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Direct contact membrane distillation tests are carried out on four kinds of dye solu-
tions using the superhydrophobic polyvinylidene difluron-copolymerized hexafluoro-
propylene nanofiber membrane (PH-E) and its modification coated with polydime-
thylsiloxane (PDMS) nanoparticles (PDMS-PH-E membrane). The test results show
that PDMS-PH-E membrane has higher water flux, and the removal efficiency of four
dyes reaches 100%. While the removal efficiency of the PH-E membrane reaches
100% only for two dyes. The loosely absorbed dye structure on PDMS-PH-E mem-
brane roughens the surface, and stimulates the negatively charged droplets to bounce,
resulting in an effective anti-fouling and self-cleaning effect and a long-term scaling
prevention.
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Introduction

The membrane distillation (MD) technology [1] is to use a hydrophobic porous
membrane to separate the vapor molecules from wastewater. Due to the temperature differ-
ence through the membrane, it is also called a thermally-driven separation process, and it is
widely used for dye wastewater treatment [2, 3]. The porous membrane has some amazing
thermal properties as discussed in [4-7].

During fabrication of MD membranes, nano/micron particles or organic/inorganic
materials are incorporated in the membrane to improve its separation performance. Though
the composite MD membranes [8] were recognized for their high functionality and selectivity
in a variety of water treatment, the complexity of the chemical method for preparing compo-
site membranes has greatly hindered the practical applications.

In this paper, the well-known bubble electrospinning [9-15] is modified to a bubble
electrostatic spraying to control the interface surface by adjusting the inorganic nanomaterials
and polymer matrix, the obtained membrane has high porosity and good hydrophobicity, so it
can be used as an effective MD membrane. The superhydrophobic polyvinylidene diflour-
ethylene copolymer-hexafluoropropylene (PVDF-HFP) nanofiber membrane (PH-E mem-
brane) was prepared by a modified electrospinning technology with long and spiral needle,
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which is inspired by the macromolecular electrospinning [16-20] and the multiple needle elec-
trospinning [21]. The bubble electrostatic spraying technology is then used to spray polydime-
thylsiloxane (PDMS) polymer microspheres onto the PH-E membrane, and the resultant
membrane is called as PDMS-PH-E membrane. Both membranes are used for the membrane
distillation using four dyes to study their dye removal efficiency.

Materials and methods

The PVDF-HFP were purchased from Zhejiang Juhua Co., LTD., polydimethylsi-
loxane (PDMS) (basic adhesive, curing agent) was Dow Corning 184, LiCl (analytical pure)
was bought from Tianjin Xidan Chemical Technology Co., Ltd., DMF (analytical pure), ace-
tone (analytical pure) and THF (analytical pure) were all provided by Shanghai Runjie Chem-
ical Reagent Co., LTD. Four dyes, methylene blue (MB), crystal violet (CV), acid Red 18
(AR18) and acid yellow 36 (AY36), were supplied by Suzhou City Along Chemical Co., Ltd.

The experiment adopted a modified electrospinning with a 150 mm long needle and
a 13 spirals needle, the double needle system was developed from the macromolecular elec-
trospinning using a long needle [16-20], the polyvinylidene fluoride and polyhexafluoropro-
pylene (PVDF-HFP, PH for short) solution was used for fabrication of the superhydrophobic
PH-E membrane, which was further treated by the bubble electrostatic spraying, a layer of
spherical polymer microspheres was spayed onto the surface of the PH-E membrane, and the
PDMS-PH-E membrane was obtained. In the electrospinning process, LiCl accounted for
0.8% of the spun solution, the mass ratio of PH:DMF: acetone was 15:59.5:25.5, the high
voltage electrostatic was 20 kV, the receipt distance was 16 cm, the flow rate of injection
pump was 0.75 mL per hours, and the spinning period was 10 hours. In the bubble electrostat-
ic spraying process, the mass ratio of the precursor to PDMS solution was 10:1, the mass ratio
of DMF to THF was 1:1, the mass ratio of PDMS, PVDF and (DMF/THF) was 2.5:2.5:95, the
high voltage static voltage was 30 kV, and the spraying distance was 12 cm.

A SEM JMS - IT100 (Japanese electronics co., LTD) was used to observe the sur-
face morphology of the original membranes and polluted membranes, respectively, the wetta-
bility of the membrane surface was characterized by the contact angle (CA), the zeta potenti-
ometer (BeNano90) was used to measure the zeta potential (ZP) on the membrane surface.

A self-designed MD membrane was used for the direct contact membrane distilla-
tion (DCMD) for dyes wastewater treatment. The initial volumes of the dye solution
(dye: 100 mg per L) and the deionized water were 2.0 L and 0.5 L, respectively. The tempera-
ture difference was 40 °C.

To reduce heat loss and temperature fluctuation, a heating plate/agitator and a heat
exchanger equipped with a cooler were used to keep the temperature of each solution with a
deviation of 1.5 °C, all pipes were insulated, and the dye solution and the deionized water
flowed into the membrane assembly with the flow ratio of 0.5 Lpm with an effective area of
9.8 cm?.

The pure water flux, LMH [Lm™2 per hour] can be calculated by:

LMH :% (1)

where V is the volume of water vapor passing through the membrane, An, — the effective area,
and t — the time.
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The spectrophotometer (UV-2600, SHIMADZU, Japan) was used to measure the
dye concentration based on different UV-Visible (UV-vis) wavelengths. The absorbance of
four standard solutions with different concentrations was measured at wavelengths 445 nm
(for AY36 dye), 508 nm (for AR18 dye), 595 nm (for CV dye) and 660 nm (for MB dye).
Dye retention rate, R [%] can be calculated by:

[-o%)
R=|1-D— |x100% 2
Pt

where pr [mgL ] is the initial dye concentration, p, [mgL ] — the final dye concentration, and
D — the dilution factor.

The properties of nanofiber membranes related to dye concentration were character-
ized according to the membrane contamination factor (FF):

FF - (1-%}100 @)

0

where the standard flux (J/Jo) is the membrane flux in 24 hours divided by the pure water
flux.
The dye adsorption Ry is calculated by:

1
1+DbC,
where b is Langmuir constant and Co — the initial dye concentration. The relationship between

FF and initial dye concentration, Co, is used to determine b and the maximum FF (FFmax)
according to:

(4)

RL

c 1 1
— = Co+
FF FF,, | FFb
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We assume that the dye repulsion efficiency is close to 100% and the feeding con-
centration remains constant.

Results and discussion

Zeta potential of the nanofiber membrane surface

Zeta potential (ZP) [22] is a terminology to describe the electrokinetic potential,
which has a major effect on the various properties of nanofiber membranes. The ZP can be
considered as the charge of the nanoparticles with respect to the surrounding condition, how-
ever, it is not an actual measurement of the surface charge of a single molecule, rather it is a
measurement of the double layers of electricity produced by the surrounding ions (i.e., coun-
terbalance ions) in solution. The zeta potential diagram of PH-E membrane and PDMS-PH-E
membrane is shown in fig. 1. It can be seen from fig. 1 that both membranes showed negative
zeta potential within the tested pH range, and at pH 7.0, PDMS-PH-E membrane has a nega-
tive 70 mV ZP.

The MD membrane performance for dye removal

The PDMS-PH-E membrane has the lowest wettability with a contact angle as large
as 156.2°, so it is suitable for a MD membrane. It was reported that the nanofiber membrane
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0 S ¢ & e pH 2 Compared with PH-E membrane, PDMS-

PH-E membrane has higher porosity and better
hydrophobicity, resulting in higher flux. As
shown in fig. 2, the initial fluxes of PH-E
membrane and PDMS-PH-E membrane were almost same (about 32 L/m? per hour), and the
water flux decreases rapidly within 8 hours. When treated for more than 8 hours, the water
flux of the two membranes tended to be stable. In addition, the PH-E membrane saw the high-
est water flux of the AY36 dye, and the lowest water flux was the CV dye. The decreasing or-
der of dye flux was AY36 > AR18 > MB > CV. The PDMS-PH-E membrane saw the highest
water flux of the AR18 dye, and the lowest water flux was also observed in the CV dye, the
decreasing order of dye wastewater flux followed: AR18 >AY36 > MB > CV.

Figure 1. The ZP of PH-E membrane and
PDMS-PH-E membrane vs. pH value
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Figure 2. The relationship between the water fluxes of four different dyes during the DCMD treatment
with respect to time; (a) PH-E membrane and (b) PDMS-PH-E membrane

Dye removal and its mechanism

As shown in tab. 1, compared with PH-E membrane, PDMS-PH-E membrane has
higher water flux, and the dye removal of PDMS-PH-E membrane is superior to other mem-
branes within 24 hours of treatment. Both membranes are conducive to dye removal of AR18
and AR36 dyes (100%), while it is difficult for PH-E membrane to completely remove MB
and CV dyes. The removal efficiency of the MB dye is slightly higher than that of the CV dye
in DCMD treatment with PH-E membrane. We found that the membrane with higher flux
shows higher dye removal efficiency. When PH-E membrane was used for DCMD treatment,
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the average flux and dye removal efficiency of MB and CV dyes were 25.31 LMH, 98.76%,
and 23.97 LMH, 96.59%, respectively.

Table 1. Initial flux, average flux and dye removal efficiency of four different dyes treated
by DCMD within 24 hours

Membrane MB dye CV dye AR18 dye AR36 dye
Initial flux 31.59 +0.27 31.98 £0.55 32.82 +0.45 32.97 +0.68
PH-E
membrane Average flux 25.31£1.50 23.97 £+0.91 28.22 £1.03 29.07 £0.75
Dye removal
efficiency [%] 98.76 +0.29 96.59 +0.94 100 100
Initial flux 32.61 +0.57 32.98 £0.29 33.65+0.44 33.21+0.79

PDMS-PH-E Average flux 25.25+1.59 24.17 £1.32 29.47 +1.01 28.78 £1.07

membrane
Dye removal

efficiency [%] 100 100 100 100

The listed results can be explained by the chemical properties of dyes and their ef-
fects on membrane adsorption. The MB and CV dyes contain positively and negatively
charged groups. The MB dye is a kind of alkaline cationic dyes, which can be dissociated into
cationic and anion CI~ in aqueous solution. The MB dye can be expressed as Dye*Cl~. The
CV dye is a direct dye that is water soluble and carries organic compounds that bind to ions
and polar sites on the membrane. For the MB dye, there is electrostatic attraction between
Dye+ in the MB dye and negatively charged nanofiber membrane. For the CV dye, the nega-
tive functional group (ZP = 19.8 mV at pH 4.8, as shown in fig. 1) of the nanofiber membrane
forms hydrogen bonds between the electron donor nitrogen atom (—N:). As shown in tab. 1,
the AR18 and AY36 dyes have the best removal efficiency because they are acidic dyes with
negative charge. When their sulfonate groups approach to the membrane, the sulfonate groups
are repelling by the highly negative membrane surface. Relatively few molecules in these two
dyes are adsorbed on the membrane surface. However, the two kinds of membranes are main-
ly negatively charged in the solution equilibrium PH range. The pH values of AR18 and
AY36 solutions are 9.0 and 6.5, respectively. In this pH range, the surface charges of PH-E
membranes and PDMS-PH-E membranes are highly negative, as shown in fig. 1.

For PDMS-PH-E membrane, when the dye is near the nanofiber membrane surface,
dye sulfonate groups were highly rejected by the negative membrane surface, so PDMS-PH-E
membrane flux in DCMD showed the highest and the most superior dye removal efficiency.
The repulsion between PDMS-PH-E membranes and dye negative ions leads to the formation
of dye-dye structures on the surface of the membranes rather than in the pores, and in this re-
spect the superhydrophobicity of PDMS-PH-E membranes also contributes to this phenome-
non.

Scaling factor and dye adsorption

Wetting, scaling, and fouling are the main properties for membrane distillation [28].
Scaling in DCMD is particularly important because it increases the cost of energy consump-
tion, downtime, cleaning and membrane replacement, and reduces the quality of the product
(water) due to pore wetting. Dye removal, attraction, and repulsion between dyes and mem-
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branes depend on their chemical structure and interactions, suggesting that chemical bonding
plays an important role in dye contamination during DCMD operation. To elucidate scaling
during MD treatment, the membranes were removed after 24 hours of the CV dye treatment,
and their scaling surfaces were analyzed using SEM. As shown in fig. 3, sheet crystals cover
the surface of PDMS-PH-E membrane, but the pores remain open. However, the dye mole-
cules block a large number of pores in the PH-E membrane. Careful observation shows that
the loosely absorbed dye structure on the PDMS-PH-E membrane roughens the surface to
stimulate the negatively charged droplets to bounce, thus producing effective anti-fouling and
self-cleaning effects [29].

In order to further understand the mechanism of membrane contamination by dye
concentration during DCMD operation, the MB solution with different concentrations
(20-200 ppm) was treated with two membranes and DCMD technique. We found that the flux
was the same at the beginning regardless of the dye concentration, but a larger decline was
observed at higher dye concentrations shortly thereafter, and for both membranes the flux was
basically stable over 24 hours when the dye concentration was lower (20-40 ppm). In contrast,
at dye concentrations higher than 60 ppm (up to 200 ppm), a rapid decline in flux occurs dur-
ing the first 4-8 hours of operation.

Figure 3. The SEM images; (a) original PH-E membrane, (b) PH-E membrane after DCMD,
(c) original PDMS-PH-E membrane, and (d) PDMS-PH-E membrane after DCMD
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caused by dye adsorption. The relationship be- C lpeml
tween FF and initial dye concentration, Co, was Figure 4. The relationship between dye
used to determine b and FFmax. concentration and the membrane

The FFmax and b of PH-E membrane contaminatipn _factor treated by DCMD
were 45.66% and 0.019 mg/L, respectively, and technique within 24 hours
46.08% and 0.036 mg/L, respectively, for PDMS-PH-E membrane. The dye adsorption, Ry,
for PH-E membranes ranged from 0.73 to 0.21, and from 0.58 to 0.12 for PDMS-PH-E mem-
branes. Absorption is favorable at 0 < R < 1, and it can be said that both membranes exhibit
good dye absorption.

Self-cleaning performance of
superhydrophobic membrane surface

The surface of PDMS-PH-E membrane has an uneven superhydrophobic surface and
is decorated with convolutional microspheres, which generate a bouncing mechanism between
the liquid dye droplets and the membrane surface, thus inducing the dye to roll off instead of
adhering to the surface, thus improving the antifouling performance. A simple deionized wa-
ter washing (WF) MD membrane was used, and the CA and liquid entry pressure (LEP) val-
ues before and after the membrane were compared to prove the cleaning efficiency of the
membrane.

The MD cleaning was carried out at a

flow rate of 0.5 Lpm, and the deionized water
was circulated every three hours for 10 minutes. * .
After MD operation, CA and LEP of PDMS- @ o o

PH-E membrane decreased, but WF recovered

after only 10 minutes, as shown in fig. 5. How-
ever, CA and LEP cannot be fully recovered t ‘
with WF after MD manipulation of the PH-E by ®) (f)

membran_e because the membrane has a strong- Figure 5. Contact angles of PDMS-PH-E and
er adhesion to water droplets on the surface PH-E membranes; (a) the original PDMS-PH-E
than PDMS-PH-E membrane. These results in- membrane, (b) after 24 h MD operation,
dicate that the WF technique has the ability to (¢) PDt'_V'S-PHd-E mﬁfgbfranfo(24_h0tlr5) after MD
_ H H _ Operation and washea tor minutes),
Rrevent _Iong term scaling during MD Ope“? (d) the original membrane of PH-E membrane,
tions using PDMS-PH-E membranes. In addi- () PH-E membrane after 24 hours of MD
tion, during MD operation for 24 hours, be- operation, and (f) PH-E membrane (after 24
cause CV is the most difficult dye to remove hours of MD operation and washed for 10

dye, the CV dye solution was taken as the re- minutes.
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=407 e search object to test the effect of WF on dirt
o:J,z sl WF -s-ppMs-PH-E | removal and flux recovery, as shown in fig. 6.
L P T During MD operation, PDMS-PH-E membrane
gg‘zﬁ‘e% Y S R showed high flux recovery. This is obviously
SPTTRAC TR AL A N S | because PDMS-PH-E membrane has a greater

recovery of CA after WF.
The flux of PDMS-PH-E membrane was
I P mainly recovered because of WF. The droplet
16k bouncing caused by superhydrophobicity and
T the characteristic morphology of PDMS micro-
202 4 6 & 10 12 14 16 18 20 22 24 spheres prevented dye particles from entering

Operation time [h] the pore and accumulating on the surface.
Figure 6. Relation between the water flux of Loose fouling layer was formed on PDM_S'P_H‘
PH-E and PDMS-PH-E membranes in CV E membrane for the reasons that the binding
treatment (Co= 110 mg/L) and the MD force between dye and membrane was weak,

operation time (after 3 hours of MD, the
membranes were washed with water at
0.5 Lpm flow rate for 10 minutes)

there was a repulsion strength between dye
molecules and functional groups on PDMS-PH-
E membrane, and the fluffy dye structure was
formed before the dye molecules enter the
pores. Therefore, the dye fouling layer on
PDMS-PH-E membrane can be easily removed
by WF. The results confirmed that the superhy-
drophobicity of the membranes was one of the
most critical factors in determining their anti-
wetting and anti-fouling properties as well as
dye removal efficiency. During the DCMD op-
eration, the two membranes were cleaned with
WEF, and it was observed that the surface of
Figure 7. Surface photos of periodic WF DMS-PH-E membrane was relatively clean,
membranes for CV dye solution treated by while the PH-E membrane showed severe dye
DbC'gIDDMf%rPZIi hE"“rS? (S) PH-E membraneand  3qsorption and turned into a deep purple nano-
(b) “FH-E membrane fiber membrane surface, fig. 7.

Conclusion

The PDMS-PH-E membrane has a loose dye structure resulting in surface rough-
ness, which will greatly affect the boundary layer of the porous membrane [30-33], as a result
the surface has an effective anti-fouling and self-cleaning effect, PDMS-PH-E membrane has
the ability to prevent long-term scaling during the DCMD operation of WF. Therefore, the
PDMS-PH-E membrane developed in this study will also have a huge application capacity in
the desalination of seawater, medical wastewater DCMD treatment and other industries.
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