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xyhydr)oxide-modified carbon
nanotube filter for rapid and effective Sb(III)
removal†

Yanbiao Liu, *ab Jinyu Yao,a Fuqiang Liu,a Chensi Shen,ab Fang Li,ab Bo Yang,*a

Manhong Huangab and Wolfgang Sandac

Herein, nanoscale iron (oxyhydr)oxide-coated carbon nanotube (CNT) filters were rationally designed for

rapid and effective removal of Sb(III) from water. These iron (oxyhydr)oxide particles (<5 nm) were

uniformly coated onto the CNT sidewalls. The as-fabricated hybrid filter demonstrated improved

sorption kinetics and capacity compared with the conventional batch system. At a flow rate of 6

mL min�1, a Sb(III) pseudo-first-order adsorption rate constant of 0.051 and a removal efficiency of >99%

was obtained when operated in the recirculation mode. The improved Sb(III) sorption performance can

be ascribed to the synergistic effects of convection-enhanced mass transport, limited pore size, and

more exposed active sorption sites of the filters. The presence of 1–10 mmol L�1 of carbonate, sulfate,

and chloride inhibits Sb(III) removal negligibly. Exhausted hybrid filters can be effectively regenerated by

an electrical field-assisted chemical washing method. STEM characterization confirmed that Sb was

mainly sequestered by iron (oxyhydr)oxides. XPS, AFS and XAFS results suggest that a certain amount of

Sb(III) was converted to Sb(V) during filtration. DFT calculations further indicate that the bonding energy

for Sb(III) onto the iron (oxyhydr)oxides was 2.27–2.30 eV, and the adsorbed Sb(III) tends to be oxidized.
1. Introduction

Recently, increased water contamination caused by the
emerging contaminant antimony (Sb) has raised global
concern.1–3 Anthropogenic activities such as manufacturing,
mining and smelting are the main reasons for Sb contamina-
tion. For example, it has been previously reported that the total
Sb concentration close to the eld sites of the Xikuangshan area
(Hunan, China) ranged from 2 to 6384 mg L�1.4,5 As a metalloid
element, Sb is located in group 15 (VA) of the periodic table,
structurally analogous to arsenic, but much less attention has
been given to Sb removal when compared with arsenic.6,7

Generally, the most common aqueous Sb species are inorganic
Sb(OH)6� and Sb(OH)3,8 and Sb(III) is 10 times more toxic than
Sb(V). Because of its negative impact on human life, the World
Health Organization has set the permissible amount of total Sb
in drinking water at 5 mg L�1.
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Various Sb treatment technologies, including adsorption,9,10

coagulation,11 occulation,12 and membrane ltration,13 have
been developed to remove Sb from water bodies. Among these,
sorption is a widely applied and promising technique due to its
limited energy requirement, high performance, cost-
effectiveness, and ease of operation. Recently, various nano-
scale sorbents with large surface area and Sb specicity have
been exploited.14–16 For example, nanoscale iron-based mate-
rials have demonstrated enhanced performance towards Sb
removal,17 owing to their chemical affinity and high adsorption
capacity. Extended X-ray absorption ne structure (EXAFS)
spectroscopy indicated that Sb(III) and Sb(V) adsorbed at the
hydrous ferric oxide surface as an inner-sphere complex with an
average Sb–Fe distance of 3.02 Å and 3.19 Å, respectively.18

However, despite the progress made on Sb adsorption
capacity, the adsorption kinetics is still far from satisfaction.
This can be explained by the poor driving force and relatively
low concentrations detected in water. The time needed to reach
equilibrium is usually several hours (e.g., >28 h for the chito-
san–iron(III) composite)19 or even a few days (e.g., 7 days for
goethite).20 Furthermore, nanomaterial is not reliable for direct
application in the removal of Sb, as it is hindered by post-
separation and reutilization. To address these problems, these
sorbents can either be coated on macroscopic supporting
materials or immobilized into the membrane. However, these
designs usually achieve limited success due to inevitable
blocking of active sorption sites of the nanoscale sorbents.
This journal is © The Royal Society of Chemistry 2019
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A carbon nanotube (CNT) lter coated with nanoscale iron
(oxyhydr)oxides may provide a feasible solution to address these
limitations.21 CNT can be readily assembled into a 3D self-
support membrane by vacuum ltration.22 The network of
CNT lters with large specic surface areas and limited pore
size provides an ideal scaffold for nanoscale iron (oxyhydr)
oxides. Improved Sb sorption kinetics and enhanced sorption
capacity can be expected because of the synergistic effects of
small pore size and more exposed sorption sites of the iron
(oxyhydr)oxide/CNT network, as well as the ow-through
design.

The aim of the present study is to develop an iron (oxyhydr)
oxide/CNT hybrid lter for simultaneous adsorption and
detoxication of Sb(III). To do this, we rstly developed a facile
ltration route to prepare a binder-free iron (oxyhydr)oxide-
coated CNT lter with more exposed active sites. Various
advanced characterization techniques were employed to obtain
detailed physicochemical characteristics of the iron (oxyhydr)
oxide/CNT lter. Sb(III) sorption kinetics were experimentally
and theoretically examined. The impact of several key opera-
tional parameters on Sb sequestration performance were
examined and optimized. Sb-spiked tap water was used to
challenge the iron (oxyhydr)oxide/CNT lter to evaluate its
potential for use in practical engineering applications. This
study provides new insights for the rational design of a contin-
uous ow system for the decontamination of Sb and other
similar heavy-metal ions.
2. Materials and methods
2.1 Chemicals and materials

N-Methyl-2-pyrrolidinone (NMP, $99.5%), iron trichloride
hexahydrate (FeCl3$6H2O, $99%), hydrochloric acid (HCl, 36–
38%), sodium hydroxide (NaOH, $96%), nitric acid (HNO3, 36–
38%), and ethanol ($96%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). Sodium borohydride
(NaBH4, $98%), C8H4K2O12Sb2$3H2O and KSb(OH)6 were
purchased from Sigma-Aldrich. Multi-walled carbon nanotubes
(MWCNTs, hdi ¼ 10–20 nm) were purchased from TimesNano
Co., Ltd. (ChengDu, China). PTFE membranes (hdi ¼ 47 mm)
were purchased from Millipore (Omnipore JWMP; Millipore).
All aqueous solutions were prepared with ultra-pure water from
a Milli-Q Direct 8 purication system.
2.2 Fabrication of iron (oxyhydr)oxide/CNT lter

The CNT was pre-treated with concentrated HNO3 at 70 �C for
12 h to generate surface carboxylates (CNT-COO�) for Fe3+che-
lation.23 First, 20 mg of CNT-COO� powder was dispersed in
30 mL of NMP under probe-sonication for 30 min, followed by
the addition of 10 mL of ethanol solution doped with 15 mg of
FeCl3$6H2O. Then, the mixture solution was bath-sonicated for
20 min to allow [Fe3+] to chelate with the carboxylic groups of
CNT. Further, 0.5 mL of 0.75mol L�1 NaBH4 solution was added
dropwise to transform the loaded [Fe3+] to nanoscale iron
(oxyhydr)oxide in situ. The mixture was loaded onto a hydro-
philic PTFE membrane via vacuum ltration and washed
This journal is © The Royal Society of Chemistry 2019
sequentially with 100 mL of ethanol and 200 mL of ultra-pure
water. Finally, the as-obtained iron (oxyhydr)oxide/CNT lter
was preserved in deionized water for sorption experiment or
dried in a vacuum freeze dryer for further characterization.

2.3 Sb sorption experiments

Three modes were used to comparatively evaluate Sb(III)
adsorption: recirculated ltration, single-pass ltration, and
batch analysis. For the batch system, the as-fabricated iron
(oxyhydr)oxide/CNT lter was put in a ask containing 100 mL
of 900 mg L�1 Sb(III) solution at pH 7. The ask was sealed and
put into a shaker at 25 �C and 150 rpm for 6 h. For recirculated
ltration, the hybrid lter was placed in a commercial What-
man polycarbonate ltration casing (Fig. S1†). 100 mL of Sb(III)
solution was pumped through an iron (oxyhydr)oxide/CNT lter
and then returned. To examine Sb sorption kinetics, recircu-
lated ltration was completed with a ow rate of 1.5, 3 and 6
mL min�1, an initial Sb(III) concentration of 900 mg L�1, and pH
7. For single-pass ltration, 100 or 200 mg L�1 of Sb(III) solution
was pumped at a xed ow rate of 1.5 mL min�1 through an
iron (oxyhydr)oxide/CNT lter at pH 7 until the effluent was no
longer returned. The lter bed volume was 0.113 mL and the
empty bed contact time (EBCT) was 4.5 s. The method of single-
pass ltration bed volume calculation can be found in the ESI.†
Aliquots were sampled at specic time intervals to investigate
the sorption kinetics. The Sb concentration was determined
using a Thermo Scientic iCAP-Q inductively coupled plasma
mass spectrometer (ICP-MS, Waltham, MA).

To evaluate the effect of pH on Sb(III) adsorption, the solu-
tion pH was adjusted from 3 to 9 using 0.1 mol L�1 HNO3 or
0.1 mol L�1 NaOH. The experiments were completed in the
recirculation mode using 100 mL of 900 mg L�1 reservoir. To
investigate the effects of coexisting anions, 1 to 10 mmol L�1 of
chloride, carbonate, silicate, sulfate and phosphate were added
to the Sb(III) solution before passing through the iron (oxyhydr)
oxide/CNT lter and operated in the recirculation mode. The
exhausted iron (oxyhydr)oxide/CNT lters were regenerated
either by passing 100 mL of 5 mmol L�1 NaOH through it or by
applying a negative total cell potential of �2 V while passing
through 100 mL of 10 mmol L�1 Na2SO4 and 5 mmol L�1 NaOH
solution.

2.4 Characterizations

The morphology of the lters was examined on a Hitachi S-4800
eld emission scanning electron microscope (FESEM, Japan),
a JEM-2100F transmission electron microscope (TEM, Japan),
and an ARM200F scanning transmission electron microscope
(STEM, Japan). The STEM was equipped with a high-angle
annular dark eld detector and a spherical aberration correc-
tion system. X-ray photoelectron spectroscopy (XPS) was
completed on a Thermo Fisher Scientic Escalab 250Xi under
high vacuum (1 � 10�9 torr), and all binding energies were
calibrated and referenced to the C 1s peak at 284.8 eV. The
crystal structure of the lters was analyzed using a Rigaku D/
max-2550 PC X-ray diffraction (XRD) analysis. The Brunauer–
Emmett–Teller (BET) surface area of the lters was examined on
RSC Adv., 2019, 9, 18196–18204 | 18197
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a Quantachrome Autosorb iQ-c analyzer. The water contact
angle was measured with a Kino SL200KS Optical contact angle
& interface tension meter.

XAFS was measured at the XAFS station (beamlines BL14W1)
of the Shanghai Synchrotron Irradiation Facility (SSRF) with
a stored electron energy of 3.5 GeV and ring currents of 200
mA.24 Because of the small nominal concentration of Sb in the
samples, data were collected in the uorescence mode. Data
processing was performed with the use of the IFEFFIT soware
package.25 The EXAFS function, c, was obtained by subtracting
the post-edge background from the overall absorption and was
later normalized with respect to the edge jump step.
2.5 Theoretical sorption analysis by DFT

The sequestration of Sb(III) or Sb(V) was performed by DFT
calculations using the CP2K package.26 The model building
process and instructions are detailed in the ESI.†
3. Results and discussion
3.1 Characterizations of iron (oxyhydr)oxide/CNT lters

Fig. 1 displays the FESEM and TEM characterizations of the
CNT and iron (oxyhydr)oxide/CNT lter, respectively. The CNT
network showed a smooth surface with a tube diameter of 22 �
7 nm, while the iron (oxyhydr)oxide/CNT network produced
amuch rougher surface with an increased tube diameter of 25�
6 nm. It can be seen that a thin layer of nanoscale iron (oxyhydr)
oxide (<5 nm) was uniformly coated onto the surface of the
CNTs. Similar XRD patterns of the lter samples were obtained
Fig. 1 FESEM and TEM images of plain CNT (a and b) and the iron (oxyh

18198 | RSC Adv., 2019, 9, 18196–18204
regardless of the iron (oxyhydr)oxide coating, possibly due to
the limited loading amount of iron (oxyhydr)oxide (Fig. S2†).
Thermogravimetric analysis (TGA) results suggested that the as-
fabricated iron (oxyhydr)oxide/CNT lter contained 20 mg
(88.9%) of CNTs and 2.5� 0.5mg (11.9%) of iron (oxyhydr)oxide
(Fig. S3†), and the lter diameter was 40 mm; only 1.4 � 0.3 mg
of iron (oxyhydr)oxide was available aer placing in the ltra-
tion casing with an effective ltration diameter of 30 mm.
Limiting the amount of iron (oxyhydr)oxide led to only a slight
increase in the Brunauer–Emmett–Teller (BET) specic surface
area aer iron (oxyhydr)oxide loading (174.2 m2 g�1 vs. 170.4 m2

g�1). Meanwhile, the lter hydrophilicity was slightly improved
aer the iron (oxyhydr)oxide coating, as manifested by the
decreased water contact angle from 111� (before loading) to
101� (aer loading) (Fig. S4†). XPS analyses also conrmed the
successful coating of iron (oxyhydr)oxide onto the CNT side-
walls (Fig. S5†). While the CNT lter showed a supercial
elemental atomic ratio of 98.5% C and 1.5% O, that of the iron
(oxyhydr)oxide/CNT lter was 91.3% C, 6.8% O, and 1.9% Fe. All
these evidences suggest the successful fabrication of the iron
(oxyhydr)oxide/CNT hybrid lter.
3.2 Sb(III) sorption kinetics

The impact of the operation mode (batch vs. ltration), ow rate
(1.5, 3, and 6 mL min�1), and pH (3, 5, 7 and 9) on the overall
Sb(III) sequestration kinetics were further evaluated. A control
experiment on Sb(III) sorption by a CNT-alone lter only
exhibited negligible sorption (Fig. S6†), suggesting that CNTs
did not have a specic affinity to Sb(III). Sb(III) sorption kinetics
ydr)oxide/CNT (c and d) filter.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02988e


Table 1 Kinetics parameters of pseudo-first-order Sb(III) sorption

k (min�1) qe (mg g�1) R2

Batch 0.0052 5.28 0.997
1.5 0.018 6.68 0.986
3 0.028 7.01 0.998
6 0.051 7.06 0.999
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of the iron (oxyhydr)oxide/CNT lter were systematically studied
and summarized in Fig. 2a. To quantitatively demonstrate the
Sb(III) sorption kinetics, experimental data were tted by the
pseudo-rst-order model, as given in eqn (1) and (2). The cor-
responding parameters were available in Table 1.

ln

�
qe � qt

qe

�
¼ kt (1)

qt ¼ qe(1 � e�kt) (2)

where qt represents the amount adsorbed at time t (min), qe is
the amount adsorbed at equilibrium, and k is the pseudo-rst-
order adsorption rate constant (inverse min). A qe value of
5.28 mg g�1 and a k of 0.0052 s�1 was obtained in the conven-
tional batch mode over 6 h, while both qe and k increased
signicantly in the recirculated ltration. As shown in Fig. 2a,
the Sb(III) sorption kinetics increased with the ow rate, indi-
cating that lter adsorption is the rate-determining step. At ow
rates of 1.5, 3, and 6 mLmin�1, the qe values were 6.68, 7.01 and
7.06 mg g�1 with k values of 0.018, 0.028 and 0.051 min�1,
respectively. Meanwhile, the corresponding equilibrium times
also decreased from >4 h to 1.5 h when the ow rate increased
from 1.5 mL min�1 to 6 mL min�1. The k at a ow rate of 6
Fig. 2 (a) Sorption kinetics of Sb(III) adsorption by the iron (oxyhydr)
oxides/CNT filter. Comparison of the batch mode (blank) and the
recirculation mode with various flow rates of 1.5 (red), 3 (blue), and 6
mL min�1 (green); (b) effect of pH (3, 5, 7, 9) on Sb(III) sorption.

This journal is © The Royal Society of Chemistry 2019
mL min�1 was �10 times higher than that of the batch mode.
For Sb removal efficiency, the batch mode only removed 75% of
the initial Sb(III) and did not reach equilibrium aer 6 h. When
the ow rate increased from 1.5 mL min�1 to 6 mL min�1, the
corresponding removal efficiency increased from 94% to >99%
(Fig. S7†). This can be explained by the convection-enhanced
mass transport of the ow-through system, while the conven-
tional batch reactor depends on diffusion-controlled mass
transport. Besides, the small pore size in the iron (oxyhydr)
oxide/CNT network (<80 nm) also enhanced the adsorption of
Sb by the hybrid lter. Fig. 2b shows that the iron (oxyhydr)
oxide/CNT lter worked effectively across a wide pH range.
This is because the Sb(III) species (i.e., Sb(OH)3) in the aqueous
solution remain unchanged from pH 3 to 10.27
3.3 Sorption isotherms

Sb(III) sorption isotherms on the iron (oxyhydr)oxide/CNT lter
were conducted in the recirculation mode and tted with the
Freundlich isotherm model as given in eqn (3):

qe ¼ KfCe
1/n (3)

where qe is the Sb amount sorbed by the iron (oxyhydr)oxide/
CNT lter at equilibrium, Ce is the equilibrium concentration,
while Kf and n are constants, respectively, related to adsorption
capacity and intensity. Fitting results suggest that the data t
the Freundlich model well with a correlation coefficient of 0.991
(Fig. S8†). For Sb(III), the iron (oxyhydr)oxide/CNT lter
maximum adsorption capacity reached 44.22 mg g�1 (Ce ¼ 1307
mg L�1). The actual maximum sorption capacity could be even
greater as the value of qe did not reach a plateau. The as-
calculated Kf and n were 2.17 and 2.4, respectively. Note that
the Sb(III) adsorption capacity of iron (oxyhydr)oxide/CNT lters
are comparable with powdered or granular iron oxy-
hydroxides18,20 and other iron-based sorbents.10,28 The improved
performance can be attributed to convection-enhanced mass
transport in the ow-through design, smaller pore size, and
improved availability of the sorption sites of the iron (oxyhydr)
oxide/CNT lters.
3.4 STEM and XPS analyses

We further conducted scanning transmission electron micros-
copy (STEM) to demonstrate Sb sequestration. Fig. 3 and S9†
present the high-angle annular dark-eld (HAADF) images and
elemental mapping of an Sb-loaded iron (oxyhydr)oxide/CNT
lter. As shown from the mapping results of Fe and C, these
iron (oxyhydr)oxide particles were uniformly coated onto the
RSC Adv., 2019, 9, 18196–18204 | 18199
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Fig. 3 HAADF image (a) of the Sb-loaded iron (oxyhydr)oxides/CNT filter and the corresponding EDS elemental mapping: (b) C + O+ Sb + Fe, (c)
C, (d) O, (e) Fe, (f) Sb; and (g) XPS Fe 2p spectra, (h) XPSO 1s spectra of the fresh iron (oxyhydr)oxides/CNT filter and (i) XPS Sb 3d spectra of the Sb-
loaded iron (oxyhydr)oxides/CNT filter.
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CNT sidewalls. This result was consistent with TEM character-
izations. In addition, the elemental distribution of Sb was
consistent with that of Fe (or O), suggesting that Sb was mainly
sequestered by the coated iron (oxyhydr)oxide.

XPS was performed to further examine the elemental
composition of the iron (oxyhydr)oxides/CNT lter before and
aer Sb sorption. As shown in Fig. S5,† the XPS survey pattern of
a fresh iron (oxyhydr)oxides/CNT lter conrmed the presence
of C 1s, O 1s, Fe 2s, Fe 2p, and Fe 3p, while an Sb 3d charac-
teristic peak was identied on an Sb-loaded lter sample. A
high-resolution scan of Fe 2p over a small window is presented
in Fig. 3g. The characteristic peaks centred at 710 and 712 eV
can be assigned to Fe(II) and Fe(III), respectively. Furthermore, as
shown in Fig. 3h, the O 1s spectrum can be deconvoluted into
four peaks, assigned to the oxygen from hydroxyl, ether and
carbonyl (533.1 eV), Fe–O–H (531.8 eV), Fe–O–C (531.2 eV), and
Fe–O–Fe (530.2 eV), respectively. The presence of surface Fe–O–
H conrmed the species of FeOOH, and Fe–O–Fe may be
attributed to species of FeOOH and Fe2O3. It should be
mentioned that Fe–O–C is the largest constituent of surface O
atoms, indicating the strong interaction between iron particles
and the CNT network support. The XPS results of O 1s indicate
18200 | RSC Adv., 2019, 9, 18196–18204
that the iron (oxyhydr)oxides were mainly composed of FeOOH
and Fe2O3. In comparison, the characteristic peak of Sb 3d
appeared on an Sb-loaded iron (oxyhydr)oxides/lter (Fig. 3i).
Further tting the Sb 3d spectrum suggested that certain Sb(III)
were converted to Sb(V), as supported by the co-existence of
Sb(III), centred at 530.2 eV, and Sb(V), centred at 532.3 eV. The
transformation of Sb(III) to Sb(V) may be due to oxidation by
these surcial iron oxides. Detailed explanations will be
provided in the DFT calculation section.

The conversion of Sb(III) to Sb(V) was further supported by
the determination of effluent Sb species by atomic uores-
cence spectrometry (AFS). As presented in Fig. 4a, both Sbtotal

and Sb(III) decreased exponentially with time. Only negligible
Sb(V) was detected in the effluent within the initial 2 h, while
its concentration increased linearly aerwards. The change
in Sb species suggests that the continuous-ow lter enables
simultaneous sequestration and oxidization of Sb(III). This
result is in good accordance with the XPS characterization of
the used lter sample. More solid evidence could be obtained
from the XAFS characterization, which provides essential
information on the valence states of the adsorbed Sb species.
Fig. 4b presents Sb K-edge XANES spectra of an exhausted
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Changes in the concentration Sbtotal and Sb species as
a function of time as determined by AFS. (b) Sb K-edge XANES spectra
for the Sb-adsorbed iron (oxyhydr)oxides/CNT filter.

Fig. 5 (a) Effect of competing anions on the adsorption behavior of
Sb(III) on the iron (oxyhydr)oxide/CNT filter. Experimental conditions:
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iron (oxyhydr)oxide/CNT lter sample. This technique
provides solid evidences on the oxidation state of Sb, as
indicated by the energy of the adsorption edge. Generally, the
edge energy increases with an increase in the oxidation
state.29 Comparing the Sb XANES spectra of the Sb(III)-loaded
lter with those of the reference compounds (i.e., KSb(OH)6
and C8H4K2O12Sb2 were used as references for Sb(V) and
Sb(III), respectively), indicated that Sb was present in the
valence states of Sb(V) and Sb(III).
[Sb(III)]in of 900 mg L�1, flow rate of 1.5 mL min�1, pH of 7, and recir-
culation mode. (b) Comparison of two regeneration methods for
exhausted iron (oxyhydr)oxide/CNT filters. Experimental conditions:
[Sb(III)]in of 200 mg L�1, flow rate of 1.5 mL min�1, pH of 7, and single-
pass filtration mode. (c) Performance of the iron (oxyhydr)oxide/CNT
filter when challenged with Sb(III)-spiked tap water. Experiment was
conducted in the single-pass filtration mode, [Sb(III)]in of 100 mg L�1,
flow rate of 1.5 mL min�1 and pH of 7.
3.5 Effect of solution chemistry

Fig. 5a shows the effect of the selected co-existing anions on
Sb(III) removal. The results suggest that the presence of 1–
10 mmol L�1 of carbonate, sulphate, and chloride showed
negligible inhibition of Sb(III) removal. This can be
explained by the different sorption mechanisms of Sb and
these co-existing anions. Sb(III) was chemisorbed onto iron
(oxyhydr)oxide particles via the formation of an inner-
sphere complex,17 while carbonate, sulphate, and chloride
were adsorbed by an alternative manner of electrostatic
attraction. Contrarily, the presence of phosphate and sili-
cate reduced Sb(III) removal efficiency by 10–15% and 17–
36%, respectively. Phosphorus and antimony are known to
have similar physicochemical properties, since they are
both in group VA of the periodic table. It is reasonable to
believe that competitive adsorption between phosphate and
This journal is © The Royal Society of Chemistry 2019
Sb(III) occurred, evidently inhibiting the Sb(III) uptake
performance due to the limited active sites available.30,31

Meanwhile, silicate has been reported to be a strongly
interfering anion for arsenic (As, a structural analog to Sb)
adsorption onto iron oxide.32 Similarly with Sb, silicate is
also inclined to react with metal oxides to form an inner-
sphere complex.33 This similar chemisorption mechanism
of silicate and Sb(III) could explain the pronounced
RSC Adv., 2019, 9, 18196–18204 | 18201
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suppression of Sb(III) sequestration when compared with
other coexisting anions. It is worth noting that the
concentration of competing anions is much higher than the
actual aquatic conditions, such that the inhibitory effect
could be limited in practical applications.
3.6 Regeneration of exhausted iron (oxyhydr)oxide/CNT
lters

The regeneration of the exhausted iron (oxyhydr)oxide/CNT
lter was examined comparatively by either passing through
100 mL of 5 mM NaOH solution (i.e., by chemical washing)
or applying a negative total cell potential of �2 V while
passing through 100 mL of 5 mM NaOH and 10 mM Na2SO4

solution (i.e., by chemical washing and electrical repulsion).
As shown in Fig. 5b, the regeneration performance of the
latter method was always better than that of the former.
Aer three single-pass ltration cycles (i.e., �11 000 bed
volumes), Sb(III) removal efficiency was still as high as 80.2%
when regenerated using the electrical eld-assisted chem-
ical washing method. Such performance dropped slightly to
78.5% in the fourth cycle. In comparison, a Sb(III) removal
efficiency of 77.1% was obtained over only two consecutive
runs when regenerated by chemical washing alone. This
efficiency dropped to 72.5% in the fourth cycle. The slight
increment in Sb(III) removal caused by the applied electrical
eld can be ascribed to the electrostatic repulsion of the
negatively charged Sb(V). This indicates that the
Fig. 6 The optimized adsorption geometries of Sb(III) on FeOOH (a), Sb(V
antimony atoms are yellow, oxygen atoms are red, iron atoms are pink a

18202 | RSC Adv., 2019, 9, 18196–18204
regeneration of the exhausted iron (oxyhydr)oxide/CNT
lter by chemical washing combined with electrostatic
repulsion is an effective choice. The optimization of other
key operational factors (e.g., applied voltage, ow rate,
electrolyte compositions and concentration) require further
investigation.
3.7 Removal performance of Sb(III)-spiked tap water

Compared to deionized water, tap water is believed to be more
complex as it contains complex salts and organic matters.34 To
evaluate the practical application potential of the iron (oxyhydr)
oxide/CNT lter technology, 100 mg L�1 Sb(III) spiked tap water
further challenged the iron (oxyhydr)oxide/CNT lter and was
operated in the single-pass operationmode. As shown in Fig. 5c,
the iron (oxyhydr)oxide/CNT lter produced 1000 bed volumes
of effluent before the removal efficiency of Sb(III) dropped below
90%. This performance was slightly lower compared with that
obtained in the DI-H2O matrix, which may be ascribed to the
relatively complex composition within the tap water (with a TOC
of 2.0 mg L�1). It is to be noted that the hydraulic retention time
(HRT) within the lter was only <2 s at a ow rate of 1.5
mL min�1, which is much lower than the conventional x-bed
ltration with a typical HRT of several minutes or hours.35 It
can be envisaged that the removal performance could be further
increased by further recirculating the effluent. Moreover,
negligible iron leaching was detected in the effluent (<5.2 mg
L�1), implying the desirable stability of the as-fabricated iron
) on FeOOH (b), Sb(III) on Fe2O3 (c), and Sb(V) on Fe2O3 (d). Color code:
nd hydrogen atoms are white.

This journal is © The Royal Society of Chemistry 2019
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(oxyhydr)oxide/CNT lter in a continuous-ow ltration
process.
3.8 DFT calculations

To understand the sequestration mechanism of Sb(III) and Sb(V)
using the iron (oxyhydr)oxide/CNT lter, DFT calculations were
performed to investigate the interaction of Sb(OH)3 and
Sb(OH)6

� with the iron (oxyhydr)oxides (e.g., Fe2O3 and
FeOOH). A six-layer (4 � 4) Fe2O3 facet and a six-layer a-FeOOH
facet were employed in the simulation. DFT results suggest that
the corresponding binding energies for Sb(III) onto the FeOOH
and Fe2O3 surfaces were 2.27 and 2.30 eV, respectively. In
comparison, Sb(V) could adsorb strongly onto the surfaces of
FeOOH and Fe2O3 with increased bonding energies of 4.41 and
5.10 eV, respectively. The difference in binding energies can be
attributed to the different species of Sb(III) and Sb(V) in the
medium. The negatively-charged Sb(V) could be anchored
strongly onto the positively-charged iron (oxyhydr)oxide via
electrostatic attraction, while Sb(III) is neutrally charged
between pH of 3 to 9 and is not affected by the electrostatic
interactions. Moreover, DFT results also indicate that the
adsorbed Sb(III) tends to be oxidized. As suggested by Mulliken
charge analysis, the net charge of Sb(III) increased from 1.08
(before adsorption) to 1.23 when sequestered (by either FeOOH
or Fe2O3). As shown in Fig. 6, Sb(III) species is not fully coordi-
nated, which enabled OH from the aqueous phase to oxidize
Sb(III) to Sb(V). Also, the projected density of states (PDOS,
Fig. S10†) suggests that the HOMO–LUMO gap of Sb(III) shrunk
signicantly from 5.34 eV to 2.57 eV aer sorption, which
caused Sb(III) to become more reactive. In contrast, the net
charge of Sb(V) increased from 1.48 to 1.55 on FeOOH and to
1.59 on Fe2O3 aer adsorption. In other words, when Sb(III) was
adsorbed by FeOOH or Fe2O3, 0.15 electrons were imparted to
Sb(OH)3 from the surface oxidative layer. Whereas, a slightly
weaker charge transfer was observed for Sb(V), only 0.07
(FeOOH) and 0.11 (Fe2O3) from the surface to the adsorbed
Sb(V). A similar trend had been reported previously by both
experimental and theoretical studies.36–39 These DFT results
were consistent with the above results of XPS and XAFS char-
acterization and the Sb valence state analysis of the effluent
performed by XAFS.
4. Conclusions

A ow-through iron (oxyhydr)oxide/CNT hybrid lter system
was developed for rapid and effective sorption removal of Sb(III)
from aqueous solution. Compared to conventional batch
system, the proposed lter technology demonstrated enhanced
sorption kinetics and capacity. This could be explained by the
synergistic effects of ow-through design, convection-enhanced
mass transport, limited pore size and more exposed active sites
of the lters. Experimental and theoretical evidence suggests
that a certain amount of Sb(III) was converted to Sb(V) during
ltration, which signicantly decreased the toxicity of Sb. The
proposed lter technology works effectively across a wide pH
range and exhausted iron (oxyhydr)oxide/CNT lters can be
This journal is © The Royal Society of Chemistry 2019
effectively regenerated by an electrical eld-assisted chemical
wash method. Overall, this study provides new insights into the
removal of Sb(III) compounds and other similar toxic heavy-
metal ions.
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