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Preparation and performance of ultra-thin surface coated
pervaporation membranes for seawater puriﬁcation
F. U. Nigiz

ABSTRACT
In this study, ultra-thin poly(ether-block-amide, PEBA)-coated poly(vinyl alcohol, PVA) composite
membranes were prepared and assessed for the removal of lead, zinc, lithium, arsenic, and copper
from seawater. Effects of the coating numbers and temperature on ﬂux and ion rejection were
evaluated. The number of coating processes increased the thicknesses of the membranes. The ion
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rejection and water ﬂux decreased with the increasing coating process. Dissolved ions were retained
with a rejection of >99.5%. The highest rejections of 99.99% and 99.98% were obtained for sodium
and magnesium ions. The coated PVA membranes showed a superior heavy-metal removal greater
than 88%. The highest rejection improvements were obtained for zinc (Zn), lithium (Li), and copper (Cu)
metals. The zinc, copper, and lithium rejections increased from 89.1%, 88.3%, and 85.1% to 95.3%,
98.46% and 94.4% due to the PEBA coating process, respectively. The inﬂuence of PVA thickness on
the ﬂux and rejection was also investigated. Increasing the thickness of PVA decreased the ﬂux. The
highest ﬂux of 2.34 kg/m2.h was obtained with the membrane having a thickness of 90 µm.
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INTRODUCTION
Membrane separation technologies have an important

& Baker ; Shao & Huang ; Ulbricht ). The

role in water puriﬁcation. There are many membrane

water puriﬁcation performance of a membrane depends

types characterized according to structural–chemical prop-

on the ﬂux, selectivity, separation factor, ion rejection,

erties. Porous-type membranes are used for ﬁltration

membrane durability, membrane stability, number of usage

(micro-ultra-nanoﬁltration) application (Le & Nunes ).

cycles without performance loss, etc. (Baker ; Nunes

Non-porous-type membranes are used for gas separation

& Peinemann , ). Therefore, the selection of the

and pervaporation. While hydrophobic membranes are

membrane material and module becomes a crucial factor

preferred for membrane distillation, hydrophilic membranes

for an efﬁcient separation process.

are used for pervaporative separation (Baker ; Nunes &

Membrane-based desalination methods are based on the

Peinemann , ). Each membrane type exhibits unique

selective permeation of water through a semi-permeable

properties depending on its purpose in use. While porous

membrane. Reverse osmosis (RO), forward osmosis (FO),

structure and pore size are important for the ﬁltration-

electrodialysis (ED), and nanoﬁltration (NF) are well-

type membrane that is maintained by the size exclusion

known

phenomenon, the afﬁnity of the membrane to the selected

(Nunes & Peinemann ; Gude ). Membrane distilla-

component is important for the non-porous membrane

tion (MD) is another emerging membrane process (Goh

that is driven by the solution-diffusion mechanism (Wijmans

et al. ). Among these, RO is well established and used
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commercially for seawater desalination. Non-porous or

the operating conditions, structural properties of the mem-

nano-porous membranes are used in RO. Different mem-

brane play an important role in effective puriﬁcation.

brane materials (polymeric, inorganic or composite) can

Polymeric membranes have been frequently used due to

be used in RO (Greenlee et al. ; Lee et al. )). The

their low-cost production route and ease of modiﬁcation

drawback of RO for desalination is the higher trans-

capability (Gao ). During pervaporation, water tran-

membrane pressure demand and the higher electrical

sition occurs through the intermolecular chains of the

energy consumption (Mazlan et al. ; Gude ).

polymeric material. However, the high swelling and plastici-

Moreover, rejection of some ions, such as boron, chloride,

zation tendency of the polymeric structure may cause

and bromide, can be low in a single-stage RO system.

instability during the lengthy desalination period. According

Recently, signiﬁcant investigations have been made in

to the structural properties and thermal status of the poly-

pervaporation (PV) seawater desalination (Gao ; Liu

mer, polymeric materials are classiﬁed into two main

et al. ; Wu et al. ). The same as in RO, non-porous

groups: rubbery and glassy (Robeson et al. ; So et al.

membranes are used for pervaporative desalination. In

). Mostly, water-selective membranes are fabricated

this process, the separation phenomenon is characterized

from glassy polymers. The membrane synthesized from a

by the solution-diffusion model. This model is basically

glassy polymer shows less chain mobility, which determines

based on the dissolution of the target component on the

the permeability of the target component. However, glassy

membrane’s surface, diffusion across the membrane and

polymers are brittle and show a surface defect tendency

desorption to the downstream side (Mulder ; Nunes &

due to the higher glass transition temperature compared

Peinemann ; Baker ). The transition of the target

with the rubbery polymer. Therefore, some modiﬁcations

component occurs among the molecular spaces of the mem-

are needed to keep stable the membrane’s performance.

brane. In the PV process, the driving force is chemical

In this study, non-porous ultra-thin surface coated

potential, which is created by the vacuum or inert purge

polyvinyl alcohol (PVA) membrane was prepared to purify

gas pressure on the permeate side. Therefore, the electric

water from heavy metals and other contaminants. Polyvinyl

energy consumption for PV is lower compared with RO.

alcohol is a kind of hydrophilic polymer which is frequently

Because of the mild operating parameters (application at

used for selective water separation. However, PVA has a

low temperature and atmospheric pressure), PV is deﬁned

high water uptake capacity and swelling tendency. Hence,

as an energy saving, economical and clean technique. The

the stability and durability of the PVA-based membrane

separation mechanism through inorganic membranes or

need to be improved by blending, cross-linking, inorganic

inorganic material incorporating polymeric pervaporative

material incorporation or other modiﬁcation methods. In

membranes can also be explained by size exclusion,

the literature, there are several studies on the use of a

charge exclusion, water permeation and surface evaporation

PVA membrane for desalination application. Xie et al.

phenomena (Cho et al. ; Wang et al. ). The free

() prepared a silica–PVA membrane for pervaporative

volume of the polymeric material is effective for pervapora-

desalination purposes and they reported that they found a

tive separation performance. The mobility of the adsorbed

NaCl rejection of 99.5%. Xue et al. () also used a PVA

ions on the membrane, surface hydrophilicity–hydrophobi-

membrane for NaCl–water separation by using a chemical

city of the membrane, physicochemical properties of the

cross-linking method to improve the PVA membrane. They

membrane, concentration of seawater and many other proper-

also found a NaCl rejection of 99.5%. Zhang et al. () fab-

ties of seawater are effective for separation performance

ricated a thin ﬁlm membrane on a porous support and

(Gude ; Thomas et al. ).

experimented for desalination of NaCl–water solution.

The concentration of the constituent in saline water,

They found the NaCl rejection to be 99.8%. In the literature,

operating temperature, quantitative amount of the pressure

researchers have mostly focused on the separation perform-

difference between sides of the membrane, and conden-

ance of synthetic saline water using PVA-based membranes.

sation efﬁciency are the main factors to determine

Seawater not only contains high concentrations of dissolved

desalination performance (Gao ; Gude ). Besides

salt ions but also consists of lots of minerals, heavy metals,
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Membrane characterization

focused on heavy metal and ion rejection along with salt
rejection. PVA was selected as the main membrane material.

Morphological structures of the one-time and seven-times

In order to prevent the excess swelling and to improve ion

coated PVA membranes were characterized using a low-

rejection, the PVA membrane was covered with a thin poly-

vacuum-type scanning electron microscope (SEM)(Jeol

ether block amide (PEBA) polymer in this study. PEBA is a

JSM-6510 with a detector of Oxford Instruments Inca

copolymer that consists of hard amide and soft ethylene seg-

EDS). The cross-section morphological analyses of mem-

ments. Although PEBA polymer has a hydrophobic nature, it

branes were done by fracturing in liquid nitrogen. Prior to

has been successfully prepared and used as a membrane.

analyzing, membranes were covered by platinum in order

It exhibits superior puriﬁcation performance. Membrane

to provide a conductive effect and to avoid a charging

defects caused by water swelling have not been observed for

effect in the membrane. A sputter coater was used for plati-

PEBA membranes (Nigiz ). A few studies have reported

num covering and the thickness of the thin ﬁlm platinum

the desalination performance of PEBA membranes. Marian

layer was approximately 20 nm. The analysis was operated

et al. () prepared and used a composite PEBA-based mem-

at 10 kV with high magniﬁcations of 7,000 and 20,000.

brane for desalination of seawater. They obtained 99.9%

The focal length of the lens was 15 mm.

rejection with 4.93 kg/m2 h of ﬂux. Wu et al. () also prepared a PEBA-based pervaporation membrane and achieved
99.9% rejection. Compared with PVA, the ﬂux values of

Ion removal

PEBA are low and rejection values are high. Therefore, in
the present study, PVA was covered with ultra-thin PEBA

Separation experiments were conducted in a pervaporation

polymer to enhance rejection by eliminating the ﬂux decline.

system that has been previously explained in the literature
(Nigiz ). The system consists of a membrane cell, a
vacuum pump, and cold traps. The volume capacity of the

MATERIALS AND METHODS

membrane cell was 250 ml. The effective separation area

Membrane preparation

membrane cell and kept on the upstream side of the mem-

of the membrane was 19.6 cm2. Seawater was fed onto the
brane during the separation. A mechanical stirrer was

PVA (MW, 125,000 g/mol) was ﬁrstly dissolved in deionized

provided and seawater was continuously stirred with a stir-

water and stirred for 4 hours at a temperature above 85  C

ring rate of 500 rpm to prevent mass-transfer limitations.

until a homogeneous polymer–water solution was obtained.

During the experiments, the pressure of the feed side

The membrane solution was cast onto a glass surface and

(upstream side of the membrane) was at atmospheric

dried for 24 hours in an oven at 60  C. The pristine PVA

pressure and the permeate side was kept at 10 mbar pressure

membrane was obtained as a ﬂat sheet. Separately, 5 wt%

to create a driving force across the membrane. Desalination

of PEBA (Pebax2533)–ethanol solution was prepared.

experiments were repeated three times and the average

The pristine PVA membrane was coated with the prepared

results are given with the standard deviation in the results.

PEBA–ethanol solution by means of a dip coater at 40  C,

The separation performance of the experiment was

with a coating speed of 2 mm/s. Membranes were titled

evaluated in terms of ﬂux and rejection. Water ﬂux (F)

according to the numbers of the dip-coating (DC) runs. The

(kg/m2.h) and ion rejection (R) (%) were calculated using

numbers after the DC represented the number of the coating

Equations (1) and (2), respectively:

process. While DC-0 represented the pristine PVA membrane
without coating, DC-1, DC-3, DC-5, and DC-7 represented
the PVA membrane coated for one time, three, ﬁve and
seven times, respectively. After each coating procedure, the
membrane was allowed to dry for 20 minutes.
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where Wp is the weight of permeate (kg), A is the effective

Figure 1 shows the SEM results of membranes coated one

membrane area (m2), t is the experiment period (h), Cf is

time and seven times. The micrographs indicate that two

the concentration of ions in the feed solution, and Cp is

different materials exhibited perfect interfacial compatibil-

the concentration of ions in the permeate solution.

ity. There was no interfacial gap between the surfaces of

In order to determine the total conductance of the sol-

the structures. While the coating thickness of the single-

utions, a Mettler Toledo, Seven Compact Device was used

coated membrane was about 0.26 µm, the thickness of

with a measurement accuracy of ±2 µS/cm. Concentrations

the seven-times-coated PEBA layer was about 1.25 µm.

of the other minerals and ions in the permeate solution were

The coating thickness almost linearly increased with the

determined by means of a Perkin Elmer Elan DRC-e ICP-

number of coating processes. The thickness of the PVA

MS. The inductively coupled plasma mass spectrometry

membrane was 220 µm.

(ICP-MS) analysis details are given in Table 1.

In Figure 2, the water ﬂux and total salt rejection results
are shown as a function of the number of dip-coating pro-

RESULTS AND DISCUSSION

cesses. The dip-coating procedure was applied several
times to the pristine PVA having an average thickness

The polymer–polymer compatibility and the thickness of

of 220 µm. Figure 2(a) shows the ﬂux results. Increasing

the membrane surface veriﬁed by the coating run were

coating numbers decreased the water ﬂux. There could be

investigated using scanning electron microscopy (SEM).

two possible reasons for the reduction of the water ﬂux
depending on the surface coating. One of the reasons

Table 1

|

ICP-MS operating parameters

should be related to Fick’s law (Baker ), which explains
the ﬂux decrement with increasing membrane thickness.
The other reason for the ﬂux decrement could be related

(a) Instrumental parameters
1,300 watts

to the change in the surface roughness and wettability,

15

to water. It is known that PEBA has a hydrophobic nature.

1.2

In the present study, the PEBA coating could cause a decline

0.98

in ﬂux owing to the decrease in hydrophilicity of the mem-

Peristaltic pump ﬂow (mL/
min)

20

brane surface. Considering that the thickness of the

Sample uptake rate

∼1

total membrane thickness, reduction of the ﬂux was

Skimmer cone

Pt (1.1 aperture diameter in mm)

more related to the decreasing surface wettability of the

Sampling cone

Pt (0.9 aperture diameter in mm)

membrane.

RF power

which directly affected the surface afﬁnity of the membrane

Argon gas ﬂow (L/min)

• Plasma
• Auxiliary
• Nebulizer

coating on the surface was very thin compared with the

(b) Data acquisition parameters
Measurement mode

Standard, scan mode: peak hopping
and DRC (dynamic reaction cell
mode) for P, S and As using
ultrapure oxygen as reaction gas
20 ppb Rh and Re internal standard

Another observation obtained from Figure 2(a) is the
effect of temperature on ﬂux values. The highest ﬂux
was obtained in the pristine PVA membrane and the ﬂux
was also enhanced with the increasing temperature. Due
to the increasing driving force resulting in increasing

Number of measurements 50
per peak

vapor pressure, water passage through the membrane was

Mass range (m/z)

5–270 amu

ions such as sodium, potassium, and calcium are higher

Integration time

1,000 ms

than those of other ions and heavy metals in seawater. The

Number of repetitions

3

PVA polymer exhibited superior performance towards the

Time per sample
measurement

3 min 38 s (including 35 s sample
ﬂush)

total dissolved solids. Contrary to ﬂux values, increasing

Rinse time (s)

45 (plus ∼ 15 s read delay)
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Figure 1

|

SEM micrographs of (a) one-time and (b) seven-times PEBA-coated PVA membranes.

Figure 2

|

Effect of dip-coating numbers on water ﬂux and total salt rejection factor at constant temperature.
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trend depending on the increasing temperature of the desa-

PVA is a glassy polymer and the glass transition temperature

lination process. Nevertheless, when results were carefully

(Tg) of the PVA ranges from 50  C to 80  C (Xu et al.

addressed, it was seen that the increase in rejection results

; Magalhães et al. ). As the operating temperature

depending on the coating run was not very signiﬁcant.

approaches the glass transition temperature, the chain

Greater than 99.5% rejection values were obtained in all

mobility of PVA polymer accelerates and the free volume

experiments.

of the intramolecular chain enlarges. Consequently, rejec-

Figure 2(b) also shows the effect of temperature on

tion values can decrease. It is known that the separation

rejection values. While the pristine PVA membrane was

mechanism through non-porous polymeric membranes is

remarkably affected by the temperature increment, use of

directly related to the number of the free volume and the

the PEBA-coated PVA membrane prevented the rejection

size of chain spaces of the polymer molecules (Wang et al.

decrement. In other words, the increasing temperature did

). In this study, the PEBA-coating procedure might

not affect rejection values signiﬁcantly. This result was

restrict the structural changes of the PVA membrane; conse-

attributed to the structural properties of the membrane.

quently, the rejection decline was limited as illustrated in
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Figure 2(b). In fact, using one layer already made improvements to salt rejection, with relatively small reduction in
ﬂux. On this basis, using one or two layers would be sufﬁcient. It is difﬁcult to increase the rate at very high
rejections, hence the results are remarkable.
Figure 3 shows the inﬂuence of PVA thickness on water
ﬂux and total salt rejection when the number of coating processes was one. The ﬁgure indicates that the increasing
membrane thickness caused a remarkable decrease in ﬂux
values and a slight increase in rejection values. As the
membrane thickness increased from 90 µm to 220 µm, the
water ﬂux decreased from 2.34 kg/m2.h to 1.16 kg/m2.h.
Pervaporation is a concentration-driven process; hence,

Figure 4

|

Rejection of heavy metals.

the increasing transport thickness decreases the ﬂux
according to Fick’s law. With the increasing membrane
thickness, the thickness of the rigid dry layer on permeate
size increases and the selective property of the membrane
is enhanced. In the present study, the increase in the
rejection was very slight (from 99.84% to 99.88%) compared
with the decrease in the ﬂux. Therefore, it would be
better to use a thinner membrane for pervaporative
desalination.
Figure 4 shows the heavy-metal rejection results of the
non-coated PVA and PEBA-coated PVA membranes. Results
were obtained from ICP-MS analysis. In Figure 4, the rejection results of several heavy metals including zinc (Zn),
lithium (Li), copper (Cu), arsenic (As), lead (Pb) are
included. As a result, it was found that the PVA-coating process substantially improved the Zn, Li, and Cu ion rejection
capacity of the membrane.

CONCLUSIONS
In this study, ultra-thin PEBA-coated PVA composite membrane was prepared and used for removal of dissolved
salt ions and heavy metals (lead, zinc, lithium, arsenic,
copper) from seawater. Effects of coating numbers, temperature, and PVA thickness on water ﬂux and ion rejection
were investigated and results were evaluated. The main
ﬁndings are summarized as follows:

•
•
•
•
•
•

Increasing surface thickness decreased the ﬂux and
increased the rejection of ions.
Greater than 99% of total ion rejections were achieved by
using all membrane types.
The highest rejections of 99.99% and 99.98% were
obtained for sodium and magnesium ions.
The zinc, copper, and lithium rejections increased from
89.1%, 88.3%, and 85.1% to 95.3%, 98.46% and 94.4%
due to the PEBA-coating process, respectively.
The highest ﬂux of 2.34 kg/m2.h was obtained with the
PVA layer having a thickness of 90 µm.
Coated PVA membranes showed superior heavy metal
removal greater than 88%. The highest rejection improvements were obtained for Zn, Li, Cu metals.
Overall, PEBA-coated PVA membranes were effective in

removing dissolved ions and heavy metals from seawater.
Furthermore, the membranes exhibited superior rejection
and proved their performance for use in other applications
Figure 3

|

Effect of membrane thickness on ﬂux and rejection.
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