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ABSTRACT

Nanotechnology presents innovative solutions in advanced water treatment; however, its application is
limited by the challenging large-scale production of ultrasmall (< 5 nm) nanoparticles (NPs) with extraor-
dinary decontamination reactivity and the difficulty of handling such tiny NPs in engineering. To address
these challenges, we propose a straightforward route for synthesizing ultrasmall NPs using the commer-
cial gel-type anion exchange resin N201 as the host. N201 is a millimeter-scale poly(styrene-co-
divinylbenzene) bead modified with quaternary ammonium groups. Nanoparticles of hydrated ferric
oxide (HFO), hydrated manganese oxide (HMO), cadmium sulfide (CdS), and zero-valent iron (ZVI) were
obtained through simple impregnation-precipitation in N201, and all of the NPs possessed an ultrasmall
size of sub-5 nm. A pilot-scale production assay indicated that the synthetic system could be enlarged
proportionally to prepare massive sub-5 nm HFO. Regarding the underlying mechanism, each N201 bead
contained a continuous water phase, allowing the rapid diffusion of the reactants (7 s for diffusion from
the bead surface to the center), resulting in burst nucleation to produce ultrasmall NPs with a narrow size
distribution. Moreover, the crosslinked polymer chains provided a confined space (< 5 nm diameter) to
prevent the excessive growth of the formed NPs. Owing to the millimetric N201 host, the resultant
nanocomposite can be applied in flow-through systems. The batch and column adsorption assays demon-
strate the dramatically enhanced adsorption performance of the ultrasmall HFO toward As(IlI/V) than the
~17 nm analogs. This study can advance the widespread use of nanotechnology in practical water
treatment.
© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

ment [9-12]. Owing to their high specific surface area, nanoparti-
cles (NPs) exhibit significantly enhanced adsorptive/catalytic

Several inorganic pollutants, including arsenic (As), heavy met-
als, phosphorus (P), and fluorine (F), negatively impact human
health and the ecosystem, even when present in the human body
or the environment at trace levels [ 1-4]. Reducing these pollutants
to sub-milligram per liter concentration levels under economically
acceptable conditions is difficult [5-8]. Over the past several dec-
ades, the rapid development of nanotechnology has offered a
new opportunity for process innovation in advanced water treat-

* Corresponding author.
E-mail address: XLZhang@nju.edu.cn (X. Zhang).

https://doi.org/10.1016/j.eng.2021.09.010

reactivity than the bulky analogs [13-16]. Particularly, the (hy-
dro)oxides of Fe(Ill), Mn(IV), Zr(IV), and zero-valent iron (ZVI) have
attracted much attention in water pollution control, because of
their capability to form inner-sphere complexes with heavy met-
als, fluoride, and oxyanions [17-20].

The direct utilization of NPs in water treatment is impractical.
The drawbacks mainly include the tendency of NPs to aggregate
in water, difficulty in handling NPs, and potential risk caused by
the released NPs [21-23]. To address these problems, NPs are often
encapsulated inside bulky host materials through the
impregnation—precipitation method [24,25]. For instance,
millimeter-scale macroporous resin beads have been used as hosts

2095-8099/© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.eng.2021.09.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.eng.2021.09.010
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:XLZhang@nju.edu.cn
https://doi.org/10.1016/j.eng.2021.09.010
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng

S. Cheng, J. Qian, X. Zhang et al.

to accommodate various NPs, and the resultant nanocomposite
materials can be steadily used in flow-through systems owing to
their excellent hydraulic performance and high mechanical
strength [22]. The crosslinked polymer chains can act as a cage
to avoid NP leaching from the hosts [26,27], providing the
nanocomposite materials with outstanding stability. Interestingly,
in previous research, some polymer nanocomposites used in the
pilot-scale treatment of industrial effluents exhibited exceptional
stability during a two-year successive fixed-bed run [28,29].

The adsorption reactivity of NPs is highly dependent upon their
size [30-33]. With decreasing particle size, the specific surface area
increases accordingly, providing more sites for adsorption. More
importantly, much more constitutional atoms are exposed to the
surface when the particle size decreases to an ultrasmall level
(e.g., < 5 nm), and the proportion of the highly reactive sites con-
siderably increases [33,34]. In a previous study, decreasing Fesz04
size from 300 to 12 nm led to a 12-fold increase in adsorption
capacity toward As(Ill/V), reducing the residual arsenic concentra-
tion from hundreds of microgrammes per liter to several micro-
grammes per liter [32]. Similarly, our previous study found that
the normalized adsorption capacity of 2 nm o-FeOOH particles
was 14.8 times that of 18 nm x 60 nm particles [33].

Burst nucleation is a crucial step in the aqueous-phase synthe-
sis of ultrasmall NPs [35-37]. It requires a rapid reaction between
the metallic precursors and the precipitants to generate a high
supersaturation level, causing an explosive increase in the number
of nuclei and the rapid consumption of the active monomers [38].
Given that the activation energy for nucleation is much higher than
that for crystal growth, the nucleation reaction only persists for a
short duration and stops at a supersaturation level that is still high
enough for the growth reaction [39,40]. Thus, the nucleation and
growth processes are temporally separated, and all of the particles
have almost the same growth history, enabling the formation of
ultrasmall NPs with narrow size distribution. Organic surfactants
are often used to prevent NP aggregation or further growth, as
the excess surfactants bind to the nanocrystal surface sites [41-
43]. However, burst nucleation hardly occurs inside the bulky
hosts because the retarded diffusion kinetics makes the sudden
increase in supersaturation level difficult [44]. Moreover, consider-
ing the difficulty in the precise size control of the host pores, with-
out the stabilization of organic surfactants, the NP is expected to
further grow [45,46].

In this study, we report a straightforward strategy to prepare
ultrasmall NPs through impregnation-precipitation in a commer-
cial gel-type anion exchange resin N201. N201 is a poly(styrene-
co-divinylbenzene) bead (0.6-0.8 mm diameter) modified with
quaternary ammonium groups. Since its first synthesis in the
1940s, N201 has been widely used in water softening, water purifi-
cation, and radioactive element separation [47,48]. In this study,
we demonstrated that when swollen in water, N201 contains a
continuous water phase as the major component (~55% in mass)
to allow the fast diffusion of the reactants. The reactant required
226 s to diffuse from the bead surface to the center of D201 (a
macroporous anion exchange resin), whereas the diffusion time
for N201 was 7 s. Thus, N201 exhibits a rapid increase in the super-
saturation level to initiate burst nucleation. Meanwhile, the cross-
linked matrix of N201 limits the diameter of the swollen pores to
<5 nm [49], providing physical confinement to prevent the further
growth of the generated NPs. Thus, we obtained several sub-5 nm
particles, namely hydrated ferric oxide (HFO), hydrated manganese
oxide (HMO), cadmium sulfide (CdS), and ZVI. The potential of this
new synthesis method for large-scale production was verified
through the synthesis of 20 kg of HFO@N201 nanocomposite.
Moreover, we investigated the possible use of the resultant ultra-
small NPs for water decontamination, verifying their superior
adsorption reactivity toward arsenic than the ~17 nm analogs.
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2. Materials and methods
2.1. Nanocomposite preparation

N201 and D201 were purchased from Zhengguang Industrial
Co., Ltd. (China). The details of the N201 and D201 structures are
presented in Table S1 in Appendix A. The macroporous nanocom-
posite HFO@D201 was prepared according to previous studies
[50,51]. First, 20 g of dry D201 beads were added into a 400 mL
solution containing 0.8 mol-L~! of FeCl; and 1.5 mol-.L™! of HCL
After the solution was stirred at room temperature for 6 h, the
beads were filtered out and then added into a binary 400 mL
NaOH-NacCl (5:5, w/w) solution for the in situ precipitation of
HFO NPs. The NPs were then rinsed several times with pure water
and subjected to thermal treatment at 333 K for 6 h to obtain the
resultant HFO@D201. The gel-type nanocomposite HFO@N201 was
prepared through the same method, except that N201 was used as
the host material. Appendix A Text S1 describes the synthesis
details for the other gel-type nanocomposites, including
ZVI@N201, HMO@N201, and CdS@N201.

2.2. Batch adsorption

The solid nanocomposites were introduced into the As(IIl/V)
solutions to evaluate the decontamination capability. The
HFO@D201 and HFO@N201 dosages were set as 0.3 g-L~!, unless
otherwise stated. The resultant solutions were shaken at 298 K
for 48 h to reach adsorption equilibrium, after which the residual
arsenic concentration was determined to calculate the As(III/V)
uptake amount. Throughout the experiments, HCI (0.10 mol-L™!)
and NaOH (0.10 mol-L~1) solutions were used to maintain the solu-
tion pH at the preset values.

2.3. Column adsorption

Fixed-bed adsorption experiments were performed in glass col-
umns (240 mm length and 14 mm diameter) with water bath jack-
ets to maintain a constant temperature of 298 K. Each column was
packed with 5 mL solid adsorbents. The synthetic feeding solution
containing As(Ill/V) and other coexisting substances (e.g., SO,
Cl~, HCO5~, NO3™) was pumped up-to-down through the column
using a peristaltic pump (LongerPump BT01-100, China) at a con-
stant flow rate, and the empty bed contact time was set as
3 min, equivalent to 20 bed volumes (BV) per hour.

2.4. Characterization and analysis

The NP crystalline structure was determined using an X-ray
diffraction (XRD) analyzer (ARL X'TRA, Switzerland) over a wide
range of angles (5°-80°). The surface area and pore structure of
D201, HFO@D201, and the dry N201 were determined via N,
adsorption-desorption tests, performed at 77 K using a micropore
analyzer (Autosorb-IQ-MP, Quantachrome, USA). The elemental Fe
distribution along the nanocomposite beads was analyzed via
scanning electron microscopy (Hitachi S-3400N II, Japan) coupled
with energy-dispersive spectroscopy (SEM-EDS). The NP micro-
scopic structure was obtained via transmission electron micro-
scopy (TEM; Tecnai F20, FEI, USA), and high-angle annular dark-
field (HAADF) images were obtained through scanning TEM
(STEM). Moreover, X-ray photoelectron spectroscopy (XPS) mea-
surements with a monochromatic Al Ko radiation source
(1486.6 eV, 1 eV = 1.6 x 10~ '° ]) were performed on a PHI5000
VersaProbe system (ULVAC, Japan). Potentiometric titration mea-
surements were performed using an automatic titration system
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(T50, Mettler Toledo, Switzerland) equipped with a combined glass
pH electrode (DGi115-SC, Mettler Toledo).

The Fe(Ill) concentration was obtained via inductively coupled
plasma-optical emission spectrometry (iCAP 7400, Thermo Fisher
Scientific, USA), and the arsenic concentration was determined
via inductively coupled plasma-mass spectrometry (ICP-MS;
NexION 300X, PerkinElmer, USA).

3. Results and discussion
3.1. Synthesis of ultrasmall NPs

To clarify the advantages of N201 for ultrasmall NP synthesis,
we used N201 and D201 as hosts for the HFO NPs. Both N201
and D201 were fabricated from the suspension copolymerization
of styrene and divinylbenzene, followed by chloromethylation
and quaternary ammoniation [52-54]. The only difference was
that isobutanol was used as the porogen to mix with styrene and
divinylbenzene in the copolymerization stage for D201, and per-
manent nanopores were formed in the resultant beads after the
extraction of isobutanol [55]. According to the pore size distribu-
tion of the dry N201 and D201 based on N, adsorption-desorption
tests, N201 exhibited negligible permanent pores, while D201
exhibited abundant nanopores with a broad size distribution of
1-80 nm (Appendix A Fig. S1).

To obtain the nanocomposite adsorbents (HFO@N201 and
HFO@D201), FeCl;~ complex anions were used as the inorganic pre-
cursors, and they were impregnated into N201 and D201 through
electrostatic attraction with quaternary ammonium groups. After-
ward, the beads were immersed in an alkali solution to produce
HFO NPs. The impregnation of FeCl; and HFO NPs into the N201
beads had negligible effects on their shape but changed their color
from transparent to brown and black, respectively (Fig. 1(a)). In
contrast, the impregnation of HFO NPs into D201 changed its color
from white to reddish-brown (Appendix A Fig. S2). After acid diges-
tion, the iron contents in HFO@N201 and HFO@D201 were deter-
mined as 9.97% + 0.10% and 9.93% * 0.04%, respectively. The XRD
patterns suggest that the main phases in both samples were poorly

FeCl,-

.

(b)

Impregnated

N201
(@)
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crystallized ferrihydrite (Appendix A Fig. S3) [56]. Furthermore, as
shown in the TEM and STEM-HAADF images, the NPs inside
HFO@N201 (Figs. 1(b) and (c)) occurred as much smaller clusters
than those inside HFO@D201 (Appendix A Figs. S2(b) and (c)). Based
on the statistical analysis of 200 particles randomly selected from
the TEM image of each sample, we determined the average NP size
in HFO@N201 and HFO@D201 as (2.51 £ 0.71) and (17.61 £ 7.79) n
m, respectively. Representative SEM-EDS images showed that HFO
NPs were distributed uniformly in HFO@N201 (Appendix A Fig. S4),
suggesting that the HFO NP nucleation occurred uniformly inside
the N201 bead, as discussed below.

Other inorganic particles, including HMO, CdS, and ZVI, were also
prepared using N201 as the host. The obtained NPs exhibited an
ultrasmall size of < 5 nm (Appendix A Figs. S5(a)-(c)). Furthermore,
20 kg of HFO@N201 was produced by enlarging the synthetic system
proportionally, and the resultant HFO NPs still possessed a small
particle size of (3.72 £ 0.95) nm (Figs. S5(d) and (e) in Appendix A).

3.2. Underlying mechanism for ultrasmall NP formation

Appendix A Fig. S6 shows that the FeCl;~ precursors were uni-
formly distributed in D201 and N201. After acid digestion, the
loadings of FeCl,~ in D201 and N201 were both determined as
approximately 2.0 mmol-g~'. The diffusion of the precipitant (i.e.,
OH™ ions) inside the beads may be responsible for the formation
of ultrasmall NPs inside N201. To monitor the diffusion of OH™
ions, the N201 and D201 beads were immersed in phenolphthalein
solution, and one drop of NaOH solution (1 mol-L™!) was added to
the phenolphthalein-preloaded D201/N201. Given that phenolph-
thalein immediately turns red upon reacting with OH™ ions, the
diffusion of OH™ ions inside N201 and D201 could be visualized
by the color change in the cross-section of each bead. As depicted
in Fig. 2(a), the OH™ ion diffusion inside N201 was fast, and the ions
reached the bead center within 7 s. In contrast, the OH™ ions
required approximately 226 s to reach the D201 bead center. The
rapid diffusion of the precipitants allows a sudden increase in
the supersaturation level inside N201, so that burst nucleation
commences, and tiny NPs are produced. Regarding the underlying

ngm

Fig. 1. (a) Optical photos of N201, FeCl, -preloaded N201, and HFO@N201; (b) TEM and (c) STEM-HAADF pictures of HFO@N201.
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(d)

(e)

Fig. 2. (a) Optical photos of cross-section of the phenolphthalein-preloaded D201/N201 after contacting with NaOH solution droplet at time intervals, and (b)-(e) TEM
pictures and elemental Fe distribution along the cross-section of the HFO@N201 samples prepared with varying NaOH concentration (inset is the optical photos of the
HFO@N201 samples, and (b)-(e) correspond to 0.1%, 1%, 3%, and 5% NaOH solutions, respectively).

mechanism, when the N201 was swollen in water, its volume was
enlarged by 1.8 times (Appendix A Fig. S7) owing to the solvation
of polymer chains [49]. From mass balance, it is estimated that
the swollen N201 contained a continuous water phase as its major
component (~55% in mass). The diffusion resistance in the contin-
uous water phase was much less than that in a rigid solid phase
such as the D201 matrix [57,58], thus facilitating the rapid diffu-
sion of OH™ ions inside N201.

Given that ion diffusion is initially driven by concentration gra-
dient, we also examined the effect of the OH™ concentration on NP
formation. When the FeCl, -preloaded N201 beads were immersed
in 0.1% NaOH solution, the HFO NPs were mainly distributed in the
N201 peripheral section and possessed an average size of 14 nm
(Fig. 2(b)), indicating the absence of burst nucleation. With the
NaOH concentration increased to 5%, however, burst nucleation
dominated the formation of FeOOH NPs, and massive 2.5 nm
HFO NPs were uniformly distributed inside N201 (Figs. 2(c)-(e)).
The change in the NP size and distribution also resulted in a signif-
icant change in the HFO@N201 color (Figs. 2(b)-(e) insets) despite
the similar NP loading amounts (~10%) among the nanocomposite
samples. These results further confirm the key role of fast diffusion
in burst nucleation and ultrasmall NP formation.

Besides burst nucleation, the N201 pore structure may also play
an important role in the formation of tiny NPs. As previously
reported, the crosslinked polymer chains prevent the excessive
swelling of N201 and restrict the pore size to < 5 nm [49]. Hence,
the ultrasmall NPs formed through burst nucleation can be well
stabilized by the tiny nanopores, preventing agglomeration or fur-
ther growth. In contrast, burst nucleation commenced inside D201
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when the FeCl, -preloaded D201 beads were immersed in 10%
NaOH solution; however, the formed HFO NPs still possessed a rel-
atively large size of 15.4 nm (Appendix A Fig. S8) owing to the
excess growth inside the macropores. The underlying mechanism
of ultrasmall NPs synthesis is schematically illustrated in Fig. 3.

Ultrasmall NPs can be prepared using gel-type ion exchange
resin as the host under mild conditions without the use of surfac-
tants. The method proposed in this study is more suitable for large-
scale production than the other widely used impregnation—precipi-
tation methods owing to the promising properties of the gel-type
ion exchange resin, such as cost effectiveness, commercial avail-
ability, chemical stability, and mechanical strength. However,
because of the relatively poor stability against high temperature,
the method may be unsuitable for the calcination-based synthesis
of the well-crystallized NPs.

3.3. Adsorption reactivity toward As(III/V)

We compared the adsorption reactivities of HFO@N201 and
HFO@D201 toward As(Ill/V). The batch experiments were per-
formed at 298 K to obtain the adsorption isotherms. The prelimi-
nary study suggests that the N201 and D201 hosts exhibited
negligible adsorption toward As(Ill) because of its electrical neu-
trality, and massive sulfate (2 g-L~!) was added into the solutions
to screen the electrostatic attraction of the N201/D201 hosts with
As(V). Hence, the adsorption of HFO@N201/HFO@D201 toward
As(IlI/V) is ascribed to the embedded HFO NPs. The adsorption
isotherms of HFO@N201 and HFO@D201 conform well to the
Langmuir model (Eq. (1)):
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Fig. 3. Schematic illustration of the underlying mechanism for the formation of ultrasmall NPs inside N201.

QmKLCe

Qe 1+K.Ce

(1)

where Q. is the equilibrium adsorption capacity of As (mg-g~1); Ce is
the equilibrium concentration of As in solution (mg-L™!); Qq, is the
maximum As adsorption (mg-g~'); and K; is the Langmuir adsorp-
tion isotherm coefficient. The K; value can roughly reflect the
adsorption affinity toward target pollutants. The Q., and K values
of HFO@N201 for both As(V) and As(Ill) were considerably higher
than those of HFO@D201 (Figs. 4(a) and (b)). The Q, and K; values
of HFO@D201 for As(V) were 98.4 mg-g~' and 2.06 L-mg™', respec-
tively, whereas those of HFO@N201 were 229.2 mg-g ' and 7.54
L-mg~!, respectively. The adsorption performance of the HFO@N201
prepared on a kilogram scale (Appendix A Fig. S9) was similar to
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that of the HFO@N201 prepared on a laboratory scale (Fig. 4(a)),
as depicted by the adsorption isotherms.

The surface acid-base properties of HFO NPs inside HFO@N201
and HFO@D201 were detected through potentiometric titration
analysis. Our preliminary study demonstrated that an N201/D201
host consumed negligible OH™ in the presence of 0.1 mol-L™! of
NaNOs at pH 3-11; thus, the consumed OH™ ions are attributed
to the embedded NPs. The net surface charge Qy values were calcu-
lated as described in Appendix A Text S2, and they were plotted as
a function of pH (Fig. 4(c)). The Qy values represent the net amount
of H" (Qq > 0) or OH™ (Qy < 0) adsorbed on the NP surface. The
absolute Qy values of HFO@N201 were higher than those of
HFO@D201, suggesting the occurrence of more protonation/depro-
tonation sites in HFO@N201. The deconvolution of the XPS O 1s

As(lll)
300
200 +
100
—e— HFO@N201
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Fig. 4. Adsorption isotherms of (a) As(V) and (b) As(IlI) (solid dosage: 0.30 g-L™'; pH 7.0; T = 298 K); (c) net surface charge (Qy) as a function of pH; (d) XPS O 1s spectra of

HFO@N201 and HFO@D201.
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spectra suggests that the surface oxygen of HFO NPs existed in
three forms: lattice oxygen (Fe-O-Fe) with a binding energy of
~530 eV, terminal oxygen (Fe-OH) with a binding energy of
~532 eV, and coordinated water molecules (H-O-H) with a bind-
ing energy of ~533 eV [59]. Interestingly, HFO@N201 possessed a
much lower proportion of the lattice oxygen (Fe-O-Fe) than
HFO@D201 (Fig. 4(d)), owing to the ultrasmall nature of the NPs
inside N201 [60]. The superior adsorption performance of
HFO@N201 is mainly attributed to the much smaller NP size than
that of HFO@D201, providing more active sites (i.e., the sum of Fe-
OH and H-0-H) for adsorption (Fig. 4(d)). Both terminal oxygen
(Fe-OH) and the coordinated water (H-O-H) were responsible
for arsenic adsorption [61,62]. Moreover, the decreased proportion
of the lattice oxygen (Fe-O-Fe) is consistent with the higher num-
ber of protonation/deprotonation sites in HFO@N201 than
HFO@D201.

Furthermore, the adsorption performances of ultrasmall NPs
toward various pollutants were investigated. The comparison of
the adsorptions of phosphate by HFO@N201 and HFO@D201
(Appendix A Fig. S10) suggests a much higher adsorption capacity
of HFO@N201 than HFO@D201. Similarly, compared with the NPs
inside the macroporous ion exchange resin, the ultrasmall HMO
inside the gel-type ion exchange resin exhibited superior adsorp-
tion capacities toward Ni(Il) and As(V) (Fig. S10).

3.4. Potential for practical water treatment

In water treatment, coexisting anions compete with target pol-
lutants for adsorption sites because of the structural similarity.
The formation of inner-sphere complexes between HFO NPs and
arsenic is barely influenced by common anions such as sulfate,
chlorides, and nitrate [33,62,63]. As shown in Fig. 5(a), with the
increase in the sulfate concentration to 50 mg-L~!, the adsorption
capacities of HFO@N201 and HFO@D201 declined owing to the
suppression of the electrostatic attraction (i.e., ion exchange) of
the N201 and D201 hosts. Nonetheless, HFO@N201 and
HFO@D201 exhibited considerable adsorption capacities (220.4
and 94.7 mg-g~ !, respectively) even massive sulfate (2000 mg-L™1)
coexists. As shown in Appendix A Fig. S11, chloride and bicarbon-
ate suppressed the adsorption capacities owing to the competi-
tion with As(V) for the electrostatic attraction sites in the N201
and D201 hosts. Silicate can also form inner-sphere complexes
with iron oxide [64]; however, the affinity is much weaker than
that between silicate and As(V) [65]. Thus, the presence of silicate
(< 40 mg-L™ ") exerted negligible effects on As(V) adsorption onto
HFO@N201 and HFO@D201. Furthermore, humic acid molecules
with a relatively large size were difficult to diffuse inside the
nanopores of the N201 and D201 hosts owing to size exclusion
[66]; thus, their impact on the As(V) adsorption capacity was neg-
ligible. We determined the dissolution of HFO@N201 and
HFO@D201 after immersion in the solutions with varying pH
from 1 to 11 for 24 h. As illustrated in Appendix A Fig. S12, the
negligible dissolution of HFO@N201 and HFO@D201 occurred at
pH > 2, possibly owing to the protection of the nanoporous hosts
[33]. With a further decrease in the pH to 1, the HFO@D201 dis-
solution increased to > 80%. In contrast, the HFO@N201 dissolu-
tion was ~25%, mainly because of the strong nanoconfinement
effects posed by the ultrasmall nanopores of N201. After adsorp-
tion, HFO@N201 and HFO@D201 were refreshed by the binary
NaOH-Nac(l (5:5 w/w) solution. The HFO surface became nega-
tively charged under alkaline conditions (pH > 10.8, Fig. 4(c)),
thereby exerting strong electrostatic repulsion toward arsenic
anions. Both HFO@N201 and HFO@D201 could be fully refreshed
through alkaline treatment, and the removal efficiency toward
arsenic remained constant during a seven-cyclic successive
adsorption-regeneration assay (Fig. 5(b)). In addition, we deter-
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mined the sphericity after the attrition of N201 and HFO@N201
before and after seven-cyclic adsorption-regeneration runs. The
results in Appendix A Fig. S13 suggest that no pronounced differ-
ence occurred among the four samples (> 97%), verifying the sat-
isfactory mechanical strength of N201 and HFO@N201. We used
TEM and XRD to monitor the HFO NPs inside N201 before and
after 60-day storage. The appearance and crystalline structure of
the HFO NPs remained constant during the 60-day storage
(Appendix A Fig. S14). The outstanding storage stability was pos-
sibly due to the physical confinement by the tiny nanopores of
N201, preventing the agglomeration or further growth of the
HFO NPs.

Furthermore, HFO@N201 and HFO@D201 were separately
packed into glass columns to investigate their adsorption per-
formance in flow-through mode (Fig. 6(a)). The simulated
groundwater (see Figs. 6(b) and (c¢) for the basic parameters)
was pumped up-to-down through the columns. The HFO@N201
column is capable of generating > 4800 BV clean water before
As(V) concentration in the effluent exceeded 10 pg-L~!. In con-
trast, this value was only ~1500 BV for the HFO@D201 column.
The effective treatment amount of the N201 column was less
than 50 BV (Fig. 6(b)) because the electrostatic attraction
between N201 and As(V) was nonspecific, and the attraction
was intensively inhibited by the coexisting anions. After utiliza-
tion, the saturated HFO@N201 and HFO@D201 could be fully
refreshed through alkaline treatment (Fig. 5(b)). Furthermore,
the column adsorption performance toward As(Ill) (Fig. 6(c))
indicates that the HFO@N201 column could still generate
1200 BV clean water, whereas the HFO@D201 column could
generate 400 BV.

350
I HFOo@N201
Il HFo@D201

300

250 |

200

150

Q, (mg-g™', Fe)

100

50

50

100 200 500
[SO,* (mg-L)]

(@)

1000 2000

Cycle
(b)

Fig. 5. (a) Effect of sulfate on As(V) removal by HFO@N201 and HFO@D201, and
(b) cyclic adsorption-regeneration runs.
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Fig. 6. Column adsorption of the simulated groundwater. (a) Photo of the column adsorption experiment, (b) treatment of the As(V) contaminated water, and (c) treatment of
the As(Ill) contaminated water. The World Health Organization (WHO) recommended that the limit of arsenic in drinking-water is 10 pug-L~! [50].

4. Conclusions

The large-scale synthesis of ultrasmall NPs of high decontami-
nation reactivity is an attractive but challenging task in water pol-
lution control. Herein, we report a general route for synthesizing
sub-5 nm particles through simple impregnation-precipitation
inside a commercial gel-type anion-exchange resin. Given the wide
usage of gel-type anion-exchange resins in engineering and the fre-
quent use of the impregnation-precipitation method for embed-
ding metal(oxide) NPs inside bulky hosts, the proposed synthesis
route may also be valid for other polymer nanocomposites. In sum-
mary, this study provides a potential route for the simple fabrica-
tion of wultrasmall NPs with extraordinary reactivity for
environmental remediation and other applications.
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