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ARTICLE INFO ABSTRACT

Keywords: The generation of Fe(Il) from Fe(Ill) is the rate-limiting step in the heterogeneous Fenton reaction, and accel-
Ferrihydrite erating this step is critical for enhancing the reaction efficiency and also the subject of extensive studies. In this
CNTs work, the oxidized multi-walled carbon nanotubes (CNTs) were coupled with ferrihydrite (Fh) to synthesize

Heterogeneous Fenton catalysis
Fe(III)/Fe(Il) redox cycling
H,0, decomposition

novel and highly efficient heterogeneous Fenton catalysts (CNTs/Fh). Interestingly, the calculated apparent rate
constants by 3%CNTs/Fh could reach ~7.1 times as high as that by Fh, well in agreement with the accelerated
decomposition rate of H>O,, as well as the enhanced generation rate of Fe(II) and hydroxyl radicals in the CNTs/

Fh system. The density functional theory calculations and the cyclic voltammograms curves both well indicated
that the Fe(III)/Fe(I) redox cycling on CNTs/Fh could be significantly enhanced during the Fenton reaction,
from both dynamic (accelerating the electron transfer from H,O, to Fh) and thermodynamic (lowering Fe(IIl)/Fe

(II) redox potential) aspects.

1. Introduction

In recent years, heterogeneous Fenton reaction has received in-
creasing concerns for wastewater treatment, which has a broader op-
timal pH range and can avoid the production of a large amount of
sludge, as compared with traditional homogeneous Fenton reaction
[1-7]. However, the heterogeneous Fenton reaction is still hampered
due to the low generation rate of Fe(Il) from Fe(Ill), which is also
known as the rate-limiting step (Eq. (1)). A large number of recent
studies, therefore, focused on searching for effective and facile strate-
gies to accelerate the reduction of Fe(Ill) to Fe(II), which then can
promote the decomposition of H,0, into hydroxyl radicals (HO") (Eq.
(2)) [8-11].

=Fe(Ill) + H,0, — =Fe(ll) + HO," + H™ (€))
=Fe(Il) + H,0, — =Fe(Ill) + HO" + OH~ 2

One of these strategies is to combine electron-rich donors, such as
nano zero-valent iron (nZVI) [10,12,13], carboxylic acids (e.g., EDTA,
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oxalate, and citrate) [14-16], and other reducing species (e.g., hydro-
xylamine) [3,17], with the heterogeneous Fenton catalysts, and the
transferred electrons from these donors can accelerate the generation of
Fe(II) and then promote the decomposition of H0,, resulting in high
heterogeneous Fenton reactivity. However, multiple recycling of these
species is hard to achieve, as the available electrons from the donor
component on these materials are limited. Besides, the accumulation of
ferric oxyhydroxides on the surface of nZVI in neutral to slightly al-
kaline environments will reduce the reactive surface area for the for-
mation of hydroxyl radicals and hamper the electron supply from nZVI
[18]. Recently, several studies introduced photo-generated electrons
from semiconductors and plasmonic catalysts (e.g., BiVOy, TiO,, Ag/
AgX (X=Cl, Br)) to accelerate the regeneration of Fe(IlI) [8,9,19-21].
This strategy can continuously inject photo-generated electrons to
heterogeneous Fenton catalysts for the reduction of Fe(Ill), and the
photo-generated holes can also contribute to the degradation of organic
contaminants [20]. Nevertheless, this strategy depends on continuous
light irradiation, which will hamper its application in the areas that can
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hardly introduce light irradiation during the reaction processes, such as
groundwater treatment.

Carbon-based nanomaterials, such as carbon nanotubes [21-23],
polyhydroxy fullerenes [24], graphene oxide [7,25], activated carbon
[26,27], biochar [28,29], and hydrothermal carbon [30], together with
their functionalized products, have also been widely applied in het-
erogeneous Fenton reactions by combining with iron ions, due to their
abundant electrons, large specific surface areas (SSA), and ubiquitous
existence in natural environments. Among them, oxidized multi-walled
carbon nanotubes (CNTs), with negatively-charged groups (e.g., car-
boxyl, hydroxyl, and ether) on their surfaces, have shown great po-
tential to enhance the heterogeneous Fenton reactivity [21,22]. The
important roles of CNTs in these reactions have aroused wide discus-
sions but still remain controversial. Several studies deduced that, in a
heterogeneous Fenton-like reaction, CNTs could be regarded as an
electron-transfer catalyst, just like the Haber-Weiss mechanism invol-
ving the reduced and oxidized catalyst states (Egs. (3) and (4)) [31].
Seo et al. claimed that the enhanced decomposition of H,O, to HO"
resulted from the reductive generation of Fe(II) by CNTs (Eq. (5)) [32];
while Peng et al. found that in the absence of H,0,, the generation of Fe
(II) from Fe(Il) did not show any change with increasing
MWCNTs—COOH contents [33]. In addition, Yang et al. proposed that
80 % of Fe(II) was formed via a fast reduction of CNT-Fe(III) complexes
by H,0, rather than by CNTs [22]. In this term, although these studies
all verified that CNTs presented a significant boost in the heterogeneous
Fenton reactions, the essential roles of CNTs have not been clarified yet,
which still need in-depth study.

CNTs + H,0, — CNTs™ + HO" + OH™ 3)
CNTs* + Hy0, — CNTs + HO,” + H* (O]
CNTs + Fe(IlI) — CNTs* + Fe(I) 5)

Theoretically, beside the direct injection of external electrons (e.g.,
from electron-rich materials and photo-generated electrons) to cata-
lysts, promoting the electron transferring speed between catalysts and
H-0,, and decreasing the redox potential of Fe(III)/Fe(II) can also ef-
fectively facilitate the redox cycling of Fe(IIl)/Fe(Il). One would,
therefore, wonder whether the redox potential of Fe(IlI)/Fe(II) can be
lowered (from the thermodynamic perspective) to enhance the Fenton
reactivity in the CNT-Fe(III) system. Indeed, a number of studies
showed that chelating agents (e.g., oxalate and EDTA) with rich car-
boxyl groups could be combined with iron ions, which then would
decrease the redox potential of Fe®**/Fe?* [15,34]. For example, the
redox potential of Fe>* /Fe?* was 0.77 V (vs. NHE), but it decreased to
0.356, 0.256, and 0.209V (vs. NHE) after being combined with dis-
odium nitrilotriacetate, oxalate, and EDTA, respectively [34]. This
property could help to accelerate the reduction of Fe(Ill) by H,O, and
subsequently enhance the Fenton catalytic activity. Being enlightened
by these studies, we propose that combining CNTs (with oxygen-rich
functional groups) and heterogeneous Fenton catalysts can not only
accelerate the redox cycling of Fe(III)/Fe(II) but also possibly decrease
the redox potential of Fe(Ill)/Fe(Il) as well, promoting the decom-
position of H>O, from both dynamic and thermodynamic aspects. This
hypothesis is the main objective of this study.

Another reason motivates this study is that both iron (oxyhydr)
oxide mineral nanoparticles and carbon nanomaterials (from both
natural and anthropogenic sources) are ubiquitous in soil, and thus they
have a large chance to form nanocomposites [35]. In this term, these
nanocomposites, by acting as heterogeneous Fenton catalysts, may play
important role in degrading organic contaminants during the soil re-
mediation process using H,O, as oxidant, and it is of high necessity to
examine their heterogeneous Fenton reactivity. Among the various iron
(oxyhydr)oxide minerals, Fh is a typical iron nanomineral with a rather
small particle size (2—6nm) and large SSA (~300 mz/g) [5,36]. Fh
widely exists in soil and has been served as a highly efficient
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heterogeneous Fenton catalyst [4,5,37]. Besides, the small particle size
and positively charged surface of Fh make it facile in coupling with the
negatively charged carbon nanomaterials.

In this work, we combined Fh with oxidized multi-walled CNTs,
with the purpose of (1) synthesizing novel and highly efficient het-
erogeneous Fenton catalysts (i.e., CNTs/Fh) and (2) clarifying the im-
portant roles of CNTs in the Fenton reactions of CNTs/Fh. The struc-
tural characteristics and the heterogeneous Fenton catalytic activity of
the as-synthesized catalysts were studied. The concentrations of Fe(II),
the decomposition rate of H,0,, the production rate of HO', and the
catalytic reactivity of catalysts in the heterogeneous Fenton reaction
process were measured. In addition, the density functional theory (DFT)
calculations for CNTs/Fh were conducted to analyze the specific role of
CNTs in the heterogeneous Fenton system. The cyclic voltammograms
(CV) were measured to investigate the redox processes of Fh and CNTs/
Fh. These results indicated that the introduction of CNTs can facilitate
the decomposition of H,O, to HO" by accelerating the redox cycling of
Fe(III)/Fe(II) and lowering the redox potential of Fe(IIl)/Fe(Il), re-
sulting in the significant enhancement of the heterogeneous Fenton
reactivity for CNTs/Fh.

2. Materials and methods
2.1. Materials

Fe(N03)3'9H20, NaOH, HCI, HNO:;, N32C03, NH,F, CH3COONH4,
CH3COOH, o-phenanthroline (o-phen), H>O, (30 wt. %), p-benzoqui-
none (BQ), and isopropanol (IPA) were purchased from Shanghai
Chemical Reagent Corporation, China. Benzoic acid (BA), p-hydro-
xybenzoic acid (p-HBA) (99 %), trifluoroacetic acid (TFA), and acet-
onitrile were obtained from Aladdin Industrial Corporation (Shanghai,
China). 2,9-dimethyl-1,10-phenanthroline (DMP), KH,PO,, and
CuSO45H,0 were purchased from Sigma-Aldrich. BPA was purchased
from Macklin Reagent Company. K;HPO, was obtained from Ajax
Finechem. The raw CNTs were purchased from Chengdu Organic
Chemistry Company Co. Ltd, China. All reagents were used as received.

2.2. Synthesis of Fh, oxidized CNTs, and CNTs/Fh

Two-line Fh was synthesized according to the method described by
Xu et al. [4]. In brief, NaOH solution (6 M) was slowly titrated into the
Fe(NO3)39H,0 solution (1 M, 40 mL) under vigorous stirring until the
final pH was stabilized at 7 + 0.1. After that, the mixture solution was
aged under vigorous stirring for 3h and then was centrifuged and
washed several times using ultra-pure water and ethanol. After being
freeze-dried, these samples were ground to pass through a 200-mesh
sieve.

The raw CNTs were heated in 30 % HNO3; at 130°C for 24h
equipped with a water-cooled reflux condenser. The suspension was
washed with ultra-pure water until the pH reached 7.0. After that, the
products were separated from the mother liquor by suction filtration.
The material was dried overnight at 80 °C in a thermostated oven. After
that, the resulting material was crushed to powder and ground to pass
through a 200-mesh sieve.

To prepare CNTs/Fh, an appropriate amount of oxidized CNTs
(0.01, 0.03, 0.05, or 0.1 g) and Fh powder (1 g) were added into 100 mL
ultra-pure water. The mixture was sonicated for 30 min and stirred for
9h. The precipitates were centrifuged and washed using ultra-pure
water and ethanol. After being freeze-dried, the materials were ground
to pass through a 200-mesh sieve. According to the calculated weight
ratio of CNTs to Fh, the resulting materials were labeled as 1%CNTs/Fh,
3%CNTs/Fh, 5%CNTs/Fh, and 10%CNTs/Fh.

2.3. Characterization

XRD patterns were obtained using a Bruker D8 ADVANCE X-ray
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diffractometer (Karlsruhe, Germany) with Cu Ka radiation, operating at
40mA and 40kV. The patterns were collected over the 20 range of
3-80° at a scanning speed of 3°/min. The scanning electron microscopy
(SEM) images were recorded by a field emission scanning electron
microscopy (Carl Zeiss SUPRAS5SAPPHIR). Transmission electron mi-
croscopy (TEM) images were obtained using FEI Talos F200S instru-
ment at an acceleration voltage of 200 kV with energy dispersive X-ray
spectroscopy (EDS) (Super X) for the determination of metal composi-
tion. X-ray photoelectron spectroscopy (XPS) analyses were carried out
by a Thermo Fisher Scientific K-Alpha spectrometer. The C1 s peak from
the adventitious carbon-based contaminant with bind energy of
284.80 eV was used as the reference for calibration. Nitrogen adsorp-
tion-desorption isotherms were determined on a Micromeritics ASAP
2020 M instrument. All of the samples were degassed for 12h at 60 °C
prior to N, adsorption measurements. The SSA value of these samples
was calculated from the obtained N, adsorption data using the multi-
point Brunauer-Emmett-Teller (BET) equation. Zeta potential mea-
surements of samples were carried out by a Zetasizer Nano ZS90 in-
strument. All data were determined 3 times in each pH, and the average
value was plotted to analyze the isoelectric point of the sample. CV
measurements were performed at 10mV s~ ! for each sample. All ex-
periments were performed at ambient temperature (22 *+ 2 °C) and pH
3, and the electrode potentials were converted to the RHE scale by E
(RHE) = E (SCE) + 0.244V + 0.059 x pH.

2.4. DFT calculations details

At the DFT level, all of the calculations were performed using the
Vienna Ab initio Simulation Package (VASP) [38] with the pseudopo-
tential of projector augmented wave (PAW) [39]. The cutoff energy was
set to 650 eV [40] for a 10> convergence of the total energy. PBE + U
with a U-J parameter of 3.0 eV [41] was employed to deal with Fe 3d
electrons. We employed a cluster model of Fh with unit cell-size
(Fe10035H25) according to the model from Michel et al. [42]. The multi-
walled CNTs were simplified by single-walled CNTs, which was mod-
eled by one layer of hexagon units with 48 C atoms. A COOH group was
added at the rim of CNTs for the representation of functionalized
groups. For both Fh and functionalized CNTs, extra H atoms were added
to saturate the dangling bonds of the cluster models. The CNTs/Fh
composite was modeled through a dehydration reaction between CNTs
and Fh via the COOH group, which forms a Fe—O—C bond connecting
both the clusters. All of the clusters were modeled in a 30 x 30 x 30 A®
box.

2.5. Heterogeneous Fenton catalytic experiments

The heterogeneous Fenton degradation of BPA by these catalysts
was conducted in a 100 mL conical flask. The initial pH value of the
solution (pH = 3) was adjusted by adding 0.1 M NaOH and HNOs;.
50 mg catalyst and 50 mL BPA (30 mg/L) solution were added into the
above conical flask under vigorously stirring for 30 min to reach the
adsorption-desorption equilibrium between the catalysts and BPA as the
BPA adsorption on as-prepared catalysts can reach equilibrium within
30 min (Fig. S1). After that, 0.5mL 1M H,0, was dropped into the
above solution. At given time intervals, the suspension was collected
and filtered immediately with 0.22 ym membrane filters.

The concentration of the BPA was analyzed using an Agilent 1260
HPLC equipped with a UV absorbance detector. A Luna 5u C18 column
(250 mm) was used for the HPLC separation. A 20 uL sample was in-
jected into the HPLC system for analysis with a flow rate of 0.8 mL/min
at room temperature. The mobile phase consisted of acetonitrile and
water (50:50, v/v) and the analysis wavelength was selected as 230 nm
[43]. The total organic carbon (TOC) was measured using a Shimadzu
TOC-V total organic carbon analyzer. The total Fe ionsleaching was
determined by atomic absorption spectrophotometry (AAS, Perki-
nElmer AAnalyst 400, America). The concentration of H,O, was
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calculated by a spectrophotometric method using Copper(Il) ion and
DMP [44]. 1 g DMP reagent was dissolved in 100 mL of ethanol and was
stored in a brown bottle at 4 °C. A phosphate buffer solution (0.1 M)
was prepared from K;HPO, and KH,PO,4 with pH adjusted to 7.0. After
that, 0.5 mL of the reaction solution, DMP, CuSO45H,0 (0.01 M), and
phosphate buffer were added to a 50 mL volumetric flask to form a
bright yellow complex (Cu(DMP)>*). The concentration of Cu(DMP)**
was measured via UV-vis spectroscopy (759S, Shanghai JingHua In-
strument Co. Ltd., China) at 454 nm.

The concentration of Fe(II) on the surface of the as-prepared sam-
ples was measured according to the method of Xu et al. [4] with some
modifications, which is similar to a common method for the measure-
ment of Fe(II) in the iron ore. At a given time interval, 1 mL 6 M HCl,
0.2 g Na,CO3, and 2mL 10 M NH,F were added into the precipitation
after centrifugation to dissolve Fh entirely and prevent Fe(Il) from
being oxidized to Fe(IIl). After that, 1 mL. CH3COONH,—CH3;COOH
buffer solution (pH 4.2) and 1 mL 0.5 % (m/v) o-phen were added into
above solution to form an orange complex in acidic solution. The
concentration of complex was measured via UV-vis spectroscopy with
maximum absorption at 510 nm.

2.6. Analysis of reactive species

Free radical capture experiments were conducted to ascertain the
reactive species in the heterogeneous Fenton degradation of BPA. IPA
and BQ were chosen as scavenges of HO™ and superoxide radical
(05" —), respectively. The experimental details for free radicals capture
processes were similar to the heterogeneous Fenton catalytic experi-
ment. The oxidation of BA (10 mM) to p-HBA at an initial pH value of 3
was used as a probe reaction for quantifying the production of HO" in
the process of heterogeneous Fenton catalysis [45]. p-HBA was also
quantitatively analyzed using the Agilent 1260 HPLC equipped with a
Luna 5p C18 column (250 mm). The mobile phase was a mixture of 0.1
% TFA aqueous solution and acetonitrile (65:35, v/v) at a flow rate of
1 mL/min, with the detection wavelength at 255 nm [45,46].

3. Results and discussion
3.1. Structural characterization results

The XRD patterns of raw multi-walled CNTs and oxidized multi-
walled CNTs (CNTs) are similar and display two distinct reflections at
26.0° and 43.8° (Fig. S2), which correspond to the (002) and (100)
diffraction planes of CNTs, respectively [47]. As shown in Fig. 1a, Fh
shows two broad reflections at 35.1° and 63.3°, well consistent with
previous reports for 2-line Fh [8]. After combining CNTs with Fh, the
XRD patterns have no obvious changes except for the appearance of the
characteristic reflection of CNTs.

The SSA of pure Fh and CNTs are 273 and 139 m?/g, respectively
(Table S1). After introducing CNTs, the SSA of the composites increases
at first and then decreases as the CNTs content exceeds 3 %.
Specifically, the SSA of 3%CNTs /Fh can even reach 387 m?/g. The
significant increase of SSA may be ascribed to the strong interaction
between CNTs and Fh, and the Fh nanoparticles can well disperse on
CNTs, creating more micro- and mesopores. This hypothesis will be
further supported by SEM and TEM characterizations later.

The Zeta potential values of CNTs, Fh, and 3%CNTs/Fh were also
collected to verify the strong interactions between CNTs and Fh
(Fig. 1b). CNTs exhibit negative charge at the pH range of 2.0-9.0 while
the zeta potential of Fh is about 6.5. Therefore, CNTs and Fh should
have strong electrostatic interaction under pH 6.5. The charge value of
3%CNTs/Fh is a little bit lower than that of pure Fh after combing with
CNTs, consistent with the previous study. The decreased charge value of
3%CNTs/Fh may be due to the formation of Fe—O—C bonds between
CNTs and Fh, which will be verified below. In addition, Xu et al. syn-
thesized fullerol modification Fh, and they also demonstrated the
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Fig. 1. (a) XRD patterns and (b) Zeta potential of the as-prepared catalysts; (c) Fe 2p3,, XPS spectra of Fh and 3%CNTs/Fh; (d) O 1s XPS spectra of Fh, CNTs, and

3%CNTs/Fh.

formation of covalent bonds between the hydroxyl groups on fullerol
and Fh [24]. Thus, we speculated that the surface complexes may also
form between the oxygen-containing functional groups of CNTs and the
surface hydroxyl groups on Fh, which will be further verified below.
With these strong interactions between CNTs and Fh, we believe Fh
nanoparticles can well disperse on CNTs.

The SEM image of raw CNTs shows the integrated tubular structures
of CNTs with a diameter of 20-40 nm and length of 200-500 nm (Fig.
S3). After being treated with HNOs, the length of the nanotubes de-
creases, and the surfaces of the nanotubes are also eroded, indicating
that CNTs were oxidized by HNO;. Fig. 2a shows that pure Fh presents
the aggregations of nanoparticles. CNTs also show large accumulation
with nano-scale tubes. After combining CNTs with Fh, the particles
become fluffier, and these two materials both distribute uniformly, due
to their strong interactions. In addition, the SEM images of 3%CNTs/Fh
show that Fh nanoparticles with different size wrap around CNTs, and
some small particles with a size of 5-10 nm can be observed on the
tubes, indicating a good dispersity of Fh on CNTs, which may be due to
the formation of Fe—O—C bonds between CNTs and Fh, well consistent
with the result of Zeta potential.

To identify the formation of Fe—O—C bonds between Fh and CNTs,
the Fe 2p5,, XPS spectra of Fh and 3%CNTs /Fh were compared, as
shown in Fig. 1c. Three peaks located at 710.67 (Fel), 712.18 (Fe2),
and 713.98 eV (Fe3) are attributed to the binding energies of Fe(III)—O
on Fh [5,48]. After combing Fh with CNTs, the peaks of Fe2 and Fe3
were shifted to 711.95 and 713.47 eV, respectively, in the Fe 2p;,» XPS
spectrum of 3%CNTs /Fh. The shift of these peaks may be due to the
acquirement of electrons from CNTs, suggesting the formation of

Fe—O—C bonds between Fh and CNTs, well consistent with the previous
study [49]. In addition, three peaks located at 530.10, 531.55, and
533.02 eV were observed in the O 1s XPS spectrum of Fh, which were
assigned to Fe—O (01), Fe—OH (02), and adsorbed water (03), re-
spectively (Fig. 1d). The O1s XPS spectrum of CNTs can be divided into
four peaks: C—O—H (04; 533.40eV); C—0O—C (05; 532.60eV); C=0
(06; 531.88 eV); the highly conjugated forms of carbonyl oxygen such
as quinine or pyridone groups (07; 530.70 eV) [50,51]. After combing
CNTs with Fh, a new peaks located at 531.10 eV appears in the O1s XPS
spectrum of 3%CNTs/Fh, which should belong to the Fe—O—C bonds
formed between Fh and CNTs, well consistent with other carbon-iron
oxide composites reported by previous studies [52,53].

The microstructural and morphological details of 3%CNTs/Fh were
further obtained by TEM and HRTEM (Fig. 2b). The obtained results
clearly showed that Fh nanoparticles well attached to the surface of
CNTs. The interplanar spacing of 0.35nm is attributed to the (002)
basal planes in the carbon layer, well consistent with the XRD results
and other studies [21,54]. The elemental mapping further reveals that
Fe, O, and C elements are uniformly distributed throughout the com-
posites. As such, both the SEM and TEM results well showed the rela-
tively uniform structure of CNTs/Fh composites, which should result
from the strong interactions between CNTs and Fh, and also resulted in
large SSA values.

3.2. Degradation of BPA

The heterogeneous Fenton catalytic activities of CNTs/Fh samples
were studied by choosing BPA as the target contaminant (Fig. 3a). Only
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Fig. 2. (a) SEM images of the as-prepared catalysts; (b) TEM and HRTEM images of 3%CNTs/Fh.

about 4.57 % BPA can be degraded by pure H»O,, indicating that the removal of BPA can be achieved by pure CNTs, which suggests that
oxidation capacity of H,0, is insufficient to degrade BPA. Nearly 37 % CNTs alone can hardly decompose H,O, to produce HO'. As for pure
of BPA can be adsorbed by pure CNTs within 30 min, well consistent Fh, nearly 36 % BPA can be removed with the addition of H>O,. After
with the excellent adsorption property of CNTs reported in previous combing with CNTs, the removal efficiency of BPA by CNTs/Fh in-
studies [55,56]. Both Fh and CNTs/Fh show much weaker adsorption creases dramatically. Specifically, the degradation efficiency of BPA
capacity toward BPA than CNTs. After adding H,O,, rather a weak first increases with rising CNTs content (from 0 to 3 %) and then begins
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Fig. 3. (a) Degradation kinetics; (b) apparent degradation rate constants; (c) stability tests for the degradation of BPA by as-prepared catalysts; (d) C1s XPS spectra of
3%CNTs/Fh before and after the degradation of BPA within 60 min; (e) H202 consumption in the heterogeneous Fenton reaction over as-prepared catalysts; (f) effect
of different initial pH on the degradation of BPA by Fh and 3%CNTs/Fh. Inset of (b): pseudo-first-order kinetics for the degradation of BPA on these samples (the
pseudo-first-order kinetics on CNTs is absent due to the rather low BPA degradation rate).
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Fig. 4. (a) Concentration of Fe(II) on catalysts in the heterogeneous Fenton reaction process; (b) Fe 2p;,, XPS spectra of fresh 3%CNTs/Fh and used 3%CNTs/Fh
(reaction for 60 min); (c) Fe 2p3,, XPS after subtraction from used 3%CNTs/Fh to fresh 3%CNTs/Fh; degradation of BPA on (d) Fh and (e) 3%CNTs/Fh with the
addition of different scavengers; (f) concentration of HO in the heterogeneous Fenton reaction.

to decrease with further rising CNTs content (> 3%). The decrease of
SSA (298.4 mz/g for 5 % CNTs/Fh and 295.4 mz/g for 10%CNTSs/Fh)
and the lower Fh contents might be the causes for their decreased
catalytic efficiency. Among all of the tested catalysts, 3%CNTs/Fh ex-
hibits the best catalytic activity, with a BPA degradation rate of 96 %
within 30 min.

To better compare the heterogeneous Fenton catalytic activities of
these samples, the degradation kinetics of BPA over these samples were
fitted with the pseudo-first-order equation. The apparent rate constants
(Kapp) were determined from the regression curves of —In(C/C,) versus
reaction time (Fig. 3b). Accordingly, the calculated K, of 3%CNTs/Fh
is 0.0811min~?, nearly 7.1 times as high as that of pure Fh
(0.0114 min ). This result further proves that coupling CNTs with Fh
can significantly increase the heterogeneous Fenton catalytic activity
towards BPA. The TOC removal efficiency of BPA was further examined
in this work, and the results further prove that CNTs/Fh has much
higher efficiency than Fh in the mineralization of BPA (Fig. S4). No-
ticeably, the TOC removal rate of BPA by 3%CNTs/Fh can reach 79.1
%, much higher than that by pure Fh (26.7 %).

The repeatability experiments of BPA degradation by Fh and
3%CNTs/Fh were conducted as well (Fig. 3c), and the results show that
the degradation of BPA by 3%CNTs/Fh can retain 99.6 % after 4 cycles,
which is much higher than those by pure Fh (42.2 %). In addition, the
Fe leaching in 3%CNTs/Fh is much lower than that in the Fh system,
with a Fe®™ concentration of 0.826 and 0.292 mg/L after 4 cycles, re-
spectively, indicating the good stability of CNTs/Fh composites. Zubir
et al. demonstrated that in the GO—Fe3;0, Fenton-like system, GO plays
a sacrificial role via the oxidation of C=C carbon domains, and then
transfer their unpaired  electrons to Fe;O, to accelerate the Fe(IIl)/Fe
(I) redox cycles, resulting in the partial consumption of GO during the
reaction [7]. In this term, these reactions may not cycle continuously
due to the limited unpaired = electrons on carbon materials. Ma et al.
proposed that in the CNTs/FeS Fenton-like system, CNTs could reduce
Fe(II) to Fe(II) due to their unpaired st electrons and CNTs can be
oxidized to CNTs™ at the same time (Eq. (5)) [31]. Moreover, they

deduced that CNTs could be regarded as an electron-transfer catalyst,
just like the Haber-Weiss mechanism involving the reduced and oxi-
dized catalyst states (Egs. (3) and (4)), i.e., CNTs* may react with H,0,
to regenerate CNTs (Eq. (4)). As our results showed that CNTs/Fh re-
tained high reactivity in the repeatability experiments, we also propose
that CNTs should not be the major electron donor during the Fenton
reaction process, and the reduction of Fe(III) should be achieved mainly
via accepting electrons from H,0,.

To further verify the above hypothesis, the Cls XPS spectra of
3%CNTs/Fh before and after the degradation of BPA (after 4 cycles)
were compared (Fig. 3d). The binding energies at 284.8 and 285.4 eV
correspond to the sp*-hybridized graphite-like carbon atoms (C=C) and
C—C species in an sp® hybridization state [7]. The binding energy at
286.6eV is attributed to the C—O—H and C—O—C while that at
288.9 eV corresponds to —COOH [57], indicating the presence of sev-
eral types of functional groups on the oxidized CNTs. After the de-
gradation of BPA, the relative contents belonging to the binding en-
ergies of C=C slightly decreased from 47.1 %-44.0 % (Table S2),
indicating that little CNTs were oxidized during the degradation of BPA.
In addition, the theoretically available electrons of CNTs in the
3%CNTs/Fh composites were roughly calculated (as shown below Table
S2), which indicated that the contribution of the electrons from CNTs to
the direct reduction of Fe(IIl) is negligible during the degradation of
BPA. Therefore, we can deduce that in the heterogeneous Fenton re-
action process, H>O, should be the main electron donors for reducing
Fe(Ill) to Fe(Il), while CNTs can accelerate the electron transfer be-
tween H,O, and Fh.

The decomposition of H,O, in different systems was determined
during the heterogeneous Fenton reaction (Fig. 3e). The results show
that H,O, can be hardly decomposed without catalyst and the decom-
position of H,O, by pure CNTs is not obvious. Some studies demon-
strated that CNTs have the ability to activate H,O5 and produce HO’
[31]; while several other studies also showed that CNTs had a rather
weak ability in activating H>O,. Possibly the different oxidized states of
CNTs will affect its capacity in activating HO, [58]. The
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decomposition rate of H,O, by pure Fh was 52.8 % within 60 min, in
agreement with previous studies showing that Fh can be directly used
as heterogeneous Fenton catalysts. After combining CNTs with Fh, the
decomposition of H,O, was accelerated significantly, and the optimal
CNTs content is 3 %. With nearly 87.5 % H,0, being decomposed by
3%CNTs/Fh within 60 min. The enhancement of the H,O, decomposi-
tion rate further verifies that CNTs can promote the electron transfer
from H,0, to Fh for the generation of Fe(II), and the presence of high
contents of Fe(Il) in the CNTs/Fh can well support this hypothesis
(Fig. 4).

The effect of initial pH on the heterogeneous Fenton catalytic ac-
tivity of 3%CNTs/Fh was studied within a wide pH range of 3-7
(Fig. 3f). The catalytic activity of the 3%CNTs/Fh decreases slightly
with rising solution pH, but the degradation rate can reach 91.1 % even
at neutral pH within 60 min. In comparison, 3%CNTs/Fh exhibits much
higher Fenton reactivity at neutral pH (pH = 7; K,pp, = 0.0266 min~ 1)
than Fh at acid condition (pH = 3; K,p, = 0.0114 min~ %) (Fig. S5).
These results indicate that 3%CNTs/Fh can efficiently degrade con-
taminants over a wide pH range, which makes CNTs/Fh a promising
candidate for the heterogeneous Fenton reaction.

3.3. Generation of Fe(Il) during the heterogeneous Fenton reaction

As proposed above, the introduction of CNTs may accelerate the
decomposition of H,0,, thus promoting the reduction of Fe(Ill) to Fe
(D). Therefore, the concentration of Fe(II) on these catalysts during the
heterogeneous Fenton reaction process was measured (Fig. 4a). Fe(II)
can be hardly detected on pure Fh, indicating that the reduction of Fe
(ITD) in the pure Fh system is rather weak. By contrast, Fe(II) content on
CNTs/Fh increases dramatically during the whole reaction process,
indicating that the introduction of CNTs can accelerate the reduction of
Fe(III) to Fe(Il), well consistent with the enhanced BPA degradation
rate and H,O, decomposition rate. Specifically, the Fe(I) content on
3%CNTs/Fh is the highest, which can even reach 2.6 mg/g within
60 min.

To further verify the existence of Fe(II) on the composites, the Fe
2p3,2 XPS spectra of 3%CNTs/Fh before and after the degradation of
BPA for 60 min were compared (Fig. 4b). No signals of Fe(II) can be
observed in the XPS spectrum of fresh 3%CNTs/Fh; however, a signal of
Fe(Il) appears in the XPS spectrum of 3%CNTs/Fh at 709.9 eV, well
consistent with other studies [4,5]. Furthermore, the Fe 2ps,, XPS
spectra of fresh and used 3%CNTs/Fh were normalized and then the
fresh 3%CNTs/Fh was subtracted from the used 3%CNTs/Fh to the
obtain the differential spectrum. Fig. 4c presents the obvious binding
energy of Fe(II) located at 709.9 eV, which demonstrated that CNTs can
promote the reduction of Fe(IIl) to Fe(Il) in the 3%CNTs/Fh system.
Zubir et al. suggested that in the heterogeneous Fenton reaction using
GO/Fe30,4 catalyst, Fe(Il) can be regenerated in Fe304 due to the

Applied Catalysis B: Environmental 270 (2020) 118891

accelerated electron transfer by the Fe—O—C bonds conjugated in GO/
Fe30,4 [7]. Similarly, we propose that the chelating effect between CNTs
and Fh may also produce Fe—O—C bonds, promoting the decomposition
of H,O, and the generation of Fe(II), which will be further verified
below using DFT calculation.

3.4. Analysis of the reactive species

As discussed before, HO" and O,  — could be generated in the het-
erogeneous Fenton reaction process. Therefore, IPA (HO" scavenger)
and BQ (05" —scavenger) were added to verify the existence of these
two radicals during the heterogeneous Fenton degradation of BPA by Fh
and 3%CNTs/Fh. In the pure Fh system (Fig. 4d), the heterogeneous
Fenton catalytic activity of BPA is slightly inhibited in the presence of
BQ, while a more obvious decrease in the degradation rate can be ob-
served in the presence of IPA. As for the 3%CNTs/Fh system (Fig. 4e),
the suppression effects are quite obvious both in the presence of BQ and
IPA, with only 56.4 % and 35.7 % BPA being degraded, respectively.
These results demonstrated that both HO™ and O, — contribute to the
heterogeneous Fenton degradation of BPA, while HO™ plays a more
important role in the whole reaction, in agreement with a typical
Fenton reaction process. Xu et al. detected that, in the heterogeneous
photo-Fenton reactions, the concentration of O, — in the BiVO4/Fh
system was much lower than that in the Fh system, while the con-
centration of HO™ exhibited the opposite trend [4]. These results
showed that directly injecting photo-generated electrons from BiVO, to
Fh can inhibit the reaction between Fe(Ill) and H,0,, thus restraining
the generation of O," —. However, in this work, the O,” — in the CNTs/
Fh system also plays an important role in the degradation of BPA,
further indicated that CNTs can promote the reduction of Fe(IIl) by
H,0,, along with the increased generation of O, —.

Furthermore, the concentrations of HO' in the heterogeneous
Fenton reaction were measured using BA as an HO" probe (Fig. 4f). The
HO' concentration is rather low in the pure CNTs system, in agreement
with the rather weak decomposition of H,O, (Fig. 3e). The HO™ con-
centration is about 15.1 pmol/L within 60 min in the pure Fh system,
and the introduction of CNTs can significantly enhance the production
of HO' concentration in the CNTs/Fh systems. Noticeably, the HO"
concentration of 3%CNTs/Fh can reach 26.4 pmol/L within 60 min,
which is much higher than that of pure Fh. The concentrations of the
produced HO' in these Fenton reaction systems are well consistent with
the H,O, decomposition efficiency (Fig. 3e), the Fe(II) generation ef-
ficiency (Fig. 4a), and the heterogeneous Fenton catalytic activities
(Fig. 3a).

3.5. DFT calculations and CV analysis of the catalysts

The DFT-optimized structures of Fh, CNTs (with a single COOH
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Fig. 5. (a) DFT-optimized structure of Fh, CNTs with a single COOH substituent at the rim, and CNTs/Fh (The CNTs substrate is an infinitely extended structure. The
connection between CNTs and Fh in the illustration does not represent the edge modification); (b) Density of states (DOS) of Fh, CNTs, and CNTs/Fh composites; (c)
Cyclic voltammograms of Fh and 3%CNTs/Fh at scan rate of 10 mV/s in 0.5M Na,SO, solution (pH = 3).
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substituent at the rim), and CNTs/Fh were presented in Fig. 5a. Fh and
CNTs are connected via Fe—O—C bonds (Fig. S6). The highest occupied
molecular orbital (HOMO), the lowest unoccupied molecular orbital
(LUMO), and the HOMO-LUMO gap were calculated to study the che-
mical reactivity of the as-prepared catalysts. The HOMO-LUMO gap of
CNTs is 1.47 eV (Fig. 5b and Table S3), well consistent with the results
of the previous studies, i.e., the HOMO-LUMO gap of functionalized
CNTs was about 1.33-1.70 eV [59,60]; while the HOMO-LUMO gap of
Fh is 0.23 eV. After combing CNTs with Fh, the HOMO-LUMO gap of
CNTs/Fh disappeared, indicating the presence of electrons at the Fermi
energy of CNTs/Fh. In particular, the density of states for different
elements of CNTs/Fh shows that the electrons at the Fermi energy of
CNTs/Fh are mainly from the d, p, and p orbits of Fe, O, and C atoms,
respectively. These results indicated that these electrons at the Fermi
energy of CNTs/Fh both from CNTs and Fh, suggesting the strong
electron-electron interaction in the CNTs/Fh composites. Lyu et al.
studied the electronic properties of 4-phenoxyphenol-functionalized
reduced graphene oxide nanosheets (POP-rGO NSs) via DFT calcula-
tions [61]. They found that the HOMO-LUMO gap of POP-rGO NSs
decreased as compared to POP and graphene, proposing that the elec-
tron transfer was accelerated between POP and rGO. Accordingly, they
suggested that the chemical reactivity of POP-rGO NSs could be sig-
nificantly higher than that of graphene and POP. Similarly, in our
study, the disappeared HOMO-LUMO gap for CNTs/Fh also reveals that
the electron transfer in CNTs/Fh should be accelerated, which will
dynamically enhance the electron exchange between H,0, and Fh, re-
sulting in the promoted decomposition of H,0,, well cosistent with
above experimental results (i.e., the promoted decomposition of HyO,,
accelerated regeneration of Fe(Il), and enhanced production of HO").

The CV curves were measured to investigate the redox potential of
Fh and 3%CNTs/Fh (Fig. 5¢). Two very weak peaks (an oxidation peak
at 1.1V vs RHE and a reduction peak at 0.56 V vs RHE) appeared in the
CV of Fh modified electrode (Fig. 5c and S7), indicating the presence of
weak Fe(III)/Fe(Il) redox reactions in Fh. The quasi-reversible CV curve
of 3%CNTs/Fh exhibits two strong peaks located at 0.767 and 0.886 V
vs RHE. The current intensity of these two peaks, especially for the
reduction peak, enhances obviously in the CV curve of 3%CNTs/Fh
(i.e., increasing from -3.35 to -21.8 yA/cm? for the reduction peak and
from 1.52 to 19.4pA/cm® for the oxidation peak, respectively), sug-
gesting that the Fe(IlI)/Fe(Il) redox cycling in 3%CNTs/Fh is sig-
nificantly accelerated with the introduction of CNTs, well in agreement
with above DFT calculation results. These results together proved that
the reaction between CNTs/Fh and H,O, can be dynamically ac-
celerated.

Moreover, the half-wave potential (E;,2) (i.e., [Egreduction potential)
+ E(oxidation potentian]/2) of CNTs/Fh is about 0.827 V vs. RHE, which is
lower than that of Fh (0.841 V vs. RHE) (Table S4), indicating that the
accelerated reduction of Fe(III) in the CNTs/Fh system. Similar results
were obtained by Huang et al. [62]. They demonstrated that the E; 5 of
Fe(III)/Fe(I)-EDDS complex was 0.069 V/NHE, which was slightly
lower (29 mV) than the E; », obtained under the same pH condition for
the Fe(IIl)/Fe(IN-EDTA complex (0.098 V/NHE), resulting in higher
photo-Fenton efficiency for Fe(III)-EDDS. These results verified our
hypothesis that CNTs with abundant oxygen-containing functional
groups could be complexed with Fh (formed Fe—O—C bonds) to lower
the redox potential of Fe(IlI)/Fe(II). As a result, the reduction of Fe(III)
to Fe(II) will be thermodynamically more favorable for CNTs/Fh than
for Fh.

Another apparent difference in the CV curve between Fh and
3%CNTs/Fh is their AE value (i.e., E(oxidation potentiah)-Ereduction poten-
tany)- The /\E value for Fe(II)/Fe(I) redox of 3%CNTs/Fh (0.12V vs
RHE) is much lower than that of Fh (0.56 V vs RHE) (Table S4), which
indicated that the reversibility of Fe(IlI)/Fe(II) redox in 3%CNTs/Fh
was enhanced, and thus the structural stability of CNTs/Fh composites
could be enhanced. These results were well consistent with the results
of repeatability experiments, which showed that the degradation of
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BPA by 3%CNTs/Fh can retain 99.6 % after 4 cycles (Fig. 3c). A similar
phenomenon could also be observed in the CV curves of Fe amidoxi-
mated polyacrylonitrile (Fe-AO-PAN) and Cu-Fe-AO-PAN (II) in other
literature [63]. The /\E value for Fe(III)/Fe(II) redox of Cu-Fe-AO-PAN
(II) was much lower than that of Fe-AO-PAN, which was attributed to
the rapid transformation of Fe(III)/Fe(II) in Cu-Fe-AO-PAN (II). The
above results revealed that the structural stability of CNTs/Fh was
enhanced, suggesting that CNTs/Fh could serve as highly-effective and
stable heterogeneous Fenton catalysts.

In conclusion, these CV results demonstrated that the introduction
of CNTs could enhance the Fe(IIl)/Fe(II) redox cycling of CNTs/Fh
during Fenton reaction, from both dynamic (accelerating the electron
transfer from H,O, to Fh) and thermodynamic (lowering the redox
potential of Fe(IlI)/Fe(Il)) aspects, which subsequently could well
promote the decomposition of H,O, and the production of HO’, making
CNTs/Fh composites highly effective heterogeneous Fenton catalysts. In
addition, combing CNTs with Fh could also enhance the structural
stability of Fh, resulting in the high Fenton activity of CNTs/Fh after
being reused for four cycles.

3.6. Heterogeneous Fenton catalytic mechanisms

A number of strategies have been developed in previous studies to
improve  the  heterogeneous Fenton  catalytic efficiency
[3-5,15,34,64,65]. For example, the UV-vis light irradiation (i.e.,
photolysis of Fe-OH) and the direct electron injection of external elec-
trons (from electron-rich materials, semiconductor, or plasmonic ma-
terials) could all accelerate the reduction of Fe(IIl) to Fe(II) [3-5]; and
the complexation of Fe(IlI)/Fe(Il) with carboxylates (e.g., EDTA and
oxalate) might decrease the Fe(III)/Fe(II) redox potential [15,34].
These methods, from dynamic and/or thermodynamic aspects, can
promote the decomposition rate of H,O, and generation of HO', leading
to enhanced heterogeneous Fenton reactivity.

In this work, we propose that the significant enhancement of Fenton
reactivity for CNTs/Fh (as compared with Fh) should arise from both
dynamic and thermodynamic aspects (Scheme 1). As discussed above,
the DFT calculation results indicated that the electron conductivity for
CNTs/Fh composites was enhanced, which could dynamically accel-
erate the electron transfer between the composites and H,O,. The en-
hanced conductivity was further proved by the CV results, which de-
monstrated that the intensity of the oxidation and reduction peaks for
CNTs/Fh was much stronger than that of Fh. On the other hand, the CV
results further showed that the redox potential of Fe(III)/Fe(II) could be
thermodynamically lowered for the CNTs/Fh composites. These results
well showed that the Fe(III)/Fe(II) redox cycling on CNTs/Fh could be
significantly enhanced from both dynamic and thermodynamic point of
view, which subsequently can well promote the decomposition of H,O5
and the production of HO’, making CNTs/Fh composites highly effec-
tive heterogeneous Fenton catalysts. Moreover, our results from Fenton
catalytic reaction and CV characterization showed that the structural
stability of CNTs/Fh composites could be well retained during the
Fenton reaction process, which further added the applicability of these
CNTs/Fh composites in environmental remediations.

4. Conclusion

In this work, for the first time, we successfully synthesized highly
effective heterogeneous Fenton catalysts (i.e., CNTs/Fh), by simply
combining CNTs with Fh via a facile stirring method. The BPA de-
gradation rates of CNTs/Fh increased dramatically and the K,p, by
3%CNTs/Fh could even reach ~7.1 times as high as that by pure Fh. In
addition, CNTs/Fh could maintain high Fenton activity after being re-
used for four cycles, and the XPS results showed that the graphitic
structure of used CNTs is quite stable. Combining the experimental
results (i.e., H,O, decomposition, Fe(Il) regeneration, and HO™ pro-
duction), CV characterization, and DFT calculations, the possible
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Scheme 1. Possible heterogeneous Fenton catalytic mechanism in the CNTs/Fh system.

mechanisms for the enhanced Fenton reactivity of CNTs/Fh were de-
duced. After the introduction of CNTs, the Fe(IlI)/Fe(II) redox cycling
on CNTs/Fh could be significantly enhanced during Fenton reaction,
from both dynamic (accelerating the electron transfer from H,0, to Fh)
and thermodynamic (lowering Fe(III)/Fe(I) redox potential) aspects,
resulting in the enhancement of the decomposition of H,O, and the
production of HO". This study suggested that the carbon materials-iron
(hydr)oxides composites may serve as promising materials due to the
excellent conductivity of carbon materials and the complexation reac-
tion between functionalized carbon materials and iron (hydr)oxides,
and these composites should have potential applications in both was-
tewater treatment and soil remediation.
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