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M
icrobiological contamination in
drinking water constitutes one of
the greatest global challenges

facing both environmental sustainability
and public healthcare today.1,2 Rapid bac-
terial regrowth occurs frequently even in
sanitized water, particularly in tropical and
subtropical countries where high humidity
and temperatures complicate maintenance
of clean water storage units, threatening
human health. A general method to limit
microbial growth is the addition of excess
disinfectants (e.g., chlorine, chlorine diox-
ide, or ozone) into drinking water, yet the
toxicity of disinfection byproducts leads to a
quest for alternative solutions.3 Recently,
there has been a huge advancement in
thedevelopmentofnewtypesof antibacterial
materials, such as silver particles, poisonous

oxides, antibiotics, photosensitizers, hydro-
gels, and antimicrobial peptides.4�8 Most
antimicrobial materials react with living
cells by releasing toxic substances,9,10 which
would result in health risks in drinkingwater;
other antibacterial agents are confined to
physical contact with microorganisms,4,11,12

which is not promising for large-scale water
supplies.
Phosphorus, an essential element for the

growth of all organisms, serves as a main
building block for energy carriers, nucleic
acids, and proteins.3 An excessive intake of
phosphorus inwater bodies spurs abnormal
growth of algae and aquatic plants.13 It is
widely accepted that phosphate is the only
form of phosphorus that can be directly
assimilated by microorganisms, algae, and
other planktons.14 Consequently, efficient
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ABSTRACT La(OH)3 nanorods immobilized in polyacrylonitrile (PAN)

nanofibers (PLNFs) were fabricated for the first time by electrospinning

and a subsequent in situ surfactant-free precipitation method and then

applied as a highly efficient phosphate scavenger to realize nutrient-

starvation antibacteria for drinking water security. The immobilization

by PAN nanofibers effectively facilitated the in situ formation of the

aeolotropic and well-dispersed La(OH)3 nanostructures and, thus, ren-

dered higher phosphate removal efficiency due to more exposed active sites for binding phosphate. The maximum phosphate capture capacity of La(OH)3
nanorods in PAN nanofibers was around 8 times that of the La(OH)3 nanocrystal fabricated by precipitation without PAN protection. Moreover, remarkably

fast adsorption kinetics and high removal rate were observed toward low concentration phosphate due to the high activity of our materials, which can

result in a stringent phosphate-deficient condition to kill microorganisms in water effectively. The present material is also capable of preventing sanitized

water from recontamination by bacteria and keeping water biologically stable for drinking. Impressively, stabilized by PAN nanofibers, the La(OH)3
nanorods can be easily separated out after reactions and avoid leaking into water. The present development has great potential as a promising

antimicrobial solution for practical drinking water security and treatment with a negligible environmental footprint.
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phosphate removal in water is expected to be a green
strategy to prevent the growth of microorganisms,
which would bypass toxic substances released from
antibacterial agents. Although measures have been
developed to remove phosphate from water, such as
chemical precipitation, biological processes, adsorp-
tion, ion exchange, and so on,13�17 most of which
cannot provide satisfactory low levels of phosphate
after treatment to suppress microbial growth. Lantha-
num (La) species, particularly nanostructures, known to
bind very strongly to phosphate (solubility product of
lanthanum phosphate pK = 26.16), have been recently
employed to adsorb excess phosphate in the human
body (Fosrenol) and in water and exhibited superior
adsorption capacity and high removal rate,13,18�26 thus
holding great potential toward reducing algae and
bacteria overgrowth.27,28 However, (i) conventional
lanthanum-containing nanostructures usually tend to
agglomerate to minimize their surface energy, causing
the inner regions of the resulting aggregates to not be
effectively utilized and thus suppressing the removal
efficiency toward low concentration phosphate.29

(ii) Most seriously, the leakage of La into water, which
probably renders biological incompatibilities like tak-
ing a toll on animal and human's central nervous
system,30 poses a huge challenge for those La-contain-
ing phosphate scavengers hitherto developed in prac-
tical application for drinking water security.24,26,28 The
leakage problem is associated with both the compli-
cated liquid�solid separation of those traditional pow-
dered agents and the structural instability of them in
water solution. Although loading La2O3 nanoparticles
into filter membranes was effective to reduce leaking,3

the water flux declined by 95% in a short time due to
the severe membrane fouling and thus hindered the
practical application. Therefore, it is earnestly desired
to design a safe and highly efficient phosphate scaven-
ger for nutrient-starvation antibacteria in drinkingwater.
Electrospinning is a remarkably facile and versatile

method to fabricate nanofibers and submicrofibers
with ultrahigh aspect ratio for a broad range of appli-
cations (catalysis, adsorption, sensing, etc.). Particularly
powerful for this technique, nanosized functional
components with homogeneous dispersion can be
conveniently incorporated and stabilized in fiber
matrixes.31�38 Given the excellent spinnability, envir-
onmentally benign nature, hydrostability, and hydro-
philicity of polyacrylonitrile (PAN),39 well-dispersed
La(OH)3 nanorods impregnated in PAN nanofibers
(PLNFs) were produced for the first time by electro-
spinning combined with a subsequent in situ precipi-
tation process at room temperature for phosphate-
starvation antibacteria. The superlong PAN nanofibers
served not only as a facilitator for the in situ formation
of the well-dispersed La(OH)3 nanorods but also as a
stabilizer to avoid lanthanum leakage during applica-
tion. By this hierarchical nanostructure, the maximum

phosphate capture capacity toward 80mg P/L solution
was increased to 172.2 mg P/g (lanthanum), around
8 times that of conventional La(OH)3 nanocrystal
fabricated by precipitation without PAN protection.
Moreover, a fast kinetics and high-removal efficiency
were observed for the adsorption of low concentration
phosphate (2 mg/L) owning to the high activity of our
materials, which can result in a stringent phosphate-
deficient condition to kill microorganisms in water
effectively. PLNFs are also capable of preventing sani-
tized water from the recontamination by bacteria for
drinking. The present materials have great application
potential in securing biological stability during water
production, supply, as well as storage due to their high
efficiency and excellent safety.

RESULTS AND DISCUSSION

Materials Fabrication and Characterization. 1D La(OH)3,
with outstanding application in catalysis, optical de-
vices, electronics, and magnetic equipment, was ra-
tionally synthesized by using hydrothermal method,
solvothermal strategy, precipitation, and microwave-
assisted routes in recent years.40�44 Among these
fabrication methods, the precipitation route concern-
ing the reaction between alkali and La3þ-containing
solution at low temperature was widely applied due
to its simplicity, high efficiency, and low cost.43,45 In
general precipitation processes, organic molecular sur-
factants with growth-controlling and agglomeration-
inhibiting functions were strictly required to direct
the growth of the anisotropic 1D La(OH)3.

45,46 In the
present work, we developed a facile in situ precipita-
tion without addition of any surfactant by the aid of
electrospinning technology. First, La(NO3)3 was incor-
porated into PAN (a water-insoluble polymer with
good hydrophilicity) nanofibers via an electrospinning
process. Then the NaOH solution was used to treat the
precusor composite nanofibers and in situ converted
the La(NO3)3 inside the fibers into La(OH)3 at room
temperature. During the formation process above, the
PAN nanofiber matrix was expected to serve as both a
growth controller and an agglomeration inhibitor for
forming the La(OH)3 nanorods.

The digital picture of the PLNFs is shown in Figure S1
in the Supporting Information. Figure 1a and the inset
provide the scanning electron microscopy (SEM)
images of the PLNFs mats at different magnifications
after electrospinning and a subsequent in situ treat-
ment by NaOH solution for 12 h. Just as the typical
electrospun products, the fibers randomly oriented,
with an average diameter of around 185 nm (cal-
culated in Figure S1). TEM characterization (Figure 1b
and Figure S2) gave further insight into the morphol-
ogy and structural features of the products. As shown
in Figure 1b, La(OH)3 was observed as dark rodlike
structures in the PAN nanofiber matrix, displaying an
average length of ∼59 nm (inset of Figure 1b) and an
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average diameter of ∼6 nm. The selected-area elec-
tron diffraction (SAED) pattern of La(OH)3 nanorods in
Figure 1c showed the polycrystalline diffraction rings,
corresponding to the (100), (101), (201), and (211)
planes of hexagonal La(OH)3.

45 The structure of an
individual nanorod in the PLNFs was further examined
by high-resolution transmission electron microscopy
(HRTEM) as shown in Figure 1d, which displayed awell-
defined crystallinity with a lattice spacing of 0.32 nm,
ascribed to the (101) plane of hexagonal La(OH)3.

47

To better understand the role of the PANnanofibers
in the formation of the La(OH)3 nanorods, a control
sample of pure La(OH)3 nanocrystal was fabricated by a
conventional precipitation method (CPM) to compare
with PLNFs shown in Figure 1e. The reaction between
NaOH and La(NO3)3 solution was carried out, without
addition of PAN or any organic surfactant. It was found
that in the absence of PAN the pure La(OH)3 nanocrys-
tal (Figure 1e) exhibited an irregular morphology, with
only a few rodlike structures appearing in the La(OH)3
aggregates.42,45 The X-ray diffraction (XRD) patterns
of the two products are shown in Figure 1f. Several
characteristic peaks such as the (100), (110), (101),
(201), (300), (211), and (112) planes of La(OH)3 were

observed for both the pure La(OH)3 nanocrystal and
the PLNFs, which were located at 2θ = 15.6, 27.3, 27.9,
39.5, 48.2, 48.5, and 55.2�, respectively (JCPDS card no.
83-2034).26 The lanthanum contents in PLNFs and pure
La(OH)3 nanocrystal were detected by ICP-OES to be
7.8 and 71.1 wt %, respectively.

The time-dependent growth process of the La(OH)3
in the PAN nanofibers during in situ precipitation was
also studied and is shown in Figure 2. Before treatment
by NaOH, no distinct La-based crystals were observed
in the PAN fibers by TEM (Figure 2a), which was similar
to the prior report on inorganic salt/polymer compo-
site nanofibers.48 When the samples were treated by
NaOH for a short time (30 min), a few dark nanodots
emerged (Figure 2b) and grew in size with increasing
time (1 h, Figure 2c). As the immersion time in NaOH
further increased, many nanodots agglomerated
(2 h, Figure 2d) along a 1D direction and subsequently
formed short nanorods (6 h, Figure 2e). Finally, after
being soaked in NaOH solution for more than 10 h, the
in situ La(OH)3 nanorods with a definite 1D configura-
tion in PAN naofibers were formed (Figure 2f,g). When
the treatment time was increased to 12 h, there was an
insignificant change in the structure of the La(OH)3
nanorods (Figure S3). Thus, on the basis of the above
observation, a possible formation process for the
La(OH)3 nanorods was proposed and is schematically
displayed in Figure 2h. La(OH)3 fabricated by precipita-
tion in alkaline condition tended to form anisotropic
structures due to the intrinsical anisotropy of the hex-
agonal La(OH)3,

49 which is confirmed by Figure 1e, and
the results are reported in the literature.43 In a conven-
tional precipitation process, in order to produce better-
structured 1D La(OH)3, organic molecular surfactant
micelles in the aqueous solution served as a template
for assembling lanthanum cations inside and influ-
enced the nucleation and growth process of the
crystals.45 In the present work, La3þ was directly in-
corporated into the PAN nanofibers by electrospin-
ning. Accordingly, PAN fibers acted as a nanoreactor,
which could not only provide a place for the reaction
between La3þ and alkali solution but also impact the
nucleation and growth process of the assemblies. By
the growth-controlling and agglomeration-inhibiting
functions of the PAN fibers, as well as the intrinsical
anisotropy of the hexagonal structure La(OH)3,

47 the
aeolotropic structure was finally formed.

PAN nanofibers impregnated with various ratios
of La(OH)3 were also prepared by electrospinning
and in situ precipitation. The initial mass ratios of
PAN to La(NO3)3 3 6H2O in the PAN/La(NO3)3 precusor
nanofibers were 10:1, 6:1, and 3:1, respectively. After
12 h incubation in NaOH, the resulting PAN/La(OH)3
nanofibers were characterized by TEM and then shown
in Figure 3. When the initial concentration of La(NO3)3
was lower, La(OH)3 hadnot formed ananorod structure
yet in 12 h. When the PAN/La(NO3)3 3 6H2O ratio was

Figure 1. (a) SEM images of the PLNFs mats at different
magnifications. (b) TEM image of the PLNFs (inset: length
distribution of La(OH)3 nanorods in the PAN matrix).
(c) Selected-area electron diffraction (SAED) pattern.
(d) HRTEM image of the PLNFs. (e) Morphology (TEM) of
La(OH)3 nanocrystal formed by conventional precipitation
without PAN fibers. (f) Corresponding XRD spectra of the
above two samples.
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10:1, only a few La(OH)3 nanoparticles appeared in PAN
(Figure 3a). As the ratio changed into 6:1, more nano-
particles emerged and tended to agglomerate along
a 1D direction (Figure 3b). The XRD spectra of the three
samples are shown in Figure 3d. The lower the con-
centration of initial La3þ the more amorphous the
La(OH)3 crystal structures tended to be. On the basis
of the data exhibited in Figures 2 and 3, it can be
deduced that the growth of crystal La(OH)3 nanorods
in PAN nanofibers was both time-dependent and La
concentration-dependent.

Phosphate Removal. We first evaluated the phosphate
adsorption properties of the above three fiber samples
with various La contents and found insignificant differ-
ences between the P capture abilities per gram La of
each sample (Figure S4). The PLNFs with La(OH)3
nanorods impregnated in PAN nanofibers exhibited
much better resistance to La leaking during application
(Table 1) than the other two samples and, thus, were
chosen as the right sample to conduct the following
phosphate adsorption and antibacterial experiments.
Pure PAN nanofibers were used as a control sample for
comparison, with a negligible phosphate adsorption
capacity of only 0.277 mg/g (T = 25 �C, initial concen-
tration = 50 mg P/L), indicating the removal capacities
were nearly all derived from La(OH)3 nanorods in PLNFs.
Figure 4a showed Langmuir and Freundlich adsorption
isotherms of PLNFs in the solution with different initial
phosphate concentrations. The corresponding isotherm

Figure 2. (a�f) TEM images of the composite nanofibers as a function of in situ treatment time by NaOH: (a) 0 min
(PAN/La(OH)3), (b) 30min, (c) 1 h, (d) 2 h, (e) 6 h, (f) 10 h, (g) 12 h. The scale bar in the TEM images repesents 50 nm. (h) Scheme
for the formation of dispersed-La(OH)3 nanorods in PAN nanofibers by electrospinning and the subsequent in situ
precipitation.

Figure 3. TEM images of PAN/La(OH)3 nanofibers prepared
by electrospinning and in situ precipitation. Initial mass
ratios of PAN to La(NO3)3 3 6H2O: (a) 10:1, (b) 6:1 and (c) 3:1,
respectively. (d) Lines A, B, and C in the XRD spectra
represent the samples shown in (a), (b), and (c), respectively.

TABLE 1. Comparison of the Leakage of Lanthanum of

Various Samplesa,b

absorbents

leakage of lanthanum

(μg/L)

immersion

time (h)

PLNFs (Figure 3cFigure 3b) NDc 24
PAN/La(OH)3 particle (6:1) (Figure 3b) 3 1
PAN/La(OH)3 particle (10:1) (Figure 3a) 5 1
La(OH)3 nanocrystal (Figure 1e) 117 1

a Operating temperature 25 �C and initial phosphate concentration: 2 mg P/L.
b The La dosage in the solutions was the same for the four samples. c Below the
MDLs (1 μg La/L).
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parameters are summarized in Table S1. The Freundlich
model gave a better fit than the Langmuir model for
the PLNFs with a correlation coefficient of R2 = 0.903,
indicating a chemical heterogeneity of the adsorbents.
This result was different from other previous studies
on lanthanum-based adsorbents,29,50,51 likely caused by
the aeolotropic structure of the La(OH)3 nanorods in the
nanofiber matrix.52 On average, a favorable adsorption
tended to have a Freundlich constant n between 1 and
10. A larger value of n implied a stronger interaction
between adsorbents and phosphate.53 For our adsor-
bent, n was 8.90 as shown in Table S1, representing a
favorable adsorption condition.54 Given that PAN did
not contribute to the total adsorption capacity, and
the La(OH)3 content in the composite nanofibers was
7.8 wt %, the maximum phosphate adsorption capac-
ity (qm) of the PLNFs can thus be determined to be
172.2mgP/g (La) (T= 25 �C) in the 80mgP/L phosphate
solution. This value was much higher than the max-
imum adsorption capacity of 20.4 mg P/g (La) for
La(OH)3 nanocrystals fabricated by CPM without PAN
protection under the sameexperimental conditions and
also higher than the saturated adsorption capacity of
76.8mgP/g (La) for commercial nano-La(OH)3.

29 It could
be interpreted that the well-dispersed La(OH)3 nano-
rods in the nanofibers brought more exposed La(OH)3
active sites for phosphate binding.55 Significantly, the
adsorbent of PLNFs was very convenient to be sepa-
rated from the solution after adsorption (Figure 4a,
inset), owing to the good mechanical properties
(Figure S5 and Table S2).

The time-dependent adsorption for high concen-
tration phosphate is shown in Figure 4b. The phos-
phate removal was quite rapid at the initial stage, with
>90% phosphate removed from the solution with
20 mg P/L by PLNFs in 1.5 h, and experiments under

different phosphate concentrations (20, 50, 80 mg P/L)
could all reach equilibrium (>97%) within 6 h. The
kinetic parameters as well as corresponding correla-
tion coefficients are shown in Table S3. According
to correlation coefficient R2, the data fitted well to
the pseudo-second-order rate equation, indicating a
chemisorption process of the adsorption.23

The structures of lanthanum component in the
functionalized composites after adsorption were in-
vestigated bywide-angle XRD (Figure 4c). Several char-
acteristic peaks appeared at 2θ = 17.0�, 25.0�, 28.5�,
31.1�, and 41.9� after removal of phosphate, which
corresponded to the monoclinic LaPO4 phase (PDF no.
73-0188), confirming the chemical reaction between
the adsorbed phosphate and the La active sites.21,50

Meanwhile, Figure 4d presents the FT-IR spectra of the
as-prepared PLNFs and PAN/La(OH)3 nanofibers after
adsorption (PLNFs-A). The obviously strengthened
adsorption peak centered at about 1055 cm�1 should
be attributed to the typical characteristic of the asym-
metric stretch vibration of P�O in PLNFs-A. Addi-
tionally, the reduced intensity of the La�O�H peak
at 635 cm�1 (Figure S6)56 and the appearance of the
O�P�Opeak at 613 cm�1 also suggested the chemical
binding between La and phosphate.57 The morphol-
ogy and chemical compositions of PLNFs-A were also
studied by TEM and SAED, supplied in Figure S7 in the
Supporting Information. The lanthanum species in PAN
nanofibers retained 1D nanostructure after adsorption
of phosphate.

The effect of the pH, ranging from 2.0 to 11.0, on the
phosphate uptake capacities of the monodispersed
La(OH)3 in the PAN nanofibers were investigated and
areshown in Figure 5a. The phosphate removal proper-
ties, kept at a high level in the pH range of 3.0�8.0,
indicated a wide application. In faintly acid solution,
the protonation of the samples was expected to make
the surface of La(OH)3 positively charged, conse-
quently facilitating the interaction with anionic group
H2PO4

� or HPO4
2� by electrostatic attraction to form

LaPO4.
50,58 Additionally, the ligand-exchange mechan-

ism would also be involved in the phosphate adsorp-
tion process following eqs 1�3, responsible for the
high adsorption capacities,50,51,58 which could be
confirmed by the obvious increases in pH value
(ΔpH = final pH � initial pH) during the adsorption

Figure 4. (a) The adsorption isotherms of the phosphate
on the PLNFs (initial concentration = 20, 30, 40, 50, 60, 70,
80 mg P/L) (Inset: separation of adsorbents from solution
after adsorption.) (b) Adsorption kinetics of the phosphate
on PLNFs (initial concentration = 20, 50, 80 mg P/L). The
above experiments were carried out at T = 25 �Cwithout pH
adjustment. (c) XRD patterns and (d) FT-IR spectra of the
PLNFs before and after adsorption (PLNFs-A).

Figure 5. (a) Effect of initial pH on phosphate adsorption
of PLNFs and the final pH variation of solution. (b) Effect of
coexisting anions on the phosphate adsorption capacity.
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process (Figure 5a).

La�OHþH2PO4
� h La�H2PO4 þOH� (1)

Lad(OH)2 þHPO4
2� h LadHPO4 þ 2OH� (2)

Lat(OH)3 þ PO4
3� h LatPO4 þ 3OH� (3)

When the pH value increased further from 8.0 to 11.0,
the higher OH� concentration worked against the
aforementioned reactions of eqs 1�3, in turn resulting
in a sharp decrease in phosphate removal capacity. It
was also observed that when the pHwas below 3.0 the
phosphate adsorption capacities were relatively low.
It should be noted that when pHe 3 H3PO4 that could
not be adsorbed by La(OH)3

57,59 and reached a higher
concentration.

Phosphate competitive adsorption studies (Figure 5b)
of the PLNFs were carried out in the presence of
common ions like F�, Cl�, SO4

2�, CO3
2�, and NO3

� in
water. There was no obvious influences on adsorption
capacity (qe) by adding 0.01 M coexisting anions into
50 mg P/L phosphate solution, suggesting a high
selective phosphate removal capacity of PLNFs with
strong anti-interference ability.

Removal of Low Concentration Phosphate. The treatment
of the phosphate faces a thorny problem in that pos-
sible abnormal growth of microorganism occurs at
a very low phosphate concentration. Some countries
even use 0.03 mg P/L to prevent water from blooms
of cyanobacteria.26,60 Thus, it is necessary to assess
the removal properties of our agent toward low con-
centration phosphate. Herein, to study the practical
feasibility of our fabricated PLNFs, we conducted an
adsorption test in synthetic solution with an initial
phosphate (P) concentration of 2 mg P/L.61�63 The
PLNFs exhibited a very fast adsorption, with 90.9% of
phosphate removed within the first 10 min and 98.9%
within 20 min. The residual phosphate concentration
in the solution is 22 μg P/L after 20 min treatment by
PLNFs, which was below the phosphate limits of some
countries (30 μg P/L, the dash line showed in Figure 6a).
Furthermore, the data were well fitted to the pseudo-
second-order model and with a correlation coefficient
R2 = 0.999. The phosphate removal percentage over
PLNFs and La(OH)3 nanocrystal by CPM were com-
pared in Figure 6b, and the La dosage was the same in

water for these two samples. There was only 71.4%
phosphate removed after 50 min by La(OH)3 nano-
crystals, and the total removal percentage by this
sample reached just 85.7% after 24 h. These results
suggested that the super high-speed adsorption ability
of PLNFs should be owing to the well-dispersed con-
struction of La(OH)3 nanorods in PAN nanofibers.
The results implied a great application potential of
the PLNFs as chemical treatment agents to decrease
the phosphate concentration for more stringent dis-
charge limit.

The leakage problem is a bottleneck that hinders
conventional La-containing materials for practical
application, such as drinking water treatment and
antibacteria.64,65 In order to monitor the amounts of
La released from PLNFs, the leakage was detected by
ICP-OES after PLNFs (1 g/L) were immerged in phos-
phate solution (2 mg P/L) for 24 h. The results showed
that the released lanthanum concentration was
below the MDLs (method detection limits) of ICP-OES
(1 μg La/L), comparable to the lanthanum content in
open waters (<1 μg La/L).3 In previous works, research-
ers also developedmethods to protect La from leaking,
e.g., using mesoporous or macroporous silica to stabi-
lize the La species. However, the residual lanthanum in
water released from those materials were hundreds or
thousands times higher than that of PLNFs.24,26 Two
reasons are proposed to explain the PLNFs' excellent
resistance to leaking. The main one is that in situ

immobilization by PAN nanofibers can not only make
the La(OH)3 easily separated out after reactions, but
also effectively avoid La leaking. This can be supported
by the control experiment that the released lanthanum
concentration from pure La(OH)3 nanocrystals in 1 h
was as high as 117 μg La/L (Table 1). The other possible
reason may be related to the higher aspect ratio of
the 1D crystalline La(OH)3 nanorods. It should be more
difficult for 1D nanostructure to divorce from PAN
encapsulation due to the larger steric hindrance than
that of nanoparticles. It can be supplied by the data
shown in Table 1, for the other two PAN/La(OH)3 with
nanoparticles in PAN nanofibers (the sample depicted
in Figure 3a,b), the La residue in solution in 1 h was
more than 3 times that of PLNFs even in 24 h.

Phosphate Starvation Antibacteria. In order to demon-
strate the antimicrobial strategy by phosphate starva-
tion, the antibacterial property of PLNFs against
Escherichia coli (E. coli) was investigated. The solution
with an initial phosphate concentration of 2 mg P/L
was first pretreated by PLNFs (1.0 g/L) for 20 min and
then mixed with E. coli and used as the media for
microbe growth. To illustrate the impact of the phos-
phate scavenging influence on the antibacterial prop-
erty, the phosphate solution without preadsorption by
PLNFs was employed as a control sample. As shown in
Figure 7a, bacterial contamination (CFU per milliliter)
was found at the same level for the two samples at the

Figure 6. (a) Phosphate adsorption in the synthetic solution
by using PLNFs. (b) Comparison of removal percentage over
PLNFs and La(OH)3 nanocrystals by CPM, respectively.
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beginning, 216 CFU/mL for the sample without pre-
adsorption and 192 CFU/mL for the adsorbed sample.
Then, the E. coli colony in the media treated by PLNFs
showed a severe slash, completely dead within 1 day
(8 CFU detectable in 1 mL solution) and remained
stable at 8 CFU/mL even after 4 days of incubation.
On the contrary, evident growth occurred under phos-
phate conditions after 1 day (316 CFU/mL), 2 days
(4790 CFU/mL, Figure 7a), and 4 days (50900 CFU/mL)
of incubation. The result suggests the excellent persis-
tent antibacterial activity of PLNFs. According to the
above-mentioned experiments, the antimicrobial me-
chanism of the PLNFs is speculated as nutrient starva-
tion. The strong binding of the lanthanum hydroxide
nanorods in the PAN fibers with phosphate caused the
shortage of the essential element for the survival and
growth of microorganisms (Figure 7b).

To ensure the phosphate-starvation antibacterial
mechanism of La-based materials, the direct antibac-
terial effect of released La3þ must be ruled out first.
The E. coli death rate in solutions containing different
concentrations of lanthanum nitrate were measured
and compared in Figure 7c. It was found that La3þwith
higher concentration exhibited a fast and high inhibi-
tion to the bacteria. The death rates of E. coli were
around 83% and 39% within 1 min in the solution with
1000 and 100 μg/L La3þ, respectively. However, there
was no observable cell death in pure ddH2O and other
La3þ solutions with lower concentration (10 μg/L and

1 μg/L) within 1 min. After incubation for 24 h, the
density of E. coli under the above five conditions
decreased because there was no phosphate added
in. All of the bacteria were deadwhen the La3þ concen-
trationwas higher than 100 μg/L. But for the 1 μg/L and
10 μg/L La3þ solutions, the density of survival E. coli
was about several hundred CFU/mL, the same level as
that in pure water. This study indicates that there is
no remarkable direct antibacterial effect of La3þ when
the concentration is below 10 μg/L. In the present
work, the leaked lanthanum from PLNFs into water
was below <1 μg/L; thus, the antimicrobial mechanism
of the PLNFs was reasonably proposed to be nutrient
starvation.21 Moreover, the cell activities in phosphate
solution of various concentrations without any anti-
bacterial agents were also evaluated and are provided
in Figure 7d. When the phosphate concentration was
0.02 mg P/L, the media exhibited high antibacterial
activities due to the absence of nutrition. This result
can further confirm the phosphate-starvation antibac-
terial mechanism of PLNFs, because the phosphate
residue was 0.022mg P/L after 20min pretreatment by
PLNFs (Figure 6b). As the P concentration was beyond
0.1 mg P/L, the aqueous media was biocompatible
for bacterial survival or growth. It indicated that the
control sample of pure La(OH)3 nanocrystals, with
phosphate residue more than 0.5 mg P/L, was not
effective for killing E.coli by phosphate starvationwhen
the La dosage was the same as that of PLNFs.

Figure 7. (a) E. coli growth processes in water with 2mg P/L phosphate (red line) and in that pretreated by PLNFs (black line).
Once the media and organism were mixed, 250 μL of each sample was spread on the LB solid medium plates as the 0 day
sample. During 4 days no growth was observed in the phosphate-free water, while bacteria rapidly colonized water under
adequate phosphate conditions. (Inset: colonies on agar plates corresponding to the samples of (I) 0 day and (II) second day.)
(b) Schematic illustration of the nutrient-starvation antibacteria by PLNFs. (c) Antibacterial activities of free La3þ ions at
various concentrations: 90 μL of E. coli (about 108 CFU/mL)were incubatedwith 150mL of La3þ solution. (d) Cell viability after
incubation with different phosphate concentrations (1, 0.5, 0.1 mg P/L and 0.02 mg P/L).
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Water Biostability against Being Recontaminated by Total
Bacteria. E. coli is not the only bacterial species in water.
Therefore, considering practical application, it is quite
necessary to estimate the antibacterial efficiency of
PLNFs toward total bacteria in real water samples.
Fresh tap water was first taken from a sterilized tap
and then placed in a sterile environment for days to
release some residual chlorine. Then the above water
sample was divided into three parts and incubated in
indoor environment, with one part serving as a blank
sample and the other two parts exposed to 0.02 g/L
and 0.05 g/L PLNFs, respectively, for 1 h in each of the
following days. It is clearly observed from Figure 8 that
the bacteria colony number of the untreated water
displayed a remarkably increase from ∼10 CFU/mL to
200 CFU/mL, exceeding the Standard for Drinking
Water Quality of China and World Health Organization
(<100 CFU/mL) within 3 days. It indicates that rapid
bacterial recontamination can occur even in sanitized
water. In contrast, the other two samples guaranteed
by the PLNFs kept the number of standard plate-count
bacteria steady at around 10 CFU/mL, confirming the

validity of PLNFs to suppress the regrowth of bacteria
in real drinking water. Even though various forms of
phosphorus compounds exist in water, it is widely
accepted that phosphate is the only form of P that
can be directly assimilated by microorganism, algae
and other planktons.14 PLNFs, as a vigorous competitor
to bind phosphate, can block the metabolism of the
cells through the rapid P uptake, thus preventing the
recontamination.27 Therefore, PLNFs is foreseen to
possess great application prospects in securing bio-
logical stability in water production, supply, as well as
storage.

CONCLUSIONS

In summary, well-dispersed-La(OH)3 nanorods were
in situ impregnated in PAN nanofibers by combining
electrospinning with a surfactant-free precipitation
process. PAN nanofibers acted as not only a growth
controller but also an agglomeration inhibitor for the
formation of the La(OH)3 aeolotropic nanostructures.
Compared with conventional La(OH)3 nanostructures,
the hierarchically nanostructured PLNFs exhibited a
fast kinetics, high-removal rate, and easy separation for
phosphate adsorption, even toward low concentration
targets. This benefited from the increased active sites,
which were provided by the well-dispersed La(OH)3
nanorods to chemically bind with phosphate. Finally,
an effective nutrient-starvation antibacteria strategy
was successfully demonstrated through scavenging
free bioavailable phosphate by PLNFs, and kept water
biostable. Considering that the in situ encapsulation by
PANnanofibers canboth avoid lanthanum leakage and
bring out higher removal efficiency toward nutrient,
the present work would be of particular interest for
antibacteria and water stability in practical application.
In addition, due to the important role of one-dimensional
lanthanide hydroxides, the present work may also find
important applications in catalysis, optical devices and
electronics, etc.

MATERIALS AND METHODS
Materials. N,N-Dimethylformamide (DMF) and lanthanum

nitrate (La(NO3)3 3 6H2O) were provided by Aladdin Chemical
Reagent Co., Ltd. (Shanghai, China). Sodium hydroxide (NaOH)
was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China). Polyacrylonitrile (PAN) (Mw = ∼ 80,000) was
used as received from Jilin Carbon Group, China. All of the
chemical reagents used were analytical grade. E. coli. (ATCC
25922) was incubated via the previous procedure reported in
literature.26

Fabrication and Characterization of the Composite Nanofibers. PAN
(5 wt %) and certain amounts of La(NO3)3 3 6H2O were dissolved
in DMF, under vigorous stirring at 80 �C for 3 h. The mass ratios
of PAN to La(NO3)3 3 6H2O in various samples were 3:1, 6:1 and
10:1, respectively. After being cooled to room temperature, the
above mixtures were loaded into a plastic syringe for electro-
spinning. An electric potential of 15 kVwas applied between the
orifice and the ground at a distance of 20 cm, with a feed rate
of 0.1 mL/h by a syringe pump (Fisher Scientific, USA) under

ambient conditions (environmental humidity <50%). Then, the
as-prepared precursor nanofibers were treated by 0.1 M NaOH
for 12 h at room temperature to in situ convert La(NO3)3 in PAN
nanofibers into La(OH)3, which is called the in situ precipitation
method. Finally, the products were dried in a vacuum oven at
45 �C for 24 h after washed by deionized water for more than
10 times.

For comparison, pure PAN nanofibers were also fabricated
by electrospinning without addition of La(NO3)3 3 6H2O. Pure
La(OH)3 nanocrystals were prepared by a conventional precipi-
tation method, concerning a reaction between NaOH and
La(NO3)3 solution, without addition of PAN or any organic
surfactant.

FT-IR spectra of the sampleswere recorded on a PerkinElmer
Spectrum One B spectrometer with KBr as the reference. The
crystal structure of the samples was investigated using an X-ray
diffraction (XRD) by Bruker D8 Advance diffractometer in the
range of 2θ = ∼90� using Cu KR radiation as X-ray source.
The microstructures of the products were observed on a Helios

Figure 8. Investigation of biostability of real drinking water
samples against being recontaminated by total bacteria.
Three sterilized tap water samples were all incubated in an
indoor environment, with two exposed, respectively, to
0.02 g/L and 0.05 g/L PLNFs for 1 h every day and the other
one without treatment by PNLFs.
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Nanolab600i field emission scanning electronmicroscope (FE-SEM).
High resolution transmission electronmicroscope (HRTEM) imaging
analysis was performed with a FEI Tecnai G2 F30, operated
at a 300 kV accelerating voltage. The lanthanum contents in
PAN/La(OH)3 nanofibers were detected by using an inductively
coupled plasma optical emission spectrometer (ICP-OES, Optima
5300 DV, PerkinElmer). The samples for ICP-OES were prepared
by digesting 0.1 g of products with 6 mL of HNO3, 2 mL of HClO4

and 2 mL of HCl, followed by dilution with 2% HNO3.
Characterization of the Phosphate Removal Properties of the Compo-

site Nanofibers. A batch of tests were conducted to investigate
the phosphate adsorption capability of the pure PANnanofibers,
pure La(OH)3 nanocrystal and PLNFs. Phosphate solutions
were prepared by dissolving potassium dihydrogen phosphate
(KH2PO4) in DI water. All the experiments were carried out at
25 �C in 150 mL conical flask at the shaken rate of 130 rpm for
24 h. Phosphate solution (50 mL) was used for each experiment
with 3.0 g/L of adsorbents suspended in it.

As for the equilibrium studies, the adsorbents were added
in the solutions with initial phosphate concentration ranging
from 20 to 80 mg P/L. Langmuir and Freundlich equations were
applied to describe the adsorption isotherm data by nonlinear
regression forms57

qe ¼ qmKLCe=(1þ KLCe) (4)

qe ¼ KFCe
1=n (5)

where Ce (mg/L) is the concentration of phosphate solution at
equilibrium, qe (mg/g) is the corresponding adsorption capa-
city, qm (mg/g) and KL (L/mg) are Langmuir constants related to
adsorption capacity and energy or net enthalpy of adsorption,
respectively, and KF (mg/g) and n are the Freundlich constants.

For the adsorption kinetic experiments, 3.0 g/L of PLNFs was
added in the solution containing initial phosphate concentra-
tions of 20, 50, and 80mg P/L. Then 2mL solution was taken out
of the flask at given time intervals for phosphate concentra-
tion analysis. In order to analyze the kinetic mechanism of the
adsorption process, the experimental data were fitted in the
pseudo-first-order and pseudo-second-order models, which are
described as the following equations51

pseudo first-order equation : ln(qe � qt ) ¼ lnqe � k1t (6)

pseudo-second-order equation : t=qt ¼ 1=(k2qe
2)þ t=qe (7)

where qt and qe are the amount of phosphate adsorbed over
a given period of time t (mg P/g) and at equilibrium (mg P/g),
respectively; t is the adsorption time (min); and k1 (1/min) and k2
(g 3mg�1min�1) are the adsorption rate constant of the pseudo-
first-order adsorption and the pseudo-second-order adsorp-
tion, respectively.

To study the pH effect on phosphate removal, PLNFs were
added into 50 mg P/L phosphate solution. The initial pH,
ranging from 2.0 to 11.0, was adjusted by NaOH and/or HCl
solutions. The effect of coexisting anions on phosphate adsorp-
tion capacities was evaluated by dissolving 0.01 M of F�, NO3

�,
SO4

2�, Cl� and CO3
2� into 50.0 mL of phosphate solution with

an initial concentration of 50.0 mg P/L.
The adsorption experiment toward low concentration

phosphate was conducted in a solution with 2 mg/L by using
potassium dihydrogen phosphate as sources. The dosage of
the PLNFs was 1.0 g/L in this experiment. La(OH)3 nanocystals
fabricated by CPM served as a control sample, with the same La
dosage as that in the PLNFs.

The concentrations of the phosphate solutions were deter-
mined by using the Ammonium molybdate spectrophoto-
metric method.58 The absorption properties of the samples
were characterized by UV�vis spectrophotometer (Shanghai
Metash Instruments Co., Ltd., China). The pH of the solution
was analyzed by Sartorius PB-10 (Sartorius, Germany). The
concentration of lanthanum ion leakage was analyzed by using
ICP-OES.

Phosphate-Starvation Antibacterial toward E. coli. To demon-
strate the nutrient starvation antibacterial strategy, 2 mg P/L

phosphate solutions with and without pretreatment by 1.0 g/L
PLNFs (20 min) were both employed to serve as the media for
organism growth. The solutions were sterilized by autoclaving
at 121 �C for 30 min before the experiments.

E. coli cells were chosen as target microbes and cultivated
at 37 �C in Luria�Bertani (LB) medium overnight first. Until the
colony grew beyond 108 CFU/mL, the suspension was centri-
fuged (Mistral 3000E, 3000 rpm) for 10 min and washed with
physiological saline (0.9 wt % NaCl in water) to remove the
nutrient from LB medium (5 times repeatedly). Then the
microbes were diluted to 103�104 CFU/mL, and 2mL was taken
out to add into the as-prepared solutions (0.5 mL, 10 mg P/L)
and incubated at 37 �C in 5 mL centrifuge tubes on a shaker
(150 rpm). 250 μL of each sample was spread on the agar (LB)
plates every day. The plates were incubated at 37 �C for 24 h
before readout. The water used in microorganism experiments
was all ddH2O (Milli-Q, Millipore, resistivity 18 MΩ cm) and
presterilized at 121 �C for 30 min.

To measure the impact of free La3þ ions on the growth of
E. coli., 90 μL of E. coli (about 108 CFU/mL) was incubated with
150 mL of solutions containing various La3þ contents (1000,
100, 10, 1, and 0 μg/L) for 24 h at 37 �C. The cell viability inmedia
with various phosphate concentration was tested by incubating
50 μL of bacterial suspensions (about 107 CFU/mL) with 50 mL
of phosphate solution at different concentrations (1, 0.5, 0.1,
and 0.02 mg P/L) for 24 h at 37 �C, and then 100 μL of the cell
suspension was incubated onto LB agar plates.

Water Biostability against Being Recontaminated by Total Bacteria.
The biostability of real water samples against being recontami-
nated by total bacteria was tested followed the standard
examination method for drinking water in China (GB/T 5750-
2006). The standard plate-count bacteria was chosen as the
analysis object. The fresh water was taken from a sterilized tap
and then placed in a sterile environment for 3 days to release
some residual chlorine. Subsequently, the above water sample
was divided into three parts and incubated in indoor environ-
ment, with one part serving as a blank test the other two parts
being allowed to contact with 0.02 g/L and 0.05 g/L PLNF mats
for 1 h in each of the followingdays, respectively. A 100μL portion
of each sample was spread on the beef extract peptone agar
plates every day and then incubated at 37 �C for 48 h before
readout.
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