regulated [42]. In the current study, we tested the catalytic
activity of rGO hybridized with zero-valent silver and magnetite (rGO-Ag%/Fe30,) in the
heterogeneous activation of PDS for the catalytic removal of phenol, acetaminophen,
ibuprofen, naproxen, bisphenol A (BPA), 17B-estradiol (E2), and 17a-ethinyl estradiol
(EE2). Specific objectives of this study were to provide the degradation efficiency of organic
pollutants and insights into the mechanisms of phenol removal, including the possible
involvement of reactive oxidizing species on the NH. The performance of rGO-Ag¥/Fe;0,4
was also compared with that of single (i.e., AgNP, nanoscale zero-valent iron (NZVI), and
rGO) in the activation of HyO,. Our group recently synthesized the rGO-Ag®/Fe;04 NH to
investigate the aggregation kinetics and long-term stability under environmentally relevant
conditions [43]. It was found that bimetallic rGO NH (rGO-AgOIFe3O4) showed excellent
stability over a wide range of pH, type of electrolytes, and ionic strength (IS) conditions. We
systematically characterized this highly stable NH and identified removal pathways for in-
depth understanding of the mechanisms involved in the catalytic removal of organic
compounds.

2. Experimental

2.1

Material preparation

A modified Hummers method was used to prepare GO [44]. The method involves the
oxidative treatment of natural graphite flakes (3061 grade, Asbury Graphite Mills) with
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concentrated sulfuric acid and oxidizing agents followed by centrifugation, ultrasonication,
washing, and separation via membrane filtration. A detailed description of the procedure is
provided in the Supplementary Information. Phenol, acetaminophen, ibuprofen, naproxen,
BPA, E2, and EE2 were purchased from Sigma-Aldrich Co. with purity higher than 98%.
The physicochemical properties and chemical structures of the target organic compounds
investigated are listed in Table S1. Suwannee River humic acid (SRHA, Standard II) and
fulvic acid (SRFA, Standard IT) were obtained from the International Humic Substances
Society and were used as radical scavengers. Other chemicals used in this study (7.e.,
NaNO3, KMIIO4, CH30H, Na28203, KzSzOg, Hzoz, HzSO4, HC], and NaOH obtained
from Sigma-Aldrich Co.) are of reagent grade. All solutions were prepared in ultra-pure
water (> 18 MQ/cm) obtained from a Milli-Q water purification system (Millipore Co.).

2.2 Characterization of rGO-based nanohybrids

The size and morphology of the synthesized rGO and rGO-Ag/Fe;04 NH were
characterized by field-emission transmission electron microscopy (FE-TEM; Titan G2 with
ChemiSTEM Cs Probe; FEI). X-ray photoelectron spectroscopy (XPS) of rGO and rGO-
Agl/Fe;04 NH were obtained using a PHI Quantera SXM scanning X-ray microscope
(ULVAC-PHI, Inc.). The structural properties of graphite, rGO, and rGO-Ag®/Fe;04 NH
were examined using a Rigaku Miniflex II X-ray diffractometer with Mn-filtered Fe Ka
radiation (A = 0.1937 nm), operated at 30 kV and 15 mA. Powder X-ray diffraction (XRD)
patterns were recorded from 26 of 2° to 90° in 0.02° step increments, and the peaks of the
collected XRD patterns were analyzed with the software package, Jade (Materials Data,
Inc.) which allows data comparison with the JCPDS Powder Diffraction File database. The
surface functional groups of rGO and rGO-Ag%/Fe;04 NH were identified by Fourier
transform-infrared (FT-IR) spectrometer (Thermo Scientific Nicolet 6700) in the
wavenumber range of 400-4000 cm™!. UV-vis spectra of AgNP (Sigma-Aldrich Inc.), rtGO,
and rGO-Ag0/Fe;04 NH were recorded on a Lambda 35 UV—-vis spectrophotometer (Perkin-
Elmer) in the wavelength range of 200-900 nm.

2.3 Catalytic degradation experiments

The degradation experiments in heterogeneous activation of PDS and H,O, were conducted
in duplicate in 60 mL amber glass bottles containing 10 uM of phenol and other organic
contaminants (7.e., acetaminophen, ibuprofen, naproxen, BPA, E2, and EE2). The bottles
were covered completely with aluminum foil to avoid potential photodegradation during the
reaction processes. To initiate the catalytic reaction, 1 mM PDS or H,O, were added to the
solution. At predetermined time intervals, 1 mL aliquot of the sample was withdrawn, and
the reaction was immediately quenched by adding 0.5 M Na,S,03 solution to the mixture.
The NPs were then removed by high-speed centrifugation (18,0002) for 15 min followed by
filtration (0.45-um filter membrane (VWR, USA). The filtrates were loaded on to a high-
performance liquid chromatography (HPLC) system (Hewlett Packard, Agilent 1100) for all
chromatographic analyses of organic compounds, which were measured using a C18 column
(Zorbax Eclipse XDB-C18, 150 x 4.6 mm?; i.d. 5 um) coupled to a compatible guard
column with HPLC-grade mobile phase reagents (acetonitrile/methanol) and water at a flow
rate of 0.5—-1 mL/min. The UV-vis-diode array detector was set at 254 nm for acetaminophen
and 210 nm for ibuprofen [45]. A HPLC-fluorescence detector method was used to detect
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phenol, naproxen, BPA, E2, and EE2. The initial degradation rate constants (&;p;) were
calculated by a pseudo-first-order kinetic model for the first 1 h of reaction (Tables S2 and
S3). The quenching experiments were also conducted to determine the radical (SO4-7)
scavenging effects using methanol (100 mM), SRHA (10 mg/L), and SRFA (10 mg/L) in
heterogeneous PDS/rGO-AgY/Fe30,4 system.

2.4 Adsorption

Prior to the degradation reaction described above, batch kinetic experiments were carried out
at 298 K to determine the kinetic parameters for the adsorption of phenol (10 uM) on the
ultrasonically dispersed AgNP, NZVI (Nanoiron Inc.), rGO, and rGO-Ag"/Fe;0, (0.1 g/L)
at a sonication bath with an output of 70 W at a frequency of 42 kHz (Branson 1510
sonicator) for 30 min. The pH of the solution was adjusted to 4, 7, and 10 using 0.001-0.1 M
HCI and NaOH solutions. A small volume of samples was taken from the solution at
predetermined time intervals with continuous stirring for 6 h, and then diluted 10 times to
obtain a total volume of 10 mL. The supernatants were immediately centrifuged (18,0002)
for 15 min and filtered through the 0.45-um pore size filter membrane to remove residual
particulates. Phenol concentration was determined by a HPLC system. The experiments
were performed in triplicates.

3. Results and discussion

3.1

Properties of nanoparticles

The morphology and structures of rGO and rGO-Ag%Fe;04 NH were observed by FE-
TEM. The elemental mapping results in Figs. 1 and S1 show that Ag® and Fe30,4 NPs were
deposited directly on the surfaces of rGO by 1n situ nucleation and crystallization; the
diameters of Ag? and Fe304 NPs were observed to be 50-200 nm. It can be clearly seen that
the rGO layers of its NHs have several wrinkles due to extremely thin layers (~1 nm thick)
[46,47]. The surface of rGO-Ag"Fe;04 NH showed a high degree of entanglement (fluffy
sphere-like structure) but less aggregation (effective diameters of 220-300 nm than rGO
(400-710 nm).

The crystal structures of rGO and rGO-Ag/Fe;04 NH were identified by their characteristic
peaks in the XRD patterns (Fe K, radiation; Fig. 2(a)). A strong diffraction peak of rGO
with a c-axis interlayer spacing (d) of 3.45 A at 32.6° (20) corresponds to the (002)
crystalline plane of graphite (JCPDS No. 01-089-8487), indicating high crystallinity of the
pristine graphite. XRD patterns of rGO-Ag?/Fe30,4 NH showed a relatively small diffraction
peak of graphite centered at 33.1° (20; interlayer spacing of 3.40 A), which may be ascribed
to compressive loading of silver ions on rGO and a reduction effect [48]. Instead, three other
crystalline phases of Ag0-3C, syn (JCPDS No. 01-087-0597) were observed for those NHs
at 48.5, 56.6, and 84.1° (26) with d = 2.36, 2.04, and 1.44 A, which, respectively, indexed as
the (111), (200), and (220) faces. The rGO-AgO/F6304 NH showed a broad diffraction peak
at 45.5° (20) with d = 2.50 A, indexed to the (311) planes of magnetite crystal (Fe3Oy,
JCPDS No. 01-075-0449).
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Variations in the surface functional groups of rGO and rGO-Ag®/Fe;04 NH were analyzed
via FT-IR spectroscopy (Fig. 2b). The strong peaks of rGO at 1402, 1173, and 877 cm™!
corresponded to aliphatic C-H bending, C-O-C stretching, and aromatic C-H bending
vibration, respectively. The sharp absorption peaks of rtGO-Ag%/Fe;0,4 NH at around 1633
and 1538 cm™! could be ascribed to the C=C and C=0 stretching vibrations, respectively
[49,50]. The weak peaks at 3300 and 2926 cm™~! were assigned to O-H and C-H stretching
vibrations. Many peaks in the fingerprint regions between 1600 and 660 cm™! for rGO
moved to peaks around 1800—1100 cm™! for rGO-Ag%Fe;0,4 NH due to the deposition of
Ag? and Fe30,4 on rGO nanosheet.

Fig. 2c shows the UV-vis diffuse reflectance spectra of the AgNP, rGO, and rGO-Ag’/
Fe;04 NH. NZVI did not exhibit any obvious absorbance peak (data not shown) [51]. The
surface plasmon resonance band of the Ag® NPs was observed at 436 nm [52]. The absence
of absorption peak of rGO-Ag’/Fe3;04 NH in the visible region indicates that Ag® NPs are
fully wrapped by the negatively charged rGO sheets, which also caused little shift in the
maximum absorption peak position with a similar spectral shape of rGO by the deposition of
Ag¥ and Fe304 NPs (rGO-Ag/Fe;04 NH) on rGO.

XPS was used to confirm the chemical compositions of rGO and rGO-Ag"/Fe;0, NH. A
wide survey scan of C1 s and O1 s spectra was taken in the range of binding energy (BE), 0—
800 eV (Fig. 3a). No extra peak was observed, ruling out any impurities other than C, O, Ag,
and Fe elements. Table S2 shows C1 s and O1 s XPS curve fitting results of rGO and rGO-
Ag%Fe;04 NH. The strong C1 s peak of rGO at 284.3 eV assigned to non-oxygenated
(aromatic) carbon (C-C/C=C), decreased appreciably, whereas peaks of rGO-Ag%Fe;04 NH
at 286.1 and 288.8 eV, assigned to epoxy or hydroxyl carbon, C-O and carboxylate carbon,
COO™, respectively, arose when Ag® and Fe304 NPs were deposited on rGO [53]. Other
peaks at 287.0-287.8 eVs correspond to carbons attached to different O-containing moiety,
C=0. The deconvolution of the wide and asymmetric O1 s peak showed that a main peak of
rGO (77.4%) at 532.2 eV was attributed to carbonyl and carboxyl oxygen (C=0). The
weakest O1 s peak (1.45%) occurred at 530.0 eV, which was assigned to a quinone-type
oxygen (COO~/C=0). The rGO-Ag/Fe;04 NH showed reduced O1 s peaks (21.4%) at
532.4 eV, but their O1 s peaks at 530.2 eV increased significantly to 49.0% [54]. These peak
shifts, by 1.8-2.0 eVs, towards lower BE indicated higher exposure to oxygen during the
chemical reductive synthesis of NH. The notable peaks of rGO-Ag"/Fe;0, at 368.2 and
374.2 eV in Ag3d region of high-resolution XPS curve (Fig. 3(d)) result from Ag 3ds,, and
Ag 3dj, respectively due to a strong interaction of Ag core with the carboxyl oxygen
(C=0) [55]. This result indicates that silver is deposited on rGO surface in metallic form
(Ag?). The other two peaks centered at 367.4 and 368.8 eV reveal little contribution to AgO
and Ag™, respectively. The main peaks of centered at 710.7-711.9 (including satellite peak at
718.2 eV) and 724.0 eV (including satellite peaks at 728.6 and 733.9 eV) in Fe2p region of
XPS spectra (Fig. 3(e)) are expected to the binding energy of Fe2ps,, and Fe2p,
respectively, which corresponds to Fe3* state of magnetite [56]. Overall, the deposition of
Ag¥ and Fe304 NPs on rGO sheet (rGO-AgY/Fe;04 NH) has enhanced surface reactivity and
the surface site availability of NH due to the incorporation of the transition metals and
reduced NP aggregation. In addition, the stronger peak (C-O) at 286.1 eV and lower C/O
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atomic ratio of NH may cause higher adsorption capacity via Lewis acid-base or mt—1t

interaction

3.2. Activation of PDS and H,0, with rGO nanohybrid for phenol degradation

PDS or H,O, alone was nonreactive towards phenol degradation during 6 h of reaction (Fig.
S2). In Figs. 4 and S3, the activation efficiencies of PDS and H,O, by the four NPs (i.e,,
AgNP, NZVI, rGO, and rGO-Ag'/Fe30,4) were compared for the catalytic degradation of
phenol at pH 4, 7, and 10. The control experiments were also performed using the two single
metallic rGO NHs (z.e., rtGO-Ag® and rGO-Fe;0,4) with PDS and H,0, (data not shown). In
the presence of different NPs, when PDS or H,O, was introduced in the heterogeneous
activation systems, the decomposition of PDS or H,O; occurred immediately either in the
suspension or on the surface of NPs, although complete phenol removal was not achieved
within 6 h (Figs. 4, S2, and S3). As water molecules (E°(-OH/H,0O) = +2.80 V/NHE) cannot
be oxidized thermodynamically by PDS/H,0, alone (E°(S,052/S042") = +2.01 V/NHE and
E°(H,0O,/H,0) = +1.78 V/NHE) [2], the catalytic reduction of PDS/H;0, via direct one/
two-electron transfer will only occur on the surface of highly reactive NPs.

Among the six NPs examined including control experiments, rGO-Ag%/Fe;0,4 showed the
highest removal efficiency towards phenol in the activation of PDS at all pH values. The 4j;
values for rGO—AgO/Fe3O4 atpH 4, 7, and 10 were 0.67, 0.46, and 0.23 h~! in PDS and 0.10,
0.04, and 0.10 h~! in H,0,, respectively. This is due to synergistic effect between higher
adsorption of phenol (described below) and greater catalytic oxidation in activation of PDS
than H,O,. In the catalytic activation of PDS and H,0O,, the reaction rates of phenol removal
under an acidic condition (pH 4) were higher than those under neutral and basic conditions
(pH 7 and 10; Table S3). The less negative charge of NPs resulting from protonation of the
hydroxyl groups under acidic condition (pH 4) will decrease the electrostatic repulsive force
between PDS/H,0O, and the surface sites of NPs, promoting the removal of phenol in the
suspension [57]. Liang and Su demonstrated, using a chemical probe method to thermal
activation of PS, that SO4-~ were dominant species under acidic conditions, whereas the
amount of -OH increased to co-exist in the aqueous solution as the pH increased [58]. The
SO4-~ radical can be converted into the -OH by undergoing reactions with hydroxyl OH-
ions in the alkaline pH range (Eq. (7)) or with water molecules at any pH value (Eq. (8))
[59]. The -OH formed at higher pH acts as a SO4-~ scavenger, to be reconverted to SO42~
ions (Eq. (9)), which will reduce the degradation rate of organic compounds under neutral/
basic conditions in the PDS/rGO-Ag?%Fe;0, system.

SO4 -~ + OH™ — SO42 - + - OH(alkaline pH) M
SO4 -~ + H,O — HSO4- + - OH(any pH) ®)
S04~ + - OH — SO42 - + OH — (recombination) ©)]
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Thus, the reduced freely diffusible SO4-~ at high pH will decrease the degradation efficiency
of phenol. This suggests that the pH-dependent surface charge of NPs would likely
determine the reactivity for the adsorption as well as degradation of phenol via a radical-
mediated oxidation. It was also found that 47% of phenol was removed with a PDS/rGO-
Ag0/Fe;0,4 coupled process (kipi = 0.46 h™1) at a neutral pH, whereas 17% was removed in
the activation of HyO, (kip; = 0.04 h~1). These results indicate that SO~ play a more
important role in degradation of phenol than -OH.

3.3. Adsorption kinetics of phenol on rGO nanohybrid

To further quantify the role of the adsorption on the catalytic removal of phenol, phenol
uptake by the four NPs was determined at pH 4, 7, and 10 prior to 6 h of degradation
reaction (Figs. 5 and S4). The kinetic adsorption data were described using the pseudo-
second-order kinetic model given in Eq. (10) [60,61], and the kinetics parameters of phenol
adsorption are listed in Table S4.

dg 2
= kg - ) o)
which can be written as Eq. (11).
f_ 11
& k@ e b

where g and g, (=(Cy — C) V/m) are the amounts of phenol adsorbed at time ¢and at
equilibrium state (umol/g-adsorbent), & is the apparent adsorption rate constant (g-adsorbent/
umol h), Vis the volume of suspension (L), and m is the mass of dry adsorbent (g). As
shown in Figs. 5a, S4a, and S4c, the adsorption capacity of NPs increased in the order of
rGO-AgY/Fe30,4 > rGO > NZVI >AgNP. The rGO-based NPs exhibited a higher adsorption
efficiency of phenol than that of the other two NPs because of the unique property of rGO
nanosheets (one-atom-thick thick two-dimensional structure) with sp? hybridized carbon
atoms, which facilitates direct contact with phenol via strong m—m interaction [62]. The
rGO-AgY/Fe304 NH showed at least 1.3 times higher adsorption efficiency of phenol than
that of rGO (1.76, 1.33, and 2.04 umol/g-adsorbent for rGO-Ag"/Fe;0,4 and 1.08, 0.86, and
1.51 pmol/g-adsorbent for rGO at pH 4, 7, and 10, respectively), indicating that the
hybridization with Ag® and Fe304 on rGO increased the adsorption capacity. This also
indicates that the higher adsorption capacity of rGO-Ag%Fe;0,4 toward phenol is not
positively correlated to the mt—t interaction because the degree of reduction of GO was
higher than rGO-Ag0/Fe;0 (the atomic ratio of C/O = 4.8 for rGO and 1.3 for rGO-Ag/
Fe3;04 as confirmed by XPS analysis). It is instead attributed to the following two aspects:
(i) the deposition of Ag? and Fe30,4 on rGO nanosheets reduces the nanoparticle aggregation
[43]; making more reactive surface sites available for phenol adsorption. Assembling
magnetic iron oxide (e.g., magnetite) into rGO provides magnetic attraction, which promotes
particle aggregation between rGO-Fe3;04 NHs [43]. However, the bimetallic rGO NH with
zero-valent silver and magnetite showed smaller hydrodynamic sizes (D) over a wide range
of pH, type of cations, and ISs due to a higher electrostatic repulsion by rGO NHs edge—
edge interactions in the aquatic environment. (ii) the higher occupying epoxy or hydroxyl
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groups of rGO-Ag%Fe304 (17.6%) than rGO (12.5%) can act as more Lewis base sites
responsible for the formation of chemical bonding with phenolic hydroxyl group of
phenol[53].

The total amount of phenol removed by the four NPs as well as the percentage of adsorption
and oxidation were calculated in Table S5. There was a noticeable oxidation (85.4%),
particularly under acidic conditions (pH 4), in the PDS/rGO-Ag%Fe30, system following a
higher amount of adsorption (14.6%) observed with rGO-Ag"/Fe30. Similarly, rGO-Ag?/
Fe;04 NH in catalytic activation of HyO, exhibited greater oxidative degradation of phenol
than that of single NPs under acidic/neutral conditions (pH 4 and 10), but the oxidation
performance was much lower than PDS at all pH values tested. This confirmed that rGO-
Ag0/Fe;0,4 was responsible for enhanced activation of PDS on the surface of the NH (via
non-radical oxidative pathway in which the organic compounds are oxidized by donating
electrons to PDS/H,0O, on NPs) or in suspension to produce free SO4-~ and -OH. In contrast,
NZVI is much stronger in activating HO, to form -OH under acidic and neutral conditions
(12.1 and 5.26% of phenol removal at pH 4 and 7, respectively) than PDS (6.04 and 5.21%
at pH 4 and 7, respectively), whereas rGO was more active for H,O, activation under acidic
conditions (15.4% at pH 4) than PDS (12.8% at pH 4). This is the first study reporting the
high efficiency of rGO-Ag%Fe;04 NH in the heterogeneous activation of PDS, promoting
the catalytic oxidation of phenol. In this study, we also undertook further investigations of
selectivity towards various organic compounds, degradation kinetics, and mechanisms for
evaluating the potential of the PDS/rGO-Ag?/Fe3;0, system in the removal of organic
pollutants.

3.4. Selectivity of the PDS/rGO-Ag%Fe304 NH oxidation system

Fig. 6 shows the oxidative degradation kinetics of selected organic compounds (7.e.,
acetaminophen, ibuprofen, naproxen, BPA, E2, and EE2 (Table S1)) in the PDS/rGO-AgO/
Fe3;04 system. In contrast to low substrate-dependent reactivity under acidic conditions (pH
4), substrate specific-reactivity was evident under neutral/basic conditions (pH 7 and 10).
Significant degradation (> 90% in 1 h of reaction) of acetaminophen, ibuprofen, E2, and
EE2 and moderate degradation of naproxen and BPA (50-90% in 1 h reaction) were
observed under acidic conditions (pH 4). However, ibuprofen and EE2 showed moderate
degrees of degradation under neutral/basic conditions (pH 7 and 10), whereas a low level of
degradation (< 50% in 1 h reaction) was observed for naproxen and BPA (4,; = 0.45 and
0.35 h™! for naproxen and BPA, respectively) during 6 h of oxidative reaction. BPA has been
considered as a well-known refractory pollutant that is not effectively degraded in Fenton-
like processes, even though the engineered NMs (e.g., AgNP and NZVI) are present under
neutral/basic conditions [63]. The electro-oxidation of BPA generally requires a two-electron
transfer process, which may retard the catalytic degradation of BPA [64].

Although the active SO4-~ species tend to be rapidly quenched by CI~ (used for pH
adjustment) under acidic conditions [1,65], efficient degradation of the organic compounds
were still achieved. This suggests that the non-radical oxidation may play a role in the PDS/
rGO-AgY/Fe30, system. In contrast, a higher substrate-dependent reactivity (i.e., a
significant reduction in &j,; of naproxen and BPA) at higher pH values accounted for the
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reduced SOy4-~ conversion into -OH (Eq. (7)) in PDS/rGO-Ag%/Fe;0, system. This indicates
that SO4-~ are considered as the dominant radical species apart from non-radical pathway
and had a better selectivity toward naproxen and BPA under acidic conditions. To better
identify the activities of oxidative degradation in catalytic removal of organic pollutants, the
adsorption capacity of rGO-Ag®/Fe30, for various organic compounds and the scavenging
effect on free radical species should be studied further at different pH values.

3.5. Mechanism of PDS activation by rGO-Ag%Fe;04 NH

Excess oxidant scavenger that may rapidly quench free SO4-~ and -OH in the aqueous
suspension was used to shed light on the contribution of free reactive radicals to the
oxidative degradation of phenol in a PDS/rGO-Ag"/Fe30 system (Fig. 7). Methanol was
used for its SO4-~ and -OH scavenging activity, and SRHA and SRFA were used to test
natural organic matter (NOM), rich in electrons, as a radical scavenger[66]. Methanol is a
well-known oxidant scavenger that shows ~300 times less reactivity with SO4-~ than -OH
[67]. Interestingly, the hydrophilic methanol (methanol:PDS molar ratio of 100:1)
significantly decreased the oxidation efficiency (from 47% without scavengers to 17% with
100 mM of methanol) by dramatically scavenging free SO4-~ and -OH (> 80% of inhibition
after 6 h of reaction) formed during the reaction under neutral conditions (pH 7). The
catalytic phenol removal decreased, to 41 and 26% at pH 7, in the presence of 10 mg/L
SRHA and SRFA, respectively. This indicates that SRHA and SRFA can also quench phenol
degradation (12.8 and 44.7% of inhibition after 6 h of reaction, respectively) in a PDS/rGO-
Ag0/Fe;0, system due to the competing reactions of NOM with SO4-~ and -OH. Our
previous study has shown that SRHA full of -COOH, -OH, and -NH, functional groups is
weakly bound to rGO-Ag%Fe;0,4 NH [43]. This suggests that the higher amount of (free)
SRHA remaining in suspension resulted in much less impact on radical scavenging activity.
The competitive reactions of radical scavengers (methanol and NOM) with SO4-~ and -OH
inhibited the removal efficiency for phenol, but partial degradation of phenol could still be
achieved via a non-radical oxidative pathway or -OH converted from SO4-~. However,
further study is necessary to examine the type of oxidizing radical species involved or any
non-radical oxidative pathway responsible for the degradation of phenol in PDS/rfGO NH
system. For example, fert-butyl alcohol (t-BuOH) may further inhibit the catalytic
degradation via free -OH formation [68]. The connected structure of rGO with Ag® and
Fe;04 NPs may facilitate an electron transfer from phenol (electron donor) to PDS while
rGO can serve as an electron-transfer mediator [69].

4. Conclusions

rGO-AgY/Fe304 NH was prepared by deposition of Ag® and Fe304 NPs on rGO via 7n situ
nucleation and crystallization. The NH showed a higher adsorption capacity of phenol than
that of other single NPs (AgNP, NZVI, and rGO) at all pH values examined and could
efficiently oxidize phenol in the heterogeneous activation of PDS. The catalytic performance
of rGO-Ag%Fe;0,4 was higher under acidic conditions, and PDS/rGO-Ag%Fe;0,4 coupled
process played a more dominant role in the oxidative degradation of phenol than HyO,/rGO-
Ag0/Fe;0, coupled process. The mechanistic study showed the synergistic effects between
the adsorption and catalytic oxidation on NH for phenol removal. The enhanced
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performance of adsorption and oxidation of rGO-Ag%/Fe;0,4 could be attributable to the
incorporation of rGO with individual NPs (i.e., Ag® and Fe30,), promoting reactive sites for
adsorption, catalytic oxidation, and electron transfer processes, oxidizing phenol via a non-
radical oxidative pathway on the NH surface. Various organic pollutants were also tested to
gain a better understanding of the selectivity of rGO-Ag%Fe;0,4 under different pH
conditions. Promisingly, more than 99% of the acetaminophen and E2 were removed in
PDS/rGO-Ag/Fe;0, system within 1 h of reaction at a neutral pH. As the solution pH
increased, the reduced SO4-~, due to recombination with -OH, significantly decreased the
removal efficiency of naproxen and BPA. This excellent magnetically-separable nanocatalyst
may be a potential alternative in the oxidation of various organic compounds, preventing
secondary pollution. Further research should be conducted to gain a better understanding of
its reusability and possible degradation pathway of phenol prior to the practical application
of this heterogeneous PDS/rGO-Ag%Fe;0, system.
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Fig. 1.
FE-TEM micrograph, particle size distribution (inserted figure) of rGO-Ag%Fe;04 NH (left

panel), and its elemental mapping results for C, O, Ag, and Fe right panel).
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(a) XRD patterns, (b) FT-IR spectra, and (c) UV-vis absorption spectra of rGO, AgNP, and

rGO-AgY/Fe;04 NH.
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X-ray photoelectron spectra of (a) wide survey scan and deconvolution, (b) Cls, (c) Ols, (d)
Ag3d, and (e) Fe2p spectra of rGO and rGO-Ag’/Fe;04 NH.
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Removal of phenol by AgNP, NZVI, rGO and rGO-Ag®/Fe;0,4 NH in catalytic activation of

PDS and H,0O,. Experimental conditions: [AgNP], = [NZVI]j = [rGO]y =

[rGO-Agl/

Fe304]g = 0.1 g/L; [phenol]y = 10 uM; [PDS]g = [H2O,]p = 1 mM; pH = 7; and temperature

=298 K.
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Fig. 5.
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(a) Adsorptive removal of phenol by AgNP, NZVI, rGO and rGO-Ag%Fe;0,4 NH. Solid
lines are calculated from nonlinear least square regression of the adsorption data according

to pseudo-second-order kinetic model. (b) Adsorptive removal and oxidative degradation of

phenol after 6 h of reaction. The oxidation was only counted for the un-adsorbed fraction of

phenol after 6 h of adsorption experiments. Experimental conditions: [AgNP] = [NZVI] =
[rGO]y = [rGO-Ag"/Fe304] = 0.1 g/L; [phenol]y = 10 uM; pH = 7; and temperature = 298

K.
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Fig. 6.
Removal of acetaminophen, ibuprofen, naproxen, BPA, E2, and EE2 by rGO-Ag/Fe;0, NH

in catalytic activation of PDS. Experimental conditions: [rGO-Ag%Fe;04]y = 0.1 g/L;
[acetaminophen] = [ibuprofen], = [naproxen]y = [BPA]y = [E2] = [EE2] = 10 uM; [PDS] =
1 mM; pH =4, 7, and 10; and temperature = 298 K.
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Fig. 7.

Removal of phenol in PDS/GO-Ag%/Fe;0, system in the presence of reactive oxidant
scavenger [methanol and natural organic matter (SRHA and SRFA)]. Experimental
conditions: [rGO-Ag¥/Fe;04] = 0.1 g/L; [phenol]y = 10 uM; [PDS]y = 1 mM; [Methanol] =
100 mM; [SRHA] = [SRFA] = 10 mg/L; pH = 7; and temperature = 298 K.
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