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in situ synthesized Y-based
nanoparticle/polyethersulfone adsorptive
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coagulation bath for enhanced removal of fluoride†
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The effects of the composition of the coagulation bath (NaOH solution) on the preparation of in situ

generated Y-based nanoparticles (NPs)/polyethersulfone (PES) composite adsorptive membranes were

investigated in terms of membrane structure, composition, surface hydrophilicity, water permeability,

phase inversion and adsorption performance for defluoridation for the first time. The changes of

NaOH concentration in the coagulation bath altered the membrane structure, which was believed to

be associated with the change of the phase inversion kinetics in membrane formation process. With

the increase in NaOH concentration of the coagulation bath, the demixing way changed from an

instantaneous demixing to a delayed demixing process, which led to the suppression of the formation

of macro-voids and the generation of more sponger-like structures. Consequently, the surface

porosity and permeability of the resulted membranes decreased, e.g. M2-1 > M2-2 > M2-3 > M2-4.

From an over view, the contents of Y-based NPs in nanocomposite membrane matrix decreased with

slower phase inversion kinetics. The M10-2 showed the best adsorption performance with the

maximum adsorption capacity of 51.058 mg g�1 for fluoride among those prepared membranes,

which also contained the most Y-based NPs in membrane. The M10-2 can effectively treat 1770 bed

volume of the fluoride contaminated water at neutral pH by continuous filtration, with no leakage of

NPs in the permeate. Furthermore, the presence of humic acid and bicarbonate slightly hindered the

removal of fluoride in batch and filtration models. This suggested that the prepared in situ

nanocomposite adsorptive membranes can be used as a potential membrane for practical treatment

of fluoride contaminated water.
1. Introduction

In recent years, nanocomposite membranes have attracted great
attention in water and wastewater treatment due to their
enhanced properties, such as seawater desalination, adsorp-
tion, antifouling, antibacterial, and catalytic ability.1–4 Tradi-
tional methods for preparation of nanocomposite membranes
usually include blending nanoparticles in casting solution or
soaking the membrane in nanoparticle solution.1,5,6 However,
these methods generally suffer from the agglomeration of
nanoparticles (NPs) during membrane formation process,
which would further result in the non-uniform distribution of
ciences, Sichuan Agricultural University,

: hejinsong@sicau.edu.cn; shdeng8888@

orthwest University for Nationalities,

tion (ESI) available. See DOI:

hemistry 2019
NPs in nanocomposite membrane and weak compatibility
between NPs and membrane matrix.7

To solve the shortcomings of the traditional methods, the in
situ generation of nanoparticles in membrane is regarded as
a powerful strategy by combination of generation of NPs and
membrane formation in one step.8,9 In the in situ preparation
method, the nanoparticle's precursors can be molecular-level
mixed with the casting solution, and in situ generate the NPs
in the polymer matrix during the phase inversion process,
consequently resulting in an uniform dispersion of the NPs in
membrane matrix.7,10

For in situ preparation method, many factors can affect the
membrane structure and properties, such as casting solution
composition, coagulation bath, temperature and so on.11,12

Among these factors, casting solution composition is one of the
most important ones, which is reported to be associated with
the changes of thermodynamic instability and viscosity of the
casting solution.13,14 Generally, the addition of precursors in
casting solution would increase the thermodynamic instability,
RSC Adv., 2019, 9, 16839–16850 | 16839
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leading to facilitate a rapid phase inversion process and result
in macro-void formation;15 on the contrary, the addition can
also cause an increase in viscosity and tends to a delayed
demixing process, nally reducing macro-voids.16,17 As a result,
themembrane structure and properties are dependent upon the
contributions of both thermodynamic enhancement and
viscosity inhibition.

On the other hand, the composition of coagulation bath is
considered to be another major factor that has signicant
impacts onmembrane structure and properties by adjusting the
kinetics of phase inversion process via changing the solvent-
non solvent exchange rate.12,18 To study these effects, one of
the most common ways is to change the composition of coag-
ulation bath to obtain different mutual affinities with the
solvent in casting solutions.19,20 Zhang et al.21 used NaCl as salt
coagulation bath (SCB) with different concentration to improve
membrane properties and adjust membrane structures. Wang
et al.22 investigated the effects of composition of coagulation
bath on membrane structure and protein-adsorption-resistant
properties of polyethersulfone (PES)/soybean phosphatidylcho-
line (SPC) membrane. They found that the PC content on
membrane surface was signicantly affected by the composi-
tion of coagulation bath, which could further inuence the
protein-adsorption-resistant performance.

In our previous study, the in situ generated yttrium-based
nanoparticle (NP)/PES composite adsorptive membranes were
successfully developed. It has been proved that the composition
of casting solution signicantly affected the structure and
properties of the nanocomposite membranes.23 In addition, our
preliminary study had shown that the composition of salt
coagulation bath (NaOH solution) could change the in situ
generation phase inversion process, resulting in different
structure and properties of nanocomposite adsorptive
membranes. However, to the best of our knowledge, no research
work on the effects of coagulation batch composition on the
properties and adsorption ability of nanocomposite adsorptive
membranes has been reported by now. Thus, it is very impor-
tant and interesting to study the fundamental understanding of
the in situ preparation process from a new insight view: the
correlation between composition of coagulation bath and
membrane properties.

In this study, the research work would focus on the effects of
composition of coagulation bath on the preparation of in situ-Y-
based NPs/PES composite adsorptive membranes. The struc-
ture, physic-chemical properties, and adsorption performance
of the prepared membranes were studied by adjusting the
composition of coagulation bath for the rst time. To explore
the feasibility of the application of present membranes in
treating uoride-containing water, the batch adsorption and
continuous ltration under different conditions were
investigated.

2. Material and methods
2.1. Materials

In this study, all the chemicals were of analytical grade and used
without further treatment. PES with a molecular weight of 28
16840 | RSC Adv., 2019, 9, 16839–16850
KDa was purchased from BASF Co. (Germany). Yttrium(III)
nitrate hexahydrate was purchased from Tianjin Kaima Chem-
ical Co., Ltd. Polyvinylpyrrolidone (PVP), 1-methyl-2-pyrrolidone
(NMP), sodium hydroxide, sodium uoride, humic acid (HA)
and other chemicals were purchased from Chengdu Kelong
Chemical Reagent Plant.
2.2. Preparation of Y-based NPs/PES composite adsorptive
membrane

The preparation of the nanocomposite adsorptive membranes
followed the description in our previous study.23 The composi-
tions of casting solutions and coagulation bath are shown in
Table 1.
2.3. Characterization of membranes

2.3.1. Membrane morphology. The scanning electron
microscopy (SEM) (Quanta 250, FEI, USA) was used to observe
the membrane morphology including membrane cross-section
and top surface. To obtain the cross-section, small pieces of
the membrane samples were fractured in liquid nitrogen.
Additionally, the Energy Dispersive X-ray Spectroscopy (EDS)
was applied to investigate the composition of the composite
membranes.

2.3.2. Water contact angle. The water contact angle is an
important parameter for evaluating surface hydrophilicity.24

The water contact angle was measured by sessile drop method
using a contact angle instrument (Fangrui JYC-2, Shanghai,
China).25 Three samples of each type of membranes were tested,
and each sample was measured in triplicates to obtain an
average value.

2.3.3. Porosity. The porosity was determined via gravi-
metric method.26 The membrane sample was saturated with
water by immersed into water for 24 h. Aer removing the
excessive water on the membrane surface by using tissue paper,
the wet weight was measured and recorded. The dried weight
was obtained by air drying the wet membrane at room
temperature for 12 h. The porosity of membrane can be calcu-
lated as below:

Porosity ð%Þ ¼ ðW1 �W2Þ=rw
ðW1 �W2Þ=rw þW2=rPES

� 100% (1)

where W1 and W2 are the weights of wet and dried membranes
(g), respectively. rw and rPES is the density of pure water and PES
(g cm�3), respectively.

2.3.4. Water ux. The water ux (WF) was measured by
a dead-end ltration cell (Model 8050, Millipore Corporation)
with an effective area of 12.56 cm2. The steady-state ltration
was operated under a trans-membrane pressure of 5 psi, and
the volume of permeate was collected in a certain duration. The
WF can be calculated as follows:

J ¼ Q

A� Dt
(2)

where J represents the WF (L m�2 h�1), and Q is the volume of
ltered water (L), Dt is the ltration time (h), and A is the
effective area of membrane (m2).
This journal is © The Royal Society of Chemistry 2019
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Table 1 Compositions of casting solution and coagulation bath

Membrane

Composition of casting solution
The condition of coagulation
bath

PES (wt%) PVP (wt%) NMP (wt%) Y(NO3)3$6H2O (wt%) NaOH (M)

M2 M2-1 16 3 81 2 0.25
M2-2 16 3 81 2 0.5
M2-3 16 3 81 2 0.75
M2-4 16 3 81 2 1

M6 M6-1 16 3 81 6 0.25
M6-2 16 3 81 6 0.5
M6-3 16 3 81 6 0.75
M6-4 16 3 81 6 1

M10 M10-1 16 3 81 10 0.25
M10-2 16 3 81 10 0.5
M10-3 16 3 81 10 0.75
M10-4 16 3 81 10 1
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2.3.5. Light transmittance measurement. The light trans-
mittance was measured following the method reported in other
studies to study the phase inversion kinetics.27,28 In this exper-
iment, the light transmittance curves as a function of time in
each type of coagulation baths were recorded. The NaOH
coagulation bath was used as blank.
2.4. Batch adsorption experiments

All the adsorption experiments were carried out in triplicates at
room temperature to minimize the experimental errors. The
adsorption isotherm experiments were conducted to nd out
the optimal adsorptive membrane for the uoride removal.
Fluoride solutions with different concentrations in the range of
5–160 mg L�1 were prepared. 0.025 g of each membrane sample
was added into 50 mL of different uoride solutions. The mixed
solution was shaken for 48 h with the pH value controlled as
a constant of 7.0. Finally, the water sample was collected and
the concentration of uoride was measured by a uoride elec-
trode (PF-1-01, Leici, China). Meanwhile, the pH effect on the
leakage of Y-based NPs was also studied by measuring the Y3+

concentration via an inductively coupled plasma mass spec-
trometer (ICP-MS, Agilent 7900).

The effect of pH on the adsorption of uoride was studied by
varying the solution pH from 3 to 12. The other procedures were
the same as the aforementioned.

Adsorption kinetics experiment was conducted by adding
0.5 g of membrane sample into 1 L uoride solution under
continuous stirring. The pH of the uoride solution was
controlled at 7.0. The water samples were collected at different
time intervals and the uoride concentration was measured.

To evaluate the feasibility of the present membrane for
deuorination in practical application, the effects of co-existing
anions such as NO3

�, HCO3
�, and SiO3

2� and natural organic
matters (NOMs) on the removal of uoride at neutral pH were
studied. Fluoride solutions with the co-existing substances were
prepared. The concentrations of co-existing substances were set
referred to their actual concentration levels in natural
This journal is © The Royal Society of Chemistry 2019
environment and calculated by the weight of target atoms. The
other procedures were the same as the aforementioned.
2.5. Filtration experiments

The ltration experiments with uoride solution was measured
by dead-end ltrationmethod with an ultraltration cup (Model
8050, Millipore Corporation), with the pressure of 1.45 psi. The
effective area of the membrane M10-2 was 12.56 cm2. The
concentration of uoride solution was around 5 mg L�1 and the
solution pH was 7.0. The permeate was collected at different
time intervals and analyzed. Besides, the leakage of Y-based NPs
in permeate was also studied by ICP-MS (Agilent 7900).

The used membrane was desorbed in 200 mL of 0.01 M
NaOH solution for 12 h. The regenerated membrane was
washed by DI water for several times and subsequently reused
for uoride removal under the same conditions as the
aforementioned.

Furthermore, the effects of the above co-existing substances
on ltration performance of uoride were also studied. Fluoride
solutions with the co-existing substances were prepared. The
other procedures were the same as the aforementioned.
3. Results and discussion
3.1. Characterization of nanocomposite membranes

3.1.1. Composition of nanocomposite membranes. The
chemical composition of the nanocomposite membrane surface
was investigated by XPS in our previous study.23 The results
indicated that Y3+ in casting solution successfully reacted with
OH� anions in coagulation bath to in situ form Y(CO3)0.5(OH)2
NPs throughout the membrane matrix during membrane
formation process.

3.1.2. The content of Y-based NPs in different membranes.
To explore the effects of composition of coagulation bath on the
amount of in situ generated Y-based NPs, the content of Y and O
elements in different composite membranes was measured by
EDS. As shown in Fig. 1, the changes in content of Y clement in
membrane cross-section with respect to coagulation bath
RSC Adv., 2019, 9, 16839–16850 | 16841
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Fig. 1 The concentrations of Y and O in membrane cross-sections
and top surface: Y content in (a) membrane cross-section and (b) top
surface; O content in (c) membrane cross-section and (d) top surface.
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composition for M2, M6, and M10 show the same trend. The
content of Y increases with the increase in NaOH concentration
in coagulation bath from 0.25 M to 0.5 M, and decreases slightly
16842 | RSC Adv., 2019, 9, 16839–16850
with the continuous increase in NaOH concentration in coag-
ulation bath from 0.75 M to 1.0 M. The highest content of Y can
be obtained at 0.5 M NaOH in coagulation bath. For membrane
surface, the change of Y content is consistent with that for
membrane cross-section, while the difference is that the
content of Y is slightly lower than that in cross-sections. This
result may be attributed to the leaching of the Y-based NPs from
membrane surface layer to coagulation bath in membrane
formation process. Additionally, for different membranes
prepared by different casting solutions, the content of Y-based
NPs in membranes top surface and cross-section follows
a decreasing order of M10 > M6 > M2.

It should be noted that the measured Y content in obtained
membranes is lower than the theoretical Y content in their
corresponding casting solutions, which indicates the occur-
rence of the leaching of Y from polymer bulk into coagulation
bath. This nding is consistent with other reported studies.7,29

During the phase inversion process in water environment, the
hydrophilic moieties can migrate from the polymer bulk to the
interface of water/polymer, and then leach out from surface
layer to coagulation bath.22 In this study, the additional positive
Y3+ cations easily migrate from polymer bulk to membrane
surface and further to coagulation bath in phase inversion
process. Simultaneously, the Y3+ cations reacted with OH�

anions to in situ form the Y-based NPs in both membrane body
and surface, and also in coagulation bath. The changes of the
measured content of Y from the generated Y-based NPs suggest
that with the increase in NaOH concentration in coagulation
bath (e.g. 0.75 M NaOH), more Y3+ cations transfer from the
polymer bulk to water/polymer interface and further to coagu-
lation bath, simultaneously reacting with OH� in coagulation
bath and forming Y-based NPs.

Furthermore, the distribution of element O in membrane
cross-section and surface exhibits the similar trend to that of Y,
which should be attributed to the presence of O-containing
groups in Y-based NPs. However, the changes of O content are
not obvious for all membrane, which is due to the existing large
amount of O in the presence of PES membrane body.

Overall, the above results demonstrate that the composition
of coagulation bath can signicantly affect the composition of
in situ NP/PES nanocomposite membranes. In other words, the
amount of generated NPs can be controlled by the adjustment
of the composition of coagulation bath.

3.1.3. Morphology. The morphology of membrane top
surface and cross-section is shown in Fig. 2. For M2, the
membrane surface becomes more and more dense as the
concentration of NaOH in coagulation bath increases from
0.25 M to 1.0 M. For M6, the phenomenon of the changes in
membrane surface is quite consistent with that for M2. While
for M10, the number of pores onmembrane surface fromM10-1
to M10-4 is very limited and close due to the viscosity hindrance
in the demixing process reported in our previous study.23

Themorphologies of membrane cross-sections show that the
thickness of different membranes is in the range of 84.5–144.2
mm. All the membranes display a typical asymmetric porous
structure, which is composed of a dense top skin layer and
a macro-voids sublayer. However, different morphologies of the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SEM images and pictures of water contact angle (the inset) of different membranes: (right) top surface and (left) cross section.
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membranes prepared in different coagulation baths can be
found. For example, regular channel-like structure with closed
ends is observed in membrane M2-1 prepared under a coagu-
lation bath composition of 0.25 M NaOH. As the concentration
This journal is © The Royal Society of Chemistry 2019
of NaOH in coagulation bath increase to 0.5 M and 0.75 M, the
channels gradually decrease and more sponge-like structures
are observed in membrane M2-2 and M2-3. With the highest
concentration of NaOH, the structure changes to small nger,
RSC Adv., 2019, 9, 16839–16850 | 16843
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Fig. 3 Light transmittance curves of different casting solutions in
different coagulation bath: (a) M2, (b) M6 and (c) M10 in different
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channel and tear-like structures with more sponge-like areas for
M2-4. For both M6 and M10 membranes, similar trend can be
observed except that more sponge-like structures are observed
in membrane structures compared to M2 membranes, espe-
cially for M10. In general, with the increase in the NaOH
concentration of coagulation bath, the formation of macro-
voids is suppressed,30 and more nger- and tear-like struc-
tures with more sponge-like areas appear. This phenomenon is
believed to be attributed to the kinetics effects during the phase
inversion process, which will be discussed next.

Besides, for the membrane structures prepared by different
casting solutions under the same coagulation bath composi-
tion, e.g., M2-1 vs. M10-1, the number of pores on the
membrane surface signicantly decreases and the macro-voids
in the cross-section are suppressed for M10-1 compared to M2-
1. The changes should be ascribed to the delayed demixing rate
caused by viscosity hindrance during the phase inversion
process, which was deeply discussed in our previous study.23

3.1.4. Phase inversion kinetics. The light transmittance
experiment is usually used to assess the membrane phase
inversion kinetics. As shown in Fig. 3, with the increase in
NaOH concentration of coagulation bath, the demixing rate
slows down, following a decreasing order of M2-1 > M2-2 > M2-3
> M2-4 for M2, M6-1 > M6-2 > M6-3 > M6-4 for M6, and M10-1 >
M10-2 > M10-3 > M10-4 for M10, respectively. The variation of
demixing rate is mainly related to the changes of the exchange
rate between non-solvent and solvent in phase inversion
processes. The increase in NaOH concentration would increase
the viscosity of coagulation bath, reducing the available amount
of non-solvent (water) in coagulation bath for exchanging with
solvent. Consequently, the exchange rate is hindered. This
observation is consistent with other reported studies.12,21,25

Moreover, in comparison of the phase inversion process of
M2, M6 and M10, M2 completes the phase inversion within 2–
3 s, andM6 completes the process for 2.5–3.5 s, while M10 takes
a relatively longer time about 6–7 s. This phenomenon is
consistent with our previous study, which is caused by the
different amount of additional Y precursor in casting solution.23

3.1.5. Effects of demixing rate on membrane structure and
composition. The demixing rate can signicantly affect the
membrane structure.31 Generally, changing the demixing way
from an instantaneous demixing to a delayed demixing would
suppress the formation of surface pores and channel-like
macrovoids in membrane cross-sections, and facilitate the
formation of nger- and tear-like pores with more sponge-like
structures in membrane.32

As illustrated in Section 3.1.4, for different types of
membranes, e.g. M2, M6 and M10, with the increase in NaOH
concentration of coagulation bath, the demixing rate becomes
slower. This leads to the reduction in pores onto the top surface,
suppression of the macrovoids formation and facilitation of the
formation of nger- and tear-like pores with more sponge-like
areas in membrane cross-sections. This phenomenon is
consistent with other reported study.21 Compared to M2 and
M6, M10 membranes from M10-1 to M10-4 possess much less
surface pores and macrovoids with more sponger-like
16844 | RSC Adv., 2019, 9, 16839–16850
structures, which is attributed to the much slower demixing
processes than those for M2 and M6.

On the other hand, as the demixing process becomes slower,
the phase inversion process takes longer time. Thus, the addi-
tional hydrophilic Y3+ cations in casting solution have more
time to migrate from the PES bulk to the interface of water/PES,
and then leach out from surface layer to coagulation bath.
Simultaneously, the in situ formed small Y-based NPs onto the
coagulation bath.

This journal is © The Royal Society of Chemistry 2019
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membrane surface may have more chances to leach into the
coagulation bath. Therefore, from an overall view, the contents
of Y in membranes shown in Fig. 1 quite match the results of
demixing process.

Generally, the membrane structure and composition are
associated with the composition of coagulation bath. This
implies that the membrane structure and composition and even
the adsorption performance can be manipulated by adjusting
coagulation bath composition.

3.1.6. Membrane hydrophilicity, porosity and water ux.
The hydrophilicity of membrane surface is affected by surface
structure of membrane, i.e. surface porosity, and intrinsic
hydrophilicity of the material.33,34 The images of water contact
angles of different membranes are shown in the inset of Fig. 2,
and the values are summarized in Table 2. For M2, a slight
increase in contact angle is observed with the increase in NaOH
concentration. M6 and M10 exhibit a similar trend. This result
indicates that the membrane surface hydrophilicity decreases
with the increase in NaOH concentration of coagulation bath
for M2, M6, and M10. On one hand, the high NaOH concen-
tration causes less pores on membrane surface, leading to an
increase in water contact angle. On the other hand, for
membranes prepared by different casting solutions under the
same coagulation bath composition, such as M2-1, M6-1, and
M10-1, the contact angle shows a decreasing order of M2-1 >
M10-1 > M6-1. This result suggests that the hydrophilicity of
membrane surface can be improved by the addition of NPs. As
can be seen in Fig. 1(c) and (d), both M6-1 and M10-1 have
a higher oxygen content attributed to the presence of hydro-
philic –OH groups from Y-based NPs than M2-1, especially for
M10-1. The contribution of surface composition outweighs the
poor surface porosity (data not shown) to the surface hydro-
philicity. Thereby the M6-1 and M10-1 show more hydrophilic
surface than M2-1.

In addition, the results of porosity are also summarized in
Table 2. For M2, M6 and M10, the porosity of the membranes
decreases with the increase in NaOH concentration, especially
for membranes prepared under higher NaOH concentration,
e.g., 0.75 M and 1.0 M. As shown in Fig. 2, the macrovoids are
suppressed and more sponger-like structure are formed with
Table 2 Parameters for the membrane characteristics

Membrane
Porosity
(%)

Water contact
angle (�)

Pure water ux
(L m�2 h�1)

Thickness
(mm)

M2-1 84.75 65.29 � 0.1 112.35 � 1.0 140.7
M2-2 82.78 66.6 � 0.5 106.53 � 1.5 137.7
M2-3 78.15 67.28 � 0.6 100.12 � 0.9 84.51
M2-4 71.53 68.73 � 0.4 87.19 � 2.1 92.23
M6-1 83.79 55.02 � 0.1 119.09 � 1.6 102.4
M6-2 82.37 57.14 � 0.6 115.54 � 1.2 112.1
M6-3 74.55 58.61 � 0.1 93.57 � 1.0 111.3
M6-4 68.96 60.13 � 0.9 80.32 � 0.8 90.72
M10-1 81.69 61.23 � 0.4 102.43 � 1.8 110.3
M10-2 80.54 61.37 � 0.8 98.52 � 1.6 88.57
M10-3 70.59 62.79 � 0.1 84.203 � 2.1 100
M10-4 62.61 63.11 � 1.6 71.12 � 1.1 144.2

This journal is © The Royal Society of Chemistry 2019
the increasing NaOH concentration, thereby the corresponding
porosity decreases.

As known, the porosity is the main driving force of the water
permeability. The WF of different membranes presented in
Table 2 shows that the WF decreases with the increase in NaOH
concentration, e.g., M2-1 >M2-2 >M2-3 >M2-4, which is quite in
agreement with the changes in membrane porosity.
3.2. Adsorption performance

3.2.1. Adsorption isotherm. To evaluate the adsorption
performance of different membranes prepared under different
conditions. The adsorption isotherms of different membranes
were conducted under pH 7. As shown in Fig. 4, the M2-2, M6-2,
and M10-2 show the highest adsorption capacity between
different membranes prepared under different coagulation
bath with the same composition of casting solution, e.g., M2-1,
M2-2, M2-3, and M2-4. As discussed in EDS results, for a certain
casting solution, the content of Y-based NPs in the obtained
membrane achieves the highest value when the coagulation
bath concentration contains 0.5 M NaOH. It has been reported
that the adsorption capacity of the nanocomposite adsorptive
membranes is associated with the loading amount of adsorbent
in membrane matrix.35,36 In this study, taking M10 as an
example, the adsorption capacity of M10 follows the decreasing
order of M10-2 > M10-3 > M10-4 > M10-1, which quite matches
the orders of the content of Y-based NPs in obtained
membranes.

Furthermore, considering the same coagulation bath, the
membrane which contains a higher content of Y precursor in
casting solution such as M10-2 shows higher adsorption
capacity of uoride than that contains a lower content of Y
precursor, such as M2-2. This is mainly due to the higher
content of generated Y-based NPs in obtained membrane
caused by the higher content of Y precursor in casting solu-
tion,23 which is quite consistent with our previous study.

Both Langmuir and Freundlich isotherms models are used
to describe the adsorption isotherm data. The Langmuir equa-
tion is expressed as follows:
Fig. 4 Adsorption isotherm of F� by different membranes. Experi-
mental conditions:m¼ 0.5 g L�1, pH¼ 7.0� 0.1, reaction time¼ 48 h,
and T ¼ 20 � 1 �C.
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Fig. 5 Effect of equilibrium pH on adsorption of F� by membrane
M10-2. Experimental conditions:m¼ 0.5 g L�1, initial F� concentration
¼ 21.26 mg L�1, and T ¼ 20 � 1 �C.
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qe ¼ qmaxbCe

1þ bCe

(3)

The Freundlich equation is described as below:

qe ¼ KfCe

1
n (4)

where qmax is the total content of the adsorption site (i.e.
maximum adsorption capacity) (mg g�1), Ce is the equilibrium
concentration (mg L�1), qe is the adsorption capacity (mg g�1),
b is adsorption reaction constant (L mg�1), both Kf and n are
empirical constant.

The parameters of Langmuir and Freundlich models are
summarized in Table 3. Both Langmuir and Freundlich models
can describe the sorption data well, with the value of correlation
coefficient (r2) ranging from 0.937 to 0.995 for Langmuir model,
and 0.887 to 0.971 for Freundlich model, respectively. While in
comparison with the qmax values obtained from both models
under the studied concentrations, the data from Langmuir
model is more closed to the experimental data than Freundlich
model (qmax value not shown). This result indicates that Lang-
muir model is more suitable for the description of the experi-
mental data than Freundlich model. Thus, the adsorption of F�

ions onto the membranes would belong to a monolayer adsorp-
tion process. Furthermore, the changes of the value of b show
a similar tendency to the changes in Y-based NPs content in
membranes. More specically, a higher content of Y-based NPs
in membranes has a higher value of b, leading to a higher
adsorption affinity toward uoride, i.e., M10-2 vs. M10-1.

According to the Langmuir model, the maximum adsorption
capacity of uoride is 30.365 mg g�1 for M2-2, 38.041 mg g�1 for
M6-2, and 51.058 mg g�1 for M10-2, respectively. Due to the
highest adsorption capacity, the M10-2 was used in the subse-
quent experiments.

3.2.2. Effect of pH. The effect of solution pH on the
adsorption of uoride was conducted. Considering the forma-
tion of HF at low pH (i.e. pH at 2) and its escape from solution,
the pH range in this study was set from 3 to 12. The result
shown in Fig. 5 demonstrates that the adsorption capacity
increases with the increase in solution pH at pH < 4, and the
Table 3 Langmuir and Freundlich isotherm constants for adsorption

Membranes

Langmuir isotherm

qmax (mg g�1) b (L mg�1) r2

M2-1 23.483 0.0247 0.986
M2-2 30.365 0.0312 0.990
M2-3 24.924 0.0242 0.982
M2-4 24.354 0.0322 0.937
M6-1 32.830 0.0293 0.995
M6-2 38.041 0.0365 0.989
M6-3 34.340 0.0297 0.992
M6-4 33.354 0.0318 0.983
M10-1 38.455 0.0454 0.988
M10-2 51.058 0.0798 0.988
M10-3 46.874 0.0492 0.986
M10-4 49.949 0.0459 0.980

16846 | RSC Adv., 2019, 9, 16839–16850
adsorption reaches to a maximum capacity of 39.78 mg g�1 at
pH around 4. As pH increases, the adsorption capacity gradually
decreases. Especially at pH 12, no adsorption of uoride is
observed. At pH 3, neutral HF is the main species, which is not
favor to be adsorbed onto membrane. With the pH slowly
increasing, more HF becomes ionized and F� ions become the
dominant species, which can be easily adsorbed onto
membrane via ion-exchange. Furthermore, at low pH < 4, Y-
based NPs could be partially dissolved and consequently
released into water, and stable at neutral pH or above pH as
shown in Fig. S1.† This result indicates that the solution pH has
a great impact on the adsorption behavior and membrane
properties.

As demonstrated in Table S1,† the atom content of O
decreased aer the adsorption of F�, suggesting that the O-
containing groups would be involved in the adsorption
process. In particular, the high resolution XPS spectra of O 1s
shown in Fig. S2† illustrated that aer adsorption of F�, the Y–
OH content obviously decreased compared to that before
adsorption, indicating the association with the ion-exchange
process between the uoride and –OH groups bond to yttrium
Freundlich isotherm

c2 Kf n r2 c2

0.437 1.939 2.155 0.971 0.929
0.621 2.969 2.273 0.944 3.654
0.696 1.979 2.123 0.968 1.203
2.545 2.485 2.298 0.953 1.911
0.357 3.187 2.283 0.968 2.418
1.209 4.078 2.309 0.927 8.084
0.581 2.976 2.132 0.964 2.887
1.357 3.366 2.299 0.969 2.512
1.378 5.043 2.463 0.914 10.412
2.726 9.857 2.967 0.887 27.208
2.368 6.776 2.618 0.955 7.710
3.812 7.068 2.618 0.950 9.604

This journal is © The Royal Society of Chemistry 2019
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in the presence of in situ formed Y-based NPs in membrane
matrix.23 With the increase in solution pH, more OH� anions
exist in the solution and inhibit the ion exchange process
between –OH groups and F� anions, reducing the adsorption of
F�. At higher pH condition such as pH of 12, the adsorption of
F� can be entirely restrained. Since the natural water is gener-
ally in the range of 6–8, considering the stability of Y-based NPs
in membrane the pH of the subsequent experiments was set as
7.0.

3.2.3. Adsorption kinetics. The adsorption kinetics of F�

on the membrane is of importance for experiment design and
reactor selection.37,38 The result of adsorption kinetics is shown
in Fig. 6. About 85% of the adsorption takes place in the rst
10 h, followed by a relatively slow adsorption process. The
uptake of uoride can reach an equilibrium state within 24 h,
and no signicant increase of adsorption is observed in the
following 12 h.

Both pseudo-rst order model and pseudo-second order
model are used to analyze the experimental data of the
adsorption kinetics. The equation of each model is expressed as
follows:

qt ¼ qe(1 � e�k1t) (5)

qt ¼ k2qe
2t

1þ k2qet
(6)

where k1 (h
�1) and k2 ((g mg�1) h�1) represent the constant for

the rst and second order rate, respectively, qe (mg g�1) and qt
(mg g�1) indicate the amounts of the adsorbate adsorbed by the
Fig. 6 Adsorption kinetics of F� on membrane M10-2: experimental
data and pseudo-first order and pseudo-second order models.
Experimental conditions: m ¼ 0.5 g L�1, pH ¼ 7.0 � 0.1, and T ¼ 20 �
1 �C.

Table 4 Adsorption kinetic constants results by different models

qexp (mg g�1)

Pseudo-rst order model

qe (mg g�1) k1 (h
�1) r2

32.32 30.717 0.871 0.98

This journal is © The Royal Society of Chemistry 2019
adsorbent at equilibrium and any time t. The constant value can
be obtained by nonlinear curve tting using qt and t.

It can be seen that the experimental data can be well t by
both models from Fig. 6. The parameters of both models
summarized in Table 4 show that the correlation coefficient (r2)
of the pseudo-second order model is slightly higher than that of
pseudo-rst order model, implying that the adsorption of
uoride onto the M10-2 is controlled by chemisorptions.39

3.2.4. Effects of co-existing substances. Generally, uoride
contaminated water contains co-existing anions such as bicar-
bonate, silicate and nitrate species, which may compete with
uoride for the available adsorption sites. Additionally, the
natural organic matters (NOMs) widely exist in surface and
ground water, which may block the membrane pores or
adsorption sites, reducing the adsorption performance.
Thereby the effects of such co-existing anions and NOMs (rep-
resented by HA in this study) on the uoride removal rate were
investigated. The concentrations of co-existing substances used
in this study are set according to those in the natural
environment.

The results shown in Fig. 7 demonstrate that the removal
rate of uoride by the membrane is decreased with the increase
in uoride concentration. The presence of nitrate and silicate
has limited effects on the removal rate of uoride. The presence
of 0–10 mM bicarbonate decreased the removal rate from 50.1%
to 38.5% for 5 mg L�1 F�, 42.1% to 33.2% for 10 mg L�1 F�, and
37.4% to 30.1% for 20 mg L�1 F�, respectively. Overall, the
removal rate is reduced by 20–23% for these three concentra-
tion levels of uoride. This result indicates the slight inhibition
of bicarbonate on the uoride removal. Moreover, it seems that
when the bicarbonate concentration is above 6mM, the removal
rate reaches a platform without further inhibition effect. Thus,
the presence of 6 mM bicarbonate was selected as represented
in the following ltration study. For HA, the removal rate is
reduced signicantly in the presence of 2 mg L�1 HA, while
slightly decreased with further increase in HA concentration.
Generally, the presence of HA in the range of 2–10 mg L�1

reduces the removal rate of uoride by 27–33% at the uoride
concentration level of 5 mg L�1 �20 mg L�1.
3.3. Filtration performance

Fig. 8 shows the uoride concentration of the permeate is below
the maximum contaminant level (MCL, 1.5 ppm) in the rst 115
bed volume for single uoride-containing water. The ltration
was continued until the uoride concentration of permeate
reached a constant value, and a total volume of 1770 bed
volume of permeate was produced. The corresponding adsorp-
tion capacity is 5.99 mg g�1, which is slightly higher than that in
Pseudo-second order model

qe (mg g�1) k2 ((g mg�1) h�1) r2

8 33.018 0.036 0.990

RSC Adv., 2019, 9, 16839–16850 | 16847
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Fig. 7 The effects of co-substances on the removal rate of F�: (a)
NO3

�, (b) SiO3
2�, (c) HCO3

�, and (d) HA. Experimental conditions:m¼
0.5 g L�1, pH ¼ 7.0 � 0.1, and T ¼ 20 � 1 �C.

16848 | RSC Adv., 2019, 9, 16839–16850
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batch adsorption, e.g., 5.67 mg g�1. The membrane can yield
a total volume of treated water of 366.5 L m�2 as summarized in
Table 5. Considering the MCL of uoride in drinking water,
a yield of 23.9 Lm�2 can be produced when treating 5.46 mg L�1

uoride contaminated water. More importantly, the leaching of
Y-based NPs in permeate was measured. The result in Fig. 8
showed that the leakage of Y ions is not detected during the
whole ltration process. This phenomenon is quite important
for the long-term stability of the prepared membranes under
continuous ltration.

To further conrm the removal of F� by ltration, the
composition of used membrane was analyzed by EDS. The EDS
mapping results in Fig. 9 clearly show the signal of F element
distributed on the membrane cross-section. Besides, the
morphology of used membrane does not change obviously,
suggesting that the prepared membrane has a good stability
under ltration process.

In comparison with other adsorptive membranes for uoride
treatment, the present membrane exhibits a comparable
Fig. 8 Filtration performance of fluoride with different fluoride-con-
taining influent by M10-2: (a) F� and Y3+ concentrations of permeate
vs. bed volume and (b) accumulated q value vs. bed volume. Experi-
mental conditions: pH ¼ 7.0 � 0.1, initial F� concentration ¼
5.46 mg L�1, pressure ¼ 1.25 psi.

This journal is © The Royal Society of Chemistry 2019
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Table 5 Key parameters from filtration performance

Conditions

Bed volume of permeate Permeate yield (L m�2)

Conc. under MCL
Conc. reached
equilibrium Conc. under MCL

Conc. reached
equilibrium

F� 115 1770 23.9 366.5
F� + 1 mM NO3

� 135 1732 27.8 358.5
F� + 0.6 mM SiO3

2� 130 1730 27.1 358.3
F� + 6 mM HCO3

� 107 1347 22.3 286.6
F� + 6 mg L�1 HA 96 1384 19.9 278.8
Regenerated M10-2 + F� 100 1563 20.8 323.6
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performance with others considering the NPs loading content
in membrane matrix.39,40

The reusability of M10-2 is also one concern in this study.
The ltration performance by regenerated membrane was also
shown in Fig. 8. The total volume of treated permeate is found
to be 1563 bed volume, with the corresponding adsorption
capacity of 5.20 mg g�1. The used membrane can produce
a yield of 323.6 L m�2 totally, which is about 88.3% of that for
fresh membrane. This result suggested that the membrane
M10-2 has a good reusability and can be reused for uoride
removal. Besides, the value of reusability is lower than that in
batch system (97% shown in Fig. S3†). Since the F� may be
adsorbed tightly on Y-based NPs loaded in the ne pores in
membrane matrix, which would be hardly desorbed in the
experimental conditions. Therefore, the available active sites
become less in the regenerated membrane, leading to a lower
reusability.

Furthermore, Fig. 8 also displays that the presence of nitrate
and silicate anions has a very limited effect on the removal of
uoride, whereas the presence of bicarbonate slightly hinder
the adsorption of uoride. The total treated volume of permeate
is 1384 bed volume, with the corresponding adsorption capacity
of 4.98 mg g�1, about 83.11% of that for pure uoride inuent.
This result can be explained by that the Y–OH groups can react
with carbonate, forming carbon-oxygen containing complex,
Fig. 9 EDS mapping of M10-2 after filtration.

This journal is © The Royal Society of Chemistry 2019
reducing the adsorption of uoride.41,42 It had been conrmed
in our previous study that the content of CO3

2� in the presence
of Y-based NPs increased aer adsorption of F� in ambient
environment as shown in Fig. S2,† indicating that the Y–OH
groups can adsorb CO2 from air forming Y-carbonate complex.
Thus, when carbonate or bicarbonate anions exist in solution,
the active sites of Y–OH would be occupied by these anions
leading to less available active sites le for F� adsorption.

Finally, the effect of HA was also investigated. The result
shows the presence of 6 mg L�1 HA adversely affected the
adsorption of uoride, reducing the yield by 23.9%, indicating
that the membrane fouling caused by HA is not very severe. This
phenomenon illustrates that the present Y-based NPs/PES
adsorptive membrane could be used as an alternative for the
practical treatment of uoride contaminated water.

4. Conclusions

In this present study, the effects of composition of coagulation
bath on membrane structure and properties of the in situ
generated Y-based NPs/PES composite adsorptive membranes
were studied for the rst time. The results illustrated that with
the increase in NaOH concentration of coagulation bath, the
membrane structure turned to be less pores on top surface and
less channel-like macro-voids with more sponger-liked areas in
cross-section, leading to a reduction in surface hydrophilicity
and water permeability, and the content of Y-based NPs slightly
decreased. These changes were related to the change of phase
inversion kinetics from an instantaneous demixing to a delayed
demixing due to the increase in NaOH concentration. Further-
more, the M10-2 possessed the best adsorption performance of
uoride, with the maximum adsorption capacity of 51.058 mg
g�1 at neutral pH. The continuous ltration study indicated that
the M10-2 can effectively produce a yield of 23.9 L m�2 when
treating 5.46 mg L�1

uoride-containing water to MCL. The
presence of co-existing substances had limited (nitrate and
silicate anions) or slight effects (bicarbonate and HA) on the
removal of uoride. More importantly, the membrane was
stable in ltration process with no leakage of NPs in permeate,
little change in membrane morphology, and a high reusability
of 88% for deuorination, suggesting a potential application of
the present membrane in the treatment of uoride-containing
water. These ndings indicated that the membrane structure
and properties can be controlled by adjusting the composition
of coagulation bath during the in situ preparation process.
RSC Adv., 2019, 9, 16839–16850 | 16849
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