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ABSTRACT

Mg(OH), nanoparticles were successfully prepared and incorporated in the poly(vinylidene fluoride)
(PVDF) membranes to enhance the hydrophilicity, anti-fouling, and dye treatment capacity.
The products were characterized by multiple techniques including scanning electron microscopy,
size distribution by intensity, Fourier transform infrared, powder X-ray diffraction, the Brunauer—
Emmett-Teller surface area, and energy dispersive spectrometer elemental mapping. Mg(OH),
nanoparticles possessed uniform particle sizes and were homogeneously dispersed in the PVDF
matrix with less aggregation. The incorporation of Mg(OH), nanoparticles into PVDF composite
membranes caused a decrease in the contact angle and great improvements in the pure water flux
from 252 to 471 L m? h™' and bovine serum albumin rejection from 40% to 80% at the same time.
In addition, the composite membranes had a significant increase in adsorption of cationic dyes
methylene blue from 4.6 to 8.3 ug cm™ and rejection from 11% to 21% when Mg(OH), nanoparti-
cles were added from 0 to 1.5 wt.% due to the good adsorption for dyes of Mg(OH), nanoparticles.
The removal rate of anionic dye Congo red increased from 72% to 98% and rejection increased
from 13% to 80% when Mg(OH), nanoparticles were added from 0 to 1.5 wt.%. This study provides
information on application potential of Mg(OH), nanoparticles incorporated in membranes for
treating dye wastewater.

Keywords: Polyvinylidene fluoride composite membranes; Mg(OH), nanoparticles; Anti-fouling; Dye

absorption and rejection

1. Introduction

In recent years, the use of organic dyes has increased
rapidly with the rapid development of printing and dyeing
industry. These organic compounds with a complex aromatic
molecular structure are non-degradable and toxic, even in
the presence of very small amounts of organic compounds
in water [1-4]. Therefore, a series of technologies have been
developed including biological processes [5], biochemi-
cal processes [6], chemical oxidation [7], adsorption [8,9],

* Corresponding author.

coagulation [10,11], and membrane [12,13] treatments to
remove dyes from wastewater [14,15]. Among these methods,
physical adsorption is thought to be an effective and econom-
ical method because of its high efficiency in removing dyes
and easy access in gaining the adsorbents [16]. Many articles
reported the adsorption of dyes on different adsorbents such
as activated carbon [17], silica [18], clay [9], polymers [19,20],
alumina [21], Mg(OH), [22], and so on.

Mg(OH), has attracted wide attention due to its low
cost, antibacterial, non-toxic, good thermal stability, and

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.



408 Y. Cai et al. / Desalination and Water Treatment 206 (2020) 407415

other characteristics as a green treatment agent [23,24].
Wastewater treatment is one of the most widely used appli-
cations of Mg(OH),. Mg(OH), usually has a hexagonal
symmetry structure, which exhibits plate-like morphol-
ogy with a large specific surface area [25]. The adsorption
capacity of Mg(OH), mainly depends on its surface area
[23]. The smaller size of Mg(OH), nanoparticles, the lager
Brunauer-Emmett-Teller (BET) surface area and the higher
adsorption rate during the reaction [26]. Therefore, Mg(OH),
nanoparticles may be a good candidate for dye wastewater
treatment. In addition, Mg(OH), nanoparticles also exhibit
high selective adsorption capacity and fast adsorption rate
for the removal of anionic dye. The adsorbed dye can be
successfully desorbed by carbonation, resulting in a 4,000
times enrichment of the dye solution [27].

Membrane technology is one of the effective methods to
remove dyes from wastewater [3]. Membrane-based waste-
water purification technologies are considered to be feasi-
ble and cost-effective [4]. The addition of inorganic fillers
into the membrane can improve performance and play
a better role in the water treatment process. At the same
time, the interaction between the membrane material and
the filler also has a certain impact on the performance of
the membrane [28-31]. Mg(OH), is one of better choice in
the numerous inorganic fillers.

Mg(OH), with structurally bound hydroxyls is used
more and more frequently in the production of multifunc-
tional membranes[32]. Dong et al. [32] used Mg(OH), as
a component in the production of an organic-inorganic
composite membrane together with poly(vinylidene fluo-
ride) (PVDF) based on a reversed phase inversion method.
The properties of the membrane were also modified with
the use of poly(ethylene glycol). Mg(OH), is also used as
an effective agent against the bacteria Escherichia coli and
Burkholderia phytofirmans [33]. This study will report the
application potential of Mg(OH), nanoparticles that were
used to improve hydrophilicity, anti-fouling performance,
and dye wastewater treatment capacity of PVDF composite
membranes.

2. Materials and methods
2.1. Materials and reagents

PVDF (Mn = 110,000 g mol™, Solef 6010) was purchased
from Solvay Solexis (Belgium). PVDF was vacuum drying at
110°C for 24 h before use. DMAc (analytical reagent grade),
polyvinylpyrrolidone (PVP K30), MgClL-6H,O (magne-
sium chloride hexahydrate), polyethylene glycol (PEG 400)
and NH,-H,O were obtained from Sinopharm Chemical
Reagent Co., (Beijing, China) and used without further
purification in this experiment. Bovine serum albumin
(BSA, with molecular weight of 67,000 Da) obtained from
Sigma-Aldrich Co., (St. Louis, USA) was used as received.
Phosphate buffer solution (PBS pH = 7.2-7.4) was obtained
from Beijing Solarbio Science and Technology Co., (Beijing,
China). Escherichia coli ATCC 25922 (E. coli) strains were
used in this study. The cationic dye Methylene blue (MB,
C,HCIN,S, M_ = 319.86 Da) and the anionic dyes Congo
red (CR, C,H,,N.Na,0SS,, M =696.68 Da) were purchased
from Tianjin Hengxing Chemical Reagent Co., (China) and
their structures were show in Fig. 1.
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Fig. 1. Chemical structures of cationic dye Methylene blue (MB)
and anionic dye Congo red (CR).

2.2. Preparation of Mg(OH), nanoparticles

The typical procedure for the preparation of Mg(OH),
nanoparticles was as the following: 1 mol MgCl,-6H,0 and
20 mL PEG 400 were dissolved in 200 mL deionized water to
form a transparent solution. With constant magnetic stirring
at 50°C for 1 h, 16 mL NH_-H,O was added dropwisely to
the above solution through a dropping funnel. The result-
ing mixture was kept at that temperature for 4 h, and then
held at room temperature for another 1.5 h. The nanoparti-
cles were collected by filtration and washed with deionized
water and ethanol several times, respectively, to remove the
ions possibly remaining in the final product. Finally, the
products were dried overnight at 60°C under vacuum [34].

2.3. Preparation of PVDF composite membranes

PVDF membranes were prepared by nonsolvent-induced
phase separation (NIPS) method. Mg(OH), nanoparticles
and PVP powders were ultrasonically dispersed in DMAc
for 1 h and then agitated for 24 h before adding PVDF. The
casting solution was mechanically stirred at 40°C until
the polymer was completed dissolved. Then the casting
solution was left at vacuum dryer for 24 h for the sake of
removing air bubbles. The casting solution was casted onto
a glass plate using a casing knife with the casting thick-
ness of about 200 pum. The glass plate was then put into the
water bath immediately to form a PVDF membrane at room
temperature. The compositions of these PVDF membranes
were exhibited in Table 1.
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Table 1
Detailed composition of different membranes

Type of membrane PVDF (wt.%) Mg(OH), (wt.%) PVP (wt.%) DMAc (wt.%)
Mo 18 0 2 80

M1 18 0.5 2 79.5

M2 18 1 2 79

M3 18 15 2 78.5

M4 18 2 2 78

M5 18 3 2 77

2.4. Characterization of Mg(OH), nanoparticles and PYDF
membranes

The structure of Mg(OH), nanoparticles and the
membranes including top surface (water side) and cross
section were measured by a field emission scanning
electron microscopy (FESEM) (Hitachi S-4800, Hitachi Ltd.,
Japan). The cross-section images of PVDF membranes were
acquired after being freeze-dried and fractured in liquid
nitrogen. Moreover, elemental mapping of silicon and alu-
minum in the PVDF composite membranes were obtained
using an energy dispersive spectrometer (EDS) (Hitachi
S-4800, Hitachi Ltd., Japan). The size distribution of the
Mg(OH), nanoparticles was carried out using a dynamic
light scattering measurements with Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK). The BET surface area
of the Mg(OH), nanoparticles was studied using a nitrogen
adsorption instrument (Micromeritics ASAP 2460, Norcross,
GA, USA). All samples were degassed at 200°C for 1 h prior to
actual measurements. The Fourier transform infrared (FTIR)
spectra of Mg(OH), nanoparticles and PVDF membranes
were tested by a JASCO 4100 instrument (JASCO, Japan)
at room temperature from 500 to 4,000 cm™. The pH at the
point of zero charge (pHzc) of the catalyst was determined
by testing the zeta potential at different pH conditions using
a Zetasizer Nano S (Malvern Instruments, Malvern, UK).

The water contact angle (CA) was measured to stud-
ies the surface hydrophobicity of the PVDF membranes.
A contact angle analyzer (OCA50, Dataphysics, Germany)
was used in this measurement. Approximately 2 pL of DI
water droplets were dropped onto the top surface of PVDF
membrane samples at ambient temperature. Experimental
data were acquired at least five times at different sites of
each PVDF membrane. The filtration performance was
conducted using a typically lab-scale cross-flow filtration
system. The system has an effective surface area of 8 cm?
In each test, PVDF membrane samples were tested at
0.15 Mpa using DI water for 30 min before measurements
were taken at 0.1 Mpa and 25°C for 30 min. The pure water
flux (PWF) was computed according to the below equation:

J= 2 M

where | 1is the pure water flux (PWE, Lm~h™), Q is volume
of the permeated pure water (L), A is the effective filtration
membrane area (m?), and AT is the permeation time (h).

BSA rejection of the PVDF membrane was tested at
0.1 MPa and 25°C. BSA with concentration of 1 g L was
dissolved in PBS solution (pH 7.4). BSA rejection (R) was
calculated as Eq. (2).

R(%)= [1 —C*’Jxloo )
C‘0

where C and C; are the concentration of protein in the
permeation and the feed solution, respectively. The BSA
concentrations in the permeation and the feed solution were
evaluated using a Puxi TU-1810 scanning spectrophotometer
(Puxi Analytic Instrument Ltd., Beijing, China) at wavelength
of 280 nm.

The membrane samples were immersed into E. coli-
containing Luria—Bertani (LB) media at room temperature
for 24 h. Membranes were taken from bacterial suspension
and gently washed with PBS. The mild ultrasonication was
used for 10 min in order to dislodge the bacteria adhering to
the membrane surfaces, but to retain the adsorbed ones. The
membranes were then immersed in 3 vol.% glutaraldehyde
in PBS for 4 h, and then dehydrated for 10 min with 50%,
70%, 90%, and 100% ethanol in turn for the bacterial fixation
[35]. The membranes obtained were observed by SEM.

2.5. Dye adsorption and rejection experiments

The adsorption measurement of PVDF membranes was
carried out using the immersing method with cation MB and
anion CR. The dyes were firstly dissolved in distilled water
to form a homogeneous solution with the concentration of
20 ppm. Then, PVDF membranes with the same surface
area (10 cm?) were cut into small pieces and were separately
immersed in the dye aqueous solutions (15 mL) for 24 times
at room temperature. The PVDF membranes were then taken
out and the residual amount of MB and CR in the aqueous
solution was detected using a TU-1810 spectrophotometer
(Puxi Analytic Instrument Ltd., Beijing, China) at the wave-
length of 664 and 497 nm separately [36]. The dye removal
was determined by the below Eq. (3).

o/ _ _De X
D(/o)[l D] 10 3)

0

where D and D, are final and initial the concentration of dye
for the adsorption experiment, respectively.
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Dye flux and rejection of the PVDF membrane was tested
at 0.1 MPa and 25°C. MB and CR solutions with concentra-
tions of 20 ppm were used as feed. Dye flux was calculated
as Eq. (1). Dye rejection (R) was calculated as Eq. (2).

3. Results and discussion
3.1. Characterization of Mg(OH), nanoparticles

Fig. 2A shows the scanning electron microscopy (SEM)
image of Mg(OH), nanoparticles which had a uniform lamel-
lar structure average size of about 300 nm x 300 nm x 20 nm.
Fig. 2B shows the particle size distribution curve of Mg(OH),
nanoparticles which had a narrow size distribution with
particles size around 280 nm to be beneficial for the
uniform distribution of the particles. The BET surface area
of Mg(OH), nanoparticles was 42.93 m* g'. The pH,. of
the synthesized nano-Mg(OH), in this study was 6.7.

3.2. Characterization of PVDF membranes

The FTIR curves of Mg(OH), nanoparticles, called MO
and M3, are shown in Fig. 3. The FTIR spectrum of the
Mg(OH), nanoparticles showed the characteristic peaks
which were similar to those reported in the literature
[37,38]. The sharp peak at 3,698 cm™ was attributed to the
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Fig. 2. Scanning electron microscopy (SEM) images (a) and size
distribution by intensity (b) of Mg(OH), nanoparticles.

stretching vibration of OH group in Mg(OH), while the
flat peak at 3,440 cm™ belonged to the adsorbed water [39].
Bands in the range of 1,636-1,425 cm™ were the result of
the stretching vibration mode of OH group in water [40].
The characteristic peaks of pure membrane (MO0) at 3,023
and 2,982 cm™ were resulted from the asymmetrical CH
stretching and symmetrical CH stretching [41]. The peaks
at 1,403-1,067 cm™ corresponded to the deformation vibra-
tion of CF of PVDF [42,43]. Apparently, both two peaks 3,698
and 3,440 cm™ appeared with the incorporation of Mg(OH),
nanoparticles (M3). These results suggested that Mg(OH),
nanoparticles were successfully blended with PVDEF.

SEM images of the top and bottom surface and cross-
section of the PVDF membranes are shown in Fig. 4. All
membranes exhibited an asymmetrical structure with a
dense skin layer and a porous bottom surface [43]. For the
pristine PVDF membrane (M0), the DMAc in the outer sur-
face rapidly exchanged with water to result in the unsta-
ble thermodynamic system in the top surface to form a
uniform and dense top surface instantly (MOT) when the
casting solution immersed in water [36]. The hydrophilic-
ity Mg(OH), nanoparticles were uniformly dispersed in the
modified membranes to make wrinkles increase on the top
surface and roughness increase. Meanwhile the number of
pores and pore size on the bottom surface increased with
the addition of Mg(OH), nanoparticles [32]. The incorpora-
tion of Mg(OH), nanoparticles in membrane casting solution
caused larger pore size and higher surface porosity due to
the pore-forming effect of Mg(OH), nanoparticles [44].

It can be seen that the number of pores on the mem-
brane surface increased with the addition of Mg(OH),
nanoparticles. It is assumed that the Mg(OH), nanoparti-
cles are dispersed uniformly in the casting suspension. The
hydrophilic nanoparticles have a high tendency to adsorb
water during phase inversion, which contributes to more
sites for water penetration and more pores formed on the
skin layer of the membrane. The structure of cross-sec-
tion has not changed much with the addition of Mg(OH),
nanoparticles.
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Fig. 3. Fourier transform infrared (FTIR) curves of Mg(OH),
nanoparticles, MO and M3.
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Fig. 4. SEM images of top surface (T), bottom surface (B), and cross-sections (S) of PVDF composite membranes (M0-M5).

Fig. 5 shows the EDX mapping image for elements Mg,
C, F, and O on top surface of the PVDF composite membrane
(M3). The dispersion of Mg was relatively uniform, which
indicated that Mg(OH), nanoparticles were dispersible
uniformity on the surface of composite membrane without
obvious aggregation.

3.3. Membrane permeation and anti-fouling characteristics

Fig. 6 shows the water contact angle, pure water flux, and
BSA rejection of the PVDF membranes. The pristine PVDF
membrane (MO) was hydrophobic, and the water contact
angle was about 70° (Fig. 6A). A large number of hydro-
philic groups -OH appeared on the membrane surface as the
incorporation of the Mg(OH), nanoparticles to result in an
increase in the hydrophilicity on the membrane top surface,
and decrease in the water contact angle of the composite
membranes (M3). The excessive Mg(OH), nanoparticles will
produce agglomeration phenomenon when the concentration

of Mg(OH), nanoparticles continues to increase. Therefore,
the hydrophilicity of the surface was not further improved
(M4-MS5).

The water contact angle test corresponded to the results
of the pure water flux and retention of the membranes
(Fig. 6B). The pure water flux and the BSA retention rate
of the pristine PVDF membrane were 252 L m? h™' and
40%, respectively. The PWF of the composite membrane
was significantly enhanced by a small amount of Mg(OH),
NPs addition. The PWF raised to 471 L m™ h™ when the
NPs increased to 1.5 wt.%. This might be caused by that
the addition of appropriate amount of Mg(OH), NPs under
the condition of keeping the PVDF concentration constant
reduced the number of PVDF molecules per unit volume,
weakened the intermolecular force of polymer, and made
the structure of the prepared membrane relatively loose
and the water molecules easy to pass through. In addition,
the hydrophilicity of Mg(OH), NPs also improved the pure
water flux. For the rejection of the membranes, the BSA
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Fig. 5. Energy dispersive spectrometer (EDS) elemental mapping of Mg, C, F, and O on the top surface of PVDF composite

membranes (M3).
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Fig. 6. Contact angle (a), pure water flux, and BSA rejection
(b) of PVDF composite membranes with different Mg(OH),
concentration.

rejection increased significantly with the increase of the
Mg(OH), nanoparticles. This might be ascribed to that the
surface of nano-Mg(OH), anionized through the depro-
tonation process when the solution pH was greater than
its pH,. (6.7) under neutral or alkaline conditions while
the BSA was also anionized under the same conditions.
The nano Mg(OH), NPs had the rejection effect on BSA to
subsequently improve the retention of BSA by the mem-
brane. The viscosity of the casting solution would increase
sharply as the concentration of Mg(OH), continued to
increase, which reduced the double diffusion speed of water
and solvent in the process of membrane formation. The
membrane structure was relatively tight to hinder the pas-
sage of water molecules, resulting in a significant decrease
in water flux (M4-M5). At this time, the rejection rate of
membrane continued to increase. As the addition amount of
nanoparticles reached 3.0wt.%, the rejection rate increased
to 80%. Additionally, the Mg(OH), nanoparticles inhib-
ited the biofilm formation on the membrane surface and
the antifouling properties were thereby enhanced [32,45].

3.4. Dye adsorption and rejection

Figs. 7 and 8 show adsorption as well as flux and rejec-
tion of membranes of the cationic MB and anionic CR,
respectively. The MB adsorption was almost doubled from
4.6 t0 8.3 ug cm™ when the Mg(OH), nanoparticle concentra-
tions increased from 0 to 1.5 wt.% (Fig. 7B). It could also be
seen in the photo that the membranes M3 was bluer than M0
in Fig. 7A. The adsorption capacity of MB decreased as the
content of Mg(OH), nanoparticles continuously increased,
which might be ascribed to the agglomeration of a large
number of Mg(OH), nanoparticles to reduce the adsorption
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Fig. 7. MB adsorption capacity and removal (a and b), MB flux, and rejection (c and d) of PVDF composite membranes with

different Mg(OH), concentration.

capacity. The addition of magnesium hydroxide made the
rejection of MB increase from 11% to 21% (Fig. 7D). The CR
adsorption capacity increased from 20 to 28 ug cm™ and
the final removal rate of CR reached 98% as the Mg(OH),
nanoparticle concentrations increased from 0 to 1.5 wt.%.
The CR rejection of the pristine PVDF membrane was only
13% while the rejection increased to around 80% as the
incorporation of the Mg(OH), nanoparticles (Fig. 8). Since
the surface of nano-Mg(OH), was anionized through the
deprotonation process when the solution pH is greater than
its pH,,. (6.7) under neutral or alkaline conditions, the rejec-
tion of the anionic dyes was sharply enhanced using the
nano-Mg(OH), modified PVDF membrane. A large number
of magnesium hydroxide in PVDF unevenly dispersed due
to the poor compatibility of polymer PVDF and inorganic
magnesium hydroxide when the content of magnesium
hydroxide in the membrane continued to increase (2.0%—
3.0%), which made nano-Mg(OH), agglomerate to reduce
the adsorption efficiency of the membrane materials for
dyes. In addition, high-concentration magnesium hydroxide
would increase the viscosity of the casting solution, reduce
the mass transfer rate in the process of membrane formation,
and easily form a relatively compact membrane structure,
resulting in the decrease of dye flux and the increase of dye
retention (Figs. 7D and 8D). The results show that appropri-
ate Mg(OH), nanoparticles are beneficial to the dye absorp-
tion and rejection especially for the anionic dyes (CR).

4. Conclusions

High performance PVDF composite membrane were
prepared successfully via blending with laboratory-pre-
pared Mg(OH), nanoparticles. The characterizations of
FTIR, XRD, SEM, and EDS elemental mapping indicated
that Mg(OH), nanoparticles were well dispersed in PVDF
composite membranes. The incorporation of Mg(OH),
nanoparticles promoted the hydrophilicity and PWF of the
PVDF membranes because of the hydrophilicity of Mg(OH),
nanoparticles. Moreover, adsorption and rejection of dyes
by modified membranes increased dramatically. This work
provides a new insight on the use of Mg(OH), nanoparticles
for modification of PVDF membrane, which might broaden
the technologies for water treatment.
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