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ABSTRACT

Zero valent iron-loaded biochar (Fe®-BC) has shown promise for the removal of various
organic pollutants, but is restricted by reduced specific surface area, low utilization
efficiency and limited production of reactive oxygen species (ROS). In this study, iron
carbide-loaded activated biochar (FesC-AB) with a high surface area was synthesized
through the pyrolysis of HsPOs activated biochar with Fe(NOs)s, tested for removing
bisphenol A (BPA) and elucidated the adsorption and degradation mechanisms. As a
result, HsPO4 activated biochar was beneficial for the transformation of Fe® to FesC.
FesC-AB exhibited a significantly higher removal rate and removal capacity for BPA
than that of Fe®-BC within a wide pH range of 5.0-11.0, and its performance was
maintained even under extremely high salinity and different water sources. Moreover,
X-ray photoelectron spectra and density functional theory calculations confirmed that
hydrogen bonds were formed between the COOH groups and BPA. 10, was the major
reactive species, constituting 37.0% of the removal efficiency in the degradation of BPA
by FezC-AB. Density functional reactivity theory showed that degradation pathway 2 of
BPA was preferentially attacked by ROS. Thus, FesC-AB with low cost and excellent
recycling performance could be an alternative candidate for the efficient removal of
contaminants.
Keywords: HzPOs activation; FesC-loaded activated biochar; hydrogen bond; singlet
oxygen degradation; degradation pathway
1. Introduction

Bisphenol A (BPA) is a persistent endocrine disrupting chemical, and has been
associated with various types of heart disease and cancer ( ).
BPA can accumulate along the food chain and has been widely detected in wastewater

and surface waters ( ). More seriously, it was
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detected in the human blood and tissues ( ). Thus, the
European Food Safety Authority (EFSA) reduced the tolerable daily intake to 4 pg/kg
body weight/day in 2015 ( ).

Adsorption is deemed an effective, low-cost, and well-established treatment
method for organic pollutant removal. To this end, biochar has been widely investigated
as an adsorbent from inexpensive feedstocks (

). However, the adsorption performance of conventional biochar
remains limited owing to its low specific surface area and unfavorable physicochemical
characteristics ( ). Zero-valent iron (Fe® has been used to combine
adsorption and reductive degradation for removing organic pollutants (

). It could also be applied as a source of non-photochemical
reactive oxygen species (ROS) to degrade pharmaceutically active compounds.
However, Fe? is prone to oxidation and surface passivation ( ), which
causes insufficient ROS concentration and poor recycling performance. To overcome
these drawbacks, Fe/C composites have been increasingly studied as they exhibit
superior properties compared to individual materials, such as improved reactivity,
stability, and environmental safety and reduced toxicity (

). Moreover, they integrate adsorption, complexation, and reduction and show
improved removal and degradation of organic pollutants ( ). In this
regard, Fe® has been most commonly used for modifying biochar.

Fe’-magnetite loaded biochar (ZVI-MBC) has been studied to treat
pentachlorophenol (PCP), chloramphenicol, trichloroethylene, and trichloromethane
through adsorption and reductive degradation (

). The dissolution of H,O molecules by Fe® caused the

production of H> and then formed atomic H. Atomic H could degrade PCP through
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reduction to remove chloride. Fe® could also activate Oz to form H,O,, ‘OH and "0, for
the oxidation degradation of PCP and these ROS were responsible for the
mineralization of PCP ( ). However, in situ adsorption and oxidative
degradation, without adding oxidants for removing organic contaminants, were rarely
reported.

Fe%-BC has magnetic property, which is easily separated and recycled in the
practical application for the treatment of real wastewater. But, its removal capacity will
be affected because the material was susceptible to suffer from surface passivation in
the existence of O, and H2O ( ). For Fe%FesC/C composite,
FesC/C could protect the Fe® core against oxidization and maintain excellent stability
during the removal of pollutant. Li et al. also indicated that Fe/C system had low
utilization efficiency as compared to Fe%FesC/C composite because FesC could
improve the electron tunneling efficiency between Fe® and the graphitic shell (

). Meanwhile, Fe®-BC has a small surface area and pore volume due to pore
blocking. For example, the surface area of ZVI-MBC is 101 m?/g (

), which limits their adsorption capacity for organic contaminants. To increase the
surface area, the chemical activation of biochar has been employed using various
chemical modification reagents, including alkalis (NaOH, KOH, and NHz), mineral
salts (MnOy, FeClsz and ZnCly), and acids (H2SO4, H3POa, and HCI) (

). These modification reagents can also
change the physicochemical properties, graphitization degree, morphology, and surface
chemistry of biochars, then affect the affinity between carbon matrix and loaded Fe® as
well as the catalytic activity of biochar ( ). Although the
simultaneous activation by using FeClz and ZnCl, enlarged the surface area and

promoted the formation of FesC and graphite ( ), the existence of Fe304
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in Fe3C/Fe304/C nanosheets might reduce the reactivity of the materials and ZnCl,
could induce toxicity concerns. Thus, it is important to regulate the complete reduction
of FesOsto Fe’.

H3PO4 activated biochar has been wildly used to increase the removal capacity of
pollutants ( ). H3POs, is
inexpensive, harmless, and effective in increasing the surface area and carbonization of
biochar ( ). And, the formed amorphous carbon is beneficial for
converting Fe,O3 and FesO4 to Fe® and can react with Fe species to form FesC (

). Thus, HsPO4 activated biochar was used as the host
material for iron carbide (FesC). FesC-loaded activated biochar (FesC-AB) was
synthesized and tested for its potential in removing BPA from aqueous solutions. The
specific objectives were to 1) explore the formation mechanism of FesC-AB, 2)
investigate the BPA removal kinetics of FesC-AB and compare with Fe®-BC, 3) examine
the effects of various critical parameters (initial concentration, pH, ion strength, and
water sources) on the removal performance, and 4) elucidate the removal mechanisms
and degradation pathways using experimental and theoretical calculation method.

2. Materials and methods
2.1. Preparation of FesC-AB and Fe®-BC

The preparation of biochar and H3PO, activated biochar were depicted in the
supplementary material. Fe®-BC and FesC-AB were prepared by thermal reduction
method ( ). Fe%-BC was synthesized under N, atmosphere with a flow
rate of 25 cm®/min, by mixing 400 mg of the untreated biochar (without the acid
pre-treatment) with Fe(NO3)z-9H20 (800 mg) in 50 mL of high purity water. The pH
was adjusted to 4.0 using 0.1 M HNOs to prevent hydrolysis. After stirring at room

temperature for 7 h, the mixture was dried at 105 °C for 48 h. The dried mixture was
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transferred to a tube furnace and pyrolyzed at 600 °C for 2 h (10 °C/min). FesC-AB was
synthesized following the same process, except that HsPO4 activated biochar was used.
The biochar and H3PQO4 activated biochar pyrolyzed at 600°C without the addition of Fe
salt were used as the control samples and denoted as BC and AB. Finally, the resulting
Fe/C materials were ground and sieved through a 100-mesh screen, and those that
passed the screen were used in this study. The Fe contents in Fe®-BC and FesC-AB were
20.3% and 27.7%, respectively. The free iron and dissolved organic matter of Fe/C
composites were not removed before the BPA removal experiments. The releasing
concentrations of free iron when Fe/C composites reacted with high purity water for 24
h were 8-9.3 pg/L.
2.2. BPA removal kinetic experiments

Batch kinetic experiments were carried out to determine the removal kinetics of
BPA by the prepared Fe/C composites. The tests were initiated by adding 12 mg of a
given Fe/C composite into 15 mL of a BPA solution (50 mg/L) in 50 mL brown glass
tubes. The mixtures were then shaken at 180 rpm and at 25 + 1 °C. At pre-determined
times (0, 50, 150, 240, 480, 720, and 1440 min), the mixtures were sampled and
centrifuged at 3000 rpm for 5 min, and the supernatant was collected and filtered
through a 0.22 um polytetrafluoroethylene membrane. The filtrates were then analyzed
for BPA using ultraviolet-visible (UV-Vis) spectroscopy at 276 nm. Control
experiments were also performed with the materials only or with BPA only to exclude
the effect of impurities or natural organic matters on the absorbance and adsorption to
the vials. All the experiments were conducted in duplicate. The removal amounts of
BPA on Fe/C composites were calculated by Eqg. (1)

ge=V(C-Ce)/m (1)

Qe is the removal amount, V is the solution volume, C is initial concentration of BPA, Ce
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is equilibrium concentration, and m is the mass of Fe/C composites.
3. Results and discussion
3.1. Characterization of FesC-AB and Fe®-BC

The crystalline phases of the samples were examined via X-ray diffraction analysis
(XRD). The diffraction peaks at 44.7°, 65.0°, and 82.3° corresponded to the (110), (200),
and (211) planes of Fe®, respectively ( a). The peaks at 37.6°, 42.9°, 43.8°, 44.6°,
45.0°, 45.9°, 51.8°, 54.4°, and 74.5° corresponded to the (210), (211), (102), (220), (031),
(112), (122), (040), and (400) planes of FesC, respectively ( b). In addition, the
peaks of Fe® were also present. During the carbothermic reduction process, carbon
atoms could diffuse into bulk iron until saturation, which could lead to iron
nanoparticles being gradually encapsulated by HsPO. activated biochar to form FesC at
600°C under N2 atmosphere. Moreover, it is noted that the H3POs activated biochar had
a higher carbon content (69.0%) than untreated biochar (60.2%), which could promote
the crystallization and growth of the graphite shell. Therefore, FesC was formed on the
outer layer of Fe® during the formation of the graphite shell (

). To further analyze the formation of FesC-AB in this study, the XRD patterns of
the untreated and HsPOs activated biochars pyrolyzed at 600 °C without Fe species were
also obtained ( ¢ and S1d). For the untreated biochar, the pyrolyzed crystalline
product was determined to be SiO», while for the HsPOj4 activated biochar, a wide peak
centered at 25.5° suggested the presence of amorphous carbon ( ).
Therefore, it can be inferred that the H3PO4 pre-treatment eliminated SiO2 and promoted

the formation of amorphous carbon because the integration of H3POas towards the
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internal surface of corn straw increased the graphitization of biochar (

), however the graphitization was light.

shows the scanning electron microscopy (SEM) images of the Fe/C
composites. For Fe’-BC, a considerable portion of Fe® particles were uniformly
dispersed and loaded on the surface of the corresponding composites. This phenomenon
was not beneficial for the interaction between Fe nanoparticles and char matrix (

a). In contrast, for FesC-AB, the FesC particles were partially or completely
embedded into the porous char matrix ( b), leading to the coverage of the char
matrix. Furthermore, shows the transmission electron microscope (TEM) images.
For both Fe®-BC and FesC-AB, the iron spheres were wrapped in film-like carbon shells

with a thickness of 4 and 2.3 nm, respectively. The particle size of the Fe® particles in

Fe%-BC ranged from 12 to 88 nm ( a), whereas that for FesC was smaller (18-53
nm) and more evenly distributed ( b). Moreover, the carbon shells of Fe®-BC
appeared amorphous and those of FesC-AB were crystalline ( c and 1d), probably

due to the H3PO4 pre-treatment which promoted the transformation from amorphous
carbon to graphitic carbon. Furthermore, the average distance of the interlayer spacing
in FesC-AB was 0.34 nm, which conformed to the graphite plane (002) (

). The graphitic carbon in FesC-AB was resulted from aromatized and graphitized
organic matter in AB. Meanwhile, Fe(NOz)3 activation could improve the graphitization
degree of AB during the pyrolysis process ( ). In
summary, the biochar was modified by iron nanoparticles, which were in turn covered
by a carbonaceous shell, during the pyrolysis process.

a shows the N adsorption isotherms for BC, AB, Fe®-BC and FesC-AB. BC
presented very low N> adsorption capacity, implying that it was non-porous. The

isotherms of AB and Fe3C-AB belonged to type | pattern, indicating that they were

8
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microporous materials and the microporous ratios were as high as 71.0% and 76.6%,
respectively ( ). The isotherms of Fe®-BC showed a combination of type IV and
| pattern, which suggested the formation of mesopores and micropores (

). The pore size distribution
curve ( b) also indicated that AB and FesC-AB had porous structures with
abundant micropores ( ). AB exhibited higher specific surface area of
553 m?/g and the increased surface area could be attributed to the activation of HsPOs,
which was indicated by the decrease in the average pore size and the increase in
porosity. The abundant pores were beneficial for the entry of Fe(NO3)3z solution and the
reaction of Fe species with the precursor. Thus, the surface area of FesC-AB reduced to
278 m?/g after loading of FesC and the micropore and mesopore volumes were also

reduced, probably because the FesC particles blocked the mesopores and micropores.

To confirm the phase transformation from Fe® to FesC after the activation of HzPOu,
thermogravimetry-mass spectrometry (TG-MS) was conducted and the mass changes of
the precursors and outlet gases for BC, AB, Fe®-BC and FesC-AB were plotted in

4 and Fig. 2. The weight losses of the precursors for BC and AB were only 36.6% and
21.7% at 600°C, respectively, and more kinds of small molecules were escaped during
the pyrolysis process of the precursor for BC than that of AB ( 4). After the Fe
impregnation, the mass of the precursor for Fe®-BC was drastically decreased about
25% up to 300°C because of the evaporation of water molecules (Fig. 2a-b). Meanwhile,
the pyrolysis of labile O containing functional groups of BC in 100-300°C yielded CO
and COz (Fig. 2b). The reduction of Fe,Oz by COto produce FesO4was initiated around

430°C. The next was the reduction of FesOs, which might occur in 450-500°C. The
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thermal decomposition also resulted in a greater mass loss in the temperature 540-600

°C, indicating that FeO was reduced to Fe® ( ).
3Fe,03 + CO — 2Fes04+ CO, (3)
FesOs + CO — 3FeO + CO; (4)
FeO + CO — Fe’+ CO2 (5)

On the opposite, the precursor in FesC-AB presented different phenomenon. No CO
was detected in the thermal decomposition process. The signal intensity for H.O was
very weak which could be explained as more water molecules have been removed in the
HsPOs activation process (Fig. 2d). COz in 120-300°C was produced by the
decomposing of O containing groups in AB. The wide CO; peak at 400-500°C was
assigned to the carbothermal reduction of Fe oxides and the amorphous carbon could
concert Fe;0O3 and FesOa directly to Fe. At last, the partial dissolution of carbon into

Fe® led to the formation of the well-crystallized FesC particles (Egs. 6-8;

):
2Fe,03 + 3C — 4Fe’+ 3CO; (6)
FesOs +2C — 3Fe’ + 2CO, (7)
3Fe® + C — FesC (8)

3.2. Removal kinetics of BPA

a shows the removal kinetics of BPA by FesC-AB. A faster initial removal
was observed in the first 240 min, followed by a slow BPA removal process, which
gradually got to the equilibrium after 480 min. About 50.5% of BPA was removed in the
initial 240 min and 58.2% was removed at equilibrium. Fe3C-AB exhibited higher

removal rate and removal capacity, with an equilibrium removal amount being 2 times

10
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greater than that of Fe%-BC. The pseudo-second order kinetic model best fit the kinetic
data ( ). The removal rate for FesC-AB was 1.08 mg gt min™%, which was 32
times higher than that of Fe%-BC. The XRD diffraction peaks of the used samples at
20 = 44.7° and 35.5° were sharply reduced, indicating the loss of crystalline iron or its
involvement in BPA removal ( b and 3c), but they still kept their states. However,
there was no Fe® on the surface of Fe%-BC after reacting with BPA, as determined by
X-ray photoelectron spectroscopy (XPS), indicated that Fe®-BC was unstable ( a
and S5b). For FesC-AB, the internal Fe® was well protected by the outside FesC and
graphite layer ( c and S5d).
3.3. Effects of experimental parameters on BPA removal
3.3.1. Initial concentration

a and Fig. S6 showed that the removal efficiency of BPA decreased by 46.4%,
54.6%, 80.9%, 84.3%, 56.6% and 60.4% when the initial concentrations increased from
100-350 mg/L on Fe’-BC, FesC-AB, Fe?, FesC, BC and AB, respectively. The marked
reduction for the removal efficiency in Fe® and FesC systems was because the
availability of the sufficient number of ROS was reduced. The existence of carbon
matrix in Fe®-BC and FesC-AB could significantly increase the removal efficiency and
provided extra adsorption sites for BPA as compared to pure Fe® and FesC. AB had
higher removal efficiency than BC because a higher pore volume could lead to a greater
removal capacity for BPA ( ). Thus, it was the AB
supporter made FesC-AB has a higher removal capacity than Fe®-BC. FesC-AB as a
novel Fe/C composite with higher pore volume could be used to effectively remove
high concentrations of organic pollutants from contaminated water.
3.3.2. Initial solution pH

For Fe® and FesC, the highest removal was observed at pH 5.0 and decreased in the
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following order of pH 5.0 > 8.0 > 11.0 (Fig. 4b). It is noted that Fenton-like processes
were favored under acidic conditions, as they could deactivate the iron ions at pH >5.0
( ). Thus, the enhanced removal at the acidic pH was attributed to the
Fenton-like degradation. Fe®-BC and FesC-AB exhibited diverse removal performances
at different initial pH values, indicating that different removal mechanisms were
involved. The optimal pH was observed at pH 8.0, and the removal was lower under
acidic (pH 5.0) or strongly alkaline (pH 11.0) conditions. The point of zero charge
(pHpzc) of Fe®-BC and FesC-AB was determined to be 5.25 and 5.21, respectively.
Given that BPA is electro-positive at pH <9.0, the electrostatic repulsion reduced the
removal at pH 5.0. In contrast, at pH 8.0, the O-containing groups on the Fe/C
composites were fully ionized (-0, —COO"), resulting in electrostatic attraction
interactions and hydrogen bonding ( ). Furthermore, based on the pKa
value of BPA that ranged from 9.6 to 10.2, BPA was electro-negative at pH 11.0 (BPA*~
and HBPA") ( ). The FesC-AB composite was also negatively charged
at pH 11.0, and the electrostatic repulsion was further enhanced, reducing the BPA
removal. However, the decrease in BPA removal was only 24.3%, indicating that
FesC-AB can perform well over a wide pH range.
3.3.3. lonic strength
Inorganic salts, such as NaCl, are widely present in various concentrations in real

wastewater samples. It was reported that the CI"in the groundwater of Yuncheng Basin,
China was 1686 mg/L and tannery industrial waste water contained high up to 80 g/L of
NaCl ( ). The existence of NaCl could either
improve or impair organic contaminant removal ( ).

¢ shows the effect of ionic strength on BPA removal. The presence of NaCl increased

the removal efficiency of BPA on Fe® and FesC. We assumed that "Cl might produce

12
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( ) and consequently enhanced BPA decomposition (Egs. 9-10).
However, Fe/C composites behaved differently in the presence of NaCl. Specifically,
the BPA removal efficiency reduced by 42.4% and 14.6% in the presence of 50 mg/L
NaCl for Fe®-BC and FesC-AB, respectively, likely because of the occupation of the
active adsorption sites of biochars. Nevertheless, although the removal efficiency
decreased with increasing NaCl concentrations, the removal capacity of FesC-AB
remained about 3 times higher than that of Fe®-BC.
‘OH + ClI" — *CIOH" 9)
‘CIOH" +H" — °Cl + H.0 (10)

3.3.4. Different kind of waters

In order to evaluate the BPA removal performance from different kind of waters
using the prepared Fe/C composites, three different water substrates were tested (

). d shows that the BPA removal performance in the tap water and lake water
reduced significantly in FesC, Fe®-BC and FesC-AB systems and the lake water had a
stronger impact than the tap water. These decreases were caused by the competitive
Fenton oxidation of natural organic matter ( ). The inhibitive effect was
negligible for Fe in tap water and a small reduction was happened in lake water due to
the higher content of total organic carbon (5.68 mg/L). However, despite the removal of
BPA which reduced by 35.9% for FesC-AB, its overall removal efficiency was still 3
times higher than that of Fe®-BC.

3.4. Removal mechanisms
3.4.1. Adsorption mechanism

The adsorption mechanism of BPA on the Fe/C composites was studied via XPS
( a-7d), where the wide O1s peaks suggested the presence of different chemical

oxygen states including the organic oxygen atoms of carboxyl, carbonyl, alkoxyl, and
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ether groups, and the inorganic oxygen atoms of iron oxides ( ).
The binding energies of 530.1-530.4, 531.4-531.6, and 532.2-533.4 eV in the Oss
region were attributed to the O—Fe, O=C—OH, and O—C bonds, respectively (

). All peaks shifted significantly after BPA adsorption, indicating
that the O-containing functional groups of the Fe/C composites were involved in BPA
removal. In particular, the adsorption of BPA on Fe®-BC reduced the amount of O-C
groups, indicating their involvement in the removal process as adsorption sites. Unlike
Fe%-BC, the O=C—-OH group was mainly responsible for BPA adsorption on FesC-AB.
Previous studies have reported that the O=C—OH group could form a hydrogen bond
with BPA ( ). Thus, DFT calculations were
performed to confirm the formation of hydrogen bonds. Benzoic acid, whose carboxylic
group is ionized at pH 8.0, was used as a model of the carboxylic group in the Fe/C
composites to interact with the BPA molecule. The results in e-/f display that
BPA was bound to the carboxylic group through a hydrogen bond with interaction
energies of —7.72 and —7.80 kcal/mol. The negative energy values suggested that the
carboxylic group spontaneously interacted with the BPA hydroxyl group via a hydrogen
bond. Consequently, the synergistic functions of the hydrogen bonds and the pore filling
may increase BPA removal capacity with a faster removal rate by FezC-AB as compared
to Fe%-BC.

3.4.2. Reactive oxygen species responsible for degradation

a shows the BPA removal efficiency in the presence of 0.1 M tert butyl
alcohol, 1 mM benzoquinone, and 60 mg/L p-carotene for FesC-AB, was decreased
from 32.7% to 31%, 29.4%, and 20.6%, respectively. Hence, 'O, was identified as the
most important ROS (Fig. 5b), as the BPA degradation efficiency induced by 'O, was

considerably high (37.0%). Moreover, ~52.3% of the BPA removal efficiency for
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FesC-AB was due to the degradation mechanism, which was higher than the total
removal of BPA by Fe®-BC (15.4%). In the Fe%-BC system, ~83.6% of the BPA removal
was caused by degradation.

Electron spin resonance (ESR) measurements were also performed to detect the
ROS species during BPA removal. Based on c-5d, the characteristic peaks of
"OH and "O2" with signal intensity ratios of 1:2:2:1 and 1:1:1:1 were obtained in water
and methanol, respectively. The typical three-line ESR spectra were also obtained (

e), confirming the presence of 'O in the Fe/C systems. All these findings indicated
that the "OH, O, and 'O, species played a significant role in BPA degradation.
Moreover, the signal intensity of "OH was greater in Fe®-BC. However, the signal
intensity of ‘02~ and YO, were higher in the FesC-AB system than in Fe%-BC, indicating
that FesC-AB could enhance "0,  and 'O, generation due to the well-dispersed FesC
nanoparticles in biochar.

Egs. 11-16 illustrate the reactions in Fe%-BC and FesC-AB systems (

). The generation of ROS by
Fe®-BC and FesC-AB was initiated through the oxidation of Fe® by dissolved oxygen to
form H202 (Eq.11) and the decomposition of H>O» could produce ‘OH (Eq.12). The
concentrations of in situ formed H,O, were 97.6 uM and 72.5 uM when Fe®-BC and
FesC-AB reacted with H,O for 24 h, respectively. Further, they were observed to
decrease after BPA addition, indicating the decomposition of H.O, by Fe/C composites
exhibited potential for BPA degradation due to the generation of ‘OH ( ). The
oxidation of Fe?* which derived from the corrosion of Fe® under the anaerobic condition
could also generate “OH (Eq.13). Meanwhile, the surface-adsorbed water could donate
an electron to Fe3* to engender "OH ( ). After purging N2, the removal

efficiency of BPA was decreased ( ), indicating that "O.” was produced via
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electron transfer from Fe?* to Oz (Eq.14), while recombination of the O, species and
the reaction between "0, and "OH afforded 1O, (Egs.15-16) ( ). H3POq4
activation was reported to increase the number of electron transferred per O2> molecule
( ) and the greatest improvement in oxygen reduction reaction activity
was observed for P/Fe ratios of 0.33 (The P/Fe ratio in this paper was 0.30). The
electron transfer processes could also be facilitated by graphitized carbon of FesC-AB to

activate O to generate more ‘O, and ..

Fe + O, + 2H" — Fe?" + H,0, (11)
Fe® + 2H,0, — Fe** + 2'0OH +20H~ (12)
Fe?* + H,02 —Fe® + 'OH + OH~ (13)
Fe?* + 0, — Fe¥ + 0y (14)
‘O, +°02 +2H" - 10, + H20; (15)
"0, +'OH— 10, + OH~ (16)

summarizes the possible mechanisms governing BPA removal by Fe/C
composites. BPA was quickly adsorbed by the abundant pores in FesC-AB, and the
greater pore volume and the formation of hydrogen bonds enhanced the adsorption
capacity of BPA on FesC-AB. In addition, the degradation and adsorption occurred
simultaneously in both Fe/C systems. In Fe®>-BC and FesC-AB, *OH, "0z, and O, were
mainly produced and the generation of 'O, was predominantly favored in FesC-AB. The
graphitized carbon used as the electron donor in FesC-AB could provide more electrons
to O for generating 0,. Thus, the FesC-loaded activated biochar was beneficial to O,
generation.
3.4.3. Degradation pathways
showed the high-performance liquid chromatography with mass

spectra of the reaction products after 50 min, 150 min and 24 h. Additional peak
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corresponding to by-product was detected at 50 min, indicating the degradation of BPA
was happened ( ). In the case of Fe®-BC, most BPA molecules (m/z 227,
retention time (RT): 4.99 min) were not completely adsorbed or degraded at 24 h. Six
main by-products were identified in this system, among which the peak intensity of
product J (propanedioic acid, m/z 103, RT: 1.08 min) was the highest. In the FesC-AB
system, most BPA molecules were adsorbed or degraded into other by-products. In
particular, ten by-products were detected with relatively low peak intensities, implying
that FesC-AB had both strong adsorption and degradation capacities.

The degradation pathways of BPA by Fe/C composites were thus proposed,
consisting of two different routes ( c-7d). In route 1 of Fe®-BC ( c), the two
methylene groups of BPA were cleaved and the demethylated product A was formed
(m/z 199, RT: 1.96 min). Then, isomerization, ring-closing, and oxidation reactions
followed, which afforded intermediate C (m/z 185, RT: 1.58 min). Alternatively, in route
2, BPA was first oxidized to product B (m/z 191, RT: 3.22 min) through a ring-closing
reaction. Afterward, products C and H (m/z 149, RT: 4.35 min) were further oxidized to
benzoic acid (product I, m/z 121, RT: 3.07 min). Propanedioic acid, with the lowest
molecular weight (product J), was the final degradation product of both routes using
Fe%-BC. In contrast, the degradation mediated by the FesC-AB system was more
complex. In route 1, the ring-closing and oxidation reactions of product C led to the
formation of product D (m/z 183, RT: 2.98 min), which was subsequently oxidized to
6-hydroxymethyl-2-naphthol (product E, m/z 173, RT: 0.99 min). In route 2, product B
was oxidized to product F (m/z 165, RT: 1.83 min), then dehydrogenation process
induced the formation of G (m/z 163, RT:. 3.54 min). The loss of methyl group
accounted for the production of H. At last, product | was transformed into butenedioic

acid (J, m/z 115, RT: 4.14 min). The degradation products of D, E, F and G in Fe’-BC
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system were not detected which might be adsorbed on Fe®-BC material.

Further, density functional reactivity theory (DFRT) was used to analyze the ROS
attack site and Fenton reactivity. In the Fukui function, f(r) and f(r) could be used to
indicate the difficulty of a molecule to being attacked by electrophilic reagents and free
radicals, and the larger the value, the more vulnerable a molecule would be attacked by
electrophilic reagents and free radicals ( ). The dual descriptor Af(r)
could also describe the site where the molecule was susceptible to electrophilic attack,
and the more negative the area, the more susceptible to electrophilic attack (

). The ROS were electrophiles, hence, £(r), () and Af(r) were used to predict the
site of BPA being attacked by ROS. The isosurface distribution of £(r), /%(r) and Af{r)
was shown in . The green and blue parts denoted the positive and negative
values, respectively. The positive parts (green) of () and f(r) were vulnerable to free
radicals and electrophilic attacks, and the negative parts (blue) of Af(r) were vulnerable
to electrophilic attacks. According to () and f(r), the attack area of ROS mainly
occurred in the benzene ring, C13 and C15, however, the attack activity of each site by
ROS was different. Furthermore, according to Af{(r), the attack area of ROS was more
biased toward the C3, C6, C9, C12, C13, C15, O1, and O2 regions.

To further understand the reactivity of each atom attacked by ROS, the condensed
Fukui function values (fa~ and fa%) and the condensed dual descriptor (Afa) of each atom
were calculated ( ). ROS would preferentially attack atoms with larger
fa~ and fa° values and more negative Afa values ( ). For the alkyl chain
(C13-C14-C15), C13 and C15 both have the largest fa°and fa~ values ( a b),
and the Afa value was negative ( ¢), hence, ROS would preferentially attack C13
and C15 on the alkyl chain, which corresponded to the products of degradation pathway

1.
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For the benzene ring, C5 and C8 have the largest fa® values ( a ), and
ROS as a free radical will attack the C5 and C8 sites preferentially. Among the benzene
ring and its connecting atoms, O1, C3, C5, and C9 and its central symmetry atoms O2,
C12, C8, and C9 have larger fa~ values, but only Ol, C3, and C6 and its central
symmetry atoms O2, C12, and C9 showed negative Afa values ( ¢), indicating that
ROS as an electrophile will preferentially attack O1, C3, and C6 and their centrally
symmetric atoms. The values of the condensed Fukui functions and condensed dual
descriptors of centrally symmetric atoms were not equal ( ). Notably, ring I had
larger f2° and fa~ values than ring II ( d e). At the same time, ring [ had a
smaller Afa value than ring II. This indicated that the attack of ROS on rings I and Il
was asymmetric, ROS would preferentially attack ring I, which corresponded to the
product of degradation pathway 2.

4. Conclusions

Porous Fe3C-AB was successfully synthesized through a facile route of pyrolyzing
H3PO4 pre-treated biochar with Fe(NO3z)z at 600 °C to efficiently remove BPA from
contaminated aqueous solution. The high removal rate and capacity of FesC-AB for
BPA were mainly attributed to its improved surface area and porous structure compared
to that of Fe®-BC. The excellent performance of FesC-AB was maintained even under
extreme conditions, such as high salinity, different water sources, and a wide pH range
from 5.0 to 11.0. In addition, we confirmed that both adsorption and degradation
mechanisms were involved in BPA removal by Fe/C composites. The development of
hydrogen bonds and the microporous structure of FesC-AB resulted in its high
adsorption capacity. Nevertheless, FesC-AB also exhibited oxidative activity and "OH,
"0, and O, were generated for BPA degradation. Quenching experiments provided

evidence that O, accounted for 37.0% in the removal of BPA by FesC-AB. DFRT
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calculation showed that ROS would preferentially attack ring I, which corresponded to
the product of degradation pathway 2. Given the favorable stability, remarkable
adsorption capacity, oxidative characteristics, excellent reusability, higher PC, and
lower cost of FesC-AB, compared to other materials and Fe/C composites, this novel
FesC-modified biochar with multiple applications could promote the elimination of
other organic contaminants over a wide pH range and increase the resistance towards
NaCl. The mechanisms for the in situ adsorption and oxidation degradation would
provide a theoretical basis for the application of this system without purging O. or
adding extra H»O in the treatment of organic contaminants in water and create
economic values.
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purity water. XRD patterns of (b) Fe®-BC, and (c) FesC-AB after reacting with BPA at

24 h.
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surface of Fe®-BC. The experiment conditions were 50 mg/L initial concentration at pH

8, 25°C from high purity water.
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