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ABSTRACT

Three magnetic iron oxide/phosphate nanocomposites, Fe304/Baz(POy4)2, Fe304/Sr5(PO4)3(0OH), and Fez04/
SrsxBaz,(PO4)3(OH) (denominated FB, FS, and FSB, respectively) were prepared by one-pot hydrothermal
method. They exhibited a removal efficiency of 96%, 86%, and 91% for Escherichia coli (E. coli) of 5 X 108 CFU/
mL within 30 min, respectively. After bacterial removal, the recovered nano-composites by a magnet were re-
used to treat a mixed solution of Pb®>* and malachite green (MG). The loaded E. coli on the surface of the
nanocomposites is beneficial to the subsequent removal of positively charged Pb>* and MG. On the other hand,
the MG in the mixture can contribute substantially to the disinfection of the recovered nanocomposites. These
nano-composites are sustainable materials for the successive removal of E. coli and mixed cationic pollutants
from water. Removal process by these nano-composites possesses a synergistic effect, leading to more effective
water treatment.

1. Introduction

better techniques for purifying water by simultaneously removing
multiple contaminants. Escherichia coli (E. coli) is commonly used as an

Water contamination with multiple contaminants, such as bacteria, indicator of fecal contamination to evaluate and monitor water quality
organic dyes, and heavy metal ions, poses a serious threat to human [4]. And Pb** and malachite green (MG) are easily found in waste-
health [1-3]. Thus, there is an urgent demand for the development of water due to their common usage in industry [5]. Numerous materials
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Fig. 1. SEM image of (a) FB with a scale bar of 5 pm, (b) FS with a scale bar of 500 nm, (c) FSB with a scale bar of 1 pm, (d) magnetic hysteresis loops, and (e) XRD

patterns of FB, FS, and FSB.

have been developed for removing these pollutants from [6-8]. How-
ever, many materials reported in previous works were limited to be
used for removing one type of pollutants [9-11] and it is still a major
challenge to effectively remove several pollutants from wastewater by
using one simple material [12] which will decrease the cost of mate-
rials. Especially, there is a need for nanomaterials that can successively
remove different types of pollutants. This could happen with mixed
wastes from sewage, electroplating and textile discharges [13].

It is well known that Fe3O4-containing adsorbents present several
advantages, such as convenient functionalization with other materials
and ease of separation from suspension via a magnetic field. Easy re-
moval avoids secondary pollution and reduces operating costs in was-
tewater treatment [9]. Fe3O4-containing materials are usually struc-
tured with different components, to incorporate multiple properties in
the same nanomaterial [13]. Only a limited number of magnetic nano-
composites have been reported for simultaneously removing bacteria
and other kinds of pollutants [14-26]. For example, magnetic graphene

was used to reduce heavy metals and bacteria in water [15]; silver-iron
oxide nanoparticles on the surface of fly ash were employed to remove
bacteria and Pb?* [25]; a magnetic chitosan-graphene oxide composite
was developed for anti-microbial and dye removal [26]. However, the
nanomaterials in most previous studies were used to address one kind
of pollutant (i.e. bacteria, dyes or metal ions) in each treatment with a
limited initial bacterial concentration (Co=10°%-10" CFU/mL) [20-22].
Studies on the successive removal of several pollutant types and un-
derstanding the interaction mechanisms between several pollutants
with a multi-functional magnetic material are still rare.

Magnetic iron oxide/phosphate nanocomposites were reported to be
effective and recyclable adsorbents for E. coli, organic dyes or Pb>*
[27,28]. However, the successive removal of multiple contaminants
from water by these functional nanocomposites has not been reported.
It should be noted that these magnetic iron oxide/phosphate nano-
composites possessed a negatively charged surface after E. coli removal
[4], which may be beneficial to subsequent removal of positive
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Table 1
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Comparisons of the initial concentration of E. coli (Cy), material dosage, and removal efficiency and capacity between the magnetic iron/phosphate nanocomposites

in this work and other magnetic composites in recent reports.

Material Co Dosage Removal Capacity Reference
(CFU/mL) (mg/mL) efficiency (CFU/mg)
Ag-Fe30,/g-C3N, nanocomposite 107 0.4 99% 2.5 x 107 [31]
Amino acid modified magnetic nanoparticles 1.5 x 107 0.8 97% 1.82 x 107 [32]
Fe3;0,@CTAB 1.5 x 107 0.5 99% 2.97 x 107 [33]
Fe304-SiO»-NH, nanoparticles 102 3 98.2% 32.7 [34]
Fe304-Zn0O nanocomposite 2.1 x 107 2 99.97% 1.05 x 107 [35]
Magnetic graphene composite 10° 0.25 93.09% 3.72 x 10° [36]
Bacteriophage-based nanoprobes 102107 1.8 92% 5.1 x 10° [37]
Anti-fimbrial modified magnetic reduced grapheme oxide nanoheaters 10° 500 62% 1.24 x 10° [38]
Ag-CoFe,0,-GO nanoparticle 10° 0.05 98.9% 1.98 x 10° [21]
Magnetic chitosan-graphene oxide composite 105-10° 0.2 99% 4,95 x 10° [26]
Immunomagnetic particles 102%-10° 100 90% 900 [39]
FB 5 x 10® 2 97% 2.43 x 108 This work
FSB 5 x 108 2 91% 2.28 x 10° This work
FS 5 x 10® 2 79% 1.98 x 10° This work

Removal efficiency (%)
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Fig. 2. (a) Visible color changes and UV spectrum of MG, and removal efficiency of (b) MG and (c) Pb*>* from a mixture by the reclaimed FB1, FS1, and FSB1 after
bacterial removal (0.06 g reclaimed nanocomposites, Co(Pb%1)=Co(MG) = 100 mg/L, 50 mL, 25 °C, pH 4.8, 10 min).

pollutant ions (e.g. Pb>* and MG). To remove several pollutants from
wastewater by using one simple material will decrease the cost of
materials in the practical application.

In this study, we evaluated the removal and disinfection perfor-
mance of Fez04/Bas(PO4)s, Fe304/Srs5(PO4)3(OH), and Fez04/
SrsxBas,(PO4)3(OH) (denominated FB, FS, and FSB, respectively) for
heavily E. coli contaminated water, and the subsequent removal of ca-
tions (e.g. Pb%* and MG) from a separate solution, after the E. coli-
loaded nanocomposites were recovered using a magnet. The subsequent
reuse of the nanocomposites results in a more sustainable use and
multifunctional water treatment by these materials. This detailed study
provides an insight into the mechanisms employed in a highly effective
multi-contaminant water treatment.

2. Materials and methods
2.1. Synthesis of materials

The Fe30,4 spherical nano-crystalline (5-10nm) cluster was pre-
pared by a simple solvothermal method, as reported in our previous
work [9]. Briefly, the FB or FS or FSB composites were prepared by one-
pot hydrothermal method: 1.96 g barium nitrate or 1.59 g strontium
nitrate or 0.98 g barium nitrate, 0.79 g strontium nitrate, 0.06 g Fe304
spherical clusters, and 0.01 g cetyltrimethyl ammonium bromide were
added into 40 mL of deionized (DI) water under stirring to form Solu-
tion 1. Solution 2 was prepared by adding 0.82 g sodium phosphate into
10 mL of DI water at 40 °C with continuous stirring for 30 min. Solution
2 was slowly poured into Solution 1 with continuous stirring for 30 min.
The mixed solution was then transferred into a 100 mL Teflon bottle,
held in a stainless steel autoclave reactor, sealed, and maintained at
180 °C for 8 h. As the autoclave cooled to 25 °C, the obtained powder
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Fig. 3. FT-IR spectra of MG; pristine FB, FS, and FSB; FB1, FS1, and FSB1 after
bacterial removal; FB2, FS2, and FSB2 after successive removal of E. coli and a
mixture of Pb>* and MG.

was washed by DI water and ethanol for five times each. Finally,
samples were dried at 60 °C for 4h, and the yield was ~ 1.3 g with a
yield ratio of "85% at a material’s cost of ~ $0.08/g.

2.2. Batch experiments

Generally, the removal efficiency of E. coli by FB, FS, or FSB was
performed by adding 0.1 g material into 50 mL of E. coli suspension
(5 x 10® CFU/mL) at 25°C and pH 6.0 under mechanical stirring at
250 rpm for 30 min. To investigate the influence of pH, temperature
and dosage of material, the studies were done at different pH values (5,
6, 7, 8, 9), temperatures (20, 25, 30, 35, 40 °C) and dosage of material
(0.02g, 0.05g, 0.08g, 0.10g, 0.15g), respectively. The kinetic study
was conducted at different interaction time (10, 20, 30, 40, 50 min).
The removal capacity of FB, FS, or FSB was evaluated by changing the
initial concentration of E. coli from 2.5 x 10°® to 12.5 X 10® CFU/mL.
Once bacterial removal reached a stable level, the bacteria-loaded FB/
FS/FSB (denominated FB1, FS1, and FSB1) were separated from solu-
tions by a small neodymium magnet (diameter of 50 mm, thickness of
5mm). The residual concentration of the E. coli suspension was con-
firmed via ODggo.

The chemical structure of MG is shown in Fig. S1. Since no obvious
interferences were observed in the UV spectrum of MG and Pb>* (Fig.
$2), a mixed solution of Pb?* and MG with initial concentrations at
100 mg/L (each) was prepared in DI water, adjusting pH to 4.8 by
0.01 M HNOs to avoid the hydrolysis or precipitation of Pb%* [29]. The
reclaimed FB1, FS1, and FSB1 were then employed to purify 50 mL of
the mixed solutions containing both Pb%*  (initial con-
centration= Cy, = 100 mg/L) and MG (Co, = 100 mg/L) to evaluate the
removal capacity of these reused materials in a typical complicated
wastewater treatment. After removal, 1 mL of the suspension was
sampled, then filtered with a 0.45 pum membrane, diluted, following by
analysis using inductively coupled plasma atomic emission spectro-
metry (ICP-AES, Optima 2100, PerkinElmer, USA) and UV spectro-
photometer (Shimadzu, model UV1700, Japan) to determine the con-
centration of Pb*>* and MG, respectively.
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All experiments were performed in three replicates and the average
results were reported. The final materials after successive removal of E.
coli suspension and mixed solution of Pb%?* and MG (denominated as
FB2, FS2, and FSB2) were further analyzed. Detailed preparation of E.
coli suspension, fluorescent-based cell live/dead test and dilution plate
count method, and characterization are described in supporting in-
formation.

3. Results and discussion
3.1. Characterization of materials

SEM images and EDS results of FB, FS and FSB are shown in Fig. 1a-
c. FB exhibited a flake-like nanostructure with a thickness of "100 nm
and a length of 2-4 pym, blended with some Fe3;0,4 spherical particles
with a mean particle size of ~500 nm. With a bigger size than E. coli
(700 nm-1.2 pm) [4], the FB flakes provide a valuable surface for
bacterial adhesion [4]. FS and FSB are all nanorods with a width of
“40 nm; FS ("200 nm) is longer than FSB ("100 nm). Hence, FSB with a
smaller size showed aggregation with less hole between these nanorods.
Notably, FS and FSB with a smaller size than E. coli may adhere onto the
surface of E. coli, similar to Fe;0,4 spherical particles [4]. ESD results
demonstrated that the main composition of these nanocomposites are
metal (Sr and/or Ba) phosphate with a lower concentration of 2.05,
3.14, and 2.95 atomic% for Fe in FB, FS, and FSB, respectively. How-
ever, FB, FS, and FSB have a saturated magnetization value of 1.6, 2.4,
and 2.3 emu/g, respectively (Fig. 1d), which allows the magnetic se-
paration of these materials by a magnet from water. From the XRD
patterns (Fig. 1e), all the main characteristic peaks were attributed to
the diffraction of crystal planes of Ba3(PO4)> (rthombohedral crystal
structure), Srs5(PO4)3(OH) (hexagonal crystal structure), and
SrsxBasx(PO4)3(OH) (mainly hexagonal crystal structure), respectively,
agreeing with the EDS results. The peak at 30.3° (marked green) and
some small peaks (marked with arrows) were assigned to diffraction
from the (220) crystal plane of Fe;0,4 [30] and corresponding crystal
planes of Ba3(PO,), [4], respectively.

The BET surface areas of FB, FS, and FSB are 12.4, 49.3, and
55.8 m?/g, respectively. The Barrett-Joyner-Halenda (BJH) adsorption
cumulative volume of pores for FB, FS, and FSB is 0.02, 0.12, and 0.14
cm®/g with an average pore width (4 V/A) of 25.5, 40.5, and 46.7 108,
respectively. The low leaching of phosphate (0.09 mg/L) and metal
(5.7-9.2 ng/L of Fe, 0-11.4 ng/L of Sr, 3.9-12.8 pg/L of Ba) in solutions
detected by ICP-AES demonstrated the chemical stability of FB, FS, and
FSB in water (pH 6).

3.2. Removal of E. coli

After exploring a range of conditions (Fig. S3), 35 °C, 30 min, and a
dosage of 0.10 g/50 mL were considered most suitable for treating E.
coli suspensions of 5 x 108 CFU/mL by FB, FS, and FSB. The three
nanocomposites studied here were capable of working with a much
higher bacterial load capacity ((1.98-2.43) X 108 CFU/mg) than other
similar magnetic materials (Table 1) and maintained high removal ef-
ficiencies (> 80%) even after five cycles (Fig. S3g). In addition, the
recyclable magnetic materials in this work are inorganic and can be
easily prepared by a simple one-pot hydrothermal method, suggesting
that they are economic and environmentally friendly. These confirm
that FB, FS, and FSB are efficient and promising materials for the re-
moval of E. coli from contaminated waters. In addition, less than 20% of
the bacteria loaded on FB1 and FSB1 leach back to the wash water even
after the nanocomposites have been washed four times (Fig. S5), which
can avoid secondary pollution to the water system. Since the FS na-
norods had the smallest surface charge (13.7, 7.6, and 4.9 mV for FB,
FSB, and FS, respectively), FS exhibited the lowest removal capacity of
E. coli among the three nanomaterials (Table S1). FS had the weakest
electrostatic interaction with negatively charged E. coli [15], which also
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Fig. 4. Confocal fluorescent images of live and dead bacterial cells attached onto (a-c) FB2, (d—f) FS2, and (g-i) FSB2. (c, f, i) Overlying images of E. coli stained with
SYTO9 (green) and PI (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

led to more bacteria being washed off and less bacteria remaining on FS
(Fig. S5).

3.3. Simultaneous removal of Pb>" and MG after bacterial removal

Instead of washing off the E. coli loaded onto the nanocomposites,
they can be used to remove metal ions and positively charged organic
molecules based on two factors: (1) the change of surface charge of FB1,
FSB1, and FS1 from positive to negative due to the presence of E. coli is
beneficial for attracting positive ions through electrostatic interactions;
(2) pure E. coli cells have a removal efficiency of 61% for Pb?* and 68%
for MG (Fig. S6), thus their presence on the nanocomposites should
promote removal of these cations.

Since pure MG solutions or the mixed solution of Pb?>* and MG may
affect the biological activity of E. coli (Fig. S7), we employed the re-
claimed FB1, FS1, and FSB1 (about 0.06 g) to treat 50 mL of a mixed
solution containing Pb®* and MG. All three types of reclaimed nano-
composites showed effective removal of MG within 10 min as the di-
minishment of green color and the decreased of absorbance under UV
were observed in Fig. 2a. For the removal of MG from a mixed solution
(Fig. 2b), FSB1 exhibited the highest removal efficiency with a calcu-
lated capacity of 80.8 mg/g, which is higher than that of the reclaimed

FS1 (70.5mg/g), FB1 (68.3mg/g), and some other materials
[23,40-42]. Since FSB1 possessed the most negative zeta potential
(-20.4 mV) after it was loaded with bacteria, the electrostatic attraction
is most beneficial to attach MG to the surface of FSB1. Furthermore,
FSB1 has a more negative charge and a larger surface area than FB1 and
FS1 after bacterial removal, which provides more binding sites for FSB1
to remove dye molecules through several interactions: (1) electrostatic
attraction between negatively charged groups of FSB1 and the posi-
tive = N T (CHs), group of MG; (2) hydrogen bonding between oxygen-
containing groups of FSB1 and positively charged hydrogen in MG; and
(3) Lewis acid-base interactions between Ba/Sr sites in FSB and
-N*(CHs), in MG.

As shown in Fig. 2c, FS1 showed the highest Pb*>* removal effi-
ciency (84%), while FB1 exhibited the lowest Pb2* removal efficiency
(34%) due to the least number of effective sites for ion-exchange be-
tween Sr*™ and Pb2?* [43] after being covered by bacteria. The cal-
culated removal capacities of Pb>* by FS1 and FSB1 are 70 mg/g and
64.2mg/g, respectively, which are still higher than some previous
studies with other materials [15,21,22]. FS1 showed a relatively higher
removal efficiency of Pb*>* than FSB1, which may be attributed to more
Sr2™* sites in FS for Pb?* (F ig. 1) and less bacteria covering the surface
of FS1.
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Fig. 5. SEM of FB2 with a magnification of (a) 10.0 k and (b) 25.0 k; and (c) EDS results (Co(E. coli) = 5 X 10® CFU/mL, 35 °C, pH 6, 30 min; Co(Pb**) = 100 mg/L,

Co(MG) = 100 mg/L, 25 °C, pH 4.8, 30 min).

Compared to the individual removal of Pb®* or MG by pristine FB,
FS, and FSB (Fig. S8a and b), the removal efficiency for simultaneous
removal of Pb?" and MG from a mixture decreased (Fig. S8c and d),
indicating some competitive sorption between Pb?* and MG [14]. The
removal efficiency of Pb2* by FB1 from the mixture (Fig. 2c) increased
in comparison with that by FB (Fig. S8d). It results from the fact that the
removal efficiency of Pb?* by E. coli was 61% (Fig. S6), which is higher
than that of FB (Fig. S8b). Similarly, the removal efficiency of MG from
mixed solution by FS1 and FSB1 (Fig. 2b) increased compared to that of
pristine FS and FSB (Fig. S8c) which can be ascribed to the additional
interactions between MG and loaded E. coli [44].

3.4. Mechanism of multifunctional removal

The spectra in Fig. 3 for all the magnetic materials display a broad
band at 580 cm™', which is believed to be associated with the
stretching vibrations of the tetrahedral groups (Fe**-0%") for Fe;0,
[45]. Compared to pristine FB, FS, and FSB, a wide peak was observed
at 990 cm in FB1, FS1, and FSB1 (Fig. 3). This can correspond to the
O—P—O vibrations of DNA of E. coli [46] which overlapped the
stretching vibration peak of PO, groups in the nanocomposites near
this region [47]. After simultaneous removal of Pb2* and MG, the
width of peaks in the region of 910-1200 cm™ increased for FB2, FS2,
and FSB2 compared with the pristine materials. This can be assigned to
the overlapping bands resulting from an increase in the number of

phospholipids or phosphorylated proteins on the phosphate in-
vestigated [48]. This implies that the cell structure of E. coli was da-
maged by the nanocomposites and the inner cell contents were released
[36,38]. The new peak at 1584 cm ! found in FB2, FS2, and FSB2 can
be assigned to the C=N stretch mode [49], confirming the presence of
MG in the final materials. The appearance of strong bands at fre-
quencies of 1657 cm ! (C=0, amide I) and 1519 cm ™' (ring vibration,
Tyr) indicates the presence of protein in the solid state [50,51] from the
loaded E. coli on the nanocomposites.

The XRD patterns of the final FB2, FS2, and FSB2 after multi-
component treatment are shown in Fig. S9. The main peaks and crys-
tallographic structure of FB, FS, and FSB before and after treatment
show no obvious change, implying that these materials are stable after
multicomponent treatment. Notably, the peaks at around 31° and 25°
for all the materials (marked arrows) are higher after treatment. They
were assigned to the corresponding peaks of PbHPO, and
Pbs(PO,4)3(OH) [43], suggesting the immobilization of Pb2* in the
lattice of FB2, FS2, and FSB2. In addition, according to the ICP-AES
results (pH 4-6), 1.63%-4.27% of the loaded Pb?* and MG were lea-
ched from the reclaimed materials into solutions in the treatment
process, which further implied the weak risk of second pollution to the
water system by these materials.

Fluorescent-based cell tests of live and dead bacterial cells after the
first bacterial removal and then simultaneous removal of Pb®>* and MG
were conducted (Fig. 4) to evaluate whether the adsorbed cells were
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effectively inactivated. The strong red fluorescence intensity region in
Fig. 4 indicates that around 99%, 99%, and 97% of the bacteria adhered
to FB2, FS2, and FSB2 were dead [21], suggesting irreversibly damaged
cell membranes or mass cell death [36] during the treatment. It should
be noted that only around 30% of cells loaded on FB1, FS1, and FSB1
were dead before exposing them to the mixed solution (Fig. S10). This
may result from irreversible cell structural damage and oxidation
sterilization by these materials [4]. Additionally, Pb2™* solution showed
no noticeable disinfection effect (Fig. S7a-i). However, pure MG solu-
tion and mixed solution of Pb>* and MG were strong disinfectants
under the same conditions (Fig. S7j-0). This implies that MG plays a
significant role in the chemical disinfection process after physical cell
damage and oxidation sterilization by the nanocomposites [4].

As shown in Fig. 5a and b, the treated E. coli cells were observed in
the final FB2 after successive removal of E. coli and mixture of Pb*>* and
MG. However, the cell structure was seriously damaged and large
cavities were seen on the surface of the cell membranes. Furthermore,
the detection of Pb via EDS (Fig. 5c) and the color change of the ma-
terials to green after treatment also demonstrates the presence of Pb
and MG in FB2.

The multifunctional treatment of E. coli, Pb®>* and MG by FB is
based on the synergistic effect of composition and specific structure: (1)
the positive charge of FB favors electrostatic interactions, promoting E.
coli attachment, altering cell permeability, and inducing cell membrane
damage [52]; (2) the physical and/or mechanical disruption of the
bacterial cell membrane by FB’s special two dimensional flake structure
and the oxidation sterilization from Fe30,4 in FB [4] can cause the re-
lease of cellular components, the inaction of protein and DNA, and fi-
nally the cell’s death, similar to magnetic graphene [15]; (3) the ad-
sorbed MG can react with the cell’s membrane and cellular components,
resulting in improved chemical disinfection; (4) there are various
phosphate groups and adsorbed bacteria on the surface of FB1 which
contribute to removing Pb®>* and MG through physical and chemical
bonds [43]. Taking into consideration the easy magnetic separation of
FB, FS, and FSB, these nano-composites are sustainable materials for the
successive removal of E. coli and mixed cationic pollutants from water.

4. Conclusions

In this study, three types of magnetic iron oxide/phosphate nano-
composites (FB, FS, and FSB) were synthesized to sequentially remove
bacteria and then a mixture (Pb%* and MG) from contaminated water.
The E. coli loaded on the nanomaterials is beneficial to the subsequent
simultaneous removal of Pb?>" and MG due to the surface charge
change of the nanocomposite, from positive to negative; in addition the
presence of E. coli on the nanocomposite surfaces improves the removal
of Pb2* and MG, since they can be removed even by pure bacteria. On
the other hand, MG serves as a very useful disinfectant for the bacteria
loaded on the nanocomposite. Therefore, successive removal of E. coli
and a mixture of Pb>* and MG can generate synergistic effects, which
lead to more effective and complete treatment of these three pollutants
from water by the as-prepared nanocomposites.
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