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Preface to ”Seven Years of Membranes:

Feature Paper 2017”

For the last seven years Membranes  has provided an outstanding platform for the publication of 
articles at the forefront of research in the areas of membrane fabrication, characterization and 
application. This Special Issue, entitled “Seven Years of Membranes: Feature Paper 2017,” celebrates 
this achievement. The articles included in it, by prominent researchers in the field, provide an 
authoritative and up-to-date account of advances in membrane science and technology. They describe 
new methods for the fabrication of organic, inorganic and mixed matrix membranes and their 
utilization in improving the efficiency of membrane-based separation processes, such as membrane 
distillation, nanofiltration, ultrafiltration, reverse osmosis, and gas permeation. A number of articles 
are focused on water treatment, which, because of its significance to sustainable development, is 
one of the main areas of membrane research and application. These articles report novel techniques 
for the clean-up of contaminated waters, and the desalination of industrial effluents, brackish water 
and seawater.

Spas D. Kolev

Special Issue Editor
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Performance and Fouling Study of Asymmetric PVDF
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Fertilizer by Direct Contact Membrane
Distillation (DCMD)

Yanfei Liu 1, Tonghu Xiao 1,*, Chenghuan Bao 1, Jifei Zhang 1 and Xing Yang 2,*

1 Faculty of Materials Science and Chemical Engineering, Ningbo University, Ningbo 315211, China;
liuyanfei2716@163.com (Y.L.); 17855828741@163.com (C.B.); zhangjifei_nbu@163.com (J.Z.)

2 College of Engineering and Science, Victoria University, P.O. Box 14428, Melbourne, VIC 8001, Australia
* Correspondence: xiaotonghu@nbu.edu.cn (T.X.); xing.yang@vu.edu.au (X.Y.);

Tel.: +86-136-8589-2736 (T.X.); +61-9919-7690 (X.Y.)

Received: 11 January 2018; Accepted: 13 February 2018; Published: 16 February 2018

Abstract: This study proposes using membrane distillation (MD) as an alternative to the conventional
multi-stage flushing (MSF) process to concentrate a semi-product of organic fertilizer. By applying
a unique asymmetric polyvinylidene fluoride (PVDF) membrane, which was specifically designed for
MD applications using a nonsolvent thermally induced phase separation (NTIPS) method, the direct
contact membrane distillation (DCMD) performance was investigated in terms of its sustainability in
permeation flux, fouling resistance, and anti-wetting properties. It was found that the permeation
flux increased with increasing flow rate, while the top-surface facing feed mode was the preferred
orientation to achieve 25% higher flux than the bottom-surface facing feed mode. Compared to the
commercial polytetrafluoroethylene (PTFE) membrane, the asymmetric PVDF membrane exhibited
excellent anti-fouling and sustainable flux, with less than 8% flux decline in a 15 h continuous
operation, i.e., flux decreased slightly and was maintained as high as 74 kg·m−2·h−1 at 70 ◦C.
Meanwhile, the lost flux was easily recovered by clean water rinsing. Overall 2.6 times concentration
factor was achieved in 15 h MD operation, with 63.4% water being removed from the fertilizer
sample. Further concentration could be achieved to reach the desired industrial standard of 5x
concentration factor.

Keywords: direct contact membrane distillation; asymmetric PVDF membrane; concentration of
organic fertilizer; anti-fouling

1. Introduction

Livestock manure and crop straw have been used as fertilizer as they are rich in nitrogen,
phosphorus, and organic matter that can improve the physical and chemical properties of soil and
provide nutrients essential to crops [1]. However, such fertilizers need to be concentrated to a certain
level, i.e., at least 3–5 times concentration from an initial organic content of 3%, to achieve the desired
nutrient strength. Currently, several technologies have been applied in industry to concentrate
liquid fertilizers, such as multistage flash distillation (MSF), multiple-effect distillation (MED),
or reverse osmosis (RO). Both MSF and MED plants are known to be inefficient, energy-intensive, and
land-consuming [2]. The major limitation of RO in such applications is its relatively low water removal
(~35%) due to the high osmotic pressure limited by the concentration effect and thus the low overall
concentration factor (<1.0) [3,4]. Also, RO is highly susceptible to membrane fouling [5].

Membrane distillation (MD) is an alternative emerging technology that combines the comparative
advantages of thermal distillation and membrane processes and involves the transport of water vapor

Membranes 2018, 8, 9 1 www.mdpi.com/journal/membranes
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across a microporous hydrophobic membrane [6,7]. The driving force of MD is supplied by the vapor
pressure difference generated by the temperature gradient imposed between the liquid/vapor interfaces [8].
Compared to other separation processes, MD has many advantages [9]. It exhibits a complete rejection of
dissolved, non-volatile species, and lower (ambient) operating pressure than the pressure-driven membrane
processes. Highly saturated solutions can be treated in MD [10]. Meanwhile, MD has the potential to
achieve a high concentration factor while operating at low temperature differences that are achievable using
waste-grade waste heat [11] or a renewable energy source, such as solar and geothermal energy [12,13].
MD has the potential to concentrate and recover valuable resources. For example, MD has been widely
investigated for desalination [14], concentration of juices [15], crystallization of minerals [16], recovery
of volatiles such as nitrogen [17], and waste water purification [18] and treatment [19] in recent years.
However, the concentration of organic fertilizer using MD has not been studied thus far, where abundant
waste heat (70–80 ◦C) will be available from the fertilizer production process [20].

Although MD has great potential for treating highly concentrated solutions, membrane fouling in
MD is inevitable in the treatment of real industrial effluents [21]. Fouling results in a decrease in membrane
permeability due to a deposition of suspended or dissolved substances, including organic and inorganic
components, on the membrane surface and within its pores, reducing the effective vapor transport
area and causing potential pore wetting problems that are detrimental to MD performance [22]. In the
dewatering process of aqueous solutions such as juice [23] and RO brines [24], the occurrence of fouling on
the MD membrane surface is highly possible but this aspect has not been thoroughly investigated [21].
Fouling control in MD lies in the process operating strategies (i.e., hydrodynamics) [25] and membrane
properties [26] (i.e., surface roughness and hydrophobicity, etc.). In particular, the development of suitable
MD membranes for sustaining the concentration processes is desirable. The long-term stability of the
membranes in terms of deterioration of hydrophobicity and pore wetting needs to be resolved. To date, no
commercial membranes with superior anti-fouling have been specifically developed for MD applications.
Overall, the implementation of MD on an industrial scale is limited by the availability of robust membranes.

Recent studies showed that most of the MD membranes currently used are fabricated for other
processes, such as microfiltration (MF), due to the similar hydrophobic nature and the microporous
structure [27]. The desired MD performance with high permeability, long-term stability, and high
energy efficiency is typically associated with the following membrane characteristics: a relatively small
maximum pore size, the highest possible porosity, a narrow pore size distribution with a high degree
of pore interconnectivity, and good anti-wetting properties with high liquid entry pressure of water
(LEPw) [28,29]. The membrane properties directly affect the membrane performance and, therefore,
an optimized membrane specifically designed for MD is vital for implementing industrial applications [27].
Common membrane materials include poly (vinylidene fluoride) (PVDF), which is widely used for
fabricating MD membranes via various fabrication methods, such as conventional nonsolvent induced
phase separation (NIPS) [30] and thermally induced phase separation (TIPS) [31], as well as the recently
proposed nonsolvent thermally induced phase separation (NTIPS, also referred to as combined NIPS
and TIPS) [32]. Our recent work [32] showed that a unique asymmetric PVDF membrane could be
fabricated via the NTIPS method to achieve an ultra-thin separation skin layer with a highly porous
and interconnected pore structure. Such a membrane exhibited extraordinary permeability as high as
85.6 kg·m−2·h−1 at 80 ◦C.

In this MD study a previously developed polyvinylidene fluoride (PVDF) membrane was applied in
the concentration of liquid organic fertilizer. The membrane was prepared by the nonsolvent thermally
induced phase separation (NTIPS) method and exhibited superior permeability and anti-wetting properties
with a unique asymmetric structure. Firstly, the effects of operating parameters in direct contact membrane
distillation (DCMD) were investigated with the as-prepared PVDF membrane, such as flow rate, membrane
orientation, and solution salinity. Secondly, the application of the membrane in the dewatering of real
organic fertilizer stream to the desired concentration was examined in terms of the process stability and
membrane fouling behavior, which was then compared with the commercial polytetrafluoroethylene
(PTFE) membrane after previous systematic research into industrial applications [33–35].
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2. Experimental

2.1. Membranes

The asymmetric poly(vinylidene fluoride) membranes used in this study were prepared by
the nonsolvent thermally induced phase separation (NTIPS) method, with 15 wt % PVDF polymer
(Model: 1015, Solvay Co, Brussels, Belgium) dissolved into water-soluble diluent ε-Caprolactam (CPL,
Sinopharm Reagent Inc, Shanghai, China) at 150 ◦C. The nascent membrane was obtained at 20 ◦C in
a coagulation bath with deionized water. Details on the membrane preparation and characterization
can be found elsewhere [32]. The commercial polytetrafluoroethylene (PTFE) membrane provided by
Ningbo Changqi Porous Membrane Technology Co., Ltd. (Ningbo, China) was also used in this work.

2.2. Feed Solutions

Three synthetic solutions were prepared as feed in MD with various salt concentrations Cf,:
(1) bitter salt solution: 1.7 wt % sodium chloride (NaCl, 99.5%, Sinopharm Reagent Inc, Shanghai,
China); (2) synthetic seawater: 3.5 wt % NaCl; (3) 6.0 wt % NaCl solution.

The organic fertilizer sample was obtained from the Environmental Technology Development Co., Ltd.
(Ningbo, China). It is a semi-product in the fertilizer production process, made of mixed solution of
manure and milled crop straw after purification, pressurized hydrolysis, and pH adjustment. This stream
coming from the pressurized hydrolysis process carries certain thermal energy (70 ◦C) that could be
readily used in MD for dewatering. Based on the “Organic Fertilizer Content Standard” (DB33/699-2008)
formulated by the National Center for Fertilizer Inspection and Supervision (Beijing, China), the company
expected to concentrate the organic matter of the fertilizer product to 15%. The adjusted pH of the sample
is within the range of 4.0–8.0 with minimal volatile ammonia nitrogen present. However, the semi-product
of the organic fertilizer has only low organic matter around 3%, which needs to be concentrated about 5x to
achieve useful strength for industrial applications. Thus, dewatering or concentration of the semi-product
will be conducted in MD.

2.3. Membrane Characterization

The top/bottom surface and cross-sections of PVDF flat sheet membrane were observed using
a scanning electron microscope (SEM, NOVA NANOSEM 450, FEI, Hillsboro, OR, USA). Prior to the
scan, membrane samples were immersed in liquid nitrogen, fractured, and then coated with platinum
using a coater (VACUUM DEVICE MSP-1S, FEI, Hillsboro, OR, USA).

The overall membrane porosity (ε) was calculated from the ratio of the pore volume to the total
volume of the membrane. The membrane pore volume was determined by measuring the dry and wet
weights of membrane using isopropyl alcohol (IPA) as a wetting agent [36].

The measurement of liquid entry pressure of water (LEPw) of the membranes was conducted using
a customized setup with synthetic seawater (i.e., 3.5 wt % NaCl solution, conductivity ~60 ms·cm−1)
as the testing liquid on the feed side and DI water (conductivity < 10 μs·cm−1) as the reference at
the permeate side to detect the occurrence of pore wetting. During testing, the pressure of the NaCl
solution side was increased steadily using compressed N2 gas, by 0.01 MPa increments every 15 min.
The pressure at which there was a drastic initial increase in the conductivity of the permeate side
and a continuous conductivity increase was taken as the LEP. The conductivity of the solution was
monitored by a conductivity meter (DDSJ-308A, INESA Instrument, Shanghai, China).

The mean pore size of the PVDF membrane was determined by the liquid–liquid displacement
method based on an isobutanol–DI water system. The detailed experimental procedure can be found
elsewhere [37].

The contact angle (CA) of prepared PVDF membranes is measured by a goniometer
(Kruss DSA100, Hamburg, Germany). Five points on each membrane are tested and the average
of the measured values is reported.

3
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2.4. DCMD Experiments

The DCMD experiments were conducted with the laboratory setup shown in Figure 1. In all
DCMD experiments, the membrane was installed into a flat sheet membrane cell, giving an effective
membrane area of 10 × 10−4 m2. The feed and permeate were flowing counter-currently, with
the feed pumped through a magnetic drive pump at a flow rate range of Qf = 50–110 L/h and
the permeate recirculated through another centrifugal pump at Qp = 50–110 L/h. A magnetic
stirrer was used in the feed tank to improve the mixing of solutions. The feed temperature Tf is
in the range of 50–80 ◦C and permeate temperature Tp was kept constant at 16 ◦C. Both synthetic
solutions and real industrial samples were tested under the identified operating conditions through
this study. The continuous weight gain of the distillate was measured using a digital balance
(EK-2000i, A&D Co. Ltd., Tokyo, Japan) for membrane flux calculation. The total dissolved solids (TDS)
of the permeate stream was monitored by the conductivity meter to calculate rejection of non-volatiles.
For each membrane, DCMD experiments were repeated three times to ensure reproducibility.

Figure 1. DCMD experimental setup.

2.5. Evaluation of DCMD Performance

The permeation flux (J, Kg·m−2·h−1) in MD was calculated by Equation (1):

J =
ΔW

A•Δt
, (1)

where ΔW (Kg) is the weight of permeation, A (m2) is the total effective membrane area, and Δt (h) is
the operation time.

The normalized/relative flux (%) before and after fouling was calculated by Equation (2):

JN =
Ji
J0

× 100%, (2)

where J0 (Kg·m−2·h−1) is the initial flux, and Ji (Kg·m−2·h−1) is the instantaneous flux during the
filtration of real industrial sample, which could cause flux decline due to fouling.

The rejection (R) of solute was calculated by Equation (3):

R =
Cf 0 − Cpt

Cf 0
, (3)

where Cf0 (mg/L) is the total dissolved solids (TDS) in the original feed, and Cpt (mg/L) is the TDS
concentration in the permeate water collected at time t.

4
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3. Results and Discussion

3.1. Membrane Characterization

The membranes used in this study are asymmetric PVDF and commercial PTFE membranes.
The characteristics of the PVDF membrane are given in Table 1; the characteristics of the commercial
PTFE membrane were provided by the manufacturer and the relevant literature [33,34]. The PVDF
membrane has a much smaller mean pore size (rm) of 34 nm than that of PTFE (450 nm) [33,34],
leading to a much higher liquid entry pressure of water (LEPw) of 3.5 bar, indicating excellent
anti-wetting properties. Aside from the high porosity (ε) of 86%, which is similar to that of the
PTFE membrane [33,34], the total membrane thickness (δ) is as thin as 95 μm, which is indicative
of high permeability. SEM images of both membranes are shown in Figure 2. In Figure 2a,d,
it was found that the asymmetric PVDF membrane exhibits a dense and smooth top surface,
which is significantly different from the rough fibrous structure of the commercial PTFE membrane.
The asymmetric structure of the PVDF membrane with an ultra-thin skin top surface, finger-like pores,
and a bicontinuous network beneath the skin are observed in the cross section in Figure 2c.

Table 1. Characterization of asymmetric PVDF membrane and PTFE membrane.

Membrane Type
Porosity

(ε, %)
LEPw

(Bar)
Mean Pore Size

(rm, nm)
Total Thickness

(δ, μm)
Contact Angle

(θ, ◦)

Asymmetric PVDF 86 ± 1 3.5 ± 0.1 34 ± 3 95 ± 5 85 ± 3
Commercial PTFE 92.5 ± 0.5 0.8 ± 0.05 450 ± 50 36 ± 1 (PTFE layer) 140 ± 2.5

Figure 2. SEM images of membranes (a) top surface of virgin PVDF membrane (5000×); (b) bottom
surface of virgin PVDF membrane (5000×); (c) cross section of virgin PVDF membrane (1000×); (d) top
surface of virgin PTFE membrane (5000×).

3.2. Effects of Operating Parameters in DCMD

3.2.1. Effect of Flow Rate

Figure 3 shows the relationship between permeation flux and the flow rates of feed and permeate,
where the flow rate of both sides were kept the same. The membrane flux increases as the flow

5
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rate increases from 50 to 110 L/h (linear velocity: 0.28–0.61 m/s). This is because the increase
of flow rate helps reduce the thickness of the liquid boundary layer adjacent to the membrane
surface, which alleviates the effect of concentration and temperature polarization, resulting in
enhanced mass and heat transfer coefficients [38]. Thus, it improves the process driving force and
subsequently permeation flux. Similar investigations on flow rate have been reported [12,39]. Therefore,
the highest flow rate of 110 L/h within the testing range was selected for the following tests. It is
also noted that during the above DCMD experiments the salt rejection was stable at 99.99% to ensure
membrane integrity.

Figure 3. Effect of flow rate on permeation flux of asymmetric PVDF membrane in DCMD (Cf =
3.5 wt % NaCl, Tf = 70 ◦C, Tp = 16 ◦C, Qf = Qp).

3.2.2. Effect of Membrane Orientation

The effect of membrane orientation was investigated at varying feed temperatures from 50 to
80 ◦C, i.e., with the feed solution facing the top or bottom surface of the membrane. The results
are presented in Figure 4. Compared to the bottom-surface-facing feed mode, the top-surface facing
the feed solution produces at least 25% higher flux. For example, the flux of the top-surface facing
the feed mode showed up to 123 kg·m−2·h−1 at 80 ◦C. This is due to the different pore structure of
the two surfaces of the asymmetric PVDF membrane fabricated by the NTIPS method, producing
an ultra-thin, dense and smooth top surface exhibiting no macropores that is potentially smaller
than the mean free path (<0.11 μm) of the water molecules and thus will likely follow the Knudsen
diffusion mechanism in the classic MD mass transfer model [40,41]; the highly porous and rough
bottom surface of the membrane exhibits much larger pores and hence may fall into the regime of
combined Knudsen/molecular diffusion [39,42]. Thus, MD flux involving the Knudsen mechanism is
considered higher than that of the combined Knudsen/molecular diffusion mechanism, as reported
in the literature [32,43]. Hence, the orientation of top surface facing the feed was used in subsequent
investigations. It is noted that the salt rejection was stable at 99.99% in the above DCMD tests for
both orientations.

6
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Figure 4. Effect of membrane orientation on permeation flux of asymmetric PVDF in DCMD at varying
feed temperature (Cf = 3.5 wt % NaCl, Tp = 16 ◦C, Qf = Qp = 110 L·h−1).

3.2.3. Effect of Feed Salinity

Four synthetic solutions with varying salinity from 0 to 60 g/L were tested in DCMD with the
asymmetric PVDF membranes. The influence of salinity on the permeation flux is presented in Figure 5.
It was found that the permeate flux decreased slightly by 12%, i.e., from 88.6 to 77.6 kg·m−2·h−1,
as the salt concentration increased from 0 to 6 wt %. This can be explained by the reduction of
vapor pressure and water activity coefficient of the feed when increasing the solute concentration [9],
which leads to decreased driving force for vapor transport in MD. However, within a given salinity
range, the concentration polarization effect was not known to significantly affect the flux. Overall,
the membrane performance was only slightly influenced by the salt concentration of the feed, up to
the salinity level of the real industrial sample to be investigated in this work.

 

Figure 5. Effects of different salt concentrations of feed (Tf = 70 ◦C, Tp = 16 ◦C, δ = 95 μm, Qf = Qp =
110 L·h−1).

7
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3.3. Concentration of Real Organic Fertilizer by DCMD

In this section, with the synthetic seawater testing as a benchmark, the concentration of real
organic fertilizer was measured using both the as-prepared PVDF and commercial PTFE membranes.

3.3.1. Permeation Flux of Organic Fertilizer as Feed

The PVDF membrane performance was evaluated by testing both the NaCl solution (3.5 wt % at
the beginning) and an organic fertilizer in 15-h continuous DCMD runs in batch mode to concentrate
the fertilizer. The concentration results are presented in terms of permeation flux, as illustrated in
Figure 6. The initial flux of the organic fertilizer feed was around 80 kg·m−2·h−1, which is similar to
that of the synthetic seawater, i.e., 86 kg·m−2·h−1. Although a minor decrease in the flux was observed
for the industrial sample after 15 h of operation, it still remained around 74 kg·m−2·h−1, where 2.6x
concentration has been achieved to obtain a fertilizer of 7.8% organic matter, i.e., 63.4% water was
removed from the fertilizer sample containing approximately 3% organic nutrients. It is noted that
the TDS rejection of the membrane was stable at 99.99% for both feed solutions. Figure 7 shows
a comparison of the original organic fertilizer sample (A) and the permeate (B). The feed solution is
turbid and dark brown, which is in contrast to the transparent permeate solution.

 

Figure 6. Continuous DCMD runs of organic fertilizer and NaCl feed using asymmetric PVDF
membrane (Tf = 70 ◦C, Tp = 16 ◦C, Qf = Qp = 110 L·h−1).

 

Figure 7. Images of original organic fertilizer sample (A) and MD permeate sample (B).

8
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3.3.2. Membrane Fouling and Surface Inspection

As a result of the 15-h continuous operation of the organic fertilizer, flux decline was observed.
This may be due to the reduction in vapor pressure of the feed solution and hence the transmembrane
driving force as concentration increased. Also, the build-up of the fouling layer on the surface of the
PVDF membrane could cause further flux decline, as evidenced by the surface inspection by SEM in
Figures 8 and 9. To reveal the fouling behavior of the PVDF membrane, surface inspection was carried
out. Figure 8 shows the SEM images of the fouled membrane (a) and the cleaned membrane rinsed
with pure water (b). Correspondingly, Figure 9 shows pictures of the fouled (A) and cleaned membrane
(B). As shown in Figures 8a and 9a, the entire surface of the PVDF membrane was covered by a layer
of amorphous deposition, which has the same dark brown color as the fertilizer feed; the fouling layer
was almost completely removed through clean water rinsing, as shown in Figures 8b and 9b. The easy
cleaning of the membrane after 15 h of running may be attributed to the unique dense and smooth top
surface structure of the asymmetric PVDF membrane.

 

Figure 8. SEM images of PVDF membrane after 15-h continuous DCMD experiments (a) fouled
membrane after 15 h operation (5000×); (b) cleaned membrane rinsed with pure water (5000×).

Figure 9. Pictures of as-prepared PVDF membrane (a) fouled membrane after fertilizer testing and
(b) cleaned membrane rinsed with pure water.

9
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3.3.3. Comparison of the Anti-Fouling Performance of Different Membranes

The anti-fouling property of the asymmetric PVDF membrane has been further investigated in
comparison to the commercial PTFE membrane. The normalized fluxes (Equation (2)) were used to
evaluate the fouling tendency associated with performance deterioration of both membranes. Figure 10
shows the normalized flux of both membranes, where both a synthetic 3.5 wt % salt solution and
organic fertilizer feed were tested in the initial 1-h experiments. Compared to 14% flux decrease of the
PTFE membrane, the PVDF membrane showed only a minor flux decline of 1.8%, indicating a more
sustainable performance in treating challenging feed solutions.

Figure 10. Comparison of initial normalized fluxes of as-prepared asymmetric PVDF and commercial
PTFE membrane with synthetic and organic fertilizer (Tf = 70 ◦C, Tp = 16 ◦C, Qf = Qp = 110 L·h−1).

The comparison of normalized fluxes of the asymmetric PVDF and commercial PTFE membrane
was further investigated with an organic fertilizer feed in a 15-h continuous operation. The results are
shown in Figure 11, in which the normalized flux of the PVDF membrane exhibits a very slow and
minor decrease of 8% and remains relatively constant after a 15-h continuous operation. In contrast,
a rapid decrease was observed with the PTFE membrane, resulting in 56% flux decline after 15 h.
This could be due to the quick build-up of the fouling layer on the surface of the PTFE membrane,
which exhibits a rough and fibrous surface structure, as indicated in Figure 2. Pictures of the fouled
membranes after the 15-h operation are given in Figure 11: the deposit on the smooth surface of
the PVDF membrane (top picture) was minor and relatively loose, while the cake layer on the PTFE
membrane was dense.

10
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Figure 11. Comparison of normalized flux of asymmetric PVDF and commercial PTFE membranes
with organic fertilizer tested in 15-h continuous MD runs (Cf = organic fertilizer feed, Tf = 70 ◦C,
Tp = 16 ◦C, Qf = Qp = 110 L·h−1).

4. Conclusions

Membrane distillation is an emerging technology for solute concentration and value recovery
from aqueous streams. As an alternative to the conventional MSF process, the potential of MD to
be applied in the concentration of a semi-product of organic fertilizer was evaluated with a unique
asymmetric PVDF membrane prepared by the unconventional NTIPS method. The MD process’s
stability was examined in terms of the membrane integrity and fouling tendency associated with flux
loss and membrane cleaning. Investigations revealed that the asymmetric PVDF membrane exhibited
superior permeability up to 86 kg·m−2·h−1 at 70 ◦C. Consistent with the literature data, the membrane
flux increased with increasing flow rate and decreasing solution salinity. Interestingly, the selection
of membrane orientation, i.e., top-surface- or bottom-surface-facing feed mode, was proven to be
important in determining the membrane permeability. As a result, the top-surface-facing feed
mode was chosen due to the smaller pore size contributed by the Knudsen diffusion mechanism
of mass transport. Furthermore, compared to the commercial PTFE membrane, the asymmetric PVDF
membrane showed superior sustainability in permeability and fouling propensity, maintaining more
than 92% membrane flux after a 15-h continuous operation. The flux was easily recovered by simple
water rinsing. As a result, a 2.6x concentration factor was achieved in one MD run. Thus, the potential
to achieve a much higher concentration factor is feasible with MD due to the ease of flux recovery and
the excellent anti-fouling and anti-wetting properties of the as-developed PVDF membrane.
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Abstract: The aim of this work was the fabrication and the characterization of mixed matrix
membranes (MMMs) for arsenic (As) removal from water. Membrane separation was combined
with an adsorption process by incorporating the kaolin (KT2) Algerian natural clay in polymeric
membranes. The effects of casting solution composition was explored using different amounts of
polyethersufone (PES) as a polymer, polyvinyl-pyrrolidone (PVP K17) and polyethylene glycol (PEG
200) as pore former agents, N-methyl pyrrolidone (NMP) as a solvent, and kaolin. Membranes
were prepared by coupling Non-solvent Induced Phase Separation and Vapour Induced Phase
Separation (NIPS and VIPS, respectively). The influence of the exposure time to controlled humid
air and temperature was also investigated. The MMMs obtained were characterized in terms of
morphology, pore size, porosity, thickness, contact angle and pure water permeability. Adsorption
membrane-based tests were carried out in order to assess the applicability of the membranes produced
for As removal from contaminated water. Among the investigated kaolin concentrations (ranging
from 0 wt % to 5 wt %), a content of 1.25 wt % led to the MMM with the most promising performance.

Keywords: arsenic; kaolin KT2; phase inversion; polyethersulfone; mixed matrix membranes;
water treatment

1. Introduction

Arsenic (As) is a natural element, which behaves like a dangerous agent to human health and
the environment. Several studies have shown a relationship between As exposure and teratogenicity,
mutagenicity carcinogenic effects [1,2]. The harmful effects concern skin, bladder, lung liver, prostate
cancer, as well as cardiovascular, pulmonary, immunological, neurological and endocrine diseases [3].
Drinking water represents the most As polluted source, especially in countries such as Argentina,
Banghadesh, China, Chile, India and Mexico [4,5]. The World Health Organization [6] has set
the maximum concentration limit to 10 μg/L or 10 ppb [6]. Arsenic exists in two primary forms:
inorganic and organic. Inorganic compounds occur in two valence states (arsenite As(III) and
arseniate As(V)), while organic compounds mainly are monomethyl arsenic acid and dimethyl
arsenic acid [7]. Arsenic removal from water has been carried out in different ways. Classic
options include coagulation, ion exchange, adsorption and membrane-based operations. Although
these techniques are suitable for As removal, some of them still present disadvantages. In fact,
coagulation requires a pre-oxidation step [8]. The efficiency of ion exchange strongly depends on
the pH solution and concentration of anions [9,10]. Adsorption may represent one of the most
promising removal process, offering the possibility to operate with high-removal efficiency, lower cost,
simplicity, easy operation [11,12]. Molecules are removed from the aqueous solution by adsorption into
solid surfaces. However, as reported in literature [8] this process is highly pH sensitive and requires
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periodical adsorbents regeneration. Moreover, this technique needs the recovery of adsorbents particles,
contributing to the increase of cost maintenance [13]. Membrane technology should offer a promising
solution for water treatment, especially when coupled with other removal techniques [5,14–16].
In this context, the mixed matrix membranes (MMMs) are particularly interesting; they pose a valid
alternative, combining the positive properties of polymeric membrane and adsorbents. A MMM
is composed of inorganic filler particles embedded in the polymeric matrix. Gohari et al. [17] and
Zheng et al. [18] highlighted that the presence of adsorbents inside the membrane bulk should improve
the separation selectivity, decrease fouling and increase membrane hydrophilicity. Mohan and
Pittman [19] identified different adsorbents to remove As, such alumina, iron oxide, manganesia,
titania and ferric phosphate. Metal oxides have large adsorption capacities due to their extremely
high surface areas [20]. Fe(II) is present in different natural materials, such as magnetite, siderite and
hematite, which have been investigated for removing As from water. The removal mechanism is mainly
based on electrostatic attraction and adsorption on the surface of Fe(II)-bearing minerals [21,22]. Mohan
and Pittman [19] studied the possibility of using activated carbon, showing that As(V) can be removed
more efficiently than As(III). Among the naturally occurring materials, kaolinite, montmorillionite and
illite [23,24] represent particularly attracting clay minerals with good adsorption capabilities. Kaolinite
is a group of alumina silicates clay minerals which comprise the principal ingredients of kaolin and it
is characterized by fine particle size, brightness and whiteness, chemical inertness, structure [24].

“KT2” (Table 1), is an Algerian kaolin coming from the original EL Milia deposit “TAMAZERT”
in the region of Jijel (Algeria). This kaolin is abundant in soils and sediments [25], it is odorless white
to yellowish or grayish powder and it has density 2.65 g/cm3 [26]. It has been selected for water
treatment studies for its high capacity adsorbents on the surface, very low cost material and alumino
silicate-based compositions (Al2O3(SiO2)2(H2O)2) [24,25,27–31].

Table 1. Chemical composition of KT2 kaolin [28].

Components (wt %)

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 LOI
49.30 33.50 1.59 0.40 0.08 0.09 2.75 0.24 10.50

Zen et al. [28] tested two Algerian kaolin clays, DjebelDebagh “DD3” and Tamazert “KT2” for
the adsorption of Derma Blue R67 acid dye, commonly used in the tanning industry. The results
obtained evidenced the efficiency and the feasibility of dye adsorption at ambient temperature, thus
demonstrating that natural clays work as promising adsorbent candidates for waste water treatments.

Sarbatly [30] described the preparation of kaolin–polyethersufone (PES) membranes via NIPS
and sintering techniques, investigating the effect of the clay/polymer ratio and sintering temperature
on pore size and porosity. The registered data showed that the pore size changed from 20 to 8 μm and
the porosity decreased from 26% to 11% when additive/polymer and sintering temperature increased
from 1 to 3.5 and from 1100 to 1500 ◦C, respectively.

Han et al. [31] worked on the production of Al2O3, Al2O3–SiO2 and Al2O3–kaolin hollow fibers
using a wet-spinning method using PES as polymeric material. Hollow fiber membranes were prepared
by combining preheating and sintering processes. The addition of SiO2 was beneficial for Al2O3 hollow
fiber membranes, even if the amount of SiO2 should be rigorously controlled. When kaolin was used
instead of SiO2, the introduction of both the reactions of Al2O3–SiO2 were achieved. In fact, kaolin,
acting as an inorganic binder, contributed to the sintering of the membranes, thus the structure was
maintained and the particles fixed up by the reaction of alumina and silica in kaolin.

In this work, kaolin was chosen as a natural adsorbent for the preparation of a MMM flat sheet
membrane using PES as polymeric material.

The adsorption capability of the natural clay was tested for As removal from water. Considering
the outstanding property of kaolin as an inorganic binder in the membrane preparation process,
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its natural abundance, fine texture, grain size of 0.2–1 μm, high chemical and thermal stability and low
cost, kaolin should be adopted in membrane preparation as substitute of Al2O3, TiO2 and ZrO2 [28–31].

PES is among the most used amorphous thermoplastics which finds applications in many
industrial sectors, such as electronic, medical, aerospace, food service [32]. It presents excellent
thermal and chemical stability, dimensional stability and resistance in a wide range of pH [33].

The aim of this work was the fabrication and the characterization of organic-inorganic PES–kaolin
membranes for arsenic removal from water. Membrane separation was coupled with the adsorption
process by including Algerian natural clay (kaolin KT2) into the polymeric solution.

MMMs were prepared by coupling NIPS (Non-solvent Induced Phase Separation) and VIPS
(Vapour Induced Phase Separation) procedures in order to study the influence of several parameters
which affect the final membrane structure and properties, such as kaolin and pore former agent content,
as well as the exposure time to relative humidity.

2. Materials and Methods

2.1. Materials

Polyethersulfone (PES) polymer (Veradel®3000 P; Mw = 60 kg/mol) was kindly supplied by
Solvay Specialty Polymers (Bollate, Italy) and N-methyl pyrrolidone (NMP) synthetic grade was
purchased by Sigma Aldrich (Milan, Italy).

Polyvinylpyrrolidone (PVP, Luviskol K17; Mw = 9 kg/mol) was purchased by BASF (Ludwigshafen,
Germany) and as well as for the polymer, was desiccated under vacuum at 50 ◦C for 24 h before its
use. Polyethylene glycol (PEG; Mw = 0.2 kg/mol) was purchased by Sigma Aldrich. The precipitation
medium was i-distilled water (at 15 ◦C). Kaolin (KT2), was obtained from Guelma region (Algeria).

2.2. Membrane Preparation

Membranes were prepared via phase inversion, based on the separation of an initially stable
solution, in a polymer-rich phase and a polymer poor-phase [34].

Thermodynamic instability during phase inversion can be induced by:

• Adding a non-solvent (non-solvent induced phase separation, NIPS).
• Exposing the polymeric solution to a non-solvent vapour (vapour induced phase separation, VIPS)

up to the complete polymer precipitation or prior to immersion in a non-solvent coagulation bath.
• Evaporating the solvent (evaporation induced phase separation, EIPS).
• Cooling down a polymer solution obtained at elevated temperature promoting polymer precipitation

and the formation of the final membrane (thermally induced phase separation, TIPS).

In this work, membranes were produced via NIPS or by coupling NIPS and VIPS.
In particular, MMMs with different morphology and properties were prepared by changing in the

dope solution the kaolin and the PEG content, and by varying the exposure time of the nascent film to
humid air (Table 2).

Table 2. Compositions of the casting solutions and exposure time to controlled temperature (25 ◦C)
and RH %.

Membrane Code
PES

(wt %)
KT2 Kaolin

(wt %)
PVP K17
(wt %)

PEG 200
(wt %)

NMP
(wt %)

Exposure Time
to RH % (min)

M1
12 0 5 35 48

0
M2 5

M3
12 1.25 5 35 46.75

0
M4 5

M5
12 2.5 5 35 45.5

0
M6 5

M7
12 5 5 35 43

0
M8 5
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The optimized procedure for preparing casting solution was the following:

1. The liquid phase (NMP and PEG) was magnetically stirred.
2. Kaolin was added and the suspension sonicated in an ultrasonic bath (for 90 min at 25 ◦C) in

order to assure a homogeneous nanoparticles dispersion.
3. The solid components (i.e., PES and PVP) were added and kept under stirring until a

homogeneous casting suspension was observed.

The dope solution were cast on a glass plate using a manual casting knife (Elcometer 3700/1
Doctor Blade, Aalen, Germany; adjustable gap size: 30–4000 μm) with a 300 μm gap, at 25 ◦C and 55%
of relative humidity (RH %) in a climatic chamber (DeltaE srl, Rende, Italy).

Membranes were washed three consecutive times with hot water (60 ◦C), dried at room
temperature for 4 h and then dried in an oven at 40 ◦C for 24 h before characterize them.

2.3. Experimental Set up

The experimental set-up is composed of Amicon Model 8200 (EMD Millipore, Billerica, MA, USA),
equipped with a filtration unit (180 mL). 1 ppm of Sodium arsenate dibasic heptahydrate was placed
into 200 mL of water. As aqueous solution was forced to pass through the membrane by means of a
peristaltic pump (Masterflex®7518-10, Cole-Parmer, Vernon Hills, IL, USA) (Figure 1).

 

Figure 1. Experimental set up used for Arsenic (As) removal from aqueous solutions.

Both the feed and the permeate composition were evaluated by Inductively Coupled Plasma (ICP)
analysis (performed by GEOLAB S.r.l. laboratory, Rende, Italy) after specific contact time. Before ICP
analysis, all the samples were stabilized with ultrapure nitric acid (1.0% HNO3).

The percentage of Arsenic removal %R was determined as follows:

%R = ((C0 − Ct) × 100)/C0 (1)

where C0 is the initial As concentration and Ct is the As content at time t.

2.4. Pure Water Permeability (PWP)

The membrane performance was tested in a cross flow system in recycle mode. In this set
up permeate is pumped back to the feed water solution. The permeate flux was determined by
monitoring the permeate weight during time. PWP was measured at 25 ◦C by means of a cross-flow
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cell (DeltaE srl, Italy). Pure water at 25 ◦C was driven across the membrane with 8 cm2 area, by using
Tuthill Pump Co. (Alsip, IL, USA) gear pump. PWP was calculated using the following equation:

PWP =
Q

A t ΔP
(2)

where Q is the permeate volume (L), A is the membrane area (m2), t is the time (h), and ΔP is the
pressure difference across the membrane sides.

Three different transmembrane pressures (i.e., 1.0/0.8/0.6 bar separated by a stabilization period
of one to another of 20 min), were used to calculate PWP.

2.5. Thickness

The thickness was determined by the multiple point method using a digital micrometer (Carl
Mahr, Göttingen, Germany; precision of ±0.001 mm). Thickness was verified for seven regions of
membrane, the average value and the standard deviation were taken into account.

2.6. Porosity

Membrane porosity was determined by cutting three different samples of the same membrane,
drying them in a vacuum oven at 50 ◦C for 12 h and measuring their weight by means of an analytical
balance. Then, the samples were soaked in Kerosene for 24 h before verifying the wet membrane
weight. The average and the standard deviation values were then calculated. Membrane porosity (ε) is
defined as the volume of the pores divided by the total volume of the membrane. The porosity was
calculated by the following equation [35]:

ε =

wtw−wtd
ρk

wtw−wtd
ρk

+ wtd
ρp

× 100 (3)

where ε is the porosity (%), wtw and wtd are the wet and dry weight of the membrane, respectively; ρk
and ρp are the density of kerosen and PES, respectively.

2.7. Pore Size and Pore Size Distribution

The analysis was performed three times for each membrane, and by extrapolating the average
and the standard deviation. A capillary flow porometer (CFP-1500 AEXL, Porous Materials Inc.,
Ithaca, NY, USA) was used. Dried membranes were kept in a wetting liquid (Fluorinert®FC-40,
Sigma-Aldrich) having low surface tension (16 dynes/cm) for 24 h prior analyzing the pore size.

The microflow porometer measures pressure close to the membrane. Differential pressures and
gas flow rates through dry and wet samples were recorded. The pore structure characteristics include
bubble point, mean flow pore size, pore fraction distribution and air permeability.

2.8. Mechanical Properties of Membranes

The mechanical properties which include the Young’s modulus and elongation at break of the
prepared membranes were measured using a Zwick Roell Z2.5 test unit (Zwick Roell Group, Ulm,
Germany) with pneumatic clamps and 50 N maximum load cell. The stress (σ) calculated as the ratio
between the applied force (F) per unit area (A).

While the strain is defined as:
ε = ln(L)/L0 (4)

where L is the sample length at break and L0 is the initial sample length, allow to calculate Young’s
modulus (E) corresponding to: E = σ/ε from the initial part of the slope from the stress/strain
curve [36]. Membranes were cut into strips of 1 cm width and 5 cm length. Tests were carried out
by starting with an initial 50 mm gauge length and by stretching the membranes unidirectional at
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a constant rate of 5 mm/min. 5 specimens were used for each membrane and the average and the
standard deviation were extrapolated.

Three samples (1 cm × 5 cm) of each type of membrane were tested at ambient temperature with
a cross head speed of 0.5 mm/min. The tension strength and elongation at break average values as
well as their standard deviations were determined.

2.9. Scanning Electron Microscopy (SEM) Analysis

Cross section and surface of the membranes produced were observed with a Zeiss-EVO MA10
instrument (Zeiss, Milano, Italy). The membranes were first freeze fractured using liquid nitrogen for
cross section preparation. Then for both surface and cross-section analyses, the samples were sputtered
for making a thin gold layer (by using a Quorum Q150 RS sputter (Quorum Technologies, Laughton,
East Sussex, UK) in order to enhance membrane conductivity and prevent electrical charging.

2.10. Contact Angle

The static contact angle of water can be defined as the angle comprised between the membrane
surface and the tangent line at the water droplet contact point on the membrane surface. An optical
contact angle meter (CAM100, KSV Instruments, Helsinki, Finland) was used to measure the contact
angle of the membranes prepared. A water droplet of 5 μL was positioned on the membrane top
surface. For each membrane, five measurements were carried out, at the end of which the average and
the standard deviation were calculated.

3. Results and Discussions

3.1. Membrane Morphology

The influence of the concentration of kaolin, as well as the adopted membrane preparation
procedure, was investigated using scanning electron microscopy (SEM) apparatus. The SEM images
of the cross-sections of pristine PES and MMMs membranes prepared with different concentrations
of kaolin via NIPS are represented in Figure 2. PES membrane (M1) exhibited a typical asymmetric
structure, composed of a thin skin layer and a porous bulk with a finger-like structure. Similarly
to what was observed for the pristine PES membrane, by increasing the kaolin content in the dope
solution, the membrane exhibited porous finger-like morphology (Figure 3). The bounding of PES
chains and kaolin nanoparticles could be observed with further SEM magnification (1000×), which
showed that the kaolin particles were entrapped in the membrane structure by means of interactions
with polymer chains.

By coupling the NIPS and VIPS procedures, M2, M4, M6 and M8 membranes were obtained by
changing the kaolin concentration (Figure 3).

During VIPS process, the cast film is first exposed to humidity prior to immersion in the
coagulation bath. The non-solvent in liquid and vapour form leads to the phase separation. Typically,
by adjusting some parameters, such as temperature, relative humidity and exposure time, membranes
with large pores on the top surface can be obtained [37].

Although the presence of non-solvent in the vapour phase may reduce the exchange rate between
solvent and non-solvent, leading to sponge-like symmetric structures, the presence of hydrophilic kaolin
nanoparticles may contribute to the faster water–NMP demixing, promoting the formation of fingers.

Kaolin nanoparticle dispersion was visibly homogeneous without evident defects across the
membrane morphology. However, as reported in the literature [31], a small number of aggregations
formed with nanoparticles with particularly high surface would contribute to reduce the surface
energy, thus enhancing the system stability.

All the membranes prepared displayed a very compact polymeric layer on the top and the
bottom surface, with few bare kaolin particles. This might be related to the intrinsic binder
properties of kaolin [38]. In fact, it is used in ceramic preparation thanks to its tremendous molding
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performance. At lower kaolin content, inorganic binding of the membranes could be established by
inorganic nanoparticles, promoting membrane formation and particle dispersion. However, at higher
concentrations, kaolin would negatively affect the particle dispersion, giving rise to the formation of
some defects in the membrane structure [31].

 

Figure 2. Scanning electron microscopy (SEM) images of the PES and PES–kaolin membranes prepared
via the Non-solvent Induced Phase Separation (NIPS) procedure.
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Figure 3. SEM images of the PES and PES–kaolin membranes prepared via NIPS–Vapour Induced
Phase Separation (VIPS) procedure.

3.2. Membrane Pore Size

In order to achieve separation, membrane systems rely on membranes which are able to remove
undesirable compounds or allow the passage only of selected kinds of solutes. It is evident that pore
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size represents an important parameter to achieve this separation. The pore size of the produced
PES–kaolin membranes is reported in Table 3.

Table 3. Smallest, mean flow and largest pore diameter of the prepared membranes.

Membrane Code

Pore Size

Smallest Pore Size (μm) Mean Flow Pore Diameter (μm) Largest Pore Size (μm)

Average Std. Dev. Average Std. Dev. Average Std. Dev.

M1 0.03 0.01 0.05 0.01 0.06 0.02
M2 0.13 0.02 0.14 0.01 0.15 0.02
M3 0.05 0.01 0.10 0.01 0.18 0.01
M4 0.06 0.02 0.17 0.01 0.23 0.03
M5 0.05 0.02 0.12 0.02 0.23 0.01
M6 0.08 0.02 0.23 0.01 0.31 0.01
M7 0.05 0.03 0.21 0.02 0.33 0.02
M8 0.02 0.01 0.26 0.01 0.32 0.02

Membranes prepared without kaolin (M1 and M2) present noticeable differences in the pore size
depending on the preparation method adopted. In particular, the mean flow pore diameter was lower
(0.05 ± 0.01 μm) when the membrane was produced via NIPS and increased up to 0.14 ± 0.01 μm by
exposing the nascent film to controlled humid air and temperature for 5 min before immersion in the
water bath (NIPS–VIPS procedure). In accordance with what has been reported in the literature [39],
the non-solvent in vapour form promoted a reduction in the polymer precipitation rate, due to a
delayed solvent/non-solvent exchange, thus allowing the growth of membrane pores.

The addition of kaolin in the casting solution further promotes the increase in membrane pore
size, due to the increase in dope solution viscosity, which changed in the following order: 1120 cP
(0 wt % kaolin) > 1640 cP (1.25 wt % kaolin) > 2130 cP (2.50 wt % kaolin) > 3550 cP (5 wt % kaolin).
The increased viscosity hindered the exchange process between water in the coagulation bath and
NMP in polymer dope, enhancing, at the same time, water inflow rate in the membrane matrix. Similar
results were reported by Ma et al. [40].

Pore formation is further supported by the presence of the non-solvent in vapour form, which
caused the increase in the pore size when NIPS was coupled with VIPS. In fact, during VIPS, the
presence of water in vapour form was found to strongly affect membrane formation, especially in
cases where water represents a strong non-solvent for the polymer and the affinity with the solvent is
high (such in this case for the water–NMP system) [41]. By increasing the exposure time to humid air,
membranes with higher pore size could be produced [39].

In this case the pore size changed from 0.14 ± 0.01 μm (M2) to 0.17 ± 0.01 μm (M4) and
0.23 ± 0.01 μm (M6) up to 0.26 ± 0.01 μm (M8) by increasing the kaolin content in the dope solution.

3.3. Thickness, Porosity, Contact Angle and Mechanical Properties

Thickness, porosity, contact angle and mechanical features are key parameters, which strongly
influence the efficacy of separation operations and are correlated to the membrane morphology and
PWP. Membrane thickness is a significant factor affecting the separation rate across the membrane.
As presented in Table 4, the thickness of the membranes prepared with and without kaolin was almost
unchanged, even when the nascent films were exposed to controlled humidity and temperature before
polymer precipitation in the coagulation bath.
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Table 4. Thickness, porosity, contact angle and mechanical properties of the prepared PES and
PES–kaolin membranes.

Membrane Code Thickness (mm) Porosity (%)

Contact Angle (◦) Mechanical Properties

Top Surface
Young’s Modulus

(n/mm2)
Elongation at

Break (%)

M1 0.099 ± 0.000 85.40 ± 0.18 52.30 ± 0.14 98.85 ± 1.69 2.48 ± 0.70
M2 0.094 ± 0.001 86.45 ± 0.99 66.11 ± 1.17 96.77 ± 1.04 2.62 ± 0.49
M3 0.103 ± 0.013 89.36 ± 0.45 66.48 ± 0.24 77.35 ± 1.72 2.81 ± 0.40
M4 0.099 ± 0.002 89.74 ± 0.69 62.04 ± 0.89 76.52 ± 1.88 2.29 ± 0.54
M5 0.109 ± 0.004 89.67 ± 0.00 71.97 ± 2.38 74.85 ± 2.54 2.81 ± 0.95
M6 0.110 ± 0.001 89.97 ± 0.43 75.32 ± 1.09 72.41 ± 2.09 2.94 ± 0.55
M7 0.111 ± 0.008 90.54 ± 0.78 73.80 ± 3.66 72.15 ± 0.75 1.17 ± 0.76
M8 0.100 ± 0.013 90.57 ± 2.30 67.26 ± 2.45 70.94 ± 2.55 1.15 ± 0.36

The contact angle is an important parameter, which proves the hydrophilic or hydrophobic
membrane characteristic [42,43]. The contact angles of the MMMs obtained are reported in Table 4.
By preparing membrane via NIPS, the addition of kaolin nanoparticles into the polymeric solution,
resulted in an increase in contact angle from about 60◦ for the control membrane (M1) to 70◦ (M7)
for the highest investigated kaolin content (5.00 wt %). Similarly, also by producing membranes via
NIPS–VIPS, membranes exhibited increasing contact angle values by increasing kaolin concentration
in the dope solution. In this case, the contact angle passed from 65◦ (M2) to 70◦ (M8). These results may
be related to increases in membrane roughness, and, as reported by Mierzwa et al. [33], the increase
in contact angle may also depend on nanosize effects. However, a more in-depth investigation
on factors affecting membrane hydrophilicity would be necessary to completely understand the
effect of kaolin on the final membrane properties. Mierzwa et al. [33] also reported the preparation
of PES–clay ultrafiltration membranes via NIPS, varying the clay content in the range between 1
wt % and 5 wt %. In agreement with what was observed in this work, the contact angles of the
membranes prepared increased with the increase in clay content. However, in other studies clay-doped
membranes were reported to have lower or similar contact angle to the undoped polymeric membranes.
Anadao et al. [44] described the preparation and the characterization of nanocomposite polysulfone
(PSf) and sodium montmorillonite (MMT) membranes, for which the water contact angle slightly
decreased with the increase in MMT content. Also Ghaemi et al. [45] reported the production of
significantly more hydrophilic PES–organically modified MMT membranes when the clay mineral
content increased, with corresponding increases in water flux. In contrast, Monticelli et al. [46]
registered minor changes in contact angle for the membranes fabricated with pristine PSf and
PSf–cloisite 93A mixtures.

The presence of kaolin had a positive effect on membrane porosity (Table 4). In fact, the
porosity gradually increased with the increasing clay content in the polymeric solution, passing
from 85.40 ± 0.18 for M1 to 90.57 ± 2.30 for M8. Similar observations were reported by Ma et al. [40],
who attributed the porosity increase to the lower solvent-non solvent exchange rate which in turn was
caused by the incorporation of clay nanoparticles in the polymeric matrix. The increased water inflow
rate in the nascent film was responsible for the formation of more porous membranes. The membranes
prepared via NIPS–VIPS procedure presented higher porosity than those obtained by NIPS. Also in this
case the reasons may lie with the decreased demixing rate between NMP and water due to the delayed
water vapour adsorption into the nascent membrane, which promote the formation of membranes
with more pores and larger pore size.

Elastic modulus and elongation at break are two important factors to define the mechanical
resistance of membranes. The effects of kaolin concentration on mechanical strengths of PES-kaolin
membranes is shown in Table 4. By increasing the clay content, Young’s modulus decreased from 98.85
± 1.69 (M1) to 70.94 ± 2.55 (M8) MPa, while the elongation at break passed from 2.48% ± 0.70% (M1)
to 1.15% ± 0.36% (M8). The increased pore size and porosity of MMMs may induce worsening
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of the mechanical properties. Moreover, by increasing the kaolin dosage in the dope solution,
the inhomogeneity of filler distribution inside the membrane matrix may lead to particle agglomeration,
which further deteriorates membrane mechanical resistance. A similar effect was also reported by
Ma et al. [40].

3.4. Pure Water Permeability (PWP)

Pure water permeability (PWP), or pure water flux, represents a critical parameter for porous
membranes, and it is directly correlated with membrane pore size and porosity [31,40,47]. Figure 4
shows the effects of kaolin content on PWP (average and standard deviation) for the membranes
produced. PES membranes prepared via NIPS and NIPS–VIPS methods (M1 and M2, respectively)
displayed similar PWP. In contrast, the preparation methods had a critical influence on PWP for the
PES–kaolin membranes. In fact, MMMs exposed to controlled humid air and temperature before
the immersion in the coagulation bath exhibited considerably higher PWP than those obtained via
NIPS, and showed higher values than the pristine PES membranes. PWP changed from 843 ± 29 to
8781 ± 32 L/m2·h·bar for M3 and M8, respectively. The results obtained indicated that PWP reflected
pore size and porosity data, but may be ascribed also to the presence of kaolin in the membrane matrix.
Ma et al. [40] reported that the addition of clay in the polymeric solution led to an increase in the large
pore ratio in the skin layer, which explained the registered increased pure water flux with the increase
of clay dosage.

Figure 4. Pure water permeability (PWP) of the prepared PES and PES–kaolin membranes.

3.5. Membrane Performance Evaluation: As Removal from Water

In order to evaluate the applicability of PES–kaolin membranes on water treatment, As adsorption
tests were carried out using 4 h as contact time. As reported by Zen et al. [28], As removal capacity is
a parameter ruled by physical adsorption over the membrane, and the adsorption rate for the contact
time is influenced by several parameters, such as the clay particle size entrapped into the membrane,
the ionic strength and the size of As compounds. Figure 5a illustrates As adsorption capacity after 4 h for
the unmodified PES membranes as well as for PES–kaolin membranes. It can be noted that As removal
by adsorption through the PES membranes was very low (5% for M1 and 1.5% for M2). When kaolin
was used, As removal significantly increased, reaching a value of up to 30% when 2.5 wt % kaolin was
incorporated into the polymeric solution and the membrane was prepared via NIPS method (M5).
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(a) (b) 

Figure 5. (a) As adsorption after 240 min test by using PES and PES–kaolin membranes prepared via
NIPS and NIPS–VIPS; (b) Kinetic of As adsorption on the M5 PES–kaolin membrane.

By using MMMs membranes, As removal firstly increased by increasing the clay dosage from
1.25 wt % to 2.5 wt %, then decreased when kaolin concentration was further increased up to 5 wt %.
These results may be related to the active adsorbent sites of clay particles distributed in the membrane
bulk. In fact, an initial rapid increase in the adsorption upon a higher kaolin dosage may be related to
a higher number of As-adsorption available sites. In presence of 2.5 wt % kaolin, the removal of As
reached the maximum value of 30%. However, by increasing the adsorbent load, there was a decrease
in the As removal, which means that, among the kaolin dosages investigated, 2.5 wt % was the optimal
amount of clay necessary to remove As from water. When a 5 wt % clay was used, the active sites
were probably occluded due to the kaolin particles’ aggregation. A similar behavior was reported
for Derma Blue R67 acid dye [48], cationic starch derivatives [49], methyl orange, Ponceau 6R, and
Congo Red adsorbed on pullulan microspheres [50]. All the membranes prepared via NIPS presented
a better performance in comparison to that of the analogue membranes obtained via NIPS–VIPS.
This may be related to the combination of some membrane characteristics, such as morphology,
pore size and porosity, but also PES–kaolin–As interactions that favored the arsenic adsorption in
the membrane matrix. However, further investigations are needed to better understand how the
operational conditions can affect the adsorption process.

On the basis of the adsorption results discussed above, the adsorption dynamic kinetics of As on
M5 was analyzed (Figure 5b).

The adsorption capacity increased rapidly in the first hour (15% As removal after 60 min) and
reached a value of 30% after 250 min. After this time, an adsorption equilibrium was observed, and
the variation of As removal was maintained unchanged during the extended contact time (420 min).
These observations may arise from the accessibility of kaolin bonding sites, which resulted completely
hindered by the adsorbed As.

4. Conclusions

Flat sheet PES–kaolin membranes with different clay dosages were prepared by NIPS and
NIPS–VIPS procedure. The membranes prepared exhibited asymmetric structure, in which the
incorporation of well-dispersed kaolin nanoparticles can be clearly observed. The combination of
the operational conditions adopted to produce the membranes allowed us to tailor their properties.
The presence of kaolin promoted pore formation and the increase in its content led to an increase in
the membrane pore size and PWP. In contrast, membrane hydrophilicity and mechanical resistance
worsened when the clay was included in the polymeric solution. Preliminary tests on As removal
from water were carried out, showing that inorganic-organic membranes had a better performance
than the analogue PES membranes. Even though further investigations are needed to improve the
membrane-based As adsorption, this work demonstrated that kaolin can be efficiently used as a low
cost natural material for the preparation of MMMs to be used for water treatment.
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Abstract: We suggest a failure-free method of porous membranes characterization that gives
the researcher the opportunity to compare and characterize properties of any porous membrane.
This proposal is supported by an investigation of eight membranes made of different organic and
inorganic materials, with nine different perfluorinated compounds. It was found that aromatic
compounds, perfluorobenzene, and perfluorotoluene, used in the current study show properties
different from other perfluorinated aliphatics. They demonstrate extreme deviation from the general
sequence indicating the existence of π-π-interaction on the pore wall. The divergence of the flow for
cyclic compounds from ideal e.g., linear compounds can be an indication of the pore dimension.

Keywords: ultrafiltration; membrane characterization; perfluorinated compounds; porous
membranes; permeance

1. Introduction

Ultrafiltration (UF) membranes have attracted the increasing interests of scientists during the last
decades. In the meantime, they are common in several applications as waste-water treatment [1–3],
biomolecule separation [1,4], and controlled drug release [5]. UF membranes can be made from organic
and inorganic materials by different techniques suitable for the material nature including casting,
phase inversion, track-etching, anodizing, sintering, and film-stretching as conventional examples.
Since each membrane is limited in their separation performance [6–8], new methods for the formation
of UF membranes, especially of isoporous membranes [9], will be still present on the agenda of
membrane scientists.

For many years the only type of commercially available isoporous membranes was track-etched
membranes. One success story to implement other methods to fabricate isoporous membranes
starting ten years ago is the combination of self-assembly of amphiphilic block copolymers (S),
and the non-solvent induced phase separation process (NIPS) called SNIPS [10]. With this method,
UF membranes from various block copolymers can be prepared in a fast one-step process, leading to
a new type of integral-asymmetric membrane with highly ordered, hexagonally arranged pores
on the surface [11–14]. During the last few years, significant advances towards mass production
of isoporous structures based on amphiphilic polymers has been achieved [15–17]. Nevertheless,
the characterization of such membranes will cause problems if swellable polymer blocks are
implemented and a standard solvent, e.g., water, will be used. In consequence, flux decline can
occur as shown in Figure 1 [11,18–21].

Membranes 2017, 7, 51 29 www.mdpi.com/journal/membranes



Membranes 2017, 7, 51

2 4 6 8 10 12

0

400

800

1200

1600

3rd step:
Increasing pH value

2nd step:
Decreasing 

pH valueFl
ux

 [L
/(m

²h
ba

r)
]

pH

1st step:
Water flux drop at initial state

 
(a) (b)

Figure 1. (a) pH-dependent water flux measurement of an isoporous block copolymer membrane with
flux decline at initial state (water flux drop). (Reproduced from [11] with permission; Copyright 2012
Wiley-VCH Verlag GmbH & Co., KGaA). (b) Water flux measurements for membranes made from
polystyrene-block-poly(4-vinylpyridine) with different pore sizes and with different flux decline.
(Reproduced from [20] with permission; Copyright 2014 Royal Society of Chemistry).

Other problems for the characterization of UF membranes using water as liquid include
fouling [22–24] and the unstable flow at different pressures [20]. The quality of water also plays an
important role since deionized water made with different techniques, general tap water, or UV-treated
water are used in different laboratories, dependent on the application and available facilities. The water
flux values for UF membranes given in the literature are measured so far with several techniques,
involving different: Pressures, time to stabilize the system until the value is measured, temperature,
pre-treatment of the membranes in case of hydrophobic material, and so on.

In order to solve the aforementioned problems, one important question arises: How can we
characterize UF membranes and get comparable data independent of the membranes’ chemical
composition? The probing liquid which is inert for as many membrane materials as possible is needed,
as well as an easy to implement method of the membranes permeance measurement. From the variety
of liquid compounds available on the market, perfluorinated (PF) compounds were found to be
the most promising. PF compounds are known for their very limited interaction/affinity with/to
substances not containing fluorine, offering low surface tension, high density, and the wide variation
in dynamic viscosity. In this work, PF compounds were chosen as a test media for the characterization
of UF membranes of various nature. The PF compounds were chosen to cover as big a range of
viscosity as possible, and included linear, cyclic and aromatic compounds. As examples of commercial
membranes, ceramic anodic alumina, polymeric track-etched, and standard ultrafiltration membranes
with isotropic and anisotropic morphology were chosen.

The results of our experiments confirm that porous membranes of almost any nature can be tested
using PF liquids, and membrane properties can be compared. The membranes do not swell during the
experiments and are not altered by PF compounds.

2. Results and Discussion

In this work, we want to justify the method suitable for standard membrane characterization with
examples of membranes of different nature, cross-sectional morphology, and membrane preparation
method: Polymeric membranes prepared from homopolymers by the phase inversion process and
resulting in a broad pore size distribution, two mostly isoporous membranes: Polymeric track-etched
and inorganic anodic alumina and highly isoporous membrane prepared from amphiphilic diblock
copolymer manufactured by SNIPS. The PF compounds used for the membrane characterization have
a carbon backbone of different arrangements, which allows for investigating the dependence of the
fluid flow through the pores on the shape of the fluid molecule.
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The first section will be dedicated to the verification of the method of permeance measurements
with a water sensitive membrane and PF hexane. Later, we apply the method for the characterization
of different membranes with various PF compounds.

2.1. Verification of the Experimental Method for Sensitive Membranes

Since block copolymer membranes (BCPM) are the most sensitive of all membranes under
investigation in this work, BCPM will be used to verify the method by using PF hexane for flux
measurements. We chose one of the most common in-house made isoporous block copolymer
membrane system, membranes made from polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) with
4-vinylpyridine as a water swellable block.

Figure 2 depicts the permeance of PF hexane for a BCPM made from PS82.8-b-P4VP17.2
190k diblock

copolymer. One membrane stamp was measured three times in a row using the same PF hexane in order
to evaluate the stability of the permeance which was found to be similar for all three measurements.
Only a small deviation of less than 2% was found coming from the accuracy of the measurement
collecting the data each second. Compared to water flux measurements, where big flux declines can
be found at the beginning of the measurements (compare to Figure 1), this is an improvement for the
characterization of performances of BCPM made from copolymers containing water swellable blocks.
Deviation of the permeances at the beginning of the measurement may occur due to the wetting of the
membrane and the instability of the pressure when the device is set on.

Figure 2. Permeance of PF hexane through the block copolymer membranes (BCPM) of PS82.8-b-P4VP17.2
190k.

For the purpose of examining the stability of permeances depending on the transmembrane
pressure, measurements were carried out at different pressures between 0.5 and 2 bar, i.e., within the
design pressure range of the flux measurement facility. Figure 3 depicts the flux of three different
PF compounds through the BCPM examined for the permeance stability (Figure 2) as a function of a
trans-membrane pressure. For three PF compounds chosen to cover the full range of dynamic viscosity
the permeance increases linearly, with the pressure indicating that in the selected pressure range any
pressure suitable for the measurement can be chosen in dependence on the liquid viscosity.
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Figure 3. Flux through the BCPM of three perfluorinated (PF) compounds of various viscosity plotted
against the trans-membrane pressure.

2.2. Permeance of Ultrafiltration Membranes

In general, the theoretical volume flow rates of membranes may be calculated by the Equation (1)
of Hagen-Poiseuille for a laminar flow in a simple straight cylinder:

Volume flow rate =
πr4Δp
8ηL

(1)

where r is the radius of the open pore, Δp is the transmembrane pressure, η is the dynamic viscosity of
a liquid, and L the length of the cylindrical pore. Assuming that the r and L will be constant if one
membrane sample is used for experiments with different liquids, and Δp is kept constant through
the experiment, the volume flow rate normalized to the transmembrane pressure, here labeled as
permeance, is proportional to the reciprocal dynamic viscosity (See Equation (2)):

Permeance ∼ 1
η

(2)

The permeances of different linear aliphatic, cyclic aliphatic, and aromatic PF compounds were
studied for an anodic alumina membrane, Anodisc® (GE Healthcare, Chalfont St Giles, UK) with
20 nm pore diameter, and a UPZP05205 polyethylene membrane (Millipore, Billerica, MA, USA) in
order to prove applicability of the Equation (2) for PF compounds in general. The results are depicted
in Figure 4 and at first sight a linear trend can be seen for both types of membranes, as expected.
On the other hand, a small difference in the flow of molecules with different shapes is apparent.
The permeance of aromatic PF compounds is lower than those of the linear aliphatic compounds,
and additionally, a discontinuity in the trend of the linear and cyclic compounds appears.
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Figure 4. Permeances of Anodisc® membrane with 20 nm pore diameter (a) and PE membrane with
50 nm pore diameter (b) against reciprocal dynamic viscosity of linear, cyclic aliphatic and aromatic
PF compounds.

In order to explore further the break in the Hagen-Poiseuille trend for permeances found for the
compounds with different molecule shapes, three PC track-etched membranes with different pore
sizes were investigated. Figure 5 summarizes the relative permeances of different PF compounds for
the case of three PC track-etched membranes (pore diameters 30, 50 and 80 nm) in dependence of the
reciprocal viscosity. The relative permeance is shown in the graph where the highest permeance of
PF hexane for each membrane is set to unity, and the others are set in proportion to it. The following
tendencies were observed: Linear aliphatic as well as cyclic aliphatic PF compounds indicate each a
proportional relative permeance to the reciprocal viscosity, as expected from Equation (2). However,
track-etched PC membranes show considerable differences of relative permeances of PF compounds
depending on the shape of the PF molecule. The permeances of cyclic aliphatic PF compounds,
and especially aromatic PF compounds, are significantly smaller than the permeances of linear PF
aliphatics, indicating, most probably, that the formation of immobilized molecular layers on the pore
walls. Linear compounds are more flexible, and additionally, can be more easily oriented in the
direction of the liquid flow, while in the case of cyclic compounds, steric hindrance may play an
additional role leading to more distinctive immobilization on the pore wall. Immobilization of the
molecules on the pore wall can cause a significant change of the permeance since the pore diameter of
the studied membranes is comparable to the characteristic size of the molecule [25]. This trend increases
with the decreasing pore diameter of the PC track-etched membranes and could further be used to
determine the pore size without microscopy studies. Very small or neglectable differences of relative
permeances between cyclic and linear PF compounds one indicate that the pore sizes are below 30 nm
for PC track-etched membranes. This behavior could be implemented for other membrane materials
as well, especially membranes with isoporosity, probably dependent on the materials nature and
substructure. Aromatic compounds undergo immobilization more readily than aliphatic compounds
since they have a tendency of π-π-interaction, which can be induced by the shear force near (in
molecular size terms) the pore wall where the flow velocity is minimal [25]. Since PC track-etched
membranes are, in general, made from polycarbonates with an aromatic backbone, π-π-interaction
with the pore wall itself will also occur especially for track-etched membranes containing straight
cylindrical pores.
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Figure 5. Relative permeance (dimensionless) of PC track-etched membranes with 30, 50 and 80 nm
pore diameters against reciprocal dynamic viscosity of linear, cyclic, and aromatic PF compounds.

In order to investigate liquid permeances for phase inversion membranes with broader pore
size distribution as compared to the membranes discussed before, a PAN (polyacrylonitrile)
ultrafiltration anisotropic membrane was selected exemplarily, and the results are depicted in Figure 6.
The permeance for aromatic PF compounds has the same trend as we discussed for PC track-etched
and the Anodisc® membranes before. Interestingly, the gap between linear and cyclic PF compounds
is lower than for the PC30, even though the PAN membrane has a smaller average pore diameter
of 22 nm. For this type of membranes, the aforementioned influence of substructure may play an
additional role for the immobilization of PF molecules on pore or substructural walls. The porosity of
PAN membranes is much higher than for track-etched membranes, 12.4% as compared with 0.4% for
PC30, and the PAN membranes have a wide pore size distribution that plays an important role [26].

Figure 6. Permeance of a PAN membrane against reciprocal viscosity of linear, cyclic, and aromatic
PF compounds.

The question of whether the observed behavior of aromatic, cyclic, and linear PF compounds can
be found for the aforementioned BCPM arises. Therefore, the permeances were measured for the set of
different PF compounds and water, as depicted in Figure 7. Each compound was measured at least
two times in a row to ensure the reproducibility of the obtained results. Similar to the other polymeric
membranes used in this work, the permeance of aromatic PF compounds is lower as compared to
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aliphatic compounds. Interestingly, the permeances of cyclic aliphatic are again lower when compared
to linear aliphatic compounds, but in this case the corresponding slopes overlap around 0.8 cP−1, and a
steeper slope is observed for linear compounds as compared to the slope of cyclic compound without
a gap of the trend line between linear and cyclic compounds. Furthermore, the trend for linear PF
compounds unexpectedly does not approach zero at infinite dynamic viscosity, a fact to be examined
further. On the one hand the average pore diameter of this BCPM is 42 nm, which should lead only to
small differences in the pemeances of linear and cyclic compounds as observed for PC track-etched
membranes discussed above. On the other hand, the substructure of BCPM plays an important role in
their performances, as studied before [26]. Nevertheless, permeance measurements of PF compound
could help to understand the behavior of BCPM, and should be studied in detail in future works
depending on the pore sizes and substructure. In case of water, the flux decreases to about 30% already
during the second measurement (compare first and second measurement in Figure 7), leading to
further problems when the performance of such membranes is under investigation.

Figure 7. Permeances of BCPM made from PS82.8-b-P4VP17.2
190k against reciprocal viscosity of linear,

cyclic, and aromatic PF compounds, respectively, and water. Each point represents the average value
for one experiment with a liquid.

In order to compare the experimental and theoretical fluxes, the theoretical fluxes were calculated
according to Hagen-Poiseulle’s law as follows, taking the porosities of the membranes into account
(See Equation (2)):

Theoretical water fluxes =
πr4ΔpPorosity

8ηLAΔp
=

r2Porosity
8ηL

(3)

where A is the area of the pore corresponding A = πr2, L the length of the cylindrical pore, and the
average surface porosity values were used as listed in Table 1. The tortuosity of the membrane
is not taken into account since it is impossible to obtain the reliable value from any source of
information either flow experiment or microscopy. Theoretical fluxes were calculated according
to Equation (3) for the track-etched membranes, PC30, PC50, and PC80, which should have straight
cylindrical pores through the whole membrane thickness. Surprisingly, theoretical permeances for
PF hexane are around ten times lower than the experimental fluxes, namely theoretical fluxes 350, 80,
and 10 L/m−2·h−1·bar−1 as compared to the experimental fluxes 3685, 775, and 211 L/m−2·h−1·bar−1

for PC80, PC50, and PC30. The calculation was based on the pore diameter of the entrance of
the pore given by the supplier, and with the assumption that track-etched membranes have straight
cylindrical pores perpendicular to the membrane surface through the whole thickness of the membrane.
For track-etched membranes, the surface pore size is smaller than in the bulk of a membrane [27].
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On the other hand, double and multiple pores having an origin in the overlapping of tracks of particles
used for the polymer bombardment are often found on the membrane surface of the track-etched
membranes [28]. Both of the facts are leading to higher experimental fluxes than the calculated one.
For example, for the PC50 membrane, the theoretical, and experimental permeances would match each
other when the average pore diameter is 88 nm.

Table 1. Membranes and geometrical features used in this work.

Membrane Abbr. Used in This Work Average Pore Diameter (nm) Porosity (%)

Polycarbonate track-etched PCN8CP04700 PC80 80 a 2.0 a

Polycarbonate track-etched PCN5CP04700 PC50 50 a 1.2 a

Polycarbonate track-etched PCN3CP04700 PC30 30 a 0.4 a

Polyethylene UPZP05205 PE50 50 a – c

Anodized alumina Anodisc® Anodisc 20 a 40 b

Polyacrylonitrile PAN 22 b 12.3 b

Block copolymer membranes BCPM 42 b 29.5 b

a as stated by supplier; b calculated from SEM images as shown in previous work [12,29–31]; c accurate surface
porosity is not possible to acquire from the SEM image due to very complex membrane morphology.

3. Materials and Methods

3.1. Membranes Used in This Work

Polyacrylonitrile membranes were prepared by the phase inversion process [32]. Commercial
polycarbonate track-etched membranes were purchased from Pieper (Germany): Supplier number
PCN8CP04700, pore size 80 nm, thickness 6 μm, typical water flow rate 2 mL/(cm2·min) at 0.67 bar
(in this work labelled as PC80); supplier number PCN5CP04700, pore size 50 nm, thickness 6 μm,
typical water flow rate 1 mL/(cm2·min) at 0.67 bar (in this work labelled as PC50); supplier number
PCN3CP04700 pore size 30 nm, thickness 6 μm, typical water flow rate 0.2 mL/(cm2·min) at 0.67 bar
(in this work labelled as PC30); and, data as stated by the supplier. Polyethylene (PE) membranes,
supplier number UPZP05205, pore size 50 nm were purchased from Millipore. An anodized alumina
membrane Anodisc® circle with support ring, 47 mm, 0.02 μm pore size was purchased from GE
Healthcare GmbH. Isoporous diblock copolymer membranes (BCPM) used in this work were prepared
according to a procedure published by Rangou et al. [12]. All membranes, their abbreviation used in
this work, and their geometrical features are listed in Table 1.

3.2. Perfluorinated Compounds Used in This Work and Their Physical Data

The PF compounds used for the membrane performance measurements and their physical
properties are listed in the Table 2. PF compounds were selected in order to analyze three different
groups: Linear aliphatic compounds: Perfluorohexane, hexadecafluoroheptane, perfluorooctane;
PF cyclic aliphatic compounds: Perfluoro(methylcyclohexane), perfluoro-1,3-dimethylcyclohexane,
perfluorocycloether labeled as FC-77; and, aromatic compounds: Perfluorobenzene and
perfluorotoluene. In order to compare the measurement data of the PF compounds with water,
commonly used for flux measurements, demineralized water with an electrical conductivity of
≈0.055 μS·cm−1 was employed.

Dynamic viscosity was calculated from kinematic viscosity of the PF compounds, measured
using a Lauda iVisc Viscometer Version 1.01 at 23 ± 1 ◦C in agreement with the temperature of the
permeance measurement.
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Table 2. Liquids used in this work and their physical data.

Substance Abbreviation Mw
a (g/mol) Density a (g/cm−3) BP a (◦C) Dyn. Viscosity (cP) at 23 ◦C

Perfluorohexane PF Hexane 339.04 1.686 59 0.690
Hexadecafluoroheptane PF Heptane 388.05 1.731 83 0.936

Perfluorooctane PF Octane 438.06 1.757 103 1.27
Perfluoro(methylcyclohexane) PF MCH 350.05 1.784 76 1.62
Perfluoro-1,3-imethylcyclohexane PF DMCH 400.06 1.838 101 1.93

Perfluorodecalin PF Decalin 462.08 1.926 142 5.50
Perfluorocycloether FC-77 416 1.767 97 1.27
Perfluorobenzene PF Benzene 186.05 1.613 81 0.889
Perfluorotoluene PF Toluene 236.06 1.664 104 0.903

Water Water 18.02 0.995 100 0.932
a The data as available by material safety data sheet or stated by a supplier.

3.3. Liquid Permeance Measurement

Liquid permeance measurements were performed in a simple dead-end mode at room
temperature using an in-house designed and manufactured testing facility, as schematically shown in
Figure 8. A Millipore inline stainless steel filter with 20 mm sample diameter was used as a membrane
sample holder. Nitrogen at relative pressures from 0.5 to 2.5 bar was used to create a driving force.
The liquid flow rate through the membrane was measured gravimetrically every second by weight
acquisition from the Mettler Toledo NewClassic MF MS1003S precision balance with 0.001 g accuracy.
In our case, all data including pressure, temperature, and weight was transmitted to a computer for an
easy evaluation.

 

Figure 8. Scheme of the measurement facility for determination of liquid permeance for porous membranes.

The permeance (P) was calculated by normalizing the flux by the trans-membrane pressure (See
Equation (4)):

P =
ΔV

A Δt Δp
(4)

where ΔV is the volume of PF compound collected between two mass measurements, A is
the membrane surface area, Δt is the time between two mass measurements, and Δp is the
trans-membrane pressure.
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The flux (J) through the membrane was calculated according to the Equation (5):

J =
ΔV

A Δt
(5)

The trans-membrane pressure was varied in the range 0.5 to 2.5 bar depending on the PF liquid
viscosity in order to ensure the collection of the experimental data during similar time intervals for
all liquids. The independence of the flux on the trans-membrane pressure was studied and will be
described further.

4. Conclusions

In this work we examined the use of PF compounds as possible universal media for the
characterization of ultrafiltration membranes in order to avoid e.g., swelling of membranes in water,
as discussed before [11,20]. Therefore, PF compounds of different molecular shape and electronic
nature were studied. The following results were observed:

1. PF compounds can be used to study the permeances of sensitive membranes made from water
or other solvent swellable materials.

2. Pressure dependent measurements show that the permeances of PF compounds are stable in the
pressure difference range 0.5 to 2 bar, and the flux does not change significantly with time.

3. All studied PF aliphatic compounds, both linear and cyclic, show permeance gradually changing
with the viscosity in full agreement with the Hagen–Poiseuille equation.

4. The Hagen–Poiseuille trends for linear and cyclic aliphatic compounds deviated increasingly
with decreasing average pore diameter: The slope for the cyclic compounds is smaller than that
for linear compounds and this observation may possibly be used for estimating the pore size of
the membrane without microscopic study each time.

5. The permeances of aromatic PF compounds through ultrafiltration membranes made of materials
of different nature are lower than the fluxes of aliphatic compounds presumably due to
supramolecular interaction between aromatic PF molecules and pore walls.

6. Taking into account the considerations discussed above, one can conclude that most suitable PF
compounds for the membrane characterization are perfluorooctane and FC-77 by 3M Company
(St. Paul, MN, USA). These two compounds have very similar density and viscosity, while one
is linear aliphatic and another cyclic ether.
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Abstract: The sintering of metal powders is an efficient and versatile technique to fabricate porous
metal elements such as filters, diffusers, and membranes. Neck formation between particles is,
however, critical to tune the porosity and optimize mass transfer in order to minimize the densification
process. In this work, macro-porous stainless steel (SS) hollow-fibers (HFs) were fabricated by the
extrusion and sintering of a dope comprised, for the first time, of a bimodal mixture of SS powders.
The SS particles of different sizes and shapes were mixed to increase the neck formation between the
particles and control the densification process of the structure during sintering. The sintered HFs
from particles of two different sizes were shown to be more mechanically stable at lower sintering
temperature due to the increased neck area of the small particles sintered to the large ones. In addition,
the sintered HFs made from particles of 10 and 44 μm showed a smaller average pore size (<1 μm) as
compared to the micron-size pores of sintered HFs made from particles of 10 μm only and those of
10 and 20 μm. The novel HFs could be used in a range of applications, from filtration modules to
electrochemical membrane reactors.

Keywords: porous stainless steel hollow-fiber; metal membrane; multi-modal distributions;
coalescence; neck formation

1. Introduction

Membrane separation processes are well-established alternatives to conventional separation
processes and physico-chemical treatments, offering lower energy consumption, compact, and
scalable module systems [1]. The unique ability of membrane processes to treat chemically and heat
sensitive effluents is of particular importance in the food, pharmaceutical, and biofuel industries [2,3].
Porous membrane elements are designed into a variety of shapes and geometries [4]. Among them,
hollow-fiber (HF) membranes, which are self-supported structures, offer specific advantages, such as a
higher surface to volume ratio and a uniform flow dynamic across the length of the HFs [2,5,6].

The first porous HFs were made of polymer materials, and were developed almost 60 years
ago [7]. Since then, and with the use of novel polymeric materials, polymeric HF membranes have
found extensive use in industrial gas separation and water treatment, and in the biotechnology field
as well as in the medical sector for blood filtration and treatment . Polymeric HF membranes are
produced at low cost and in large quantities via a dry–wet spinning process, and can be assembled as
one module, which can be composed of thousands of polymeric HFs [3,8]. However, polymeric-based
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membranes typically exhibit lower tolerance to suspended abrasive particles, chemical cleaning, and
steam sterilization procedures as compared to inorganic-based membranes [9]. The development of
membranes with a high tolerance to cleaning, disinfection, and sterilization procedures could therefore
drastically increase the reliability and life expectancy of such separation systems [3,10].

In a context where processes must achieve high durability and reusability, inorganic-based
membranes offer unique advantages, such as high mechanical and thermal resistance, as well
as increased stability in harsh chemical and abrasive environments [11,12]. In particular, metal
porous HFs exhibit higher mechanical strength and ductility as opposed to the more brittle
ceramic and carbon porous HFs [13]. A number of metal and alloy-based materials are also
particularly resistant to oxidative chemical and thermal cleaning procedures, providing outstanding
reusability characteristics [12,14]. To date, most of the work on the development of metal HFs
has been focused on corrosion-resistant metals, such as stainless steel (SS) or titanium alloys, for
separation applications [5,15,16]. However, porous HFs made of highly electrically conductive and
electro-catalytic materials, such as nickel and copper (outer diameter between 250 and 700 μm), were
also prepared and used in electro-membrane reactors for the electrochemical reduction of carbon
dioxide or for methane reforming process [8,17,18]. In addition, porous HFs can be used as supports
for selective thin films such as palladium–silver (Pd–Ag) materials for water gas shift reactions [19].
Inorganic metal HF membranes (outer diameter ≤ 3 mm) were successfully prepared using different
fabrication processes, among which the dry-wet spinning process is commonly preferred [20,21].
The fabrication of inorganic HF membranes is a process with multiple steps whereby a high viscosity
dope containing up to 80 wt % of suspended inorganic particles is spun [5,18,20]. Then, the extruded,
or so-called green HFs, undergo a series of thermal treatments to remove the polymer binder
and simultaneously start the sintering process between metal particles. The key properties of HF
membranes and filters are their porosity and mechanical strength, which are directly related to the
number, relative density, and volume of necks generated between the particles [22,23]. The stages of
the sintering process include: (i) initial neck formation, (ii) growth at the contact point between the
particles, and (iii) densification of the structure and ultimately full coalescence of the particles . While
the enlargement of the neck area promotes the mechanical strength of the material, the open porosity is
also reduced, limiting the materials’ performance in separation [24]. One strategy to address this issue
is therefore to increase the initial number of contact points per particle in order to form a higher density
of small necks during the initial sintering stage. The density of the necks can typically be enhanced by
using multi-modal particle distributions in order to increase the packing density of the green material,
which is highly dependent on the shape and size distribution of the particles [25]. However, the
sintering behaviour and kinetics of the mixed powder matrix will differ from conventional sintering
models, where mono-sized spherical particles are normally used. New model developments are
therefore required in this area of research [25].

In this study, porous SS HF membranes were prepared by the dry-wet spinning process. The green
HFs were composed of a mixture of two powders of different sizes in order to control the densification
rate during the sintering process and develop ordered porous structures. The impact of the spinning
dope composition and sintering conditions on the final HF morphologies, pore sizes, and mechanical
and electrical properties were systematically studied. Pure water permeation experiments were also
performed in a dead-end filtration module, and the results were compared to sintered SS HFs obtained
from single-sized particles. This work opens the door to the development of new types of inorganic
hierarchical porous HF structures with enhanced properties for separation applications, where a better
compromise between porosity and mechanical strength is achieved.

2. Results and Discussion

2.1. Metals Powders and Polymer Binder Characterisation

The studies of the shape, roughness, and density of the powders are important steps, since such
characteristics will influence the mechanical properties and porosity of the final sintered materials [26].
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The 10 and 20 μm 316L stainless steel particles, SS10 and SS20 respectively, exhibited smooth
surfaces with spheroidal shapes and an aspect ratio of 1.09 ± 0.05 and 1.13 ± 0.1, respectively. On the
other hand, the shape distribution of the 44 μm 316L stainless steel particles (SS44) was irregular (aspect
ratio of 2.17 ± 0.3) and showed greater surface roughness. The particle size distribution of the SS
powders and blends was measured in distilled (DI) water and isopropanol (IP) to evaluate potential
aggregation mechanisms in the different dispersants. The distributions in both solvents were similar;
the SS10 powders showed a narrower size distribution as compared to the SS20 and SS44 particles,
which were 40% and 20% wider, respectively. The use of water resulted in little or no clumping of the
particles as seen in Figure 1d–f. The information on particle size distributions is shown in Table S1
for the calculated equivalent spherical diameters. The particle size distributions of the SS44 particles
were found to be almost twice larger than the specifications of the manufacturer, with 90% of the
distribution in volume of the particles (d0.9) lying below 72 ± 1.1 μm in water. The surface area of the
powder samples was measured using Brunauer-Emmett-Teller (BET) analysis, the data are reported in
Table S2. The BET surface areas of the SS10 and SS20 particles were similar; 0.034 and 0.036 m2.g−1,
respectively. However, the BET surface area of the SS44 particles was found to be greater, 0.052 m2.g−1,
which might be due to the textured surface of the SS44 particles. The weight ratio of the SS particle
blends can therefore be expressed in terms of surface area ratio, corresponding to 72:28 (%). and 92:8
(%) for the SS10:SS20 and SS10:SS44 blends, respectively. Furthermore, the particle size distributions
of the SS powder blends (Figure 2c,d) indicated that the particles did not aggregate in the solutions.
The SS10 and SS44 powders exhibited similar average absolute and relative densities. However, the
SS20 powders showed a higher relative density due to the wider particle size distribution (Table S2).

Figure 1. SEM images of (a): the 10 μm stainless steel (SS) powder, (b): the 20 μm SS powder and (c): the
44 μm SS powder. (d–f) are their respective size measurements in distilled (DI) water and isopropanol (IP).
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Figure 2. SEM images of (a): the 10/20 μm SS powder blend and (b): the 10/44 μm SS powder blend.
(c,d) are the respective size measurements of the powder blends in DI water and isopropanol (IP).

During the sintering process, the bonding of the metal particles occurred through the formation of
a sintered neck area between the particles. However, sufficient neck formation required the reduction of
the surface oxides during the early stages of the sintering [27]. In order to study the oxidation behavior
of the SS particles at high temperature, thermogravimetry (TGA) experiments were performed, and
consisted of heating a small bed of metal particles (10 mg) to 1000 ◦C with a heating rate of 10 ◦C min−1

in air, N2, and N2:H2 (95:5 v/v %) (Figure 3a–c). These gases were chosen in order to mimic the
environment of the furnace during the sintering of the green HFs. In particular, SS alloys become
susceptible to corrosion and oxidation when exposed to a high temperature, typically referred to as the
sensitization temperature [28,29]. In air and N2 atmospheres, the sensitization temperatures of the SS10

and SS20 were found to be 310 ◦C and 500 ◦C, respectively, and as high as 650 ◦C for the SS44. The TGA
curves of the SS44 in air revealed the presence of residual organic contaminants, probably resulting
from the fabrication process and associated with the slight weight loss from 200 to 400 ◦C (Figure 3c).

The weight gains of the three powders were found to occur at higher temperatures in reducing
N2:H2 atmosphere with sensitization temperatures above 650 ◦C for the SS10 and SS20 particles and
above 750 ◦C for the SS44 particles. The finest SS powders (SS10 and SS20) showed the greatest weight
gain upon reaching the 1000 ◦C mark due to the higher surface area to volume ratio of the particles
in comparison to the larger SS44 particles. The SS20 and SS44 powders were found to be more prone
to oxidation as compared to the SS10 powder due to their as-received oxidized surface state, which
was analysed by EDS analysis. The oxygen content was 1.7 and 1.5 ± 0.1 wt % for the SS20 and SS44

powders, respectively, and was below the detection limit for the SS10 powder. Similarly, the carbon
content of the SS20 and SS44 powders was found to be higher; 7.4 and 8.5 ± 0.3 wt %, respectively.
Furthermore, the high carbon content of the SS44 particles could also explain the lower weight gain at
high temperature. The weight gain was associated with the formation and growth of stable surface
metal oxide compounds across their surface [30,31]. The weight gain of the particles observed in N2
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and N2:H2 atmospheres was due to the uptake of nitrogen atoms by the SS materials, leading to the
formation of nitride species [32–34]. The kinetics of oxide formation and growth were shown to be
greatly increased in air; however, the presence of oxygen did not seem to influence the sensitization
temperature of the different particles.

 

Figure 3. Thermogravimetry (TGA) thermal profiles measured in air, inert, and reducing atmosphere
of (a): 10 μm SS powder, (b): 20 μm SS powder, (c): 44 μm SS powder and (d): PESU polymer binder.

The thermal characterization of the polymer binder is also of particular importance for the
fabrication of metal HFs, since the polymer burn-out should occur below the sensitization temperatures
of the metal particles in order to avoid any reaction and oxidation with the metal particles. In addition,
the polymer matrix should be maintained at a lower temperature to ensure the structural integrity of
the HF during the polymer de-binding step. Figure 3d shows the thermal decomposition of PESU in
air, inert (N2), and reducing (N2:H2 5%) atmosphere. The decomposition of PESU occurred abruptly
at 600 ◦C below the temperature corresponding to the sensitization temperature of the SS particles.
The TGA profile of the green SS10 HF in air atmosphere is presented in Figure S1, and shows a similar
decomposition of the PESU matrix during the de-binding step at 600 ◦C. However, a weight gain was
observed during the thermal treatment, suggesting that sensitization could not be avoided during
the de-binding step. The thermal treatment of the green HF was therefore performed in reducing
atmosphere in order to prevent the oxidation of the particles, promote metal-to-metal contact, and
form neck area between the metal particles [27,31]. However, the thermal decomposition of PESU in
inert and reducing atmosphere (Figure 3d) revealed that up to 35 wt % of organic residues remained.
The sintered HFs were therefore thoroughly cleaned first with ethanol and distilled water before any
characterization tests.

2.2. Green and Sintered HF Morphologies

The dopes comprised of SS particles and PESU polymer binder were then extruded to form the
green HF material. The SEM images of the green HFs are shown in Figure 4. The average outer
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diameter of the green HFs made of SS10 particles was found to be 1.23 ± 0.03 mm, and to exhibit
circular cross-sectional morphology with a uniform distribution of SS10 particles within the PESU
matrix. The outer diameters of the green SS10/20 and SS10/44 HFs, 2.24 ± 0.05 and 2.17 ± 0.45 mm
respectively, were found to be larger than the SS10 HFs due to a shorter air gap, resulting in less stretch
and elongation stress on the forming HFs [3]. The ellipsoidal shape and irregular circularity of the
green SS10/20 and SS10/44 HFs were attributed to aggregates and clusters of metal particles of different
sizes, which may have formed in the dope during the degas step prior to spinning. The circularity
of the green HFs could be further improved by increasing the bore flow rate in order to break the
aggregates in the dope solution. The SEM images reveal the presence of macro-voids and finger-like
structures, starting from both sides of the HFs exposed to the bore and external coagulation liquid and
going toward the inner core of the HFs. This structure is more pronounced for the SS10/20 and SS10/44
HFs due to the presence of clusters of metal particles inside the continuous PESU phase.

 

Figure 4. Cross-sectional SEM images of (a,b): the SS10 green hollow-fibers (HFs); (c,d): the SS10/20

HFs; (e,f): the SS10/44 HFs.

As seen in Figure 5, the sintered HFs retained their original lumen shapes upon thermal treatment.
The HFs made of SS10 and SS10/20 particles exhibited smooth surfaces, whereas the macro-voids
present across the wall of the green HFs also remained after the thermal treatment. On the other
hand, the HFs made of SS10/44 particles presented extremely rough surfaces, with some of the largest
particles pointing out of the structure. This geometry may be due to the shear displacement of the
largest particles across the matrix of small particles during the sintering [35]. As opposed to the SS10

and SS10/20 HFs, the cross-sectional SEM images of the SS10/44 HFs revealed a denser structure. The
original macro-voids observed in the green HFs were also absent after sintering, as expected due to
the high diffusion rate of the smaller particles, which were able to fill the macro-voids during the
thermal treatment. The shape of the metal particles present in the SS10 and SS10/20 green HFs became
indistinguishable when sintered at 1100 ◦C, indicating that the sintering process was completed,
which was not the case for the SS10/44 HFs where the shapes of the particles were still well-defined
(Figure 5(f1,f2)). The SEM images of the sintered HFs across the whole range of sintering temperature
and time are displayed in Figures S2–S4.
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Figure 5. Cross-sectional SEM images of the sintered SS10 HFs for 90 min at 650 ◦C (a1,a2) and 1100 ◦C
(b1,b2); sintered SS10/20. HFs for 90 min at 650 ◦C (c1,c2) and 1100 ◦C (d1,d2); sintered SS10/44. HFs
for 90 min at 650 ◦C (e1,e2) and 1100 ◦C (f1,f2).

2.3. Sintered HF Properties

The radial shrinkage was measured based on the SEM cross-sectional images, and the measurement
results (%) are shown in Figure 6. The sintered HFs exhibited isotropic radial shrinkage strongly
dependent on the sintering temperature. A slight increase in shrinkage values was noticed for the
SS10 and SS10/20 HFs when sintered for a longer duration (90 min) as shown in Figure 6a,b. The radial
shrinkage of the SS10 HFs remained below 10% up to 900 ◦C, which corresponded to the first stage
of the sintering process only. On the other hand, the SS10/20 and SS10/44 HFs showed greater radial
shrinkage (>15%) across the range of sintering temperature. This effect was particularly noticeable for
the SS10/44 HFs due to the difference in size and shapes of the metal particles, which promoted the
densification of the structures across the whole range of sintering temperature [24].

As observed in cross-sectional SEM images (Figure 5(a1,c1,e1)), the denser structures resulting
from the thermal treatment at a lower temperature can be explained by the incomplete degradation of
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the polymer during the de-binding step. This observation is supported by the EDX chemical analysis
and SEM images (Figure S5 and Figure 5), which revealed that the de-binding step was incomplete
at the lowest temperatures (650 and 700 ◦C), and that a large amount of carbon remained in the
structure. The densification of the structure at a lower temperature is therefore not sufficient to induce
the collective sintering of the metal particles due to the residual carbon hampering particle-to-particle
contacts and particle neck formation. This effect may be alleviated by using a different polymer binder
with a lower decomposition temperature or by prolonging the duration of the de-binding phase.

 

Figure 6. Radial shrinkage from green to sintered HFs as a function of the sintering time and
temperature. (a): SS10 HFs, (b): SS10/20 HFs and (c): SS10/44 HFs. (d–f) are the electrical resistance of
the SS HFs as a function of the sintering temperature and time for the SS10, SS10/20 and SS10/44 HFs.

The electrical resistance measurements (Figure 6d–f) of the HFs sintered at a temperature lower
than 900 ◦C indicated that the densification of the structure is not sufficient to create a significant
conductive pathway across the inter-particle neck area. The enhanced mechanical strength of the
SS10/20 and SS10/44 HFs at lower temperatures can be explained from the increased initial neck growth
of the smallest particles to the largest particle. The initial neck growth between the smallest and largest
metal particles is able to form a scaffold maintaining the structural integrity of the HFs even at the
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lowest sintering temperatures. Across all of the HF samples, the electrical resistance was drastically
reduced from 900 ◦C of sintering temperature, indicating that the neck areas were able to form a
continuous and conductive scaffold across the HFs [20,21]. No significant differences were, however,
found between the HFs sintered for 60 or 90 min, suggesting that a percolation threshold had been
reached by that time.

The mechanical properties of the sintered SS HFs are therefore highly related to the dope
composition and to the thermal treatment conditions, including the sintering temperature, duration,
and atmosphere. The mechanical strength of the SS10 HFs was found to be acceptable for handling
and testing only when sintered above 900 ◦C (Figure 7a,b) with a maximal flexural stress of 23.9
± 1.2 and 17.2 ± 0.9 N mm−2 when sintered for 60 and 90 min, respectively. On the other hand,
the SS10/20 and SS10/44 HFs exhibited sufficient mechanical strength right from the lowest sintering
temperature (650 ◦C), with a value above 37 N mm−2 when sintered for 60 or 90 min, and values
slightly lower for the SS10/20 HFs when sintered for 90 min (<40 N mm−2). In these conditions, the
extended sintering time was therefore unable to make up for the lower sintering temperature and to
achieve a significant degree of bonding between the metal particles. The SS10 and SS10/20 HFs exhibit
exceptional mechanical strength and flexibility when sintered above 1000 ◦C. The maximal flexural
stress of the SS10 HFs sintered at 1000 ◦C exceeded 200 and 300 N mm−2 for a sintering time of 60
and 90 min, respectively, while the SS10/20 HFs showed values twice as high as the SS10 HFs. SS10

HFs sintered at 1100 ◦C showed a further mechanical strength improvement, with values increased
by up to 5 and 10 times depending on the sintering time (Figure 7a,b). However, the SS10/20 HFs
sintered at 1100 ◦C for 60 or 90 min did not show any significant mechanical strength improvement.
This lack of improvement indicates that the densification of the structure is at a maximum [24]. The
mechanical strength of the SS10/44 HFs sintered at the same temperatures were, however, found to be
significantly lower (<60 N mm−2) compared to the SS10 and SS10/20 HFs. Although the densification
of the SS10/44 system occurred at lower temperatures and reached a maximum sooner, the lack of
coalescence between the large and the small particles formed a more rigid and denser structure. The
difference in shape and size between the two SS powders promoted the densification of the systems,
with the small particles filling the pores between the large particles. Therefore, it may be preferential
to decrease the size ratio difference between the particles as well as to work with uniform spherical
particles. The SS10 and SS10/20 HFs fabricated in this work exhibited similar mechanical performance
when compared to previous studies available in the literature; however, the mechanical properties of
the SS10/44 were found to be inferior [20,34,36].

 

Figure 7. Maximal flexural stress of the SS HFs as a function of the sintering temperature with (a): HFs
sintered for 60 min and (b): HFs sintered for 90 min.

2.4. Pore Size Distribution and Water Permeance

The average pore sizes of the sintered HF membranes, which correspond to the average dimension
of the inter-particle domains, were measured by capillary flow porometry. Capillary flow porometry
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techniques have the advantage to be able to measure the open pores across materials, and is particularly
suited to micron-ranged pore distributions [37]. The average pore sizes of the sintered HFs are
presented in Figure 8a,b. The SS10 and SS10/20 HFs sintered at 900 ◦C presented a similar average
pore size—around 5 μm—for a sintering time of 60 min, and around 3 μm when sintered for 90 min.
The same trend was observed for a sintering temperature of 1000 ◦C, with similar average pore sizes
between the SS10 and SS10/20 HFs, and smaller values when sintered for 90 min (Figure 8b). However,
the SS10/20 HFs sintered at 1100 ◦C presented larger pore sizes as compared to the SS10 HFs. The
average pore size of the SS10 HFs sintered at 1100 ◦C for 90 min was reduced to 0.5 μm as opposed
to the average pore size of 2.4 ± 0.3 μm found in the SS10/20 HFs. The average pore sizes of the
SS10/44 HFs were found to be below 1 μm for a sintering temperature ranging from 900 to 1100 ◦C
without significant effect on the sintering time. The smaller average pore size of the SS10/44 HFs was
related to the greater size difference between the two series of particles, which led to a denser structure
with smaller pores [24]. A general aspect of sintering is that as the sintering time and temperature
increase, the coalescence between the particles is promoted [38]. However, in the case of SS10/20 HFs,
the maximum density was limited due to the larger particles within the system. As opposed to the
SS10 HFs, the increase in sintering temperature and time therefore promoted the creation of larger
pores in the SS10/20 HF structure [38]. On the other hand, the SS10 HFs could potentially form dense
materials by further intensification of the sintering conditions [18].

Figure 8. Average pore size measurements of the SS HFs as a function of the sintering temperature, for
(a): 60 min and (b): 90 min sintering time. Water permeance values of (c): the SS10 and SS10/20 HFs as a
function of the sintering temperature and time. (d): Pure water fluxes of the SS10/44 HFs as a function
of the sintering temperature and time.

Pure water fluxes were measured across a range of pressures varying from 0.2 to 1 bar. The pure
water flux measurements exhibited a linear relationship with respect to the applied pressure, and
are shown in the supplementary materials (Figure S6). Membrane permeances as a function of the
sintering temperature and time are shown in Figure 8c,d. The SS10/20 HFs sintered at 900 ◦C for 90 min
exhibited the greatest water permeance among all of the SS HFs (Figure 8c). The SS10/20 HFs water
permeance values were shown to progressively diminish with respect to the sintering temperature due
to the densification process. The highest water permeance, corresponding to the SS10 HFs, was attained
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at a sintering temperature of 1000 ◦C and for a sintering time of 90 min, likely due to an increased open
porosity across the structure. The SS10 HFs water permeance drastically diminished at the sintering
temperature of 1100 ◦C, which was therefore considered to be close to the full densification of the
material. The SS10/44 HFs also presented the lowest water permeance due to their denser structures
and smaller pore size distributions, as previously reported (Figure 8d).

3. Materials and Methods

3.1. Metal Particles and Chemicals

The 10 μm 316L stainless steel (SS10) was purchased from Sandvik Osprey Ltd., Neath, UK, while
the 20 μm (SS20) and 325 mesh size (SS44, 44 μm) 316L SS powders were sourced from Huarui Group
Ltd., Hangzhou, China. Poly(ethersulfone) (PESU, Ultrason®, BASF, Tarragona, Spain) was dried in a
vacuum oven at 120 ◦C for 6 h before being used as the polymer binder. N-Methyl-2-pyrrolidone (NMP,
ACS reagent ≥99.0%, Sigma-Aldrich, Madrid, Spain) was chosen as a solvent for PESU and used as
received. Distilled water (DI) and isopropanol (IP, ACS reagent ≥99.5%, Sigma-Aldrich, Madrid, Spain)
were used during the green HFs drying procedure and for the determination of the metal particle
size distributions.

3.2. Preparation of the Green HFs

Spinning dopes were prepared by first dissolving the polymer binder into NMP for more than
24 h on a roller tube mixer. Subsequently, the metal particles were added in multiple steps and finally
the mixture was stirred overnight. The spinning dope mixture was then loaded into the spinning pump
and degassed by applying a vacuum 24 h before the date of the spinning experiment. The compositions
of the spinning dopes were as follows: 70 wt % of metal particles, 7.5 wt % of polymer binder, and
22.5 wt % of NMP. In the spinning experiments, where a mixture of SS particles of different size
distributions was used, the blend of SS particles comprised 60 wt % of SS10 powder and 40 wt % of
either SS20 or SS44 powder.

The spinning setup allowed the spinning of green HFs of various geometries by controlling
different process parameters such as air gap (cm) and dope and bore flow rates (mL h−1).
The temperature was maintained at 25 ◦C through heating bands wrap around the spinneret assembly
and spinning line. The spinning conditions are listed in the Supporting Information section’s Table S3.
The spinneret used had an inner and outer diameter of 0.7 and 1.3 mm, respectively.

3.3. Drying and Thermal Treatments of Green HFs

The green HFs were firstly kept in a DI bath for 24 h followed by an IP bath for another 24 h
in order to exchange the NMP solvent. Finally, the green HFs were dried at room temperature for
24 h. Once dried, thermal treatments were performed in a tubular furnace (model GSL-1100 X, MTI
Corporation, Richmond, CA, USA) in order to remove the PESU polymer binder and sinter the
SS particles.

The polymer was removed at 600 ◦C for 60 min followed by a sintering process with temperatures
ranging from 650 to 1100 ◦C for 60 or 90 min at a heating rate of 5 ◦C min−1 under a reducing
atmosphere nitrogen/hydrogen mixture (N2:H2, 85:15 v/v %). The gas was first flown 30 min before
the thermal treatment in order to purge the air from the furnace, and was maintained at 1 dm3·min−1

during the thermal treatment.

3.4. Materials Characterization

The morphology of the metal particles and the green and sintered HFs was characterized
by Scanning Electron Microscopy (SEM, JEOL Neoscope, JCM-5000, Peabody, MA, USA). The
elemental distributions on the surface of the samples were evaluated by an Electron Dispersive
X Ray Spectroscopy (EDS) analysis with an Oxford detector on a JEOL JSM 7800F model. SEM imaging
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(surface and cross-section) was performed at 10 keV and a 10 mm working distance, while surface
elemental mapping was performed at 20 keV and 10 mm working distance.

The particle size distribution of the metal powders dispersed in water or isopropanol were
analysed by Dynamic Light Scattering (DLS) using a Mastersizer 2000 (Malvern Instrument, Worcester,
UK). The aspect ratio of the metal particles was determined using ImageJ software (version 1.50i).
The specific surface area of the metal powders was measured by the BET method using a TriStar 3000
instrument (Micromeritics, Norcross, GA, USA). The average absolute and relative densities of the
metal powders were determined with a 50 mL pycnometer bottle using ethanol as the wetting liquid.
The temperature-dependence of the wetting fluid was taken into account. Thermogravimetry (TGA)
experiments were performed under air, N2, and N2:H2 mixture (95:5 v/v %) using a Q50 TGA (TA
instrument, New Castle, DE, USA). During the TGA experiments, the gas flow was maintained at
60 cm3·min−1, and the heating rate was fixed at 1, 5, or 10 ◦C·min−1.

The pore size and pore size distribution were measured using a capillary flow porometer
(Porometer 3GZH Quantachrome Instruments, Boynton Beach, FL, USA) after wetting the sintered HFs
with Porofil® (Quantachrome Instruments) wetting solution. The electrical resistivity of the green and
sintered HFs was determined using an electrical resistivity cell with a variable resistor. Three-point
bending tests were performed on a DMA Q800 (TA instrument, USA) in order to characterize the
mechanical resistance of the HFs. The stress rate was set at 0.5 N·min−1, and the temperature keep at
25 ◦C. The bending stress or flexural stress was calculated using the following equation:

σ =
8FKD0

π
(

D4
0 − D4

i
) (1)

where σ is the bending stress (MPa), F is the measured maximal flexure load (N), K is the support span
(mm), and D0 and Di are the outer and inner diameters of the HFs (mm), respectively.

Pure water permeation tests were performed in a lab-scale polyurethane module. The metal HF
membranes with an effective length of 40 mm were first cleaned with ethanol, flushed thoroughly
with distilled water, and dried at room temperature. The metal HF membranes were then placed
into the module and the distilled feed water was circulated onto the membranes and forced through
the membrane walls under pressure varying from 0.2 to 1 bar. The pure water flux of the metal HF
membranes was calculated using the equation:

J =
Q

Am
=

Q
nπDHFle f f

(2)

where J is the membrane pure water flux (L m−2·h−1), Q is water flux rate (L h−1), Am is the effective
membrane surface area (m2), n is the number of HFs, DHF the outer diameter, and le f f is the effective
length of the HFs.

4. Conclusions

Macro-porous SS HFs were successfully fabricated by the dry-wet spinning of a dope comprised
of SS metal powders of different sizes and a polymer binder. A systematic study of the effect of the
sintering parameters on the starting materials and sintered HFs was performed. Both the mechanical
strength and water permeance of the HFs made of different sized SS particles were improved at a low
(900 ◦C) sintering temperature due to the increased neck density offered by the multi-modal particles’
distribution. At a sintering temperature higher than 1000 ◦C, SS particle repacking during the thermal
treatment gave rise to a denser structure with a lower water permeance. The porous sintered HFs
were highly electrically conductive and able to sustain high filtration pressures, making them valuable
membranes for micro-filtration applications. Particularly, the SS HF membranes and filters developed
in this study presented appropriate pore size distributions for bacteria and yeast rejection toward
beverage sterilization applications. In addition, the optimization of the mixed particles’ aspect and
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size ratio could lead to the development of composite HFs with enhanced mechanical properties and
defined pore geometry and porosity for filtration applications, or that act as an electrically conductive
diffuser in electro-catalytic reactors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0375/7/3/40/s1,
Figure S1: Thermal treatment and TGA profile of the green SS10 HF in air atmosphere with a heating rate of
10◦C.min-1, Figure S2: SEM images of the green and sintered SS10 HFs at temperature ranging from 650 to 1100◦C
for 60 or 90 min, Figure S3: SEM images of the green and sintered SS10/20 HFs at temperature ranging from 650 to
1100◦C for 60 or 90 min, Figure S4: SEM images of the green and sintered SS10/44 HFs at temperature ranging
from 650 to 1100◦C for 60 or 90 min, Figure S5: Carbon and oxygen elemental analysis of the SS10 HFs (a and d),
SS10/20 HFs (b and e) and SS10/44 HFs (c and f), Figure S6: Pure water fluxes as a function of the feed pressure:
(a), (b) and (c): SS10 HFs; (d), (e) and (f): SS10/20 HFs; g: SS10/44 HFs; Table S1: Size distribution of stainless
steel particles, Table S2: Metal powder properties: surface area, total BET surface area, average absolute density
and relative density determined versus average bulk density of 316L grade stainless steel (8 g.cm-3), Table S3:
Spinning conditions.
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Abstract: Nanofiltration (NF) and tight ultrafiltration (tight UF) membranes are a viable treatment
option for high quality drinking water production from sources with high concentrations of
contaminants. To date, there is limited knowledge regarding the contribution of concentration
polarization (CP) and fouling to the increase in resistance during filtration of natural organic matter
(NOM) with NF and tight UF. Filtration tests were conducted with NF and tight UF membranes with
molecular weight cut offs (MWCOs) of 300, 2000 and 8000 Da, and model raw waters containing
different constituents of NOM. When filtering model raw waters containing high concentrations
of polysaccharides (i.e., higher molecular weight NOM), the increase in resistance was dominated
by fouling. When filtering model raw waters containing humic substances (i.e., lower molecular
weight NOM), the increase in filtration resistance was dominated by CP. The results indicate that
low MWCO membranes are better suited for NOM removal, because most of the NOM in surface
waters consist mainly of humic substances, which were only effectively rejected by the lower MWCO
membranes. However, when humic substances are effectively rejected, CP can become extensive,
leading to a significant increase in filtration resistance by the formation of a cake/gel layer at the
membrane surface. For this reason, cross-flow operation, which reduces CP, is recommended.

Keywords: nanofiltration; tight ultrafiltration; concentration polarization; fouling; natural organic matter

1. Introduction

Over the past 20 years, membrane filtration has been increasingly implemented in water
purification processes [1]. This increase has mainly been driven by the decreasing costs of membrane
systems, and increasingly stringent drinking water quality regulations. In drinking water treatment
applications, ultrafiltration membranes (UF) can effectively remove particulate contaminants, such as
protozoa and bacteria, from raw water sources. However, effective removal of natural organic matter
(NOM) and viruses is generally limited [2,3]. This is because the molecular weight cut off (MWCO) of
UF membranes typically used in drinking water treatment applications is relatively large (i.e., greater
than 100,000 Da). Membranes with a MWCO of less than 10,000 Da are required to effectively remove
NOM and all pathogens [4–8]. The present study investigated the use of membranes with MWCOs
ranging from 300 to 8000 Da for the removal of NOM. In this range, membranes are commonly referred
to as nanofiltration (NF) membranes (i.e., with a typical MWCO range of 200–1000 Da) and tight UF
membranes (i.e., with a typical MWCO range of 1000 to 10,000 Da). The removal of NOM from source
waters is of importance in drinking water treatment because it can cause color, taste, and odor issues,
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increase chlorine demand, as well as contribute to disinfection by-product formation and microbial
regrowth in distribution systems [9–14]. Because NF and tight UF membranes can achieve sufficient
primary disinfection (i.e., >4-log removal of all pathogens) and extensive removal of NOM, they can
provide effective and comprehensive drinking water treatment in a single step. A simple, single-step
approach is of particular interest for small/remote communities, because of the limited financial and
technical resources generally available to implement and operate water treatment systems.

The use of NF and tight UF membranes in drinking water treatment applications is still
limited. This is mainly because spiral wound configurations, which generally require extensive
pre-treatment and a high trans-membrane pressure, have historically been used for NF and tight
UF membrane applications. In addition, fouling control measures, such as backwashing or surface
scouring, cannot be applied to spiral wound configurations. Recent developments in NF and tight
UF membrane configurations, such as hollow fiber configurations, promise to address some of these
limitations [15–18]. Frank et al. have also reported that a substantially higher permeability can be
maintained using hollow fiber configurations [16]. However, other studies have reported that hollow
fiber configurations are less effective in mitigating concentration polarization (CP) than spiral wound
configurations [19,20]. Because CP and fouling are still major challenges in the application of NF and
tight UF membranes for drinking water treatment, insight into CP and fouling is necessary to develop
recommendations for the design and operation of NF and tight UF membranes, and to enable greater
adoption of this advanced treatment technology.

Fouling occurs as material that is retained at the membrane surface or inside the membrane pores,
accumulates, and increases resistance to the permeate flow. Material accumulates when the permeation
drag—the force that transports potential foulants towards the membrane—is greater than forces
acting in the opposite direction (i.e., away from the membrane) [21,22]. NOM is generally considered
to be a main contributor to membrane fouling in drinking water treatment applications [4,23–27].
The extent of fouling is not necessarily proportional to the total amount of NOM retained, but is
rather governed by the retention of specific NOM fractions [28–31]. The NOM fractions that have
been reported to be mainly relevant to membrane fouling are biopolymers and humic substances,
which are mainly of aquatic and terrestrial origin, respectively [32–34]. For UF membranes, the
biopolymer fraction of NOM generally contributes the most to fouling [35–38]. Fouling due to humic
substances is generally not as extensive, although it is more difficult to control hydraulically (e.g., by
backwashing) [25,35]. The extent and the hydraulic reversibility of UF fouling can also be affected by
other constituents in raw waters, notably calcium [25,35,39]. Calcium can form bridges between NOM
molecules, between the membrane surface and NOM, as well as contribute to aggregation of NOM by
charge destabilization [25,35,39]. Biopolymers have also been reported to substantially contribute to
fouling of NF and tight UF membranes [28,38,40]. Humic substances, although effectively rejected,
have not been reported to substantially contribute to fouling of NF membranes [41]. The limited
contribution of humic substances to fouling has been attributed to charge repulsion effects, which
enhance the back transport of humic substances in cross-flow systems [41,42]. The extent to which
electrostatic repulsion contributes to fouling control has been demonstrated to increase with the ratio of
cross-flow velocity to permeate flux [39]. Therefore, the effect of electrostatic repulsion on fouling due
to humic substances, is likely to be substantially less pronounced in dead-end systems. The reported
effects of calcium on fouling in NF and tight UF membranes systems have been inconsistent, and likely
depend on the concentration in the solution being filtered [29,39,43,44].

CP, resulting from the accumulation of dissolved material rejected by the membrane, can also
increase the resistance to permeate flow [45–47]. Unlike the situation with fouling, material does not
deposit on the membrane surface or inside the membrane pores, but accumulates in proximity to the
membrane surface. CP is characterized by an equilibrium between the convective transport of material
towards the membrane, and the diffusive transport of retained material away from the membrane;
a steady state that is expected to develop within the first minutes of filtration [29,45,48]. CP can affect
the resistance to permeate flow by increasing the viscosity, the osmotic pressure of the solution being
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filtered, and the back-diffusion of retained solutes [45]. If CP effects become extensive, solutes at the
membrane surface can reach a critical concentration (i.e., solubility limit), beyond which they form a
cake/gel layer which fouls the membrane surface [26,46–48]. In literature, this critical concentration
is also referred to as the “gel concentration” [46,47]. If a material reaches the critical concentration,
the back-diffusion of material is limited by the formation of a cake/gel layer. Under such conditions,
the convective transport towards the membrane becomes greater than the diffusive transport away
from the membrane, and fouling occurs, which increases the resistance to permeate flow throughout the
filtration phase. According to the Stokes–Einstein equation, the diffusivity and the diffusive transport
of material depends on its size. NOM ranges in size from a few hundred Daltons (low molecular
weight acids and neutrals) to over 20,000 Da (biopolymers) [39,49–51]. The size of NOM also generally
increases with ionic strength, and decreases with pH of a solution, due to changes in the shape of
NOM from uncoiled to coiled [52]. CP due to the retention of salts in Reverse Osmosis (RO) and NF
systems has been extensively investigated [19,53–56]. However, only a few studies have investigated
CP due to the retention of NOM in NF membranes. These studies have indicated that NOM can
result in CP, and therefore, affect system performance [26,57]. Also, comprehensive knowledge on
the effect of (i) the type of NOM (e.g., polysaccharides and humic substances), and (ii) the membrane
MWCO on the contribution of CP to the total increase in filtration resistance, is not currently available.
This is a knowledge gap that limits the ability to develop recommendations for the optimal design and
operation of NF and tight membrane systems for drinking water treatment.

The objective of the present study was to quantify the contribution of fouling and CP to
the total increase in resistance during filtration of model raw waters containing polysaccharides,
humic substances, and a mixture of both (as typical constituents of NOM in natural surface waters),
and to identify conditions under which an extensive increase in filtration resistance occurs. Since
fouling and CP are not only expected to depend on the raw water characteristics, but also on
the membrane’s selectivity, the impact of the MWCO of a membrane on CP and fouling was also
investigated. As previously discussed, CP is expected to develop rapidly within the first minutes
of filtration [39,45]. However, this has never been investigated for NF and tight UF membranes in
drinking water applications.

2. Material and Methods

2.1. Experimental Approach

Model raw waters of various compositions were considered. The biopolymer and humic material
content of the raw waters were modeled using polysaccharide alginate derived from brown algae
(Sodium Alginate, Sigma Aldrich, Oakville, ON , Canada) and Suwannee River NOM (SRNOM)
2R101N (International Humic Substances Society, St. Paul, MN, USA), respectively. Model raw waters
with three different NOM compositions were considered: (i) alginate, (ii) SRNOM, and (iii) mixtures of
SRNOM and alginate with a carbon mass ratio of 4:1. The ratio of 4:1 in the mixtures of SRNOM and
alginate was selected based on humic substances to biopolymers ratios obtained from size exclusion
chromatography (SEC) analyses of local surface water (Jericho Pond, Vancouver, BC, Canada) and is
also consistent with the ratios reported in literature, which indicates that humic substances account for
70–80% of the NOM in natural waters [32]. All three model raw water compositions were tested at two
dissolved organic carbon (DOC). concentrations: 5 mg/L, and 10 mg/L.

To prepare the model raw waters, NOM surrogates (i.e., the polysaccharide alginate and/or
SRNOM) were dissolved in Milli-Q laboratory water (MilliporeSigma, Temecula, CA, USA).
Sodium bicarbonate at a concentration of 1 mM was added as a buffer. This concentration of
bicarbonate also corresponds to an alkalinity that is within a range typical of that present in natural
source waters [58]. The retention of alkalinity during filtration ranged from approximately 2% to 40%
(depending on the membrane MWCO), and the impact of alkalinity rejection on CP and resistance
during filtration was calculated [28], and found to be negligible relative to the overall increases in
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resistance observed in the present study (results not shown), and hence, is not further discussed.
The pH was then adjusted to 7.0 (± 0.1), using sodium hydroxide or hydrochloric acid, as needed.
Prior to all filtration tests, all model raw water solutions were filtered through a 0.45 μm nitrocellulose
filter. Milli-Q laboratory water was used for clean water flux tests prior- and post-filtration of model
raw waters. The pH of the Milli-Q laboratory water used for clean water flux tests was also adjusted to
7.0 (±0.1), using sodium hydroxide.

The experimental setup, illustrated in Figure 1, consisted of feed vessels, membrane cells, bleed
lines and permeate collection systems. Two feed vessels were used, one containing clean water and
the other containing a model raw water. The pressure applied to both vessels was equal, enabling
the feed to the membrane to be switched between model raw water and clean water without causing
any pressure variation in the membrane cells. Three CF042 membrane cells (Sterlitech, Seattle, WA,
USA) were used in parallel. These accommodated flat sheet membrane coupons, 39.2 mm wide and
85.5 mm long. Flat sheet, thin film composite polyamide (PA) membranes with nominal MWCOs
of approximately 300 Da (DK series, GE Osmonics, Trevose, PA, USA), 2000 Da (GH series, GE
Osmonics) and 8000 Da (GM series, GE Osmonics) were considered as a representative range for
NF–tight UF range membranes. The intrinsic membrane resistances for the 300 Da, 2000 Da and
8000 Da MWCO membranes were 9.0 × 1013 ± 1.1 × 1013 m−1, 8.1 × 1013 ± 1.1 × 1013 m−1 and
2.2 × 1013 ± 2.0 × 1012 m−1, respectively. The transmembrane pressure applied to the vessels was
kept constant at 40.0 ± 1.0 psi (i.e., 2.8 ± 0.1 bar). The tests were conducted at room temperature
(23 ± 1 ◦C). The membrane cells were operated in a pseudo dead-end mode with a continuous bleed
that introduced a very low and constant cross-flow of less than 0.006 m/min along the membrane
surface. The bleed line allowed the liquid to be purged from the membrane cell when the feed was
switched, while still providing pseudo dead-end operation. Based on preliminary tests, this cross-flow
velocity had a negligible effect on fouling and concentration polarization (results not presented).
All filtration tests were conducted in triplicate in three sequential phases:

1. Pre-clean water filtration phase (for a minimum of 3 h).
2. Filtration phase with model raw waters (for approximately 3 h).
3. Post-clean water filtration phase (for a minimum of 45 min).

The filtration tests were conducted in these three sequential phases to quantify the contribution
of CP and fouling to the increase in the resistance to permeate flow, as discussed in more detail in
Section 3.2.

Figure 1. Experimental setup.

Immediately prior to the start of the filtration phase with model raw water, the drain valve was
opened and the content of the flow cell was purged, ensuring that the concentration of NOM in the
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flow cell at the start of the filtration of model raw water, was equivalent to that of the model raw water.
The drain was then partially closed to generate a constant low cross-flow velocity of 0.006 m/min.

2.2. Data Evaluation and Sample Analyses

The rate of fouling was quantified based on fouling coefficients obtained from standard filtration
laws fitted to the experimental data collected during the filtration of model raw water [59]. Based on
the minimum R2 value for all conditions investigated in the present study, the permeate flux could be
best modeled by assuming that fouling was predominantly due to the formation of a cake layer on
the membrane surface (see Equation (1); results not presented). Therefore, the results are presented in
terms of a cake fouling coefficient (kc) (see Table 1).

J =
J′0

1 + kc × μ
ΔP × V × J′0

[
m3 m−2 s−1

]
(1)

In Equation (1), J represents the permeate flux [m3 m−2 s−1], V the specific volume of water
filtered [m3 m−2], μ the dynamic viscosity [Pa s] and ΔP the trans-membrane pressure [Pa]. The initial
flux J′0 was defined as the measured clean water flux (J0), minus any rapid decrease observed in
the flux within the first few minutes of a filtration test. Because CP is expected to develop within
the first minutes of filtration, the difference between J0 and J′0 was assumed to be due to CP [39,45].
The estimated cake fouling coefficient kc [m−1 m−3 m2] quantifies the increase in resistance [m−1] per
specific volume filtered [m3 m−2].

Size exclusion chromatography (SEC) was performed using High Performance Liquid
Chromatography (HPLC) (Perkin Elmer, Burnaby, BC, Canada) with DOC detection for the analysis
of NOM in the feed and permeate. The method used was adopted from Huber et al. [51]. A TSK
HW-50S column (Tosoh, Tokyo, Japan) was used as the stationary phase, and a phosphate buffer
(2.5 g/L KH2PO4 + 1.5 g/L Na2HPO4·H2O) was used as the mobile phase. The sample injection
volume and flow rate were 1 mL and 1 mL/min, respectively. A GE Sievers 900 Turbo Portable TOC
Analyzer (GE Sievers, Boulder, CO, USA) with a sampling rate of 4 s and a detection range of 0.2 mg
C/L to 10 mg C/L was used as the DOC detector.

3. Results

3.1. NOM Rejection

The amount of material rejected by the membranes was defined as the difference between material
present in the feed (i.e., the model raw water) and material present in the permeate. As illustrated in
Figure 2, the membranes with MWCOs of 300 Da and 2000 Da could effectively reject all of the alginate
present in model raw waters, and the membrane with a MWCO of 8000 Da could reject most of the
alginate present in model raw waters. This was expected because the molecular weight of alginate
is greater than 10,000 Da [39,51] and the MWCOs of all the membranes considered are lower than
10,000 Da (i.e., ranging from 300 Da to 8000 Da). Only a small amount of the larger constituents in
SRNOM was rejected by the membrane with a MWCO of 8000 Da. The extent of the rejection increased
as the MWCO of the membranes decreased, with all of the organic material being rejected by the
membrane with a MWCO of 300 Da. Again, this was expected, because most of the constituents of
SRNOM have a molecular weight in between 300 Da and 8000 Da [49,50].

Note that NOM in most surface waters consists mainly of humic substances (i.e., lower
molecular weight NOM) [32]. Because effective NOM removal is one of the main motivations behind
implementing NF and tight UF membranes in drinking water treatment, membranes with lower
MWCOs (i.e., <2000 Da) are recommended for this application.
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Figure 2. Typical size exclusion chromatograms of model raw water and permeate samples: (a) model
raw water containing Suwannee River natural organic matter (SRNOM) at 10 mg/L; (b) model raw
water containing alginate at 10 mg/L. Dalton values correspond to the molecular weight cut offs
(MWCOs) of the different membranes; note that the retention time of the chromatograms is inversely
proportional to the log of the molecular weight.

3.2. NOM Fouling and Concentration Polarization

Typical results from the filtration tests are presented in Figure 3. For all conditions investigated,
the permeate flux remained constant during the pre-clean water filtration phase, then decreased over
time (i.e., volume filtered) when filtering model raw waters, and increased during the post-clean water
filtration phase.

As previously discussed, CP is characterized by an equilibrium between the convective transport
of material towards the membrane, and the diffusive transport of retained material away from the
membrane. Steady state is expected to be established within minutes once filtration of model raw
water begins [39,45]. Hence, the rapid initial decrease in the permeate flux when filtering model raw
waters was attributed to CP, and the subsequent slower longer term decrease in permeate flux was
attributed to fouling.

Fouling occurs if the permeation drag is greater than the forces acting on potential foulants
away from the membrane [22]. Because the permeation drag remains constant when switching from
the model raw water filtration phase to the post-clean water filtration phase, no back transport and
no recovery in resistance is expected during post-clean water filtration. However, a recovery in
resistance due to CP is expected during post-clean water filtration. This is because a concentration
gradient of retained material is still present, for a relatively short period of time, after switching from
the model raw water filtration phase to the post-clean water filtration phase. During this time, the
convective transport of material towards the membrane is zero (i.e., clean water filtration), while
the diffusive transport of retained material away from the membrane surface is greater than zero,
resulting in a reduction in resistance (i.e. recovery in resistance). Note, that if CP becomes extensive,
and a cake/gel layer is formed, the recovery in resistance during post-clean water resistance will be
limited [26,46–48]. Therefore, although a high recovery during post-clean water filtration suggests that
CP likely dominates the increase in resistance due to permeate flow, other indicators of fouling and CP
must be considered when interpreting the results.

As previously discussed, for all conditions investigated, the permeate flux could be best modeled
assuming fouling was predominantly due to the formation of a cake layer on the membrane surface
(see Section 2.2). The fit of the cake fouling model (Equation (1)) to typical data is presented in
Figure 3. For all conditions investigated, the extent of fouling was quantified with respect to the
fouling coefficient, as discussed in Section 3.2.1, and the contributions of CP and fouling to the increase
in filtration resistance was analyzed as discussed in Section 3.2.2.
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Figure 3. Typical results from filtration tests: (a) MWCO = 300 Da and SRNOM at 5 mg/L of DOC,
(b) MWCO = 8000 Da and alginate at 5 mg/L of DOC.

3.2.1. Contribution of Fouling to the Total Increase in Filtration Resistance

The fouling coefficients (kc) for the different experimental conditions investigated are summarized
in Table 1. When filtering model raw waters containing alginate, the fouling coefficients were similar
for the membranes with MWCOs of 300 and 2000 Da and only slightly lower (and not statistically
different) for the membrane with the MWCO of 8000 Da. These results are consistent with those
presented in Section 3.1, where the rejection of alginate was similar when filtering with membranes
with MWCOs of 300 Da and 2000 Da MWCO, and slightly lower when filtering with the membrane
with a MWCO of 8000 Da. Considering the substantially different initial permeate fluxes for the
membranes with different MWCOs, and the similar fouling coefficients observed for all membranes, it
can be concluded that the fouling coefficient was independent of the initial permeate flux. Further,
the fouling coefficient was proportional to the concentration of alginate in the model raw water
being filtered (i.e., the fouling coefficient doubled when the concentration of alginate in the raw
water was twice as high), suggesting that for all membranes, fouling was similar and predominantly
due to convective transport and the accumulation of a cake layer with similar characteristics for all
membranes. These results are also consistent with the fact that the molecular weight of alginate is
greater than the MWCO of all membranes considered (see Section 3.1).

When filtering model raw waters containing SRNOM, the fouling coefficient was substantially
higher for the membrane with a MWCO of 300 Da than for the membranes with MWCOs of 2000 and
8000 Da. This is again consistent with the higher rejection of SRNOM by the membrane with a MWCO
of 300 Da, than the membranes with MWCOs of 2000 and 8000 Da. It should be noted that the fouling
coefficient was similar for the membranes with MWCOs of 2000 and 8000 Da, even though the rejection
of organic material present in SRNOM was greater for the membrane with a MWCO of 2000 Da, than
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for the membrane with a MWCO of 8000 Da. For the membrane with a MWCO of 8000 Da, the fouling
coefficient was proportional to the concentration of SRNOM in the model raw water. However, for
the membranes with MWCOs of 300 and 2000 Da, the fouling coefficient was not proportional to the
concentration of SRNOM in the model raw water. The deviation from proportionality increased as
the MWCO of the membrane decreased. These results indicate that, in contrast to filtering model raw
water containing alginate, when filtering model raw water containing SRNOM (i.e., using membranes
with low MWCOs), fouling was not only governed by the convective transport of material towards the
membrane, but also likely by the formation of a CP-induced cake/gel layer at the membrane surface,
as discussed in Section 3.2.2.

When filtering model raw waters containing a mixture of SRNOM and alginate, the fouling
behavior was similar to that of model raw water containing SRNOM, suggesting that the higher
percentage of low molecular weight NOM (i.e., 80% low molecular weight NOM versus 20% high
molecular weight NOM) governed the fouling behavior.

Table 1. Fouling coefficient kc for different filtration tests (ranges correspond to observed
minimum/maximum values).

NOM Constituents NOM Concentration [mg/L]
Fouling Coefficient kc [1011 m−1 m−3 m2] Average (Range)

MWCO = 300 Da MWCO = 2000 Da MWCO = 8000 Da

SRNOM
5 0.7 (0.5–0.9) 0.1 (0–0.1) 0.1 (0.1–0.1)
10 3.5 (3.5–3.5) 0.6 (0–1.1) 0.2 (0.2–0.2)

Alginate 5 1.1 (0.8–1.6) 0.8 (0.5–1.1) 0.8 (0.7–0.9)
10 2.1 (2.0–2.2) 2.1 (1.6–2.4) 1.6 (1.5–1.7)

SRNOM + Alginate 4 + 1 0.7 (0.4–1.0) 0.2 (0.1–0.3) 0.2 (0.2–0.2)
8 + 2 5.1 (4.7–5.5) 1.2 (0.7–2.0) 0.5 (0.5–0.5)

3.2.2. Contribution of CP to the Total Increase in Filtration Resistance

The contribution of CP to the total increase in resistance during filtration of the model raw waters
was quantified by the relative recovery. The relative recovery was defined as the ratio of the absolute
recovery to the total increase in resistance during filtration of model raw water (Figure 3). The total
increase in resistance was calculated based on the difference between the permeate flux during a
pre-clean water filtration phase, and at the end of a filtration of model raw water phase. The absolute
recovery was calculated as the difference between the permeate flux at the end of a filtration of model
raw water phase, and at the end of a post-clean water filtration phase. Figure 4 illustrates the relative
recoveries for the different conditions investigated.

The relative recovery generally increased as the MWCO of the membrane decreased. Also, the
relative recovery generally increased when the concentration of NOM in the raw water increased.
When filtering model raw water containing alginate, the relative recovery was generally low, ranging
from approximately 10% to 40%. Also, the fouling coefficient increased proportionally with the
concentration of alginate in the model raw water (see Section 3.2.1). This, combined with the low
relative recoveries, suggest that the increase in resistance to permeate flow was dominated by fouling
when filtering model raw waters containing alginate, at all of the considered concentrations (i.e.,
5 mg L−1 and 10 mg L−1). However, when filtering model raw waters containing SRNOM, the
relative recovery was generally higher, ranging from approximately 50% to 100%. The greater relative
recoveries when filtering model raw waters containing SRNOM, rather than alginate, was attributed to
the differences in the diffusion coefficients of these types of NOM. Diffusion coefficients of 2.2 × 10−10

to 3.8 × 10−10 m2 s−1 have been reported for humic substances [29], which account for most of the
organic material in SRNOM, while that for alginate is in the order of 9.4 × 10−11 m2 s−1, an estimate
based on Dextran T-70 [29]. The diffusive transport of retained material from the membrane back into
solution is expected to increase relative to the molecular diffusion [29]. Also, the permeation drag is
expected to be greater for alginate than for SRNOM because of the larger size of alginate compared
to SRNOM [22]. The relative recovery for the membrane with a MWCO of 300 Da was lower when

63



Membranes 2017, 7, 34

the concentration of SRNOM in the model raw water increased (i.e., from 5 to 10 mg/L). Under these
conditions, the concentration at the membrane surface is expected to be high, and likely resulted in the
formation of a cake/gel layer at the membrane surface [26,46–48]. Once formed, the resistance offered
by the cake/gel layer could not be reversed during post-clean water filtration, which is consistent with
previous research where humic substances fouling was observed to be irreversible [25,26,29,35].

When filtering model raw waters containing a mixture of SRNOM and alginate, the relative
recovery was similar to that of model raw waters containing SRNOM, again suggesting that the higher
percentage of low molecular weight NOM (i.e., 80% low molecular weight NOM versus 20% high
molecular weight NOM) was mainly responsible for the observed changes in permeate flux.

 

 

 

Figure 4. Relative recovery during post-clean water filtration (a) MWCO = 300 Da;
(b) MWCO = 2000 Da; (c) MWCO = 8000 Da; SR5: SRNOM at 5 mg/L; SR10: SRNOM at 10 mg/L;
Alg5: Alginate at 5 mg/L; Alg10: Alginate at 10 mg/L; SR4 + Alg1: SRNOM at 4 mg/L + alginate
at 1 mg/L; SR8 + Alg2: SRNOM at 8 mg/L + alginate at 2 mg/L; error bars correspond to observed
minimum/maximum values).
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As illustrated in Figure 5, when filtering model raw waters containing SRNOM or a mixture
of SRNOM and alginate, a linear correlation was observed between the initial rapid increase in
resistance during model raw water filtration and the absolute recovery during post-clean water
filtration (R2 = 0.97). When filtering model raw waters containing alginate, no correlation was observed
(R2 = 0.04, results not shown). The correlation supports the assumption that the initial rapid increase
in resistance is due to CP rather than fouling, that CP develops rapidly within the first minutes of
filtration when filtering raw waters containing NOM, and confirms that the relative recovery observed
when filtering model raw waters containing SRNOM can be attributed to CP. In addition, these results
confirm that the total increase in filtration resistance is mainly impacted by CP when filtering model
raw waters containing SRNOM.

Figure 5. Correlation between Absolute Recovery and Initial Rapid Increase in Resistance (model raw
waters containing SRNOM and a mixture of SRNOM + alginate; solid line: linear regression, R2 = 0.97,
slope = 1.31 ± 0.35, intercept = 3 × 10 11; p = 0.05; error bars correspond to minimum/maximum values).

3.2.3. Overall Impact of Fouling and CP to the Increase in Resistance to Permeate Flow

Overall, the results suggest that when filtering model raw waters containing alginate, the total
increases in the filtration resistance is dominated by fouling, while the total increase in filtration
resistance is dominated by CP when filtering model raw waters containing SRNOM (i.e., humic
substances, lower molecular weight NOM). The impact of CP is greatest for membranes with lower
MWCOs (i.e., <2000 Da), which are recommended for the effective removal of NOM in drinking water
treatment applications. Filtration using membranes with higher MWCOs (e.g., 8000 Da) is not prone to
CP because the lower molecular weight NOM, responsible for CP, is not effectively retained.

It should be noted that when the impact of CP is extensive (i.e., filtration of raw waters containing
mainly humic substances/low molecular weight NOM with low MWCO membranes), the increase
in resistance is much greater than when filtration was dominated by fouling. For this reason, and
because NOM in surface waters consist predominantly of humic substances [32], operation with control
measures to continuously limit CP, such as cross-flow operation, should be considered for drinking
water treatment using NF and tight UF range membranes. Dead-end operation, which is typically used
for drinking water production by UF, is not recommended because it cannot continuously limit CP.

Future research will investigate the impact of control measures (e.g., cross-flow) and different
membrane configurations (e.g., hollow fiber versus spiral wound membrane configurations) to mitigate
CP and fouling in NF and tight UF membrane systems applied to the treatment of drinking water.
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4. Conclusions

The following four main conclusions can be made, based on the results of the present study:

1. Since NOM in most surface waters consists mainly of humic substances (i.e., lower molecular
weight NOM), and because effective NOM removal is likely to be one of the main motivations for
implementing NF and tight UF range membranes in drinking water treatment, membranes with
lower MWCOs (i.e., <2000 Da) are recommended for this application.

2. When filtering raw waters containing high concentrations of alginate (i.e., polysaccharides,
high molecular weight NOM), the total increase in the filtration resistance is mainly dominated
by fouling; when filtering raw waters containing predominantly humic substances (i.e., lower
molecular weight NOM), the total increase in filtration resistance is mainly dominated by CP.
The impact of CP is greatest for membranes with low MWCOs (i.e., <2000 Da).

3. When filtering raw waters containing high concentrations of humic substances (i.e., 10 mg L−1)
with the membrane with the lowest MWCO (i.e., 300 Da), the impact of CP became extensive and
the increase in resistance was greater than that observed for any other experimental condition
considered, likely due to the formation of a CP-induced cake/gel layer.

4. Operations with control measures to continuously limit CP, such as cross-flow operation, should
be considered in drinking water applications using NF and tight UF range membranes. Dead-end
operation, which is typically used for drinking water production using UF, is not recommended
because it cannot continuously limit CP.
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Abstract: In view of the many possible applications such as fuel cells and electrolysers, recent
interest in novel anion exchange membranes (AEMs) has increased significantly. However, their low
conductivity and chemical stability limits their current suitability. In this study, the synthesis and
characterization of several three- and four-component anion exchange blend membranes (AEBMs)
is described, where the compositions have been systematically varied to study the influence of the
AEBM’s composition on the anion conductivities as well as chemical and thermal stabilities under
strongly alkaline conditions. It was shown that the epoxide-functionalized poly(ethylene glycol)s
that were introduced into the four-component AEBMs resulted in increased conductivity as well
as a marked improvement in the stability of the AEBMs in an alkaline environment. In addition,
the thermal stability of the novel AEBMs was excellent showing the suitability of these membranes
for several electrochemical applications.

Keywords: anion-exchange blend membrane; poly(vinylbenzylchloride); polybenzimidazole;
ionic cross-link; Cl− conductivity; impedance spectroscopy; TGA-FTIR coupling

1. Introduction

Over the past decades, the research interest in anion exchange membranes (AEMs) for
electrochemical conversion processes has increased significantly with possible applications of AEMs in
alkaline polymer electrolyte fuel cells (APEFCs) [1], alkaline polymer electrolyte electrolysis (APEE) [2],
redox flow batteries (RFBS) [3], reverse electrodialysis (RED) [4] and bio-electrochemical systems,
including microbial fuel cells (MFC) [5] and enzymatic fuel cells [6]. In addition, AEMs are used in
electrodialysis (ED) [7] and Donnan Dialysis [8]—or diffusion dialysis (DD) [9]. A significant advantage
of using AEMs in electrochemical conversion processes such as fuel cells or electrolysis is that no
noble metal catalysts (consisting of platinum group metals (PGM)) are required for the electrocatalytic
reactions at the electrodes, as was shown by Piana et al. [1], which implies that AEM containing
membrane electrode assemblies (MEAs) are potentially much cheaper than cation exchange membranes
(CEM) containing MEAs. However, AEMs have, compared to CEM, the following disadvantages:

• The ionic conductivity of AEMs is significantly lower than that of CEMs despite having
comparable ion exchange capacity (IEC), which is partly due to the fact that most AEM types
have a hydrocarbon backbone, which is significantly less hydrophobic than, for example,
the perfluorinated polymer main chain of the perfluorinated membranes of the Nafion®

(Fayetteville, NC, USA) type, leading to a smaller separation between ionic groups and the
polymer backbone and, therefore, to lower ionic conductivities due to the lower local density of
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the anion-exchange groups, particularly since in most AEM types the cationic head groups are
connected to the polymer backbone only via a CH2 (benzylic) bridge [10] which hinders clustering
of the anion-exchange groups.

• If the AEMs are exchanged specifically with OH− counterions, their chemical stability is limited
when used in APEFCs or APEEs, since the OH− counterion can degrade the cationic head
group [11] or even the polymer backbone [12].

Most current research aims at minimizing these disadvantages of AEMs thereby improving their
properties. The starting polymers for commonly used AEM polymers are aromatic group-containing
polymers, such as polystyrene, polyphenylene ether, or other aromatic polyethers such as
polyethersulfones or polyether ketones which are substituted with methyl groups. The first step for the
preparation of an AEM is the introduction of halomethyl groups into the polymer. This halomethylation
is achieved by either: (1) bromomethylation with hydrogen halide, formaldehyde and a Lewis
acid such as ZnCl2 or AlCl3 (Blanc reaction [13,14]); or (2) bromination of the –CH3 side groups
of aromatic polymers using N-bromo-succinimide (NBS) and a radical starter as the bromination
agent (Wohl–Ziegler reaction [15]). Since the Blanc reaction includes the strongly carcinogenic
intermediate bis(chloromethyl) ether, the Wohl–Ziegler reaction is currently preferably used for
the synthesis of halomethylated aromatic polymers. Literature examples of the preparation of
bromomethylated aromatic polymers by the Wohl–Ziegler reaction are the bromomethylation of
poly(phenylene oxide) [16], or methylated poly(ether sulfone) [17]. The conversion of the –CH2Hal
group (Hal = Cl, Br) to an anion exchange group can be attained by the reaction with a tertiary
amine such as trimethylamine [14], pyridine [18], pentamethylguanidine [19] or an N-alkylated
(benz)imidazole [20]. The conductivity of AEMs can be increased by increasing the distance between
the polymer backbone and the cationic head groups thereby obtaining a greater local concentration of
ion-conducting groups. Phase-segregated AEMs with improved ionic conductivity can be achieved by
preparing linear (multi) block copolymers composed of hydrophobic and ion-containing blocks [21]
or graft copolymers with an anion-exchange graft side chain [22] (for example, by the grafting of
vinyl benzyl side chains onto an e−-irradiated ETFE (ethylene-tetrafluoroethylene copolymer) film
and by quaternizing the chloromethylated side chains with trimethylamine [23]). Another promising
approach to improve the distance between the backbone and cationic group, to facilitate the clustering
of anion-exchange groups to increase the anion conductivity, is to place the anion-exchange groups
either within or at the end of an aliphatic side chain or both. For example, Dang and Jannasch have
recently prepared novel PPO AEMs by a four-step procedure [24]: First, PPO was lithiated at the
methyl groups, followed by quenching with an excess of a dihalogenoalkane, e.g., dibromohexane.
The formed PPO-AEMs with the halomethyl group at the end of the aliphatic side chain were then
reacted with an excess of a hexanediamine, e.g. N,N,N’,N’-tetramethyldiaminohexane, affording
AEMs with the cationic group between the first and the second aliphatic group. The tertiary amino
group remaining at the end of the side chain was then quaternized with CH3I, ending up with AEMs
containing two ammonium groups in the side chain. These AEMs showed the expected high anion
conductivity and, surprisingly, excellent chemical stabilities in an alkaline environment which was
ascribed to the absence of chemically labile benzylic links in these AEMs. Hickner et al. used a
similar multication approach for the synthesis of side-chain AEMs based on PPO. Similar to those
of the Jannasch group, the membranes were highly conductive (up to 80 mS·cm−1) and remarkably
stable (15%–50% conductivity loss after 20 days in 1 M NaOH at 80 ◦C) [25]. In order to achieve an
improvement of the chemical stability of AEMs, the combination of the anion exchange groups and
the polymer main chain must be studied as the stability of the anion exchange always also depends
on the polymeric main chain. For example, it was shown that a benzyltrimethylammonium (BTMA)
head group bound to a poly(styrene) backbone shows slightly better chemical stability in an alkaline
medium (0.6 M KOH, 80 ◦C) than BTMA bound to PPO and a much higher chemical stability than
BTMA bound to a poly(phenylene ether sulfone (PES)) backbone [12]. It is obviously not easy to predict
which polymer backbone is stable, which can be seen from the above example, since all three polymers
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(PSt, PPO and PES) contain aromatic groups of comparable electron density. However, it has been
found that the alkali stability of the cationic head groups of AEMs can be significantly improved by
sterically shielding the anion-exchange groups from nucleophilic OH− counterion attack. In a study by
Thomas et al., two different polybenzimidazolium- (PBIm+) based AEMs were studied in terms of their
stability in an alkaline environment [26]. One of the PBIm+-AEMs contained methyl groups adjacent
to the dimethylbenzimidazolium cation, the other not. While the sterically hindered PBIm+-AEM
showed high stability in 2 M KOH, the unhindered one was rapidly degraded. The high stability of
the hindered PBIm+-AEM was explained as follows: at the sterically hindered PBIm+-AEM, the OH−

group cannot attack the imidazolium ring. At the unhindered PBIm+-AEM, the OH− group can attack
the imidazolium ring leading to ring opening [27]. From these results, it is clear that shielding the
anion-exchange groups from a possible OH− attack by introducing bulky groups in the vicinity of the
anion-exchange group is a promising concept. Other groups have also synthesized AEMs where the
cationic group is surrounded by bulky functional groups. For example, Liu et al. synthesized sterically
highly hindered PPO AEMs containing 1,4,5-trimethyl-2-(2,4,6-trimethoxyphenyl) imidazolium head
groups, which possessed excellent alkaline stabilities (no decrease of ion exchange capacity (IEC) after
25 h storage in 1 M KOH at 80 ◦C [28]). Contrary, dimethylimidazolium group-modified PPO showed
a strong IEC decrease (approximately 50% in 2 M KOH at 60 ◦C) after nine days [29]. Other strategies
to reduce the chemical degradation of AEMs include:

• search for alternative fixed cations;
• chemical and/or physical cross-linking; and
• embedding of the anion-exchange polymers in an inert polymer matrix.

As an alternative to the most commonly used trialkylammonium cationic groups, the already
mentioned pentamethylguanidinium group (PMG) has been introduced. However, it was found that
the PMG cations are only chemically stable when they are resonance-stabilized, i.e., the positive charge
of the PMG-cation is delocalized, which is the case when the PMG group is attached to an aromatic
group which should preferably be electron-deficient, as shown by Kim et al. [30,31]. Another example of
a cationic functional group chemically stabilized by steric hindrance is the tris (2,4,6-trimethoxyphenyl)
phosphonium cation, which was bound to polyvinylbenzyl-graft chains [32], exhibiting no degradation
after 75 h of storage in 1 N NaOH at 60 ◦C. In a study by Zha et al., a positively charged bis(terpyridine)
ruthenium (II) complex was attached to a norbornene polymer [33]. This AEM exhibited excellent
stability in alkaline environment as immersion of the polymer in 1 N NaOH at room temperature
showed no degradation even after half a year. Another option of stabilizing AEMs is crosslinking. He
et al. reported the synthesis of mechanically robust PPO-based AEMs which have been covalently
cross-linked (via quaternization) in a multistage process with tertiary diamines and vinyl benzyl
chloride [34]. In a study by Cheng et al. chloromethylated PSU was cross-linked (via quaternization)
with the new N-basic difunctional reagent guanidimidazol. These novel crosslinked polymers had
better stability to alkali than similar AEMs, which have been quaternized with 1-methylimidazole
without cross-linking [35].

In our group, bromomethylated PPO was quaternized with the diamine DABCO and
1.4-diiodobutane and embedded in the matrix polymer PVDF. Mechanically and chemically stable
covalently crosslinked AEMs were obtained, which exhibited no degradation (IEC and conductivity)
even after 10 days of storage in 1 N KOH at 90 ◦C, while yielding a high performance in direct methanol
fuel cells (DMFC) (4 M MeOH and 5 M KOH) [36]. In another study methylated PBIOO obtained from
Fuma-Tech (Bietigheim-Bissingen, Germany), which had been prepared using a novel non-carcinogenic
reagent, was blended with sulfonated PSU and covalently crosslinked (quaternized) using DABCO
and 1.4-diiodobutane [37]. In a DMFC using non-platinum catalysts (anode: 6% Pd/CeO2/C, cathode:
4% FeCo/C) these AEMs at 80 ◦C (anode Feed 4 M MeOH + 5 M KOH) performed comparable to that
of a commercial Tokuyama-AEM (maximum power density 120 mW/cm2). In another study from our
group, ionic and covalently crosslinked AEM blends were synthesized with bromomethylated PPO or
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a bromomethylated and partially fluorinated arylene main-chain polymer and a partially fluorinated
PBI (F6PBI) as the mechanically and chemically stable matrix and sulfonated polyethersulfone sPPSU
as the ionic macromolecular cross-linker. The halomethylated blend component was quaternized with
N-methylmorpholine (NMM) [38]. Due to the interaction of the sulfonate groups of the sulfonated
polymer and the basic N-methylmorpholinium cations, ionic crosslinking sites were formed, leading
to an improved mechanical and chemical stability of the AEM blends. Covalent cross-links in
the membrane matrix were formed during evaporation of the solvent by the reaction of a minor
portion of the –CH2Cl groups of the PVBCl with some of the N–H-functional groups of the PBI blend
components [39]. The alkaline stability of the membranes was investigated in 1 M KOH at 90 ◦C over
a period of 10 days and compared to a commercial AEM of Tokuyama (A201). The most stable of
the manufactured AEM blends lost about 40% of their initial Cl− conductivity, while the commercial
A201 possessed only 21% of the initial conductivity after this time period. Similar AEM blends were
synthesized in a further study where NBS-brominated PPO was blended with PBIOO or F6PBI as
the matrix polymer, while sPPSU was added as ionic cross-linker to the blend of brominated PPO
and F6PBI. The quaternization of bromomethylated PPO leading to the anion-exchange groups was
attained with 1-methylimidazole or 1-ethyl-3-methylimidazole [40]. After the stability tests (1 M KOH,
90 ◦C, 10 days), the blend membrane of 1-methylimidazole-quaternized PPO, F6PBI and sPPSU showed
a conductivity of 69% of the original conductivity, while blends from PBIOO and PPO quaternized
with the two imidazoles mentioned above exhibited a residual ion conductivity which was 31–43% of
the original value.

A further interesting new approach was suggested by Hickner et al. where they synthesized
mechanically strong and chemically stable AEMs from rigid-flexible semi-interpenetrating networks
with trimethylammonium PPO as the rigid compound and a flexible network built up from
poly(ethylene glycol)s (PEGs). These membranes possessed, probably due to the high hydrophilicity
of PEG, high OH− conductivities (up to 75 mS·cm−1), and good alkaline stabilities (conductivity
decreased 25%–61% after 30 days at 80 ◦C in 1 M NaOH) [41].

In this study, several of the approaches described above were combined resulting in two types
of novel anion-exchange blend membranes (AEBMs). Poly(vinylbenzylchloride) (PVBCl), was used
as the AEM precursor, as this polymer is known to form stable AEMs [12], while different sterically
hindered tertiary N-basic compounds were used for the quaternization of the PVBCl. The two novel
AEBMs consisted of:

(a) Three-component blends (after quaternization of the chlormethyl groups with the tertiary N-basic
compounds) consisting of PVBCl, a sterically hindered tertiary N base, the polybenzimidazoles
PBIOO or F6PBI, and a nonfluorinated and a partially fluorinated aromatic sulfonated polyether
as ionic cross-linker (Figure 1a);

(b) Four-component blends (after quaternization of the chlormethyl groups with the tertiary N-basic
compounds) consisting of PVBCl, a sterically hindered tertiary N base, PBIOO, a nonfluorinated
aromatic sulfonated polyethersulfone polymer as ionic cross-linker, and poly(ethylenglycol)s
(PEGs) with different chain lengths and epoxide groups at the end of the PEG chain for anchoring
in the PBI matrix by reacting the epoxy groups with the N–H groups of the imidazole moiety
(Figure 1b). The reaction of the epoxy end groups of the PEG with the N-H groups of the PBI
blend component is illustrated in Figure 2.

In this study, the synthesis and characterization of several three- and four-component AEBMs is
described, where the compositions were systematically varied to study the influence of the AEMBs
composition on the resulting properties. AEBMs prepared from nonfluorinated blend components
(PBIOO and sPPSU) were compared to those containing partially fluorinated polymeric compounds
(F6PBI and sFPE (FPE = fluorinated polyether)). In the framework of the investigations, a particular
focus was to study the influence of the AEBM composition on the anion conductivities and chemical
and thermal stabilities under strongly alkaline conditions.

73



Membranes 2017, 7, 32

 
(a) 

 
(b) 

Figure 1. Preparation schemes for the: (a) three-component; and (b) four-component AEBMs.

 
Figure 2. Reaction of epoxide end groups of PEGs with the imidazole groups of PBI.

Figure 3 shows the polymers used for the preparation of the AEBMs.

 

Figure 3. Polymers used for the AEBMs.
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2. Results and Discussion

2.1. Membrane Properties

2.1.1. Brief Discussion of the Physico-Chemical Properties of the AEBMs

In this study, three- and four-component AEBMs using poly(vinylbenzylchloride) as the
anion-exchange precursor polymer were prepared, where the composition was systematically varied
in terms of the blend component type and mass ratio. Most membranes were prepared using TMIm as
the tertiary N compound as this sterically hindered methylated imidazole was found to be more stable
in alkaline environments than other imidazoles that were used in an earlier study [40]. For comparative
purposes, two AEBMs quaternized with PMP (2256) and NMM (2257), respectively, were also added
to this study.

Before varying the composition of the blend membranes, the extent of quaternization of the
CH2Cl groups of poly(vinylbenzylchloride) (PVBCl) with TMIm was investigated by Attenuated
Total Reflection Fourier-Transform Infrared Spectroscopy (ATR-FTIR). According to the literature,
the stretching vibrations of the CH2Cl group of PVBCl are found in the vicinity of 675, 709 and
1267 cm−1 [42]. Since the band around 1267 cm−1 is very strong, this band was selected as indication of
unreacted CH2Cl groups in the AEBMs. In Figure 4, the ATR-FTIR spectra of several of the AEBMs are
compared to that of PVBCl (in this study, the CH2Cl band was found at 1279 cm−1), clearly indicating
that no unreacted CH2Cl groups were present in the AEBMs.

 

Figure 4. FTIR spectra of PVBCl and several of the prepared AEBMs.

The membrane compositions were varied in terms of: (a) the nonfluorinated/partially fluorinated
content (for the nonfluorinated AEBMs, PBIOO was used as matrix polymer and sulfonated PPSU
as the ionic macromolecular cross-linker, and for the partially fluorinated AEBMs, F6PBI as matrix
polymer and SFPE001 as the ionic macromolecular cross-linker (Table 1, Figure 3); (b) the different
anion-exchange polymer contents leading to different IECs of the AEBMs; and (c) two different types of
PEGs (PEG-diglycidylether with MW = 500 Da or 6000 Da) and their amounts in the AEBMs resulting
in varying hydrophilicity of the blends. The purpose of these variations was to investigate their
impact on important membrane properties such as membrane conductivity, alkaline stability and
thermal stability.
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In this section, the membrane properties are discussed by first presenting an overview of important
membrane properties such as the IEC values, conductivities and water uptake values obtained for
the various membranes, followed by a more detailed discussion of the membrane conductivities
(Section 2.1.2) and the thermal stabilities using thermogravimetry (TGA) (Section 2.1.3). It was of
particular interest during this study to determine how the membrane properties such as conductivity
and thermal stability would change during alkaline treatment as both alkaline stability and anion
conductivity are the most important prerequisites for the suitability of AEMs for alkaline membrane
fuel cells or alkaline membrane electrolysis (see Introduction). TGA was used to determine the alkaline
stability of the AEBMs since alkaline degradation would most probably lead to a change in the shape
of the TGA traces by anion-exchange group splitting-off and/or backbone degradation due to the
attack of the OH− ions.

In Table 1, the most important AEBM data including IEC, conductivity (measured in a 1 N NaCl
solution using the in-plane setup (see Section 3.3.2)) and water uptake are listed. As stated previously,
the –3C and –4C in the membrane number refer to the three- and four-component AEBMs, respectively,
NF refers to AEBMs composed of nonfluorinated blend components, while F stands for AEBMs
containing the partially fluorinated F6PBI and SFPE001.

Table 1. Physico-chemical properties of three- and four-component AEBMs.

Membrane
(No.)

IECcalc (meq
OH−/g)

IECexp (meq

OH−/g)

IECexp * (meq

OH−/g)

Weight
Loss ** (%)

σCl
−

(S/cm)
σCl

−*
(S/cm)

WU (%,
RT)

WU (%,
90 ◦C)

2256_3C_NF 2.3 2.9 3.17 2.4 8.2 1.1 49 51
2257_3C_NF 2.3 0.39 0.45 7.3 0.17 0.12 7 8

2179B_3C_NF 2.3 2.5 2.64 5.8 10.7 15.9 63 100
2223_3C_NF 2.0 2.97 3.15 2.5 10.8 5.4 56 79
2177_4C_NF 2.3 2.2 2.44 3.4 14.0 10.6 36 42
2175_4C_NF 2.3 2.92 2.96 2.4/0 § 29.3 72.7 367 n.m.
2176_4C_NF 2.3 2.79 2.84 2.6/3 § 21.6 69.9 370 436

2190A_4C_NF 2.0 2.1 2.73 4.1 14.3 16.3 67 120
2261_4C_NF 2.3 2.2 n.a. 0.6 42.8 32.2 132 212
2262_4C_NF 2.6 n.a. 3.53 2.1 72.9 56.9 242 377
2264_4C_NF 2.0 3.07 2.93 0 14.0 11.1 71 90
2265_4C_NF 1.7 3.07 3.04 0 4.9 1.3 41 47
2279_4C_NF 1.4 2.89 3.04 0 0.97 0.1 28 28
2267_4C_NF 2.3 2.92 2.84 0 51.7 60.5 290 371
2246_4C_F 2.0 2.23 2.38 *** 2.1 3.9 4.4 *** 29 34
2258_4C_F 2.3 2.42 2.53 1.9 26.4 16.1 77 91
2259_4C_F 2.6 2.41 2.74 0.9 45.4 46.8 157 258

* After 10 days in 10% KOH at 90 ◦C; ** after extraction with DMAc at 90 ◦C; *** after 30 days in 10% KOH at 90 ◦C;
§ weight loss after 10 days of KOH storage.

The characterization results presented in Table 1 are briefly discussed below.

(a) Influence of quaternized cationic groups:

The TMIm-based AEBMs had significantly higher Cl− conductivities than the NMM- and
PMP-based AEBMs. From the low measured IEC of the PMP-based AEBM, it is clear that only
a minor portion of the anion-exchange groups was formed under the applied membrane formation
conditions which can be traced back to the high bulkiness of PMP.

(b) Calculated vs. measured IECs:

In nearly all cases the measured were higher than the calculated IECs, particularly after the 10 days
KOH test (with the exception of the PMP-based 2257 as explained above). In two studies, Aili et al.,
when investigating the interaction of poly(2,2′-(m-phenylene)-5,5′-bibenzimidazole membranes with
KOH [43,44], observed that KOH deprotonates a part of the imidazole-N–H groups, forming
imidazole-N−–K+ ion pairs. Subsequently, the N− anions can form ionic cross-links by electrostatic
interaction with the cations of the anion-exchange blend component according to:
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PBI-N−-K+ + Poly-N+-Cl− → PBI-N−-+N-Poly + K+-Cl−

When determining the IEC, the AEBM that is in the OH− form is immersed in an excess of HCl
solution which not only neutralizes the OH− counter ions but also splits the N−–+N ionic cross-links
which consumes additional HCl, leading to the increased measured IEC.

(c) Cl− conductivities of the three- and four-component AEBMs:

The conductivities of the PEG-containing four-component AEBMs are higher than those of
the three-component AEBMs, which clearly highlights the positive effect of the hydrophilic PEG
blend component on the conductivity. It is particularly noteworthy that already small amounts of PEG
(8–10%) lead to a marked conductivity rise. These results confirm literature stating that the introduction
of a PEG component into the AEMs increases the anion-conductivity [41,45]. When comparing the
conductivities of membranes 2179B, 2177 and 2176, it is clear that the Cl− conductivity increased with
increasing PEG content in the AEBM (see also Figure 5).

(d) Dependence of Cl− conductivity on the anion-exchange polymer content of the four-component
AEBMs:

As expected and reported in the literature (e.g., [46]), the conductivity of the AEBMs increased
with increasing anion-exchange polymer content of the blend membranes. The dependence of the
Cl− conductivity on the anion-exchange polymer content for AEBMs composed of PVBCl, TMIm,
PBIOO and sPPSU is displayed in Figure 6. Interestingly, the decrease of the Cl− conductivity when
treated with KOH became less with increasing anion-exchange polymer content, indicating the high
OH− stability of the anion-exchange polymers containing PVBCl and TMIm.

(e) Conductivities of partially and non-fluorinated AEBMs with similar calculated IECs:

As can be seen in Table 1, the conductivities of nonfluorinated AEBMs were higher than
those of partially fluorinated AEBMs (examples: 2264 (nonfluorinated)/2246 (partially fluorinated;
2261 (nonfluorinated)/2258 (partially fluorinated); 2262 (nonfluorinated)/2259 (partially fluorinated)).

(f) Water uptake:

In general, the water content of the AEBMs increased with increasing Cl− conductivity.

(g) Membrane weight loss during extraction:

The weight loss remained below 7% for all investigated membranes indicating complete
cross-linking within the AEBM blend components. The small weight decrease during extraction
is due to the leaching of residual low-molecular tertiary N compounds (they were introduced in 100%
excess, as mentioned before) and residual solvents. For two of the membranes (2175 and 2176, see
Table 2), the extracted amounts before and after KOH treatment were nearly the same, suggesting
alkaline stability of the AEBMs and particularly of the covalent cross-links formed by reaction of the
PEGs’ end groups with the PBI-N–H-groups.

(h) Cl− conductivities before and after KOH treatment:

In all cases, the conductivity declined with KOH storage except for the PBIOO-based AEBMs (2175,
2176 and 2190A), where the Cl− conductivity was higher after 10 days of KOH storage. Particularly
for 2175 and 2176, the conductivity rise after KOH treatment was significant. The reason for this
is unclear, but it can be speculated that these membranes might contain residual KOH physically
bound to the PBI blend component by electrostatic interaction (see (b)) which was not completely
washed out during the membrane rinsing after the KOH test. Another possible explanation is the
possible rearrangement of the microstructure of the membranes during the 10 days KOH treatment.
To further investigate this phenomenon, the impedance of some of the membranes were measured
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using the Scribner Impedance facility which allows the determination of the Cl− conductivity in a
vapor state as a function of temperature under constant relative humidity (the amount of relative
humidity chosen was 90%). Moreover, the 2176 membrane was subjected to a 30-day exposure to
KOH (1 M). The impedance of this membrane was measured after 20 and 30 days of KOH treatment.
The results of the detailed impedance investigations of selected AEBMs are presented in Section 2.1.2.
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Figure 5. Dependence of Cl− conductivity on the PEG 500 content (measured at room temperature in 1
M NaCl solution) for AEBMs composed of PVBCl, TMIm, PBIOO and sPPSU.
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Figure 6. Dependence of Cl− conductivity on the anion-exchange polymer content (measured at room
temperature in 1 M NaCl solution) for AEBMs composed of PVBCl, TMIm, PBIOO and sPPSU.

2.1.2. Membrane Conductivities of the AEBMs as a function of Temperature

A selection of membranes were investigated in terms of Cl− conductivity as a function of
temperature using the Scribner Membrane Test System (Southern Pines, NC, USA) at a relative
humidity of 90% and a temperature range of 30–90 ◦C. The following comparisons were done:

• Membranes with the same calculated IECs (IECcalc = 2.3 meq/g), but with or without PEGs
(NF-AEBM 2179B without PEG, and 2176 with PEG, see Figure 7).

• Membranes with different calculated IECs, but the same PBI:PEG molar ratios (NF-AEBMs 2176
and 2190A, see Figure 8).

• Membranes with the same composition, but different PEG molecular weights (NF-AEBM 2175
with PEG500, and NF-AEBM 2176 with PEG6000, see Figure 9)

• Conductivities of selected NF-AEBMs and two F-AEBMs before and after KOH treatment (2176
(Figure 10a), 2190A (Figure 10b), 2177 (Figure 10c), 2179B (Figure 10d), 2258 (Figure 10e) and 2259
(Figure 10f)).
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• Conductivities of NF-AEBMs in comparison with F-AEBMs (membranes 2264/2246, 2261/2258
and 2262/2259 with the calculated IECscalc 2.0, 2.3 and 2.6, respectively, where the IEC variation
was obtained by varying the TMIm-quaternized PVBCl content in the blend (Figure 11).

Figure 7 shows that the conductivity was roughly doubled from the membrane without PEG
(2179B) to that containing 7.8% PEG (2176) reaching conductivity values of nearly 80 mS·cm−1 at 90 ◦C.

In Figure 8, the strong influence of the IEC on the conductivity is demonstrated. With an IECcalc
increase of 0.3 meq/g at 30 ◦C, the Cl− conductivity was more than doubled. Moreover, due to the
higher water uptake of the 2176 membrane (because of its higher IEC), the conductivity increase with
temperature was much more pronounced compared to that of the 2190A membrane.

Figure 9 presents the Cl− conductivity vs. T curves of the two membranes 2175 and 2176 with
the same composition, but containing PEGs with different molecular weights (2175: PEG 500, 2176:
PEG 6000). In Figure 9, it is clear that the molecular weight of the PEG does not have an impact on
the conductivity.

In Figure 10, the Cl− conductivity vs. T curves of several of the investigated membranes are
compared before and after 10 days of KOH treatment. In the case of the 2176 membrane, the plot was
obtained after 30 days of KOH treatment.
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Figure 7. Cl− conductivities of AEBMs with the same calculated IEC, but without PEG (2179B) and
with PEG (2176) in dependence of temperature @r.h. of 90% (used PEG: PEG 6000).
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Figure 8. Cl− conductivities of AEBMs with different calculated IEC, but same molar ratio between
PBI and PEG component in dependence of temperature @r.h. of 90% (used PEG: PEG 6000; calculated
IEC of 2176: 2.3 meq OH−/g, and calculated IEC of 2190A: 2.0 meq OH−/g).
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but PEGs with different molecular weights (2175: PEG 500, 2176: PEG 6000).
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Figure 10. Comparison of Cl− conductivities of several PBIOO-based AEBMs before and after 10
days of KOH treatment (2176: after 30 d KOH treatment) as a function of temperature @90% r.h.: (a)
membrane 2176; (b) membrane 2190A; (c) membrane 2177; (d) membrane 2179B; (e) membrane 2258;
and (f) membrane 2259.

The fact that the 2176 membrane lost only 14% of Cl− conductivity after a 30 days KOH treatment
(Figure 10a) confirms the excellent alkaline stability of this membrane, which is among the best
alkaline stability values reported for anion-exchange membranes to date. When comparing the
before/after KOH conductivity results of the 2190A membrane, which comprises a lower calculated
(and experimental) IEC than 2176, it is clear (Figure 10b) that this membrane possessed a higher
conductivity after 10 days, which was even more pronounced at higher temperatures. This behavior
cannot currently be satisfactorily explained, but it could be that low-molecular hydrophilic residues in
the membrane, which had not been washed out completely from the membrane during the washing
procedure after KOH immersion (particularly KOH which is able to deprotonate the N–H group of
the PBI blend compound forming a salt pair Im-N−K+), might also have contributed to the observed
increased conductivity. A similar increase of conductivity with KOH treatment time has been reported
for another type of PEG-containing AEM [45].

In contrast, 2177 (with roughly half the PEG content of 2176 (Figure 10c)), and 2179B (without
PEG (Figure 10d)) showed lower Cl− conductivities after 10 days of KOH treatment. This behavior is a
strong indication that the PEG blend component stabilizes the membrane in an alkaline environment,
with this effect increasing with increasing PEG content. However, the origin of this behavior
is, as already stated, still unclear and requires a more in-depth investigation in ongoing studies.
When comparing the two partially fluorinated AEBMs 2258 (Figure 10e) and 2259 (Figure 10f), it is
clear that the membrane possessing the higher anion-exchange polymer content (2259) is more stable in
KOH than that having the lower anion-exchange polymer content (2258) as would have been expected.

Figure 11 compares the conductivities of NF- and F-four-component AEBMs for the three
calculated IECs of 2.0, 2.3, and 2.6 meq OH−/g. It is clear that, for all three different anion-exchange
polymer contents, the nonfluorinated AEBMs had higher conductivities than the partially fluorinated
AEBMs. This can be ascribed to the higher hydrophobicity of the F-AEBMs leading to lower water
uptake values causing lower Cl− conductivities in comparison to the nonfluorinated AEBMs.
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Figure 11. Cl− conductivities of nonfluorinated and partially fluorinated AEBMs.

2.1.3. Thermal Stability of the AEBMs

A high thermal stability is an important prerequisite for the application of ionomer membranes to
those electrochemical applications with working temperatures above room temperature such as fuel
cells and electrolysers which should be operated in the T range > 60–80 ◦C to benefit from improved
electrode kinetics at elevated temperatures. The thermal stability of the AEBMs was determined using
thermogravimetry (TGA). Of particular interest was whether the shapes of the TGA traces were altered
after KOH treatment, indicating membrane degradation.

In Figure 12, the TGA traces of membranes 2176, 2177 and 2179B with similar calculated IEC
values, but different PEG contents (see Figure 5), are depicted. It is clear that all displayed membranes
possess high and comparable thermal stabilities.
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Figure 12. TGA traces of membranes 2176, 2177 and 2179B (different PEG 6000 content).

To further elucidate the TGA traces, coupling of the TGA with other spectroscopical techniques
can be used. In our group, TGA-FTIR coupling experiments were done to identify the thermal
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degradation processes during heating of the membranes in the TGA measurement cell [47]. This will
be exemplified with the example of membrane 2176 and its blend components.

In Figure 13, the TGA traces of the 2176 and its blend components are depicted. It can be seen
that the blend membrane is more stable than the least stable of the blend components, PEG-diepoxide,
which reflects the high chemical reactivity of the epoxide group and the relatively low thermal stability
of the poly(ethylene glycol) macromolecular chains. This obviously also indicates the high thermal
stability of the blend membrane. The shape of the TMIm TGA trace is similar to a vapor evaporation
curve, which means that the TMIm is probably not thermally decomposed during the TGA experiment.
This finding was confirmed by the TGA-FTIR coupling experiment where the series spectra showed
the signature FTIR spectrum of TMIm.

 

[1.3] MJK2176

[2.3] PEGDE 6000

[3.3] PVBCI

[4.4] sPPSU (SAC98)

[5.3] Tetramethylimidazole

[6.3] PBIOO

Figure 13. TGA traces of 2176 and its blend components.

Figure 14 shows the Gram–Schmidt traces of the 2176 and its blend components, again confirming
that the PEG has the lowest thermal stability among the blend components. In Figure 14, the large
peak after roughly 8 min of FTIR running time is the CO2 marker signal which allows the assignment
of temperatures to the passed time of the TGA-FTIR experiment, or, in other words, the assignment
of the temperature to each FTIR spectrum of the gaseous degradation products. The low thermal
stability of the PEG-diepoxide blend compound can be confirmed by its Gram–Schmidt trace, i.e.,
the large peak between 20 and 32 min. This large degradation peak has only a weak echo in the
2176 membrane, showing a slight raise in the 20–32 min. range. It seems that the thermal stability of
the PEG blend component was increased by the proposed cross-linking reaction between the epoxide
end groups and the imidazole N–H groups of the PBIOO blend component. The high thermal stability
of the cross-linked AEBM can be explained not only by the covalent cross-linking reaction between the
PEG-epoxide and the PBIOO–N–H, but also by ionic cross-linking between the sPPSU and the basic
blend components, the TMIm-quaternized PVBCl and the PBIOO. Figure 15 depicts a more detailed
Gram–Schmidt trace of 2176, where the correlation between temperature and FTIR running time is
represented. In Figure 15 the large peak after roughly 8 min of FTIR running time is again the CO2

marker signal.
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Figure 14. Gram–Schmidt traces of 2176 and its blend components.

Figure 15. Gram–Schmidt trace of 2176 as intensity vs. FTIR running time and temperature.
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The next step of the analysis of the TGA-FTIR coupling results is the assignment of TGA trace
steps and Gram–Schmidt trace peaks to the FTIR spectra behind them. In Figure 16, the FTIR spectra
of the TGA-FTIR experiments of 2176 assigned to T = 37, 267, 430, and 450 ◦C are presented. The first
FTIR spectrum in Figure 16 displays the CO2 band (2250–2400 cm−1) from the CO2 marker signal
injected into the TGA cell. At T = 267 ◦C, the following bands were found:

• water evaporating from the membrane(4000 to 3400 cm−1)
• onset of CO2 development indicating the beginning degradation of the blend membrane,

probably originating from the PEG blend component (the TGA-FTIR coupling experiment of pure
PEG-diepoxide also showed an onset of CO2 formation in the same temperature range).

 

Figure 16. FTIR spectra of the TGA-FTIR experiment of 2176 assigned to T = 37, 267, 430, and 450 ◦C.

The FTIR spectrum of the TGA decomposition products at 430 ◦C indicates an ongoing
degradation of the AEBM confirmed by CO2 and CO development (CO band from 2000 to 2300 cm−1).
Moreover, at this temperature, a SO2 band (1300–1400 cm−1) appeared, indicating the onset of the
splitting-off of the sulfonate groups of the sulfonated PPSU blend component [48]. In addition, a broad
band appears between 2800 and 3000 cm−1, which can be assigned to the TMIm being split off from
the quaternized anion-exchange polymer blend component. Water vapor is also observed, probably
originating from the thermal decomposition of the AEBM (keeping in mind that the TGA experiments
were performed under an oxygen-enriched air which facilitates the thermal oxidation of the organic
constituents of the AEBM finally leading to CO2/CO and H2O formation). The bands between 1700 and
1800 cm−1 and between 1100 and 1200 cm−1 observed at this temperature probably originated from
the decomposition of the PEG blend component as had been observed for the pure PEG-diepoxide.

The FTIR spectrum of 2176 at 450 ◦C (where the maximum intensity of the Gram–Schmidt trace
was observed) confirms the ongoing degradation of the AEBM. In Figure 17, the weight gain vs. TGA
running time (Figure 17a) and weight gain vs. temperature (Figure 17b) TGA traces are presented
where the onset of CO2 formation, the onset of SO2 formation, and the maximum of the Gram–Schmidt
trace are highlighted.
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Figure 17. Weight gain vs. TGA running time (a) and weight gain vs. temperature (b) TGA traces with
highlighted points.

The first step of the TGA trace (from room temperature to 200 ◦C) was due to water vapor
evaporation from the water-swollen membrane, as confirmed by the FTIR spectra in this temperature
range. Interestingly enough, CO2 development was only observed at the beginning of the second stage
(from 260 to 430 ◦C) of the TG vs. T TGA trace. While the second step of the TGA trace was mainly
caused by the degradation of the PEG blend component, the weight loss within this step was higher
than the PEG content of the membrane (PEG content of 2176 was 7.8%, while the weight loss during
the second step was 13.5%). This implies that not only the PEG was degraded during the second step,
but also other constituents of the membrane which contributed to the formation of CO2 and CO.

At the end of the second stage at 430 ◦C, the onset of both SO2 and TMIm was observed, indicating
the onset of the splitting-off of ionically-cross-linking anion-exchange and cation-exchange groups
which intensified during the third step of the TGA trace. At 450 ◦C, the maximum intensity of the
Gram–Schmidt trace was observed for 2176. The complex FTIR spectrum at this temperature indicates
the simultaneous existence of different thermal degradation processes of both the functional groups and
polymer backbones of the blend components. Since the alkaline stability of anion-exchange membranes
is an important prerequisite for their application in alkaline fuel cells, the comparison of the TGA
traces and the TGA-FTIR coupling experiment results is of interest, as the chemical degradation of the
AEBMs by the KOH treatment would result in a change of the shape of both the TGA traces and the
TGA-FTIR coupling results, where an OH attack might lead to partial splitting-off of anion-exchange
groups and possibly also to partial degradation of the polymer backbone of the blend components.
In Figure 18a,b, the TGA traces and the Gram–Schmidt traces of 2176 before and after 30 days of KOH
treatment are presented.

Figure 18 shows only small differences in both TGA and Gram–Schmidt traces in the T range
up to 420–430 ◦C, which implies that the structure of 2176 basically remained intact during the KOH
treatment. This is also supported by the conductivity results obtained with 2176, which decreased by
only 14%.

The conductivity results of the AEBMs suggest that the chemical stability of the AEBMs against
KOH-induced degradation of the anion-exchange groups increased with increasing anion-exchange
polymer content (see Figure 5), which should also reflect in the TGA traces. As an example, the TGA
traces of 2262 (calculated IEC = 2.6 meq/g) and 2279 (calculated IEC = 1.4 meq/g) before and after
KOH treatment are presented in Figure 19.

From the TGA traces of 2262, it can be seen that the height of the third step of the TGA traces
between 420 and 460 ◦C, where the largest part of the anion-exchange groups was split off (see the
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analysis of the TGA-FTIR results of 2176), was nearly the same before and after KOH treatment,
confirming the significant alkaline stability that had been discussed in Table 1 (conductivity results
of 2262). In the case of 2279, the third stage of degradation is much less pronounced after KOH
treatment than before, indicating a substantial degradation of anion-exchange groups during the KOH
immersion time. This was again confirmed by the 90% conductivity decrease of conductivity by the
KOH treatment.

Figure 18. TGA traces (a) and Gram–Schmidt traces (b) of the 2176 before and after 30 days of
KOH treatment.
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Figure 19. TGA traces of the AEBMs 2262 and 2279 before and after KOH treatment (10 days).

Subsequently, the influence of the molecular weight of the applied PEG-diepoxide on the thermal
stability of the AEBMs was determined. In Figure 20, the TGA traces of 2175 (containing PEG500) and
2176 (containing PEG6000) are presented. It is clear that the molecular weight of the applied PEG did
not influence the thermal stability.

Finally, the TGAs of nonfluorinated and partially fluorinated AEBMs was compared using the
nonfluorinated 2261 and the partially fluorinated 2258 (Figure 21). One can see that the thermal
stability of both membranes was comparable. This implies that it is not necessarily advantageous to
prepare partially fluorinated anion-exchange membranes, which has the further disadvantage that
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C–F bonds are not very stable in an alkaline environment as F can be split off by an OH− ion attack in
both aliphatic and aromatic C–F bonds [48,49]
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Figure 20. TGA traces of membranes 2175 and 2176 (different PEG molecular weight).
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Figure 21. TGA traces of 2258 (partially fluorinated) and 2261 (nonfluorinated).

3. Materials and Methods

3.1. Materials

The solvents (DMAc and DMSO) were used as received. The sulfonated polymer (SPPSU098) was
synthesized as described earlier [50]. PBIOO was purchased from Fuma-Tech (Bietigheim-Bissingen,
Germany). N-methylmorpholine (NMM) and 1,2,4,5-tetramethylimidazole (TMIm) were purchased
from TCI Chemicals, and 1,2,2,6,6-pentamethylpiperidine (pempidine, PMP) from Manchester
Organics. PEG-diglycidyl ether (Mn = 500 Da, product No. 475696, and Mn = 6000 Da, product
No. 731803, respectively) were obtained from Sigma-Aldrich Germany (Munich, Germany).
Poly(vinylbenzyl chloride) (PVBCl), 60/40 mixture of 3- and 4- isomers, was purchased from
Sigma-Aldrich, product number 182532. Following the information provided by Sigma-Aldrich,
the average molecular weight of PVBCl was: average Mn ≈ 55,000 Da, average Mw ≈ 100,000 Da
(determined by GPC/MALLS according to the Sigma-Aldrich website).
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3.2. Membrane Preparation and Posttreatment

All blend components (except for the PEGs in the four-component AEBMs) were separately
dissolved in DMAc or DMSO as 5%, 10%, 15% or 20% solutions, before being added in specific ratios
to prepare the AEBMs (see Table 1 for composition of blends). For the four-component AEBMs,
the different PEG-diglycidyl ethers (mol. wt.: 500 and 6000 Da) were added in pure form. To accelerate
the dissolution rate of the 6000 Da PEG, the temperature was increased to 60 ◦C. After dissolution
of the PEGs, the tertiary amines were added as 33.3% solutions in DMAc (TMIm) or in pure form
(NMM, PMP) in 100% excess in terms of the amount of chloromethyl groups in the blend solution.
After mixing, the blend solutions were cast onto glass plates and the solvent was evaporated in a
convection oven at T = 140 ◦C for 2 h. After immersion in deionized water, the membranes came off
the glass plates. The membranes were posttreated as follows:

1. The membranes were immersed in 10% ethanolic solutions of different tertiary amines. Most of
the membranes were posttreated with 1,2,4,5-tetramethylimidazole (TMIm) to complete the
quaternization reaction.

2. The membranes were immersed in 10% NaCl solution for 48 h at 90 ◦C.
3. The membranes were washed thoroughly with DI water and stored in DI water at 60 ◦C for 48 h.
4. The membranes were soaked in an aqueous 1 M KOH solution at 90 ◦C for 10 days. Some of the

membranes were stored in a 1 M KOH solution at 90 ◦C for 20 and 30 days, respectively.
5. To determine the effectiveness of the reaction of the PEG’s epoxy end groups with the N–H

groups of the PBI, a 10 wt % DMSO solution of pure PBI (80 wt %) was mixed with the PEG
(PEG500, 20 wt %), before casting a membrane from this mixture. After membrane formation,
the blend membrane was extracted with DMAc to determine the extent of cross-linking within
the blend. According to the results the DMAc residual after extraction was nearly 100%, proving
the completeness of cross-linking of the PBI with the epoxide end groups which confirms the
covalent cross-linking of PBI with bisphenol A-bisepoxide and other bisepoxide compounds [51].

The compositions of the AEBMs are listed in Table 2.

Table 2. Composition of blend components for AEBM preparation.

Membrane
Type * (No.)

IECcalc (meq
OH−/g)

Type
Amine

PVBCl-AEM
(%)

PBI (%) S-Polymer (%)
Type

PEG (Da)
PEG
(%)

2256_3C_NF 2.3 NMM 58.3 PBIOO/32.8 SPPSU **/8.9 - -
2257_3C_NF 2.3 PMP 70.0 PBIOO/23.6 SPPSU/6.4 - -

2179B_3C_NF 2.3 TMIm 63.5 PBIOO/28.7 SPPSU/7.8 - -
2223_3C_NF 2.0 TMIm 54.9 PBIOO/38.4 SPPSU/6.8 - -
2177_4C_NF 2.3 TMIm 62.9 PBIOO/26.0 SPPSU/7.4 6000 3.7
2175_4C_NF 2.3 TMIm 63.5 PBIOO/20.9 SPPSU/7.8 500 7.8
2176_4C_NF 2.3 TMIm 63.5 PBIOO/20.9 SPPSU/7.8 6000 7.8

2190A_4C_NF 2.0 TMIm 54.9 PBIOO/27.9 SPPSU/6.8 6000 10.4
2261_4C_NF 2.3 TMIm 62.9 PBIOO/24.1 SPPSU/7.4 500 5.6
2262_4C_NF 2.6 TMIm 69.9 PBIOO/19.5 SPPSU/6.0 500 4.5
2264_4C_NF 2.0 TMIm 55.9 PBIOO/28.6 SPPSU/8.8 500 6.6
2265_4C_NF 1.7 TMIm 48.7 PBIOO/33.4 SPPSU/10.3 500 7.7
2279_4C_NF 1.4 TMIm 41.6 PBIOO/41.6 SPPSU/11.7 500 8.8
2267_4C_NF 2.3 TMIm 65.2 PBIOO/18.2 SPPSU/12.3 500 4.2
2246_4C_F 2.0 TMIm 56.6 F6PBI/28.98 SFPE ***/7.8 500 6.7
2258_4C_F 2.3 TMIm 63.5 F6PBI/24.4 SFPE/6.5 500 5.6
2259_4C_F 2.6 TMIm 70.5 F6PBI/19.7 SFPE/5.3 500 4.5

* Abbreviations: 3C_NF: three-component AEBMs, containing the nonfluorinated blend polymers PBIOO and
sPPSU; 4C_NF: four-component AEBMs, containing the nonfluorinated blend polymers PBIOO and sPPSU; 4C_F:
four-component AEBMs, containing the partially fluorinated blend polymers F6PBI and SFPE001; ** SPPSU:
sulfonated poly(phenylene sulfone); *** SFPE: sulfonated partially fluorinated aromatic polyether; for structures of
the sulfonated polymers, see Figure 3.
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3.3. Membrane Characterization

3.3.1. Ion-Exchange Capacity (IEC)

The IEC was determined as described in a recent paper of our group [38].

3.3.2. Ionic Conductivity

The ionic Cl− conductivity of the membranes was determined via impedance spectroscopy
(EIS). For the measurement, two different setups were used: for series impedance measurements
an in-plane self-constructed impedance cell was used which allowed EIS measurements in a liquid
state (1 N NaCl) at room temperature (25 ◦C). The cell was connected to a Zahner elektrik IM6
impedance spectrometer (Kronach, Germany). The impedances of the membranes were investigated
in a frequency range of 200 Hz–8 MHz (amplitude: 5 mV). Details of the measurement are described
in [38]. The ohmic resistance obtained from EIS measurement was converted into conductivity using
the following equation:

σ =
1

Rsp
=

d
R × A

(1)

where, σ: Conductivity, mS·cm−1; Rsp: resistivity, Ω·cm; d: thickness of the membrane, cm; R: ohmic
resistance, Ω; A: electrode area, cm2.

The second impedance setup used for selected membranes was a Membrane Test System
(MTS 740, Scribner Associates Inc., Southern Pines, NC, USA), which allows through-plane impedance
measurements in a vapour phase as a function of temperature and relative humidity independently
from each other, connected to a Solartron 1260 impedance analyser. Details of the measurements are
described in a previous paper [40].

3.3.3. Gel Content

The gel content of the membranes, which is a measure for the extent of cross-linking within the
AEBMs, was determined by extraction with 90 ◦C hot DMAc, as described in [40].

3.3.4. Water Uptake

The water uptake of the membranes was determined by immersion in water at the respective
temperature until equilibration had been reached, as described in [40].

3.3.5. Thermal Stability

Characterization of the thermal stability of the membranes in the chloride form was performed
by thermogravimetry (TGA, Netzsch, model STA 499C, Netzsch, Selb, Germany) at a heating rate of
20 ◦C·min−1 under O2-enriched O2/N2 atmosphere (65%–70% O2) which was coupled with a FTIR for
FTIR analysis of the gaseous thermal degradation products.

3.3.6. Alkaline Stability

Due to the application of AEMs in electrochemical systems such as alkaline membrane fuel cells
or alkaline membrane electrolysis where the AEMs are in the hydroxide form, the stability in strongly
alkaline environments is the most important prerequisite for determining their suitability for these
processes. Consequently, the stability of the AEBMs was investigated under harsh conditions, i.e.,
in 1 M KOH at a temperature of 90 ◦C for 10 days, or even in one case (membrane 2176) for up to 30
days. Membranes were characterized before and after the stability tests using Cl− conductivity, IEC
and thermal stability.
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4. Conclusions

In this study, novel AEBMs based on poly(vinylbenzyl chloride) quaternized with different
tertiary basic N compounds, PBIOO or F6PBI as the stabilizing matrix polymer and a sulfonated
poly(ethersulfone) or a partially fluorinated sulfonated aromatic polyether as ionic macromolecular
cross-linker were synthesized and characterized. Epoxide-end-functionalized poly(ethylene glycol)s
were introduced into the AEBMs as an additional hydrophilic microphase, leading to a significant
increase in the chloride conductivity of the AEBMs. In addition, the introduction of the PEG also led
to a marked improvement of the stability of the AEBMs in an alkaline environment. It seems that
the presence of the PEG led to a microphase-separation of the AEBMs, which, with high probability,
facilitated the clustering of the anion-exchange groups within the AEBM microstructure thereby
contributing to the observed conductivity increase of the PEG-containing AEBMs. The thermal stability
of the novel AEBMs was excellent. The favorable properties determined for the novel AEBMs make
them promising candidates for several electrochemical applications such as redox-flow batteries,
alkaline membrane fuel cells and alkaline membrane electrolysers.
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Abstract: Knowing that the world is facing a shortage of fresh water, desalination, in its different
forms including reverse osmosis, represents a practical approach to produce potable water from a
saline source. In this report, two kinds of Metal-Organic Frameworks (MOFs) nanoparticles (NPs),
UiO-66 (~100 nm) and MIL-125 (~100 nm), were embedded separately into thin-film composite
membranes in different weight ratios, 0%, 0.05%, 0.1%, 0.15%, 0.2%, and 0.3%. The membranes were
synthesized by the interfacial polymerization (IP) of m-phenylenediamine (MPD) in aqueous solution
and trimesoyl chloride (TMC) in an organic phase. The as-prepared membranes were characterized
by scanning electron microscopy (SEM), transmission electron microscopy (TEM), contact angle
measurement, attenuated total reflection Fourier transform infrared (ATR FT-IR) spectroscopy, and
salt rejection and water flux assessments. Results showed that both UiO-66 and MIL-125 could
improve the membranes’ performance and the impacts depended on the NPs loading. At the
optimum NPs loadings, 0.15% for UiO-66 and 0.3% for MIL-125, the water flux increased from
62.5 L/m2 h to 74.9 and 85.0 L/m2 h, respectively. NaCl rejection was not significantly affected
(UiO-66) or slightly improved (MIL-125) by embedding these NPs, always at >98.5% as tested at
2000 ppm salt concentration and 300 psi transmembrane pressure. The results from this study
demonstrate that it is promising to apply MOFs NPs to enhance the TFC membrane performance
for desalination.

Keywords: metal-organic framework; thin film nanocomposite membrane; reverse osmosis;
desalination; nanoparticles

1. Introduction

Reverse osmosis (RO) is now the most employed method of desalination to convert saline or
brackish water source to freshwater. The process uses a membrane as a selective barrier through
which water molecules, but not the salts or organics, pass under pressure [1]. Desalination by various
approaches, especially RO, represents a solution to address the water shortage problem that has
become increasingly serious in the recent decades [2]. Development of RO processes and membranes
has gone through many stages and forms since the first applicable membrane synthesis in the early
1960s [3]. The state-of-the-art membrane is the thin film composite (TFC) membrane invented by
John Cadotte in the early 1980s. The TFC membrane has a polyamide dense layer with a thickness of a
few hundred nanometers supported by an ultrafiltration membrane. This polyamide layer is the active
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layer for salt rejection, formed by the interfacial polymerization of the MPD dissolved in water and
TMC dissolved in organic solvent [4].

Numerous researches have been devoted to developing and improving the performance of TFC
membranes [5]. One approach is to embed nano-sized materials such as zeolite [6–12], silica [13–18],
titanium dioxide [19–22], or carbon nanotubes [23–25] inside the membrane to improve its properties
and performance. Another way is to select proper materials and control the manufacturing conditions
affecting the membrane’s efficiency [6,26–29]. In addition, the engineering process could be optimized
to increase the pure water production efficiency and lower the energy cost [30–34].

Metal-Organic Frameworks (MOFs) are a class of materials consisting of an inorganic or metal
core surrounded by an organic linker material [35]. MOFs have very high specific surface area,
a high number of adsorption sites, different particle structures, distinct pore size and structure,
and can be applied for various purposes [35–39]. These include applications for ion exchange [40],
light harvesting [41], sensing [42], catalyst [43], drug delivery [44], gas storage [45,46], and
separation [47,48]. Such a wide range of applications are possible because MOFs can be easily designed
toward desired uses.

MOFs have been widely used for gas separation. Their porous structure can generate exceptionally
high pore volume and surface area reaching over 7000 m2/g [49], which is particularly suitable
for gas storage and separation. Beginning with the first MOFs membrane synthesized and used
for gas separation [50], different forms of MOFs membranes have been prepared, often on an
organic or inorganic support layer. MOFs particles have been incorporated into polyamide layer
of thin film nanocomposite (TFN) membrane with improved properties [35,51]. In water treatment,
MOFs have been used as adsorbents of heavy metals and as fillers in alumina hollow fiber
membranes for water desalination [52,53]. MOFs have also been employed in TFN membrane
to treat water in different applications. Lee et al. used A100 (aluminum terephthalate) and C300
(copper benzene-1,3,5-tricarboxylate) as water soluble MOFs, which were embedded and dissolved
into the ultrafiltration membrane to increase its porosity [54]. For reverse osmosis, Hu et al. [55]
and Gupta et al. [56] reported two simulation studies that used Zeolitic Imidazolate Framework
(ZIFs)—MOFs based on zeolite as membranes for water desalination. Xu et al. [57] filled MIL-101(Cr)
NPs into the TFN membrane to improve the desalination performance. Findings showed that the
water flux increased by 44% comparing to the plain membrane by adding 0.05% MIL-101 NPs to the
organic solution, while the salt rejection remained almost the same. Similar outcomes were observed
by Ma et al. [58] when embedding UiO-66 in membranes used in forward osmosis. By loading 0.1%
NPs to the membrane, the water flux increased from 2.19 to 3.33 LMH/bar. Nevertheless, the use of
MOFs membranes in water treatment is still in its infancy when compared with their applications for
gas separation.

UiO-66 (MOFs based on zirconium) [59] and MIL-125 (MOFs based on titanium) [60] are
water stable, carboxylate ligand–based MOFs [61]. The materials possess many metal atom centers,
which give them high structural symmetry and steadiness. Figure 1 shows these structures as reported
by Wang et al. [52] for UiO-66 and Devic and Serre for MIL-125 [62]. Properties including their high
surface area, chemicals resistance, and functionalization ability made these MOFs good candidates for
different applications [63,64].

In this paper, UiO-66 and MIL-125 MOFs nanoparticles were synthesized and then embedded into
the TFN membrane. The NPs were incorporated by mixing different amounts of materials (0–0.3 wt %)
in the trimesoyl chloride solution during membrane fabrication, and the membranes’ performance
in reverse osmosis application was tested. MOFs NPs were characterized by SEM, zeta potential
measurement, and surface area evaluation, while the membranes’ physicochemical properties were
examined by SEM, TEM, contact angle, and ATR FT-IR tests. It was found that embedding UiO-66
and MIL-125 NPs to the TFN membrane improved its performance to a level that is considered to be
among the best for brackish water desalination.
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(a) 

 
(b) 

Figure 1. Metal-Organic Frameworks (MOFs) structure: (a) UiO66 [52], reproduced with permission
from Springer Nature and (b) MIL-125 [62], reproduced with permission from Royal Society
of Chemistry.

2. Materials and Methods

2.1. Materials

Zirconium (IV) chloride (ZrCl4, 99.5%), titanium (IV) isopropoxide (Ti [OCH(CH3)2]4, 97%),
1,4-benzenedicarboxylic acid (BDC, 98%), dimethylformamide (DMF, 99.9%), and methanol
(CH3OH, 99.8%) were obtained from Sigma-Aldrich (St. Louis, MO, USA) for the preparation of
MOFs NPs.

The PSU support sheets were prepared by dissolving polysulfone pellets (PSU, MW = 35,000,
Sigma-Aldrich) in DMF solvent. The chemicals for the IP, m-phenylenediamine (MPD, ≥99%) and
trimesoyl chloride (TMC, ≥98.5%), were purchased from Fisher Scientific (Pittsburgh, PA, USA)
and Sigma Aldrich, respectively. 2,2,4-trimethylpentane (isooctane, 99%) was obtained from Fisher
Scientific and used as TMC solvent. Our recent study demonstrated that isooctane could replace
commonly used hexane during the IP process as a more environmental-friendly solvent [18].
Millipore DI water (Synergy185, 18.2 MΩ-cm, EMD Millipore Corp., Billerica, MA, USA) was used
to prepare MPD solution and for cleaning purposes. Calcium chloride (CaCl2) and sodium chloride
(NaCl) were obtained from Fisher Scientific and Sigma Aldrich, respectively. CSA/TEA salt materials,
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triethylamine (TEA, ≥99%) and (1s)-(+)-10-camphorsulfonic acid (CSA, 99%), were purchased from
Sigma Aldrich.

2.2. Synthesis and Characterizations of MOFs NPs

UiO-66 and MIL-125 MOFs NPs used in this research were synthesized through the microwave
and solvothermal methods, respectively. For UiO-66 preparation, ZrCl4, BDC, and H2O were dissolved
in DMF under stirring in molar ratios of 1:1:1:500, respectively [52]. After a complete mixing,
the solution was placed in a GE microwave (Model no. J VM131K 002) and irradiated for 5 min
at a power of 220 W. The 5 min irradiation was separated into 4 steps: 2 min, 1 min, 1 min, and 1 min
with 1 min relaxing time between each irradiation section to prevent solvent from heating over boiling
point. The MOF precipitates appeared during the last 2 steps of irradiation. MIL-125 NPs were
prepared in different formula, in which 3 mmol Ti[OCH(CH3)2]4, 6 mmol BDC, 50 mL methanol,
and 20 mL acetic acid were dissolved in 100 mL DMF [60]. After mixing, the solution was transferred
to a 500 mL Teflon liner and put into a metallic digestion bomb at 150 ◦C for 24 h. Precipitates of both
MOFs were washed and centrifuged with DMF and methanol, three times each. The washed samples
were dried in an oven overnight at 80 ◦C and collected for later use.

The NPs size and morphology were tested by SEM (Hitachi S-4700 Field Emission Scanning
Electron Microscope, Hitachi, Ltd., Tokyo, Japan). First, the particles were spread on a carbon adhesive
disc. After that, they were coated with platinum on a sputter coater (K575x, Emitech, Kent, UK)
for 1 min at 20 milliAmps, prior to imaging. Zetasizer (Malvern nano series, Malvern Instruments
Ltd., Malvern, UK) was used to measure the NPs zeta potential. 0.1 g of the NPs was placed in
20 mL DI water of pH 5.7 and sonicated for 10 min to avoid aggregation. The specific surface area
was determined by N2-adsorption using the Beckman coulter SA 3100 (Beckman Coulter, Inc., Brea,
CA, USA) surface area analyzer, according to the Brunauer-Emmett-Teller (BET) method.

2.3. Preparation of PSU Support Sheets

The casting solution was made by dissolving 15 wt % of PSU grains in DMF. The solution was
heated to 60 ◦C and stirred for at least 5 h, till a colorless solution formed. The solution was removed
from the heater and cooled down at room temperature while allowing vent of the organic vapor;
then left overnight for degassing.

A solution aliquot was spread over a glass plate and cast to a thickness of 130 μm by a casting
knife (EQ-Se-KTQ-150, MTI Corp., Richmond, CA, USA). The glass plate with the PSU solution was
directly immersed into a water bath. The colorless solution then turned to a white sheet instantly
and detached from the glass in a few seconds, in a process of phase inversion. The support sheets
were collected and washed three times in DI water for the removal of any remaining solvent. Finally,
the sheets were stored in DI water at 4 ◦C for at least 24 h before use.

2.4. Preparation of TFN Membranes

The prepared support sheet was placed on a piece of glass with the excess water removed by a
squeegee roller. MPD solution was then poured on the PSU sheet for 25 s, then excess solution was
removed by the squeegee roller. MPD solution was prepared by dissolving 2 wt % of MPD in DI water.
The solution also contained 1% of CAS/TEA salt and 0.01% CaCl2, which were added to improve
membrane’s hydrophilicity and performance. The membrane with MPD was left for 2 min to dry,
then the TMC solution, which was prepared by dissolving 0.15 wt % TMC in isooctane, was added to
the sheet for 15 s, and the reaction of TMC and MPD led to the formation of a thin polyamide film by
the interfacial polymerization (IP). After disposing the extra TMC solution, the sheets were dried in
oven at 80 ◦C for 6 min for the evaporation of any residual solvent. Finally, the sheets were washed
in DI water three times and stored in water at 4 ◦C for at least 18 h before test. Since the MOFs have
higher dispersion affinity in organic solutions than in water due to the relatively hydrophobic organic
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shells, the MOFs NPs were dispersed in TMC solution in different loading ratios, 0.05, 0.1, 0.15, 0.2,
and 0.3 wt %.

2.5. TFN Membrane Characterizations

The prepared membranes were dried at room temperature for around 24 h and stored at 4 ◦C
prior to characterizations. The membrane’s morphology was examined by SEM (Hitachi S-4700).
The samples were coated with platinum by a sputter coater (Emitech, K575x) for 1 min at
20 milliAmps. After placing the samples inside the SEM device, different voltages were used to
achieve various resolutions.

The membrane’s cross sectional view was observed using TEM (JEOL JEM-1400, JEOL Ltd.,
Peabody, MA, USA) device. The samples were prepared by soaking them in a resin (Eponate 12,
Ted Pella, Inc., Redding, CA, USA) overnight, then cut by the Reichert–Jung Ultracut E ultramicrotome
(Reichert, Depew, NY, USA).

The membrane surface functional groups were assessed by the ATR FT-IR spectroscopy, using
the Nicolet 4700 FT-IR with the multi-reflection Smart Performer® ATR accessory (Thermo Electron,
Waltham, MA, USA).

The contact angle between DI water drop and membrane’s surface was measured to understand
the surface hydrophilicity. A sessile drop technique-based contact angle video system, VCA-2500 XE
(AST products, Inc., Billerica, MA, USA), was employed for this measurement. Each reported value of
contact angle was the average of six measurements tested on different locations.

A cross flow reverse osmosis system was used to measure the water flux and salt rejection as
shown in our previous work [18]. The membrane was placed in a filter holder cell (HP Filter Holder,
47 mm, stainless steel, EMD Millipore, Billerica, MA, USA) and tested, under conditions of 300 psi,
25 ◦C, and 2000 ppm NaCl solution, for eight hours. The permeate water flux was calculated based
on its transferred volume per unit time; the LABVIEW software was used to track the water flux,
calculated based on Equation (1).

J =
V

A × t
(1)

where J is the water flux (L/m2 h), V the permeate water volume (L), A the membrane area (m2), and t
the accumulation time (h).

A conductivity meter (HACH Company, Loveland, CO, USA) was employed to measure the total
dissolved salts in feed solution and permeate water. NaCl rejection was calculated by Equation (2).

R =

(
1 − Cp

Cf

)
× 100 (2)

where R is the salt rejection ratio, Cp the permeate conductivity and Cf the feed conductivity.
The salt solubility maintained the same by controlling the system temperature at 25 ◦C using

external water bath.

3. Results and Discussion

3.1. MOFs NPs Characterizations

UiO-66 and MIL-125 NPs had measured surface areas of 293.6 and 515.5 m2/g, respectively.
Although these numbers seem to indicate the materials are highly porous, they are low compared
with what had been reported in the literature [60,65]. The reason for this difference is not clear but the
materials’ aggregation could have contributed to the difference.

The zeta potential values of UiO-66 and MIL-125 NPs were 7.66 mV and −46.1 mV, respectively,
when they were tested at a concentration of 0.1% in DI water. Although both zirconium and titanium
could be in the oxidation state of +4, different surface charges, positive and negative, were measured
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for UiO-66 and MIL-125, respectively. The measured zeta potential of UiO-66 at pH 5.7 was close to the
literature-reported value of 0 mV at almost the same pH 5.5 [66]. MIL-125’s zeta potential was lower
than what was previously reported, around +2 mV at pH of 5.5 [67,68]. This could be due to the use of
different titanium raw materials; titanium isopropoxide was used in this research instead of titanium
butoxide used in previous studies.

Figure 2a,b presents the SEM morphology of UiO-66 (100–200 nm, cubic shape) and MIL-125
(100 nm, spherical shape) respectively. The sizes of NPs were appropriate to be embedded in TFN
membranes, as it would be shown later.

  

(a) (b) 

Figure 2. Scanning electron microscopy (SEM) images for (a) UiO-66 and (b) MIL-125 MOFs
nanoparticles (NPs).

3.2. TFN Membrane Characterizations

ATR FT-IR spectra were collected from the surface of various membrane specimens. The spectra
of the PSU support sheet, TFC membrane, and the TFN membranes with UiO-66 and MIL-125 NPs,
respectively, were illustrated in Figure 3a,b. The spectral features of the PSU layer and TFC membrane
chemical groups are repeated in TFN membranes spectra, in which the peaks corresponding to MOFs
were also observed. Generally, by increasing NPs percentage, the reflected spectra had new peaks
relevant to the embedded materials. Starting with the PSU spectrum, two featured peaks at 1150 and
1245 cm−1 were observed, which could be allocated to the O=S=O symmetric stretching of sulfone
group [69] and C–O–C asymmetric stretching of aryl ethyl group, respectively [70]. The peaks at
1298 and 1325 cm−1 could indicate the asymmetric stretching of O=S=O sulfone group. At 1488 and
1590 cm−1, the peaks could be attributed to the aromatic C–C stretching [69,70]. By adding polyamide
thin film layer, peaks at 1350 and 1610 cm−1 appeared due to the N–H deforming (amide III) and C=O
(carboxylic), respectively [71]. Furthermore, N–H bending and C–N stretching could be represented
by the peak around 1545 cm−1 (amide II). The vibration at 1660 cm−1 could be assigned to the C=O
stretching (amide I) [71,72].

When MOFs NPs were added at very low amounts, new peaks corresponding to these NPs were
not apparent. By increasing UiO-66 molar ratio to 0.15 and above, an obvious peak around 1380 cm−1

and a tiny one at 1565 cm−1 appeared, which could be assigned to the Zr-OH vibration [73–76],
as shown in Figure 3a. At 0.3%, the peak disappeared; this might be caused by the particles’ aggregation
so no proper NP dispersion was obtained. For MIL-125 at 0.3%, a clear peak was observed around
1416 cm−1, which could be assigned to the Ti–O–Ti stretching vibrations [77].
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The SEM images of membranes surface with UiO-66 and MIL-125 NPs are illustrated in
Figures 4 and 5, respectively. The TFC membrane, for which there was no particles added, showed
a leaf-like shape characteristic of normal polyamide layer. Addition of up to 0.05% UiO-66 NPs did
not cause much change in leaf-like morphology, as illustrated in Figure 4b. When the loading was
increased to 0.1% and 0.15%, the membranes’ surface began to change due to NPs filling into the
membrane. The nanoparticles covered a wide area and had a good distribution in the membrane
structure. At 0.2% and 0.3%, the solid clusters/aggregates were easily observable, which might have an
impact on salt rejection. At loading of 0.3%, the NPs aggregated and formed even larger clusters, and
covered the surface more sparsely. This is consistent with the FT-IR results and trends, as discussed in
the previous section.
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Figure 3. Attenuated total reflection Fourier transform infrared (ATR FT-IR) spectra for (a) UiO-66 and
(b) MIL-125.
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Figure 4. SEM images for membranes surface with UiO-66 NPs injection, (a) 0%, (b) 0.05%, (c) 0.1%,
(d) 0.15%, (e) 0.2%, and (f) 0.3%.
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(d) (e) (f) 

Figure 5. SEM images for membranes surface with MIL-125 NPs injection, (a) 0%, (b) 0.05%, (c) 0.1%,
(d) 0.15%, (e) 0.2%, and (f) 0.3%.

101



Membranes 2017, 7, 31

In Figure 5, the impact of embedding MIL-125 NPs on the morphology was presented.
Unlike UiO-66 filling, MIL-125 appeared to have changed the leaf-shaped morphology, in addition to
the aggregation. The leaves are connected to each other, making long leaves. This could be because of
MIL-125’s quasi-cubic tetragonal structure, or the smaller size of MIL-125 comparing with UiO-66 NPs,
which might give better filling into the membrane.

Figure 6 shows the measured contact angles between DI water drop and the membrane’s surface.
By adding the MOFs NPs, the contact angle did not decrease significantly. The result is different from
filling other nanomaterials such as hydrophilic silica [18] and oxidized graphene [78] where significant
decreases of contact angle were observed. This may be attributed to the MOFs structure, which contains
organic linkers surrounding the metal core. The organic part is slightly hydrophobic, leading to
decreased particle hydrophilicity [38]. From the figure, the UiO-66 had more hydrophilic effect than
MIL-125. This could be because MIL-125 has more linkers on the surface shielding the metal atom.
The observation is also in consistence with the fact that MIL-125 had a higher surface area.

 

Figure 6. Pure water contact angle with the modified thin film nanocomposite (TFN)
membranes surface.

TEM cross section images for the plain membrane and UiO-66 and MIL-125 nanocomposite
membranes are illustrated in Figure 7a–c, respectively. Figure 7b is the cross-sectional view of TFN
membrane at an optimal UiO-66 NPs loading (0.15%); while Figure 7c is at an optimal MIL-125 NPs
loading (0.3%). The TEM examination showed that the particles were filled into the membranes and
appeared as black clusters; MIL-125 NPs were highly homogenized with the membrane and affected
its texture. From the images, the membrane thickness is found to be 200–400 nm.

(a) (b) (c) 

Figure 7. Transmission electron microscopy (TEM) images of (a) thin film composite (TFC) membrane,
(b) TFN membrane of 0.15% UiO-66, and (c) TFN membrane of 0.3% MIL-125.
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3.3. TFN Membranes Performance

The salt rejection and water flux for UiO-66 and MIL-125 modified membranes were documented
in Figure 8a,b. For UiO-66, the optimal addition was 0.15%, where the permeate water flux and salt
rejection increased from 62.5 L/m2 h and 98.4% to 74.9 L/m2 h and 98.8%, respectively. From Figure 8a,
adding UiO-66 NPs increased NaCl rejection at low loadings, but a further increase of the NPs resulted
in a decrease of salt rejection. The rejection increase at low loading could be attributed to UiO-66’s
pore size (∼6.0 Å) [59], which is larger than water molecule (~2.8 Å) but smaller than the hydrated
ions (Na+ = 7.16 and Cl− = 6.64 Å) [79]. Increasing the NPs amount too much could decrease salt
rejection, as the particles aggregation may generate cracks in TFN membranes structure. On the
other hand, the flux increase by adding NPs reached its maximum at 0.15%. This is likely due to the
hydrophilic nature of UiO-66 [59,80]. At percentages higher than 0.15%, the water flux decreased,
again likely due to NPs aggregation [13]. Here, both salt rejection and water flux decreased because of
particle aggregation. Aggregation may have created micro gaps between particle blocs that allowed
the saline water to pass through. The particle aggregates could also block the water transfer through
the membrane by the hydrophobic linkers overlapping, thus decreased water flux. Thereby, reduction
in both salt rejection and water flux occurred.

 
(a) 

 
(b) 

Figure 8. TFN membranes performance with injected (a) UiO-66 and (b) MIL-125 NPs.
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Figure 8b shows the effect of adding MIL-125 NPs to TFN membrane. The water flux increased
by increasing NPs loading, for example, with a solid loading of 0.3%, the permeate water flux
was increased from 62.5 to 85.0 L/m2 h, while the salt rejection maintained almost the same
(98.4% vs. 98.6%). At filling of 0.5% NPs, a drop in salt rejection happened. The effective pore
diameter of MIL-125 is 12.55 Å [60] which is larger than both the water molecule and hydrated ions
of Na+ and Cl−. However, the salt rejection remained the same even at a higher loading, the high
negative charge of MIL-125 could play a role here as the formed electrical double layer could repel the
negatively-charged ions. The reported water flux here at 0.3%, 85.0 L/m2 h, is considered one of the
highest in comparison with the reported values in the literature [81]. The high flux could be due to
the NPs hydrophilicity and their large surface area and pore size. Figure 9 shows the permeability of
optimal membranes by adding 0.15 wt % of UiO-66 or 0.3 wt % MIL-125 at different feed pressures.

 

Figure 9. Membranes permeability at an optimal NPs filling.

3.4. Why MOFs for TFN Membranes?

MOFs are valuable materials due to their unique structure and wide applications in various
areas [35]. It is anticipated that by the coming decade, mixed matrix membranes based on MOFs could
grow, including those for large scale applications [38]. Among various nanocomposite membranes,
MOFs-enabled membranes are advantageous because they can overcome the traditional filling
problems of low affinity with the membrane, porosity blocking, and segregation [82,83]. The hybrid
MOFs structure with organic and inorganic parts is generally compatible with polymeric layers in
membrane [84]. This concept is illustrated in Figure 10, where MOFs particles can be more conveniently
embedded into the TFN membrane with less gaps than those created by traditional inorganic fillers.
Another advantage is the low cost of the polymeric membranes and the vast selection range of linkers
toward controlling MOFs shape, morphology, and surface chemistry, making it potentially possible to
design membrane for specific applications.

 

Figure 10. MOFs filling into polymeric substance diagram.
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4. Conclusions

Incorporation of UiO-66 and MIL-125 MOFs NPs in reverse osmosis membranes is reported in
this study. The results showed that MOFs were embedded well inside the membranes and increased
the water flux and salt rejection. Different techniques were used to exam the NPs and TFN membranes’
physicochemical properties. The organic linker enhanced the compatibility of MOFs particles with
the polyamide thin film. The results indicated that the water flux was increased from 62.5 to 74.9 or
85.0 L/m2 h at a transmembrane pressure of 300 psi, by addition of 0.15% of UiO-66 or 0.3% of MIL-125,
respectively, while salt rejection was slightly increased. These high flux results indicate filling of MOFs
NPs in TFN membrane might be advantageous because of the NPs containing an organic part that
could link properly to polyamide, and inorganic part that could enhance the membrane performance.
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Abstract: Until now, the leading polymer of intrinsic microporosity PIM-1 has become quite famous
for its high membrane permeability for many gases in gas separation, linked, however, to a rather
moderate selectivity. The combination with the hydrophilic and low permeable poly(ethylene glycol)
(PEG) and poly(ethylene oxides) (PEO) should on the one hand reduce permeability, while on the
other hand enhance selectivity, especially for the polar gas CO2 by improving the hydrophilicity
of the membranes. Four different paths to combine PIM-1 with PEG or poly(ethylene oxide) and
poly(propylene oxide) (PPO) were studied: physically blending, quenching of polycondensation,
synthesis of multiblock copolymers and synthesis of copolymers with PEO/PPO side chain.
Blends and new, chemically linked polymers were successfully formed into free standing dense
membranes and measured in single gas permeation of N2, O2, CO2 and CH4 by time lag method.
As expected, permeability was lowered by any substantial addition of PEG/PEO/PPO regardless the
manufacturing process and proportionally to the added amount. About 6 to 7 wt % of PEG/PEO/PPO
added to PIM-1 halved permeability compared to PIM-1 membrane prepared under similar conditions.
Consequently, selectivity from single gas measurements increased up to values of about 30 for
CO2/N2 gas pair, a maximum of 18 for CO2/CH4 and 3.5 for O2/N2.

Keywords: polymers of intrinsic microporosity (PIM-1); poly(ethylene glycol); copolymers;
gas separation; membranes

1. Introduction

Polymers of intrinsic microporosity have been and continue to be the objects of many research
papers (see, e.g., citations in [1]) since Budd and McKeown launched their first publication about
PIM-1 in 2004 [2].

PIM-1 is a hydrophobic polymer formed as a molecular ladder; the polymer chains cannot pack
tightly because of their contorted molecular structure, provided by spiro fused rings in the polymer
chain. Thus, intrinsic nanopores are formed resulting in a large inner surface [3]. Membranes prepared
from this polymer show a large fractional free volume and therefore high permeability for many
gases [4], but especially for CO2 (4000 to 10,000 Barrer) because of an also very high solubility [5].
However, the trade-off between permeability and selectivity, as it was evaluated by Robeson [6],
consequently results for PIM-1 in a moderate permselectivity of CO2 over N2 of about 16 to 20 and this
is not at all comparable to the selectivity values obtained with membranes made from polymers such
as PEBAX® (Arkema, Colombes, France) or Polyactive™ (Polyvation, Groningen, The Netherlands),
ranging from 30 to 40 [7]. Both latter polymers are block copolymers, containing poly(ethylene (or
higher equivalents) oxide) (PEO) chains for soft blocks, thus performing the transport of CO2 [8]. As a
drawback, they are of low overall permeability for gases (e.g., 100 to 300 Barrer CO2). The hard blocks
(polyamides) necessary for mechanical stability do not contribute to permeability at all and PEOs in
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general show low permeability [9]. The PEO blocks in PEBAX® and Polyactive™ derive of ethylene or
butylene glycol units and they are rather short to avoid crystallization of PEO because crystallites are
almost impermeable to any gases and would additionally reduce the overall permeability [10].

In combining PIM-1 and low molecular PEG- or PEO-blocks, it is expected to get a reduced
permeability but an enhanced selectivity for CO2 due to its preferred solubility in PEGs and also due
to a reduction of permeability of non-polar gases like N2. In recently published research Wu et al. [11]
followed this idea by blending PIM-1 and PEGs of different molecular weights (2 up to 20 kg/mol)
in concentrations up to 5 wt % PEGs to enhance the selectivity of CO2 over N2 as well as over CH4,
clearly without crucifying permeability too much. They observed a reduction to about half of the
permeability of pure PIM-1 blended with 2.5 wt % PEG. With increasing molecular weight of PEG
the permeability increased somewhat again coupled to a slight decrease in selectivity. Therefore, they
chose PEG with 20 kg/mol for further experiments regarding PEG content and feed pressure. At 3.5 wt
% PEG (20 kg/mol), a permeability of almost 2000 Barrer CO2 and a selectivity for CO2/CH4 of 39 was
achieved. Selectivity of CO2 over N2 was highest with 2.5 wt % PEG (2 kg/mol), with a value of 23.

In our study, we followed four different paths to combine PIM-1 and PEG or PEO. First, we also
blended PIM-1 with PEGs of different molecular weights to evaluate the optimum amount of PEG and
to check on the influence of PEG chain length. Long PEO chains are favorable for CO2 solubility [10]
but tend to crystallize and separate from PIM-1 phase. Therefore, we favored PEGs with smaller
chain lengths of ≤5 kg/mol. The permeability of blended membranes should not be reduced too
much; the influence of the added PEGs on solubility of CO2 and other gases is going to be estimated.
A similar approach was followed in [12,13] by blending PEBAX® (Arkema, France) with PEGs in
different amounts, although in these cases it was thought as an attempt to increase the rather low
pristine permeability of the block copolymer.

Along the following Paths 2–4, we strived for a chemical bondage between PIM-1 and PEO by
different substitution reactions. In Path 2, we added PEG-monomethylethers, bound by esterification to
trihydroxybenzoic acid (THBA), as quenching compounds to terminate the polycondensation reaction
forming PIM-1. This resulted in (di)block copolymers with rather large PIM-1 blocks fenced by small
PEO end group(s). The procedure was performed with PEGs of different chain lengths.

Within Path 3, we combined small PIM-1 blocks (at least smaller blocks than in Paths 1 and 2) with
different PEO-containing co-monomers (PEG di-substituted by esterification with dihydroxybenzoic
acid (DHBA)) to form multiblock copolymers (PIM1-b-PEO). This approach increased the influence of
PEO further by avoiding large parts/blocks of pure PIM-1.

Within the fourth path, PEO were built in as side chains to the PIM-1 main chain by
copolymerization with PEO substituted anthracene based maleimides. The synthesis of these
maleimides followed the procedure published in [14]. The roof shaped tetrahydroxy-anthracene
monomers were employed in polycondensation reaction together with the PIM-1 antecessors.

The temperature is surely an important factor for permeability of polymeric structures,
with permeability being the product of diffusivity and solubility of gases in polymers [15].
While diffusion increases with rising temperature because of a higher mobility of the polymer chains,
solubility usually decreases. However, PEG/PEO chains tend to crystallize with increasing molecular
weight and crystallites do not contribute to permeability. At elevated temperature, these crystallites will
melt, influencing diffusivity and solubility favorably [10]. Therefore, we also include measurements of
gas permeability at elevated temperatures to inquire the influence of melting PEO chains.

2. Experimental

Methods

(1) For descriptions of Equipment used in NMR, FT-IR, SEC, TGA and DSC, see our former paper [14].
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(2) Size Exclusion Chromatography (SEC) was performed in CHCl3 solution, detection by Refractive
Index (RI) with polystyrene standards and/or Multi Angle Light Scattering (MALS) using dn/dc
increment measured at different concentrations by RI detection.

(3) Details of the synthesis of monomers and polymers are given in Supplementary Materials S1.
(4) Details of the gas separation calculation are given in Supplementary Materials S2.

3. Results and Discussion

The aim of this study in polymeric membrane research is the combination of PIM-1, the rigid
hydrophobic high flux polymer, with hydrophilic poly(ethylene glycol) (PEGs) of various polymer
weights to form stable membranes of improved gas separation properties, especially for CO2.
Low molecular PEGs are hydrophilic viscous liquids that are (in principle) quite permeable to gases
because of their very good solubility, e.g., for CO2, but obviously they lack the required mechanical
stability necessary for a useful membrane. Higher molecular PEGs (>1000 g/mol) are waxy solids,
but their crystalline structure diminishes their permeability considerably [10].

In the following (Sections 3.1–3.4), four different approaches have been evaluated to combine
PIM-1 with PEGs and PEO/PPO, described schematically in Table 1. In Section 4, a summary of the
different paths is given.

Table 1. Description and schematic (not true to scale) presentation of the four different approaches
to combine PEG and PEO (ellipsoids) and PIM-1 (rectangles), physically mixed or chemically bound.
Anthracene based copolymer (Section 3.4, Path 4) is depicted as triangle to distinguish from PIM-1.

Path 1 (Section 3.1) Path 2 (Section 3.2) Path 3 (Section 3.3) Path 4 (Section 3.4)

Blend membranes from
PIM-1 and different low

molecular PEGs

Quenching to form PEO
end groups of PIM-1

chains

PIM1(X)-b-PEO(Y)—multiblock
copolymers

PEO/PPO in side chain
of PIM1 copolymer

  

3.1. Blend Membranes (Path 1)

Our blending of PEGs in PIM-1 membranes is a similar approach that was already followed
in [11] with a PEG of 20 kg/mol. In our study, however, we used PEGs of low molecular weight, 200,
1000 and 2000 g/mol; PEGs were added in 5 and 10 wt % relative to polymer mass by dissolving in
PIM-1 casting solutions (solvent CHCl3). The solvent was evaporated slowly in a nitrogen stream
during 24 h to allow a sufficient packing of polymer chains. Dense membranes of 70–100 μm thickness
were formed. They are flexible and mostly transparent with exception of the blends with PEG-2000,
these are slightly turbid, caused supposedly by some partial internal phase separation. However,
by blending with even longer chained PEG of 20 kg/mol phase, separation was already observed at
2.5 wt % [11].

The prepared membranes were measured with single gases (N2, O2, CO2, and CH4) in a time lag
apparatus [16,17] at pressure differences below 1 bar. In the course of Path 1 we decided to compare
to the measured values of a freshly prepared PIM-1 membrane originating from the identical PIM-1
batch (Mw ca. 300 kg/mol, preparation at 150 ◦C as described in [18] procedure III) we used for
all experiments of blending. To confirm that the blend membranes are (thermally) stable, TGA was
conducted before and after a time lag measurement cycle at different temperatures ranging from 20 to
80 ◦C. Especially low molecular PEG-200 is sufficiently volatile to be squeezed out of the membrane by
repeated differences in pressure. However, less than 1% of the membranes weight was lost during
the first time lag cycle measured with 4 different gases and temperatures up to 80 ◦C. These small
losses could be easily explained by removal of some residual solvent. No further losses were observed
during repetitions of time lag cycle. These results are in stark contrast to the report on blends of
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PEBAX® and PEGs of low molecular weight (<500 g/mol) losing about 30 wt % PEG during time lag
measurement [13].

Additionally, we used TGA measurements up to 500 ◦C to estimate the actual blend composition
by the observed specific decompositions/weight losses of the PIM-1-PEG blends. While PIM-1 in
Argon atmosphere is stable up to at least 430 ◦C, decomposition of the blending PEGs starts already
below 400 ◦C. Therefore, the weight loss up to 400 ◦C was taken for a measure of the actual PEG content.
Deviations from calculated compositions (5 and 10 wt %) were probably caused by the water content
of the “as received” PEG samples in use for blending or by solvent residues within the PIM-1 polymer.

Setup and details of gas separation measurements are given in Supplementary Materials S2.
Gas separation measurements at 30 ◦C are presented in Table 2, together with the measured values for
the pristine PIM-1 we used for blending.

Table 2. Time lag measurements at 30 ◦C of four gases using membranes formed by blending PIM-1
with different PEGs.

PEG-Content wt % d)
Permeability (Barrer b)) Selectivity c)

N2 O2 CO2 CH4 O2/N2 CO2/N2 CO2/CH4

PIM-1 a) 0 360 1030 7160 590 2.8 19.9 12.1
+ PEG-200 6.2 115 310 2335 199 2.7 20.2 11.7
+ PEG-1000 5.3 120 361 2776 211 3.0 23.0 13.1
+ PEG-2000 5.0 100 314 2513 177 3.2 25.5 14.2

+ PEG-200 10.0 40 122 1097 78 3.0 26.8 14.1
+ PEG-1000 12.2 28 95 806 46 3.3 28.4 17.6
+ PEG-2000 11.0 20 74 660 37 3.5 30.9 18.0

a) Mw ca. 300 kg/mol (SEC/MALS detector); b) 1 × 10−10 (cm3(STP)cm cm−2 s−1cm Hg−1); c) Calculated from
single gas measurements; d) Content of PEG as calculated from TGA.

As expected from the very different basic permeability of PIM-1 and PEG, the PEG-blended
membranes showed a considerable reduction of permeability compared to the measured values of
pristine PIM-1 membrane. The reduction depends directly on the amount of PEG added. With ca. 5
wt % of PEG added, the permeability was reduced to 30–40%, with ca. 10 wt % PEG the permeability
dropped to 10–20% of the original PIM-1 value. From these results we concluded that addition of more
than 10 wt % PEG is inappropriate. Permeability reduction of CO2 and O2, however, was less severe
compared to N2 and CH4 and therefore improved selectivity for CO2/N2 and for O2/N2 gas pairs
were calculated by division of single gas measurements (see Table 2).

In Figure 1 are shown diffusivity (Figure 1a) and solubility coefficients (Figure 1b) of three
blended membranes (ca. 10 wt % of the three different PEGs) calculated from time lag experiments
(see Supplementary Materials S2) and set in relation to the pristine PIM-1 (=100%). As expected,
the solubility of CO2 is reduced less compared to O2, N2, and CH4 (Figure 1b). It is known that
enhanced solubility is the reason for the high flux of CO2 in PIM-1 and other polymers [19], and also
in PEGs [13] while N2 has a low solubility in PIM-1 as well as in PEGs. Therefore, selectivity of CO2

over N2 increased up to a value of 30 at 10 wt % PEG content. The chain length of the PEGs affected
solubility only slightly but with PEG-1000 in favor.
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(a) 

 
(b) 

Figure 1. Calculated diffusivity (a) and solubility (b) of PIM-1 + PEG-blends (ca. 10 wt% PEGs) in
relation to plain PIM-1 (=100%); results of time-lag experiments with single gases at 30 ◦C.

Within PIM-1, membrane diffusion of O2 is highest (2.41 × 10−6 cm2/s) followed by CO2

(0.95) and N2 (0.86), while CH4 is slowest (0.35), and introduction of PEG does not change this
order. All measured gases are affected quite evenly (Figure 1a). Diffusivity is higher in blends
with PEG-200 than in PEG-1000 and PEG-2000, caused probably by the absence of any crystallinity
within the originally liquid PEG-200, the higher amount of the small PEG molecules and the hence
better distribution of the small PEG-200 chains into the intrinsic microporosity of the PIM-1 ladders.
The larger PEG molecules represent parts within the PIM-1 matrix that are of low permeability and
consequently slow down diffusion of all gases.

Blends of PIM-1/PEG-2000 were measured at different temperatures from 30 to 80 ◦C to inquire
for the influence of PEG crystallites. While PEG-200 is liquid, PEG-1000 and PEG-2000 are solids
and show distinctive melting points (40 and 54 ◦C, respectively). PEG-2000 has the highest Mw,
a melting point of 53.8 ◦C and a crystallinity of ca. 70% was calculated from DSC (crystallinity
calculated after [20]). The blend of PIM-1 + 11 wt % PEG-2000 in DSC measurement showed a (slightly)
lowered melting peak at 49 ◦C and a very low crystallinity (<1%). It was concluded that crystallization
of PEG-2000 was successfully inhibited within the PIM-1 matrix although the membrane was not
fully transparent. Consequently, it was not expected to observe a deviation in thermal dependency
of permeability or diffusion when compared to PIM-1. In Figure 2, permeability of four gases at
temperatures from 20 to 80 ◦C is depicted and the prospected melting region of PEG-2000 is marked by
a grey zone. Permeability of N2, O2 and CH4 increase linearly with temperature, while permeability
of CO2 decreases also linearly with T; the different behaviors caused by the considerable decreasing
solubility of CO2 within the polymer with rising temperature. As expected from measured crystallinity,
the permeability showed no inconsistency in the curves depending on temperature.

Figure 2. PIM-1 + 11 wt% PEG-2000: Permeability of four different gases at temperatures up to 80 ◦C.
Colored in grey is the melting region prospected for PEG-2000.
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Because of the clearly different behavior of CO2 from the other measured gases, in Figure 3
diffusion and solubility of CO2 in pristine PIM-1 and PIM-1 blended by 11% PEG-2000 versus
temperature are compared. Solubility of CO2 (Figure 3, left side, triangles) in blended PIM-1 membrane
(pale triangles) decreased exponentially from a high level and very similar compared to PIM-1 (dark
triangles), at 80 ◦C only 20% of the solubility coefficient at 30 ◦C is left. According to the low degree
of crystallinity, diffusivity of CO2 could be described by exponential curves too (Figure 3, right side,
squares). The increase in diffusivity from 30 to 80 ◦C is about 2.5 times for PIM-1 (dark squares) and
4 times for the blended membrane (pale squares) involving the pronounced miscibility of PIM-1 and
PEG-2000 at higher temperature. The other three gases, measured but not depicted, showed a similar
behavior in diffusion as well as a decrease in solubility but on a much lower level.

Gas permeation is clearly dominated by PIM-1, and the selective slow down by PEG results in
better selectivity for the very soluble CO2 compared to N2 and CH4 (see Table 2).

At higher temperature, however, this effect is more than neutralized by the decreasing solubility
of CO2 (Figure 3).

Figure 3. Time lag measurement of CO2 with PIM-1 (dark color) and PIM-1 blended with 11 wt %
PEG-2000 (light color): Diffusion (left, squares) and solubility (right, triangles) of CO2 depending
on temperature.

From these orienting results derived from blending PIM-1 and PEG, it was concluded that
the amount of PEG should stay below 10 wt %, or even lower, to rescue a better part of the high
permeability of PIM-1. Introduction of PEG, even one as crystalline as PEG-2000, into PIM-1 membrane
does not change the temperature dependency of permeability and diffusion. Melting of PEG chains
seems to have no recognizable influence on permeation behavior. Consequently, further evaluation of
higher temperatures was skipped for the following paths; all following measurements were performed
at 30 ◦C.

3.2. Quenching to Form PEO End Groups of PIM-1 Chains (Path 2)

Path 2 to introduce PEG and PEO into PIM-1 polymer employed the use of PEG-substituted
trihydroxy-benzoic compounds to terminate the PIM-1 polycondensation reaction. Details of synthesis
are given in Supplementary Materials S1. PIM-1 was prepared as described in [1] by low temperature
polycondensation reaction of equimolar amounts of 1 and 2 catalyzed by potassium carbonate (see
upper part of Scheme 1). The reaction runs smoothly and reproducibly in DMF at 55 ◦C. To achieve
a film and membrane forming polymer an average Mw of about 50 kg/mol is necessary and this
particular molecular weight is obtained after ca. 3 h of reaction time. Usually, the polycondensation
reaction would be terminated by precipitation in water or methanol restoring the hydroxy end groups.
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By adding a compound, e.g., 1,2-dihydroxybenzene, as quencher, providing two aromatic hydroxyl
groups, the chains’ growth would be stopped at the fluoro substituted ends. The fluoro end groups in
this case are quenched preferentially by the small and therefore more easily accessible molecules of the
quencher instead of PIM-1 chains. To introduce PEG structures by this method, we prepared esters
of different poly(ethylene glycol) monomethyl ethers and trihydroxybenzoic acid (3a–c) (Scheme 1)
by standard synthetic procedures and used them for quenching. THBA provides the necessary
phenolic OH-groups to react as phenolate in alkaline solution with the PIM-1 fluoro ends. Within these
experiments, THBA was chosen over dihydroxybenzoic acid (DHBA) to improve the availability of
hydroxy groups for quenching. Poly(ethylene glycol) monomethyl ethers with molecular weights of
350 (3a), 750 (3b) and 5000 (3c) g/mol were employed. The latter one was included to improve the
amount of PEG in comparison to a PIM-1 polymer of 50 kg/mol.

 

Scheme 1. Preparation of PIM-1-(THBA-PEG-OMe)2 polymers (4a–c) by termination of PIM-1
polycondensation with THBA-PEG-OMe (3a–c).

A growing PIM-1 polymer chain has fluoro as well as hydroxy end groups; therefore, a simple
quenching would lead to positioning of the quenching molecule at one end of each polymer chain.
To improve the amount of end groups to be quenched by THBA-PEG-OMe (3a–c) most end groups
favorably should be fluoro substituted. Unfortunately it is not feasible to run the reaction with a
considerable excess of 2 from the start, while this leads to rather short chains of low molecular weight
polymer (8000 to 10,000 g/mol) without any film forming properties (compare to Section 3.3, Figure 5).
Therefore, to achieve entire fluoro substitution on both ends of the polymer chains an additional small
amount of 2 was added after 3 h of reaction time to react for another 15 min with the already present
phenolates. The respective trihydroxy-benzoic acid-PEG-monoester 3 was added to the reaction
solution, stirred for another 0.5 h and the polymer was worked up as usual by precipitation in water.
The isolated polymers PIM1-(THBA-PEG-OMe)2 (4a–c) are film forming and readily soluble in CHCl3.
They were characterized by 1H-NMR, FT-IR, SEC with RI/MALS (multi angle light scattering) detector,
TGA and DSC (see Polymerization example 3 in Supplementary Materials S1).

In 1H-NMR the signals of the PEG, –OCH2 groups at 3.6 ppm are clearly visible and the carboxylic
group of the respective glycol esters is found at 1700 cm−1 in FT-IR. The molecular weights measured
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by SEC are quite similar to PIM-1 prepared under identical conditions and within the usually observed
deviations (Mw = 48–55 kg/mol). Regarding the low molecular weights of PEG-350 and PEG-750,
it was clear that the overall PEG content of polymers 4a–b is rather low, a considerable amount was
achieved only by adding PEG-5000 in polymer 4c. In TGA measurements, the decomposition of the
PEO-containing polymers 4a–c was observed to identify the PEO-part of polymers 4a–c. While PIM-1 is
stable up to 430 ◦C, decomposition of PEO-containing polymers starts already below 350 ◦C. Therefore,
it seemed reasonable to use the weight loss up to 400 ◦C (splitting off of PEG-esters) for a measure
of the PEO containing part. Measured mass changes of the first decomposition step, re-calculated
to the solely PEO content, are 0.6 (4a), 0.9 (4b) and 3.1 (4c) wt %. Calculation of PEG-contents via
1H-NMR integrals of the polymers gave similar values for 4a of 0.5 and for 4b of 0.9 wt %. 4c was
difficult to evaluate from 1H-NMR spectrum because of enclosed amounts of the quencher 3c. After a
series of washing steps, finally a content of 2.6 wt % was estimated. A probable reason for deviation
from originally aspired higher content could be an only partly successful quenching; especially for the
long chained PEG-5000-OMe with its restricted mobility the reaction time was probably insufficient to
quench all possible fluoro ends of PIM-1.

The polymers 4a–c were successfully formed into dense membranes by solution casting from
CHCl3. Gas permeability of the polymers 4a–c with four different gases at 30 ◦C were measured in the
time lag apparatus and presented in Table 3 in comparison to a freshly prepared PIM-1 membrane
of comparable molecular weight (50 kg/mol). As expected by the low contents, the influence of the
PEO end groups on gas permeation performance is quite small, especially for the low molecular PEGs
added in 4a and 4b. The gas permeability and selectivity for 4a and 4b changed only slightly compared
to a PIM-1 membrane prepared similarly.

Table 3. Time lag results at 30 ◦C for PIM-PEG-polymers 4a–c synthesized by quenching with
PEG-esters of trihydroxybenzoic acid (3a–c) and compared to a freshly prepared PIM-1 membrane
synthesized along the first part of Scheme 1.

PEG-Content wt % a,b) N2 O2 CO2 CH4 O2/N2 CO2/N2 CO2/CH4

PIM-1 (50 kg/mol) 0 530 1480 10,000 900 2.8 18.8 10.9
Polymer (4a) 0.6 (0.5) 490 1360 9270 830 2.8 18.9 11.2
Polymer (4b) 0.9 (0.9) 450 1265 8700 780 2.8 19.2 11.2
Polymer (4c) 3.1 (2.6) 140 370 2210 270 2.7 15.8 8.2

a) Because of TGA measurements of the 1st decomposition step; b) In brackets: Calculated by 1H-NMR integrals.

By differentiating time lag measurements in diffusivity and solubility, it was found that 4a and 4b

had a slightly reduced diffusivity compared to PIM-1 but similar or even slightly enhanced (in case
of CH4) solubility (Figure 4). These results explain quite well the observed permeability. Polymer 4c,
however, showed a serious reduction in permeability, and selectivity of CO2 over N2 was lower than
with PIM-1 membrane. Despite its low content of PEO, it lost more than half of diffusivity and one
third of the solubility compared to PIM-1 values (Figure 4). However, diffusivity of N2 is affected
less than the other gases and this caused the lowered selectivity of CO2 and O2 on N2 compared to
PIM-1. The long chain of PEO-5000 has an original crystallinity of more than 95%; the crystallinity of
quenching compound 3c is still at ca. 67%. From DSC measurements, a crystallinity of polymer 4c of
ca. 1% was calculated (after [21]).
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(a) 

 
(b) 

Figure 4. Diffusivity (a); and solubility (b) coefficients of polymers 4a–c, calculated from time lag
measurements at 30 ◦C and set in relation to PIM-1 membrane (see Table 3).

To Summarize, the effect of the PEG-mono-esters (3a–c) as quenching compounds in
polycondensation and on PIM-1 performance is quite limited. The low molecular PEG-compounds
3a and 3b react (quench) better because of their enhanced mobility in solution. Their achieved
permeability and selectivity are quite comparable to PIM-1. PEG-5000-ester 3c with its 100
(O–CH2–CH2) repetition units is too large to gain a similar degree of substitution to PEG-350 and
PEG-750. It reduces permeability, diffusion and solubility considerably, but not in the desired direction.

3.3. Formation of PIM-1-b-PEO Multiblock Copolymers (Path 3)

Within the polymers described in Path 2 (Section 3.2), the PIM-1 fraction is relatively large
compared to the PEG part, e.g., 50 kg/mol versus 0.2–5 kg/mol. While the PIM-1 fraction is already a
film forming polymer, the prepared PEO containing polymers represented a PIM-1 intercepted by more
or less small inclusions of PEO. Unfortunately, PEGs of high molecular weight, e.g., 50 kg/mol, are
not useful because of their high crystallinity and consequently very low permeability [10]. Therefore,
on Path 3, we decided to reduce the chain length of PIM-1 to approximate the level of the used PEGs.
Multiblock copolymers were formed by two consequent steps of polycondensation combining low
molecular PIM-1 treated to end in fluoro groups and di-esters of dihydroxybenzoic acid formed with
PEGs of different chain length (see Scheme 2).

 

Scheme 2. Preparation of PIM(X)-b-PEO(Y) multiblock copolymers in two reaction steps. Step 1:
polycondensation with excess of 2 over 1 to achieve low molecular PIM-1 (1.1:1 = 8–10 kg/mol,
and 1.025:1 = 20–30 kg/mol); and Step 2: polycondensation with DHBA-di-esters 5a–c.
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The influence of excess of tetrafluoro-1,4-dicyanobenzene (2) on the molecular weight of the
formed PIM-1 was examined in a series of polycondensations that ran exactly 3 h of reaction time at
55 ◦C under identical conditions. The resulting PIM-1 polymers were dissolved in CHCl3 and measured
in SEC; achieved molecular weights were determined by two different detection modes: Refractive
index (RI) and multi angle laser light scattering (MALS). The achieved molecular weights are depicted
in Figure 5 as a function of the ratio of 2 versus 1 (detection: RI (squares) and MALS (triangles)). At an
equimolar relation of hydroxy (OH) and fluoro (F)-groups and a moderate excess of K2CO3 (2.04 molar)
the achieved molecular weight is in the range of 45 to 55 kg/mol with PDI of ca. 3, comparable to the
results of Guiver et al.: Mw of 65 kg/mol and PDI of 2.2 at 60 ◦C within 3 h [22]. An increase of the
relation F:OH up to 1.025:1 (2.5% excess of 2 above 1) came out to about 20–30 kg/mol with PDI of 2.2
to 3.2. A relation of F:OH = 1.1:1 (10% excess of 2) resulted in approximately 8–10 kg/mol, with PDI
of 2. These results are fairly reproducible, by using the identical conditions, the respective molecular
weight of the prepared PIM-1 can be directed by the ratio of F:OH monomers.

Figure 5. Molecular weight of PIM-1 prepared by polycondensation with excess of 2 above 1. Reaction
conditions: K2CO3 (2.04 molar towards 1), 3 h at 55 ◦C in DMF. SEC measurements detected by RI
(squares) and MALS (triangles).

Subsequently, low molecular PIM-1 of defined molecular weight reacted in a successive second
polycondensation step at 55 ◦C, with one of di-esters 5a–c (Scheme 2) and catalyzed by an additional
amount of K2CO3. Monomers 5a–c were prepared from DHBA and poly(ethylene glycol) (200, 1000,
and 2000 kg/mol) by standard method identical to monoesters in Section 3.2 (see Supplementary
Materials S1. Monomer synthesis example 2). The slowly formed multiblock copolymers were named
PIM(X)-b-PEO(Y): X gives the approximately molecular weight of PIM-1, Y the molecular weight
of the PEG as given by the manufacturer, both numbers representing kg/mol units. Progress of the
reaction was followed by sampling and subsequent analysis in SEC (see below). The reactivity of the
PEG- di-DHBA-esters 5a–c as tetrahydroxy component in polycondensation reaction is definitely lower
compared to 1 and therefore reaction times needed to obtain film forming polymers (Mw of at least
40 kg/mol) turned out to be longer than with PIM-1(1–14 days). Final work up of polycondensation
reactions was by precipitation in water, filtering and drying at 60 ◦C (see Supplementary Materials S1.
Polymerization example 4).

3.3.1. SEC of PIM(25)-b-PEO(2)

In Figure 6 are depicted typical SEC measurements of samples taken during an extended
poly-condensation resulting finally in PIM(25)-b-PEO(2) with rather high molecular weight. These
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samples were prepared by precipitation in water and worked up either by extraction with CHCl3
(samples from the start) or by direct filtration. All samples were measured in SEC (liquid phase CHCl3).
Black lines show the eluted volumes, differentiated by reaction time and detected by RI, the red lines
were results of MALS detection. The black line at the bottom of Figure 6 (PIM-1 reactant) represents
the starting PIM-1 sample with F-end groups and approximately 20–25 kg/mol with a broad peak
at 16–17 mL eluted volume. Monomer PEG-2000-di-DHBA-ester (5c) was added and after 60 min
the next black line was measured. During progress of reaction the initial PIM-1 peak broadened
towards lower elution volume (=higher molecular weights). Additional samples were drawn after
10 h, 45 h and 75 h of reaction time. Finally, the product is represented by the black line on top of
Figure 6. Distribution of molecular weights is very broad. The final Mw measured by RI detection was
calculated by universal calibration (polystyrene (PS)) standards to average 380 kg/mol with quite large
deviations. However, a basic problem with RI detection is the universal calibration by polystyrene
standards. The contorted structure of PIM-1 (and the similar polymers in our study), introduced by the
spiro-formation of 1, is the reason for the apparent intrinsic microporosity by hindering the polymer
chains to pack efficiently and thus forming molecular nano-sized pores in between the chains. As the
product of a polycondensation reaction, PIM-1 shows a rather broad mixture of different chain lengths
(PDI >> 1), therefore many deviations towards higher and also lower molecular weights. Average
molecular weight of polymers is usually estimated by SEC on calibrated separation columns and
in most SEC labs the universal calibration by commercial available PS standards and detection by
refraction index (RI) and/or UV signals is the acknowledged standard method. Separation on SEC
columns also depends on the hydrodynamic volume of the polymers and PIM-1 with its contorted
structure is quite different from PS. Therefore, this standard method provides not always reliable
molecular weight values. However, from SEC measurements at different concentrations and detection
by RI the determination of the refractive index (RI) increment dn/dc is available comparing the
deviation from respective PS standards. Using the dn/dc value measured for the employed polymers,
it is possible to detect also by Multi Angle Light Scattering (MALS) (method see for example [23])
and to achieve more reliable molecular weight values for PIM-1 and the structural variations that are
described in this study.

The red lines in Figure 6 display the detection of the identical samples by MALS, the final product
(on top) was calculated to 130 kg/mol/PDI 1.1 by MALS using the measured value of dn/dc = 0.174.
The results for Mw and Mn obtained by MALS detection are in most cases more reasonable than those
by RI detection. Although, during these experiments it was also observed that detection by MALS
is of rather low sensitivity to molecular weights below ca. 15 kg/mol. The first two red lines in a
comparable experiment to produce PIM(10)-b-PEG(1) (sample of low molecular PIM-1 and reaction
after 60 min) show even lower intensities above 18 mL of elution volume compared to RI signals. The
restricted sensitivity of the laser light for small polymer molecules explains also the rather low values
of PDI (1.1 to 2.1) calculated from Mw and Mn estimated by MALS in comparison to PDI values of 3 to
>10 calculated from RI detection. Therefore, it was decided to follow polycondensation reactions by a
combination of RI and MALS to get the complete information.

All prepared PIM(X)-b-PEG(Y) multiblock copolymers were characterized by 1H-NMR, FT-IR,
SEC with RI/MALS detector, TGA and DSC (see Supplementary Materials S1). In 1H-NMR the signal
of PEO at 3.6 ppm is clearly visible and because of the relatively high PEO-diester content, compared to
Path 2 in Section 3.2, also the aromatic protons of DHBA (>7 ppm) as well as the ester COOCH2 group
at 3.8 ppm are detected. The integrals of the PIM-1 block (two singlets at 6.8 and 6.4 ppm representing
the aromatic hydrogen of spirobisindane 1) and of the PEO block (OCH2 at 3.6 ppm) are sufficiently
separated to allow calculation of the approximate content of PEO within the polymers (see Table 4).
All synthesized polymers are eventually film forming; SEC analysis (MALS) proved Mw to be in the
range of 45 up to 70 kg/mol with PDI of 1.1–2.1 (Table 4).
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Figure 6. SEC during polycondensation of PIM(10)-b-PEO(1); detection by RI (black lines) and by
MALS (red lines).

Table 4. PEO content by 1H-NMR and TGA, molecular weight of film forming polymers by SEC and
MALS detection, and measured crystallinity of multiblock copolymers PIM(X)-b-PEG(Y) from DSC.

Multiblock
Copolymer a,b)

Intended PEO
Content wt %

PEO Content
(1H-NMR) wt %

PEO Content
(TGA) wt %

Mw (MALS)
kg/mol

PDI
Calc.

Crystallinity
(DSC) %

PIM(10)-b-PEO(0.2) 2 2.5 2.5 n.m. 0.06
PIM(10)-b-PEO(1) 9 10.8 9.3 67 1.3 0.7
PIM(10)-b-PEO(2) 16 n.m. 18 41 2.1 n.m.
PIM(25)-b-PEO(0.2) 1 1.2 1.6 57 1.1 0.08
PIM(25)-b-PEO(1) 4 3.6 4.1 43 1.3 0.11
PIM(25)-b-PEO(2) 7 7 7.5 44 1.1 0.14

a) Mw of PIM-1 was roughly estimated by reaction time and excess of TFTDN (see Figure 5); b) Mw of PEG as given
by deliverer.

The approximate PEO content of the multiblock copolymers was calculated also from TGA
measurements: A 1st (minor) weight loss step up to 200 ◦C was caused by the loss of some adsorbed
water and residual solvent, while the PEO-containing DHBA-diester block disintegrates in the 2nd
step between 250 ◦C and 400 ◦C. Depending on the PEG chain included, the 2nd weight loss step was
converted to the solely PEO content, e.g., the polymer block with monomer 5a (PEG-200) contains
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42% PEO, 5b (PEG-1000) 78% and 5c (PEG-2000) 88%. A 3rd step above 450 ◦C marked the final
decomposition of the PIM-1block.

From DSC measurements the crystallinity was calculated (Table 4). Multiblock copolymers
with PEO-200 showed a very low crystallinity below 0.1%, with PEO-1000 and PEO-2000 the
crystallinity was still below 1%, which proves the quite even distribution of the blocks within the
respective polymers.

All prepared multiblock-copolymers are sufficiently soluble in CHCl3 to allow the formation
of dense membranes by solution casting. However, the resulting membranes are rather brittle and
not as flexible as PIM-1. They required membrane thicknesses of 70 to 100 μm to withstand the
pressure difference in time lag apparatus. Permeability and selectivity results of PIM-b-PEG multiblock
copolymer membranes at 30 ◦C are presented in Table 5. A direct comparison to a respective PIM-1
membrane is not possible because neither PIM-1 of 10 nor 25 kg/mol is film forming. PIM(10)-b-PEO(2)

was prepared solely to check the feasibility of the polycondensation reaction, the PEO content of
16–18 wt % is definitely too high for tests in gas separation and these membranes are therefore not
included in Table 5.

Table 5. Permeability and selected selectivity of PIM-b-PEG multiblock copolymers of different PEO
content from time lag measurements with four gases at 30 ◦C.

Multiblock Copolymers PEG wt %
Permeability (Barrer) Selectivity

N2 O2 CO2 CH4 CO2/N2 O2/N2 CO2/CH4

PIM(25)-b-PEO(0.2) 1.6 260 700 5240 480 20.1 2.7 10.9
PIM(10)-b-PEO(0.2) 2.5 250 650 4660 420 18.6 2.6 11.1
PIM(25)-b-PEO(1) 4.1 200 520 3830 330 19.1 2.6 11.6
PIM(25)-b-PEO(2) 7.5 150 380 2690 250 18.0 2.5 10.8
PIM(10)-b-PEO(1) 9.3 140 370 3000 270 22.3 2.8 11.1

In Figure 7, permeability of the usual set of four gases is depicted versus the approximate PEO
content and turned out to be in good linear dependency. A graphical extension to 0% of PEO leads
to quite reasonable permeability of 300 (N2), 800 (O2), 5800 (CO2) and 500 (CH4) Barrer for the
hypothetical PIM-1 block and matches approximately the values of PIM-1 membrane mentioned in
Table 2.

Figure 7. Permeability of 4 different gases depicted versus PEO content (values from TGA, see Table 4)
in PIM-b-PEO multiblock copolymers, measured in time lag apparatus at 30 ◦C. Left: Permeability of
N2, O2, CH4; right: CO2.
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PIM(25)-b-PEO(0.2) represents the lowest PEO content (ca. 1 wt %) and showed rather high
permeabilities, e.g., more than 5000 Barrer of CO2. The separation behavior is also similar to PIM-1
with separation factors of 20 for CO2 over N2 and 10.9 for CO2 over CH4. With rising content of
PEO up to 7–9 wt % permeability decreased to about a half of the 1 wt % PEO value but selectivity
at higher PEO-contents increases only slightly (see Table 5, right side). Differentiating the time lag
measurements into diffusion and solubility gives the already expected result that diffusion is linearly
reduced with rising PEO content for all four measured gases. Solubility coefficients, however, stayed
almost the same with O2 and N2 (ca. 0.02), while the solubility of CH4 (0.1–0.12) as well as solubility
of CO2 (0.50–0.60 cm3/(cm3 bar)) increased slightly.

3.4. Path 4: PEG as Side Chain in PIM-1-Copolymer

To introduce a PEG side chain into a PIM-1-copolymer we used the monomer tetrahydroxy-9,10-
dibutylanthracene (6) as vehicle and added maleimides to 6 in a similar chemistry as published recently
by Khan et al. [14]. 6 is easy to prepare, although in low yield (ca. 25%), from 1,2-dimethoxybenzene
and pentanal following the synthesis described in [23] using pentanal instead of acetaldehyde. It shows
good solubility in many common solvents, caused presumably by the butyl substitution in 9,10-position.
Methyl substitution in the related tetrahydroxy-9,10-dimethylanthracene resulted in a hardly soluble
component [14].

By Diels–Alder-reaction at elevated temperature anthracene 6 offers the possibility to add a
dienophilic substituted double bond (see Scheme 3). Maleimide-(PEO)44 7a ( Specific Polymers,
Castries, France) is commercially available and has a molecular weight of 2032 g/mol providing a PEO
chain of 1936 g/mol. The maleic double bond adds successfully to tetrahydroxy-monomer 6 at 140 ◦C
in 24 h and with a good yield (90%). The product of cycloaddition, monomer 8a, was characterized by
1H-NMR, IR, TGA and DSC (see Supplementary Materials S1); it shows a distinctive melting point of
46 ◦C determined by the long PEO side chain.

Scheme 3. Preparation of tetrahydroxy-monomers 8a and 8b, and in the following polycondensation
to PIM1-co-8a and PIM1-co-8b (55 ◦C in DMF/3–5 days).
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Tetrahydroxy-monomer 8b was prepared analogously by Diels–Alder addition of maleimide-
methoxypolypropylene glycol (7b), with a PPO chain of ca. 600 g/mol, to 6 (see Scheme 3).
7b was synthesized by a low temperature method [24] from commercially available Jeffamine®-M600
(Huntsman, Germany) and maleic anhydride. It has a molecular weight of 677 g/mol and adds to 6 at
similar conditions as mentioned above. 8b was obtained in 70% yield as highly viscous oil and was
also fully characterized by 1H-NMR, FT- IR, TGA and DSC (see Supplementary Materials S1).

Both components 8a and 8b were successfully employed as comonomers in PIM-1
polycondensation in various relations to 1. Reaction conditions are similar to PIM-1 polycondensation
but with prolonged reaction times of at least three days at 55 ◦C to achieve a film forming polymer
(see Supplementary Materials S1. Polymerization example 5). Introduction of the long hydrophilic PEO
chain changes the quality of the (co)polymer decisively, e.g., copolymers with content of 8a higher than
40 wt % became in fact water soluble and too soft for membrane formation. However, the experience
of the Paths 1–3 suggested a desirable PEG content below 10 wt % to avoid exceeding reduction of
gas permeability. Therefore it required only 2.5 mol-% of 8a for tetrahydroxy component together
with 1 in polycondensation with 2 to obtain a calculated overall PEO content of 9.4 wt %. The melting
point of the long PEO chain of 8a was also observed in DSC measurement of the formed copolymer
PIM1-co-8a-1.

Within copolymer PIM1-co-8a-1 averagely every 40th molecule of 1 is substituted by 8a.
Nevertheless, in FT-IR the O-C stretching at 1100 cm−1 can be seen perfectly, filling in a gap within the
PIM-1 spectrum. 1H-NMR spectrum shows the prominent OCH2 singlet at 3.64 ppm, but because of
the low molar quantity of 8a only OCH2 is visible, while the aromatic and aliphatic hydrogen peaks of
8a are overlaid by PIM-1. For reasons of comparison and without any impact of 8a the singlet of PIM-1
at 6.42 ppm was suited best for calculation of composition, integration estimates the PEO content to
2.7 mol %. From the 1st step of decomposition in TGA at an onset of 377 ◦C, about 9.1 wt% weight
loss was identified that represents the Retro-Diels–Alder reaction splitting off the maleimide-PEO
7a, corrected to PEO a content of 9 wt % was estimated. SEC with MALS detection (dn/dc = 0.2611)
revealed molecular weight of ca. 40 kg/mol and PDI of 1.4. Transparent membranes were formed from
CHCl3 solutions of this copolymer; they are quite stable and were measured in time lag apparatus
with the usual set of four gases (results in Table 6).

Table 6. Time lag measurements of PIM-copolymers 8a,b with PEO and PPO in side chain at 30 ◦C.

Polymer
PEO/PPO-Content

(TGA) wt%

Permeability (Barrer) Selectivity

N2 O2 CO2 CH4 O2/N2 CO2/N2 CO2/CH4

PIM-co-8b-1 6.0 110 400 2650 160 3.6 24.1 16.5
PIM-co-8b-2 8.6 73 230 1735 123 3,2 23.8 14.1
PIM-co-8a-1 9.0 64 190 1570 107 2.9 24.5 14.7

Monomer 8b contains a shorter chain of about 600 g/mol that additionally introduce a branching
originating from its polypropylene glycol (PPO) basis. It should be less hydrophilic than poly(ethylene
glycol). It was added in 5 and 10 mol % of tetrahydroxy component in PIM-polycondensation,
resulting in copolymers of 6 and 11 wt% calculated PPO content (PIM1-co-8b-1 and PIM1-co-8b-2),
respectively. In 1H-NMR spectrum the multiplet between 3.36 and 3.6 ppm covers OCH2, CH as well
as OCH3 signals within the PPO-chain. Compared to the singlet of the PIM-1unit at 6.42 ppm, the PPO
content was calculated to 4.5 mol % (PIM1-co-8b-1) and 8.8 mol % (PIM1-co-8b-2). Furthermore,
TGA measurements include the Retro-Diels–Alder reaction as the loss of maleimide 7b (observed
as a first weight loss step below 400 ◦C), re-calculation to PPO content yielded 6.0 wt % PPO in
PIM1-co-8b-1 and 8.6 wt % PPO in PIM1-co-8b-2, respectively. These latter values are included in
Table 6. Both new copolymers dissolve easily in CHCl3. SEC was measured with MALS detection to
46 kg/mol and 42 kg/mol, with PDI = 1.2 for both polymers. By casting from CHCl3 solution, stable
membranes could be formed.

124



Membranes 2017, 7, 28

Gas permeability of PIM-copolymers with PEO and PPO in side chain was measured at 30 ◦C in
time lag apparatus; results are presented in Table 6. Caused by the quite high PEO/PPO content of 6–9
wt %, permeability is low and selectivity is enhanced compared to a pristine PIM-1 membrane,
as presented in Table 2. The difference between PEO and PPO is not very pronounced when
considering that a PPO chain of 600 g/mol in 8b is rather short compared to the PEO chain of
ca. 2000 g/mol in 8a. The low permeability is caused primarily by a reduction to 30–40% diffusivity
(see Figure 8a, directly compared to PIM-1 value given in Table 2), as was already observed within
Path 1. Solubility is affected less, especially for CO2 and CH4 (Figure 8b).

 
(a) 

 
(b) 

Figure 8. Diffusivity (a); and solubility coefficients (b) of polymers PIM-CO-8, calculated from time
lag measurements at 30 ◦C and in relation to pristine PIM-1 membrane (in Table 2).

4. Summary of All Approaches

Permeability of PIM-1 membrane in gas separation depends on several variables such as process of
preparation and casting solvent [22], as well as pre-/treatment [25]. Values, e.g., for CO2 permeability
at 20–30 ◦C have been presented in the literature, ranging from 2300 Barrer [4] to 12,600 Barrer [5].
We also observed the phenomenon that was already mentioned by Guiver et al. [22] that PIM-1
membranes prepared from CHCl3 or CH2Cl2 have definitely higher permeability than those made
from tetrahydrofurane or dichlorobenzene under otherwise identical conditions. To exclude differences
on this account, all membranes in our study were cast from the same solvent and, fortunately, we could
use CHCl3 for all membranes. As with most high flux glassy polymers, a severe ageing/compaction
over time takes place reducing permeability significantly within a rather short measure of time [26].
Actually, we measured permeability of N2 and O2 of several membrane examples from our study for
at least 100 h but observed a quite similar ageing behavior like PIM-1. However, ageing of PIM was
not the task of our study and would have gone beyond the scope of this article.

Apparently, it is all together no easy task to define a base line to rank newly developed membranes
on PIM-1 basis. In this study, we referred to PIM-1 mostly to directly measure equivalent values (Path 1)
or chose a fresh batch of PIM-1 prepared under identical conditions (Paths 2 and 4). In the case of
Path 3, we had no reference value; therefore, we referred to the lowest concentration of PEO and to the
graphical reduction of measured permeability to 0% of PEO. All membranes were measured as soon
as possible after casting to avoid a noticeable influence of ageing effects.

The outstanding of the four gases examined in this study with new combinations of PIM-1 and
PEG and PEO/PPO is CO2, displaying the highest permeability because of a high solubility in PIM-1
as well as in PEG. The other measured gases, N2, O2, and CH4, follow the behavior of CO2 on regard
of diffusivity on a similar level, but they are much less soluble.

In Figure 9, a summary of all paths is presented, comparing CO2 permeability of PEG/PEO/PPO
containing membranes by means of the actual PEG/PEO/PPO content. Addition of trend lines leads
the eyes and allows consequently comparison of all approaches to combine PIM-1 and PEG/PEO/PPO.
Two data points for pristine PIM-1 permeability are included (from Tables 2 and 3), these both already
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displaying the variety of measured CO2 permeability of PIM-1 membranes under research. In Figure 9,
it is obvious that every substantial addition of PEG or PEO to PIM-1 leads to a linear reduction in
membrane permeability, caused by the low permeability of PEG(s) in comparison to the superior
properties of PIM-1. Differences within the paths are diminishing with increase of PEO content towards
and above 10 wt %. An amount of PEO above 10 wt % reduces permeability of CO2 clearly below 1000
Barrer and consequently the other gases in our study were reduced below 100 Barrer. Nevertheless,
the effect of an increased hydrophilicity of produced membranes is noticeable in all four paths.

Figure 9. Graphical summary of all approaches compares measured CO2 permeability (time lag,
single gases, 30 ◦C) versus PEG and PEO/PPO-content from this work: blends with PEG-200 and
PEG-2000 (dark squares), quenched polymers (crosses), multiblock-copolymers (triangles), and side
chain-copolymers (circles). Data from [11] are also included: Blends of PIM-1 with PEG 20 kg/mol
(pale squares).

The very low addition (<<1 wt %) in case of Path 2 (Figure 9, crosses) seems not substantial
enough to change the permeability of PIM-1 noticeably. Without the quenching by dihydroxybenzoic
esters 3a–b but simply precipitating in H2O membranes made of this PIM-1 batch showed about
10,000 Barrer of CO2 and a selectivity of ca. 19 for CO2/N2 and that did not change by quenching
with 3a–b (Table 3). The high values of permeability of these membranes are achieved by a short
reaction time in polycondensation and a rather low molecular PIM-1 of ca. 50 kg/mol. By adding
a large PEO chain like PEG 5000 (3c) resulting in polymer 4c the influence of PEO on permeability
becomes definitely visible by a severe decrease to less than 3000 Barrer CO2. The low selectivity of
polymer 4c for CO2/N2 of ca.16, however, points to a similar phase separation by extended regions
of PEG as in [11] when a blend of PIM-1 with 2.5 wt % PEG-20000 (pale squares) has a still quite
high permeability of CO2 of ca. 2300 Barrer but also a rather high permeability of N2 of 140 Barrer.
Although, the membranes prepared from polymer 4c were optically rather transparent.

Preparation of blends of PIM-1 and different PEGs (Path 1, Figure 9, dark squares) is surely
the simplest method to combine PIM-1 and PEG. Membranes prepared from the physical mixtures
within Path 1 behave quite similar: With increasing PEG content, permeability of all measured gases
decreased and selectivity of CO2/N2 increased slightly (from 18 up to 30). Influence of PEG chain
length of the employed PEGs between 200 and 2000 g/mol in our study is not very pronounced and
can be distinguished merely in high resolution of the graphs. Wu et al. [11] presented only one blend
membrane with a content as high as 5 wt % but prepared with PEG-20,000 (Figure 9, pale squares).
Permeability of CO2 of this membrane (2550 Barrer) is comparable to our own blend with 5 wt %
PEG-2000 (2500 Barrer, Figure 9, dark square) but permeability of N2 (200 Barrer) is higher with
PEG-20000, resulting in a selectivity of CO2/N2 = 12, compared to 25 with PEG-2000 (N2 permeability
100 Barrer) in our study. Their experiments in consequence concentrated on low amounts of PEG-20000
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to save a better part of PIM-1 permeability. It should be mentioned that they used a PIM-1 of lower
initial permeability, which explains the shift to lower permeability in Figure 9 (pale squares) compared
to our results. Nevertheless, they achieved lower selectivity of CO2 with respect to N2 in the range of
16–12, obviously reducing N2 permeability less than CO2 by addition of high molecular PEG. This
could be caused by the formation of separated phases within the membranes forming nanochannels
that discriminate only larger molecules like CH4. The remarkable found of their work indeed was an
increase of selectivity for CO2 over CH4 up to 39, compared to a selectivity of 10–12 of pristine PIM-1.
The low molecular PEGs in our work allow a continuous membrane phase in most cases with a similar
reduction of all measured gases in diffusion, compensated by an only moderate reduction of solubility
of the highly soluble CO2. Therefore, selectivity of CO2/CH4 is influenced only moderately up to a
value of 14, except the blend with PEG-2000 that reached a value of 18.

Graphical prolongation of the trend lines of our experiments with PEG-200 and PEG-2000 to 0%
of PEG leads to 4000 to 4300 Barrer of CO2, while the original PIM-1 batch had shown a permeability
of more than 7000 Barrer. The dependency of P on addition of PEG and PEO seems to be non-linear at
low amounts as the experience of Path 2 already pointed to.

Multiblock copolymers PIM(x)-b-PEO(Y) contain PIM-1 parts of quite low molecular weight (10
and 25 kg/mol) and blocks of even smaller PEO (0.2, and 1.2 kg/mol), but these blocks are divided
evenly among the polymer chain without a chance of phase formation. Pure PIM-1 polymers of low
molecular weight like that are not film forming therefore no comparable membranes could be provided.
In Figure 9 multiblock copolymers (triangles) show the highest permeability of all paths on regard of
the PEO content. At ca. 5 wt % of PEO a multiblock copolymer membrane would show 3500 Barrer of
CO2, about 1000 Barrer more than a membrane made from PIM-1-PEG blend of similar PEG chain
length. A graphical prolongation to 0% PEO achieved about 5600 Barrer CO2 of the remaining PIM-1
polymer, a value definitely higher than that calculated from the PEG blended membranes in Path 1.

PEO and PPO introduced as a side chain was described in Path 4, using the different co-monomers
8a and 8b to partly substitute tetrahydroxyspirobisindane (1) in PIM-1 polycondensation. The roof
shaped bridged anthracene introduced an additional bend angle to the already contorted PIM-1 chain
as described in [27]. PEO and PPO side chains fixed to the ethane bridge adding up to 6 to 10 wt% PEO
and PPO within the copolymers PIM1-co-8a and PIM1-co-8b, respectively. Obtained permeability
is located within the values measured on Path 1 and Path 3. PEO and PPO chains are of limited
mobility as in Path 3 but pure PIM-1 parts within are quite large and therefore these polymers are
more comparable to Path 1.

In Figure 10 is depicted exemplarily a section from Robeson’s plot (the “upper bound” of 2008 [6]
represented by the black line) for selectivity of CO2/N2 versus permeability of CO2 at 30 ◦C. Included
are only PIM-1 values from our study, one of them is above the upper bound, one below. Permeability
of our PIM-1–PEO combinations is reduced compared to the pristine PIM-1 and therefore, following
Robeson’s trade-off, an increase in selectivity for CO2/N2 distinctively above 20 is achieved in most
cases, however, by relinquishing a considerable part of permeability (Figure 9). Diagrams made up for
CO2/CH4 (increase in selectivity from 10 up to 14–18), or O2/N2 (increase in selectivity from 2.8 up
to 3.5) (neither shown) provide identical information but on a much lower (as well permeability as
selectivity) level.
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Figure 10. Selectivity of CO2/N2 versus permeability of CO2 at 30 ◦C: blends with PEG-200/-2000
(dark squares), quenched polymers (crosses), multiblock-copolymers (triangles), side chain-copolymers
(circles), and, for comparison data, from [11]: Blends of PIM-1 with PEG 20 kg/mol (pale squares).
The depicted section of Robeson’s upper bound for CO2/N2 was extracted from [6].

5. Conclusions

In our study, we tested four different paths to combine PIM-1 with up to 10 wt % PEG and
PEO/PPO to enhance the hydrophilicity of the mixed polymer considerably. Physical mixtures and
new, chemically linked polymers were successfully formed into free standing dense membranes and
measured in single gas separation of N2, O2, CO2 and CH4 in time lag method. Melting of long PEG
chains (2–5 kg/mol) at elevated temperatures up to 80 ◦C had no observable influence on permeability;
further measurements were performed at 30 ◦C.

Permeability was lowered by any substantial addition of PEG/PEO/PPO, almost regardless the
manufacturing process and quite proportional to the added amount. It can be stated that roughly about
6 to 7 wt % of PEG/PEO/PPO in PIM-1 combination halved the permeability of the original PIM-1
membrane. Selectivity calculated from single gas measurements increased slightly up to values of
about 30 for CO2/N2, a maximum of 18 for CO2/CH4 and 3.5 for O2/N2. In all combinations, PIM-1 is
the highly permeable part and obtained gas fluxes are defined by the amount and the distribution
of PEG and PEO. Blending of PIM-1 and PEGs of different chain length led to phase separation at
higher concentrations of PEGs and an even lower selectivity than with PIM-1. An even distribution
within the multiblock copolymers PIM(X)-b-PEO(Y) resulted in slightly higher permeability at similar
concentration than a PEO part with a long chain, as in 4c or PIM1-co-8a.

By differentiating permeability in diffusivity and solubility, it was shown that addition of
PEG/PEO/PPO affected diffusivity of all measured gases quite uniformly. Solubility of CO2, O2,
and CH4, however, was reduced less than solubility of N2 resulting in increased selectivity for the
former gases. Concentration optimum for the combination of PIM-1 and PEO between gaining
solubility for selected gases and losing not too much permeability for all gases under consideration is
in the range of 2–5 wt % PEO.

For perspective, these modified PIM-1 membranes of enhanced hydrophilicity should be useful
in other membrane techniques such as nanofiltration and pervaporation, by combining the very good
chemical resistance of PIM-1 with a selective permeance because of a higher hydrophilicity. Addition
and even distribution of nanoparticles or other more polar fillers should also be facilitated in presence
of PEG chains.
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Abstract: Spinning of cellulose acetate (CA) with the additive polyvinylpyrrolidone (PVP) in
N-methyl-2-pyrrolidone (NMP) solvent under different conditions was investigated. The spinning
parameters of air gap, bore fluid composition, flow rate of bore fluid, and quench bath temperature
were optimized based on the orthogonal experiment design (OED) method and multivariate analysis.
FTIR and scanning electron microscopy were used to characterize the membrane structure and
morphology. Based on the conjoint analysis in Statistical Product and Service Solutions (SPSS)
software, the importance of these parameters was identified as: air gap > bore fluid composition >
flow rate of bore fluid > quench bath temperature. The optimal spinning condition with the bore fluid
(water + NMP (85%)), air gap (25 mm), flow rate of bore fluid (40% of dope rate), and temperature of
quench bath (50 ◦C) was identified to make high PVP content, symmetric cross-section and highly
cross-linked CA hollow fibers. The results can be used to guide the spinning of defect-free CA hollow
fiber membranes with desired structures and properties as carbon membrane precursors.

Keywords: spinning; cellulose acetate; hollow fiber membrane; orthogonal experiment design;
conjoint analysis

1. Introduction

Carbon membranes have been studied in the last few years as a promising candidate for
energy-efficient gas separation technology due to their improved permselectivity, thermal and
mechanical stability, and chemical stability compared to those that are already used [1–4]. Hollow
fiber carbon membranes are usually prepared by the carbonization of hollow fiber precursors. How
to prepare cheaper, defect-free hollow fiber precursors becomes a key issue in the fabrication of
carbon membranes. Many studies have reported that polymer membranes such as polyimide,
polyacrylonitrile (PAN), and cellulose were used as the precursor for carbon membranes [2,5–7].
Cellulose is the most abundant biorenewable material with many important commercial applications.
However, the potential of cellulosic materials has not been fully exploited for use as the precursors for
carbon membranes because cellulose cannot be dissolved in conventional solvents due to strong
inter- and intra-molecular hydrogen bonding [8]. The recently developed Lyocell process uses
N-methylmorpholine-N-oxide (NMMO) to dissolve cellulose directly from biomass, and was reported
to have higher efficiency compared to other processes [9], but this process embodies significant
engineering challenges with regard to solvent stability, safety, and recovery. Ionic liquids are green
solvents that have recently been reported to dissolve the cellulose and spin cellulose fibers [8,10,11].
However, ionic liquids are very expensive, and many of them are still not commercially available.

Fortunately, the regeneration of spun cellulose acetate (CA) hollow fiber membranes provided
a potential solution to make cellulosic hollow fibers. Some studies have reported the spinning of
cellulose acetate fibers [12–18], but mainly used in reverse osmosis (RO) and ultrafiltration (UF), and
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only a few of them were used as precursors for carbon membranes. Defect-free precursors are crucial
for the preparation of high-performance carbon membranes. Thus, in this work, we will investigate
and optimize the spinning parameters to obtain defect-free CA hollow fiber membranes.

In the present work, the well-known dry-jet wet spinning technology was used to fabricate
thin and defect-free CA hollow fiber membranes. This process consists of the formation of nascent
membrane, followed by the interfacial phase separation within the air gap. After that, the nascent
membrane was immersed in a non-solvent (water) quench bath at a certain temperature where the
phase separation occurred throughout the rest of the membranes. Many parameters, such as air gap,
bore fluid composition, flow rate of bore fluid, and temperature of quench bath, etc. can affect the
final fiber structure and morphology. Qin [13] and Chung [19] reported that air gap length during
the spinning greatly affected the performance of membranes, and an increase in air gap resulted in a
significant decrease in membrane permeation. The orthogonal experimental design (OED) method
is well used in the multi-factor optimization field, and can consider the effects of all investigated
parameters while significantly reducing the experimental runs. This study aims to introduce the
OED method to optimize the spinning parameters. The defect-free CA hollow fiber membranes were
spun under the optimal spinning conditions. The cellulosic-based membranes can be regenerated
from the spun CA membranes by deacetylation treatment, and further used as precursors for carbon
membranes preparation.

2. Materials and Methods

2.1. Materials

CA (MW 100,000, average acetyl content: 39.8%) was purchased from the ACROS (Pittsburgh,
PA, USA). Polyvinylpyrrolidone (PVP K30, MW 10,000) was purchased from Sigma (Darmstadt,
Germany). The solvent, N-methyl-2-pyrrolidone (NMP > 99.5%) was purchased from Merck
(Darmstadt, Germany).

2.2. Spinning of CA Fibers

CA hollow fiber membranes were spun using the well-known dry-jet wet spinning process [13,20].
The dope solution consisted of CA, NMP, and the additive PVP (used to increase the porosity of the
carbon membrane). A schematic diagram for the spinning process is shown in Figure 1. The extrusion
rate for dope and bore fluid were controlled by two gear pumps, respectively. A double spinneret
(ID/OD, 0.5/0.7 mm) was used in this study with the aim of spinning defect-free hollow fibers by
controlling the spinning parameters. In order to systematically investigate the effects of spinning
parameters and reduce the experimental times, an orthogonal experimental design (OED) method
together with multivariate analysis was introduced to optimize the spinning conditions. The factors
and levels for the OED are given in Table 1, and Statistical Product and Service Solutions (SPSS)
software was used to generate the experimental plan.

 

Figure 1. Schematic diagram of membrane spinning process.
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Table 1. Factors and levels for orthogonal experimental design (OED) of spinning conditions.

Level Bore Fluid Composition Air Gap Flow Rate of Bore Fluid * Quench Bath Temp.

1 H2O 15 mm 20% 20 ◦C
2 H2O + NMP (85%) 25 mm 40% 50 ◦C
3 35 mm 60%

* 100% means the same flow rate as the dope flow rate.

2.3. Measurement and Characterization

Fourier transform infrared spectroscopy (FTIR) spectra of the samples were obtained from the
Bruker Tensor 27 FTIR instrument (Billerica, MA, USA), which was used to determine the acetyl
content, PVP content, and cross-linking degree between CA and PVP in the spun hollow fibers.
The morphology of spun CA hollow fibers were characterized by a scanning electron microscope
(SEM) (Zeiss SUPRA 55VP, Oberkochen, Germany).

3. Results and Discussion

3.1. Experimental Results

The FTIR spectra of the pure CA, the pure PVP, the physical mixture of CA and PVP, and spun
hollow fiber membrane were shown in Figure 2. The characteristic adsorption peaks of 1030 cm−1,
1230 cm−1, and 1740 cm−1 are attributed to the ether group (νC−O−C), acetyl ester group (νCH3−C=O),
and carbonyl group (νC=O) of CA, respectively. The peak at 1665 cm−1 is attributed to the carbonyl
group in the PVP. Moreover, the assumption that an additional hydrogen bond may form between the
CA and tertiary amide group of PVP is possible because the IR spectrum displays a strong absorption
band in the region of 2250–2700 cm−1 that is characteristic of hydrogen bond for tertiary amide [21],
as illustrated in Figure 3.

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of cellulose acetate (CA) and
polyvinylpyrrolidone (PVP), 1:4.5 Physical Mixture (CA and PVP power mixed) and Membrane
(spun CA/PVP hollow fibers).
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Figure 3. Structure for the formation of hydrogen bond between CA and PVP.

The FTIR spectra for spun membranes of OED are shown in Figures 4 and 5. The absorption
ratios of A2320 cm−1/A1030 cm−1 and A1665 cm−1/A1030 cm−1 were used to characterize the
cross-linking degree and the PVP content in the membrane, respectively. The cross sections of
membrane morphology were characterized by SEM. Table 2 gives the OED results for different
spinning conditions.

Figure 4. FTIR spectra of the spun hollow fiber membranes for the experiment plan, which were shown
in Table 2.
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Figure 5. FTIR spectra of spun membranes for holdout experiments, which were shown in Table 2.

Table 2. The OED results for the optimization of spinning parameters.

No. Bore Fluid
Air Gap

(mm)
Flow Rate of

Bore Fluid (%) *
Quench Bath

Temperature (◦C)
Cross-Linking

Degree c
PVP Content

(%)
Membrane

Morphology

1 water 15 40 20 5.19 9.41

2 water 35 20 50 3.14 9.01

3
water +
NMP
(85%)

15 60 50 3.68 9.11

4 water 25 60 20 5.63 10.08

5
water +
NMP
(85%)

35 40 20 8.61 8.59

6
water +
NMP
(85%)

25 20 20 3.03 8.16

7 water 25 40 50 4.07 9.41

8 water 15 20 20 21.47 10.83

9 water 35 60 20 7.34 7.75

10(a) water 15 60 20 2.79 7.72
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Table 2. Cont.

No. Bore Fluid
Air Gap

(mm)
Flow Rate of

Bore Fluid (%) *
Quench Bath

Temperature (◦C)
Cross-Linking

Degree c
PVP Content

(%)
Membrane

Morphology

11(a)
water +
NMP
(85%)

25 60 20 7.17 10.37

12(b) water 25 40 20

13(b)
water +
NMP
(85%)

25 40 20

3.2. Conjoint Analysis

The conjoint analysis in the SPSS package was used to analyze the results of the orthogonal
experimental design [22]. The utilities (part-worth) reflect the importance of each factor level. The
range (highest minus lowest) of the utility values for each factor provides a measurement of how
important the factor was to overall preference [23]. Factors with larger utility ranges play a more
significant role compared to those with smaller ranges. The importance score (IMP) of factor i (%) is
calculated as:

IMPi = 100
Rangei

p
∑

i=1
Rangei

(1)

where p = factor number. If several subjects are used in the analysis, the importance of each factor is
separately calculated for each subject, and then averaged. For the prediction, the probability of each
simulation (pi) can be estimated according to the three different methods: (1) The maximum utility
model determines the probability as the number of respondents predicted to choose the case divided by
the total number of respondents; (2) The BTL (Bradley–Terry–Luce) model determines the probability
as the ratio of one case utility to that for all simulation cases; and (3) The logit model is similar to BTL,
but uses the natural log of the utilities instead of the utilities. The conjoint analysis method reported
in our previous work [23] was used to estimate the part worth of the contribution from each factor’s
level in this work, and the response is the combination of three subjects (the PVP content, cross-linking
degree, and membrane morphology; these parameters will accordingly influence the microporosity,
mechanical strength, and structure and morphology of carbon membrane). The importance of each
factor was calculated separately for each subject, and then averaged. The correlations of Pearson’s R
and Kendall’s τ were 0.964 and 0.957, respectively, which indicated a good consistency between the
estimated results from the model and the experimental data. Table 3 shows the utilities (part-worth) of
each factor level, and averaged importance score of each factor. Higher utility values indicate greater
preference in the selection of spinning condition.

Table 3. Utilities and averaged importance scores for different factors.

Factors and Levels Utility Averaged Importance Score (%)

Bore fluid composition water −0.917
28.731water + NMP(85%) 0.917

Air gap
15 mm −1.111

29.46725 mm 0.889
35 mm 0.222

Flow rate of bore fluid
20% −0.778

27.86040% 0.889
60% −0.111

Quench bath Temp. 20 ◦C −0.750
13.94250 ◦C 0.750

(Constant) 5.556

136



Membranes 2017, 7, 27

The range of the utility values (averaged importance score) for each factor provides a measure of
the importance of each factor to the overall performance. Factors with greater averaged importance
score play a more significant role than those with smaller values. From Table 3, one could find that the
importance of these four factors was sorted as follows:

• air gap > bore fluid composition > flow rate of bore fluid > quench bath temperature.

It can be clearly seen that air gap was the most important parameter of the spinning process,
which kept a good consistency with the previous results [13,19]. Therefore, the length of air gap needs
to be well controlled during the spinning process to prepare defect-free CA hollow fiber membranes
with desired structure and property. Moreover, all the utilities are expressed in a common unit, and
can be summed to give the total utility of any combination. Table 4 shows the comparison between an
arbitrary selected combination of factor level and the optimal spinning condition. It can be found that
utility of the optimal condition (Case 2) is much higher compared to Case 1.

Table 4. An example for combination of different spinning conditions.

Case

Utility

Total Utility RemarksBore Fluid
Composition

Air Gap
Flow Rate of
Bore Fluid

Quench Bath
Temp

Constant

1 water (−0.917) 35 mm (0.222) 60% (−0.111) 20 ◦C (−0.75) 5.556 4

2 water + NMP
(85%) (0.917) 25 mm (0.889) 40% (0.889) 50 ◦C (0.75) 5.556 9.001 Optimal

3.3. Predictions

The real power of conjoint analysis is to predict the performance (structure and property) of the
spun hollow fibers that have not been investigated in the experiments—the simulation cases (see No. 12
and 13 in Table 2). The simulation results are given in Table 5. It was found that the utility of Case 2 was
larger than that of Case 1 across the three response variables (PVP content, cross-linking degree, and
membrane morphology) in this study. All three models—maximum utility, Bradley–Terry–Luce (BTL),
and logit—indicated that simulation Case 2 would be preferred. In order to validate this simulation
result, CA hollow fiber membranes were spun under these two conditions and characterized by FTIR,
as shown in Figure 6. The PVP content (A1665 cm−1/A1030 cm−1) was higher and cross-linking
degree was weaker for Case 2, which indicated that the membrane spun from Case 2 was better for use
as a precursor for carbonization. The predicted score of Case 2 was also higher compared to Case 1.
Thus, the generated model from the conjoint analysis can be used to guide the spinning of hollow
fibers with the desired structure and properties.

Figure 6. FTIR spectra for simulation cases, which has been mentioned in Table 2.
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Table 5. Simulation results by conjoint analysis. BTL: Bradley–Terry–Luce.

Card Number Score Maximum Utility(a) BTL Logit

1 5.667 33.3% 43.7% 26.9%
2 7.500 66.7% 56.3% 73.1%

4. Conclusions

CA hollow fiber membranes were spun from a dope solution containing (CA + PVP)/NMP at
different conditions using a dry-jet wet spinning process. The orthogonal experimental design method
was firstly used for the optimization of spinning conditions. The experimental results showed that the
importance of these four factors was sorted as:

air gap > bore fluid composition > flow rate of bore fluid > quench bath temperature.
The spinning parameter air gap was identified as the most important factor during the spinning

process, which kept the consistency with the results reported in the literature. Moreover, the optimal
spinning condition with a bore fluid composition (water + NMP (85%)), an air gap (25 mm), a flow
rate of bore fluid (40% of dope flow rate), and a temperature of quench bath (50 ◦C) was obtained for
making cellulose acetate hollow fibers with high PVP content, symmetrical cross-section, and high
cross-linking degree. The proposed OED method can be well used for the optimization of spinning
conditions, and the simulation results based on conjoint analysis can be applied to guide the spinning
of hollow fibers with desired structure and properties.
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Abstract: Reverse Osmosis (RO) membrane fouling is one of the main challenges that
membrane manufactures, the scientific community and industry professionals have to deal with.
The consequences of this inevitable phenomenon have a negative effect on the performance of the
desalination system. Predicting fouling in RO systems is key to evaluating the long-term operating
conditions and costs. Much research has been done on fouling indices, methods, techniques and
prediction models to estimate the influence of fouling on the performance of RO systems. This paper
offers a short review evaluating the state of industry knowledge in the development of fouling indices
and models in membrane systems for desalination in terms of use and applicability. Despite major
efforts in this field, there are gaps in terms of effective methods and models for the estimation of
fouling in full-scale RO desalination plants. In existing models applied to full-scale RO desalination
plants, neither the spacer geometry of membranes, nor the efficiency and frequency of chemical
cleanings are considered.

Keywords: reverse osmosis; membrane fouling; fouling indices; predicting models

1. Introduction

Despite improvements and advances in our knowledge of water desalination, one of the main
challenges of membrane technology, particularly in Reverse Osmosis (RO) technology, has been how
to deal with membrane fouling [1–3].

Membrane fouling results from the accumulation of undesirable materials on, in or near the
membrane and involves one or more of the following types [3,4]: (a) particulate and colloidal matter
deposition on the membrane surface [5]; (b) organic fouling [6]; (c) scaling and inorganic fouling [7];
and (d) biofouling due to adhesion and bacterial growth on the surface of the membrane generating a
layer of gel [8].

The consequences of this inevitable phenomenon have a negative effect on the performance of
the desalination system (decline in water production over time for constant pressure operations or an
increase in required feed) that requires costly pretreatment, higher operating pressures and frequent
chemical cleanings, which can damage membranes, degrade permeate quality, and hasten membrane
replacement. This additionally increases water cost and energy consumption [9,10]. Therefore, one of
the most important challenges is to understand the factors involved in membrane fouling and the
subsequent reduction of permeate flux or applied pressure increase that is inevitably associated with
membrane processes.

Membranes 2017, 7, 62 140 www.mdpi.com/journal/membranes
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A great deal of research has been carried out to this field in the last 30 years, and although
desalination technology is being extensively studied, much remains to be done and researched
in the field of membrane fouling. Research that has been undertaken focuses on six key areas:
(1) characterization of foulant agents by autopsy studies of membrane elements; (2) understanding
of fouling mechanisms; (3) indices for predicting fouling; (4) modeling for full-scale systems;
(5) optimization of pre-treatment and chemical cleaning; and (6) optimizing the membrane material and
enhanced module design. The first four areas attempt to address directly how fouling occurs and how
to predict it, while the others focus more on the mitigation and prevention of fouling, as for example
through the use of antifouling membranes [11–15].

Focusing on attempts to address directly and predict model membrane fouling, several
fouling prediction tools and techniques have been developed to describe membrane fouling [16–20].
The traditional and most widely-applied fouling indices in RO systems are the Silt Density Index (SDI)
and the Modified Fouling Index (MFI). However, these indices have a limitation in predicting RO
fouling rate such as lack of precision with small (<0.45 μm) foulant agents [21–23].

Some recent research has focused on modifying these methods and using membranes more similar
to those of RO in order to evaluate fouling potential [17,22,24,25], while another research focus is the
proposal of prediction models based on experience in full-scale RO desalination plants [26–29].

This paper provides a critical review evaluating the state of industry knowledge in the
development of fouling indices and models in membrane systems for desalination in terms of use
and applicability.

2. Membrane Fouling Indices

The Silt Density Index (SDI) and Modified Fouling Index (MFI) are common parameters
or indices to determine the fouling potential (mainly colloidal) of feedwaters in RO systems.
Microfiltration (MF) membranes with a pore size of 0.45 μm, which is larger by several orders of
magnitude than the pore size of the RO membranes, are used to calculate these indices. Although these
indices were developed to evaluate RO membrane fouling, they can also serve as a reference in the
evaluation of fouling in porous membranes like MF and Ultrafiltration (UF).

These indices are based on conventional and dead-end filtrations, while commercial applications
are performed in cross-flow filtration. This implies that the flow conditions in the module are not
taken into account, though this is a crucial parameter in the optimization of the process. However,
the experimental determination of these data is very simple and frequently used.

2.1. Silt Density Index

SDI is used to predict the colloidal fouling potential of feedwaters in RO systems and the efficiency
of pre-treatments. SDI measurement is performed using the standard ASTM D4189 [30]. The feedwater
is filtrated in dead-end mode by an MF membrane with a diameter of 47 mm and a pore size of 0.45 μm
at a constant pressure of 207 kPa (30 psi). The two time intervals measured at the beginning of filtration
are the initial (ti) and final (tf) time to collect 500 mL of permeate, respectively. The third time interval
(t) can be 5, 10 or 15 min, which is the period between ti and tf. SDI is calculated by the following
Equation (1):

SDI =
1 − ti

tf

t
· 100 (1)

Generally, membrane manufactures suggest a value below three for SDI, but four or five are also
acceptable values. Most pre-treatment studies are based on SDI15 < 3. Standard ASTM D4189 [30]
specifies that the membranes must have a mean pore size of 0.45 ± 0.2 μm, and the values of SDI
obtained with membranes of different suppliers, which present differences in their morphology
(porosity, for example), may differ.

SDI has its limitations, and a lack of reliability has been demonstrated in several studies [31–33].
SDI is a static measurement of resistance assuming lineal permeate flux decline. This allows good
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results to be obtained when the water has a high quality, as the initial and final fluxes would be similar.
However, the use of SDI may not be appropriate when the water has a high fouling potential, since SDI
has no linear relation with the colloidal content. In this case, derivation of this index is very empirical
and is not based on any mechanisms of fouling [31,34]. For these reasons, SDI should not be used
as input in the mathematical model to predict fouling rates [35]. To overcome the limitations of SDI,
J.C. Schippers and J. Verdouw [31] proposed a different parameter: the Membrane Fouling Index (MFI).

2.2. Modified Fouling Index

MFI (also called MFI0.45) is a parameter based on the filtration mechanism of layer deposition
or cake formation and takes into account the mechanism of the reduction of flow that takes place in
membrane systems. Therefore, it better represents the operating conditions of the membranes than
SDI and can be used to measure water with a high and low fouling potential.

MFI [36] is determined using similar equipment and procedures as SDI, except that the volume
of permeate water is measured in 30-s intervals over 15 min of filtration. In this period, the data of
permeate volume and t are collected. A better understanding of the experimental data that are obtained
is achieved by using Equation (2) as proposed by J.C. Schippers and J. Verdouw [31]. Equation (2) is
based on the resistances-in-series model and considers that fouling resistance is due to cake formation
on membrane surfaces. Equation (2) shows a lineal relation between t/V (s/L) and V (L). The slope of
this equation is the value of MFI (Equation (3)).

t
V

=
μ · Rm

Δp · A
+

μ · α · Cb

2 · Δp · A2 · V (2)

MFI =
μ · α · Cb

2 · Δp · A2 (3)

where Δp (Pa) is the transmembrane pressure, μ (Pa s) is the water viscosity, Rm (m−1) is the hydraulic
resistance of the membranes, α (m/kg) is the specific resistance of the cake, A (m2) is the membrane
surface, V (L) is the volume and Cb (kg/m3) is the concentration of particles in feedwater.

MFI is determined in the second region of the curve t/V vs. V (Figure 1). It can be divided into
three stages: blocking filtration, cake filtration (lineal) and cake filtration with clogging and/or cake
compressure. In case of a high concentration of colloids, the graph t/V vs. V has non-linear behavior
throughout the entire period, so MFI is calculated from the first region [37].

Figure 1. Ratio of filtration time and filtrate volume (t/V) as a function of filtrate volume (V) [38].
Copyright Elsevier, 2012.
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Membrane manufacturers suggest using MFI < 1 s/L2 and a maximum value of 4 s/L2 to control
membrane fouling. Most studies have been based on a target value less than 1 s/L2. In practice, the
calculation of MFI is complex, so in most cases, SDI is calculated. Some recent research has focused on
modifying these methods in order to study the applicability of multiple MFIs to evaluate the fouling
potential of feed water in a full-scale RO plant [22].

The term α · Cb is usually called fouling index I. If α and Cb are known, I can be calculated using
Equation (4) [6,39–41]:

I = α · Cb (4)

Following the theory of cake deposition or formation, when there is no compaction, the value of
cake resistance is Rc. It can be rewritten as Equation (5) [31,39]:

Rc =
I · V

A
=

α · Cb · V
A

(5)

The index I is related to MFI [31] with the parameters α and Cb (Equation (6)):

MFI =
μ · I

2 · Δp · A2 (6)

MFI depends on the operating conditions of the filtration, Δp and A according to Equation (6).
A normalization in the same condition as SDI is required. Otherwise, I does not depend on operating
conditions, so the parameter α does not vary as a result of the effect of cake compressibility. It can be
considered that I is already a normalized value of MFI, which depends on pressure and membrane
surface (Equation (6)). However, values of MFI under different conditions of filtration with the same
water sample are not the same as for I [42]. Equation (5) is rewritten as follows:

I =
Rc

V/A
(7)

The fouling index can be interpreted as a fouling parameter referring to the increase in cake
resistance (Rc) divided by the specific permeate volume (V/A) (by cake formation as the only type of
fouling mechanism).

The value of Rc of the deposited foulants on the membrane surface can be calculated knowing
I and Cb (Equation (6)). However, the specific resistance of the cake (or permeability of the cake) is
affected by the pressure applied, and that effect can be represented (as a first approximation) by an
empirical expression in the form of Equation (8) [43].

α = α0 · Δpn (8)

where α0 is the cake-specific resistance at reference pressure and Δp is the pressure gradient working
with the reference pressure. n is the compressibility coefficient. The effects of pressure and
compressibility on the characteristics of the cake and colloidal dispersion is a complicated topic
that is still under investigation.

Index I is defined by Equation (4), and its value is calculated by the experimental determination
of MFI (Equation (6)). The parameter I is related to the fouling potential of feedwater, which is
defined by multiplication of two characteristics: its specific resistance α and concentration Cb.
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2.3. Indices Derived from SDI

A. Alhadini et al. [44] proposed a normalized SDI (SDI+). This index takes into consideration
the temperature (T), Δp, Rm and different fouling mechanisms by using a line chart assuming cake
filtration and 100% particle retention. In the same work, they proposed the volume-based SDI (SDIv).
This fouling index compares the initial flow rate with the flow rate after the filtration of the standard
volume. SDIv has a linear relationship with the particle concentration if complete blocking is the
dominant fouling mechanism in the test. They concluded that SDIv is a better index to estimate the
fouling potential of feedwater in RO than SDI.

2.4. Indices Derived from MFI

J.C. Schippers and J. Verdouw [31] showed that MFI depends on the membrane molecular weight
cut-off. Few authors have developed procedures to calculate MFI using membranes with smaller pore
size. Table 1 shows a summary of procedures for calculating MFI, as well as the indices, parameters
and methods used to measure the fouling potential. The advantages and disadvantages of each
procedure have been commented on in works referenced in Table 1 and others [38,45].

S.F.E. Boerlage et al. [35] showed that the MF membrane (0.45 μm) used for MFI was not suitable
for fouling of small size colloids. This fouling can happen in RO membranes if the pre-treatment
does not separate these particles. The same authors [35] developed MFI − UF at constant pressure
(MFI − UFconst. pressure). This procedure uses a UF membrane instead of an MF membrane to separate
more particles, but it can take more than 20 h.

The aforementioned fouling indices have been measured at constant pressure, whereas most
membrane systems works at constant flux. S.F.E. Boerlage et al. [46] further developed the
MFI − UFconst. pressure in order to adapt it to constant flux conditions. This resulted in a noticeable
difference in the duration of the test compared to MFI −UF at constant pressure; MFI −UF at constant
flux (MFI − UFcont. flux) could be obtained in 2 h.

Recently, S. Khirani et al. [42] proposed NF − MFI using a Nanofiltration (NF) membrane
to measure MFI. As is shown in Table 1, the NF − MFI is measured at constant pressure.
Khirani et al. [42] showed that fouling potential could be measured by the NF − MFI, even for
small organic particles. Although this method is a step towards obtaining more realistic fouling indices,
the mode of operation was still at constant pressure and dead-end flow.

Modified methods for measuring MFI have the disadvantage that they require a long measuring
time with more complex systems than SDI or MFI itself. The filtration mode is dead-end flow, so it is
not close to real conditions in terms of hydrodynamic flux in RO process. Cross-flow hydrodynamic
conditions influence the selective deposition of smaller particles or colloids, which are the most likely
to be deposited on membranes, as illustrated in Figure 2.

Figure 2. Filtration modes: dead-end and cross-flow.
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Due to the balance between the convection flow and the backscattering of particles, the larger
particles with higher backscattering speeds tend to move away from the surface of the membrane,
whereas the smaller particles are preferably deposited as soiling agents. These cross-flow hydrodynamic
conditions lead to a different composition and structure of the cake when compared to the final
blind filtration [47].

Figure 2 shows the cross-flow filtration. All foulants in the feedwater are deposited or passed
through the membrane, as in the case of the measurements of SDI, MFI and MFI − UF, while in
cross-flow filtration, foulants are fractionated by selective deposition. These hydrodynamic effects
could lead to inaccuracies in the extension of SDI and MFI that is performed in dead-end flow.

To take into consideration, the effect of small particles or colloids in MFI, S.S. Adham and
A.G. Fane [48] proposed the use of a selective MF membrane to be operated in cross-flow mode.
They called this index the Cross-Flow Sampler-MFI (CFS − MFI). After MF membrane filtration
(colloid matter passes though this membrane), MFI/SDI is measured as shown in Table 1. Although
this method is a better approach, the cross-flow MF is separated from the measurement device in
dead-end flow, so CFS − MFI is determined in discontinued mode.

M.A. Jaaved et al. [49] calculated CFS − MFI in continuous operation mode with MFI
(in dead-end flow) directly connected to CFS. Recently, L.N. Sim et al. [50] applied CFS to MFI − UFcont.

to simulate selective colloidal deposition in real RO systems. The proposed index is known as
CFS − MFIUF and uses a UF membrane for MFI. The particles that pass across CFS and that are
deposited on the UF membrane will foul the RO membranes. In a later work, L.N. Sim et al. [51]
combined CFS − MFIUF with a Cake-Enhanced Osmotic Pressure (CEOP) [52] model to predict the
cross-flow RO fouling profile under constant flux filtration. They concluded that incorporating the
CEOP effect was a very promising method in predicting colloidal fouling in RO.

J. Choi et al. [53] proposed procedures for measuring MFI with different types of membranes
(Table 1). The test was called the Combination Fouling Index-MFI (CFI − MFI). It takes into account
various foulant agents separated by different membranes. However, the proposed approach is not
simple since several types of membranes are required. Although the different measurement systems of
MFI improve the prediction of fouling in RO membranes, they are complex and require long times to
be determined.

An evaluation of membrane fouling potential by Multiple Membrane Array System (MMAS) was
proposed by Y. Yu et al. [54]. MF, UF and NF membranes were connected in series to calculate three
MFI values, particle-MFI, colloid-MFI and organic-MFI. MMAS allows the simultaneous separation
of target foulants from the feed water and the evaluation of fouling potential of the feed water focusing
on the target foulants. The authors suggested that the MMAS could give valuable information about
the best candidates for pretreatment and the fouling influence on full-scale RO desalination plants.

M. W. Naceur [55] determined the Dimensionless Fouling Index (DFI). It can be interpreted as the
ratio of the membrane resistance to that of the cake due to the concentration of feedwater. The authors
mentioned that this index requires performing experiments under different operating conditions to be
properly validated.
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2.5. Fouling Potential Parameter (kfp)

L. Song et al. [59] defined a new standardization method for the determination of fouling potential
in membrane processes. Initially, it was developed to evaluate the potential of colloidal fouling
in UF membranes, but later was also applied in the characterization of fouling in large-scale RO
processes [62–64].

Index kfp (Pa s/m2) (called the fouling potential) is defined by Equation (9):

Rt = R0 + kfp ·
∫ t

0
J dt (9)

In Equation (9), J (m/s) is the specific permeate flux, and R and Rt (Pa s/m) are the initial and
final resistance of the membrane R0. In this resistance, the resistive effect of the viscosity is included
and is equivalent to multiplication of the resistance as is usually considered, R (m−1), and the dynamic
viscosity of the fluid μm (Pa s) (Equation (10)):

Rt = μ · R (10)

If the parameter kfp is assumed constant over time, it can be calculated using Equation (11):

kfp =
Rt − R0

vt
(11)

vt =
∫ t

0
J dt (12)

where vt is the total specific volume of permeate over time t.

3. Predictive Models

These models are an alternative to fouling indices in the prediction of the fouling influence on
RO systems. Some authors [26–29] have proposed equations to estimate the decline of the permeate
flux (Jw) over time due to long-term variation of the water permeability coefficient (A). Generally,
these correlations are applicable for the respective membrane type and for specific operating conditions.

One of the main drawbacks in the development of this type of model is the availability of
long-term operating data for a wide range of operating conditions and different types of full-scale
membranes. All models aim to describe the permeate flow decline over time or the variation of the
normalized water permeability coefficient An due to compaction, fouling, etc.

A proposed model to predict the decline of Jw due to membrane compaction was used by
M. Wilf et al. [26] to estimate the Jw decline in the long term (Equation (13)). Three years of experimental
data from different Sea Water Reverse Osmosis (SWRO) desalination plants were used to identify the
parameter of the model. They calculated the parameter for permeate flow decrements of 25% and 20%.

An = tm (13)

where m is a parameter with values between −0.035 and −0.041 [26] related to permeate flow decline
of 20% and 25%, respectively, and t is the operating time in days.
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Zhu et al. [27] also proposed a model (Equation (14)) to predict the coefficient A. This involves
an exponential equation, but in this case, a hollow fiber membrane was utilized (DupontTM B-10,
Wilmington, DE, USA) during one year of operating time. This correlation is not based on
experiments, but on model-based simulation: variable feed pressure (6.28–7.09 MPa), constant feedwater
concentration and temperature (35,000 mg/L and 27 ◦C, respectively). Belkacem et al. [65] used the Zhu
model in terms of membrane resistance increase. The membrane used was the BW30LE-440 FilmtecTM

(Midland, MI, USA) in a two-stage desalination plant with re-circulation during one year of operation.

An = A0 · e(
−t
τ ) (14)

where τ is a correlative parameter, and the value was 328 under the aforementioned operating conditions.
Abbas et al. [28] (Equation (15)) proposed a model to determine the variation of the normalized

average water permeability coefficient An = A/A0, where A0 is the initial average water permeability
coefficient. It was an exponential equation depending on three parameters and time, and the utilized
membrane was the BW30-400 FilmtecTM. Five years of operating data were used for the parameter
identification. The feedwater temperature was between 28 and 30 ◦C, the concentration being in a
range of 2540–2870 mg/L, and the feed pressure was around 1200 kPa.

An = α · e(
β

t+γ ) (15)

where α = 0.68, β = 79 and γ = 201.1 for the aforementioned membrane and operating conditions.
A forth model was proposed by Ruiz-García et al. [29] (Equation (16)). They include the parameter

kfp in the model and gave specific information about the behavior of the performance decline in the long
term. They proposed a two-stage pattern in the decline of A in RO systems: an initial Stage I, where a
more pronounced decline than Stage II was shown. This is mainly due to membrane compaction,
irreversible fouling (strongly adherent films) and kfp. Stage II is related to a gradual decrease mostly
due to irreversible fouling and the frequency and efficiency of the Chemical Cleaning (CC). The model
described the mentioned stages by the superposition of two exponential functions. The used about
3300 operating days of a full-scale brackish water reverse osmosis (BWRO) desalination plant to fit the
parameters of the model. They got three equations, one related to maximum values of the normalized
water permeability coefficient (An) (Post-Chemical Cleaning (Post-CC)), average and minimum values
(Pre-Chemical Cleaning (Pre-CC)). This allowed obtaining equations to estimate a range of values for
the coefficient An in time.

An = δ1 · e−
t

τ1
·kfp + δ2 · e−

t
τ2
·kfp (16)

The first exponential function is dependent on three parameters (δ1, τ1 and kfp) and is related to
the behavior in Stage I (Figure 3), while the second is dependent on two parameters (δ2, τ2 and kfp)
and is more related to Stage II (Figure 3). The first function gets closer to zero as Stage I ends. The δ are
related to the weight of each exponential: the lower δ1 is and the higher δ2 is, the higher An is when
the desalination plant is stabilized. τ concerns the decline in each stage (i.e., how fast is the irreversible
effects (mainly fouling) affecting performance): the larger the value, the more constant is the function.
Generally, the higher kfp results in a faster decline of An in Stages I and II. They also carried out a
comparison between the different models by using their experimental data.
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Figure 3. Schematic presentation of the two stages in An decline. (I) initial more pronounced drop due
to compaction and irreversible fouling; (II) gradual decline mainly caused by irreversible fouling [29].

4. Conclusions and Perspective of Future

The analysis of the different techniques, parameters, indexes and models that have been developed
to date in the characterization and evaluation of RO membrane fouling potential reveals the existence
of gaps in effective methods for the characterization and evaluation of fouling. It seems that the efforts
made to advance our knowledge have turned out to be ineffective in terms of the mitigation and
control of membrane fouling due to gaps in effective methods for the characterization and evaluation
of fouling. The task of developing reliable fouling prediction tools is extremely important for the
desalination industry, since fouling is one of the main causes of performance decrease in full-scale RO
desalination plants. There are different fouling rates that have been developed and used in this field,
but there remains much work to be done to improve these methods, indices and evaluation parameters.
Among the weaknesses or deficiencies observed in the current methods of fouling assessment are
the following:

(a) Most conventional indexes, SDI and MFI are not appropriate.
(b) There are very few studies about indices or parameters applied directly to spiral wound

membranes and feedwater with high salinity. Most of the studies are applied at the laboratory
scale with well-controlled operating conditions, flat membrane systems and at low salinity.
However, it is preferable for fouling potential to be determined with RO membranes and under
operating conditions similar to those of full-scale desalination plants.

(c) Currently, the effect of Cake-Enhanced Osmotic Pressure (CEOP) has not been taken extensively
into account in measuring fouling potential. However, CEOP can contribute to a significant loss
of performance, even more than the hydraulic resistance brought about by cake formation.

The aforementioned prediction models are based on long-term data of full-scale RO desalination
plants under full-scale operating conditions. Unfortunately, these models do not take into consideration
important features of membranes such as the spacer geometry. The efficiency and frequency of chemical
cleanings, which play an important role in the performance of this process, should also be considered
in these models.
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Abstract: Ion-exchange membranes (IEMs) are unique in combining the electrochemical properties
of ion exchange resins and the permeability of a membrane. They are being used widely to
treat industrial effluents, and in seawater and brackish water desalination. Membrane Capacitive
Deionisation (MCDI) is an emerging, energy efficient technology for brackish water desalination in
which these ion-exchange membranes act as selective gates allowing the transport of counter-ions
toward carbon electrodes. This article provides a summary of recent developments in the preparation,
characterization, and performance of ion exchange membranes in the MCDI field. In some parts of
this review, the most relevant literature in the area of electrodialysis (ED) is also discussed to better
elucidate the role of the ion exchange membranes. We conclude that more work is required to better
define the desalination performance of the proposed novel materials and cell designs for MCDI in
treating a wide range of feed waters. The extent of fouling, the development of cleaning strategies,
and further techno-economic studies, will add value to this emerging technique.

Keywords: cation exchange membrane; anion exchange membrane; desalination; carbon

1. Introduction

An ion-exchange membrane consists of a polymer matrix in which ionic groups are fixed to
the polymeric backbone. Depending upon the charge of the ionic group, IEMs are categorized as
either anion-exchange membranes (AEMs) or cation-exchange membranes (CEMs). The most common
positively charged groups fixed in the former are –NH3

+, –NRH2
+, –NR2H+, and NR3

+, which allow
the transport of anions and reject cations. On the other hand, CEMs contain –SO3

−, –COO−, PO3
2−,

and PO3H−, which allow the transport of cations and reject anions [1,2]. The combination of a cation
and anion exchange membrane produces a third type of membrane known as a bipolar ion exchange
membrane [3].

IEMs are used for mass separation, chemical synthesis, energy conversion, and storage
processes [4]. The most commonly known applications are chloroalkali electrolysis and fuel cells [3,5,6],
but these applications are not the focus of this paper. Rather, this paper focuses on separation
processes where cations and/or anions are selectively transferred through the membrane upon
applying an external electrical current [4]. This is the basis for electrodialysis (ED), Donnan dialysis,
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electrodialysis with bipolar membranes (EDBM), reverse electrodialysis (RED), and Membrane
Capacitive Deionisation (MCDI).

As shown in Figure 1a, in electrodialysis (ED), the application of an electric field causes the cations
and anions present in the feed stream to migrate toward the cathode and anode, respectively [7].
The cations pass through the CEM, but are then retained in the permeate channel due to the presence
of an AEM. Similarly, anions are captured between an AEM and CEM. Hence, by placing the
IEMs alternatively, the feed compartments (diluate side) become depleted of ions and the permeate
compartments (concentrate side) become more concentrated [8].

 
(a) 

 
(b) 

Figure 1. (a) Electrodialysis (adapted from [9]); and (b) Membrane Capacitive Deionisation (MCDI)
during adsorption.

While ED is considered a mature technology in water desalination, Capacitive Deionisation (CDI)
is an emerging technology. This approach has very low energy consumption at low salinity, is easy to
operate and is low maintenance [10,11]. In CDI, an electric field is applied to carbon electrodes, causing
charged species to be adsorbed within the carbon micropores [12]. During regeneration, the electric
field is removed and the adsorbed ions are released back into a brine stream. One of the drawbacks
limiting the charge efficiency in CDI is co-ion adsorption, i.e., the adsorption of ions to an electrode
carrying the same surface charge [13]. In 2006, Lee et al. [14] suggested introducing ion-exchange
membranes in front of the carbon electrodes to reduce this effect. As depicted in Figure 1b, in a MCDI
cell, an anion-exchange membrane is placed in front of the anode to block the passage of cations and a
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cation-exchange membrane is placed in front of the cathode to reject the anions [15]. This approach
significantly limits the co-ion adsorption. It also allows for the electrical charge to be reversed during
the regeneration cycle, rather than being simply turned off. Zhao et al. [16] found that MCDI can be
more energy efficient than Reverse Osmosis (RO) technology, when the feed water salinity is <2 g L−1

Total Dissolved Solids (TDS) and effluent water TDS >0.5 g L−1 (see Figure 2).

Figure 2. Comparison of energy consumption between MCDI and reverse osmosis. Triangles: energy
consumption of MCDI to bring salt concentration to the level of 0.5 g L−1 Total Dissolved Solids (TDS).
Diamonds: energy consumption of MCDI to reduce salt concentration to 1 g L−1 TDS. Circles: energy
consumption of Reverse Osmosis (RO) collected from literature studies. Reproduced with permission
from [16], copyright Elsvier, 2013.

This review provides a summary of recent accomplishments in the fast evolving area of MCDI
and the novel IEMs being prepared for this purpose. Additionally, the effect of fouling and scaling in
these systems is discussed. Recent progress in the area of ion transport through IEMs is also discussed
briefly. In the final section, we describe the most recent MCDI stack designs where novel features are
introduced to the conventional MCDI cell.

2. Ion Exchange Membranes for Membrane Capacitive Deionisation (MCDI) Applications

2.1. Homogeneous Ion Exchange Membranes

Within a homogeneous ion exchange membrane, the ionic groups are chemically bound to a
polymeric backbone making a coherent ion-exchanger gel [1,2]. These functionalised polymers would
swell greatly in water if not crosslinked; thus, crosslinking agents, most commonly divinyl benzene
monomers, are also incorporated [17]. In addition to less swelling, crosslinking also results in an
improved structure of the IEM that can facilitate the introduction of a greater density of fixed charge
groups [18]. In a traditional production process, the divinyl monomers are mixed with a linear polymer,
polymerisation initiators, and plasticisers to form a paste. This paste is then coated onto a backing
fabric or net and the composite structure is heated to copolymerise the divinyl monomers. The ion
exchange functionality is added after membrane formation by impregnation of chemicals such as
chlorosulfonic acid, sulfuric acid, trimethylamine, or methyl iodide. However, the dangerous nature
of these chemicals is resulting in an increasing tendency to instead use monomers that are already
functionalised [2]. In this case, a water soluble crosslinking agent, typically formaldehyde, is used in
place of divinyl benzene [19]. An alternate CEM can be prepared from a perfluorinated sulfonic acid
polymer such as Nafion™ (DuPont, DE, USA).

IEMs that are commercially available for MCDI applications include Fumasep IEMs produced by
FuMA-Tech GmbH (Bietigheim-Bissingen, Baden-Württemberg, Germany), Selemion IEMs produced
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by Asahi Glass Co., Ltd. (Tokyo, Japan), and Neosepta IEMs produced by ASTOM Co. (Tokyo, Japan)
(Tables 1 and 2). These membranes benefit from high permselectivity, low electrical resistance, and
high chemical and mechanical stability [3].

Several workers have developed IEMs specifically for MCDI. In this application, the membranes
can be thinner than in ED applications, as they do not need to be self-supporting. This results in lower
electrical resistance. Kwak et al. [20] developed a cation exchange membrane through heat crosslinking
and esterification of three monomers, 4-styrenesulfonic acid sodium salt hydrate (NaSS), methacrylic
acid (MAA), and methyl methacrylate (MMA). The synthesis of a poly(vinylidene fluoride)-sodium
4-vinylbenzene sulfonate copolymer (PVDF-g-PSVBS) CEM for deionisation applications was
also reported by Kang et al. [21]. Jeong et al. [22] synthesized an aminated poly(vinylidene
fluride-g-4-vinylbenzyl chloride) (PVDF-g-VBC) anion exchange membrane, while Qiu et al. [23]
used γ-irradiation to crosslink a thin sulfonated polystyrene film as a CEM.

2.2. Composite Electrodes for MCDI

The carbon electrodes used in CDI applications are generally prepared from activated carbon,
or other forms of carbon such as graphene or carbon nanotubes. These carbon particles are bound
together through the addition of a weakly hydrophilic polymer binder such as polyvinylidene fluoride
(PVDF). Lee et al. [24] were the first to combine ion-exchange resin directly into a CDI electrode to
improve the hydrophilicity of these structures. They achieved salt removal efficiencies 35% higher
than a conductive carbon black/carbon composite electrode when Purolite anion exchange resin was
added to both electrodes. Hou et al. [25] similarly used polyvinyl alcohol as a more hydrophilic binder.

However, later work has focused on incorporating ion exchange resin into the carbon electrode
or coating it with an ion selective coating. This provides a composite structure within which the ion
selectivity is comparable to separate IEM and electrode layers. Application of such electrodes can
potentially result in a system that is lower in capital cost and electrical resistance than a conventional
MCDI unit, but with the same current efficiency. This approach is referred to as modified MCDI
(m-MCDI) [26].

Table 1. Fabrication and characterization properties of different cation-exchange membranes (CEMs)
and composite electrodes for use in membrane capacitive deionisation (MCDI) processes.

Materials
Polymer or Polymer

Coating

Water
Uptake
(wt %)

IEC
(meq g−1)

Electrical
Resistance

(Ω cm2)

Thickness of
Polymer or

Coating (μm)

Specific
Capacitance

(F g−1)
Ref.

Commercial
Membranes

Fumasep FKS 12–15 0.8–1.2 2.0–4.5 120 - Supplier
Neosepta CMX 25–30 1.5–1.8 3.0 170 - [9]
Selemion CMV 25 2.4 - 120 - [9]
Dupont Nafion 16 0.9 1.5 117 - [9]

IEMs for
MCDI

NaSS-MAA-MMA 121 0.99 0.7 90–140 - [20]
PVDF-g-PSVBS 61 1.14 2 - - [21]

Crosslinked Sulfonated
polystyrene 30 0.9 0.37 25 - [23]

Composite
Electrodes

Polyethyleneimine (PEI) - - - - 52 [26]
PVA/SSA-coated - - 0.67–1.17 - 97–116 [27]

SG-CNFs a - - - <1 117 [28]
PVA/SSA-coated - - 0.64 10 0.74 F cm−2 [29]
Sulfonated PPO b - 0.93 - 4.9 - [30]

Sulfonated BPPO c coated - - - - - [31]
Sulfonated graphene - - - - 108 [32]
PVA/SSA/SSA-MA 44 2.8 - 6.4 - [33]

a Sulfonated graphene-carbon nanofibres; b poly(phenlylene oxide); c Bromomethylated poly (2,6-dimethyl-1,4-
phenylene oxide).
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Table 2. Fabrication and characterization properties of different anion-exchange membranes (AEMs)
and composite electrodes for MCDI process.

Materials
Polymer or Polymer

Coating

Water
Uptake
(wt %)

IEC
(meq g−1)

Electrical
Resistance

(Ω cm2)

Thickness of
Polymer or

Coating (μm)

Specific
Capacitance

(F g−1)
Ref.

Commercial
Membranes

Fumasep FAS 15–3013–23 1.6–2.01.0–1.3 0.3–0.61.7–3.0 30135 - Supplier
Neosepta AMX 25–30 1.4–1.7 2.4 140 - [9]
Selemion AMV 19 1.9 2.8 120 - [9]

IEMs for
MCDI

Aminated PVDF-g-VBC 25 1.0 4.8 - - [34]

Composite
Electrodes

Purolite - - - - 19 [24]
dimethyldiallyl ammonium

chloride - - - - 53 [26]

Anion exchange resin - 1.20 - - - [35]
- 2.9 - ~40 - [36]

Aminated PVA - 1.76 - 20–40 180 [37]
Aminated PVA - - - - 184 [38]
Aminated PSF a - 1.0 5.2 - - [30]
Aminated BPPO - - - - - [31]

Aminated Graphene 91 [32]
Aminated PSF 37 2.1 - 10.6 - [33]

a Polysulfone.

Kim and Choi [27,29] were the first to try this approach and coated a mixture of poly(vinyl
alcohol) (PVA) and sulfosuccinic acid (SSA) directly onto a carbon electrode to form a cation selective
electrode (Figure 3a). The other electrode was left uncoated. This approach gave a 15 to 30%
increase in specific capacitance for the electrode, while giving less electrical resistance than commercial
IEMs. The same group [35,36] later fabricated nitrate-selective composite electrodes (Figure 3b) by
coating anion exchange resin powder onto a carbon electrode. In MCDI experiments, they coupled
this novel electrode with a standard Neosepta CMX membrane attached to the other electrode.
Tian et al. [37] synthesised an anion exchange membrane electrode that combined a cross-linked PVA
layer functionalised with quaternary amine groups above an activated carbon layer, while Gu et al. [38]
used a similar coating on a graphene sponge electrode (Figure 3c). Qian et al. [28] used sulfonated
graphene to prepare an ultrathin cation-selective coating achieving enhanced electrochemical specific
capacitance and charge efficiency.

Figure 3. SEM images of three typical composite electrodes. (a) Carbon electrode coated with PVA/SSA
polymer solution, copyright Elsvier, 2010; (b) composite carbon electrode coated with resin powder,
copyright Elsvier, 2012; (c) Sulfonated graphite (SG) carbon nanofibre composite. Reproduced with
permission from [27,28,35], copyright John Wiley and Sons, 2015.

While these researchers developed only one ion selective electrode in isolation, other researchers
have developed electrode pairs, generally by sulfonation and amination of a base polymer, which is
then sprayed or coated onto the carbon electrode [30,31]. Liu et al. [32] similarly directly sulfonated
and aminated 3D graphene. Kim et al. [33] blended and crosslinked PVA with sulfur succinic acid
(SSA) and poly(styrene sulfonic acid-co-maleic acid) (PSSA-MA) to provide a CEM and used animated
polysulfone for the AEM. Liu et al. [26] introduced the anion exchange polymer dimethyldiallyl
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ammonium chloride and cation exchange polymer polyethyleneimine (PEI) as a binder in carbon
nanotube electrodes to form such a pair.

These composite electrodes appear a promising approach to reducing electrical resistance.
However, more work is required to determine if they are indeed lower in cost than the traditional
arrangement and to evaluate their long term performance in desalination of a wide range of
charged species.

3. MCDI Performance Parameters

There are several key parameters that indicate MCDI or CDI performance. The salt removal
efficiency is the percentage of salt removed from the feed stream in each adsorption cycle and reflects
the cell geometry, feed flowrates, charge applied, and carbon properties. In general, MCDI provides
better salt removal efficiency compared with CDI due to the almost complete elimination of co-ion
adsorption (Figure 4). Such efficiencies are mainly above 70% for MCDI and m-MCDI, while for CDI
cells, these are mostly below 70%.

Figure 4. Salt removal efficiencies as a function of feed salt concentration from recent research reports
on Capacitive Deionisation (CDI), MCDI, and modified MCDI (m-MCDI) [14,24,26,29–31,39–42].

The adsorption capacity is the amount of salt adsorbed per gram of capacitive materials within
the adsorption cycle. This capacity depends most strongly upon the type of electrode used, but is
generally higher in direct experimental comparisons for m-MCDI or MCDI versus CDI (Table 3).

Table 3. A comparison of salt adsorption capacities from parallel studies of m-MCDI or MCDI versus
Capacitive Deionisation (CDI).

Feed Salt Concentration Adsorption Capacity (mg g−1)

(mg L−1) m-MCDI MCDI CDI Reference

50 - 2.04 1.05 [41]
100 2.09 - 2.0 [31]
200 - 5.3 3.7 [40]
200 - 10.2 8.1 [29]
300 - 3.5 1 [43]
400 - 4.3 3 [44]
400 9.5 - 5.0 [28]
500 9.3 6.5 - [26]
750 - 45.6 30.3 [45]

1000 9 6 1.9 [46]
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CDI and MCDI cells are operated either at constant current (CC) where the voltage varies during
the cycle, or constant voltage (CV) where the current is varied. The charge efficiency (Λ) is used to
characterise the CV mode and is defined as the ratio of adsorbed salt (Γ, mol g−1) per cycle to the
charge (Σ, C g−1) transferred in this cycle [47]:

Λ =
Γ × F

Σ
(1)

where F represents Faraday constant (96,485 C mol−1), Γ is the adsorption capacity, and Σ is calculated
by integrating the corresponding current [48].

The current efficiency, λ, describes the CC mode and is similarly defined as the amount of ions
adsorbed over current applied.

λ =
(Cin − Cout)VF

Itads
(2)

where Cin and Cout are the salt concentrations (mol L−1) of influent and effluent, I is the applied
electrical current, tads is the adsorption duration, and V is the solution volume (L) [49].

The charge efficiencies and current efficiencies for MCDI are mostly above 50%, while those for
CDI are lower (see Figure 5). The use of composite electrodes (m-MCDI) shows even higher charge
efficiencies. Choi [50] found that the charge efficiency in CV mode was greater than the comparable
current efficiency in CC mode, although this trend is less evident when a range of data is considered
such as in Figure 5 [51].

Figure 5. Charge and current efficiencies as a function of feed salt concentration for a range of recent
studies [25,28,29,40,42–45,52–54].

The energy consumption in both CDI and MCDI is a direct function of the feed salt concentration.
In a pilot scale CDI study, Mossad and Zou [55] proposed a minimum energy consumption of
1.85 kWh m−3 (10 kJ g−1) for CDI at the highest flow rate. In lab-scale tests, MCDI has been shown to
provide lower energy consumption, below 1 kWh m−3 or 6 kJ g−1 [44,49]. Dlugolecki et al. [56] were
able to achieve a value of 0.26 kWh m−3 by recovering the energy during the discharge part of the
MCDI cycle. Choi [50] found that the MCDI energy consumption was much lower while operated
under CC mode against CV mode.

It should be noted that most work to date has considered only the separation of NaCl using MCDI.
Choi et al. [57] considered the selective removal application of nitrate, while Ryu et al. [58] suggested
a novel recovery system for lithium with a modified MCDI cell. Yoon et al. [59] proposed the use of
calcium alginate as a cation exchange coating material on a negative electrode and used this approach
effectively for calcium removal. In this case, the salt sorption capacity and charge efficiency were
15.6 mg g−1 and 95%, respectively; much higher than that for CDI (9.8 mg g−1 and 55%).
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In another study, Choi et al. [60] used a commercial monovalent cation permselective membrane
to produce calcium-rich solutions from an MCDI process, by selectively removing sodium. They mixed
NaCl and CaCl2 at similar mass ratios and achieved a selectivity of 1.8 (removal of Na+ to that of
Ca2+). This selectivity fell at higher feed TDS concentrations, lower pH values, lower applied voltage,
and longer operation time. The authors compared this approach to the use of nanofiltration (NF) and
argued that the NF approach was unable to produce a divalent-rich solution. However, this result is
not consistent with other literature sources that do indicate NF can provide divalent selectivity [61–64].
The authors also compared the electrical energy consumption in MCDI to that of NF. With specific
energy consumption of around 0.2 KWh m−3, MCDI was comparable with NF only at low salinity and
water recoveries. However, it is worth mentioning that Choi et al. [60] considered the electrical energy
consumption during both during adsorption and desorption. The use of energy recovery systems
during MCDI regeneration can reduce this energy requirement [56]. Overall, there is limited data on
MCDI with such alternative salts, making this a fruitful area for further research.

The research outcomes discussed in this section are also mostly collected from lab scale MCDI
units. More work is required to test these membranes at a larger scale. van Limpt et al. [65] are one
of the few groups to report results from commercial MCDI systems. They monitored the operation
of two MCDI modules in series (each providing 6 m2 cell area) on cooling water recycle streams.
The modules were operated under constant current conditions for more than six months at two
different site locations. MCDI operation resulted in 70% conductivity removal, 83% water recovery,
and savings of 85% in chemical usage. High water recovery was achieved by lowering the flow
rate during regeneration. An energy consumption of 0.1 to 0.2 kWh m−3 was reported, which is
significantly lower than that of RO in brackish water deioniziation (0.85–1.55 kWh m−3).

4. Fouling

Fouling is an unfavorable phenomenon caused by the attachment of a substance or a living
organism to the surface of the membrane. Mikhaylin et al. [66] classified IEM fouling into three
categories—colloidal fouling, organic fouling, and biofouling. Non-dissolved suspended solids
such as aluminium silicate clays contribute to colloidal fouling, while organic fouling is caused
by organic materials such as oils, proteins, and humic acid. Biofouling is initiated by deposition of
bacteria or algae onto the membrane, where these microorganisms proliferate and exude extracellular
polymeric substances [67,68]. Alternatively, scaling occurs when a dissolved species precipitates onto
the membrane surface.

4.1. Fouling in Capacitive Deionisation

In CDI mode, fouling directly affects the carbon electrodes. Mossad et al. [69] used the sodium
salt of humic acid as a model foulant of CDI electrodes and reported a fall in salt removal efficiency
and feed flow rate over 30 h of operation. They attributed this deterioration to organic fouling blocking
the carbon pores. Energy consumption increased by 39% with the introduction of only 10 mg L−1 of
organic matter to the feed composition. For a feed containing NaCl and humic acid, neither hydraulic
or acid cleaning was effective in recovering the flow rate; an alkaline solution, however, could recover
86% of the initial flow rate [69]. For a feed containing both humic acid and a range of divalent salts,
hydraulic cleaning was less effective, with only 62.5% of the flow rate recovered with alkaline cleaning.
These researchers also observed that the amount of iron in the effluent during cleaning was significantly
higher than the iron concentration in the feed, suggesting that Fe ions accumulated more readily than
Ca or Mg ions on the carbon electrodes.

Zhang et al. [70] similarly reported an increase in energy consumption during the long-term
operation of two inland brackish water desalination CDI units in Australia. It was suggested that
dissolved organic matter should be removed prior to the CDI unit to maintain the unit sustainability
and efficiency [69]. These researchers [70] cleaned their CDI unit with 0.01 M citric acid for calcium

164



Membranes 2017, 7, 54

and magnesium scaling, followed by 0.01 M NaOH solution to remove organic fouling to recover the
cell performance.

Wang et al. [71] observed a deterioration in CDI desalination and regeneration performance
in the presence of humic acid in domestic wastewater biotreated feed. Using impedance spectra,
they calculated the resistance of fouled and virgin electrodes as 1.7 and 1.2 Ω cm−2, respectively.
They reported that cleaning with water was capable of removing protein-like substances, while 0.01 M
NaOH was most effective in the removal of humic-like substances from the carbon surface.

4.2. Fouling of Ion Exchange Membranes

To the best of our knowledge, Kim et al. [52] is the only research group who have studied the use
of MCDI technology in the presence of foulants. They observed a decrease in salt removal efficiency in
the first 6 cycles of operation when using a solution of 17 mM NaCl containing 5 and 10 mg L−1 of
octane as the model foulant. However, this efficiency reached a stable value in the four subsequent
cycles. They attributed this trend to octane reaching adsorption equilibrium on the IEM surface.
They assumed octane fouling interrupted the access of ions to the carbon electrodes, lessening the salt
removal efficiency.

It is anticipated that fouling of IEMs in the MCDI arrangement should generally be less damaging
to process operations than fouling of the electrodes in CDI arrangements. Further, we anticipate that
fouling in these systems should replicate trends observed in electrodialysis studies, so the following
section summarizes literature in this field.

In most electrodialysis studies, peptide and protein fouling is observed on the AEM [1,72,73].
This reflects the fact that these species are generally negatively charged and hence accumulate in the
boundary layer near the surface of this membrane. Conversely, Langevin et al. [74] reported that
CEM membranes are doubly more prone to peptide fouling in comparison to AEMs. This contrasting
result probably arises from the fact that these authors completed their investigations in the absence of
electrical current. Therefore, the interaction between the charged amino acids and the membrane’s
fixed charged groups became the only governing factor. With systems involving proteins, the process
should also be maintained at temperatures lower than 40 ◦C to avoid protein denaturation and
agglomeration [75].

Lee et al. [76] used zeta potential to obtain the surface charges of three organic foulants, humate,
bovine serum albumin (BSA), and sodium dodecylbenzenesulfonate (SDBS). They then used batch
equilibrium experiments to determine the adsorption capacity of these negatively charged organic
foulants on a Neosepta AMX membrane and fitted the results to Langmuir isotherms. Among the
three model foulants, SDBS showed the highest adsorption capacity, even though the humate was
more negatively charged. In subsequent ED trials, the SDBS (at 52 mg L−1) also caused a greater
increase in membrane resistance and decline in current efficiency, relative to 1.0 g L−1 of humate and
BSA. Lee et al. [76] then examined the reversibility of the fouling step by running three experiments in
a row, comparing the ED performance before and after fouling without the application of any cleaning
agent. They observed that the organic fouling on AMX was not reversible; it was adsorbed chemically
to the membrane.

Lindstrand et al. [77] investigated the fouling of a surface active fatty acid (octanoic acid), a
surfactant (SDBS) and an alkaline bleach plant filtrate on Selemion AMV and CMV membranes. While
the CEM resistance increased marginally due to scaling with the bleach plant filtrate, that of the
AEM increased significantly in the presence of octanoic acid, due to electrostatic attractive forces.
The authors argued that this fouling was more significant at surfactant concentrations approaching the
critical micelle concentration. The AEM fouling was also more severe for octanoic acid at pH 3–3.5
than at pH 9. Since octanoic acid is not dissociated at the low pH values, they were expecting to
observe similar fouling on both the AEM and CEM, but the CEM was not affected. They argued that
the repulsion of the electrical dipole in the acid molecules by the CEM fixed charges outweighed the
hydrophobic forces. However, it is also likely that the electric field caused the dissociation of the
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octanoic acid even at this lower pH, as has been observed by our own group and others for similar
weak acids [78].

The pH of the feed solution promotes different types of fouling to take place. Diblíková et al. [79]
reported protein precipitation on the AEM when processing cheese whey at a diluate pH of 4–5. It is
known that at such pH, β-lactoglobulin has low solubility [80]. In addition, the negatively charged
whey proteins cannot pass through the AEM due to their large size and thus precipitate on the surface
of the membrane [81,82]. Under acidic conditions, the presence of Ca2+ and CO3

2− in the feed solution
also promotes the precipitation of proteins on the CEM [82,83]. Several researchers reported that the
gel-like protein layer noticed on AEM during whey demineralization is reversible, as it detaches easily
during equipment disassembly [81,84]. However, Bleha et al. [85] argued that protein fouling becomes
irreversible once it reacts with functional groups of the IEMs.

Mineral fouling (scaling) occurs most readily on the CEM in an acidic environment and
upon the AEM in a neutral or basic environment where the solubility of hydroxides and carbonates
reduces [8,66,75,82,86,87]. Increases in temperature also exacerbate the precipitation of calcium salts
due to their well-known reverse solubility [88]. The presence of certain ions in the feed solution can
further promote the precipitation of other components. Bazinet and Araya-Farias [86] noted that when
a solution containing CaCl2 and Na2CO3 were used, calcium hydroxide was the main deposit, while
no calcium carbonate was detected. This was explained by the absence of magnesium in the solution,
as magnesium is required to induce calcium carbonate nucleation.

Fouling in Electrodialysis Reversal (EDR) systems may provide a better analogue to MCDI, as
in both operations the DC current is periodically reversed [89]. Vermass et al. [90] demonstrated the
effectiveness of polarity reversal in EDR to remove multivalent ions and organic fouling. However,
they reported that not all fouling is reversible and a combination of antifouling strategies must be
employed for long-term charge efficiency stability [90].

4.3. Alterations to Membrane Chemistry

Salts in the feed solution can alter the counter-ion concentration within the membrane itself
and thus affect performance. For example, Ayala-Bribiesca et al. [84] showed that calcium present
in the feed solution could replace the counter-ion of the membrane and hence change its electrical
conductivity. Shee et al. [91] similarly observed changes in the membrane composition in response
to changes in the feed. Langevin et al. [74] observed that a CEM pretreated with acid (1 M HCl) was
more prone to fouling in a soy protein hydrolysate solution than membrane pretreated in an alkali or
neutral solution. This was attributed to the reaction of the H+ counter-ion within the membrane with
this negatively charged species.

A number of researchers have shown that strongly alkaline solutions will damage ion exchange
membranes [92,93]. Sata et al. [92] investigated the effect of NaOH concentrations ranging from 3.0
to 9.0 N on common AEMs. They showed that while all membrane showed a loss of anion exchange
functionality, the N-methyl-pyridinium groups were more rapidly degraded, compared with benzyl
trimethylammonium groups. The degradation reactions were slower at low concentrations of NaOH
and lower temperatures. Membranes based on a polysulfone backbone weakened mechanically upon
alkali exposure, while those made with a polyethylene fabric retained their mechanical strength.
Similarly, Vega et al. [94] reported that the extent of damage to a Neosepta AMX membrane was less
under low KOH concentrations (pH 10) than at higher concentrations (pH 14). This membrane is
reinforced by ploy(vinyl chloride) fabric and alkali exposure that caused both the color to darken and
mechanical strength to weaken due to dehydrochlorination of this fabric. Garcia-Vasuez at al. [95]
showed that while AEMs exhibit both loss of functional groups and polymer backbone integrity,
the sulfonate groups on the CEM are not directly affected, with only backbone chain scission occurring.

Ghalloussi et al. [96] analysed the structure and physiochemical properties of four different ion
exchange membranes after 2 years of ED operation with a food industry solution containing organic
acids. They found that the AEMs were most severely damaged, with evidence of organic colloidal
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particles being sorbed into the membrane structure itself. This led to increased water content and
thickness, greater surface hydrophilicity, as well as structural damage (see Figure 6). Conversely,
there was evidence of a loss of sulfonic acid functional sites from the CEM, leading to a decrease
in water content, greater hydrophobicity, and a more dense structure. Both membranes suffered
a loss in specific conductivity and ion exchange capacity, with the CEM also experiencing a loss
in permselectivity.

Figure 6. SEM micrographs of Neosepta® membranes. New CEM (a); used CEM (b) and used
AEM (c,d). Reproduced with permission from [96], copyright Elsvier, 2013.

4.4. Cleaning Solutions

Physical cleaning of membranes involves forward or backwashing, air sparging, or vibration.
Those processes have proven to be effective for pressure-driven membrane processes, but not for dense
non-porous ion-exchange membranes such as used in MCDI processes [97]. For these operations,
chemical membrane cleaning is preferred as it utilizes chemical reactions to weaken the bonds between
the foulants themselves and the foulant-membrane surface [88]. There are five groups of chemicals
that can be used as cleaning agents for membrane processes, namely: alkalis, acids, metal chelating
agents, surfactants, and enzymes—each targeting different types of deposits. The type of cleaning
chemical to be utilized is usually selected based upon the nature of the foulant, the compatibility of
the chemical with the processing equipment, chemical availability, cost, and safety [88,98]. However,
chemical cleaning has many disadvantages, namely: membrane damage, usage of large quantities of
chemicals, and waste generation.

Generally, alkaline cleaning agents are known for their ability to remove organic foulants, such
as peptides and proteins, as the functional groups of those foulants deprotonate at pH 11 [74], while
an acid clean can remove mineral deposits. Similarly, chlorinating agents are often used to remove
biological fouling from membranes. However, Garcia-Vasuez at al. [95] has shown that both AEM and
CEM membranes degrade upon exposure to sodium hydochlorite, losing electrical conductivity, ion
exchange capacity, and mechanical strength. Furthermore, although the use of sequestering agents,
such as EDTA, are found useful for mineral deposit removal from pressure driven membranes [88],
they should be used with care for ion-exchange membranes, as they may tend to remove the charged
ions from the membrane structure.
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Cleaning thus needs to be carried out with some care for ion exchange membranes, as they are
readily degraded by extremes of pH, particularly alkalinity, as discussed in Section 4.3. The American
Water Works Association claims that 2–5% HCl solution, 3–5% NaCl solution adjusted to a pH of 8–10
using NaOH, and 10–50 mg L−1 chlorine solution are the only chemicals that should be utilized for
ion-exchange membranes in ED stacks [99]. Langevin and Bazinet [74] investigated the effect of 2%
and 5% NaCl solutions as cleaning agents. They found that such solutions were able to remove larger
foulant particles (>900 Da) from a Neosepta CMX membrane, but was less effective on smaller particles.

The interaction between membrane charge and foulant should be taken into account [100], as alkali
and acid cleaning agents have the tendency to replace the equilibrated counter-ions in the membrane
with H+ and OH−, respectively. This can cause problems in later operation as these ions are replaced
with other salts. Research has shown that AEMs are more sensitive to cleaning chemicals compared to
CEM. Garcia-Vasquez et al. [101] repeated an ex-situ clean-in-place (CIP) cycle for 400 h on an AEM
and a CEM both having the same materials as the support and binder, but different ion-exchange
groups. The cycle consisted of soaking for 30 min in 0.1 M HCl; rinsing with deionized water; soaking
for 30 min in 0.1 M NaOH and rinsing again with deionized water. The cycle resulted in an increase in
the hydrophilicity of the AEM causing higher water uptake, greater membrane electrical conductivity,
formation of pores and cavities in the membrane, loss of toughness and flexibility, and modification of
the binder material. Less damage was noted for the CEM, which was attributed to the minimal change
in water uptake as the charged groups changed from Na+ to H+.

5. Modelling MCDI Behaviour

An MCDI stack can be modelled by considering the resistance to flow of ions from the flow
channel, through the IEMs, through the macropores in the carbon, and into the carbon micropores
(Figure 7). The modified Donnan theory proposed by Biesheuvel et al. [102] can be used to describe
the ion storage within these pores. This theory specifies the relationship between the concentration in
the micropores with the Donnan potential drop of these micropores (Δϕelectrode,donnan) and the Stern
layer potential drop (ΔϕSt) within the electrical double layer (see Figure 7). However, in this Section,
we focus on the role of the IEMs, as these are the defining difference between CDI and MCDI.

 

Figure 7. Schematic illustration of counter-ion concentration (C) and dimensionless voltage (ϕ)
distribution over a half-cell within an MCDI stack. Subscripts ms, m, me, Ma, and Mi stand for
membrane/spacer interface, membrane phase, membrane/electrode interface, carbon macropores, and
micropores, respectively. Reproduced with permission from [103], copyright Elsvier, 2017.
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The flux of counter-ions (J+,m) through the IEM can be described by the Nernst-Planck equation.
In the absence of convective flow, this equation is composed of a diffusion term driven by a chemical
potential gradient, and an electromigration term driven by an electrical potential gradient:

J+,m = −D+,m

(
dC+,m

dy
+ C+,m

dlnγ+,m

dy

)
−Di,m

ziC+,mF
RT

dψm,di f f

dy
(3)

where C+,m is the concentration, D+,m is the diffusion coefficient and γ+,m is the activity coefficient
of the counter-ion, Cf ix,m is the concentrations of fixed charge groups in the membrane, ψm,di f f
is the diffusion electrical potential, zi is the charge of the ion, R is the universal gas constant
(8.314 J mol−1 K−1), T is the temperature (K), and y is the distance perpendicular to the
membrane surface.

In general, the fixed charge group concentration [104–106], affinity of the competing ions [107–109],
and water uptake of the membrane [106,110] are known to affect the ultimate ion concentration within
the membrane (Ci,m). The ion activity coefficients (γ+,m) in the membrane cannot be measured
directly and in most studies, these are either assumed to be unity, or equal to that in the solution
(i.e., γ+/γ+,m = 1) [111–113]. However, the activity coefficient of the counter-ions is indeed expected
to be significantly lower than that of the free aqueous solution [114], due to the high concentration
of the counter-ions (C+,m) within this phase [115]. In contrast, the concentration of co-ions in the
membrane (C−,m) is much lower hence this activity coefficient is expected to be closer to unity. Recent
advancements have been made by Kamcev et al. [116] to relate the ion activity coefficients to the
concentration of fixed charges in the membrane (Cf ix,m) and a dimensionless linear charge density
(ζ) of the polymer chains, based on Manning’s counter-ion condensation theory for polyelectrolyte
solutions [15]. For a 1:1 electrolyte γ+,mγ−m is:

γ+,mγ−m = [
X/ζ+ 1

X + 1
]· exp[− X/(X + 2ζ)] (4)

where X is the ratio of fixed charge group to mobile ion concentration (i.e., X =
Cf ix,m
C−,m

).
The Meares model is widely used to describe the co-ion diffusion coefficient through the swollen

polymer network (D−,m) [114]:
D−,m

D−,s
=

(
1 − Φp

1 + Φp

)2
(5)

where D−,s is the diffusion coefficient of the co-ion in the solution and Φp is the polymer volume
fraction in the membrane [117–119]. For counter-ions, the electrostatic effect from the fixed charge
groups cannot be neglected. To account for this effect, Manning’s model [120] can again be applied,
by assuming that ion diffusion is affected by the local electric field and that condensed counter-ions
have no mobility. This results in the extended Meares/Manning Model [121] for the counter-ion
diffusion coefficient of 1:1 electrolytes D+,m:

D+,m

D+,s
=

(
X
ζ + 1
X + 1

)(
1 − 1

3
A(1;

X
ζ
)

)
(

Φw

2 − Φw
)

2
(6)

where Φw is the water volume fraction in the membrane, the parameter A is dependent upon
measurable parameters X and ζ.

While a range of research groups have established techniques to evaluate the concentration,
activity, and diffusivity coefficients in IEMs, this knowledge has not been widely employed in MCDI
models. The application of more accurate membrane related parameters will further improve the ion
transport models evolving for MCDI.
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6. MCDI Novel Stack Developments and Outlook

The search for novel MCDI configurations has led to the introduction of various technologies
where researchers aimed to overcome the restrictions and drawbacks associated with conventional
MCDI systems. In this section, recent developments in this area are described to frame future directions
in this field.

6.1. Radial Deionisation (RDI)

Atlantis Technologies are currently commercialising an MCDI cell which has been modified to
provide up to 100 electrode pairs in a cylindrical arrangement [122]. This approach has been tested
on phosphate mining wastewater, shale gas produced water and landfill leachate and been shown to
effectively remove trace metals such as selenium, mercury, arsenic, and uranium, in addition to more
common salts [123].

6.2. Flow Chamber Modification

In an approach similar to electrodeionisation, Liang et al. [42], filled the flow channel in an MCDI
cell with ion exchange resin to reduce the electrical resistance at low salinities. This approach gave
a salt removal efficiency of 90%, higher than that of either MCDI (60%) or CDI (19%) at comparable
conditions. Similarly, Bian et al. [124] filled the flow chamber with granular activated carbon (GAC)
(as shown in Figure 8). They observed an enhanced desalination rate compared with a conventional
MCDI cell, which was attributed to a lower electrical resistance within the flow channel, as well as the
introduction of additional storage sites within the GAC.

 

Figure 8. Schematic diagram of GAC (granular activated carbon)-MCDI as depicted by Bian et al. [124].
Reproduced with permission, copyright Elsvier, 2015.

The approach was most effective for NaCl solutions of <200 mg L−1. A smaller GAC particle size
(0.4–0.8 mm compared with 2–5 mm) showed a better desalination rate, which was attributed to a
lower energy barrier for ion transport from the bulk to the GAC pores [124]. Using non-conductive
glass beads was less effective, indicating that the GAC was not just acting to increase turbulence.
Conversely, while porous graphite granules showed similar ohmic resistance to the activated carbon,
these could not match the desalination rate of regular MCDI due to the higher ionic resistance.
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6.3. Flow-Electrodes Capacitive Deionisation

In 2013, Jeon et al. [125] introduced a novel configuration called flow-electrode capacitive
deionisation (FCDI) in which a flowing carbon suspension replaced the solid carbon electrodes.
As depicted in Figure 9, in FCDI, the ions are adsorbed into the suspended carbon materials flowing
between the current collectors and ion-exchange membranes.

Figure 9. Schematic diagram of Flow-electrode capacitive deionisation (FCDI). Reproduced with
permission from Gendel et al. [126], copyright Elsvier, 2014.

This approach allows capacitive deionisation to operate in a continuous mode, rather than in
adsorption and desorption cycles [125,126]. Further, whereas in a conventional MCDI process, the ion
sorption capacity is restricted to the size of the fixed carbon electrodes, the ion exchange capacity of an
FCDI system can be enhanced by altering the flow path size and flow rate of carbon slurry [127,128].

To regenerate the carbon suspensions, some research groups simply mix the suspension collected
at the anode with that of the cathode and then let the carbon materials settle [125,127]. Alternatively,
Gendel et al. [126] coupled two FCDI cells with opposing electrical potentials in which desalination
and regeneration occurred separately. Later, Rommerskirchen et al. [129] developed a smart design
by combing the desalination and regeneration cells into a single electrosorption module. In this case,
one type of ions transfers through the ion-exchange membrane placed in the middle of the cell from
a diluate compartment to a concentrate compartment. The opposite ion is adsorbed into the carbon
slurry flowing on the diluate side (see Figure 10). Then, by circulating the carbon suspension into the
concentrate side, the adsorbed ion is desorbed back in to the brine stream [129].

Figure 10. Single module flow-electrode capacitive deionisation concept as depicted by
Rommerskirchen et al. [129]. Reproduced with permission, copyright Elsvier, 2015.
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Gendel el al. [126] examined the effect of flow rate and water splitting ratio between the
desalination and regeneration cells in FCDI, while Porada et al. [127] studied the effect of carbon
content and water residence time. The latter reported that while salt removal rate increased with carbon
content, beyond 20 wt % the flowing slurry was prone to clogging. Yang et al. [130] demonstrated that
dispersing carbon particles in 2 wt % NaCl solution resulted in significantly improved desalination
efficiency compared to the use of deionized water. Ma et al. [131] developed redox-active flow
electrodes with the addition of aqueous hydroquinone and benzoquinone to increase the charge
transfer efficiency. Further research and long-term performance data will help to determine the
optimum composition of these suspensions, with high conductivity and low viscosity to achieve high
charge transfer and avoid clogging.

The authors believe that the introduction of flow-electrodes is a major step forward towards the
commercialization of MCDI since it enables continuous operation and provides higher water recovery.
However, Hoyt et al. [132] are among the few who have modelled the flowing carbon slurry. We believe
this area requires more attention to justify the significantly higher salt adsorption and to predict the
performance of FCDI under different operational conditions.

6.4. Hybrid Capacitive Deionisation (CDI)

Lee et al. [133] replaced the cathode with a sodium manganese oxide electrode that benefited
from higher specific capacity (Figure 11). In this approach, sodium ions are adsorbed into the sodium
manganese electrode, while chloride ions adsorb in a standard format MCDI anode.

 
Figure 11. Schematic diagram of hybrid capacitive deionisation (HCDI). Reproduced with permission
from Lee et al. [133], copyright Royal Society of Chemistry, 2014.

Using this approach, Lee et al. [133] could improve the ion removal capacity from 13.5 mg g−1 in
CDI and 22.4 mg g−1 of MCDI to 31.2 mg g−1 (per total mass of sodium manganese oxide and carbon).
While the adsorption rate was higher than that of CDI, the performance was slower compared with
regular MCDI. Further, the cost of these electrodes is likely to be well above those of simple activated
carbon. As noted by Suss et al. [134], the ultimate performance-normalized costs associated with such
novel CDI configurations requires assessment.
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7. Conclusions and Future Research Directions

This article has provided an overview of the current status of MCDI, with a focus on the role of
the ion exchange membrane in this process. Recent developments in the area of composite electrodes,
novel IEMs, performance metrics, fouling and cleaning, and innovative configurations of MCDI were
discussed in details. MCDI is a promising technique for desalination at low feedwater salinities,
where the energy consumption appears lower than in comparable membrane processes, at least at the
lab scale. However, further techno-economic studies comparing this approach to other desalination
technologies including electrodialysis, nanofiltration, and reverse osmosis are of great importance to
encourage more pilot-plant development and larger scale investments in the area. Additionally, while
many research groups are enhancing the performance of MCDI by the fabrication of novel IEMs or
composite electrode-IEM electrodes, or by introducing novel MCDI configurations, more attention
must be paid to operational issues. Specifically, the performance of these materials must be evaluated
with a much wider range of monovalent and multivalent salts, not just NaCl. Their stability must also
be assessed in fouling systems where regular cleaning will be necessary. Such fouling is an important
issue that can jeopardize the efficiency of MCDI at a commercial scale and is thus worthy of further
investigation. Finally, while ion transport through IEMs was only briefly described in this paper, this
research field requires in-depth analysis and mathematical modelling to better distinguish the role of
the membrane in MCDI applications.
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Abstract: The research on electro-conductive membranes has expanded in recent years. These
membranes have strong prospective as key components in next generation water treatment plants
because they are engineered in order to enhance their performance in terms of separation, flux,
fouling potential, and permselectivity. The present review summarizes recent developments in the
preparation of electro-conductive membranes and the mechanisms of their response to external
electric voltages in order to obtain an improvement in permeation and mitigation in the fouling
growth. In particular, this paper deals with the properties of electro-conductive polymers and the
preparation of electro-conductive polymer membranes with a focus on responsive membranes based
on polyaniline, polypyrrole and carbon nanotubes. Then, some examples of electro-conductive
membranes for permeation enhancement and fouling mitigation by electrostatic repulsion, hydrogen
peroxide generation and electrochemical oxidation will be presented.

Keywords: membrane fouling; membrane cleaning; stimuli responsive polymer membranes;
electro-responsive membranes; fouling mitigation; permeation enhancement

1. Introduction

The most important property for assessing the quality of a separation process through a membrane
is its selectivity for a compound on another compound, also known as permselectivity.

Higher permeability values require lower membrane areas to separate a given compound, and
a very good selectivity leads to higher purity products and, accordingly, to optimized values of
rejection [1,2]. Nevertheless, the onset of fouling, due to the deposition/adsorption of particulate
and soluble materials on membrane surfaces with time, causes a decrease in the permeability and
selectivity with detrimental effects on membrane processes.

The present review summarizes recent developments in the preparation of electro-conductive
membranes and the mechanisms of their response to external electric voltages in order to obtain an
improvement in permeation and mitigation in the fouling growth. In particular, this paper deals
with the properties of electro-conductive polymers and the preparation of electro-conductive polymer
membranes with a focus to responsive membranes based on polyaniline, polypyrrole and carbon
nanotubes, which represent the most used electro-conductive polymers. Then, some examples of
electro-conductive membranes for permeation enhancement and mitigation of membrane fouling by
electrostatic repulsion, hydrogen peroxide generation and electrochemical oxidation will be presented.
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2. Electro-Conductive Membranes

Membranes are selective barriers able to separate components with different sizes or
physical/chemical properties. The efficiency of a membrane separation process depends on the
selectivity and permeability of used membranes. Selectivity, i.e., the ability to separate solutes,
contaminants and particles with different sizes or physical/chemical properties is determined by
the rejection of the unwanted compound and the permeation of desired compound. Generally, the
membrane selectivity depends on the affinity between the substances and membrane porous surface,
effective pore size and distribution. The permeability of a membrane is typically quantified by
the trans-membrane flux and influenced by the pore size and surface properties of membranes [3].
Therefore, the performance of porous membranes can be weakened upon adsorption and deposition
of foulants, present in the feed mixtures, on the porous surface.

Thus, for various size-based membrane separation applications, tunable/switchable pore sizes
are required to achieve adjustable selectivity and permeability in response to external stimuli (single
or multiple) or to environmental changes in feed conditions.

All responsive membranes have channels able to self-regulate their permselectivity in response
to environmental stimuli, such as temperature, pH, specific molecules/ions, light, electric/magnetic
fields, ionic strength, and redox reactions [4–18]. A common method to add responsiveness to a
membrane is the use of stimuli-responsive polymers, copolymers and mixtures of polymers and
additives during or after the membrane formation [19].

Such responsive membranes can act as smart valves, allowing an on demand flux control
by dynamic modification of their structure and transport properties (e.g., permselectivity and
hydrophilicity). In such a way, it is possible to enable a fouling mitigation and tunable self-cleaning
membrane surfaces without the use of physical/chemical cleaning methods required for membranes
under normal operating conditions.

Electro-Responsive Polymer Membranes (ERPMs), i.e., polymer membranes able to respond to an
electric potential, can be obtained by membrane functionalization with custom-designed electrically
conductive polymers.

According such a rationale several biosensors, electronic devices, and biomimetic devices
have been prepared from electrically conductive polymer membranes [20–23]. The specific
reactivity/polarity/conformation of used conducting polymers, virgin or properly functionalized for
a better integration in the pore structure, enables an electro-responsiveness in filtration membranes
usually adopted for water treatment [24,25].

Porous membranes used for microfiltration (MF) and ultrafiltration (UF) processes are
characterized by a pore size ranging from 0.1 μm to 10 μm and 2 nm to 100 nm, respectively. The coating
with a thin and selective polymer layer enables their use in nanofiltration (NF), reverse osmosis (RO),
desalinization [26], and crystallization [27] processes. Some of such membranes can gain a responsive
behavior by grafting electro-responsive polymers onto their surface or inside pore walls [3,28].

Unfortunately, only a limited number of electrically conductive polymers are suitable to be easily
integrated into the most common production process of composite membranes, such as Non-Solvent
Induced Phase Separation for MF and UF membranes, and interfacial polymerization or coating for NF
and RO membranes. Recently, a different method based on using responsive polymer self-assembly
has been proposed for functionalizing commercial membranes (either by a post-processing procedure
or in a single step process) and improving permselectivity and fouling potential [29,30].

2.1. Electro-Conductive Polymers

In water treatment applications, it is important that membranes show opportune surface structure
(e.g., pore size and distribution), purposeful hydrophilicity, adequate chemical-physical properties,
high mechanical stability, and long term durability. ERPMs can contain specific organic and/or
inorganic solid nanofillers in their porous structure (nanocomposite or hybrid membranes) to give
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or enhance the membrane properties that would otherwise not be met by the conducting polymer
alone [31].

Electro-conductive polymers can be classified according to the movement of electric
charges [32] in:

1. Intrinsic electro-conductive polymers, characterized by conjugated π-π or p-π systems;
2. Redox polymers that possess redox potentials within their structure groups (reduction/oxidation

capacity).

The electronic transport in intrinsic electro-conductive polymers is due to the electron transfer
from π type bonds to nearby simple σ bonds, due to the repulsion effect of same type charges.
In presence of heteroatoms (N, S or O type) within the macromolecular polymer chains, the electron
transfer is from π type bonds to non-participating p electrons of the heteroatoms that, moving to
σ single bonds, further induces the movement of π electrons from the nearby double bonds by
electrostatic repulsion effect. The conductivity of intrinsic conductive polymers significantly increases
by oxidative and reductive doping (p-doping and n-doping, respectively).

The electronic movement in the case of redox polymers is gained through “donor-acceptor”
reversible chemical reactions, according to Equation (1):

Ox + n e− � Red (1)

if the chemical groups, with their redox potential distributed within the macromolecular structure,
enable electronic jumps between groups [32].

Table 1 shows the most representative electro-conductive polymers, but not their numerous
derivatives. Nevertheless, there are few stable conducting polymers in harsh aqueous environment and
most of recent studies on ERPM are limited to the use of commercially available conducting polymers.

Table 1. Some electro-conductive polymers and their abbreviations.

Chemical Name Abbreviation

Polyacetylene PAc
Polyaniline PANI
Polyazulene PAZ

Polybutadiene PBD
Polyisopren PIP

Poly(isothianaphtene) PITN
Polyfuran PFu

Poly(α-naphthylamine) PNA
Poly(p-phenylene) PPP

Polythiophene PTh

2.2. Preparation of Electro-Responsive Polymer Membranes

Surface material research has recently led to the manufacturing of many smart membranes
by either chemical bonds or physical incorporation of electro-responsive materials on porous
membrane substrates. It is well known that in typical processes for preparation of conventional
membranes, the enrichment of membranes with conductive polymers is limited by the doping
amounts used to improve membrane electro-responsiveness without loss of the mechanical properties.
Electro-responsive membranes can be obtained from casting of conductive polymer thin films or
self-assembling of monolayers onto the membrane surface by different methods such as plasma
deposition, chemical vapour deposition, spin coating, chemical and electrochemical reactions, and
layer-by-layer assembly [3]. The physical coating with a conductive polymer generally leads
to variations in membrane swelling degree and changes in membrane permselectivity [33,34].
Alternatively, functional polymers, as well known as polymer brushes, can be attached in a controlled

182



Membranes 2017, 7, 39

manner on the membrane surfaces or within membrane pores by physical adsorption or covalent
bonds [35–38]. Polymer brushes can be covalently attached to membrane surfaces and pores either
by ‘grafting-from’ methods or by ‘grafting-to’ techniques. In the ‘grafting-from’ methods, functional
monomers are polymerized onto active sites present on the membrane pores and surface. The
‘grafting-from’ method is considered very advantageous because the presence of linear polymers
or crosslinked networks in the pores can reduce the steric hindrance of neighbouring bonded polymer
chains [39,40]. On the contrary, in the ‘grafting-to’ methods responsive membranes are fabricated
by chemical/physical incorporation of opportunely end-functionalized polymers that can react
onto the desired surfaces. In both grafting methods, the presence of an electro-responsiveness in
the grafted polymer brushes can be used to alter the chain conformation and lead to responsive
surfaces with an electro-tuneable permselectivity. Grafting can be usually induced by plasma,
photo-irradiation, redox reactions, temperature and controlled radical reactions such as reversible
addition fragmentation chain transfer polymerization and atom transfer radical polymerization.
Polymer self-assembly methods to prepare ERPM membrane in a single step are limited by the
difficulties generally found in the synthesis of conductive copolymers. Recently, polymer self-assembly
methods have used amphiphilic copolymers in order to prevent membrane fouling and retain
permeability [41–45]. Barghi et al. [46] synthesized a flexible, biocompatible, semi-hydrophilic,
and electro-conductive membrane by crosslinking copolymerization of a highly electro-conductive
monomer (hydroxymethyl-3,4-ethylenedioxy thiophene, HMEDOT) with a highly mechanical resistant
polyamide (polytetramethylene-N-hydroxyethyl adipamine, PTMHEA) opportunely hydrophilized
with acetaldehyde and in situ polymerized by an oxidative plasma treatment. The PHMEDOT
homopolymer grafted onto the PHMEDOT-co-PTMHEA surface reduced considerably the copolymer
electrical resistance both in dry and wet conditions (105 kΩ cm−2 and 2 kΩ cm−2, respectively). Pore
size and distribution, roughness, and water flux were finely controlled by changing the thickness of
PHMEDOT homopolymer.

2.2.1. Responsive Membranes Based on Polyaniline

Polyaniline (PANI) is one of the most investigated conductive polymers because of its long term
environmental stability, high conductivity, and relative low cost. The high chemical selectivity of PANI
and its composites makes them particularly attractive as sensors for the detection of a number of gases
and vapours, including methanol, ammonia, HCl, CHCl3, NO2, and CO [47,48]. Distinctive drawbacks,
such as low solubility in the majority of solvents commonly used for membranes preparation, low
mechanical flexibility, and thermal instability at temperatures above 160 ◦C, do not allow obtaining
pure PANI membranes. Therefore, PANI-based responsive membranes are blends of PANI with other
polymers suitable for membrane preparation. Polysulphone (PSF), polystyrene (PS), polypropylene
(PP), cellulose (CEL) and its derivatives are some chemically inert polymers used for PANI-based
membrane preparation. PANI-based membranes are mainly used in selective separation processes
of gases and some chemical species from complex liquid solutions, in antistatic textile materials,
biosensors, anticorrosive films, and electric and electronic devices (e.g., light emitting diodes and
photovoltaic cells).

PSF/PANI-based membranes are designed for advanced separation of polar compounds from
various mixtures and obtained from simultaneous formation of a PSF-based membrane and aniline
polymerization within membranes in oxidative conditions. PANI results generally well distributed in
the whole microporous structure and not only on membrane surface [49]. In addition, PS/PANI-based
membranes can be obtained via phase inversion processes, whereas phase changes take place through
precipitation in vapour phase [50]. Obviously, conductive properties of PS/PANI-based membranes
depend on PS/PANI weight ratio within the composites. PP/PANI-based membranes maintain the
microporous structure of the supporting polypropylene. Different pore diameters can be obtained as
long as PANI is formed within the PP pores through soaking of supporting polymer films in aniline,
followed by aniline oxidative polymerization using ammonium peroxydisulphate and HCl [51].
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PP/PANI-based composites can be used for selective separation of chemical species from various
liquid media through reverse osmosis, microfiltration, ultrafiltration, and nanofiltration processes.
CEL/PANI nanocomposites can be prepared by in situ chemical oxidative polymerization routes
of aniline within the fibre microstructure of CEL [52]. An enhancement in the PANI content inside
membrane nanocomposites and a consequent increase in their electric conductivity is observed by
increasing the reaction time. Longer reaction times give rise to PANI aggregation and formation of
discontinuities within the nanocomposite structure with a consequent decrease of electric conductivity.
Other CEL/PANI-based membranes can be prepared by deposition of a thin layer of PANI onto
membrane interface (cellulose or its esters) by in situ oxidative polymerization of aniline [53]. Therefore,
the electric conductivities of cellulose acetate/PANI membranes increase from 10−3 to 11 S m−1 and
98 S m−1 using liquid [54] and vapour [55] phase polymerization, respectively.

2.2.2. Responsive Membranes Based on Polypyrrole

Polypyrrole (PPy) is characterized by very low conductivity and a low processability due to its
poor mechanical strength. An appropriated doping with anions such as dodecylsulphate, chloride,
sulphate and perchlorate can easily increase conductivity. Doped PPy shows a good chemical and
thermal stability, a higher conductivity compared with other conductive polymers, and improved
plasticity and elasticity by inclusion within polymer structure. PPy-based composite membranes
are frequently used in concentration- (gas separation from complex mixtures and pervaporation)
and electric potential-gradient processes (electro-dialysis). PPy is polymerized by electrochemical
and chemical oxidative polymerization [56–61]. The vapour-phase polymerization of pyrrole is an
additional method to form conducting PPy films on membranes [62–65]. Addition of surfactants such
as sodium dodecylbenzensulphonate, sodium alkylnaphtalenesulphonate and sodium alkylsulphonate
within the chemical oxidation reaction media gives higher PPy electro-polymerization efficiencies,
larger electric conductivities, better fluxes and selectivity control in the composite membranes [60].
The resulting nanoporous membranes are able to tune their pore sizes by application of an electrical
potential, whose strength is less than 1.1 V.

Tsai et al. [60] prepared a PPy-based nanoporous membrane with tuneable wettability from a
polypyrrole film doped with dodecylbenzenesulfonate anions (DBS) and electropolymerized on a
coated Si wafer. Due to the reorientation of DBS dopant molecules, the membrane surface wettability
was tuned from a more hydrophobic behaviour (with a contact angle of 134◦) to a less hydrophobic
behaviour (with a contact angle of 107◦) by application of low electrical potentials (from 0.7 to −1.0 V).

2.2.3. Responsive Membranes Based on Carbon Nanotubes

The use of metal nanoparticles and carbon nanotubes (CNTs) as conducting elements is a
valuable approach for the preparation of effective electro-sensitive materials to be used in several
fields including drug delivery [66,67], liquid crystal displays [68], solar energy cells [69], conductive
devices [70–72]. CNTs are commonly employed in hybrid polymer membranes to improve their
performance in terms of fouling potential, permselectivity, and flux. The specific features of CNTs,
such as well-defined structure, chemical bonding properties and high aspect ratio, concur to their
interesting electro-mechanical properties that can improve the morphological, rheological, thermal,
mechanical, and electrical properties of the host polymers. Commercially available and laboratory-scale
produced single-walled (SWCNT), double-walled (DWCNT) and multi-walled (MWCNT) CNTs can
be incorporated into final and/or intermediate polymer materials. The most important challenges in
the preparation and effective utilization of CNTs in polymer membranes are an adequate interfacial
adhesion between polymer matrix and CNTs and a homogeneous distribution of CNTs throughout the
composite matrix in order to prevent their agglomeration [73]. Moreover, CNTs concentration limits
and inhomogeneous orientation in membranes represent additional issues to be overcome. Some
approaches to face these challenges include the use of surfactant molecules, polymer wrapping, long
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sonication times and chemical sidewall-functionalization in order to favour debundling and enhance
hydrophilicity [74].

2.3. Electro-Conductive Membranes for Permeation Enhancement

In recent years, the use of stimuli responsive membranes has become a promising method for
reducing fouling potential. Treatments with stimuli responsive molecules in the form of thin films
and nano-brushes give surface functionality to conventional membranes and reduce their fouling
potential [75–83] (Figure 1). For example, it is possible to increase the membrane permeability and
solve the problem of foulant deposition within pores by opening gates and enlarging pore size [84–86].

 

Figure 1. Examples of Stimuli Responsive Membranes. Reprinted from [83], with permission from
Royal Society of Chemistry.

Lalia et al. [87] proposed self-cleaning PVDF membranes by using highly tangled carbon
nanostructures (CNS) with an average diameter of 7–8 nm. Membranes were characterized by
improved processability, high electrical conductivity and large surface area [88] (Figure 2).

 
(a) (b) 

Figure 2. SEM images of carbon nanotube structures: (a) pure and (b) cast on PVDF membrane.
Reprinted from [87], with permission from Elsevier.

185



Membranes 2017, 7, 39

These membranes were prepared via vacuum filtration, followed by a heat treatment at 160 ◦C to
melt PVDF and provide binding sites inside the entangled CNS structure with the aim to improve the
membrane mechanical strength. Then, membrane performance was tested for in situ surface cleaning
in a cross-flow filtration using a yeast suspension as feed. In the electrolytic cleaning the CNS/PVDF
surface acted as the cathode, a platinum foil was used as the anode and Ag/AgCl was employed
as the reference electrode in 0.5 M H2SO4 solution. Electrolysis led to the generation of hydrogen
micro-bubbles on the membrane surface, which removed foulants and recovered flux in successive
cycles. Permeation fluxes exponentially decreased with time in absence of periodic electrolysis, while
they increased of about 40% respect to their original values after 4.6 h of filtration in the presence of
periodic electrolysis (Figure 3).

 
Figure 3. Time behaviour of normalized flux for CNS/PVDF membrane with and without electrolysis.
Reprinted from [87], with permission from Elsevier.

Recently, Duan et al. [89] used a polyvinyl alcohol and carboxylated MWCNTs (PVA/
MWCNT-COOH) membrane to remove Cr(VI) from water through a combined process of electrostatic
repulsion, electrochemical reduction, and precipitation. The overall removal efficiency exceeded 95%,
a very high value if compared with the maximum rejection of 20% by commercial UF polysulfone
membranes with a cut-off of 10 kDa. An electrochemical treatment of Cr(VI) is usually conducted in a
mass-transport limited batch process that needs long contact times, making the process hard to scale up.
These mass transfer restrictions can be overcome by electrochemical filtration, where the contaminated
water is forced through a porous electrode, as a PVA/MWCNT-COOH membrane, capable of
supporting electrochemical reactions, such as oxygen reduction, chlorine oxidation, and water
splitting [90,91]. The removal mechanism resulted to be highly dependent on solution conductivity:
higher solution conductivities involved electrochemical reduction and precipitation of Cr(III) on the
membrane surface, while very low conductivities led to electrostatic repulsions accounting for Cr(VI)
rejection from the permeate. The increase of membrane surface charge density by application of an
external potential (3, 5 and 7 V, with membrane as cathode), increased the Cr(VI) removal from 45.0%
(for non-polarized PVA/MWCNT-COOH membrane) to 86.5% (at the highest cell potential). The
membrane contact time and background ionic strength of the feed solution influenced significantly the
Cr(VI) removal. Electrostatic repulsive forces between the negatively charged PVA/MWCNT-COOH
membrane and CrO4

2− could prevent chromium ions permeation under low salinity conditions
without applying external potentials. At high electrolyte concentrations, soluble Cr(VI) is reduced
to insoluble Cr(III) and precipitates on the membrane surface primarily as Cr(OH)3 by reaction with
hydroxide ions generated by the water splitting on the MWCNT network, and can be removed from
the treated water stream. Moreover, thicker membranes (6 μm-tick) showed superior performance with
better rejection/removal and higher current densities, also when PVA/MWCNT-COOH membranes
were used to treat tap water spiked with 1 ppm Cr (VI) by application of 7 V to the membrane counter
electrode (Figure 4).
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Figure 4. Removal of chromium from tap water spiked with 1 ppm Cr(VI) using a 6 μm-tick membrane.
Reprinted from [89], with permission from Elsevier.

3. Membrane Fouling

Fouling can be considered the “Achilles heel” of membrane processes. It is essentially due to
the deposition/adsorption of particulate and soluble materials on membrane surface and, in case
of porous membranes, to the entrapment of foulant molecules inside membrane pores [92]. Several
factors can influence fouling: the feed conditions (e.g., ionic strength, pH and presence of cations),
membrane surface morphology and properties such as roughness, charge and hydrophilicity [93].

Membrane fouling can be essentially classified into three main categories: reversible, irreversible
and irrecoverable, depending on the nature of foulant attachment onto membrane surface. Reversible
fouling is caused by external deposition of material and can be removed by simple cleaning methods,
while irreversible fouling refers to foulants, which can only be removed by harsh chemical and/or
thermal treatments. The term irrecoverable fouling refers to fouling that cannot be removed by any
cleaning method, but only by a long operational period [92] (Figure 5).

 

Figure 5. Reversible, irreversible and irrecoverable fouling in membrane processes. Reprinted from [92],
with permission from Elsevier.

Another important classification divides fouling in abiotic fouling and biofouling. Abiotic fouling
is responsible of the formation of a “cake layer” consisting of rejected material, while biofouling is the
accumulation of microorganisms onto the surfaces and within the pores of membranes [94].
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Fouling can significantly reduce membrane performance by:

1. a lowering in productivity because of longer filtration times,
2. an alteration of membrane selectivity as a consequence of a change in pore size,
3. a shortening of membrane life because of the severe chemical cleaning [95,96],
4. an increase of operational costs [97].

The material accumulated onto surface or within pores may reduce the membrane permeability
and results in a general reduction of the permeate flux over time [94]. For constant pressure operations,
where the transmembrane pressure is maintained at a constant value during filtration, fouling causes
an increase in filtration resistance, that leads to a flux decline, FD, over time defined as [98]:

FD =
Fi − Ff

Fi
× 100 (2)

whereFi and Ff are the initial and final fluxes, respectively.
The characteristics and the position of deposited materials determinate the extent and reversibility

of permeate flux decline. A partial restore of permeate flux can be obtained by membrane cleaning
(either by hydraulic or chemical methods) in order to remove some/all the accumulated material [94]
(Figure 5).

Conventional cleaning methods include back-flushing, feed pulsing, permeate back-pulsing
and air sparging [99]. However, these methods have some limits because they can provide only a
temporary relief to flux losses (Figure 6) and damage membranes [100] causing significant changes in
their properties (e.g., surface charge, hydrophobicity and permeability) [101]. Further drawbacks are
the increased operational costs, reduction of membrane lifetime, and need to interrupt the production
to activate such cleaning procedures [99].

 
Figure 6. Effects of periodic back-flushings on permeate flux over time.

Obviously, a highly fouling-resistant membrane requires infrequent cleanings, reduces operating
and disposal costs, increases the operational life and provides consistent permeate quality over
time [94].

3.1. Novel Approaches to Mitigate Fouling

Extensive work has been done on developing methods to mitigate the negative effects of
fouling on membrane performance including optimisation of the membrane composition to minimise
attractive interactions between foulants and surface [102], pre-treatment to remove the most reactive
foulants [103] and enhanced module design and operation that reduce fouling through a more effective
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hydrodynamics [104]. A novel approach suggested to prevent fouling is the formulation of membranes
characterised by an active layer with a low surface energy so that attached foulants can be readily
washed away with reduced changes in water fluxes and permeations [105].

Surface modification of commercial membranes by post-treatment is one of the most frequently
method to decrease membrane fouling potential [106,107]. Some post-synthesis modifications
include [94]:

1. a decrease in the membrane hydrophobicity,
2. a reduction of the surface roughness,
3. an increase in the membrane selectivity,
4. a modification of the surface charge.

Since main polymer membranes are hydrophobic, a frequent problem in membrane processes is
the hydrophobic interactions between membrane surface and hydrophobic solutes present in the feed
solution. The use of a hydrophilic membrane could decrease the fouling potential [92]. Numerous
attempts have been made to improve anti-fouling performance by increasing membrane surface
hydrophilicity and smoothness [6,108]. Du et al. [109] proposed a new post treatment process to
increase membrane surface hydrophilicity and smoothness by a surface microstructure reassembly.

Recently, the attention of researchers has shifted to Electrically Responsive Polymer Membranes
(ERPMs) characterised by high electrical conductivities. These self-cleaning membranes can be
used to mitigate the effects of fouling in several types of separation processes [87]. The cleaning
mechanism in ERPMs can be based on electrostatic repulsion, electrochemical oxidation, hydrogen
peroxide production, surface morphology changes, piezoelectric vibrations, electro-chemical bubble
generation [32,110–113].

3.1.1. Electrostatic Repulsion and Hydrogen Peroxide Generation

A possible method to mitigate fouling consists in the generation of electrostatic repulsion between
charged surfaces and foulants because most of the membrane foulants are negatively charged such as
sludge flocs, soluble microbial products and polymer substances [114]. In addition, electrically charged
membranes have been used as electro-catalytic platforms in order to transform various aqueous
contaminants through electrochemical reactions [115].

Huang et al. [116] proposed a simple method to control fouling introducing a stainless steel
mesh between the supporting layer and active layer of a MF polymer membrane without changing its
surface physical-chemical properties. A homogeneous conducting polyvinylidene difluoride (PVDF)
solution was cast on a stainless steel mesh (pore size 96 μm, thickness 43 μm) assembled on a polyester
nonwoven fabric. The composite membrane was made by immersion precipitation in a non-solvent
bath. Experiments were performed applying an electrical field of 2 V cm−1 with the membrane acting
as cathode. A high water flux and low electrical resistance were found (66 L m−2 h−1 and around 200 Ω,
respectively). The antifouling performance of these membranes was attributed to the combination
of electrostatic repulsive forces between charged membranes and tested foulants, as well as to the
organic oxidation by electrochemically generated hydrogen peroxide at the cathode (in situ membrane
cleaning), leading to a decreased fouling potential (Figure 7). The electrical potential decreased the
fouling rates for all tested model foulants (bovine serum albumin, sodium alginate, humic acid, and
silicon dioxide).

CNTs are frequently used as additives in view of improving membrane performance [73,117].
In particular, electrically conductive membranes obtained by CNT entrapment in a crosslinked network
have been demonstrated to mitigate several forms of fouling through the application of electrical
potentials [118–123].

Dudchenko et al. [124] used a sequential pressure/deposition process to set up robust
and electrically conductive thin films made of glutaraldehyde-based cross-linked PVA and
MWCNTs-COOH on a polysulfone UF support. This membrane exhibited high electrical conductivity
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(2500 S m−1), excellent robustness and permeability. PVA/MWCNT-COOH were used in cross-flow
devices (Figure 8) for electro-filtration process and showed separation properties similar to the
commercially available PSF-35 UF membranes.

 

Figure 7. Schematic illustration of anti-fouling mechanism. Reprinted from [116], with permission
from Nature Publishing Group.

 

Figure 8. Electro-filtration set-up with: (a) conventional and (b) conductive membranes. Reprinted
from [124], with permission from Elsevier.

When an electric potential was applied, PVA/MWCNT-COOH membranes were able to inhibit
fouling at very high concentrations (3.0–5.0 g/L) of alginic acid, which was used as a negative charged
model foulant. After 100 min of operation with the PVA/MWCNT-COOH membrane working as
a cathode element (−3.4 V vs. Ag/AgCl reference electrode), the change in operating pressure was
reduced by 51% compared with the control membrane working without voltage. Fouling mitigation
was explained using a modified Poisson-Boltzmann equation and a DLVO-type theory, indicating that
electrostatic interactions gave significant repulsive forces between the membrane surface and charged
organic foulant molecules.

ERPMs have been demonstrated to be efficient in solving fouling problems in anaerobic
bioreactors, when vigorous air scouring cannot be used to clean membrane surfaces [125,126].

Duan et al. [127] prepared a UF conductive membrane by deposition of CNT–COOH on a PSF
support followed by the crosslinking of a PVA layer. The PVA/CNT–COOH network deposited on PSF
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surface created a smooth (46 ± 2 nm) electrically conducting (1132 ± 32 S m−1) layer. The application
of an electric voltage (5 V) using membrane as cathode, led to a significant reduction of membrane
fouling because the main degradation products of the anaerobic processes are negatively charged small
molecules. When the system operated at a constant flux of 30 L m−2 h−1 with no applied potential,
pressure increased from 1.5 to 3 psi over the time. On the contrary, when the membrane was used as a
cathode, the pressure increased from 1.5 psi to 2.4 and 2.2 psi, when an electric potential of 3 V and 5 V
was applied, respectively (Figure 9).

 

Figure 9. Impact of applied electrical potential on transmembrane pressure. Reprinted from [127], with
permission from Elsevier.

Interestingly, during back-flushing, when the membrane was anodically switched (1.5 V), a rapid
and irreversible fouling was recorded confirming that most of foulants were negatively charged.

Another effective cleaning method to mitigate fouling without membrane damage is the
generation of microbubbles on the membrane surface through electro-reduction [128].

3.1.2. Electrochemical Oxidation

The electrically conducting form of PANI is emeraldine, which is obtained through the
electrochemical polymerization of PANI under acidic condition (Figure 10) [32,129–132].

 

Figure 10. Emeraldine synthesis and structure.

PANI/CNT electrically conducting membranes were designed to evaluate their capacity for in
situ electrochemical cleaning via electro-oxidation, without any external chemical addition [122].

Recently, Duan et al. [122] made an highly conductive and anodically stable polyaniline/
carboxylated carbon nanotubes (PANI/CNT–COOH) UF membrane by electro-polymerization of
aniline on a PSF/CNT substrate under different acidic conditions (sulfuric, hydrochloric, and oxalic
acid). Electrochemical polymerization under acidic conditions forms PANI in the emeraldine form. In
addition, hydrophilic PANI-based membranes are usually more resistant to organic and biologic fouling
as well as more conductive than PVA/CNT membranes. The PANI/CNT–COOH membranes obtained
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from sulfuric acid exhibited the best stability, conductivity and hydrophilicity with no impact on
selectivity and permeability (Figure 11) and resulted ideal membranes for water treatment applications.

 

Figure 11. (a) Flux and (b) fouling behavior in PANI/CNT-COOH membranes. Reprinted from [122],
with permission from American Chemical Society.

Moreover, PANI/CNT–COOH membranes showed enhanced resistance to anodic oxidation, with
little degradation observed up to 3 V vs. Ag/AgCl (Figure 12) under neutral pH conditions.

Figure 12. (a) Resistance and (b) stability in PANI/CNT–COOH and PVA/CNT-COOH membranes.
Reprinted from [122], with permission from American Chemical Society.

Experiments conducted with bovine serum albumin showed an easy fouling cleaning of
PANI/CNT–COOH membrane surfaces by in situ oxidation and fluxes restored to their initial values by
application of a 3 V potential. Moreover, a methylene blue (MB) solution was easily electrochemically
oxidized with 90% efficiency in a single pass through an anodically charged ERPM (3 V, 1 μm thick
membrane, membrane residence time lower than 0.2 s), avoiding the need for additional and expensive
chemical cleaning agents [133]. The electro-oxidation of 5 ppm of MB on PANI/CNT–COOH ERPM
required only 2.5 kW m−3 with a contact time lower than 1 s. In contrast, typical photocatalytic
processes for MB on titanium dioxide require up to 40 kW m−3 and contact times ranging from 30 to
60 min [134,135].

Recently, many researches underlined the huge potential of CNT/polymer composites in water
treatment such as desalination. Shawky et al. [73] synthesized polyamide/MWCNT nanocomposite
membranes (PA/ MWCNT) by a polymer grafting process and investigated the NaCl and humic acid
rejection. The strong interactions between MWCNTs and PA matrix resulted in a remarkable structural
compactness and significant improvement of mechanical properties of the obtained membranes.
In addition, the salt rejection considerably increased, even if the permeate flux was slightly reduced.

De Lannoy et al. [136] evaluated the effects of MWCNTs-COOH on a hydrophobic PSF membrane,
widely used in UF processes in spite of its relatively low tensile strength. Surface hydrophilicity,
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membrane permeability and tensile strength of PSF/MWCNTs-COOH composites increased as a
function of CNT carboxylation. However, a decreased MWCNT retention within the membranes and
an increased leaching during membrane cleaning were observed at higher carboxylation efficiencies.

A highly conducting and flexible composite membrane was realized with a thin layer of PVA,
covalently cross-linked to MWCNTs–COOH and succinic acid, onto a cellulose nitrate membrane
(Figure 13) [137].

 

Figure 13. Thin layer of PVA covalently cross-linked to MWCNTs–COOH and succinic acid onto a
cellulose nitrate membrane. The succinic acid molecules and MWCNTs–COOH cross-linked the PVA
strands, immobilizing MWCNTs and altering the spacing between PVA strands. Reprinted from [137],
with permission from Elsevier.

This PVA/MWCNT–COOH composite showed high electrical conductivity and permeate
flux with low polymer crystallinity and surface tension. Membranes prepared with 20 wt %
MWCNT–COOH and 20 min curing time exhibited conductivities as high as 3.6 × 103 S m−1, pure
water flux of 1440 L/m2 h at pressures of 550 kPa, and triple-point initial contact angles as low as
40◦ with high hysteresis. Better separation characteristics were achieved in PVA/MWCNT–COOH
membranes by incorporating smaller amounts of MWCNT–COOH (2 and 5 wt %), but at the expense
of the membrane permeability (Figure 14). The authors suggest that the MWCNT-COOH loading
could be easily employed to control the molecular weight cut-off.

 

Figure 14. Solute rejection as a function of MWCNT–COOH wt % content with respect to PVA in
PVA/MWCNT–COOH composites. Reprinted from [137], with permission from Elsevier.

CNT-based ERPMs show long-term stability (no notable change in their conductivity over
time is observed when they are used as cathodes) and interesting electro-cleaning properties,
as previously reported. Nevertheless, CNT-based ERPMs result to be unstable under elevated anodic
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potentials in aqueous environments due to CNT oxidation and breakdown when exposed to hydroxyl
radicals produced on their surfaces [122]. Coating and anchoring of stable metal nanoparticles (e.g.,
bismuth-doped tin oxide and cobalt oxide) on CNT surfaces increase stability up to 2.2 V vs. Ag/AgCl
reference electrode.

Graphene is a two-dimensional, one-atom-thick layer of graphite with tunable size and structure
and can be engineered for different filtration processes, ranging from ultrafiltration to reverse osmosis.
Graphene shows enhanced physical-chemical properties such as electrical and thermal conductivity,
mechanical strength, optical transparency, solution processability, and specific surface area up to
2630 m2 g−1. Therefore, graphene has been widely used in flexible transparent electrodes, energy
storage devices, solar cells, and electronics and optoelectronics applications. Usually, graphene can
be obtained by exfoliation of highly pure graphite and, therefore, does not retain the CNTs metal
impurities deriving from their metal-catalysis-driven growth process. Graphene nano-platelets (GNP)
can lead to highly ordered membranes or films by means of different routes (filtration-assisted assembly,
chemical vapor deposition, electrochemical deposition, and layer-by-layer methods). Moreover,
the rich surface chemistry of bidimensional graphene favors the fine-tuning of the interfacing
properties with numerous porous supporting materials, such as PSF, PES (polyethersulfone) and
PTFE (polytetrafluoroethylene).

Liu et al. [138] developed a novel electrochemical filter for water purification by graphene
nano-platelets enabled by carbon nanotubes (GNP:CNT) in a polytetrafluoroethylene membrane
(PTFE/GNP:CNT). CNTs were the conductive binders for graphene nano-platelets (Figure 15).

Figure 15. Schematic representation of PTFE/GNP:CNT electrochemical filter. Reprinted from [138],
with permission from Royal Society of Chemistry.

In particular, the researchers dispersed different weight ratios (from 50:50 to 100:0) of GNPs and
CNTs in N-methyl-2-pyrrolidone, and vacuum filtered the stable suspension onto a PTFE membrane.
Anodic oxidation of the PTFE/GNP:CNT electrode was tested using ferrocyanide (Fe(CN)−4

6 ) as
a model electron donor. When the anodic filter was used in batch mode, electro-oxidation rates
increased linearly with applied potential and plateaued because of mass transfer limitations. When
the PTFE/GNP:CNT filter was evaluated as part of a flow-through system, no plateau was observed
for high concentrations of (Fe(CN)−4

6 ) (10 mmol L−1) as a result of increased mass transfer rates.
Overall, electro-oxidation rates increased up to 15-fold due to convection enhanced transfer of the
target molecule to the electrode surface and reduction of mass transfer over potential.

Moreover, the efficiency of PTFE/GNP:CNT filters for anodic degradation was evaluated with
three selected organic pollutants (tetracycline, phenol and oxalate). For all three organic compounds,
electro-oxidation kinetics increased with increasing anode potential until a maximum removal rate
(0.010, 0.064, and 0.050 mol h−1 m−2 for tetracycline, phenol, and oxalate, respectively) achieved at
0.8 V (Figure 16).
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Figure 16. Electro-oxidative filtration of tetracycline, phenol and oxalate as a function of anode
potential. Reprinted from [138], with permission from Royal Society of Chemistry.

3.2. Biofouling Mitigation with Electro-Responsive Membranes

Membrane processes are vulnerable to bacterial adhesion and biofilm growth on the membrane
surface. Development of biofouling leads to a dramatic decrease of productivity, especially when
in the feed solution are present organic matter and nutrients, as in the case of wastewater effluents.
Most efforts to prevent biofilm development are based on limiting the initial bacterial attachment or
increasing detachment. Methods to develop surfaces with anti-biofouling properties include linking
and embedding of antimicrobial nanoparticles [139–142], grafting of polymer brushes, that form a
hydrated gel layer that prevents bacteria from interacting with surfaces [143], and electrically charged
surfaces [144,145]. These coating methods have been demonstrated to be effective, but the coating
material loss causes the decline of their performance over time [146–148]. Ronen et al. [120] studied
the bacterial deposition and detachment rates as a function of the electrical potential applied to
the membrane surface. In the experiment, the authors used a conducting PVA/CNT composite UF
membrane and ITO electrodes positioned on both sides of a modified cuvette containing Escherichia
Coli suspension at a concentration of 108 cells mL−1. The microbial attachment was investigated using
a direct observation cross-flow membrane system mounted on a fluorescent microscope. Different
electrical potentials (0, 0.5, 1, and 1.5 V) were applied to the electrodes and the impact of the electric
voltage was investigated by measuring cell integrity and cell viability using propidium iodide and
5-cyano-2,3-ditolyltetrazolium chloride as fluorescent indicators, respectively.

SEM images of membrane surface after detachment phase showed that cells had a regular shape
on membranes without applied potential, while the irregular structure of cells, that were remained
attached to membrane subjected to a potential of ±1.5 V, was indicative of cell damage (Figure 17).

 

Figure 17. SEM images of membranes after detachment with: (a) no applied potential, (b) 1.5 V applied
with membrane as anode, and (c) 1.5 V applied with membrane as cathode. Scale bars are 2 μm.
Reprinted from [120], with permission from American Chemical Society.
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The main mechanism proposed to explain the antifouling properties of these membranes was the
generation of hydrogen peroxide due to electro-reduction of oxygen, when a low electrical potential
was applied. The production of hydrogen peroxide on membrane surfaces caused the reduction of
microbial cell viability, increased cellular permeability and prevented bacterial attachment.

Another interesting anti-biofouling method based on the electrostatic repulsion between
membrane surface and attached bacteria was investigated by Baek et al. [149]. They produced an
electro-conductive feed spacer (ECFS) in a lab-scale cross flow membrane system, in which low electric
potentials were applied to minimize chlorine gas generation. A titanium mesh and a stainless steel
mesh were used as model ECFS, on which an electrical polarization was induced. After 24 h from
biofouling occurrence, the permeate flux was decreased to about 47%, while was recovered to 80%,
89%, and 91% when the ECFS was polarized for 30 min with +1.0 V, −1.0 V, and alternating electrical
potentials (cycles of +1.0 V for 1 min and −1.0 V for 1 min), respectively.

The electrically conductive PA/MWCNT nanocomposites by de Lannoy et al. [74] showed higher
biofilm-preventing capabilities, larger electrical conductivity (∼400 S m−1), better monovalent ion
rejection (greater than 95%), and higher water permeability than commercially available membranes.
Biofilm induced a non-reversible flux decline, while the flux decrease for membranes with an applied
electric potential (1.5 V) was lower (due just to bacteria deposition) and fully recoverable with a short
rinse with the feed solution without added cleaning agents. The prevention of microbial biofilms was
probably due to local pH instabilities and unfavourable conditions for bacterial growth arising from
the electrical potential.

4. Conclusions

This paper reviewed the recent progresses in electro-conductive membranes as smart devices able
to respond to the application of an electric signal. Different classes of electro-conductive membranes
were examined and the advantages in their using were discussed with particular emphasis to the
beneficial effects on membrane transport properties and fouling mitigation.
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