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ARTICLE INFO ABSTRACT

Handling Editor: Panos Seferlis It is of vital importance for industrial applications by developing simple, robust, economic, eco-friendly and easy
scale-up methods for fabricating hydrophobic mesoporous activated carbon (MAC) from sustainable raw mate-
rials with high adsorption performance for bulky organic pollutants removal. Herein, a novel one-step facile
approach coupling carbothermal reduction with catalytic activation was firstly established for preparing the
coconut shell-based hydrophobic MAC modified with nanoscale zero-valent iron (NZVI@MAC). The in-situ
synthesized NZVI (merely 0.33 wt%) by carbothermal reduction could not only catalyze the gasification reac-
tion between carbon and CO to fabricate MAC (dggr = 5.17 nm, Sggr = 933.12 m? g’l), but also catalyze the
amorphous carbon to form hydrophobic graphitic layers covering its surface. In striking contrast to the un-
modified activated carbon, the NZVI@MAC surprisingly exhibited a remarkably 8.62-fold higher initial
adsorption rate and a slightly increased adsorption capacity of 327.60 mg g~ ! for bisphenol A (BPA). Intrigu-
ingly, the high mesoporous proportion (70-90%) of NZVI@MAC with the average pore size of 4.1-5.2 nm was
effective in reducing the diffusion resistance for BPA. Such high adsorption performance under neutral conditions
was primarily attributed to the strong hydrophobic interaction, n-t interaction and the weak hydrogen bonding.
Moreover, the NZVI@MAC showed robust anti-interference properties in actual environmental conditions con-
taining various inorganic ions and in a wide pH range (3-10). Therefore, the cost-effective, eco-friendly, sus-
tainable and recyclable hydrophobic NZVI@MAC with stable structure and excellent performance for bulky
organic adsorption is a promising material for practical applications, especially in drinking water purification.

Keywords:

Hydrophobicity

Mesoporous activated carbon
Nanoscale zero-valent iron
One-step synthesis

Bisphenol A

Adsorption mechanism

1. Introduction

Nowadays, the increasing number of emerging pollutants have been
frequently detected in groundwater, surface water, and even household
drinking water (Careghini et al., 2015; Jeirani et al., 2017; Kang et al.,
2006; Padhye et al., 2014). Bisphenol A (BPA, 0.43 x 0.53 x 0.70 nm®)
is an endocrine disruptor and one of the most produced and consumed
chemicals around the world, which negatively affects the health and
reproduction system of organisms at a low concentration of less than 1
pg m~3 (Flint et al., 2012). Adsorption technology, such as using acti-
vated carbon (AC) as adsorbent, is a promising technology to remove

such pollutants in water at a ppm or even ppb level concentration
(Jeirani et al., 2017; Ji et al., 2010). Since the adsorption performance of
an adsorbent is tightly related to the physical structures (e.g., total sur-
face area, match between pore size of adsorbent and structure of
adsorbate) and surface chemical properties (e.g., functional groups,
heteroatoms and compounds), a hydrophobic adsorbent with high
mesoporous proportion is able to efficiently remove bulky organic pol-
lutants because most of them are hydrophobic.

As a new generation of carbonaceous adsorbents, ordered meso-
porous carbon (OMC) replicated by a hard-/soft-templating way has
been developed with a uniform and tunable mesoporous structure (2-50
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nm), a large surface area and a high pore volume. A magnetic OMC with
a dual-size mesoporous structure (2.8-2.9 and 3.5-4.1 nm) and large
specific surface areas (975-1321 m? g~!) showed an excellent adsorp-
tion capacity for bulky dyes, such as methylthionine chloride, methyl
orange, rhodamine and Congo red (Dong et al., 2012). The adsorption
amount was suggested to depend on the total surface area and the match
of structure and size between adsorbent and adsorbate. The introduction
of nitrogen-containing functional groups covering the surface of OMC
could significantly increase its hydrophobicity, which significantly
improved the removal efficiency of ciprofloxacin compared with OMC
(Peng et al., 2015). Despite the OMC being regarded as an appropriate
material for the adsorption of bulky adsorbates, its preparation requires
to use a large number of chemical reagents, and its technology is rela-
tively sophisticated at a high cost up to 339.50 $ kg_1 (Lian et al., 2020).
The practical application of hydrophobic mesoporous materials mainly
depends on not only its high adsorption capacity and efficiency but also
its simple, stable, cost-effective and green synthesis process.

Coconut shell is an ideal natural waste material for AC production
due to its low ash content, high mechanical strength and special texture.
It has been reported that chemical and catalytic activation can be used to
prepare mesoporous AC (MAC) compared with physical activation. In
the chemical activation method, chemical reagents, such as H3PO4
(Hadoun et al., 2013), HySO4 (Rahman et al., 2019), ZnCly (Hu and
Srinivasan, 2001), NaOH and KOH (Liew et al., 2018), are commonly
used to produce MAC. However, these reagents are highly corrosive to
equipment and hazardous causing severe environmental pollution, and
the hazardous chemical residues in the as-prepared materials are also
difficult to be completely removed, which greatly limits the practical
applications in environmental treatment. For the catalytic activation
method, transition metals (e.g., Fe, Co, Ni) (Hong et al., 2000) and
alkaline/alkaline earth metals (e.g, Li, Na, K, Ca, Sr, Ba) (Suzuki et al.,
1994) are often selectively used to catalyze the gasification reaction of
carbon with H20 or COs. The catalytic process is under a relatively mild
condition in comparison with the chemical activation, although some
metal residues can be left in the MAC.

Among these metals, nanoscale zero-valent iron (NZVI) with high
specific surface area, non-toxicity, and strong reducibility (Eg = —0.44
V) is highly effective to remove and degrade a variety of environmental
pollutants, such as organic compounds containing nitro or halogen
functional groups (Oh et al., 2017), dyes (He et al., 2012), inorganic
heavy metals (Dai et al., 2016) and phosphate (Zhou et al., 2014), ni-
trates (Wang et al., 2021). Liu et al. (1999) synthesized the pitch-based
MAC using HoO activation with the aid of ferrocene. Qiao et al. (2005)
converted AC into MAC through CO, gasification by impregnating AC
with iron nitrate. Subsequently, the obtained MAC could be modified
with hydrophobic substances, such as docosahexaenoic acid (Kaur et al.,
2019), docosahexaenoic acid (Lei et al., 2013), Polydimethylsiloxane (Li
et al., 2020). However, these preparation approaches were normally
complex and costly, and required high energy and time consumption
due to the multiple steps.

Herein, for the first time, we proposed a novel one-step approach by
coupling carbothermal reduction with catalytic activation to prepare the
ultralow NZVI modified hydrophobic MAC (NZVI@MAC) using the
renewable agricultural waste of coconut shell as raw materials. Impor-
tantly, the fabrication process was simple, robust, eco-friendly and low
cost with low energy- and time-consumption, which was suitable for
mass production. The in-situ synthesized NZVI was highly dispersed and
embedded on the surface of MAC (dggr = 5.17 nm, Sggr = 933.12 mg
g™, resulting in a gradient pore structure with a strong hydrophobic
property. Relative to the unmodified conventional AC, the NZVI@MAC
exhibited a remarkable 8.62-fold increase in the initial adsorption rate
with a slightly higher adsorption capacity of 327.60 mg g~* for BPA.
Furthermore, the synthesis condition of NZVI@MAC was optimized, and
the underlying relationships and mechanisms behind the interaction of
pore structure, chemical property of NZVI@MAC with adsorption per-
formance were comprehensively investigated. Its anti-interference
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properties in actual environmental conditions containing various
interfering ions and in a wide pH range was conducted. Finally, the
reaction mechanism was investigated, and the safety and regenerability
of NZVI@MAC were also assessed. This work was useful to design
similar carbon materials for adsorption.

2. Materials and methods
2.1. Materials and reagents

The commercial carbonized coconut shell, purchased from Jiangsu
Youhuada Environmental Protection Material Technology Co., LTD, was
ground and sieved to collect the particles in the size of 40-60 meshes.
The sample was dried after washing with deionized water. BPA (purity
>99%) and triclosan (purity = 97%) were purchased from Aladdin
(Shanghai, China), the other reagents were purchased from Sinopharm
Chemical Reagent Co., LTD. The deionized water was used for all
experiments.

2.2. Synthesis procedures

A certain amount of Fe(NO3)3-9H,O based on Fe*' to carbonized
materials (0.1-1.0 wt%) was dissolved in the water/ethanol mixture
(0.25-4: 1, v: v). Subsequently, 10 g of carbonized coconut shell was
added to the ferric solution, followed by stirring for 24 h at 400 r min !
before filtering and drying. Eventually, the Fe**-doped carbonized
materials were transferred into a stainless-steel tube for activation by
heating at 6 °C min~! under Ny atmosphere (0.4 L min’l). Once the
temperature was up to the setpoint (750-850 °C), the atmosphere was
rapidly shifted from Ny to COy or H,O maintained for a certain time
(60-100 min). The activation device was cooled down to room tem-
perature under the N, protection before collecting the synthesized
NZVI@MAC. NZVI was synthesized by liquid phase reduction (Text S1).

2.3. Characterization

The iron phase and the crystalline structure of the samples were
analyzed by X-ray diffraction (XRD, X'Pert Pro, Netherlands) with a
Rigaku D/MAXYA diffractometer and Cu-Ka radiation. The thermal
weight variation of the raw materials was estimated by thermal gravi-
metric analysis (TG/DTG, Netzsch TG 209 F3, Germany) from 40 to
900 °C under N, and CO, atmosphere at 10 °C min~. The morphology
was examined by scanning electron microscopy (SEM, Hitachi S-4800,
Japan) and transmission electron microscope (TEM, JEOL JEM2100,
Japan). The elemental distribution was performed by an energy
dispersive spectrometer (EDS) coupled in SEM. The pore structure was
measured by the Ny adsorption-desorption isotherm at 77K (TriStar II
3020 and AutoChem II 2920, USA), and calculated by Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods.
Raman spectra was collected by a Laser Raman spectrometer (Raman,
LabRAM Aramis, France). The surface function groups were identified
by the Fourier transform-infrared spectroscopy (FTIR, Nicolet iS10,
USA). The point of zero charge was conducted by zeta potential analyzer
(Zeta, Zeta PALS, UK), and the pretreatment method of sample was
described in Text S2. The concentration of Fe was determined by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 7700).

2.4. Batch experiments

To acquire the adsorption capacity, the solution with higher BPA
concentrations than that of actual tap water were used in this study. In a
typical adsorption process, the adsorbent (0.2 g L™1) and BPA (60 mg
L) were added into a 250-mL amber flask. The mixture was shaken at
298.15 K, 160 r min~ . For the kinetics studies, the supernatant was
withdrawn and filtered through a 0.22 pm PTFE membrane at a certain
time interval. For the isotherm studies, the adsorbent (0.2 g L) and
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BPA (50-120 mg L) were mixed at a controlled temperature between
298.15 and 318.15 K. The residual concentration of BPA was detected
using a UV spectrophotometer (UV-1100, MAPADA, China) at 276 nm.
All experiments were conducted in duplicate or triplicate. The infor-
mation of all equations and models was detailed in Text S3.

2.5. Desorption and regeneration

To evaluate the regeneration performance of the saturated NZVI@-
MAC, BPA desorption was tested with the aqueous solution at different
pH and the organic solvents. Generally, 20 mg of the saturated
NZVI@MAC was soaked into 100 mL of elution solution and shaken for
24 h at 160 r min~ . Next, the NZVI@MAC was filtered and washed by
deionized water, then dried for the following adsorption-desorption
cycles.

3. Results and discussion
3.1. Preparation of hydrophobic NZVI@QMAC

Carbothermal reduction and catalytic activation as a novel one-step
approach was established to fabricate the hydrophobic NZVI@MAC. The
carbonized coconut shell was selected as the raw materials, which was
difficult to interfere with the fabrication process because most of volatile
substances in the coconut shell had already been removed during the
initial carbonization process. Using the water/ethanol mixture as
dispersant, the impregnated Fe3* was uniformly loaded on the surface of
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carbonized materials. The in-situ synthesized NZVI by carbothermal
reduction (Egs. (1)-(3)) (Jiang et al., 2019; Shen, 2015) could catalyze
the gasification reaction between CO, and carbon (Eq. (4)) to fabricate
the MAC, and the amorphous carbon to form hydrophobic graphitic
layer covering its surface. The one-step synthesized hydrophobic
NZVI@MAC by a convenient, cost-effective, eco-friendly and easy
scale-up procedure could significantly improve the adsorption capa-
bility for BPA, and easily be separated and reused.

Fe(NO3)3-9H,0 — 2Fe,03 + 12NO,1 + 30,1 + 9H,01 €h)

6Fe,03 + C — 4Fe304 4+ CO,t (@3]

2Fe304 + C — 6Fe” 4 CO,t (3)
Fe?

CO, + C = 2COt @]

The details of the optimization process of the NZVI@MAC were
systematically studied. XRD patterns in Fig. 1a illustrated that the for-
mation of Fe’ was achieved in the Ny and CO, atmospheres. The
diffraction peaks at 44.7° matched with the (110) facet of Fe’ (JCPDS
No. 06-0696). However, in the HyO atmosphere, the peak at 35.5° was
attributed to the (311) facet of Fe3O4 (JCPDS No. 19-0629). These
phenomena indicated that the presence of COy did not affect the for-
mation of Fe’.

The pore structure of the synthesized samples (Table 1) showed that
both CO, and HyO were effective activator in the preparation of plain
microporous ACs (commercial AC as control). After Fe>* impregnation,

Fig. 1. Characterization of NZVI@MAC and refer-
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Table 1

The yield and pore structure characterization of the as-synthesized adsorbents.
Sample * Yield (%) Sper (m* g™") Viotal (cm® g71) Smeso (M g1 Vimeso (em® g™1) Vimeso/ Viotal (%) dggr (nm) dpyu (nm)
Carbonized coconut shell - 251.80 0.10 17.16 0.01 6.82 1.53 1.93
Commercial AC - 964.49 0.41 147.89 0.06 15.33 1.70 2.50
AC-0-850-H,0-80-0.3 43.27 1328.66 0.62 394.27 0.18 29.68 1.85 2.93
AC-0-850-C0O,-80-0.4 62.98 947.72 0.41 164.88 0.07 17.40 1.73 2.84
AC-0.5-850-N,-80-0.4 85.41 94.24 0.06 55.41 0.03 58.80 2.34 2.59
AC-0.5-850-H,0-80-0.3 39.94 1181.76 0.56 343.02 0.16 29.03 1.89 3.32
AC-0.5-850-C0O»-80-0.4 24.94 721.76 0.82 559.96 0.64 77.58 4.55 9.70

@ AC-a-b-c-d-e represents AC synthesized with (a) the dosage of impregnated Fe3*(wt%), (b) activation temperature (°C), (c) activator, (d) activation time (min), and

(e) flow rate of activator (L min™?).

the synthesis in the CO5 atmosphere resulted in a significant increase in
the average pore size from 1.73 to 4.55 nm with the mesoporous pro-
portion increased from 17.40 to 77.58%. Meanwhile, the total pore
volume was almost doubled to 0.82 cm® g~*. This result revealed that
CO; had a remarkable effect on the pore expansion in the presence of
Fe®. By comparison, the pore structure deteriorated in the N, atmo-
sphere and the pore expansion almost could not be triggered in the HoO
atmosphere. These suggested that the Fe® played an important role in
the pore expansion.

The thermogravimetric curves of the carbonized coconut shell
impregnated with and without Fe>* were shown in Fig. 1b. The weight
loss of raw material was mainly related to the evaporation of water and
the gradually escaped volatile (<500 °C). The accelerated thermal
decomposition rate at high temperature (>700 °C) indicated the reac-
tion rate between CO, with carbon increased. For the Fe®" impregnated
sample (10%), the main mass loss at 100-500 °C was attributed to the
dehydrogenation of amorphous Fe species (e.g., Fe(OH)3 and FeO(OH))
to Fey03, and followed by the reduction to Fe3O4 (or less FeO) by
reducing components (e.g., amorphous carbon, Hy and CO produced in
the pyrolysis process) (Hoch et al., 2008; Jiang et al., 2019; Magalhaes

Element  Weight%

et al., 2009). Then the Fe® reduced at a higher temperature would
catalyze the gasification reaction, resulting in a significant weight loss
(>700 °C). Hence, the Fe® could lower the activation energy and shorten
the gasification reaction time in the temperature range of 750-850 °C.

The synthesis conditions (dosages of impregnated Fe>*, dispersants,
activation temperatures, retention time, and flow rates of CO,) of the
NZVI@MAGs were further optimized. XRD showed that Fe® synthesized
in this study was dominant in Fe species, and its intensity increased
gradually with the dosage of impregnated Fe3* (Fig. 1¢). The signals of
Fe® could be detected except for 750 °C (Fig. S1a), which may be related
to the higher yield of as-synthesized material (the concentration of Fe’
was below the detection limit) because the intensified signal of Fe® could
be discovered when the temperature was up to 600 °C (Jiang et al.,
2019). The porosities (micro- and meso-porous) of the samples could be
well tuned shown in Table S1. Given the production cost, the optimal
synthesis condition including 0.25 wt% of impregnated Fe®* with 4: 1 of
Vu20: Vethanol @s dispersant. The reaction was activated at 850 °C for 80
min under the CO, atmosphere (0.4 L min~1). The obtained sample,
named as NZVI@MAC, offered 82.41% mesoporous (Dggr = 5.17 nm)
with a high specific surface area of 933.12 m? g ! and total pore volume

Fig. 2. SEM and TEM views of as-synthesized materials. SEM images of (a) raw carbonized coconut shell, (b) AC, and (c) NZVI@MAC. (d-g) EDS spectra and element

mapping and (h, i) TEM images of NZVI@MAC.
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of 1.21 m® g7, which was used for the following adsorption experi-
ments. The control sample without Fe® was named as AC.

3.2. Characterizations of NZVI@QMAC

The structure, morphology, composition and property of NZVI@-
MAC was investigated. The NZVI@MAC exhibited a representative
pattern of IV type adsorption-desorption with a hysteresis loop revealing
the existence of mesoporous (Fig. 1d). It possessed a wide range of pore
size distribution with abundant micropore and mesoporous in sharp
contrast to AC (Fig. le). The micro-characteristics of samples were
illustrated in Fig. 2. Some macropores were observed on the carbonized
material by SEM (Fig. 2a). After activation, its relatively smooth surface
was transformed into porous structures, especially for NZVI@MAC
(Fig. 2b and c). The characteristic of gradient pore (macro-, meso- and
micro-pore) of the NZVI@MAC could be identified, which was quite
beneficial for the adsorption of pollutants with different sizes. Element
mapping confirmed that the elements of C, O and Fe were dispersed
uniformly (Fig. 2e—g). The in-situ synthesized NZVI (merely 0.33 wt%)
(Fig. 2d) exhibited a strikingly positive effect on pore formation and
expansion. The spherical NZVI particles with an approximate size range
of 20-50 nm were firmly embedded and encapsulated in the carbon
carrier (Fig. 2h and i). These phenomena demonstrated that the Fe3+,
underwent the process of carbothermal reduction coupled with catalytic
activation, had nucleated successfully and grown into NZVI particles
and dispersed uniformly in MAC frameworks (Wu et al., 2019), which
showed a striking contrast to the chain-like NZVI particles formed by
liquid phase reduction on AC surfaces (Liu et al., 2019). The lattice
fringe spacing (approximate 0.32 nm) around the NZVI was identified to
the (002) lattice plane of graphite carbon, which implied that the NZVI
might also catalyze the amorphous carbon to form hydrophobic
graphitic layers covering its surface. By contrast, no similar structure in
AC could be found. These consequents could also be proven by the water
contact angle measurements (Fig. 3b). The hydrophobic NZVI@MAC
particles became more hydrophilic after grinding because the surface
structure was destroyed. This graphitic structure on the surface of
NZVI@MAC significantly enhanced its hydrophobicity, and increased
the affinity for efficiently removing organic pollutants.

Raman spectroscopy was used to characterize the degree of lattice
defect (Fig. 1f). The Ip/Ig value of the NZVI@MAC (1.18) was higher
than that of AC (1.03), indicating that the doping of NZVI increased the
defective degree of material in associated with the formation of the
mesoporous morphology. The forming process, structure of NZVI@MAC
was shown in Fig. 3a.

Ground

Fig. 3. (a) Schematic illustration of NZVI@MAC. (b) Water contact angles of
NZVI@MAC and AC.
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3.3. BPA adsorption performance

3.3.1. Effects of material synthesis conditions

The effects of material synthesis conditions on BPA adsorption were
investigated (Fig. S2). The NZVI@MAC prepared with 0.25 wt% Fe>*
exhibited excellent adsorption capacity and efficiency for BPA compared
with the AC, which demonstrated that the modification of AC with an
appropriate dosage of Fe>* could promote its adsorption performance.
The NZVI@MAC prepared using water/alcohol solution (v: v = 4: 1) as
dispersant also exhibited a higher adsorption performance. This mixture
containing 90% ethanol was employed to disperse the NZVI particles
synthesized by liquid phase reduction (Wang et al., 2009). But in this
study, the increased ethanol proportion caused the decline in the specific
surface area of adsorbents as well as their adsorption capacity for BPA,
which demonstrated that excessive ethanol was related to the poor
dispersion of NZVI. In addition, a larger specific surface area of
NZVI@MAC was achieved at 850 °C for 100 min or with 0.6 L min~! of
CO., which resulted in the great adsorption capacity of BPA.

3.3.2. Adsorption kinetics, isotherms and thermodynamics

Kinetics models (Pseudo-first-order, Pseudo-second-order and Elo-
vich model) were exploited to analyze the adsorption data (Fig. 4a,
Table S2). The higher correlation coefficients (R2) and the closer values
of ¢& to ge*® indicated that the Pseudo-second-order models were more
suitable for the experimental data of BPA adsorption on NZVI@MAGC (R?
= 0.9930). However, the adsorption on AC followed the Elovich model
(R? = 0.9708). The initial adsorption rate (h) of BPA on the NZVI@MAC
was nearly 8.62 times faster than that on AC. Liquid film diffusion and
Intra-particle diffusion models were used to investigate the rate-limiting
step (Fig. 4b and c, Table S3). The results showed that the liquid film
diffusion was the main rate-controlling step for the BPA adsorption on
AC (R? = 0.9903). The Intra-particle diffusion could be divided into two
stages with R? of 0.9489-0.9937. Both of the fitted trendlines did not
pass through the origin, demonstrating that the adsorption rates were
affected not only by the inner diffusion but also by other processes. In
the first stage, the exterior diffusion from the solution to the adsorbent
surface might be the main speed limiting step, where the BPA adsorption
onto NZVI@MAC owned significantly higher rate constant (91.29 mg
g1 h™%%) than that onto AC (27.16 mg g~! h™%%). In the second part,
Intra-particle diffusion became the main influence factor.

The forms of BPA adsorption at different temperatures were further
analyzed using isotherm models (Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich model, Fig. 4d-f, Table S4). By contrast, the
Langmuir model showed higher R? (>0.9872) on NZVI@MAC and AC,
suggesting that homogeneous monolayer adsorption might primarily
occur on the surface. The lower values of R; (<1) meant that the
adsorption processes of BPA were favorable, and the higher values of K},
(0.11-0.13) manifested that the adsorption energies on NZVI@MAC
were much higher than that on AC (Meena et al., 2005). However,
relatively high R? (>0.9807) of Freundlich models for AC indicated that
the energy distribution on the real solid surfaces was not quite uniform.
The high values of 1/n (<1) also suggested that the degree of surface
heterogeneity of plain AC was much higher than that of NZVI@MAC,
and the adsorption was favorable and associated with a physical process
(Vimonses et al., 2009). The modification of NZVI on AC changed the
adsorption behavior of BPA. Furthermore, the adsorption data were also
fitted well with Temkin models (R2 > 0.9842), revealing that the BPA
adsorption on both adsorbents was exothermic (by > 1) based on the
assumption of this model. The above consequents showed that BPA
adsorption on both adsorbents might be dominated as a chemical and
physical adsorption process. The fitted adsorption capacities (g,,) of BPA
on NZVI@MAC and AC were 327.60 and 322.66 mg g™, respectively,
demonstrating that the NZVI@MAC could slightly increase the adsorp-
tion of BPA even the pore expansion and occupation of NZVI particles
reduced its specific surface area. Compared with other mesoporous
materials (Table 2), the maximum adsorption capacity of NZVI@MAC
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Table 2
Summary of various adsorbents for BPA removal.
Adsorbents modification Isotherm qm (mg References
method models g’l)
AC H3PO,4 L 220 (Hernandez-Abreu
et al., 2021)
Powers AC Chitosan- L 64.6 Zhou et al. (2020)
polyvinyl
alcohol
Powers AC L 290 Libbrecht Wannes
(2015)
OMC Hard L 474 Libbrecht Wannes
templated (2015)
OMC Soft templated L 154 Libbrecht Wannes
(2015)
OMC Hard L 296 Sui et al. (2011)
templated
Fe/OMC Nano iron F 311 Tang et al. (2016)
Mesoporous HF L 103.32 Wan et al. (2021)
carbonized
material
NZVI@MAC NZVI L 327.60 This study

was among the highest values of mesoporous carbon materials. Besides,
the hydrophobic NZVI@MAC synthesized by a simple, cost-effective,
sustainable, eco-friendly process showed promising potential for mass

production and practical applications especially in drinking water
purification.

From the isotherm models (Table S5), the thermodynamic parame-
ters of negative values of AG (—20-0 kJ mol’l), AH and AS disclosed that
the BPA adsorption was a spontaneous, exothermic physical adsorption
process, and the adsorption system tended to be stable (Vimonses et al.,
2009). The value of |AG| of each adsorbent was decreased with the
increased temperature, consisted with the decrease of the adsorption
capacity at high temperatures. Under the same temperature, the value of
|AG| of NZVI@MAC was always larger than that of AC demonstrating
that NZVI@MAC was more favorable for BPA adsorption.

3.3.3. Relationships between adsorption performance and pore structure
The relationships between the adsorption performance of BPA and
the pore structure of adsorbents were analyzed statistically (Fig. 5a—d).
The adsorption capacities and initial adsorption rates were positively
correlated with the total specific surface area (Pearson’s r = 0.9367) as
well as the mesoporous specific surface area (Pearson’s r = 0.9152).
However, the further analyses illustrated that the initial adsorption rates
were slow when the average pore size was less than 4.0 nm or the
mesoporous proportion was lower than 70%. That was, the effective
active sites for BPA adsorption on the inner surface of MAC were
increased while the pore size was large enough to accommodate BPA,
then BPA with lower diffusion resistance could quickly arrive at the
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active sites. Therefore, the adsorption efficiency and capacity of BPA
could be enhanced by appropriately increased mesoporous proportion
(70-90%) with enlarged average pore size (4.1-5.2 nm). In addition,
further investigations were employed to illuminate the interaction
mechanisms between BPA and NZVI@MAC.
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3.4. Effects of external environmental factors

The effects of initial pH and coexisting ions on BPA adsorption by
NZVI@MAC and AC were explored respectively (Fig. 6a—c). The point of
zero charge of both adsorbents was similar (at pH ~ 2.3), and their

b
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Fig. 6. Effects of environmental conditions and NZVI on BPA adsorption. (a) Zeta potential analysis of NZVI@MAC and AC. Comparison of the effects of (b) initial pH
and (c) coexisting ions (0.1 M) on the BPA adsorption performances of NZVI@MAC and AC. The insert of (b) is the pKa of BPA. (d) BPA removal efficiency of different
adsorbents. Pickling conditions: impregnated with 10% boiling HCI for 2 h, followed by a rinsing process with water until the pH of supernatant become neutral.
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variation trends of zeta potential were the same (Fig. 6a). These results
suggested that the modification of small amount of NZVI (0.33%) would
hardly influence the zeta potential of NZVI@MAC. When the pH of so-
lution was higher than 2.3, the surface charge of both adsorbents was
negative. For BPA (pKa = 9.6/10.2) (Toledo et al., 2005), when the pH is
higher than 8.0, the increased electrostatic repulsion between the
negatively charged adsorbent and anionic species (HBPA~ and BPA2")
causes a prominent decline in the BPA adsorption. However, both ad-
sorbents could maintain high adsorption performance in a wide pH
range of 3-10 (Fig. 6b). The interference of coexisting inorganic ions
(S02~, NO3, HPOZ~, Na*t, K*, Ca?" and Mg®") on BPA adsorption was
also investigated (Fig. 6¢). The removal rates of BPA on both materials
were hardly affected by coexisting ions and in tap water. These results
unclosed the excellent anti-interference performance of NZVI@MAC and
AC.

4. Adsorption mechanism verification

To investigate the effect of NZVI on BPA adsorption, different ad-
sorbents were prepared and compared (Fig. 6d). NZVI, with a higher
adding amount than the content of NZVI in NZVI@MAC, showed a
negligible adsorption capacity on BPA. Furthermore, the comparison of
NZVI@MAC and MAC (NZVI was completely removed by HCl and
confirmed by EDS mapping in Fig. S3) was further conducted to directly
investigate the role of NZVI in the efficiency of BPA adsorption. The
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impact of pickling on carbon skeleton could be ignored because the
adsorption performance of AC and HCl-treated AC was almost the same.
The normalized adsorption capacities (adsorption capacity divided by
specific surface area, qy) of NZVI@MAC and MAC were similar at 0.21
mg m~2, indicating that the NZVI showed neither positive nor negative
effect on the BPA adsorption process. However, the gy of NZVI@MAC
was higher than that of AC (0.15 mg m~2) and the initial adsorption rate
of former was 8.67-fold higher. Thus, it should be specifically empha-
sized that, although the interaction between NZVI and BPA could be
ignored, the greatly improved adsorption rate and capability were
mainly attributed to the role of NZVI in constructing the rich meso-
porous structure and hydrophobic property.

Generally, n-n interaction, hydrophobic effect, electrostatic interac-
tion and hydrogen bonding are the main interactions between carbo-
naceous materials and aromatic compounds. Among them, =n-n
interaction commonly plays a leading role. The strong adsorption af-
finity is based on the n-donor with n-electron-rich regions on sp? hy-
bridized carbon and the n-acceptor with n-electron-depleted property of
BPA (Sun et al., 2020). The higher the graphitization degree of the
carbonaceous materials is, the stronger the driving force for BPA
adsorption via 7-n interaction becomes. Our results confirmed that the
adsorption capacity of BPA on NZVI@MAC with more graphitic defects
was higher than that of on AC. The adsorption capacities on NZVI@-
MAGCs presented a positive correlation (Pearson’s r = 0.8862) to the
degree of graphitic defects represented by the Ip/Ig value (Fig. 7a).

200

Pearson's=-0.9877

Fig. 7. (a) Correlations between the Ip/Ig values of
adsorbents and their adsorption capacities for BPA,
and more detailed information of the adsorbents can
be seen in Table S1. (b) Correlations between the
ethanol proportion in solution and the adsorption
capacities of BPA on NZVI@MAC and AC. (c) FTIR
spectra of pristine and saturated NZVI@MAC and AC.
(d) The concentration of leached Fe from NZVI@MAC
in water. (e) Effects of organic solvents on BPA
desorption from the saturated NZVI@MAC. (f)
Regeneration performance of NZVI@MAC.
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These phenomena revealed that n-n interaction between BPA and
NZVI@MAC was not the dominant mechanism.

Hydrophobic interaction is of great importance for the adsorption of
hydrophobic pollutants (logKow of BPA = 3.32) (Lei et al., 2013).
Ethanol could weaken the interaction between carbonaceous materials
and organic adsorbents (Lambrecht et al., 2016), therefore BPA
adsorption in a different volume ratio of ethanol/water solution was
investigated. The adsorption capacity of BPA on NZVI@MAC and AC
manifested negative linear relationships (Pearson’s r > 0.98) with the
ethanol proportion increased from 0 to 40% (Fig. 7b), and the absolute
value of slope on NZVI@MAC was larger than that of on AC, indicating
that the hydrophobicity of NZVI@MAC was greater. For a more hy-
drophobic organic pollutant, triclosan (logK,y = 4.76, 0.69 x 0.75 x
1.42 nm3), its adsorption on NZVI@MAC and AC displayed similar
trends with higher removal performance with respect to BPA (Fig. S4).
This observation confirmed that the BPA adsorption on NZVI@MAC was
driven robustly by hydrophobic interaction and the NZVI@MAC was a
broad-spectrum adsorbent for effective removal of bulky hydrophobic
organic pollutants. Hydrophobic interaction can not only affect the
adsorption of hydrophobic pollutants in a longer range but also lead to
the initial stage of adsorption (Xie et al., 2020). Additionally, this
interaction is less likely to be affected by the interference of the
co-existing salt (Stock et al., 2015).

Electrostatic interaction between neutral BPA and adsorbent could
be neglected at pH below 8.0. Hydrogen bonds are likely to form be-
tween the hydrogen atoms in the hydroxyl group of BPA and the highly
electronegative atoms (e.g., N, O, and F) on the surface of the adsorbent.
FTIR was used to characterize the surface functional groups of the
pristine and saturated samples (Fig. 7c). The bands in the range of
3100-3700 cm ™! (~OH), 1400-1700 cm™" (C=C) and 900-1300 cm ™!
(C-0) (Arampatzidou and Deliyanni, 2016) were all characteristic bands
of the carbonaceous materials. The new peaks at 823 cm™* and 674
cm™! on the saturated adsorbents was associated with the BPA adsorp-
tion. Besides, the shift of the C-O stretching band might correspond to
the formation of hydrogen bonds, while the slight shift of the C=C
stretching vibration band might be related to the n-n interactions.
However, the disappearance of the peaks near 3400 cm ™ signified that
the hydrogen bonds had not formed after the BPA adsorption. The
original -OH groups might be contributed from the chemisorbed water
in the air.
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Furthermore, the interface interactions between the adsorbate and
adsorbent can be easily affected by solution pH. The increase of solution
pH (>8.0) could weaken the hydrogen bonding because the ionized BPA
could not provide the proton on the hydroxyl to form hydrogen bonds. It
can also enhance the electrostatic repulsion between the negatively
charged adsorbents and the anionic BPA. Meanwhile, hydrophobic
interaction could also be decreased due to the increased hydrophilicity
of the ionized BPA. Finally, the increase of pH could increase the n-n
interaction by promoting n-electron-donor ability of the sp? hybridized
carbon of the adsorbent (Pan and Xing, 2008; Zhang et al., 2010). The
slight decline of the removal rate of BPA on both adsorbents in the pH
range of 3.0-10.0 (Fig. 6b) indicated that hydrogen bonding might play
a minor role. However, the sharply decreased removal rate in the pH
range of 10.0-12.0 implied that the increased n-n interaction could not
counteract the increased electrostatic repulsion, the decreased hydro-
phobic interaction and hydrogen bonding. In contrast, the smaller gap of
the removal rate (pH = 3-12) on AC signified that the stronger n-nt
interaction could neutralize more negative interaction. In short, for
ionizable BPA, its adsorption mechanisms could be affected by envi-
ronment conditions. Under neutral conditions, the high adsorption
performance of BPA on NZVI@MAC was primarily attributed to the
strong hydrophobic interaction, n-n interaction and weak hydrogen
bonding (Fig. 8).

The concentrations of leaching Fe from NZVI@MAC were detected
(Fig. 7d). The maximum concentration of leaching Fe was only 2.11 pg
L' in water for 120 h and accounted for merely 0.32% of the theoretical
value of Fe in NZVI@MAC, indicating that the structure of NZVI@MAC
was extremely stable and safe for drinking water purification. In sharp
contrast to the effect of pH on BPA desorption (21.39% at pH = 12.0,
Fig. S5), the organic solvents performed excellent elution effects
(Fig. 7e). The desorption rate in the methanol/acetic acid mixture was
higher than in methanol as more hydrogen bonds were ruptured (Xu
et al., 2011). Ethanol was reported to have a high desorption efficiency
for BPA bounded by hydrophobic interaction (Shao et al., 2021). But in
this work, only 62.75% of BPA was desorbed, suggesting that multiple
interactions might be involved in the adsorption. The diethyl ether/-
methanol mixture (v: v = 9: 1) displayed the best desorption rate of
99.34%, proving that the mixture could facilitate breaking the multiple
interactions between BPA and NZVI@MAC. After eluting with the
diethyl ether/methanol mixture, the adsorption capacity of BPA on
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O HO
i Hydrogen |
bonding

Hydrophobic

i interaction
no—

Fig. 8. Proposed mechanism of BPA adsorption on NZVI@MAC.
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NZVI@MAC gradually decreased, but it still kept 83.54% of original
value after 5 cycles. In addition, the decrement rate of adsorption ca-
pacity tended to be stable after 7 cycles, and the removal rate decreased
by 34.52% after 10 cycles, remaining at about 65% of the original
adsorption capacity (Fig. 7f). The results suggested that the NZVI@MAC
was a structural stable, safe, well regenerative and economic adsorbent.

5. Conclusions

In this study, a novel one-step approach by coupling carbothermal
reduction with catalytic activation was firstly proposed to facilely pre-
pare the hydrophobic NZVI@MAC using sustainable carbonized coconut
shell impregnated with Fe>" as precursor and CO, as activator. The in-
situ synthesized NZVI (merely 0.33 wt%) by carbothermal reduction
could catalyze the gasification reaction between carbon and CO; to
fabricate the MAC, the dispersive NZVI but also catalyze the amorphous
carbon to form hydrophobic graphitic layers on its surface. The
NZVI@MAC possessed not only a high mesoporous proportion (82.41%)
with a gradient pore structure (Dggr = 5.17 nm), but also a large specific
surface area (933.12 m? g_l) and total pore volume (1.21 m> g_l).
Further researches disclosed that the hydrophobic NZVI@MAC
dramatically improved the initial adsorption rate by 8.62-fold with a
slightly increased adsorption capacity of 327.60 mg g~ for BPA with
respect to the unmodified AC. The pore size (4.1-5.2 nm) of NZVI@MAC
with high mesoporous proportion (70-90%) facilitated the rapid
adsorption of BPA with lower diffusion resistance. The adsorption
mechanism involved strong hydrophobic interaction, n-n interaction and
weak hydrogen bonding under neutral conditions. On these grounds, the
NZVI@MAC still showed high adsorption performance in a wide pH
range (pH = 3-10) and in the presence of different inorganic ions.
Furthermore, the structural stable NZVI@MAC granule can be easily
separated and regenerated maintaining a 65.47% removal rate after 10
cycles. Therefore, the hydrophobic NZVI@MAC synthesized using a
simple, robust, economic, eco-friendly and easy scale-up procedure
exhibited a great potential for practical applications even for drinking
water purification.
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