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Nanofiltration Membranes: Recent Advances and
Environmental Applications
Mohammad Peydayesh

Department of Health Sciences and Technology, ETH Zurich, 8092 Zurich, Switzerland;
mohammad.peydayesh@hest.ethz.ch

Nanofiltration (NF) is a cutting-edge filtration technology that may be considered a
true paradigm shift in membrane science. NF can be used for a wide range of applications
due to its unique properties to address major global issues in a sustainable and green
way. Furthermore, NF technology has strong potential for supporting the UN Sustainable
Development Goals (SDGs), particularly SDG 6: Clean Water and Sanitation. However,
the successful industrial application of NF depends on developing efficient and reliable
membranes, optimization of processes, understanding of the separation mechanisms, and
justifications in terms of energy and economics.

This Special Issue, titled “Nanofiltration Membranes: Recent Advances and Envi-
ronmental Applications” in the Membranes, aims to assess the recent developments and
advances in all the aspects related to NF technology and its environmental applications.

There are ten contributions, including eight research articles and two reviews, in this
Special Issue. Various topics are discussed, including fabrication of organic and inorganic
NF membranes, tailoring NF membranes’ surface properties, the application of NF in
side-stream valorization, using NF technology in combination with other membrane tech-
nologies such as ultrafiltration (UF) and reverse osmosis (RO), wide-range applications of
NF for removing organic and inorganic pollutants and viruses, and a detailed sustainability
assessment of the use of NF technology via life cycle assessment (LCA).

Higgins et al. [1] studied the removal of Enantiomeric Ibuprofen in an NF membrane
process. In addition to the rejection by the NF membrane itself, results show that the
stainless steel equipment of a flat-sheet experimental unit could adsorb up to 23% of
pharmaceuticals, primarily S-enantiomers of ibuprofen. This illustrates the importance
of conducting initial mass balance experiments to determine possible losses of the com-
pound in bench-scale membrane removal studies in order to determine the true removal
capabilities of the membrane process.

Zheng et al. [2] reviewed the functions of ionic liquids (ILs) to prepare membranes
for different filtration processes, including NF. The application of ILs as raw membrane
materials, physical additives, chemical modifiers, and solvents was discussed. Moreover,
related challenges and future perspectives of IL-assisted membranes were highlighted.

Colloidal fouling caused by the accumulation of particles such as colloidal silica,
iron, aluminum, manganese oxides, and calcium carbonate precipitates on the membrane
surface impedes NF operations by introducing additional hydraulic resistance that reduces
water permeability. Malakian et al. [3] applied nanoscale line-and-groove patterns on
commercial NF membranes using thermal embossing to address this issue. Experimental
work combined with CFD simulations revealed that increasing the pattern ratio fraction
leads to higher threshold flux, which is vital for the productivity of the NF process since it
maintains low fouling rates.

Ainscough et al. [4] evaluated the performance of NF technology for removing chlori-
nated hydrocarbons such as trichloroethylene (TCE), tetrachloroethylene (PCE), cis- 1,2-
dichloroethylene (DCE), 2,2-dichloropropane (DCP), and vinyl chloride (VC) from ground-
water. There are few reports on removing these compounds from water, which is considered
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a particularly difficult separation. The results from the laboratory experiment showed high
performance of the NF, where rejection rates of up to 93% for synthetic solutions and up to
100% for real groundwater samples were achieved. In site trials and due to the operational
limitation, although the NF removed organic materials, it failed to remove volatile organic
compounds (VOCs).

Aziz et al. [5] investigated the performance of UF, NF, and RO technologies for treating
the effluent from a full-scale membrane bioreactor (MBR) municipal wastewater treatment
plant. While the UF technology showed removal efficiencies of around 40% for chemical
oxygen demand (COD), NH4

2+, PO4, and NO3, NF and RO technologies exhibited excellent
removal rates above 90%. The superiority of NF technology was further revealed by the
fact that the energy consumption of RO was 1.4 times higher than that of NF.

NF can also be used to valorize industrial by-products, contributing to waste man-
agement and the circular economy. Macedo et al. [6] valorized goat cheese whey via an
integrated process of UF and NF. The results showed that all the lactose could be retained
using NF, allowing total whey recovery in cheese dairy plants.

Mixed matrix membranes (MMMs) are one of the primary membrane categories, combin-
ing the advantage of polymeric membranes and inorganic nanoparticles. Siddique et al. [7]
reviewed the current state of the art of MMMs in different membrane processes, includ-
ing NF. The focus here was on different fabrication approaches of MMMs, controlling
parameters, fouling mitigation, and challenges and outlooks.

Amadou-Yacouba et al. [8] evaluated the impact of the pre-ozonation step during the
NF of MBR effluent. Although the ozonation process had a low effect on the organic carbon
mineralization, it decreased the COD and the specific UV absorbance by 50%, indicating
the efficiency of ozonation in degrading a specific part of the organic matter fraction. The
results showed that pre-ozonation during the use of NF could decrease the fouling and
maintain the flux by partially mineralizing dissolved and colloidal organic matter.

Bordbar et al. [9] investigated and benchmarked hybrid NF desalination plants in
terms of sustainability and the environmental footprint via LCA in the Persian Gulf region.
The studied plants were multi-stage flash (MSF), hybrid RO-MSF, hybrid NF-MSF, RO, and
hybrid NF-RO, and their impacts on climate change, ozone depletion, fossil depletion, hu-
man toxicity, and marine eutrophication were assessed. The LCA results demonstrated that
hybrid NF-RO is a process with minimal environmental impacts for seawater desalination.

NF can be used to remove microorganisms and viruses in water sources prior to
the consumption, addressing the problems associated with waterborne diseases. To do
so, Yüzbasi et al. [10] developed two ceramic membranes composed of alumina platelets
using spray granulation. They assessed the virus retention performance using two virus
surrogates: MS2 and fr bacteriophages. The results showed complete virus removal from
water, where the virus concentration decreased by 7 log10 reduction value (LRV), meeting
the World Health Organization (WHO) criteria of LRV ≥ 4.

In conclusion, I would like to express my sincere appreciation to the authors, reviewers,
and publisher for their outstanding work and contribution to the Special Issue “Nanofiltra-
tion Membranes: Recent Advances and Environmental Applications”. I hope this collection
will be useful for the membrane community worldwide, promoting the NF technology
toward a more efficient, sustainable, and affordable process for environmental application.

Funding: This research received no external funding.

Acknowledgments: The guest editor is grateful to all the authors that contributed to this Special
Issue.

Conflicts of Interest: The editor declares no conflict of interest.
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Removal of Enantiomeric Ibuprofen in a
Nanofiltration Membrane Process
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Abstract: A study of the behavior of R- and S-enantiomers of ibuprofen (R-IBU and S-IBU) in aqueous
solution by nanofiltration (NF) membranes revealed that up to 23% of the pharmaceutical was
adsorbed onto the stainless steel equipment of a flat-sheet experimental unit. Mass balances disclosed
that IBU’s S-enantiomer was primarily responsible for the adsorption onto the equipment. Additional
IBU adsorption was also experienced on the NF membrane coupons, verified by increased contact
angle measurements on the surfaces. The IBU-equipment adsorptive relationship with and without
the membrane coupon were best described by Freundlich and Langmuir isotherms, respectively. At a
feed water pH of 4.0 units and racemic µg/L IBU concentrations, NF removal ranged from 34.5% to
49.5%. The rejection of S-IBU was consistently greater than the R-enantiomer. Adsorption onto the
surfaces influenced NF rejection by 18.9% to 27.3%. The removal of IBU displayed a direct relationship
with an increase in feed water pH. Conversely, the adsorption of IBU exhibited an indirect relationship
with an increase in feed water pH.

Keywords: nanofiltration; ibuprofen; adsorption; enantiomer; chirality; removal

1. Introduction

The existence and subsequent discovery of chemicals of emerging concern (CECs) in aquatic
environments has sparked interest in determining removal capabilities of specific water treatment
technologies. Nanofiltration (NF) is a promising pressure-driven semipermeable membrane technology
that can be employed to remove CECs from aqueous streams [1–5]. In a membrane process, the extent
of solute removal is dependent on chemical properties, feed water matrix composition, membrane
characteristics, and operational variables [1,2,6–8]. A strong research effort has attempted to elucidate
the impact of CEC properties on solute removal through NF processes. It is widely accepted that
molecular weight is an important parameter in the prediction of non-charged and non-polar compound
rejection [1,9–11]. However, other solute characteristics such as chemical properties, solute geometry,
and functional groups can also affect rejection of CECs [1,6,7]. In a membrane process, correlations
between CEC removal and hydrophobicity [12], membrane adsorption [13], polarizability [14],
polarity [15,16], and molecular size and shape [6,7,14,17,18] have been noted. The complexities of
CEC mass transfer have been scrutinized and reported on over the years and serve as the basis for
additional investigations such as those presented herein.

The position of functional groups in structural isomers has also been shown to have significant
effects on rejection by reverse osmosis membranes [19]. This suggests that the spatial arrangement
of atoms plays a larger role in membrane process removal than currently understood. A solute
property that has received little attention regarding behavior in a membrane process is chirality.
Chiral molecules, or stereoisomers, are molecules with the same molecular formula and chemical
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bonding arrangement, but dissimilar spatial position of atoms. Enantiomers are pairs of stereoisomers
that are non-superimposable mirror images. Although enantiomers have the same molecular formula
and other chemical properties, some are known to behave differently.

A well-known example of a chiral molecule is ibuprofen (IBU). IBU is a weak propionic
acid derivative and pharmaceutically active compound (PhAC) known for its non-steroidal
anti-inflammatory (NSAID) properties. The molecule contains a chiral carbon, yielding two enantiomers,
S-IBU and R-IBU. Although medically administered IBU is a racemic mixture of the two enantiomers,
the S-form possesses most of the anti-inflammatory properties [20–22]. Physiochemical properties of
IBU such as low Henry’s law constant (1.5 × 10−7 atm-m3/mol), moderately high log octanol-water
partition constant (Kow; 3.97), and soil adsorption constant (log Koc; 2.60) suggest that the PhAC
often persists in aquatic environments and can display adsorptive qualities to clay and other loamy
solids [23]. Like other CECs, IBU has been detected in groundwater and surface waters from the ng/L
to µg/L level [24,25]. The enantiomeric ratio (ER) of IBU in surface water has been recorded higher
than 0.5, yielding disproportionate enantiomer concentrations in favor of the S-counterpart [26].

In this presented work, the capability of NF process to remove enantiomeric IBU (S-IBU, R-IBU)
at acidic pH conditions is explored. The behavior of chirality with respect to removal by nanofiltration
membranes has not been fully vetted. The results of this research provide insight into the differing
behavior of chiral molecules, further elucidating the effect of solute properties on membrane rejection.

2. Materials and Methods

In this study, Dupont Filmtec NF270 (Edina, MN, USA) and Microdyn Nadir Trisep TS40
(Goleta, CA, USA) membranes were assessed. The polyamide thin-film composite NF270 and
polypiperazine amide TS40 were acquired from Sterlitech Corp. (Kent, WA, USA). Membranes were
received as flat sheets, cut to the appropriate size, and soaked in deionized water (DI) for at least
24 h prior to experimentation. Membrane operational parameters are listed in Table 1. Racemic IBU
was purchased from Sigma-Aldrich (St. Louis, MO, USA) with reported purity of greater than 99%.
A 400 mg/L standard solution was prepared in LC/MS grade methanol and sonicated for homogeneity.
The standard was stored at 4 ◦C in a salinized amber bottle and used within one month.

Table 1. Membrane operational properties.

Membrane MWCO (Da)
Water Flux
Coefficient

(Lp)

MgSO4
Rejection

(%)

Contact
Angle

(Virgin, ◦)

Contact Angle
(Compacted, ◦)

NF270 200–400 0.460 >97 30.6 50.2

TS40 200–300 0.231 >98.5 28.7 43.3

2.1. Experimental Setup

A bench-scale, flat-sheet membrane testing apparatus was used in this research. The unit consisted
of a Wanner Engineering M-03S Hydra-Cell 6.81 L/min pump (Minneapolis, MN, USA) with a Control
Techniques variable frequency drive (VFD) (Eden Prairie, MN, USA), a 19 L Sterlitech stainless steel
conical feed tank, two Sterlitech CF042 acrylic cells to house the membrane coupons (operated in parallel
for duplicity) with 42 cm2 effective membrane area, and accompanying appurtenances consisting of
flowmeters, pressure gauges, check valves, and stainless steel braided hose. Two MyWeigh CTS-600
scales (Phoenix, AZ, USA) were utilized for permeate collection and flux measurements. Feed flow
was controlled with the VFD and set at 1.0 L/min, corresponding to a crossflow velocity of 0.18 m/s.
Feed pressure was controlled by the concentrate control valve. A chiller-coil system was utilized to
sustain a feed water temperature of 20 ± 1 ◦C.

Prior to each experiment, membrane coupons were inserted into the bench-scale, flat-sheet
unit and compacted at 6.9 bar (100 psi) with DI water for at least 24 h. After initial compaction,
the mixture was replaced with a 10 L solution containing DI water spiked with racemic IBU and
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adjusted to acidic conditions (feed water pH of 4.0 to 6.0 units) with 1 M sodium hydroxide or 5.8 M
hydrochloric acid. Then, the bench-scale, flat-sheet unit was repressured with the experimental feed
water matrix and operated for 24 h. Experiments were conducted in recycle mode, where permeate and
concentrate streams recycled back to the feed reservoir. Feed water samples were taken at 0 and 24 h,
where permeate and concentrate aliquots were taken at 24 h. The unit was flushed at least twice with 5 L
of DI water in between experiments. A new set of membrane coupons was used for each experiment.

2.2. Analytical Methods

Samples were collected in 150 mL salinized amber bottles, stored in a 4 ◦C refrigerator, and extracted
and analyzed within 48 h and 7 d, respectively. A solid phase extraction (SPE) method was utilized
to extract and preconcentrate R- and S-IBU enantiomers [27]. Extractions were performed utilizing
a Waters vacuum manifold and Waters Oasis HLB 3 mL, 60 mg cartridges (Milford, MA, USA).
The R- and S-IBU enantiomers were analyzed via a Perkin-Elmer Series 200 high performance liquid
chromatography (HPLC) instrument (Santa Clara, CA, USA). Separations were carried out on a Chiral
Technologies, Inc., (West Chester, PA, USA) Chiralcel OJ-H column (4.6 × 150 mm, i.d., 5 µm particle
size). The column was operated in polar phase mode, with an isocratic mobile phase consisting of
methanol/formic acid (100:0.1, v/v) at a flow rate of 1 mL/min.

A ramé-hart Model 100 goniometer (Succasunna, NJ, USA) was utilized to determine membrane
hydrophobicity via contact angle. Contact angle measurements were attained utilizing the sessile
drop technique. Membrane coupons were dried and inserted on the stage with the active layer
facing up. A micrometer syringe delivered a droplet of DI water onto the membrane surface, and a
contact angle was measured by the goniometer. To obtain a representative contact angle of the entire
membrane surface, ten contact angle measurements were taken on various areas of the membrane
coupon and averaged.

3. Results and Discussion

Adequate mass balance tests are recommended in bench-scale membrane filtration experiments to
confirm that rejection is not affected by solute behavior such as volatilization, adsorption, or a reaction
with the feed water matrix. Consequently, prior to the series of pressurized filtration tests, a mass
balance confirmation experiment was conducted by circulating a feed solution containing 100 µg/L
IBU at feed water pH of 4.0 units through the flat-sheet equipment without a membrane coupon for
24 h. After analysis, 23% loss of IBU was observed during the experiment.

3.1. Effect of Feed pH on Adsorption

The test was repeated at a feed water pH range from 3.0 to 7.0 units, resulting in an inverse
relationship between loss of enantiomeric IBU and the water quality parameter, aligning with the acid
dissociation constant (pKa) of IBU (4.4). Figure 1 illustrates the results of the flat-sheet equipment
adsorption experiments, where the total IBU concentration adsorbed is presented as a function of the
total initial IBU concentration.

Due to the low Henry’s law constant (1.5 × 10−7 atm-m3/mol), volatilization could not explain
observed IBU losses. However, in acidic conditions, IBU is known to adsorb onto and protect metal
from corrosion [28,29], and IBU has been documented to attach to chromium-based metal organic
frameworks [30]. It is noted that the flat-sheet test equipment is comprised mainly of components
that consist of stainless steel (16% chromium, 10% nickel, 2% molybdenum, and less than 0.02%
carbon) [31]. Existing literature suggests that IBU adsorption onto the flat-sheet stainless steel
components (comprised of the reservoir, tubing, and chiller coil) could occur, as similar results have
been realized with 9-anthracenecarboxylic acid [32]. Minimal to no attachment to the acrylic holding
cells and permeate polyethylene tubing was observed. The bonding mechanism of IBU adsorption
onto the surface was postulated to be between the hydrogen on the carboxylate functional group of the
solute and adsorption of oxygen on the metal from the hydroxide moiety [33,34].
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Figure 1. R- and S-enantiomers of ibuprofen (R-IBU and S-IBU) adsorption onto flat-sheet equipment
as a function of feed water pH (temperature 20 ± 1 ◦C). Selectivity is a ratio of adsorption of S/R IBU.

3.2. Effect of Feed Concentration on Adsorption

Although significant adsorption onto the flat-sheet equipment was observed, IBU has also been
known to attach onto membrane surfaces at pH values less than its pKa of 4.4 [35]. Hence, experiments
deciphering the extent of IBU adsorption onto the flat-sheet equipment with and without a membrane
coupon installed were conducted by repeating the experiment for a racemic solute concentration range
from 100 µg/L to 1.50 mg/L. Feed samples were collected at 0 and 24 h. Triplicate feed concentration
measurements were taken and averaged.

Results in Figure 2 indicate that the adsorption of IBU increases with initial feed concentration,
which agree with prior PhAC-metal attachment studies [29]. It also appears that the sorbed IBU
concentration may approach a saturated equilibrium in due course, and hence can be modeled by
adsorption isotherms (see Supplementary Information).

An additional 19.6% to 39.2% IBU adsorption onto flat-sheet equipment with membrane coupon
was recorded. These results suggest that additional IBU adsorption presumably occurred onto the
membrane surface. IBU adsorption onto the membrane components was validated by an increase in
hydrophobicity (measured by contact angle), illustrated in Figure 3. Hydrophobicity was found to
have a positive direct relationship with the concentration of adsorbed IBU. Mechanisms of adsorption
could include both hydrophobic interactions and the formation of hydrogen bonds between IBU and
the membrane surface [36]. Previous studies have attributed IBU adsorption only to the membrane
surface, neglecting to fully understand the behavior of IBU, hence, conceivably reporting inaccurate
rejection values in flat-sheet studies [37–40].

At an initial racemic concentration of 1.08 mg/L, 83.7 µg/L IBU adsorbed onto the equipment
and NF270 membrane. On the contrary, at an initial racemic content of 840 µg/L, 93.6 µg/L IBU
adsorbed onto the equipment and TS40 membrane. Therefore, the TS40 membrane contained a slightly
higher capacity to adsorb IBU. The difference of adsorption could not be explained by pore size or
surface hydrophobicity. Although the NF270 membrane is more hydrophobic and has a larger MWCO,
it did not adsorb as much IBU as the TS40 component. Others have postulated similar findings [35].
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It should be noted that static batch experiments investigating IBU adsorptive capabilities on membrane
coupons have been conducted elsewhere [35]. Batch adsorption experiments often do not represent
actual attachment capacities of membrane while in pressurized operation [32], and thus were not
included in the scope of this work.

 

 

 

SS/R A 

B 

C 

Figure 2. Adsorbed R- and S-IBU onto (A) Flat-sheet equipment; (B) Flat-sheet equipment with NF270
coupon; (C) Flat-sheet equipment with TS40 coupon (feed water pH of 4.0 units, temperature 20 ± 1 ◦C).
Selectivity is a ratio of adsorption of S/R IBU. Error bars represent minimum and maximum values
from triplicate analysis.
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Figure 3. Contact angle of NF270 and TS40 membranes as a function of IBU adsorption. Error bars
represent one standard deviation of uncertainty. Contact angle snapshots provide a visual image of the
linear relationship between hydrophobicity and adsorbed IBU.

An apparent difference between the adsorption of R- and S-IBU onto the metal surface was noted.
At an initial racemic concentration of 100 µg/L, S-IBU adsorbed 4.82 times more than its R-counterpart.
The ratio fell to 2.25 at an initial racemic concentration of 1.50 mg/L. Although current literature
on the adsorption behavior of enantiomers is scarce, some have claimed IBU can enantioselectively
adsorb onto chromium- and vanadium-based metal organic frameworks [30]. Additionally, S-IBU has
been reported to adsorb up to 10 times more than the R-enantiomer on a liposome membrane [41].
In liposomes, enantioselectivity was ascribed to hydrogen bonding or hydrophobic interactions
between the asymmetric carbons of the chiral molecule and the spherical vesicle.

A possible explanation for the disparate enantiomer behavior could reside in optimized molecular
geometry between R- and S-IBU performed by density functional theory (DFT) computations [42,43].
In conjunction with experimental studies, DFT computations can provide insight to the contrary
behavior of chiral molecules, as previously illustrated by D-alanine’s enantioselective adsorptive
behavior [44]. The DFT framework in this study utilized the gradient correction non-local correlation
functional of Lee, Yang, and Parr (B3LYP) with a basis set of 6-31G*, using the online GAMESS
software [45,46]. Table 2 presents a comparison of the DFT-derived total energies and geometric
properties of R- and S-IBU.

Table 2. Density functional theory (DFT) calculated energy and geometries of R- and S-IBU.

Compound Method
Energy

(Hartrees)
Surface Area

(Å2)
Molecular

Volume (Å3)

Dipole
Moment
(Debeye)

R-IBU B3LYP/6-31G* −656.3 179.5 199.3 2.018

S-IBU B3LYP/6-31G* −656.3 173.1 194.3 5.404
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Results indicate approximately equal energies of R- and S-IBU, however, the surface area, volume,
and dipole moment differ, which align with findings presented elsewhere [47]. The larger surface area,
molecular volume, and smaller dipole moment of R-IBU suggest a bulkier, more hindered approach
as compared with S-IBU. It should be noted that the ratio of S- to R-IBU dipole moments (2.68)
compares well with the adsorption selectivity at initial racemic concentrations greater than 300 µg/L
(2.46). Other conceivable explications for the dissonant chiral behavior include the Easson–Stedman
three-point “lock and key” hypothesis between the chemical and binding site [48,49] or the slightly
unequal opposite optical rotations of the enantiomers [50].

3.3. Adsorption Isotherm Modeling

Adsorption isotherms can be used to describe the relationship between the quantity of IBU attached
on a solid surface in relation to its surrounding aqueous concentration at a constant temperature and
pressure [51]. The concentration of IBU adsorbed to the solid surface at quasi-equilibrium (qe) is
calculated by Equation (1):

qe =
(Co −Ce)V

A
(1)

where qe is the concentration of IBU on solid surface (µg/cm2), Co is the initial concentration of IBU in
aqueous solution (µg/L), Ce is the equilibrium concentration of IBU in aqueous solution (µg/L), V is the
volume of aqueous solution (L), and A is the surface area of solid surface (cm2).

In this work, Langmuir, Freundlich, and Temkin isotherms were utilized to model the adsorption
behavior of IBU [51–57]. Manipulations of qe and Ce for R- and S-IBU were plotted in accordance with
the Langmuir, Freundlich, or Temkin isotherms to determine the best-fit model for the adsorption
system. Isotherms were ascertained for error using coefficient of determination (r2), relative percent
difference (RPD), some of square errors (ERRSQ), and root mean square error (RMSE) [56]. Derived
parameters and statistical error are shown in Table 3. The variables KL and qa represent Langmuir
adsorption constants, KF and n represents Freundlich adsorption constants, and the and KT and b
represent Temkin adsorption constants.

From Table 3, the Langmuir, Freundlich, and Temkin isotherms yielded r2 values > 0.90,
authenticating adsorption equilibrium tendencies for experimental data. Favorable adsorption
was observed in the Freundlich isotherm as 1/n values were < 1 for R- and S-IBU. Adsorption intensities
denoted by constants KL, KF, and KT were higher for S-IBU. Furthermore, greater Langmuir maximum
adsorption capacities (qa) were also observed for S-IBU, aligning with the favorable adsorption
presented herein. Larger concentrations of adsorbed IBU on the surface (qe) were experienced
in the equipment-IBU-membrane system, highlighting the additional adsorptive capacity of the
membrane surface.

The Langmuir, Freundlich, and Temkin isotherms yielded similar predictability for IBU equilibrium
concentrations up to 350 µg/L but diverged as solute content increased. Error analysis revealed that
the Langmuir isotherm best modeled the equipment-IBU relationship. A Langmuir adsorption model
fit insinuates an equal quantity of attachment free-energy changes and a monolater coating of IBU
on the surface. Similar results have been realized in applications utilizing stainless steel as the
adsorbent [57–59]. Therefore, the equipment-IBU relationship can be modeled via Langmuir > Temkin
> Freundlich. On the contrary, the Freundlich isotherm revealed the closest representation to the range
of equipment-IBU-membrane system experimental data based on error analysis. A best-fit Freundlich
adsorption isotherm suggests heterogeneous adsorption free-energy changes and a multilayer of IBU
chemisorption. These findings align with existing literature denoting Freundlich-type adsorption on a
membrane surface due to its laminose structure [35,60]. However, it should be noted that the Langmuir
and Freundlich isotherms produced analogous r2 values for R-IBU (0.995 for NF270 and 0.996 for TS40),
and contained similar error statistics. This suggests that as S-IBU has a stronger attachment affinity,
weak interactions between R-IBU and the surface may yield a thinner adsorptive layer. A study of
R- and S-IBU adsorption kinetics onto metal and membrane surfaces may elucidate the dissimilar
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attachment mechanisms. For the purposes of this work, the equipment-S-IBU-membrane system can
be modeled via Freundlich > Temkin > Langmuir, whereas the equipment-R-IBU-membrane system
can be modeled via Freundlich = Langmuir > Temkin.

Table 3. R- and S-IBU Langmuir, Freundlich, and Temkin isotherm parameters derived from bench-scale,
flat-sheet experiments (feed water pH of 4.0 units, temperature of 20 ± 1 ◦C).

Isotherm

Langmuir

KL (L/µg) qa (µg/cm2) r2 RPD ERRSQ RMSE

R-IBU
Equipment 3.93 × 10−3 0.031 0.993 3.73 3.42 × 10−3 2.40 × 10−2

NF270 4.08 × 10−3 0.033 0.995 4.04 4.98 × 10−6 8.43 × 10−4

TS40 3.88 × 10−3 0.040 0.996 3.76 6.67 × 10−6 1.05 × 10−3

S-IBU
Equipment 1.74 × 10−2 0.052 0.979 3.57 2.46 × 10−5 2.02 × 10−3

NF270 1.44 × 10−2 0.057 0.982 6.45 6.62 × 10−5 3.08 × 10−3

TS40 8.95 × 10−2 0.076 0.974 6.00 8.71 × 10−5 3.81 × 10−3

Freundlich

KF (L/cm2) 1/n (-) r2 RPD ERRSQ RMSE

R-IBU
Equipment 6.35 × 10−4 0.566 0.945 9.36 3.38 × 10−3 2.40 × 10−2

NF270 4.05 × 10−4 0.665 0.995 3.87 4.53 × 10−6 8.05 × 10−4

TS40 4.74 × 10−4 0.677 0.996 2.78 7.99 × 10−7 3.65 × 10−4

S-IBU
Equipment 5.89 × 10−3 0.350 0.946 7.97 7.67 × 10−5 3.58 × 10−3

NF270 4.00 × 10−3 0.433 0.988 3.92 1.80 × 10−5 1.60 × 10−3

TS40 2.43 × 10−3 0.570 0.994 3.02 1.08 × 10−5 1.34 × 10−3

Temkin

KT (L/µg) b (J/mol) r2 RPD ERRSQ RMSE

R-IBU
Equipment 0.040 3.58 × 105 0.981 5.42 3.39 × 10−3 2.30 × 10−2

NF270 0.041 3.25 × 105 0.980 14.0 7.47 × 10−6 1.03 × 10−3

TS40 0.038 2.65 × 105 0.963 10.4 1.11 × 10−5 1.36 × 10−3

S-IBU
Equipment 0.185 2.23 × 105 0.974 3.56 1.11 × 10−5 1.36 × 10−3

NF270 0.110 1.78 × 105 0.988 5.19 1.86 × 10−5 1.63 × 10−3

TS40 0.061 1.19 × 105 0.975 9.11 4.23 × 10−6 2.66 × 10−3

3.4. Rejection of Ibuprofen Enantiomers

The effect of pH on IBU rejection via NF was investigated by altering the feed pH to 4.0, 5.0,
or 6.0 units with an initial IBU concentration of 1.5 mg/L (R- and S-enantiomer concentrations of
750 µg/L). Figure 4 displays the rejection of R- and S-IBU from the NF270 and TS40 membrane at a feed
pH of 4.0 units. The total NF270 and TS40 IBU rejection was 34.5% and 49%, respectively. However,
the adsorption of IBU affected the rejection value based on the time of collection. Adsorption accounted
for 14.3% to 23.4% and 23.6% to 31.3% of R-IBU and S-IBU rejection, respectively.

The NF270 and TS40 exhibited poor (<50%) rejection at a feed water pH of 4.0 units. However,
removal efficacy increased with feed water pH, as illustrated in Figure 4, aligning with findings from
others [37,38]. The feed water pH affects the speciation of IBU and the magnitude of negative charge
on the NF membrane. It should be noted that feed water pH has an opposing effect on IBU adsorption.
At feed water pH values higher than 4.4 units, the membrane surface is negatively charged and IBU is
dissociated, primarily existing in the anionic form. Anionic IBU is believed to be rejected by electrostatic
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repulsion and steric hindrance. Conversely, at a feed water pH less than 4.4 units, IBU principally
exists as the neutral form, and the membrane is less negatively charged. Neutral IBU readily adsorbs
onto stainless steel and the membrane surface. As available adsorptive sites become saturated, the NF
membrane can partially reject neutral IBU due to size exclusion. Therefore, the mechanism of IBU
removal at acidic conditions is postulated as initially adsorption and subsequently steric hindrance.

 

 

Figure 4. R- and S-IBU rejection as a function of feed water pH for NF270 membrane (left),
TS40 membrane (right) (water flux 42.4 L/m2h, temperature 20 ± 1 ◦C).

It should be noted that the rejection of S-IBU was consistently greater than the R-enantiomer
for the feed pH conditions examined, due to the preferential attachment onto the metal flat-sheet
equipment, shown in Figure 5. Although CEC adsorption impacts the overall rejection, it should not
impact the mechanism of removal by the membrane. This indicates that the membrane may have a
slight affinity for the rejection of S-IBU. A possible explanation for the increased rejection lies in DFT
calculations, which revealed a dipole moment of 2.02 and 5.40 Debeye for R- and S-IBU, respectively.
Existing literature suggests that a molecule’s polarity influences the orientation of the solute relative
to the membrane [15,16]. A molecule with a lower dipole moment is less polar, and hence contains
an orientation more perpendicular to the membrane surface, increasing the probability of the solute
to travel through the material without being rejected. Others have also found a direct relationship
between CEC dipole moment and rejection [14–16,61].

The influence of sample time is important when recording removal of hydrophobic CECs like
IBU from a NF process. In this work, adsorption was recorded over 24 h, and rejection was collected
at 24 h. Others have agreed that 24 h of operation was adequate for equilibration of hydrophobic
compounds [12,13,32]. However, additional time may be required to confirm complete adsorption
of the compound. If rejection is collected shortly after start-up, the value may not account for the
adsorption of the CEC onto the membrane or equipment. Therefore, system equilibration is important
in obtaining accurate removal capacities.
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Figure 5. Rejection of R- and S-IBU at a feed water pH of 4.0 units (initial IBU concentration 400 µg/L,
water flux 42.4 L/m2h, temperature 20 ± 1 ◦C). Error bars represent minimum and maximum values
from triplicate analysis.

4. Conclusions

The results of this study revealed the behavior of IBU enantiomers in aqueous solutions treated
by NF membranes. Feed water characteristics (such as pH) have a substantial influence on the
rejection and adsorption mechanisms of IBU. At low feed pH values, S-IBU adsorbed up to five times
more than its R-counterpart onto stainless steel and showed preferential rejection in a NF process.
DFT calculations could provide insight into the differing behavior of the enantiomers in terms of
molecular volume and dipole moment. In bench-scale membrane removal studies, it is important
to conduct initial mass balance experiments to determine possible losses of compound, which may
impact overall removal. Furthermore, equilibration time proves vital in determination of the true
removal capabilities of membrane processes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0375/10/12/383/s1,
Figure S1: Enantiomers of IBU, Figure S2: IBU speciation based on pKa value (4.4), Figure S3: Flat-sheet bench-scale
unit schematic operated in (A) recycle mode, (B), permeate collection mode, Figure S4: HPLC IBU enantiomer
chromatogram, Figure S5: Dipole moment of (A) R-IBU and (B) S-IBU produced by DFT computations using
GAMESS software. Figures S6–S13: Linearized adsorption isotherms for R- and S-IBU. Figure S14: Adsorption
isotherm curves of R- and S-IBU, Figure S15: Adsorption isotherm curves of R- and S-IBU and (A) flat-sheet
equipment, (B) flat-sheet equipment and NF270 coupon, (C) flat-sheet equipment and TS40 coupon (feed water pH
of 4.0 units, temperature 20 ± 1◦C). Error bars represent minimum and maximum values from triplicate analysis,
Table S1: Chemical properties of IBU, Table S2: Operational parameters of NF270 and TS40 NF membrane coupons.
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Abstract: Membranes are widely used for liquid separations such as removing solute components from
solvents or liquid/liquid separations. Due to negligible vapor pressure, adjustable physical properties,
and thermal stability, the application of ionic liquids (ILs) has been extended to fabricating a myriad
of membranes for liquid separations. A comprehensive overview of the recent developments in ILs in
fabricating membranes for liquid separations is highlighted in this review article. Four major functions
of ILs are discussed in detail, including their usage as (i) raw membrane materials, (ii) physical additives,
(iii) chemical modifiers, and (iv) solvents. Meanwhile, the applications of IL assisted membranes are
discussed, highlighting the issues, challenges, and future perspectives of these IL assisted membranes in
liquid separations.

Keywords: ionic liquids (ILs); membranes; liquid separation; modifier; solvent

1. Introduction

Membrane-based liquid separation technologies mainly include microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), organic solvent nanofiltration (OSN), reverse osmosis (RO), forward osmosis
(FO), and pervaporation (PV). These separation technologies play important roles in the industry
and our daily life, because of their functions in the concentration, fractionation, and purification
of liquid mixtures. Moreover, the separation technologies have experienced rapid growth in the
past decades since they are believed to have fewer energy consumptions, smaller carbon footprints,
and convenient operations compared to traditional separation technologies such as distillation,
condensation, and crystallization [1].

However, most of the membranes are fabricated through the phase inversion method with the use
of toxic organic solvents or strong acids, which often generate toxic volatile organic compounds and
produce a large amount of wastewater containing toxic solvents [2]. To circumvent these environmental
problems, one direct strategy is replacing the common toxic solvents with greener solvents that have
lower volatility or less toxicity, such as TamiSolve® NxG [3], PolarClean [4], Cyrene™ [5], dimethyl
isosorbide [6], dimethyl carbonate [7], etc. Ionic liquids (ILs) are also viewed as an alternative green
solvent. Specifically, room-temperature ILs are molten organic salts that are in a liquid state at or near
room temperatures. They have received tremendous attention due to their excellent properties such as
strong polarity, negligible vapor pressure (above the liquid surface), low volatility, thermal and chemical
stability, designable structure, and a good ability to dissolve many inorganic, organic, and polymeric
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materials. Consequently, they have been used in the preparation of various membranes [8–19]. The usage
of ILs in fabricating membranes could be broadly categorized into four types as illustrated in Figure 1.

 

 
Figure 1. The four major functions of ionic liquids (ILs) in preparing membranes: (a) membranes raw
materials (BILM: bulk IL membrane, EILM: emulsion IL membrane, SILM: supported IL membrane,
PILM: poly (ionic liquid) membrane), (b) physical additives, (c) chemical modifiers, (d) solvents
(TFC: thin-film composite).

ILs can be used directly as raw materials to fabricate membranes. As shown in Figure 1a, some of
such membranes include bulk IL membranes (BILMs), emulsion IL membranes (EILMs), supported IL
membranes (SILMs), and poly(ionic liquid) membranes (PILMs): (i) BILMs, the simplest non-supported
IL membranes, usually consist of the aqueous feed phase and the stripping phase directly contacted
with an IL membrane in a U-tube (refer to a setup in Figure 2a); (ii) EILMs are generally emulsions
prepared by emulsifying an organic phase (i.e., the carrier containing IL, surfactant, and diluents) with
an internal aqueous stripping agent. In the case of EILMs, the emulsion droplets are often stabilized
by surfactant, enabling them to trap internal stripping agents inside them and form water-in-oil
emulsion [20]; (iii) SILMs are a type of liquid membrane, wherein the IL is held by capillary forces
in the pores of a polymeric/inorganic membrane support via direct immersion, vacuum infiltration,
etc. The ILs play an important role in the operating performance of SILM due to the relatively high
viscosity; (iv) PILMs are directly made of poly(ionic liquid)s (PILs), which are polyelectrolytes that
feature IL species in each monomer repeating unit and connected through a polymeric backbone
to form a macromolecular architecture. The synthesis methods for PILs could be referred to in a
report developed by Yan et al. [21]. The PILMs could normally be made from PILs solutions via a
phase inversion process and coating on a membrane support. As compared to the liquid membranes,
PILMs made from high molecular weight PILs are much more stable, which form adjustable structures
and morphologies [21].

The first three types of membranes (BILMs, EILMs, and SILMs) are types of solvent extraction
based on liquid membranes. The IL membranes are much greener and more stable as compared with
traditional liquid membranes made from organic solvents, meaning that the usage of ILs overcomes the
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evaporation loss of organic solvents. Among these types of membranes, BILMs have the lowest contact
surface area for extraction while EILMs have the largest contact surface area. Hence, the permeation
rate of BILMs is very low, making them technologically not very attractive. However, BILMs are
the simplest membranes and are still widely used to study the transport properties of novel ILs as
carriers [22]. EILMs have the advantages of a high surface area, non-dependence on equilibrium
consideration, and relatively low cost, but their stability is a critical issue because the emulsions
formed should be stable enough to avoid leakage during the separation process. On the other hand,
the emulsions should not be too stable so that they can be destroyed and recycled after the separation
process. Although the SILMs have lower flux as compared to EILMs due to having less contact surface
area, high selectivity could be achieved based on small amounts of ILs. Thus, SILMs have gained
much popularity in recent years. Similarly, ILs and polymerized ILs (PILs) have been used as physical
additives into membranes to form IL/PIL-polymer blending membranes (Figure 1b). The IL-polymer
blending membranes are also called polymer inclusion membranes (PIMs). As compared with pristine
IL membranes, they possess improved stability due to the fact that ILs are trapped in the dense
polymeric/inorganic membrane matrix. As compared with pristine membranes, they may have
enhanced separation performance due to the special physical properties of ILs such as hydrophilicity,
charge, special functional groups, etc. Moreover, ILs/PILs have been used to chemically modify the
membranes or membrane components owing to the abundant active functional groups. As illustrated
in Figure 1c, on one hand, ILs/PILs could be added into polymer bulk solutions and form a membrane
layer possessing excellent stability due to covalent bonds; on the other hand, ILs could also be
chemically grafted to the membrane surface or serve as membrane additives to improve the separation
performance. Furthermore, ILs have been used as green solvents for dissolving polymers or as reaction
media during membrane fabrication (Figure 1d). Due to the electrostatic nature of ILs, they are able to
interact strongly with the polymers via pronounced hydrogen bonding, Coulombic forces, and van der
Waals interactions [23–25]. Using IL as the solvent is greener than using organic solvents because ILs
are non-volatile and can be recovered in some cases. Moreover, they can be used to dissolve some rigid
polymers (e.g., cellulose, polybenzimidazole (PBI), and polyamides) which are not easily dissolved
by organic solvents [25–27]. Besides, using ILs as the reaction media benefits not only from their
non-volatility, but also from their different properties such as interfacial tension, viscosity, and the
solubility of organic compounds, making the membrane synthesis less hazardous and more tunable to
obtain membranes with better separation performance [28].

Therefore, ILs play an important role in membrane fabrication from the versatile aspects shown
above. Currently, there have been many studies on developing these types of IL assisted membranes
for gas separations (such as CO2 and volatile organic compounds removal) because of their high
solubilities for different gaseous species [10,11,15,17]. Besides this, the use of ILs has also been
extended to fabricating membranes for other purposes such as electrochemical applications [29–33],
osmotic power generation [16], liquid separations including desalination, the removal of organics
from water or organic solvents [34,35], removal of heavy metal [36], organic solvent/water separations,
and so forth. Although the ILs have been used extensively in developing membranes for liquid
separations, few reviews have summarized the functions of ILs in the rational design of these
membranes. Besides, the existing reviews are limited to IL membranes, in which ILs are used as
fabricating materials [12,18,19].

Considering that liquid separations are in fact, more prominent than gas separations in industrial
membrane separation processes [1] and that ILs have more versatile applications in membrane
fabrications, it is thus important to systematically summarize the functions of ILs in developing
membranes for liquid separations. In this regard, this review provides a comprehensive overview of
four major functions of ILs in developing liquid separations membranes. Moreover, problems and
challenges in IL related membrane processes for liquid separations are identified and discussed.
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2. Functions of ILs in Developing Liquid Separation Membranes

2.1. ILs as Raw Membrane Materials

ILs have very low vapor pressure but they have good solubility for organic and inorganic
compounds. Therefore, they can be used as materials directly to fabricate membranes such as bulk IL
membrane, supported IL membrane, emulsion IL membrane, and poly (IL) membrane. Recent progress
in the development of each of these membranes will be summarized in the following sections.

2.1.1. Bulk IL Membrane (BILM)

Unlike conventional bulk liquid membranes, BILMs use ILs as the hydrophobic liquid membrane
phase instead of organic solvents, which has attracted the interest of researchers due to the
‘green properties’ of ILs such as low vapor pressure, low volatility, and good stability at high
temperatures, making the BILM more stable and less hazardous because of the reduced evaporation of
the membrane phase.

Several studies on the use of BILMs to remove various organic compounds in the liquid
solutions have been reported, including phenols [37,38], organic acids [39–41], and others [39,40,42–44].
Lakshmi et al. utilized three different highly hydrophobic ILs to study the removal efficiency for
chlorophenol [38]. Interestingly, high chlorophenol extraction and stripping efficiencies of 98.10% and
78.5%, respectively, were achieved by using 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4])
with minimum membrane loss. Similarly, Mohammed and Hameed synthesized several hydrophobic
ILs for extracting 4-nitrophenol from an aqueous solution [37]. They found that the distribution
coefficients for the 4-nitrophenol in the ILs were higher than in conventional organic solvents.
Furthermore, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][Tf2N])
exhibited the greatest extraction and stripping efficiencies. Baylan and Çehreli used four hydrophobic
imidazolium-based ILs as the membrane, tributyl phosphate (TBP) as a carrier for the membrane,
and NaOH solutions as the stripping phase to remove levulinic acid [41] and acetic acid [40] from the
aqueous solutions. Their results indicated that all the investigated ILs as a membrane phase had good
transport selectivity. Moreover, TBP and NaOH concentrations had a major influence on both the extraction
and stripping efficiencies. In addition, Branco et al. performed a systematical selective transport study
using a 7-component mixture of representative organic compounds, and 10 different ILs based on five
cation structures. Remarkably, they observed that the use of ILs with more polar cations (containing ether
or hydroxyl functional groups) generally increased their affinity for all organic compounds but reduced
the selective transport, especially for secondary and tertiary amines. Chakraborty and Bart successfully
used 1-octyl-3-methylimidazolium chloride as a membrane solvent and Ag+ as the carrier to remove
toluene from n-heptane [42]. They revealed that the Ag+ concentration, stirring speed, initial toluene
concentration in the feed, and temperature greatly influenced the permeation rate and separation factor.

There have also been a few studies on the use of BILMs to remove metal ions from the aqueous
solutions. For instance, Kogelnig et al. conducted a successful quantitative transport of Fe(III) ion from
a hydrochloride (6 M) feed phase containing Ni(II) to a hydrochloride (0.5 M) receiving phase by using
a commercialized IL trihexyl(tetradecyl)phosphonium chloride (Cyphos® IL101) as the membrane
phase [45]. Both of the two metal ions have an ion association with the chloride anion to form a
complex. The separation mechanism was based on the difference in the complex behavior depending
on the concentration of HCl.

As can be seen from above, the studies on the use of BILM are very limited, especially the
applications on metal ion removal. For instance, most researchers have screened several potential
hydrophobic ILs to develop a suitable BILM for a certain organic solute. In addition, the selections
of a suitable carrier and stripping agent have been found to be critical. Also, other operation factors
(such as the feed phase, feed pH, carrier concentration, stripping agent concentration, contact time,
stirring speed, temperature, etc.) greatly influence the permeation rate and separation factor. By tuning
those parameters, the separation performance could be further enhanced, but BILMs are technologically
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unattractive due to their low contact surface area and slow mass transfer rate [22]. Despite this,
BILMs are still meaningful because they are normally employed to study the transport properties of the
novel carriers [22,43], which could give guidance for further developing other types of IL membranes.

2.1.2. Emulsion IL Membrane (EILM)

EILMs have a much higher surface area per unit of volume and lower thickness as compared
to BILM because the membrane phase is made of numerous small emulsion droplets containing ILs,
making the separation process and accumulation inside the emulsion vehicle fast. Similarly, the usage
of ILs in the membrane emulsion makes the liquid membrane system more stable, which has been
proved by the following studies.

Balasubramanian and Venkatesan built an EILM system by using a mixture of 1-butyl
3-methylimidazolium hexafluorophosphate and TBP as a mixed carrier, Span 80 as a surfactant,
kerosene as a diluent agent, and NaOH as the internal stripping agent [46]. The EILM system was then
applied for the removal of phenolic compounds; the scheme is illustrated in Figure 2b. They optimized
the system parameters for achieving maximum removal of phenol with a higher treat ratio. The various
parameters include the concentrations of IL, TBP, stripping reagent, surfactant, emulsification time,
phase volume ratio, treat ratio, stirring speed, and external phase pH. Even though the IL was not
purely the carrier in the system, the addition of the IL in the membrane phase increased the stability
of the emulsion over 5 folds than that of the emulsion without the IL. Moreover, Kulkarni’s group
established an EILM system by using di-2-ethylhexyl phosphoric acid and 1-octyl-3-methylimidazolium
hexafluorophosphate ([OMIM][PF6]) as a carrier, Span 80 as a surfactant, hexane as a diluent agent,
and sulphuric acid as an internal stripping agent [47], which was then used to remove Pb (II) ions
from aqueous solution. Similarly, the various operating parameters were investigated and optimized.
They found that the stability and the enrichment factor of the EILM were 2-3 folds greater than those
for the system without the IL.

 

 

Figure 2. Schematic for (a) an extraction unit of 4-nitrophenol compounds using a BILM, adapted and
modified from [37]; (b) the removal of phenolic compounds using an IL mixed carrier-based EILM,
adapted from [46]; (c) the pseudo-emulsion based hollow fiber membrane with strip dispersion system,
adapted from [48].

In addition, Alguacil et al. reported a smart IL membrane technology based on microporous
polypropylene hollow fiber membrane contactor for the removal of Cd (II) from acidic chloride
solutions. In this case, the Cd (II) feed solution and the pseudo-emulsion of the organic solution
(tri-isooactylammonium chloride IL + isodecanol + Exxsol D100) plus the stripping agent (NH4OH)
were not directly in contact. Actually, they passed through the lumen side and shell side of a membrane
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contactor in a counter-current mode, as shown in Figure 2c [48]. After the optimization of several
different parameters, efficient removal of Cd(II) with a mass transfer coefficient value of 2.68× 10−4 cm/s
was achieved. The authors believed their methodology was a promising alternative to conventional
procedures because it combined the operational characteristics of liquid membranes and liquid-liquid
extraction technologies. However, further studies on comparing this system with the traditional ones
are needed to confirm the removal efficiency.

To sum up, the stability of EILMs is greatly enhanced as compared to the traditional emulsion liquid
membranes with only organic solvents as the carrier, but the swelling and breakage of emulsion still
exist during the separation process, which could be alleviated by optimizing the operational conditions
(such as IL concentration, surfactant concentration, agitation speed, extractant concentration, etc.).
Besides, other types of surfactants and ILs that have better chemical interactions could be investigated,
since that they can avoid the coalescence of internal phase droplets and enhance stability [47].

2.1.3. Supported IL Membrane (SILM)

Similarly to EILMs, SILMs are more stable than a traditional supported liquid membrane owing
to the negligible evaporation of IL. Compared with BILM and EILM, the SILM requires much less
membrane solvent and yet, offers higher selectivity [22] making it more popular for membrane
fabrication. There have been several review papers reporting the research progress of SILMs and their
applications in the separation of organic compounds, gases, vapors, ions, and so on [12,22,49–52].
In this review, we focus more on SILM related research works for liquid separations reported in
the last 5 years. PV is a membrane process where the liquid feed is in direct contact with one side
of the membrane, while the permeate evaporates into sweeping gas or vacuum on the other side.
Generally, the applications of PV include (i) dehydration of organic-water mixtures, (ii) removal
of trace organic compounds from water, and (iii) organic-organic mixture separation. Currently,
developed SILMs for PV are mainly applied in the latter two applications, with hydrophobic ILs as the
membrane phase. According to the reports that were published previously, recovery of butanol from
aqueous mixtures is the most investigated way to remove trace organic compounds from water [49,51].
In recent years, SILMs have been explored for separating other mixed systems, especially those
organic-organic mixtures.

Mai et al. fabricated a SILM by depositing 1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([OMIM][Tf2N]) on a polydimethylsiloxane (PDMS) support in vacuum. The SILM was then used to
recover acetone, butanol, and ethanol (ABE) from an aqueous solution by using PV [53]. However,
they found that the SILM had a lower permeation flux and lower selectivity compared to the
immobilized IL-PDMS membrane. Zhang et al. developed a SILM system for separating toluene
and cyclohexane by impregnating porous polyvinylidene fluoride (PVDF) hollow fiber membrane
with ILs [54]. They studied the interactions of several ILs with toluene and cyclohexane by using
quantum chemical calculations and the liquid-liquid extraction process. The results showed that
N-Butylpyridinium tetrafluoroborate ([BPy][BF4]) has a stronger interaction with toluene than
cyclohexane, and it also showed good long-term stability of over 100 h due to its good affinity
for the hollow fiber support and the high viscosity. Luis’s group prepared two SILMs based on
[OMIM][Tf2N] and N-octyl-N-methylpyrrolidinium bis(triuoromethanesulfonyl) imide by using a
vacuum for PV separation of dimethyl carbonate (DMC)/methanol mixtures [55]. They found that
the separation factor (methanol relative to DMC) of the SILMs was highly dependent on the feed
concentration, which was high only at a high DMC concentration of 0.8 M.

Meanwhile, SILMs have also been used to remove organic compounds from aqueous solutions
based on extraction. Fortunato et al. fabricated an [OMIM][PF6] based SILM to extract amino acids or
amino acid esters [39]. They found that the IL had a better selectivity for amino acid esters. However,
the SILMs showed a significant loss of selectivity in a short testing period (2-4 h). This according to
them could be ascribed to two reasons: (1) the loss of the organic phase from the membrane support
to the adjacent aqueous solution caused by dissolution/emulsification; (2) the formation of water
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microenvironments inside the organic phase, which constitute new and non-selective environments for
solute transport. Matsumoto et al. prepared several SILMs for separating lactic acid by impregnating
6 commercial ILs into the pores of the PVDF MF membrane support using the direct immersion
method [56]. They found that CYPHOS IL-104 SILM showed a very low permeation rate, whereas the
CYPHOS IL-109 and -111 SILMs were unstable due to the loss of IL from the membrane support.
Aliquat 336, CYPHOS IL-101, and CYPHOS IL-102 were found to be suitable in terms of the membrane
stability and permeation of lactic acid. The same ILs and hydrophilic PVDF were also used to fabricate
SILMs to remove phenol from aqueous solutions by Pilli et al. [57]. For this case, CYPHOS IL-104 gave
the highest permeation rate. However, it also showed a quick decline of permeation in the first 10 h
although the decline was much less in the later evaluation time. Nevertheless, a longer testing time
is still needed to further confirm the stability of the membranes in this study. Panigrahi et al. also
fabricated several SILMs using PVDF as the membrane support by a direct immersion method, and the
SILMs were then used to separate Bisphenol A (BPA) from the aqueous solution [58]. They got a BPA
permeation rate order among different ILs and claimed that the IL weight loss was less than 2% after
24 h. However, their study was a preliminary one and the maximum permeation of BPA they reported
needed to be improved upon. Abejón et al. studied five different membrane supports and nine ILs for
removing or selective transport of two different technical lignins (i.e., Kraft lignin and lignosulphonate)
and monosaccharides (xylose and glucose) in an aqueous solution [59]. However, only the SILM
composed of 1-butyl-3-methylimidazolium dibutylphosphate and polytetrafluoroethylene membrane
support allowed for the selective transport of the tested solutes. Some of their ILs dissolved some
of the membrane supports, whereas others experienced precipitation. Moreover, the stability and
separation efficiencies of their SILM need further studies.

Similarly, SILMs have also been applied for metal removal. Jean et al. reported the extraction
of Hg(II), Cd(II), and Cr(III) ions from acidic media with a SILM using a novel synthesized IL
(isooctylmethylimidazolium bis-2-ethylhexylphosphate) as the carrier [60]. The SILM was more
suitable for the extraction of Cd (II) ions. During stability investigation, 11% of the IL was released after
4 cycles. Zante et al. evaluated the feasibility of selectively separating lithium cations from aqueous
solutions containing sodium, cobalt, and nickel ions using a SILM fabricated by impregnating porous
PVDF membrane support with a mixture of hydrophobic IL [BMIM] [Tf2N] and TBP as the carrier [61].
Very importantly, their stability experiments indicated that the loss of IL into the aqueous phase could
be reduced by the addition of salt in the feed or the stripping phase.

Although the SILMs have been widely studied for various liquid separations, stability issues
a concern in some cases, which is due to the gradual solubilization or emulsification of the liquid
phase of the membrane (carrier or organic solvent) in the surrounding aqueous phase. As indicated
by the literature above, enhancing the interactions between the IL and membrane support is critical.
Accordingly, various strategies to improve the stability are considered when developing SILMs, such as
screening the strong affinity between the membrane support and IL, chemical modification, minimizing
the pores of membrane supports to nano-size level, or directly mixing IL and another polymer prior to
membrane casting or impregnation in the pores of membrane supports.

2.1.4. Polymerized IL Membrane (PILM)

As a type of polymer, PILs are more suitable to be directly used as membrane materials than ILs
because they possess both the designability of ILs and the selectivity of polymer segments. The use of
PILMs in separations offer undoubtedly engineering and economic advantages over other separation
technologies for CO2 capture from fossil fuels and flue gas streams, as well as in CH4 separation and
purification [21,62]. Moreover, PILs have already been studied as novel polyelectrolyte membranes
and electrolytes for batteries, fuel cells, and dye-sensitized solar cells [62,63]. Considering that PILs
could interact with other molecules through hydrophobic and hydrophilic interactions, hydrogen
bonding, ion exchange, π-π stacking, or electrostatic interactions, PILMs have also been extended to
several liquid separations, including the removal of metals, dyes, desalination, the concentration of
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proteins, oil/water separations, etc. To design these PILMs membranes with different structures for
different applications, various fabrication methods have been developed.

Tang et al. reported a novel method to prepare positively charged NF membrane by using rapid
counter-ion exchange of hydrophilic poly(1-vinyl-3-butylimidazolium) bromide (i.e., PIL/polysulfone
(PSf) in aqueous KPF6 solution. The system was then transformed from the initial hydrophilic
state to a hydrophobic state, and the scheme is shown in Figure 3 [64]. Interestingly, a thin film of
hydrophobic PIL layer was formed in the interface of the hydrophilic PIL and KPF6 aqueous phase
due to phase separation along with the self-inhibiting effect induced by the hydrophilic–hydrophobic
transformation of the PIL chains. The designed PIL/PSf membrane showed pure water permeance
(PWP) of 7.55 Lm−2h−1bar−1 (LMH/bar), a rejection of 84% to MgCl2, and a high rejection of about 90%
to heavy metallic salts.

 

π π

Figure 3. Schematic illustration of the formation mechanism of the poly(ionic liquid) (PIL)/polysulfone
(PSf) preparation process. Adapted from [64].

Yuan’s group fabricated porous polymeric membranes via simultaneous phase separation of a
PIL and its ionic complexation with an acid, which occurred in a basic solution of a nonsolvent [65].
As shown in Figure 4, the membranes have stimuli-responsive porosity. This means they had open
pores in isopropanol but close ones in the water, leading to higher isopropanol flux but lower water flux.
This property made them potential prospective for stimuli-responsive filtration systems, smart sensors,
or controlled loading and release systems. However, further studies are needed to explore their
practical applications.

 

π π

 

Figure 4. Schematic representation of the solvent experiment by reversibly immersing the membrane in
water and isopropanol and the respective SEM images of the membrane structure. Adapted from [65].
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Kohno et al. reported a novel type of thermo-responsive PILM that could control the partition
of proteins via a lower critical solution temperature (LCST) behavior for protein concentration from
aqueous media [66]. They studied the salt effects on the phase behavior of PIL materials, including
PILMs in combination with different IL monomers and salt species. The results showed that the
water content of a chemically cross-linked and sufficiently hydrated PILM 1, i.e., poly([P4444]
[SS]0.3-co-[P4448] [SS]0.7)-type, exhibited reversible water uptake/release via LCST behavior, enabling
selective concentration of proteins without significant loss of their higher-order structures.

Besides the direct use of PILs to fabricated liquid-separation membranes, PILs could also
be made into porous carbon membranes. For instance, Shao et al. fabricated charged porous
membranes (CPMs) with controllable pore architectures by using a rational choice of anions in PILs [67].
Afterwards, they also successfully synthesized hierarchically porous carbon membranes (HCMs)
with micrometer-sized pores from CPMs by using one-step vacuum pyrolysis, which was uniform
in the molecular distribution of nitrogen species. The HCMs as photothermal membranes exhibited
high performance for seawater desalination as shown in Figure 5, revealing their great potential in
portable water production technologies. Although there are only a few studies of PILMs for liquid
separations at present, they show promising potential. Further investigations could unlock great
potential applications and progress in this area.

 

μ

Figure 5. (a) Illustration of an air-water interface solar desalination device. (b) Digital photographs
of hierarchically porous carbon membrane HCM-3 with a diameter of 0.8 cm and thickness of
160 µm. (c) Mass of the evaporated water as a function of the radiation time with and without HCMs.
(d) Reusability of HCM-3 for solar-powered seawater desalination. Adapted from [67].

As indicated by the aforementioned research, PILs are able to form novel structures and
morphologies that are not accessible using ILs due to the polymer segments. Accordingly, PILMs have
more versatile applications than the IL membranes. Currently, the application of PILMs for liquid
separations is still a relatively new research area. The future of this field lies in the development of
new polymers and PIL-nanomaterial composites with improved properties.
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2.2. ILs as Physical Additives

Recall that the various membranes synthesized with ILs as the fabricated materials which we have
discussed so far have poor stability in liquid separations due to the loss of the ILs in the liquid phase.
As a result, researchers have made efforts to enhance membrane stability and separation performance
by utilizing ILs to physically modify polymeric/inorganic membranes. In other words, the ILs were
used as physical additives; some representative research using ILs or PILs as such are stated below.

2.2.1. IL-Polymer Blending Membranes for PV

Blending ILs with hydrophobic polymers to fabricate PV membranes for solvent recovery has
drawn much attention recently. To fabricate the IL/PIL-polymer membranes, the IL/PIL and polymer
are normally mixed and dissolved by solvents to form a polymer solution, which is then cast into
a membrane.

For example, Izak’s group impregnated PDMS-1-ethenyl-3-ethyl-imidazolium hexafluorophosphate
(IL1) and PDMS-tetrapropylammonium tetracyano-borate (IL2) blend into ceramic ultrafiltration
membrane support to fabricate PV membranes for acetone and 1-butanol removal from water [68].
Compared with the pristine PDMS membrane, the PDMS-IL membranes greatly improved the enrichment
factor. More importantly, they showed good stability under a low pressure of 20 Pa in an aqueous solution
of acetone and 1-butanol for more than five months. In their follow-up work, the diffusion coefficients
and sorption isotherms of 1-butanol in the pristine PDMS membrane and two PDMS-IL membranes
at different pressures were determined [69]. The results indicated that the higher permeation flux and
enrichment factors of the IL-PDMS membranes were probably caused by the higher diffusion coefficient.

Rdzanek et al. blended two ILs, namely trihexyl (tetradecyl) phosphonium tetracyanoborate
(P6,6,6,14 tcb) and 1-hexyl-3-methylimidazolium tetracyanoborate (Im6,1 tcb), with polyether block
amide (PEBA) and immobilized them into the pores of PSf or polypropylene membranes to fabricate
PV membranes for ABE recovery from water [70]. The IL elution into the liquid feed solution could still
pose some challenges, since the blending of IL and polymer is based on physical forces. To overcome
this issue, the authors covered the PEBA+IL membrane with an additional thin silicone layer using
two different arrangements, as shown in Figure 6. The experimental results showed that arrangement
(2) was more suitable for the butanol separation because it had a smaller water flux. In their later
work, the silicone layer was replaced by PEBA but they still used arrangement (2) and concluded that
the addition of a hydrophobic IL in the PV membrane could decrease the water flux and enhance
the enrichment factor. However, a long-term PV test of these membranes is still needed to confirm
their stability.

 

 
Figure 6. Arrangement of double-layer membranes. (a) consists of two separated layers, polyether
block amide (PEBA) + IL and silicon layer oriented to the feed side; (b) PEBA + IL is located to feed
side while the silicon layer is oriented to the permeate side. Adapted from [70].

Ong and Tan also blended [BMIM][BF4] with polyvinylalcohol at a weight ratio of 70/30
and immobilized the [BMIM][BF4]- polyvinylalcohol solution into a porous bucky paper made
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of carbon nanotubes by vacuum filtration to form a PV membrane, which was then cross-linked
with glutaraldehyde [71]. The fabricated membrane successfully dehydrated water from a ternary
azeotropic mixture of ethyl acetate/ethanol/water. The results suggested that the addition of IL could
attain a good balance in the trade-off between the permeation flux and the separation factor.

Clearly, PILs can also be used as physical membrane additives. Tang et al. synthesized positively
charged PIL (poly[1-cyanomethyl-3-vinylimidazolium bromide], PCMVImBr) and blended it with
positively charged sodium carboxymethyl cellulose (CMCNa) to form a stable PV membrane based on
electrostatic force, and the scheme is illustrated in Figure 7 [72]. The blended membranes with the
PIL performed well by stably dehydrating 10 wt% acidic water-isopropanol mixtures. The separation
factor was also much higher compared to the pristine CMCNa membrane.

 

 

Figure 7. (a) Synthesis of IL monomer (VImBr) and its radical polymerization yielding PIL (PCMVImBr),
(b) schematic preparation of the PCMVIm-CMCNa PILC membranes. Adapted and modified from [72].

2.2.2. IL-Polymer Blending Membranes for Separating Metal/Organic from Water

Meanwhile, IL-polymer blending membranes have been used for the separation of organics and
various metal ions from aqueous solutions. In this context, He et al. fabricated a cellulose acetate
(CA)-sulfonated polysulfone (SPS) blend imprinted membranes for selective adsorption of salicylic
acid (SA) by using phase inversion [73]. To enhance the separation efficiency, polyethylene glycol-4000
(PEG 4000) and IL 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) were mixed with the polymer
dope as additives. The CA/SPS (90/10) + [BMIM]Cl membranes possessed higher membrane flux,
stronger adsorption capacity, and higher selectivity for the SA relative to the competitive species.
This performance was attributed to the fact that SPS improved the hydrophilicity of the membrane,
whereas the IL promoted the formation of a dense and ordered porous structure.

Similarly, Chen’s group designed an asymmetric PVDF membrane with addition of IL
[tricaprylmethylammonium][di-(2-ethylhexyl)orthophosphinate] ([A336][P507]) for the preconcentration
and separation of the heavy rare earth Lutetium [74]. Their study showed that the transport sequence of
LuCl3 and YbCl3 in the membrane was different from that in liquid-liquid extractions, which benefited
the separation between Yb and Lu. Moreover, the PVDF-[A336][P507] membrane showed good stability
and reusability for LuCl3 transport, albeit with weak physical interaction between them.
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Elias et al. also fabricated a membrane for mercury preconcentration by incorporating two different
ILs: trioctylmethylammonium thiosalicylate (TOMATS) and trioctylmethylammonium salicylate
(TOMAS) into cellulose triacetate using nitrophenyl octyl ether as a plasticizer [75]. The membrane
with TOMATS yielded effective transport of Hg, which was then made into a special device for global
detection of low-concentration Hg in natural water. More interestingly, they investigated the growth of
biofilm on the surface of the membrane for the first time and observed no significant differences in Hg
transport between a fresh membrane and a membrane deployed for 7 days in a pond.

Yang’s group, on the other hand, fabricated a polymer inclusion membrane (PIM) for the separation
of low-concentration gold (I) from alkaline cyanide solutions using solvent evaporation with PVDF,
[A336][SCN] as the carrier, and 2-nitrophenyl n-octyl ether as the plasticizer [76]. Their results indicated
that the IL concentration greatly influenced the extraction because the mechanism involved an anion
exchange reaction between the IL embedded in the PVDF and the gold cyanide complex in the feed.
The membrane showed a high extraction efficiency of 98.6% for Au(CN)2− and a high gold recovery
rate of 98.2% after 24 h using KSCN as the stripping phase. A re-usability investigation confirmed that
the PIM maintained long-term stability and excellent durability. In their later work, the PIM system
was integrated with an electroplating unit; the scheme is illustrated in Figure 8 [77]. The permeability
coefficient of gold increased over two folds after the constant voltage was applied to the stripping
solution. Thus, the membrane flux increased with high extraction and deposition percentages of gold.
Furthermore, the metallic state gold was coated uniformly on the cathode.

 

−

 

Figure 8. Schematic illustration of the permeation device with an electroplating module. 1: stirrer; 2:
PIM; 3: copper cathode; 4: graphite anode; and 5: DC stabilized voltage source. Adapted from [77].

2.3. ILs as Chemical Modifiers

In fact, there have been concerns about IL leaching out to the feed phase for the IL-polymer
blending membranes, since the interaction between the IL and polymer matrix is based on weak
physical forces [70]. Considering that many ILs have functional groups that can covalently be bonded
with other materials, researchers have also tried to use IL to chemically modify polymeric/inorganic
membrane materials or additives.

2.3.1. Chemically Modify Membrane

On one hand, ILs could chemically bond to polymer chains before forming a membrane,
which normally results in a membrane with different membrane structures and possesses improved
membrane stability. For instance, Mai et al. fabricated an immobilized [Tf2N]− based IL-PDMS
membrane to recover acetone, n-butanol, and ethanol (ABE) from an aqueous solution by PV [53].
In order to covalently bond the [Tf2N]− based IL to the PDMS backbone polymer, a [Tf2N]− based
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IL precursor which contains active groups which can react with the hydroxyl terminated PDMS was
synthesized in advance. Compared with the conventional IL-PDMS supported membrane where the IL
was filled in the void volume of the PDMS membrane, the immobilized IL-PDMS membrane exhibited
much higher permeate flux, enhanced the recovery of accompanying products such as acetone and
ethanol from ABE fermentation, and improved operational stability.

Xi et al. synthesized IL copolymerized waterborne polyurethane (IL-co-PU) membranes for the PV
separation of benzene/cyclohexane mixtures based on the reaction mechanism shown in Figure 9 [78].
Both the permeation flux and separation factor (benzene/cyclohexane) of the IL-co-PU membranes
increased when the IL content was increased, indicating that the IL might facilitate transportation in
the membranes.

 

− −

 

Figure 9. The schematic diagram for the preparation of IL copolymerized waterborne polyurethane
(IL-co-PU). Adapted from [78].

On the other hand, ILs could be chemically bonded to the membrane surface after membrane
formation, which tunes the surface properties of membranes and improves the separation performance,
antifouling properties, stability, and so on. Most related studies focus on using ILs to surface
modify polyamide membranes because the polyamide chains could be split by the hydrogen
bonds with imidazolium ILs or react with amine-containing ILs via the “acyl chloride~amine”
esterification. Zhang et al. also synthesized an IL (i.e., 1,3-dimethylimidazolium dimethyl phosphate
([MMIM][DMP])), which was adopted to modify the surface of the commercial RO membrane by an
activation method [79]. It was revealed (Figure 10) that the IL modification mechanism was based
on the effective breakage of inter- and intra-molecular hydrogen bonds in the polyamide chains
accompanied by the breakage of polyamide chains dissolved in the IL. The results showed that the
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modification led to a thinner, smoother, and more hydrophilic PA layer of the RO membrane, resulting
in a great improvement in the water permeability and anti-fouling property.

 

Figure 10. The modification mechanism of the PA active layer in the 1,3-dimethylimidazolium dimethyl
phosphate ([MMIM][DMP]). Adapted from [79].

Sun’s group used an amino acid IL (AAIL) to functionalize interfacial polymerized NF membranes,
and the scheme is shown in Figure 11 [80]. The AAIL modification did not only improve the
hydrophilicity and increase the pure water permeability by 63%, but it also caused the membrane
surface to be more negatively charged, resulting in high Na2SO4/NaCl selectivity. Furthermore,
the amino acid end group of the AAIL could serve as a humectant, allowing the membrane to be
heat-treated and stored in a dry state.

Figure 11. (a) Schematic diagram of an amino acid IL (AAIL) modified polyamide selective layer,
and (b) the possible reaction formula. Adapted from [80].

In a similar fashion, He et al. utilized an imidazolium IL (1-aminoethyl-3-methylimidazolium
bromide, AMIB) to surface modify the polyamide selective layer of thin-film composite NF membranes
via “acyl chloride~amine” amidation, as shown in Figure 12 [81]. They also found a great improvement
in the water flux with good salt rejection (RNa2SO4 = 95%) after the IL modification. Moreover, the IL
modified membrane showed good performance for antibiotic/salt separation as well as promising
levels of stability and antibacterial ability.

 

 

Figure 12. Surface modification of polyamide thin-film composite membranes by
1-aminoethyl-3-methylimidazolium bromide (AMIB). Adapted from [81].
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Liu et al. used IL or polydopamine to chemically modified graphene oxide (that is, iGO or pGO),
and then the modified GO nanosheets were assembled with polyelectrolytes on polyethersulfone
(PES) membrane support to form composite GO membranes (PE-iGO or PE-pGO) for dye/salt
fractionation [82]. The iGO nanosheets were formed by binding methylimidazolium IL with the
-COOH groups on GO mediated by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
and N-hydroxy-succinimide. The PE-iGO membrane could be operated at a low operating pressure
of 0.5 bar while achieving high permeability of ~38.4 LMH/bar (100 ppm direct red 80, 5 g/L NaCl).
In fact, the salt rejection for 10 g/L NaCl was constantly lower than 5%. Moreover, the IL modification
favored the elution of dye molecules from the IL moieties at higher pH, thus improving the efficiency
of alkaline washing of the membrane.

2.3.2. Chemically Modify the Membrane Additives

For these products, Shi et al. synthesized IL-TiO2 nanoparticles by chemically modifying TiO2

with carboxyl-functional IL ([CH2COOHmim]Cl) according to the reaction route shown in Figure 13.
The modified product was then added into the PVDF/dimethyl phthalate solutions to fabricate
PVDF/IL-TiO2 hybrid microfiltration membranes via the thermally induced phase separation (TIPS)
method [83]. The addition of IL-TiO2 had a strong effect on the crystal formation in the TIPS process.
Moreover, the increased amount of IL-TiO2 initially increased pure water flux and porosity but then
decreased the parameters eventually. However, both the stability and antifouling property were
also enhanced, indicating that the PVDF/IL-TiO2 hybrid membranes may have potential in catalytic
water treatment.

 

 

Figure 13. The schematic diagram for the formation of IL-TiO2. Adapted from [83].

Abraham et al. then fabricated mixed matrix membranes (MMMs) for separating toluene/methanol
azeotropic mixtures by incorporating IL (1-benzyl-3-methyl imidazolium chloride) functionalized
multi-walled carbon nanotubes into styrene-butadiene rubber (SBR) [84]. The benzyl groups of the IL
on the MWCNT surface possessed greater toluene affinity and higher repellency against methanol
due to their aromatic π-π interactions with toluene molecules, leading to higher permeation flux and
separation factor compared to pristine SBR membranes.

Tang et al. also fabricated pervaporative MMMs for butanol recovery from aqueous solutions by
incorporating IL (N-octylpyridiniunm bis (trifluoromethyl) sulfonyl imide, [OPY][Tf2N]) modified
graphene oxide (IL-GO) nanosheets into PEBA matrix [85]. The reaction mechanism between
[OPY][Tf2N] and GO is shown in Figure 14. The author also found that the addition of IL-GO increased
the separation factor and the permeation flux of the MMMs due to the good butanol affinity as well
as the hydrophobicity of the IL. Furthermore, anchoring the IL to GO avoided the IL loss to the
feed during the PV process, and thus enhanced the membrane stability. The long-term stability was
conducted during a 180 h PV test of the IL-GO/PEBA MMM, in which the separation performance
almost showed no change.
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Figure 14. Preparation of IL modified graphene oxide and the structure of N-octylpyridiniunm bis
(trifluoromethyl) sulfonyl imide ([OPY][Tf2N]). Adapted from [85].

Likewise, PILs have been used for the chemical modifications of membranes. Zhang’s group
first synthesized positively charged nano-sized silica spheres modified by PIL brushes via atom
transfer radical polymerization (ATRP), and then incorporated them into the PES solution to cast
SiO2-PIL/PES MMMs for NF (Figure 15) [86]. The designed positively charged MMMs showed higher
water flux, low-molecular-weight organic rejection, and salt permeability. Furthermore, the salt
concentration showed little effect on the separation property. The authors also used the same PIL
to modify Mg-Al hydrotalcite (HT) nanosheets and fabricated HT-PIL/PES MMMs using a similar
strategy [87]. The HT-PIL/PES MMM showed higher rejection of reactive dyes than the previously
developed SiO2-PIL/PES MMMs (90~95% vs 85~95%). This type of loose NF membrane may open
opportunities for separating dyes from salts-containing textile wastewater.

 

π π

 

Figure 15. The preparation process for SiO2-PIL/polyethersulfone (PES) hybrid membrane. Step 1:
the anchoring of the initiator (BTPAm); step 2, the polymerization of IL monomers (ATEA-Cl) on the
surface of SiO2 particles by using the reverse ATRP method; step 3, the preparation of SiO2-PIL/PES
positively charged membrane by blending SiO2-PIL particles with a PES casting solution. Adapted
from [86].

2.4. ILs as Solvents

ILs have also been used to dissolve polymers; in this case, they serve as green solvents, especially
for those polymers which have limited solubility in common organic solvents. This has extended
the range of polymers that can be dissolved in order to fabricate membranes for phase separation.
Meanwhile, ILs can also serve as reaction media for polymerization or other chemical reactions during
membrane fabrication or modification.
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2.4.1. Solvents for Polymer Dissolution

The liquid-separation membranes fabricated from the non-solvent induced phase inversion of
polymer/ IL solutions, which have been reported in the recent 10 years are summarized in Table 1.

Table 1. Membranes fabricated from polymer/ IL solutions and their applications.

Polymer IL Applications Year Reference

Cellulose (surface
modified)

[BMIM][Cl]
Human immunoglobulin G (IgG)

purification by absorption
2010 [88]

Cellulose [AMIM][Cl] NF: dye rejection (<700 Da) 2011 [35]

Cellulose (TFC) [EMIM][OAc]
UF: PEO rejection (3000 Da)
NF: PEG rejection (<200 Da)

2015 [89]

Cellulose -TiO2 [EMIM][OAc] UF: humic acid (100 kDa) rejection 2015 [90]
Cellulose [EMIM][OAc] UF: oil/water separation 2018 [91]

Cellulose TFC [EMIM][OAc] OSN: dye rejection (500 Da) 2018 [92]
Cellulose-graphene

quantum dot
[EMIM][OAc]

NF: dyes (300 <MWCO < 5000 Da)
rejection

2018 [34]

Cellulose-iron/polyacrylic
acid/lignin sulfonate

[EMIM][OAc] NF: dye rejection (<300 Da) 2019 [93]

Cellulose HF
[EMIM][OAc]
[EMIM][DEP]
[DMIM][DMP]

UF: PEG rejection (~18 kDa)
PS rejection (25 kDa)

NF/OSN: Dye rejection (700–1500 Da)
2019 [94]

Cellulose-GO [EMIM][OAc] NF: heavy metal removal 2019 [36]
Cellulose from bamboo [BMIM][Cl] NF: dye rejections 2020 [95]

Cellulose acetate [BMIM][SCN] UF: PEG/PEO rejection 2010 [96]
Cellulose acetate HF [BMIM][SCN] UF: PEG/PEO rejection 2011 [24]

Cellulose acetate [EMIM][OAc]
UF: BSA (66 kDa), γ-globulin

(~140 kDa) rejection
2016 [97]

PBI [EMIM][OAc] OSN: dye rejection (600 Da) 2014 [26]
PBI/P84 [EMIM][OAc] UF: PEG/PEO rejection (~100 kDa) 2013 [98]

Extem [EMIM][SCN]
UF: BSA (66 kDa), γ-globulin

(~140 kDa) rejection
DNA (6.4 kDa)

2017 [99]

PVDF-HFP
[dema][TfO]
[MIM] [Tf2N]

[MIM][Cl]
MF 2018 [100]

PMIA-TFC [EMIM][OAc] OSN: Dye rejection (470–730 Da) 2018 [27]

Polytriazole [EMIM][DEP]
OSN: PEG rejection rom DMF

(1~3 kDa)
2020 [101]

Note: PBI: polybenzimidazole; PVDF-HFP: poly(vinylidene fluoride-co-hexafluoropropylene);
PMIA: Poly(m-phenylene isophthalamide); TFC: thin-film composite; PEO: poly(ethylene oxide),
PEG: poly(ethylene glycol); [BMIM][Cl]: 1-butyl-3-methylimidazolium chloride, [BMIM][SCN]:
1-butyl-3-methylimidazolium thiocyanate; [AMIM][Cl]: 1-allyl-3-methylimidazolium chloride; [EMIM][OAc]:
1-ethyl-3-methylimidazolium acetate; [EMIM][DEP]: 1-ethyl-3-methyimidazolium diethyl phosphate;
[DMIM][DEP]:1,3-dimethylimidazolium dimethyl phosphate; [dema][TfO]: trifluoromethanesulfonate;
[MIM][Tf2N]: 1-methylimidazolium bis(trifluoromethylsulfonyl); [EMIM][Cl]: 1-ethyl-3-methylimidazolium
chloride; [MIM][Cl]: 1-methylimidazolium chloride; [DMIM][DMP]: 1,3-dimethylimidazolium dimethyl
phosphate; BSA: Bovine serum albumin.

As shown in Table 1, cellulose is the most widely studied polymer to be dissolved by ILs and
cast into liquid-separation membranes by non-solvent phase inversion. This may be because cellulose
is the most abundant renewable biopolymer on the earth but it is very difficult to be dissolved and
processed using traditional organic solvents. Besides, the most frequently studied ILs for dissolving
these polymers are almost all hydrophilic imidazolium cations based ILs. They have a strong ability
to disrupt hydrogen bonds in polymers and are also miscible with water to favor the membrane
fabrication through non-solvent phase inversion. Related studies in different liquid separation areas
are introduced based on the types of polymers used as follows.

Most of the cellulose membranes fabricated from cellulose-IL solutions by water-induced phase
inversion have pores that are within the MF or UF range. Some of the MF/UF cellulose membranes have
been directly used for the rejection of PEO [89], PEG [94], PS [94], humic acid [90], or oil [91]. There has
also been some research work which has succeeded in fabricating cellulose NF membranes. For example,
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Li et al. fabricated cellulose NF membrane by phase inversion from a cellulose - [AMIM][Cl] solution
on PET non-woven fabric [35]. The rejection data for a series of dyes showed that the molecular weight
cut-offwas less than 700 Da. Falca et al. also fabricated cellulose HF membranes via spinning using
three different ILs as solvents [94]. The HFs spun from solutions in [DMIM][DMP] and [EMIM][DEP]
showed better results for dye rejection. However, it should be noted that the fabricated membranes
showed good rejections for negatively charged dyes but poor rejection for positively charged dyes
in water or ethanol, indicating that the charge effect rather than size exclusion was dominant during
the separation. Therefore, they may not be suitable for OSN in non-polar solvents. Esfahani et al.
fabricated loose NF membranes from cellulose-[BMIM][Cl] solutions; the cellulose was extracted from
bamboo waste fiber, indicating the sustainability of the technique [95].

Meanwhile, other membranes fabricated from cellulose-IL solutions were not used directly but have to
be further modified before they could be used for liquid separations. For example, Barroso et al. reported on
the surface modification of a cellulose MF membrane which could also be surface modified with a synthetic
ligand 2-(3-aminophenol)-6-(4-amino-1-naphthol)-4-chloro-s-triazine, and was used to absorb human
immunoglobulin G (IgG) rather than BSA, achieving the separation goal [62]. Livazovic et al. designed a
polyamide/cellulose TFC membrane by using interfacial polymerization between m-phenylenediamine
(MPD) and trimesoyl chloride (TMC) on the cellulose surface. The MWCO was much smaller than f the
pristine cellulose membrane ( <200 vs. 3000 Da) [89]. Abdellah et al. fabricated a polyester/cellulose
TFC membrane by using the interfacial reaction between catechin and terephthaloyl chloride [92]. The
membrane showed dimethylformamide permeance of 1.2 LMH/bar with an MWCO around 500 Da. The
membrane exhibited stable performance within 1 month, indicating great potential for application in the
food and pharmaceutical industries.

Besides, other materials could be added to the cellulose-IL solution to fabricate the relevant
cellulose composite membranes. In this case, Nevstrueva et al. reported that adding a small amount
of TiO2 can increase the PWF of the resultant membrane but also that doing this reduced the humic
acid retention [90]. Colburn et al. incorporated graphene oxide quantum dots (GQDs) into cellulose.
The abundant hydroxyl and carboxyl groups of the GQD made the cellulose membrane very stable due
to the hydrogen bonding, made it negatively charge, and made it more hydrophilic. In their later work,
iron oxide nanoparticles, polyacrylic acid, and lignin sulfonate were uniformly incorporated into their
cellulose membranes [93]. The iron-cellulose membrane showed excellent dye rejections with MWCO
less than 300 Da. Slusarczyk and Fryczkowska also reported that the introduction of nano-sized GO into
the cellulose matrix influenced the membrane formation process, consequently, the physicochemical,
transport, and separation properties of the composite membranes [36]. Yet, the addition of GO
enhanced the PWF by up to 10 fold, with a rejection of heavy metals reaching higher than 90%.

The applications of ILs become very meaningful when they are used to dissolve polymers
(e.g., cellulose, PBI, PMIA, polytriazole, etc.) which are not easily dissolved by traditional organic
solvents. Chung’s group used [EMIM][OAc] to dissolve the rigid polymers PBI [26] and PMIA [27],
and fabricated membranes for OSN. The chemically crosslinked PBI membrane displayed good
separation performance and impressive stability in many aggressive solvents. While the glutaraldehyde
(GA) modified PMIA membranes with a selective layer synthesized by the water-based reaction
between GA and hyper-branched polyethylenimine (HPEI) showed MWCO of 470-730 Da with
acceptable ethanol permeance. Importantly, they also showed good performance for concentrating
lecithin in hexane. Nunes’s group utilized [EMIM][DEP] to dissolve polytriazole, followed by
nonsolvent induced phase inversion and chemical crosslinking to fabricate effective membranes [101].
The crosslinked polytriazole membranes showed good performance for dipolar aprotic solvents
(e.g., N,N’-dimethylformamide) with a MWCO within 1~3 kDa with an operational temperature
varying from 25 oC to 105 oC, which have great potential for applications under high-temperature
harsh organic solvent environments.

The ILs have also been studied to dissolve other polymers which are easier to dissolve by using
traditional organic solvents. This is because the nonvolatility of ILs avoids the emission of volatile
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organic compounds that are toxic. Cellulose acetate, a derivative polymer of cellulose, was also dissolved
in imidazolium cations based ILs to fabricate flat sheet [96,97] or HF [24] membranes with a pore size
in the UF range. However, these membranes were only suitable for the separation of aqueous solutions
because cellulose acetate is not as stable as cellulose in organic solvents. Besides, other polymers such
as Extem, PVDF-HFP, and P84/PBI blend were also dissolved by using ILs and they can be fabricated
into UF or MF membranes [98–100]. In addition, researchers are using IL-organic solvent mixtures to
dissolve polymers in order to reduce the viscosity of the polymer solution for easier processing and/or
adjusting the membrane structure [102–104]. In these cases, the selection of less toxic organic solvents
is critical due to environmental factors.

Overall, ILs are good solvents for dissolving polymers for fabricating membranes. They have a
strong ability to dissolve rigid polymers. More importantly, the negligible vapor pressure of ILs makes
the membrane fabrication processes more environmentally benign. However, the types of ILs that
could be used for the dissolution of polymers are limited currently. Moreover, the mechanism for the
dissolution of polymers in ILs and the phase inversion of IL-polymer solutions to form membranes are
not widely studied, making the selection of suitable ILs for desired polymers time-consuming.

2.4.2. Solvents as Reaction Media during Membrane Fabrication

ILs could also serve as solvents (reaction media) for the interfacial polymerization reaction for
fabricating TFC membranes. For instance, Vankelecom’s group conducted several studies on this
research area in recent years. A water-immiscible IL, [BMIM][Tf2N] was used as the organic reaction
phase for the interfacial polymerization between MPD and TMC to form the TFC RO membrane.
The membrane showed 350% higher water permeance with comparable selectivity (96.8% NaCl
retention) to the TFC membranes synthesized using traditional hexane as the organic phase [28].
In their subsequent work, the synthesis conditions were further optimized in terms of reaction time,
cost-efficiency, and environmental impact [105]. The time for interfacial polymerization was reduced
to 10 seconds. More importantly, the IL and TMC could be recycled, proving the eco-friendliness and
sustainability of their technique. In the meantime, a polyamide/crosslinked Matrimid TFC membrane
for FO was fabricated by using [BMIM][Tf2N] or [BMIM][Tf2N]/hexyl acetate mixture as the organic
phase for the interfacial polymerization [106]. The use of the IL instead of hexane made the fabrication
process less hazardous but with similar FO separation performance. These studies have shown the great
potential of ILs as the reaction media for interfacial polymerization in fabricating liquid-separation
TFC membranes. However, the ILs which could be used for such purposes are still very limited,
and the reaction mechanism and reaction kinetics need to be studied further to precisely control such
reaction processes.

3. The Sustainability of ILs in Developing Liquid Separation Membranes

More and more ILs have been explored in assisting the development of liquid separation
membranes. The information of the commercial ILs used in membrane fabrication is summarized in
Table 2. As shown, the prices of most ILs are much higher than common organic solvents. Besides this
economic aspect, the environmental aspects of ILs such as stability, biodegradability, toxicity should
be considered as well [107–109]. These aspects are major hurdles for sustainable development and
commercialization of the ILs related technologies. Therefore, the recovery of ILs is of great importance.
Various separation methods have been developed for the regeneration, recovery, or removal of
ILs, including phase separation methods (i.e., evaporation, vacuum distillation, and crystallization),
phase addition methods (i.e., liquid-liquid extraction and supercritical fluid extraction), adsorption by
solid agents or solid extraction, separation by a barrier (i.e., membrane filtration methods and PV),
separation by an external force-field (e.g., decantation, magnetic-field separation), which have been
comprehensively summarized by several review papers [108,110–112].
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Table 2. The information of the commercial ILs used in membrane fabrication.

Chemical Name Abbreviation Formula
CAS registry

Number
Molecular Weight Density a (kg/m3) Viscosity a (Pa×s)

Price (RMB, 100 g
Weight Basis) b

1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] C8H15BF4N2 174501-65-6 226.03 1201 0.108 400
1-butyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide
[BMIM][Tf2N] C10H15F6N3O4S2 174899-83-3 419.36 1436 0.0508 1500

1-octyl-3-methylimidazolium chloride [OMIM][Cl] C12H23ClN2 64697-40-1 230.78 1013 13.3 300
1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF6] C8H15F6N2P 174501-64-5 284.19 1367 0.274 400
1-octyl-3-methylimidazolium hexafluorophosphate [OMIM][PF6] C12H23F6N2P 304680-36-2 340.29 1236 0.691 500

1-octyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

[OMIM][Tf2N] C14H23F6N3O4S2 862731-66-6 475.47 1320 0.0931 1500

N-butylpyridinium tetrafluoroborate [BPy][BF4] C9H14BF4N 203389-28-0 223.02 1214 0.1603 500
1-butyl-3-methylimidazolium chloride [BMIM][Cl] C8H15ClN2 79917-90-1 174.67 1082 0.00604 200

N-octylpyridiniunm bis (trifluoromethyl) sulfonyl imide [OPY][Tf2N] C15H22F6N2O4S2 384347-06-2 472.47 1327 0.1143 1600
1-allyl-3-methylimidazolium chloride [AMIM][Cl] C7H11ClN2 65039-10-3 158.63 1166 0.82 300
1-ethyl-3-methylimidazolium acetate [EMIM][OAc] C8H14N2O2 143314-17-4 170.21 1100 0.1436 900

1-ethyl-3-methyimidazolium diethyl phosphate [EMIM][DEP] C10H21N2O4P 848641-69-0 264.26 1144 0.41 400
1-butyl-3-methylimidazolium thiocyanate [BMIM][SCN] C9H15N3S 344790-87-0 197.30 1070 0.05652 1600

a Data was measured at a temperature of 298.15 K and pressure of 100 kPa. Database: https://ilthermo.boulder.nist.gov/. b Data was provided by Lanzhou Greenchem ILs, CAS, China.
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Even though versatile methods for recovering ILs have been studied, suitable ones should be
chosen by analyzing the physicochemical properties of ILs and other components. Among cases of
using ILs for fabricating liquid separation membranes, the ILs recovery is most urgent in the case
where ILs are used as solvents to dissolve the polymers or as the reaction media during membrane
fabrication because a large amount of ILs is used.

In the former situation, the mixture to be separated is normally composed of ILs and water.
Xing et al. used a simple evaporation method to remove the water in a coagulant bath, and thus
recovered [BMIM][SCN] after the membrane fabrication [96]. Interestingly, the recovered [BMIM][SCN]
was reused for casting cellulose acetate flat sheet membranes, which showed morphological and
performance characteristics similar to those prepared by using fresh [BMIM][SCN]. However,
the coagulant bath contains much water, thus making the evaporation method energy-consuming.
Therefore, more research focuses on using NF for recovering ILs from aqueous solutions [110,112]. In the
latter situation, the recovery of ILs is a bit difficult because the ILs contain monomers (precursors of
the thin-film composites) that are also not volatile. As aforementioned, Vankelecom’s group fabricated
TFC RO membrane via the interfacial polymerization between MPD and TMC using [BMIM][Tf2N] as
the organic reaction phase. Though TMC and [BMIM][Tf2N] were not separated, the mixture could be
recycled several times for membrane synthesis, without loss of performance [105].

Nevertheless, the studies on the regeneration, recovery, and removal of ILs after the fabrication of
liquid-separation membranes are limited. Future work should provide more efforts towards comparing
these methods and finding suitable and efficient methods for different special cases in developing
liquid-separation membranes, which would boost the usage of ILs to be more sustainable and beneficial.

4. Conclusions and Future Directions

There have been increasing studies on the use of ILs to fabricate liquid-separation membranes
in the last decade. Therefore, four major functions of ILs in developing these membranes have been
highlighted and discussed. Consequently, some conclusions and future directions are listed as follows:

(1) Membranes that are fabricated directly with ILs (i.e., BILM, EILM, and SILM) are mainly used
for removing organics and metal ions based on extraction. Such membranes often suffer from
poor stability due to either the leaching of ILs into the liquid phase or the emulsion swelling and
breakage (specifically involving EILM).

(2) PILMs are more stable than IL membranes due to their larger molecular structures. They exhibited
good performance in applications such as the removal of metal ions and organic dyes, desalination,
the concentration of proteins, and oil/water separation. The PILMs have shown great potential
but further studies on them are required.

(3) The stability of the membranes can be improved tremendously if ILs/PILs are blended with
polymers due to physical interactions such as hydrogen bonds, π-π stacking, or electrostatic
interactions. These types of membranes have been widely studied for organophilic PV and
separation of metal/organic from water. However, the issue of IL leaching may still exist due to
weak physical interactions.

(4) ILs/PILs can be used to chemically modify polymeric membranes or membrane components
(like fillers) to improve the separation performance and membrane stability due to their strong
covalent bonds. These membranes showed promising performance and excellent stability in PV, RO,
MF, and RO, etc. Some large-scale demonstrations are needed to promote industrial applications.

(5) The use of ILs as a solvent to dissolve polymers (especially those which are too rigid to be dissolved
by traditional solvents) and as reaction media for the interfacial polymerization to fabricate liquid
membranes are important because this option is less hazardous and more sustainable. Currently,
the use of ILs to dissolve polymers and fabricate membranes have been studied a great deal.
Therefore, further efforts must be directed to the study of the mechanisms for the dissolution and
phase inversion of IL-polymer solutions. Since the use of ILs as reaction media for the thin-film
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membranes just started recently, more ILs must be investigated for applications in this area,
and their reaction mechanism must be explored to fully understand how to precisely control their
reaction processes.

(6) To make the usage of ILs in developing liquid separation membranes more sustainable and
economic, more efforts should be paid to looking for efficient methods for the regeneration,
recovery, and removal of ILs in these special cases.
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Abstract: Colloidal fouling can be mitigated by membrane surface patterning. This contribution
identifies the effect of different pattern geometries on fouling behavior. Nanoscale line-and-groove
patterns with different feature sizes were applied by thermal embossing on commercial nanofiltration
membranes. Threshold flux values of as-received, pressed, and patterned membranes were determined
using constant flux, cross-flow filtration experiments. A previously derived combined intermediate
pore blocking and cake filtration model was applied to the experimental data to determine threshold
flux values. The threshold fluxes of all patterned membranes were higher than the as-received and
pressed membranes. The pattern fraction ratio (PFR), defined as the quotient of line width and
groove width, was used to analyze the relationship between threshold flux and pattern geometry
quantitatively. Experimental work combined with computational fluid dynamics simulations showed
that increasing the PFR leads to higher threshold flux. As the PFR increases, the percentage of
vortex-forming area within the pattern grooves increases, and vortex-induced shielding increases.
This study suggests that the PFR should be higher than 1 to produce patterned membranes with
maximal threshold flux values. Knowledge generated in this study can be applied to other feature
types to design patterned membranes for improved control over colloidal fouling.

Keywords: colloidal fouling; membrane patterning; membrane surface modification; threshold flux;
thin-film composite membranes

1. Introduction

Colloidal fouling is an impediment to pressure-driven membrane operations. For nanofiltration
(NF) membranes, fouling can occur by accumulation of particles such as colloidal silica, iron, aluminum,
manganese oxides, and calcium carbonate precipitates on the membrane surface [1]. This foulant
layer introduces an additional hydraulic resistance that reduces water permeability [2]. There have
been systematic studies on reverse osmosis (RO) and NF colloidal fouling that examined the physical
and chemical aspects of particle-membrane interactions and the application of antifouling functional
groups on membranes surfaces [3–7]. Chemical modification is the most common method to decrease
fouling [8–11]. While somewhat effective for this purpose, chemical modification can negatively impact
other membrane performance metrics such as flux and selectivity [12].

Physical modification of membrane surfaces attempts to mitigate the fouling by decreasing the
random roughness [3,13]. Introduction of ordered geometric or biomimetic patterns on membrane
surfaces decreases fouling by influencing the hydrodynamics at the solid–liquid interface [14–18].
Different research groups have investigated different pattern shapes and sizes. Lee et al. [19] and
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Won et al. [20] both designed microscale prism patterns. Jang et al. [21] studied both nanometer-and
micrometer-scale patterns achieved through nanoimprint lithography. Zhou et al. [22] investigated
several line-and-groove patterns, rectangular and circular pillars, and pyramids within the nanometer-
to micrometer-scale range. Ling et al. [23] studied microscale pillars on RO membranes. Irregular
shapes such as sharkskin mimetic patterns also have been investigated for improving biofouling
resistance [24].

Recently, we demonstrated that the introduction of a nanoscale line-and-groove pattern on NF
membranes could increase their threshold flux by 20–30% during filtration of colloidal suspensions [25].
Using atomic force microscopy of particle-fouled membranes, we observed below threshold flux that
particles aligned along the pattern grooves in a way that appears to be consistent with the mechanism
of selective deposition proposed by ElSherbiny et al. [26]. According to this mechanism, particles
accumulate selectively in the pattern valleys due to lower shear stress. In our case, these low-shear
regions occur within the pattern grooves, which delays cake layer formation and leads to higher
values of threshold flux. Based on that work, we theorized that the pattern geometry would affect the
threshold flux by altering the shear stress profiles at the interface, as we have seen in computational
simulation work [22].

Computational simulations contribute to the analysis of transport phenomena adjacent to
membrane surfaces, as the details of fluid flow within a membrane device can be difficult to measure
experimentally. In the simulations, the Navier–Stokes, continuity, and convection–diffusion equations
are fully coupled to describe fluid flow and mass transfer within a membrane channel [27,28]. Several
research groups, ours included, have conducted computational fluid dynamics (CFD) simulations on
patterned membranes, trying to understand their mechanisms for fouling control. One hypothesis
is that increased turbulence at the apex of the pattern surface could lead to reduced deposition of
foulants [15,20]. Others have posited that higher shear stress at the apex region efficiently reduces the
attachment of the particles, keeping them away from the fouling region [19,23,29].

In this study, we investigated the influence of pattern geometry on threshold flux. We formed
nanoscale line-and-groove patterns with different spacing dimensions on NF membranes through
thermal embossing. Threshold flux was determined by applying a combined intermediate pore blocking
and cake filtration model to the experimental data, as described previously [25,30]. CFD simulations
were performed to analyze the velocity streamlines and shear stress profiles adjacent to the patterned
membrane surfaces.

2. Materials and Methods

2.1. Materials

Ammonium hydroxide solution (ACS grade, 28.0–30.0% NH3 basis), ethyl alcohol (anhydrous,
200 proof), N,N-dimethylformamide (DMF, 99.8%), succinic anhydride (99%), and tetraethyl
orthosilicate (TEOS, 99.99%) were purchased from MilliporeSigma (St. Louis, MO, USA) and used as
received. Polyamide thin-film NF membrane sheets (GE HL) were purchased from Sterlitech Corp.
(Kent, WA, USA). The silicon line-and-groove stamps were purchased from Digi-Key Electronics (Thief
River Falls, MN, USA). Deionized (DI) water was used to prepare the solutions.

2.2. Membrane Patterning

Membranes were patterned using thermal embossing. Membrane coupons (1.50 cm × 4.25 cm)
were cut from membrane sheets. Silicon stamps with different feature sizes (Table 1) were used to
pattern the membranes in a Carver press (model 3851-0, Wabash, IN, USA). The temperature of the hot
press plates was set to 65 ◦C. A stamp was placed on top of the membrane with its polyamide selective
layer facing upward, and the sample was sandwiched between two pieces of thermally conductive
silicone rubber to distribute the force evenly across the membrane. The press plates were closed
until the set pressure was reached. Embossing was conducted for 15 min with an applied pressure of
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3.55 MPa. For “pressed” membranes, the same procedure was applied using a flat silicon wafer in
place of a pattern stamp.

Table 1. Cross-sectional image and dimensions of the line-and-groove pattern for each stamp.

Pattern ID Pattern Geometry

P27

 

−

− −

P31

 

−

− −

P50

 

−

− −

P60

 

−

− −

2.3. Membrane Surface Geometry Characterization

Non-contact tapping-mode atomic force microscopy (AFM) was employed to observe the
membrane surface morphology. Images were taken over 25 µm × 25 µm areas at a scan rate of
0.5 Hz using a Bioscope AFM (Bruker, Inc., Billerica, MA, USA) with silicon cantilever probe tips
(MikroMasch, Inc., HQ:NSC16/AL BS, Watsonville, CA, USA).

2.4. Filtration Experiments

Feed solutions for all experiments were prepared by dispersing 200 mg/L silica nanoparticles
(SiNPs) in DI water. Monodisperse SiNPs with a particle size of 70 ± 30 nm were prepared using the
Stöber–Fink–Bohn method described elsewhere [25]. Briefly, a solution comprising ethanol (25 mL),
ammonium hydroxide solution (5 mL), and DI water (1 mL) was stirred vigorously while 10 mL
of TEOS was added dropwise to the solution. The mixture solution was stirred overnight at room
temperature, sonicated and centrifuged to separate nanoparticles from solution. SiNPs were dried
under vacuum (0.06 bar) at 100 ◦C for 1 h.

Data collection for threshold flux determination was performed using a custom filtration system
designed to operate with constant permeate flux in the recycle mode to avoid changes in concentration
of the feed solution. The filtration system details were described elsewhere [25]. Cross-flow velocity
was held constant at 0.25 m s−1, and membrane samples were tested with the flow perpendicular
to the patterns to reduce the rate of fouling relative to other orientations [31]. All experiments were
conducted at 23 ± 1 ◦C. Prior to the filtration experiments, the feed solution was sonicated for 1 h,
and membranes were preconditioned by operating the system with DI water for 15 min. Threshold
flux values were measured for all six membrane types using the flux-stepping method. A starting
permeate flux of 55 ± 5 L m−2 h−1 (LMH) was established, and transmembrane pressure (TMP) was
adjusted to maintain constant flux for 10 min. Flux was increased stepwise in 20 LMH increments by
adjusting the TMP. For each flux step, TMP again was adjusted to maintain constant flux for 10 min.
TMP values ranged from 2.2 to 17.2 bar over the course of operation.
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Constant-pressure flux decline experiments were conducted for all membrane types using an
initial permeate flux of 140 ± 2 LMH, which was below the threshold flux for all samples. TMP was
adjusted to have the same starting permeate flux for all samples. Cross-flow velocity was held constant
at 0.25 m s−1, and the flow direction was perpendicular to the surface patterns. Flux data were collected
every minute for patterned, pressed, and as-received membranes. Each filtration measurement was
repeated three times.

2.5. Computational Fluid Dynamics Simulations

Multiple membrane models with line-and-groove surface patterns were built for analysis. Details
of the developed model were explained elsewhere [22]. Table 2 summarizes the parameters of the four
geometries (four stamps) that were studied. The velocity and pressure values are consistent with the
experimental settings. The models were run on COMSOL Multiphysics 5.3.

Table 2. Parameters of the geometries.

Pattern ID Pattern Depth, h (nm) Groove Size, d (nm) Line Size, l (nm)
Cycle Length,

W = l + d
(nm)

P27 60 400 150 550

P31 60 440 200 640

P50 60 300 300 600

P60 60 200 300 500

Equations (1) and (2) are governing equations. Equation (1) is the Navier–Stokes equation that is
used to describe the motion of the fluid, and Equation (2) is the continuity equation. Details of the
modeling conditions were described elsewhere [22].

ρ(∇·u)u = −∇P + µ∇·(∇u + ∇uT
)

, (1)

∇·u = 0, (2)

3. Results and Discussion

3.1. Membrane Patterning

Table 1 shows the cross-sectional image and dimensions of each silicon stamp. Patterns consist of
line-and-groove features with different spacing, from 150 to 300 nm for lines and 200 to 400 nm for
grooves. The sample codes denote the percentage of the projected line surface area to total projected
surface area of stamps. Pattern height was not considered as an independent parameter in this study
due to the low thickness of the polyamide active layer. Precautions were made to avoid fracturing of the
NF membrane active layer during patterning. The embossing pressure was set at 3.55 MPa to keep the
local strain, defined by the height-to-pitch ratio of the pattern, below the cracking strain of nanoscale
cross-linked polyamide films (14.04 ± 4.12% [32]), as Weinman and Husson [33] have suggested.

Figure 1 presents representative AFM images of all six membrane types. The groove depths and
peak-to-peak distance for patterned membranes were determined by NanoScope Analysis 1.5 software
and summarized along with local strain values in Table 3. While the average groove depth was
limited to about 60 nm to avoid cracking of the active layer, the measured peak-to-peak distances are
close to the stamp feature sizes, demonstrating successful replication of the stamp patterns on the
membrane surfaces.
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Figure 1. Representative AFM images of the six membrane types. (a) As-received membrane, (b) pressed
membrane, (c) P27, (d) P31, (e) P50, and (f) P60. The scales are 25 µm × 25 µm × 600 nm for images
(a,b) and 20 µm × 20 µm × 600 nm for images (c–f).

Table 3. Feature sizes on patterned membranes measured by AFM.

Pattern ID
Averaged Pattern Depth

(nm)
Averaged Peak-to-Peak Distance

(nm)
Local Strain

(%)

P27 58 ± 6 530 ± 20 10.1 ± 3.2

P31 60 ± 8 600 ± 30 10.3 ± 5.6

P50 66 ± 7 680 ± 70 10.9 ± 5.4

P60 65 ± 6 510 ± 20 10.8 ± 6.2

3.2. Threshold Flux Measurements

Colloidal fouling is a surface phenomenon that is affected by physical and chemical properties of
the membrane surface [12] and hydrodynamics at the membrane–solution interface [25]. All membranes
in this study had the same chemical properties, and cross-flow velocity and SiNP type and concentration
were held constant. Thus, differences in fouling behavior can be attributed to differences in membrane
surface morphologies due to patterning.

To assess the effect of different pattern geometries on fouling behavior, threshold flux values
of as-received, pressed, and four types of patterned membranes were determined using constant
flux cross-flow filtration experiments. We selected threshold flux as the test metric because of its
importance to industrial practice. Operating just below threshold flux offers the possibility of achieving
a continuous high flux while consuming less energy and decreasing the frequency of membrane
cleaning [34]. A previously derived combined intermediate pore blocking and cake filtration model [30]
was applied to the experimental data to determine threshold flux values quantitatively and in a
systematized way. The time-dependent transmembrane pressure (TMPt) for the combined model is
defined by Equation (3) [30]:

TMPt =
TMP0(1 + KcJt)

(

1
Ki

+
(

1− 1
Ki

)

exp(−KiBt)
) , (3)
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TMP0 is initial transmembrane pressure [N/m2], Kc is the cake filtration constant for cross-flow
filtration [m−1], Ki is the intermediate pore blocking constant for cross-flow filtration, and B is the
particle resuspension rate [s−1]. At the early stage of fouling, where the cake formation mechanism is
absent, data can be fitted to the combined model with Ki equal to 1, and Kc values can be calculated.
Details on this procedure are described elsewhere [25].

Figure 2 shows fitted values of Kc versus flux. The sharp rise in Kc shows the transition from
intermediate pore blocking to cake filtration, which we use to define threshold flux. Figure 3 summarizes
the threshold flux results, which depend strongly on the membrane surface structure. The threshold
flux of all patterned membranes is higher than the as-received and pressed membranes. For patterned
membranes, more fouling is observed when there is a low fraction of projected line surface area.
Pressed membranes had higher threshold flux than as-received membranes. This result agrees with
previous studies that showed how decreasing the nanoscale surface roughness of a membrane by
pressing the membrane can decrease fouling [1,35]. The effectiveness of the “ordered roughness” on
patterned membranes for increasing threshold flux could be related to increased membrane surface area
and different hydrodynamic properties at the membrane–solution interface [26,33]. Patterning increases
the overall surface area of the membrane. Since flux is calculated based on projected membrane
area, increasing the overall area leads to higher flux values. It is known that the groove region of
patterned membranes is more disposed to fouling as a result of unequal feed flow distribution [26],
lower shear stress in groove regions compared to line regions [36], and lower hydrodynamic drag
force compared to attractive interactions between foulant and membrane [37]. Therefore, more severe
fouling may be expected for membranes with higher fractions of groove surface area, which agrees
with the experimental results of this study; threshold flux increased in the following order: as-received
< pressed < P27 < P31 < P50 < P60. To analyze the relationship between threshold flux and pattern
geometry quantitatively, we defined the pattern fraction ratio (PFR) as the quotient of line width (b)
and groove width (a).

PFR =
b
a

, (4)

To better understand the basis for this result, CFD simulations were carried out to analyze shear
stresses and local flow behavior close to the membrane surfaces. Figure 5 shows the shear stress
profiles of patterned membranes. Figures on the left show the 2D profiles on and near the membrane
surface including part of the channel, and those on the right show the 3D profiles of the shear stress
distribution on the membrane surface for all geometries. Higher shear stresses develop on the peaks
and lower shear stresses are found in the valleys. Values decrease along the length of the channel.
Simulations indicate that the P60 pattern has the highest average shear stress (0.46 Pa), while the P27
pattern has the lowest average shear stress (0.28 Pa). This finding agrees with the experimental results
that show threshold flux is highest for P60 and lowest for P27 among patterned membranes; however,
the differences in shear stress are not large. Therefore, streamline profiles for all pattern geometries
were studied. Figure 6 shows streamline profiles of flat and patterned membranes. Vortices developed
in all valley regions near the patterned membrane surfaces. Vortex formation separates bulk flow
from flow inside the grooves, and the chance for particle transfer from grooves to bulk flow decreases,
leading to increased fouling. Choi et al. [12] referred to this phenomenon as vortex-induced shielding.
In addition, the velocity is lower inside the grooves than in the rest of the channel, which contributes
to the enhanced fouling inside of grooves. Vortex formation was more complicated for the P27, P31,
P50 patterns, as shown in Figure 5. Two small vortices developed, which may explain the higher rate
of colloidal fouling. The area percentage of the vortex-forming region was calculated as Choi et al. [24]
suggested. By increasing the groove width, the area percentage increases and therefore, the effect of
vortex-induced shielding is higher.
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Figure 2. Dependence of the cake filtration constant on flux for (a) as-received, (b) pressed, (c) P27,
(d) P31, (e) P50, and (f) P60 membranes.

Figure 3. Threshold flux of as-received, pressed and patterned membranes. Error bars represent
95% confidence.
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Figure 4 shows that there is a linear correlation between threshold flux and the PFR, with the
exception of P60 at the highest PFR value.

Figure 4. Relationship between threshold flux and pattern fraction ratio. Error bars represent standard
deviation among three threshold flux measurements.

 

 

Figure 5. Shear stress profile along the membrane: (a–d) 2D ((a) P27, (b) P31, (c) P50 and (d) P60);
(e–h) 3D ((e) P27, (f) P31, (g) P50 and (h) P60). Red color indicates a higher shear stress and blue
indicates a lower shear stress.

54



Membranes 2020, 10, 445

Figure 6. Streamline profiles for (a) P27, (b) P31, (c) P50, (d) P60, and (e) flat membrane; and
(f) percentage of the area with vortex forming for patterned membranes. Red color indicates a higher
velocity and blue indicates a lower velocity.

CFD simulation results explained the cause for the increasing trend of threshold flux with the PFR.
As the PFR increases, the percentage of vortex-forming area increases, and vortex-induced shielding
increases. In Figure 5, bulk flow streamlines, which have the highest velocity, are separated from
vortices that have a lower velocity by a transitional region. A high thickness of transitional region
between bulk and vortex flow can decrease the chance of particle skipping from vortex flow to bulk
flow [20]. Therefore, fouling rate increases and threshold flux decreases. Our study suggests that the
PFR should be higher than 1 to maximize threshold flux values of patterned membranes.

Noteworthy is that the CFD simulations were carried out without the introduction of particles.
Thus, given the correlation between the PFR and the percentage of vortex-forming area determined
by the particle-free CFD simulations, we expect the findings to be generalized to other particle sizes,
provided that the particles are smaller than the groove width. As discussed by Maruf et al. [38],
the highest critical (threshold) flux is found for colloidal particles closest in size to the groove width.
Particles with diameters below and above this width can be expected to yield lower threshold flux.

As discussed earlier, patterning increases overall membrane surface area. The surface area
increased in the following order: P60 < P27 < P50 < P31. Our results show that there is no correlation
between the increase in threshold flux and increase in surface area. This finding further suggests that
the hydrodynamic properties at the membrane–solution interface have greater influence on fouling
than membrane surface area.

3.3. Flux Decline Measurements

Figure 7a shows flux versus time data collected for filtration of 200 mg/L SiNPs with all membrane
types. To allow direct comparison of results, the initial permeate flux for all membranes was set at
140 ± 2 LMH, which is 10 LMH lower than lowest threshold flux value of 150 LMH for as-received
membrane. Figure 7b shows that as-received membranes experienced the largest decrease in the
flux (35%) over the 2 h test run. Pressing the membrane improved the fouling resistance due to the
decrease in intrinsic membrane surface roughness, as Weinman and Husson [33] showed. Lower
surface roughness decreases the rate of colloidal particles attachment to the membrane by providing
less contact surface area between the membrane surface and particles [13]. In all cases, patterning
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lessened the flux decline more than pressing alone. Patterning changes the hydrodynamic properties
at the membrane–solution interface, as discussed above. Overall, flux decline results aligned with
threshold flux measurements. By measuring and operating below the threshold flux, less fouling
occurs, and the frequency of membrane cleaning can be decreased.

Figure 7. (a) Flux decline data for all six membrane types. (b) Average flux reduction over the 2 h test
runs for all membranes. Temperature was 22–23 ◦C, cross-flow velocity was 0.25 m s−1, and tested
membrane area was 6.37 cm2. The initial flux was 140 ± 2 LMH for all samples. The error bars represent
standard deviation among three filtration tests.

4. Conclusions

This study revealed the effect of line-and-groove pattern geometry on threshold flux for filtration
of colloidal nanoparticle suspensions through patterned nanofiltration membranes. Experimental
work combined with CFD simulations showed that increasing the pattern ratio fraction leads to higher
threshold flux, which is important for increasing the volumetric productivity of water treatment systems
while maintaining low rates of fouling. Modeling provided insights into the fouling mechanism of
colloidal particles on these membranes, and the transition from intermediate pore blocking to cake
filtration was used to calculate threshold flux quantitatively in a systematic way. The results of this
study can be extended to investigate the effect of pattern geometry for other feature types such as
herringbone, pyramid, and biomimetic patterns.
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Abstract: Groundwater contamination by chlorinated hydrocarbons represents a particularly difficult

separation to achieve and very little is published on the subject. In this paper, we explore the

potential for the removal of chlorinated volatile and non-volatile organics from a site in Bedfordshire

UK. The compounds of interest include trichloroethylene (TCE), tetrachloroethylene (PCE), cis-

1,2-dichloroethylene (DCE), 2,2-dichloropropane (DCP) and vinyl chloride (VC). The separations

were first tested in the laboratory. Microfiltration membranes were of no use in this separation.

Nanofiltration membranes performed well and rejections of 70–93% were observed for synthetic

solutions and up to 100% for real groundwater samples. Site trials were limited by space and power

availability, which resulted in a maximum operating pressure of only 3 bar. Under these conditions,

the nanofiltration membrane removed organic materials, but failed to remove VOCs to any significant

extent. Initial results with a reverse osmosis membrane were positive, with 93% removal of the VOCs.

However, subsequent samples taken demonstrated little removal. Several hypotheses were presented

to explain this behavior and the most likely cause of the issue was fouling leading to adsorption of

the VOCs onto the membrane and allowing passage through the membrane matrix.

Keywords: groundwater; reclamation; nanofiltration; VOC

1. Introduction

The remediation of contaminated groundwater is a costly and complex process typ-
ically involving multiple stages and systems [1]. Water treatment plants vary greatly
depending on the compounds and contaminants in the water source that need to be re-
duced or removed to below trace levels to meet local environmental standards [2]. A
treatment plant can use a combination of physical, chemical and biological steps. A stan-
dard setup for hydrocarbon (including volatiles) remediation could include an oil–water
separator (OWS) as an initial physical separation stage followed by an activated biological
sludge and chemical dosing stage to remove oil emulsions below 150 microns and dissolved
organics [3,4]. Often an adsorption stage is included and the selection of the adsorbent
material is critical to success [5]. Other combinations of technology for VOC removal are
also available and these may include the use of plasma, adsorption and catalysis [6] to
name but a few.

Integrated membrane systems for desalination used in drinking water production
typically combine a microfiltration (MF) or ultrafiltration (UF) membrane as a prefilter to
preserve the integrity and avoid particulate damage of the reverse osmosis (RO) membrane
by removing suspended solids and microorganisms [7,8]. Nanofiltration (NF) also plays
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a predominant role in the drinking water industry [9,10]—NF membranes were initially
deployed as water softeners due to their unique capabilities of screening divalent and
multivalent ions such as calcium (Ca2+) and magnesium (Mg2+) found in hard water
areas [11]. Advances in the development of NF membranes has given NF membranes
additional usages in water purification, specifically the removal of naturally occurring
organic material including viruses and pesticides [12,13]. NFs are not capable of removing
all organic material [14]. However, their inclusion is warranted to reduce fouling of the
RO membranes by the organic material they can filter [15,16]. RO membranes will exclude
all remaining divalent and multivalent ions, RO will also remove monovalent ions such
as sodium (Na+) salts. One of the major costs in the remediation of a contaminated water
source is the use of activated carbon adsorption removal of volatile organic compounds
(VOCs) [17]. The occurrence of VOCs within local water sources is highly regulated due
to the associated health concerns [18–20]. Due to the prohibitively expensive nature of
activated carbon, the used cartridges can be regenerated using solvent regeneration [21,22],
steam regeneration [23,24] or more commonly used thermal regeneration [25–27]. Thermal
regeneration is conducted by pyrolysis, burning off adsorbed VOCs along with a carrier
gas, mainly nitrogen, to remove the VOCs and regenerate the activated carbon. There are
two major drawbacks with thermal regeneration—it requires considerable investment in a
suitable furnace which will only become financially viable with a high enough quantity
of activated carbon [28], and it causes carbon losses of 5–15 wt% [29] or a reduction in
adsorptive capacity [30], the addition of new material to make up the absorptive losses is
required. Thus, small to medium wastewater treatment plants will dispose of the spent
activated carbon through an external company where it will be recycled or regenerated for
a cost and a discount on fresh material that would be required is applied.

In this work, our research group was approached by a large multinational company,
which will be referred to as Company A for confidentiality purposes, to investigate the use
of membrane technology for the removal of VOCs to reduce the expenditure of activated
carbon on Company A’s water treatment plants. Previous work [31,32] suggested that a
novel super-hydrophilic ceramic microfiltration membrane could be used for this purpose.
The study also investigated the use of nanofiltration and reverse osmosis membranes
for the application which was conducted using laboratory trials and on site technology
deployment.

2. Experimental
2.1. Background Information and Preliminary Testing

The remediation process at the Bedfordshire site involves the clean up of contaminated
groundwater and the treatment process involves both liquid and vapor VOC abatement
processes; both of which contain granular activated carbon as a treatment process. The
groundwater from specifically dug wells in high-contamination areas is pumped to an
OWS. The decanted water is passed through an air stripper to remove pollutants with high
Henry’s Law coefficients such as trichloroethylene (TCE) and tetrachloroethylene (PCE).
The air-stripped VOCs are directed to the vapor treatment process, and the groundwater
with any remaining dissolved VOCs is passed through a biological treatment step followed
by the granular activated carbon adsorption stage. There is a chemical additive stage prior
to being reinjected back into the ground wells.

The contaminated water source is an historically polluted source from a redundant
production process, and the water contained over 10 VOCs above trace GC–MS detection.
The EPA environmental limit for the compounds found in the water source is 5 ppb, and
five compounds were regularly detected above this level—they were TCE, PCE cis-1,2-
dichloroethylene (DCE), 2,2-dichloropropane (DCP) and vinyl chloride (VC). The volatile
organic compounds had molecular weights between 62.50 g mol−1 (VC) and 165.83 g mol−1

(PCE). The intrinsic hydrophobicity of these compounds varied significantly, as was re-
flected by the logarithm of their octanol–water partitioning coefficient (XLogP3). As can
be seen in Table 1, the properties of the selected volatile organic compounds demon-
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strated that some compounds are hydrophilic (XLogP3 > 2.5) while others are hydrophobic
(XLogP3 < 2.5) and ranged between 1.5 and 3.4. The groundwater at the Bedfordshire site
has very little organic content compared to Company A’s other global sites. However, the
global scope of the project covers any contaminated groundwater source Company A may
have. The project initiated between Swansea University and Company A was to develop a
system of removing organic matter contamination from groundwaters on various sites with
an initial test site located in the UK. The methodology used in this study was to be based
upon the development of a novel super-hydrophilic ceramic membrane system as previ-
ously reported [31,32]. Preliminary investigations from this project increased operational
understanding of the separation mechanisms of the modified ceramic membrane and have
shown that the membrane is very good for separations where the contamination levels are
very high. In heavily contaminated systems, there is in effect a biphasic mixture of organic
and aqueous components (with some low-level organics dissolved in the aqueous phase).
The modified ceramic membrane has been shown to be extremely effective at separating
these two phases. However, the low-level organics dissolved within the aqueous phase are
not separated to a high degree in this process. Thus, to produce an ultra-clean aqueous
stream, an additional NF or RO process is proposed as a polishing step. For this reason, the
site strategy for deployment of a pilot system at the site was modified to use a polymeric
NF and/or RO membrane.

Table 1. Summary of physio-chemical properties of selected VOCs.

Compound CAS # Formula MW (g/mol) XLogP3

Vinyl Chloride 75-01-4 C2H3Cl 62.50 1.5
Cis-1,2-Dichloroethylene 156-59-2 C2H2CL2 96.94 1.9

2,2-Dichloropropane 594-20-7 C3H6Cl2 112.981 2.1
Trichloroethylene 79-01-6 C2HCl3 131.39 2.6

Toluene 108-88-3 C7H8 92.141 2.7
Tetrachloroethylene 127-18-4 C2Cl4 165.83 3.4

2.1.1. Pilot-Scale Testing of Ceramic Microfiltration Membranes

All preliminary ceramic membrane filtrations were conducted on a Swansea Uni-
versity MF/UF pilot-scale membrane rig, as pictured in Figure 1. The system used is
overengineered for the application required. However, the use of two pumps allows the
pressure and cross-flow velocity to be independently controlled, which is beneficial in a
research environment. The system was originally designed to be operated as both a micro
and ultrafiltration system, capable of operating at pressures of up to 6 bar. However, the
system can operate at the much lower pressures required for microfiltration using inverters
for the pumps. The system consists of a 100 L stainless steel feed tank, which feeds into the
feed pump (Fristam FPE 742, Fristam Pumpen KG, Hamburg, Germany) which can deliver
up to 5.5 bar pressure at a flow rate of up to 10 m3/h. The flow then enters the second
pump (P2: Fristam FPE 722, Fristam Pumpen KG, Hamburg, Germany), which is capable
of delivering up to 3.8 bar at a flow rate of up to 10 m3/h. The flow from P2 then passes
through the membrane module. The retentate flows out of the membrane module and
enters the optional heat exchanger system. The heat exchanger consists of two shell and
tube heat exchangers connected to a cold water and/or steam supply as required. Cold
water supply is controlled by a solenoid (Burkert 6213 A, Burkert, Ingelfingen, Germany)
connected to a thermostat on the control board. The retentate re-circulates around the loop
and returns to the feed tank via a diaphragm valve which sets the loop pressure (large
black valve at the top of Figure 1). The system was operated at several pressures controlled
via the pumps (P1 and P2) and the return valve. A temperature of 25 ◦C was maintained
throughout the experimental work controlled by the solenoid valves attached to the heat
exchangers controlling the steam and water flow rates.
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Figure 1. Swansea University ceramic pilot microfiltration membrane rig.

An industrial-scale Pall Membralox 0.2 µm ceramic microfiltration membrane was
used (Pall, Portsmouth, UK). The membrane active layer and support are made from
alpha-alumina, α-Al2O3, and with an active area of 0.24 m2, the membrane is capable
of handling temperatures of up to 95 ◦C, with a full pH range of 0–14 and a maximum
pressure of 8 bar.

2.1.2. Small-Scale Laboratory Testing Equipment for Nanofiltration and Reverse Osmosis

All preliminary NF experiments were conducted at room temperature (22 ± 1 ◦C) and
pH 6.5 ± 0.2, which is the pH of the deionized water (DI) water used throughout the study
(Millipore Elix 5, Watford, UK). The filtrations were carried out using a commercially avail-
able stirred frontal filtration system (Membranology HP350 Filtration Cell, Membranology
Ltd., Swansea, UK), previously described by Oatley-Radcliffe et al. [33] and illustrated
in Figure 2. The cell has an operating capacity of 350 mL feed solution and an effective
membrane surface area of 41.8 cm2. The filtration solutions were stirred magnetically at
300 rpm, the maximum practical stirrer speed previously determined [34].

Figure 2. Frontal filtration experimental setup (1—nitrogen gas bottle, 2—pressure regulator, 3—pressure indicator, 4—
Membranology HP350 stirred cell, 5—magnetic stirrer plate, 6—weight balance, 7—computer data logger).
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Prior to first use, all membranes were soaked in DI water for 24 h. At the start of
each series of experiments, the membrane was flushed with DI water at 30 bar for 1 h or
350 mL of filtrate, whichever was achieved first, to reach a steady compressed permeate
flux. Following the compression experiment, a membrane clean water flux was recorded
for 5, 10, 15, 20, 25 and 30 bar. Rejection experiments were then conducted at the previously
stated pressures using toluene at a concentration of 1 g L−1 and a sample of groundwater
prefiltered through a 0.2 µm microfilter to remove sediment. The concentrations of toluene
and groundwater for the feed solution and permeate samples were analyzed using a total
organic carbon analyzer (Shimadzu TOC-LCPH, Shimadzu Corporation, Milton Keynes,
UK). Rejection measurements were based on 20 mL of permeate once the initial 5 mL of
permeate was discarded, with 25 mL removed in total. After each rejection experiment the
membrane was rinsed with DI water to remove any residual materials. Following a period
of testing, the membrane pure water flux was retested to assess any deterioration in the
membrane performance; this is a simple check for any potential fouling.

2.2. Nanofiltration/Reverse Osmosis Pilot for Deployment at the Bedfordshire Site

The Bedfordshire site trial was conducted over a 4 month period, with an initial setup
and commissioning exercise lasting two days. Due to the limited capacity of the electrical
supply identified at the water processing unit, the deployment of a full-scale pilot system
was not possible. A simplified pilot rig was constructed to avoid overloading the electrical
capacity at the site; however, this simplified rig was not capable of the full operational
range normally expected for a membrane process. Most notably, the applied operating
feed pressure of this simple rig was limited to only 3.0 bar, with a maximum deliverable
pressure of 3.5 bar. The rig was capable of operating in several modes using both polymeric
NF and RO 2.5” membrane modules separately. The membrane system, illustrated in
Figure 3, consisted of a custom fabricated stainless steel feed tank (Axium Process Ltd.,
Hendy, UK) and in house-built Unistrut frame designed to be fully adjustable to allow
the tank to be gravity fed from the OWS whilst also preventing the OWS from being fully
drained. From the feed tank, pump 1 (Lowara-4HMS3/A) was used to provide pressure
and top up flow to the membrane system. Following the pump was a filter cartridge
housing (Pentek-3G housing) containing a string wound polypropylene 1.0 micron pre
filter (Prosep) used to protect the NF or RO membrane from particulate debris. A second
pump (Lowara-4HMS3/A) was used to provide circulation flow through the NF or RO
membrane. After the second pump, a pressure gauge (Wika 232.50 and L990.22 Sanitary
Seal) indicated the pressure of the membrane feed. A paddle flowmeter (Burkert S030
DN25 and Burkert 8035) allowed the flow rate through the membrane to be recorded, a
parameter needed for calculating the cross-flow velocity needed for understanding the
membrane performance throughout the trial. Both membranes were contained within
a custom stainless steel housing (Axium Process Ltd., Hendy, UK). A second pressure
gauge after the membrane indicated the pressure of the membrane retentate, in conjunction
with the first pressure gauge the transmembrane pressure can be calculated to allow the
calculation of the membrane flux per bar across the membrane. A flowmeter (Omega
Engineering) was placed on the membrane retentate return to the OWS. This flowmeter
was switched out between a FL7205 and FL2098 depending on operation of the rig, with
the majority of retentate being recycled to the Swansea feed tank or back to the OWS,
respectively. In addition, a flowmeter (Omega Engineering-FL7201) on the membrane
permeate outlet was used to monitor the permeate flow rate, a parameter used to monitor
the membrane performance by calculating the membrane flux using the known surface area
of the membrane. A schematic of the pilot plant is included in Figure 3 and photographed
in Figure 4.
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Figure 3. A schematic drawing of the pilot membrane rig used for the Bedfordshire site trials.

Figure 4. Pilot membrane rig used for the Bedfordshire site trials. Left: front view of the pilot. Right: connection to the
existing Bedfordshire OWS unit.

All materials processed during the site trial were removed from the existing OWS
within the groundwater facility and returned to the OWS following processing, i.e., there
was no risk of non-treatment leading to non-compliance of the site during the trial period.

Throughout the trial, either total organic carbon (TOC) analysis conducted by Swansea
University (Shimadzu, TOC-LPH, Milton Keynes, UK) or gas chromatography mass spec-
trometry (GC–MS) conducted by Natural Resources Wales (NRW, Llanelli, UK) using a
method equivalent to that of the EPA 8260b for volatile organic compounds (VOCs) was
used to analyze the separation performance.
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The NF membrane used was a GE Osmonics DK series (model: DK2540F1073). The
RO membrane used was a GE Osmonics AK series (model: AK2540TM).

2.3. Laboratory Analysis

2.3.1. General Laboratory Filtration Trials

Salt rejection was measured at the previously stated pressures using sodium chloride
(NaCl) (Fisher Scientific, Loughborough, UK) at a concentration of 2000 ppm, and the
conductivity of feed and permeate samples was measured using a conductivity probe
(Jenway Model 3450). Toluene rejection was measured at the previously stated pressures
using toluene (Reagent grade, Fisher Scientific, Loughborough, UK) at a concentration
of 100 ppm, and the concentrations of feed and permeate samples were measured using
a total organic carbon analyzer (Shimadzu TOC-LCPH, Shimadzu Corporation, Milton
Keynes, UK). TCE rejection was measured on its own at the previously stated pressures
using TCE (Puriss ≥ 99.5% (GC), Sigma, Gillingham, UK) at a concentration of 100 ppm,
and the concentrations of feed and permeate samples were measured using a total organic
carbon analyzer (Shimadzu TOC-LCPH, Shimadzu Corporation, Milton Keynes, UK). A
feed VOC mixture of TCE, PCE, DCE and DCP (Sigma, Gillingham, UK) was created
with a concentration of 100 ppm for all solvents. For all feed batches, the VOCs were
initially dissolved in 50 mL of methanol (Fisher Scientific, Loughborough, UK) and added
to a 5 L flask. A further 50 mL of methanol was added to the measuring cylinder and
transferred to the 5 L flask to avoid any residual VOCs clinging to the glassware. VOC
rejection was measured at the previously stated pressures. Feed and permeate samples
were measured using a headspace GC–MS system at Swansea University (Agilent GC
6850, MS 5977A, HS 7697A 12-vial) not previously available during the preliminary and
pilot-scale trial. Two calibrations were conducted—a ppb calibration and ppm calibration—
with the following standards: blank, 10, 50, 100, 250, 500, and 1000 ppb and 1, 10, 50,
100, and 150 ppm, respectively. Data acquisition and analyses were performed using the
MassHunter Workstation software with quantification using the selected ion monitoring
(SIM) method. See Table 2 for GC–MS HS method.

Table 2. GC–MS HS method settings.

Headspace Parameters Agilent 7697A HS—12 vial

Temperature settings

Oven temperature 70 ◦C
Loop temperature 85 ◦C

Transfer line temperature 120 ◦C

Timing settings

Vial equilibration 10 min
Injection duration 0.3 min

GC cycle time 22 min

Vial settings

Vial size 20 mL
Vial pressurization 15 psi

Loop size 1.0 mL
Extraction time 0.3 min

Mode Single extraction
Transfer line flow 20 mL/min

Transfer line Agilent p/n 160-2535-5
Line type Fused silica, deactivated

Line diameter 0.53 mm
Vial and cap 20 mL, PTFE/silicone septa
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Table 2. Cont.

Headspace Parameters Agilent 7697A HS—12 vial

GC Parameters Agilent 6850 series II GC

Inlet settings

Heater On—150 ◦C
Pressure On—6.4 psi

Total flow On—42.6 mL/min
Run time 6.8 min
Gas saver Off
Split ratio 40:1
Split flow 40 mL/min

Oven settings

Oven ramp ◦C/min Next ◦C Hold

Initial 30 0.3 min
Ramp 1 5 55 0 min
Ramp 2 10 70 0 min

Total run time 15.8 min
Equilibration time 0.5 min

Oven Max temperature 260 ◦C
Column Agilent J & W HP-5
Length 30 m

Diameter 0.25 mm
Film thickness 0.25 µm

Mode Constant flow
Pressure 6.4 psi

Nominal initial flow 1 mL/min
Inlet Front

Outlet MSD
Outlet pressure Vacuum

MSD Parameters Agilent 5977A MSD

MSD settings

Solvent delay 0.0 min
Sim ions 4

Quantitation ions 61, 77, 130, 166 M/Z
Sim dwell 50 msec/ion

Quad temperature 150
Source temperature 230

Transfer line temperature 250
Gain factor 5

All rejection measurements analyzed by TOC were based on 20 mL of permeate
once the initial 5 mL of permeate was discarded, with 25 mL removed in total. All GC–
MS rejection measurements were based on 10 mL of permeate once the initial 5 mL of
permeate was discarded, with 15 mL removed in total. After each rejection experiment,
the membrane was rinsed with DI water to remove any residual solvent. Following each
experiment set—NaCl, toluene, TCE and VOC mixture, respectively—a clean water flux
was conducted at 20 bar to ensure the membrane was not deteriorating or fouling.

2.3.2. Contact Angle Measurements

Contact angles of the dry membranes were measured using a VCA Optima contact
angle analyzer (AST Products Inc., Billerica, USA) using the static sessile drop method.
A droplet of ultrapure water obtained from the Millipore Elix 5 was delivered onto the
dry membrane surface and a static image of the droplet was taken after contact with the
surface. Contact angle measurements performed using the VCA Optima software for each
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membrane at 5 different locations were recorded and the average taken. Contact angles
and standard deviations are included in Table 3a,b.

Table 3. Characteristics and supporting information for the membranes used in this study.

a. Properties of NF membranes used in this study.

Membrane DK DL NF90 NF270

Manufacturer GE Osmonics GE Osmonics Dow Filmtec Dow Filmtec
Support material Polysulfone Polysulfone Polysulfone Polysulfone
Surface material TFC PA TFC PA PA PA

Maximum operating temperature 50 ◦C 50 ◦C 45 ◦C 45 ◦C
Maximum operating pressure 41 bar 41 bar 41 bar 41 bar

pH range 3–9 3–9 2–11 2–11
Flux (GFD)/psi 22/100 28/220 46–60/130 72–98/130

MWCO ~150–300 ~150–300 ~200–400 ~200–400
Contact angle 26.36 ± 0.48◦ 27.60 ± 0.38◦ 27.40 ± 0.89◦ 21.22 ± 0.88◦

b. Properties of RO membranes used in this study.

Membrane AK AG BW30 BW30LE BW30XFR

Manufacturer GE Osmonics GE Osmonics Dow Filmtec Dow Filmtec Dow Filmtec
Support material Polysulfone Polysulfone Polysulfone Polysulfone Polysulfone
Surface material TFC PA TFC PA PA PA PA

Maximum
operatingtemperature

50 ◦C 50 ◦C 45 ◦C 45 ◦C 45 ◦C

Maximum
operatingpressure

27 bar 41 bar 41 bar 41 bar 41 bar

pH range 4–11 4–11 2–11 2–11 2–11
Flux (GFD)/psi 26/115 26/225 26/225 37–46/225 28–33/225

MWCO ~0 ~0 ~100 ~100 ~100
Contact angle 70.21 ± 1.09◦ 72.21 ± 2.52◦ 55.86 ± 0.67◦ 67.58 ± 0.30◦ 56.61 ± 0.66◦

2.3.3. Membranes Used

The membranes used in this study were obtained in either flat sheet format for labora-
tory trials or spiral wound format for pilot and deployment trials. Four NF membranes
were used in total; namely, the DK and DL membranes sourced from GE Osmonics and the
NF90 and NF270 sourced from Dow Filmtec. Five RO membranes were used and these
were the AK and AG (GE Osmonics) and the BW30, BW30LE and BW30XFR (Dow Filmtec).
Full details of the NF and RO membranes are illustrated in Table 3a,b, respectively.

2.4. Rejection Theory

The experimental rejection characteristics of a membrane are usually defined by the
observed rejection:

Robs = 1 −
CP

CF
(1)

where CF and CP are the concentrations of the feed and permeate, respectively. However,
due to concentration polarization, the concentration at the membrane surface, CW is higher
than that of the bulk feed concentration, CF. Therefore, real rejection of the solute, Rreal,
which is always equal to or greater than Robs is defined as:

Rreal = 1 −
CP

CW
(2)

The concentration at the wall, CW, can be calculated indirectly using a suitable model
for concentration polarization [33–35]. The approach to concentration polarization taken in
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this study is that of the infinite rejection method first reported by Nakao and Kimura [36]
and given as:

exp
(

Jv

k

)

=
CW − CP

CF − CP
(3)

where k is the mass transfer, defined as:

k =
Deff,∞

δ
(4)

and Deff,∞ is the diffusion coefficient at infinite dilution and δ is the thickness of the
concentration polarization layer.

The mass transfer coefficient may be determined experimentally by the substitution
of Equations (1) and (2) into Equation (3), yielding:

ln
(

1 − Robs

Robs

)

=
Jv

k
+ ln

(

1 − Rreal

Rreal

)

(5)

In this case, the mass transfer coefficient may be represented as

k = aωn (6)

where a and n are predetermined constants and ω is the stirrer speed. For the Membranol-
ogy cell, these constants are 2.993 × 10−6 and 0.415, respectively [34].

3. Results and Discussion
3.1. Preliminary Experiments

As previously alluded to, our understanding of the modified ceramic separation
capabilities changed during the preliminary investigations into their use for this study.
Previous and ongoing work using frack-produced water has demonstrated that the mem-
branes are capable of cleaning water at the molecular level [32]. These waters are heavily
contaminated far beyond solubility limits, resulting in biphasic mixtures and oil–water
emulsions. Under these conditions, the modified ceramics are capable of separating small
hydrocarbons such as toluene. However, upon attempting to use these membranes on
a saturated toluene solution in just DI water, 1 g L−1 at 20 ◦C, no separation occurred.
Therefore, the modified ceramics would not be suitable for the Bedfordshire trial, or at
least not the only type of filter, hence exploratory NF laboratory studies were conducted
to assess potential. The same toluene–water concentration solution that was showing 0%
rejection with the ceramic membranes was rejecting between 70% and 93% of toluene using
a NF membrane with a transmembrane pressure (TMP) of 2.5–20 bar, respectively. See
Table 4.

Table 4. TOC data for dead-end filtration of the Bedfordshire site water.

1 g/L Toluene–Water Dead-End Filtration

Sample Name TOC (mg/L) Rejection

Desal DK feed 508.6
Desal DK 2.5 bar permeate 34.15 93.29%
Desal DK 5 bar permeate 108.5 78.67%
Desal DK 10 bar permeate 127.1 75.01%
Desal DK 20 bar permeate 154.2 69.68%

With a successful separation, a further experiment using a 350 mL sample of the
Bedfordshire site water was run. The sample was prefiltered by a 0.2 micron ceramic
membrane prior to feed analysis and NF filtration occurring. It was first discovered during
this experiment that the total organic carbon content of the feed water was considerably
lower than expected. The results of the test are shown below in Table 5.
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Table 5. TOC data for dead-end filtration of the Bedfordshire site water.

Company a Water Dead-End Filtration

Sample Name TOC (µg/L) Rejection

Desal DK feed 3913
Desal DK 2.5 bar permeate 316.4 91.91%
Desal DK 5 bar permeate 37.5 99.04%
Desal DK 10 bar permeate 0 100.00%
Desal DK 20 bar permeate 0.11 ~100.00%

The NF DK series showed excellent overall organic carbon removal even at relatively
low pressures. Unfortunately, the GC–MS equipment was not available at this stage to test
specific volatile organic removal capabilities of the membrane.

3.2. Pilot Scale

3.2.1. Nanofiltration

The initial setup employed a GE DK series NF membrane, set to operate with most
the retentate (concentrated dirty water) from the membrane directed back to the Swansea
feed tank, whilst a small bleed of retentate and clean water permeate was returned to the
OWS. In this configuration, if the membrane performed well and separated the volatile
organic carbons, then the concentration of these organics in the Swansea feed tank would
steadily increase. Further, the configuration removes only a small quantity of liquids
from the OWS to replenish the lost permeate from the pilot rig to avoid increased mixing
within the OWS. After 4 weeks of operation, the configuration was changed to return both
the retentate and the permeate back to the OWS. In this mode, the membrane process is
no longer a recycle of retentate or concentration process, but a once-through continuous
process more suitable for larger-scale operations. During the once-through trial period, an
observation was made that the prefilter experienced considerable fouling compared to the
recycle mode of operation. See Figure 5. This was most likely the result of the increased
flow of liquid from the OWS causing settled sediment within the OWS to be dispersed
and transferred to the pilot system. There is also the possibility that during this period
of operation, the well pumps were sending more silt to the OWS. Prior to deployment, it
was recommended that a prefilter be installed in the system as a precaution despite the
OWS water containing ‘minimal solids.’ Throughout the trial, the solids concentration
of the OWS water was above what would be considered minimal for a NF membrane
system under normal operation—a permanent system would have to cope with this level
of solids more appropriately than weekly filter changes such as the incorporation of the
functionalized ceramic microfiltration membrane. The decision was made to return to the
original configuration to prevent starving the second pump or deadheading the first pump
should the prefilter block completely.

The feed to the pilot from the Bedfordshire OWS contained five major compounds in
varying quantities, totaling between 7358 and 1360 ppb across the trial period. The GC–MS
data of the five main compounds are shown graphically in Figure 6a–e for VC, DCE, DCP,
TCE and PCE, respectively.
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Figure 5. An example of a virgin prefilter (left) and a fouled prefilter (right).

Figure 6. Cont.
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Figure 6. Cont.
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Figure 6. (a) Graphical representation of GC–MS data for vinyl chloride throughout the pilot trial. (b) Graphical repre-
sentation of GC–MS data for cis-1,2-dichlorothylene throughout the pilot trial. (c) Graphical representation of GC–MS
data for 2,2-dichloropropane throughout the pilot trial. (d) Graphical representation of GC–MS data for trichloroethylene
throughout the pilot trial. (e) Graphical representation of GC–MS data for tetrachloroethylene throughout the pilot trial.

For both operating configurations, the GC–MS method for VOCs detected very little
or no separation occurring during the NF trial, with the feed and permeate samples being
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comparable. As an example, sample data from 27th May of the five main compounds,
shown in Table 6, clearly show no separation of the VOCs occurring.

Table 6. GC–MS data of five main components detected for the 27th May samples.

Compound Feed 1 (µg/L) Feed 2 (µg/L)
Permeate 1

(µg/L)
Permeate 2

(µg/L)

Total 5476 5684 5662 5639
VC 6.6 6.5 7.5 7.3

DCE 1687 1758 1974 1749
DCP 177.4 188.6 212 180.1
TCE 3594 3720 3457 3691
PCE 7.9 7.6 8.1 7.7

The results for the NF were disappointing but not completely unexpected if the mem-
branes were to follow normal separation principles. It is well known from literature [37]
that rejection of a solute is dependent on the applied pressure for steric rejection—the
higher the applied pressure, the higher the rejection. At low pressures, or Bedfordshire
trial operating pressures, the rejections are considerably lower than the rejection expected
at typical operating pressures of NF and RO membranes. During the NF stage of the trial,
TOC analysis was conducted in conjunction with the GC–MS analysis. As shown in Table 7,
on average, 75% of the total organic carbon was removed by the NF membrane.

Table 7. Swansea University TOC data for NF trial.

Date Sample
Total Carbon

(µg/L)

Inorganic
Carbon
(µg/L)

Total Organic
Carbon (µg/L)

Average (µg/L) Rejection

13/05/2015

Feed 89,796 82,635 7161
7598

57.19%
Feed 90,388 82,353 8035

Permeate 64,208 60,934 3274
3253Permeate 63,759 60,527 3232

27/05/2015

Feed 84,059 76,947 7112
7314

70.30%
Feed 83,069 75,553 7516

Permeate 65,731 63,566 2165
2172Permeate 65,714 63,535 2179

09/06/2015

Feed 80,894 74,534 6360 6360
78.30%Permeate 62,659 61,279 1380 1380

Feed 79,405 73,265 6140 6140
79.10%Permeate 59,334 58,051 1283 1283

23/06/2015
Feed 75,762 70,445 5317 5317

71.96%Permeate 60,341 58,850 1491 1491

A rejection of 75% organic carbon is a much more positive result than the equivalent
VOC rejection—the 1 µm prefilter (microfilter) will absorb only a fraction, if any, dissolved
organic carbon. This is clear evidence that the NF membrane is still separating some
organics, if not quite as efficiently as the laboratory conditions—the use of an NF is not
entirely redundant as the removal of organics will assist in preventing an RO membrane
downstream from being fouled. When trying to understand why the membrane displayed
reduced organic carbon, the harsher conditions found in real-world trial conditions and
the damage potentially inflicted on the membrane module must be considered. If the
membrane had been damaged or pore sizes enlarged by the water contaminants, then
the permeate flux would have been much greater than a flux of 5 LMH/bar, as suggested
by the manufacturer. Upon closer examination of the recorded permeate flow rates and
operating pressures during the trial, the membrane flux performance changed very little
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throughout the trial, with the specific flux averaging 5.45 LMH/bar ± 0.5 during operation.
See Table 8.

Table 8. Nanofiltration membrane performance data.

Date Inlet (bar)
Outlet
(bar)

TMP (bar)
Recycle

(l/s)

Permeate
Flow

(usgph)

Permeate
Flow
(l/h)

Flux
(LMH)

Specific
Flux

(LMH/bar)

13th May 2.85 1.65 2.25 1.04 4.50 17.03 10.65 4.73
19th May 2.60 1.40 2.00 1.05 3.40 12.87 8.04 5.75
19th May 3.00 1.80 2.40 1.05 4.20 15.90 9.94 5.52
27th May 2.60 1.40 2.00 1.04 3.20 12.11 7.57 5.41
27th May 3.00 1.80 2.40 1.05 4.60 17.41 10.88 6.05
1st June 2.95 2.40 2.68 1.04 4.00 15.14 9.46 3.94
9th June 2.80 1.60 2.20 1.02 4.00 15.14 9.46 5.91
9th June 3.00 1.80 2.40 1.03 4.20 15.90 9.94 5.52

23rd June 2.50 1.30 1.90 1.02 3.00 11.36 7.10 5.46
23rd June 3.00 1.80 2.40 1.03 4.40 16.66 10.41 5.78
8th July 2.00 0.80 1.40 1.03 2.00 7.57 4.73 5.91

Therefore, the membrane was not inadvertently damaged by dissolved solids or other
materials. Despite the nanofiltration membrane not removing the VOCs, it effectively
removed a large percentage of other organic carbons in the water source. As previously
noted, the operating pressure of 3 bar is very low for a NF membrane of this type. A
minimum operating pressure would usually be 8 bar(g), with a preferred operating pressure
upwards of 20–30 bar(g). Increasing the operating pressure could potentially improve the
rejection characteristics of the membrane. However, the lack of rejection of the VOCs even
at 3 bar(g) suggests that VOC removal may not be viable with an NF membrane and only
a trial using more appropriate equipment could confirm this fact. However, the initial
proposal of using a ceramic microfilter required a reduced pressure system. To confirm
this conclusion further in-house laboratory testing was necessary to gather rejection data at
higher pressures (5–30 bar).

Upon analyzing the used pilot membrane, the membrane surface was considerably
fouled see Figure 7. This fouling layer does not appear to have affected the permeate flow
rate due to the pore size of the membrane being considerably smaller than the expected
pore size of the foulant. However, this filter cake could have significantly affected the
separation properties of the membrane, negating the surface charge effects [38,39].

Figure 7. New DK membrane (left) vs. post trial DK membrane (right).
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3.2.2. Reverse Osmosis

Prior to the Bedfordshire deployment, there were concerns that the nanofiltration
membrane would not be fully effective at removing the VOCs to below the levels desired
due to the pore size and reduced pressures being used. As a result, a low-energy RO
membrane was purchased ready to switch out the nanofiltration membrane during the
trial if necessary. A low-energy RO is designed to operate at a much lower pressure, 7
to 10 bar(g), than normal RO pressures (>60 bar) while separating 98% of NaCl versus
99.5% NaCl, respectively. Despite the Bedfordshire pilot rig pressure being limited to
3 bar, the low-energy RO membrane was anticipated to yield better separation than the NF
membrane and considerably better separation than a standard RO membrane.

Due to circumstances outside of our control, TOC analysis was unavailable during the
RO trial period. The GC–MS results for VOCs showed 92.8% removal on the first sample
taken after an hour of operation. See Table 9.

Table 9. GC–MS data of five main components detected for the 8th July samples.

Compound Feed (µg/L) Permeate (µg/L) Rejection (%)

Total 3670.0 264.0 92.8
VC 6.1 1.8 70.3

DCE 1165.0 43.5 96.3
DCP 137.2 5.1 96.3
TCE 2351.7 175.8 92.5
PCE 7.1 0.6 91.7

This was a very promising result considering the membrane was being operated at a
pressure considerably less than optimum, suggesting that a further increase in pressure
would increase the separation capabilities beyond 93% rejection of the VOCs. However,
the following sample (two weeks later) and those beyond showed no VOC separation. See
Table 10.

Table 10. GC–MS data for five main components detected on 21th July.

Compound Feed (µg/L) Permeate (µg/L)

Total 6552 6613
VC 27.1 28.7

DCE 2636.9 2881.8
DCP 539.8 635.2
TCE 3340.8 3058.7
PCE 5.7 5.1

Once again, if the membrane had been damaged, then the permeate flux would have
been much greater than the initial flux when the membrane was first installed. The results
indicate that the specific flux did not change significantly during the sample period. See
Table 11.

Table 11. RO membrane pilot-scale performance data.

Time Inlet (bar) Outlet (bar) TMP (bar)
Recycle

Flow (L/s)
Permeate
Flow (L/h)

Flux (LMH)
Specific Flux
(LMH/bar)

8th July 2.00 1.40 1.70 0.67 2398 2.12 1.51
21st July 3.00 1.60 2.30 1.03 3708 2.42 1.51
04th Aug 3.00 1.40 2.20 0.68 2441 1.97 1.41
18th Aug 3.00 1.40 2.20 * * 1.51 1.08
1st Sept 2.60 0.70 1.65 * * 0.30 0.43
1st Sept 3.00 1.50 2.25 * * 1.67 1.11

* Unable to read totalizer.
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The membrane does appear to have experienced considerable fouling towards the
end of the trial as the specific flux drops to approximately 29% of the original value.
Membrane fouling can affect the quality of rejection, the surface charge of the membrane
can be severely impacted by the build up of a fouling layer, and this may well explain the
results seen [40,41]. Also of note during this period of operation, the prefilter experienced
considerable fouling by silt. It is possible that the silt saturated the microfilter, and was
forced through to the RO membrane and that this then had a detrimental effect on the
membrane performance. This silt contamination was confirmed post trial. See Figure 8a,b.
In addition, the dissolved organic material rejected by the NF membrane would also be
rejected (and to a higher extent) by the RO membrane and could possibly cause fouling.
However, without GC–MS data for the latter stages of the RO trial and no TOC data
throughout, a categorical confirmation that fouling is the reason behind this reduced
separation is not possible from the pilot-scale trials.

Figure 8. Illustration of the fouling that occurred for the RO membrane. (a) Fouled backing layer; (b)
virgin membrane surface [left] vs. post trial membrane surface [right].

As with the NF trial, further testing on the RO membranes across an increased pres-
sure range, including TOC and GC–MS analysis at the Bedfordshire site conditions and the
operating conditions suggested by the manufacturer, was required. At the same time, an
investigation into the fouling effects on the membrane under more stringent monitoring
conditions should be conducted. This will determine whether fouling caused the rejec-
tion of the VOCs to drop so drastically. As a final note on the pilot-scale trial, during
decommissioning of the system, it was discovered that one of the side port ferrules had
been severely rusted on the stainless steel feed tank. Further, multiple pin holes were
found on the side of the tank. See Figure 9. The tank was returned to the manufacturer
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for diagnostic analysis. The manufacturer’s report indicated that the tank was made of an
inferior quality stainless steel, 304, while all other components of the system were 316 L.
The ferrule issue was also a result of the stainless steel used and the thickness of the tank.
The ferrule was 316 L grade, and as a result, 316 L weld filler was used, which requires a
higher temperature than 304 weld filler. When heated to the higher welding temperatures,
the chromium combines with the carbon, leaving the steel short of chromium. Therefore,
any further systems should be fully constructed from 316 L as a minimum. However, the
use of a suitable plastic such as PVC or HDPE would be recommended to considerably
reduce the cost of any subsequent system.

Figure 9. Swansea feed tank corrosion. Top left, rusting around the tri-clamp connection. Top right
and bottom, pitting on the vessel surface.

3.2.3. Contact Angle

The contact angle was measured for the fouled DK and AK pilot-scale trial membranes,
and the DK NF membrane hydrophobicity increased significantly to 72.88 ± 0.78◦. The AK
RO membrane, on the other hand, behaved in the opposite manner—the hydrophilicity
increased to 48.76 ± 2.52◦. Similar phenomena have been reported previously [39,42].

3.3. Laboratory Scale

3.3.1. TOC Analysis

Additional testing under laboratory conditions was necessary to understand the
results of the pilot-scale trial. As well as the GE DK membrane used in the pilot scale,
another three NF membranes were tested, as listed in Table 3a. As for RO, together with
the pilot-scale RO membrane, GE Osmonics AK, an additional four RO membranes were
assessed, as shown in Table 3b. The first experiment was investigating salt rejection, and the
reason for this test was twofold. Firstly, membrane manufacturers supply NaCl rejection
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data for RO at a specific operating condition, and therefore this testing allows comparison
with the manufacturer’s published results as a secondary check that the membrane is
operating as expected. Secondly, the treated groundwater will eventually be released
back into the local water supply, and since a change in groundwater salinity may have
an adverse effect on the local environment, this must be monitored and balanced. The
second set of experiments using toluene, an immiscible aromatic hydrocarbon, were used
to replicate a very common groundwater contamination of a water–oil biphasic mixture
with extremely low solubility, 0.52 g/L at 20 ◦C. The final set of experiments were on a TCE–
water mixture, the predominant contaminate found in the groundwater at the Bedfordshire
site. TOC analysis was used to analyze the rejection as the GC–MS was initially unavailable.
Results from all three experimental sets conducted for nine membranes can be found in
Table 12a–i.

Table 12. Laboratory separation assessment trials using nanofiltration and reverse osmosis membranes.

a. Dow NF90 membrane flux (LMH) and observed and real rejection data for NaCl, toluene and trichloroethylene from conductivity
and TOC measurements.

NaCl Toluene TCE

Membrane Flux Obsd Real Flux Obsd Real Flux Obsd Real

NF90 5 bar 35.5 50.5% 69.2% 40.2 90.4% 95.8% 45.9 72.7% 88.1%
NF90 10 bar 80.4 58.6% 89.4% 85.8 70.5% 94.1% 86.1 42.6% 83.4%
NF90 15 bar 123 60.6% 95.9% 131.1 58.6% 96.3% 126.3 32.3% 88.7%
NF90 20 bar 172.2 52.4% 98.1% 179.5 49.7% 98.1% 163.9 32.6% 94.8%
NF90 25 bar 213.1 54.8% 99.3% 225.6 49.5% 99.3% 203.8 39.3% 98.4%
NF90 30 bar 236.5 32.1% 98.9% 275.6 51.7% 99.8% 241.1 32.7% 99.0%

b. Dow NF270 membrane flux (LMH) and observed and real rejection data for NaCl, toluene and trichloroethylene from
conductivity and TOC measurements.

NaCl Toluene TCE

Membrane Flux Obsd Real Flux Obsd Real Flux Obsd Real

NF270 5 bar 45.9 48.6% 72.3% 54.5 83.5% 94.4% 47.8 53.9% 77.2%
NF270 10 bar 94.7 49.2% 88.8% 108.4 57.1% 93.6% 98.8 36.4% 83.7%
NF270 15 bar 137.8 50.4% 95.6% 157.7 45.6% 96.5% 155 29.2% 92.8%
NF270 20 bar 186 48.4% 98.3% 215.3 36.4% 98.6% 199.3 23.2% 96.2%
NF270 25 bar 230.4 38.1% 99.0% 259.4 36.0% 99.4% 258.4 21.5% 98.8%
NF270 30 bar 282.9 41.8% 99.7% 303.2 39.9% 99.8% 296.3 28.5% 99.7%

c. GE DK membrane flux (LMH) and observed and real rejection data for NaCl, toluene and trichloroethylene from conductivity
and TOC measurements.

NaCl Toluene TCE

Membrane Flux Obsd Real Flux Obsd Real Flux Obsd Real

DK 5 bar 27.8 38.3% 53.5% 28.5 87.8% 93.1% 26.6 72.8% 82.9%
DK 10 bar 49.8 42.0% 68.6% 55.2 66.5% 87.1% 49.7 58.8% 81.2%
DK 15 bar 72.6 48.2% 82.4% 80.4 59.0% 89.6% 75.7 47.7% 83.1%
DK 20 bar 103.3 50.4% 91.0% 109.6 53.3% 92.8% 96.2 47.4% 88.4%
DK 25 bar 120.6 50.8% 93.8% 129.2 53.0% 95.2% 115.6 52.2% 93.4%
DK 30 bar 146.4 51.4% 96.5% 155 51.8% 97.1% 137.8 48.2% 95.2%

d. GE DL membrane flux (LMH) and observed and real rejection data for NaCl, toluene and trichloroethylene from conductivity
and TOC measurements.

NaCl Toluene TCE

Membrane Flux Obsd Real Flux Obsd Real Flux Obsd Real

DL 5 bar 31.6 33.7% 50.6% 32.7 77.5% 87.7% 29.4 77.8% 87.0%
DL 10 bar 64.6 34.7% 69.0% 60.8 58.4% 84.4% 59.2 50.9% 79.4%
DL 15 bar 91.7 39.1% 83.1% 90 47.7% 87.0% 84.9 38.9% 80.7%
DL 20 bar 117.6 40.7% 90.3% 114.4 50.2% 92.7% 111.6 35.5% 86.7%
DL 25 bar 140.3 41.2% 94.0% 136.4 50.5% 95.5% 137.8 35.6% 92.2%
DL 30 bar 174.5 40.9% 97.1% 160.7 53.1% 97.6% 155 34.5% 94.3%
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Table 12. Cont.

e. GE AK membrane flux (LMH) and observed and real rejection data for NaCl, toluene and trichloroethylene from conductivity
and TOC measurements.

NaCl Toluene TCE

Membrane Flux Obsd Real Flux Obsd Real Flux Obsd Real

AK 5 bar 6.9 93.2% 94.1% 9.2 98.3% 98.6% 8.5 79.1% 82.1%
AK 10 bar 15.3 95.3% 96.6% 16.7 94.9% 96.4% 17.2 73.4% 80.2%
AK 15 bar 21.8 95.8% 97.3% 24.1 96.5% 97.9% 26.3 70.4% 81.0%
AK 20 bar 30.7 96.6% 98.3% 32.1 95.4% 97.7% 34.4 73.1% 85.4%
AK 25 bar 38.2 97.0% 98.7% 40.6 94.0% 97.5% 41.2 72.2% 86.6%
AK 30 bar 47.1 97.0% 98.9% 48.1 93.8% 97.8% 51.7 69.7% 87.9%

f. GE AG membrane flux (LMH) and observed and real rejection data for NaCl, toluene and trichloroethylene from conductivity
and TOC measurements.

NaCl Toluene TCE

Membrane Flux Obsd Real Flux Obsd Real Flux Obsd Real

AG 5 bar 10.9 96.8% 97.5% 15.4 98.9% 99.3% 14.4 78.2% 83.2%
AG 10 bar 27.8 98.9% 99.4% 28.8 95.0% 97.3% 28.5 63.1% 76.3%
AG 15 bar 46.5 99.2% 99.7% 41.7 95.9% 98.3% 42.3 68.9% 85.0%
AG 20 bar 60.3 99.3% 99.8% 56.5 94.1% 98.2% 57.4 69.9% 89.3%
AG 25 bar 76.8 99.4% 99.9% 70.2 92.9% 98.4% 70.1 69.8% 91.6%
AG 30 bar 95.5 99.3% 99.9% 85.1 92.3% 98.8% 84 68.0% 93.2%

g. Dow BW30 membrane flux (LMH) and observed and real rejection data for NaCl, toluene and trichloroethylene from
conductivity and TOC measurements.

NaCl Toluene TCE

Membrane Flux Obsd Real Flux Obsd Real Flux Obsd Real

BW30 5 bar 11.1 93.4% 94.7% 14 95.4% 96.6% 14.6 84.2% 88.1%
BW30 10 bar 24.4 94.9% 96.9% 27.7 96.7% 98.2% 27.3 79.0% 87.3%
BW30 15 bar 37.3 96.1% 98.2% 40.2 93.0% 97.0% 40.3 63.6% 81.1%
BW30 20 bar 52.6 96.6% 98.9% 53.5 92.0% 97.4% 54.5 52.2% 78.6%
BW30 25 bar 64.9 96.7% 99.2% 66 91.3% 97.9% 66 66.7% 89.7%
BW30 30 bar 77.5 96.9% 99.4% 78.9 90.7% 98.2% 79.6 65.1% 91.6%

h. Dow BW30LE membrane flux (LMH) and observed and real rejection data for NaCl, toluene and trichloroethylene from
conductivity and TOC measurements.

NaCl Toluene TCE

Membrane Flux Obsd Real Flux Obsd Real Flux Obsd Real

BW30LE 5 bar 15.2 91.5% 93.8% 20.7 96.0% 97.5% 22.6 64.9% 75.3%
BW30LE 10 bar 35.9 94.3% 97.4% 41.1 91.2% 96.3% 43.2 47.6% 70.3%
BW30LE 15 bar 53.9 96.1% 98.8% 60.5 84.3% 95.4% 63.2 48.8% 79.5%
BW30LE 20 bar 77.5 96.1% 99.3% 79.8 83.1% 96.7% 87.2 48.5% 86.7%
BW30LE 25 bar 94.7 96.4% 99.5% 103.3 82.0% 97.8% 105.3 49.3% 91.0%
BW30LE 30 bar 112 96.6% 99.7% 112 77.0% 97.6% 127.4 65.2% 96.9%

i. Dow BW30XFR membrane flux (LMH) and observed and real rejection data for NaCl, toluene and trichloroethylene from
conductivity and TOC measurements.

NaCl Toluene TCE

Membrane Flux Obsd Real Flux Obsd Real Flux Obsd Real

BW30XFR 5 bar 10 94.8% 95.8% 13.6 95.4% 96.5% 13 68.9% 74.7%
BW30XFR 10 bar 23 96.0% 97.6% 26.9 98.1% 98.9% 26.6 83.6% 90.2%
BW30XFR 15 bar 35.7 96.8% 98.5% 40.5 97.0% 98.8% 40.2 76.0% 88.5%
BW30XFR 20 bar 48.4 96.9% 98.9% 53.9 95.7% 98.7% 51.7 74.3% 90.1%
BW30XFR 25 bar 60.3 97.0% 99.2% 66 95.0% 98.8% 63.2 76.5% 93.0%
BW30XFR 30 bar 68.9 97.1% 99.4% 80.4 94.7% 99.1% 75.2 76.8% 94.6%
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The rejection of NaCl for NF membranes is not widely published by the manufac-
turer as NF is primarily used as a water softener, typically removing divalent salts not
monovalent. However, literature values suggest that a NaCl rejection of 5–95% can be
expected for NF depending on feed salinity and operating conditions [43]. Clean water
fluxes obtained from the new membranes confirmed that the membranes were operating
effectively. Toluene is a relatively inexpensive solvent, making it ideal as an initial solvent
to test the performance of the NF membranes. As previously discussed, toluene has a low
solubility with water at room temperature. When the concentration exceeds the solubility
limit, the solution forms a biphasic mixture with a top layer of toluene. Due to this nature
of biphasic mixtures, representative sampling can be particularly difficult to achieve. To
avoid these difficulties, the feed concentration selected, 0.1 g L−1, removes the potential for
inaccurate feed concentration samples. For all four NF membranes, the observed rejection
decreases as the applied pressure increases. For example, for Dow NF90, the observed
rejection is 90.4% to 51.7%, between 5 and 30 bar, respectively—this is counter to the real
rejection, which takes concentration polarization at the membrane surface into account.
The real rejection ranges between 88.1% and 99%, respectively, and the greatest difference
between the observed and real rejection, ≥60%, is at the highest pressures. This occurrence
is sensible, since as the pressure increases, the flux rate increases, and the resulting mass
transfer is governed by convective transport of solute to the membrane surface. This con-
vective flux to the membrane surface is significantly higher than the mixing rate removing
solute from the membrane surface and thus concentration polarization is inevitable. The
rejection data obtained for TCE demonstrate a similar pattern. However, the observed
and real rejections are both lower when compared to the equivalent toluene results. If
nanofiltration separation was based solely on steric (size) exclusion, then we would expect
to see toluene rejecting less than TCE due to its lower MW. However, previous studies
have proven that NF exhibits a combination of separation mechanisms from both UF and
RO, steric and Donnan (charge) exclusion or ionic diffusion, respectively [44–46]. All four
membranes exhibit a similar decline in observed rejection from 5 to 15 bar, to varying
degrees. Between 15 and 30 bar, the rejection appears to reach a plateau, with only some
slight fluctuations observed.

The rejection of NaCl for RO membranes is published by the manufacturer, allowing a
cheap and relatively simple way of testing the membranes integrity. GE Osmonics market
the AK as a low-energy brackish water reverse osmosis (BWRO) with a minimum NaCl
rejection of 98% using a 500 ppm NaCl solution, with operating conditions of 8 bar pressure,
25 ◦C and pH 7.5. As shown in Table 12e, the observed rejection was less than the advertised
minimum. However, this can be explained as the feed solution used was 4-fold above the
manufacturer test solution, 2000 ppm. A higher feed NaCl concentration increases the salt
gradient between the feed and permeate or osmotic difference. An increase in osmotic
gradient requires a higher applied pressure to overcome the osmotic pressure to maintain
the permeate flux. With a constant pressure, the water flux decreases, and therefore salt
passage increases. GE Osmonics tests on the AG series use a 2000 ppm NaCl solution, with
operating conditions set as 15.5 bar operating pressure, 25 ◦C and pH 7.5. The AG series is
marketed as a standard BWRO with a minimum NaCl rejection of 99%. It is unclear why
GE use two different feed solutions for comparable membranes. As shown in Table 12f, the
observed rejection was 99.2% at 15 bar. Dow Filmtec publicize the BW30 as a low-energy
BWRO with a minimum NaCl rejection of 99% using a 2000 ppm NaCl solution, with
operating conditions of 15.5 bar pressure, 25 ◦C and pH 8. As shown in Table 12g, BW30
only obtained a salt rejection of 96.1%. BW30LE, a low-energy BWRO, has a minimum
NaCl rejection of 98% using a 2000 ppm NaCl solution, with operating conditions of
10 bar pressure, 25 ◦C and pH 8. As shown in Table 12h, BW30LE only obtained an
observed salt rejection of 94.3%. The final Dow Filmtec membrane, BW30XFR, is an
optimized extra fouling-resistant BWRO membrane. Dow claim a minimum salt rejection
of 99.4%, and operational conditions are the same as those used in BW30. When tested, the
membrane attained a salt rejection of 96.8%, as noted in Table 12i. It is unclear whether
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the manufacturers’ stated minimum rejections are observed or calculated real rejections. It
is assumed that the published data are observed, but if the results are real, the results in
this study are closer to the manufacturers’ values. The RO membranes exhibit the same
separation tendencies as the NF membranes for toluene and TCE, but with higher observed
rejections for all the RO membranes. As reverse osmosis membranes have no physical
pores, size exclusion is no longer a separation mechanism. Solute passage is determined
purely by solution diffusion, thus, the increased rejection for the RO membranes is entirely
logical. Comparing the observed rejection and calculated real rejection, the variances
between them are less pronounced compared to the NF membranes. This fully agrees with
the NF filtration pressure increase vs. observed/real rejection theory—increased convective
flux results in increased concentration polarization. RO membranes have a greatly reduced
specific flux when evaluated against NF membranes. A lower permeate flux produces less
convection to the membrane surface, which in turn minimizes concentration polarization,
hence, less discrepancy between observed and real rejection.

3.3.2. GC–MS Analysis

The TOC system at Swansea university was not equipped with the optional purgeable
organic carbon (POC) analyzer. VOCs are easily purged from a sample via sparging, the
TOC of the sample can be determined by the addition of the POC and non-purgeable
organic carbon (NPOC). Despite the TOC method used not including a sparge of the
sample, volatiles can be difficult to quantify through the subtraction method compared
to the addition method, TOC = TC − IC and TOC = POC + NPOC, respectively. The
analysis of volatile organic compounds (VOCs) in environmental water samples is usually
performed by either headspace (HS) or purge and trap (P&T), with separation by gas
chromatography (GC) and detection by mass spectrometry (MS). The P&T method uses a
carrier gas remove volatiles from the solution and these are caught in an adsorbent trap.
The trap is then heated which releases the volatiles into the GC-MS for subsequent analysis.
This method provides excellent sensitivity as the total sample is extracted. However, in
comparison to other methods, P&T methods are generally more complicated to operate
and maintain. They can also suffer from a degree of water carry over, which may lead to
a loss in sensitivity, a loss of peak shape and, in some cases, sample cross contamination.
The obvious alternative is the HS method which uses a closed sample arrangement. In this
case, the sample vial containing the total solution is heated (and agitated in some systems)
in order to drive the volatiles out of the solution and into the headspace of the vial. When
this is the case, an equilibrium forms between the volatile contained in the solution and the
headspace. This equilibrium can be shifted by the addition of salt to the sample. After a
specified time, a portion of the headspace is transferred onto the GC–MS via a valve with a
sample loop. This technique is robust and experiences few carryover problems as less water
is transferred to the GC–MS. The GC–MS HS system was installed at Swansea university
after the pilot-scale trials, but during the laboratory trial. Therefore, a mixture of VOCs
was produced. See Section 3.3.1. This VOC mixture underwent the same experimental
pressures as the TOC analysis. The rejection results are shown in Figure 10a–i.

81



Membranes 2021, 11, 61

Figure 10. Cont.

82



Membranes 2021, 11, 61

Figure 10. Cont.

83



Membranes 2021, 11, 61

Figure 10. Cont.

84



Membranes 2021, 11, 61

Figure 10. Cont.

85



Membranes 2021, 11, 61

Figure 10. (a) Dow NF90 membrane flux (LMH) and observed and real rejection data for VOC solution using GC–MS HS
analysis. (b) Dow N270 membrane flux (LMH) and observed and real rejection data for VOC solution using GC–MS HS
analysis. (c) GE DK membrane flux (LMH) and observed and real rejection data for VOC solution using GC–MS HS analysis.
(d) GE DL membrane flux (LMH) and observed and real rejection data for VOC solution using GC–MS HS analysis. (e) GE
AK membrane flux (LMH) and observed and real rejection data for VOC solution using GC–MS HS analysis. (f) GE AG
membrane flux (LMH) and observed and real rejection data for VOC solution using GC–MS HS analysis. (g) Dow BW30
membrane flux (LMH) and observed and real rejection data for VOC solution using GC–MS HS analysis. (h) Dow BW30LE
membrane flux (LMH) and observed and real rejection data for VOC solution using GC–MS HS analysis. (i) Dow BW30XFR
membrane flux (LMH) and observed and real rejection data for VOC solution using GC–MS HS analysis.

The membrane fluxes recorded with the VOC mixture feed show an interesting
difference within the NF membranes tested and the RO membranes compared to the
fluxes documented during the TCE TOC analysis tests. The GE NF90 behaved differently
compared to all the other membranes—the flux on average, increased 11% when the
mixture of VOC was filtered. All the other investigated NF membranes exhibited a decrease
in flux—on average, 4%, 16% and 10% for NF270, DK and DL, respectively. The RO
membranes suffered a far greater deterioration in flux—BW30 and BW30LE lost 31% of
their permeate flux. Dow BW30XFR flux was down by 41% and 34% for the GE Osmonics
AK membrane when compared to the TOC trials. The greatest drop in permeate flow
rate was suffered by the AG membrane—a 74% loss. Upon examining the rejections from
the GC–MS quantitation data, the GC–MS results generally agree with the TOC analysis—
an increase in pressure decreases the solute retention. The reduction in rejection for the
nanofiltration membranes was more severe than the equivalent TOC results for TCE—the
lowest TCE rejection for TOC was between 21% and 47% for the four NF membranes. The
equivalent GC–MS rejections observed were 0% for all four membranes at the highest
operating pressure. This large discrepancy demonstrates the inaccuracies of using TOC
as a method of substantiating the levels of VOCs in an aqueous sample. Concentration
polarization is evident once again for the NF membranes. The largest difference of observed
to real rejection was seen with DCP using NF270 at 30 bar, 8.8% to 97.1%, respectively—an
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88.3% change. The NF membranes show good separation of TCE and PCE at 5 bar. DCE
and DCP separation, however, would be considered poor across the pressure range. All
the RO membranes demonstrate very good separation of PCE across the pressure range.
TCE separation is good for observed rejection, and once concentration polarization is
considered, the rejection increases to very good. Observed and real rejection both decrease
as the pressure increases. DCE rejection remains very poor above 5 bar applied pressure
for all RO membranes, particularly the low-energy BWRO Dow Filmtec BW30LE. In fact,
the low-energy BW30LE performs worse compared to the standard RO membrane BW30
for all tests. Low-energy RO membranes are designed to operate at a significantly reduced
operating pressure, whilst maintaining the separation capabilities and permeate flow rates
of a standard RO operating at high pressure, this allows vastly reduced operating costs,
making RO desalination much more appealing. This study has proven that this is not
strictly true—there is a clear loss in rejection proficiency with an increase in permeate flow
rate when comparing a standard RO to a low-energy RO at the same operating pressure.
Previous and more recently published research [47,48] have suggested that solvent passage
through an NF or RO membrane is due to the convection of the solvent to the membrane
surface—adsorption of the VOCs through the membrane matrix followed by desorption
from the membrane into the low concentration permeate. From the results, this study would
confirm this theory. It has also been suggested that pressure has little to no effect on the
rejection with this theory [47]. However, the experimental data presented in this study show
this not to be the case. An increase in pressure increases the permeate flow rate, as a result
the convection of solute towards the membrane surface increases, increasing concentration
polarization. This increase in concentration polarization and permeate flow rate increases
the rate of adsorption and desorption through the membrane matrix, respectively. Despite
the continuous stirring within the cell, concentration polarization is made more likely due
to the use of a frontal or dead-end filtration cell. A cross-flow filtration cell, where the
feed is passed across the membrane surface rather than directly downwards onto surface,
would reduce the possibility of concentration polarization occurring. The variations of
adsorption kinetics have been attributed to the hydrophilicity or hydrophilicity of the
membrane surface and the solvent molecule [48,49]. Solvents considered hydrophilic have
a higher logarithm octanol–water partitioning coefficient, XLogP3 > 2.5, hydrophobic
VOCs, XLogP3 < 2.5. The six highlighted VOCs throughout this paper are listed in Table 1,
from most hydrophobic to hydrophilic. If the theory of hydrophilicity rejection is correct,
then the rejection of the GC–MS results should be as follows (lowest to highest rejection)
DCE < DCP < TCE < PCE. However, the rejection data from this study contradict this
theory—DCP rejections are higher than TCE and PCE across the pressure range for all
five RO membranes. DCP was not a VOC investigated by the previous researchers. The
referenced study [48] also researched the rejection characteristics over a prolonged period
of time, and it was determined that the concentration of VOCs in the permeate steadily
increases until no separation occurs after 24 h. This would agree with the adsorption theory
and the decrease in rejection at higher pressures observed in this study. An increase in
pressure is simply speeding up the rate of adsorption and desorption that is experienced
over a longer timeframe at a low pressure. All the membranes tested in this study were
hydrophilic, having a contact angle <90 ◦C, the use of a membrane with a hydrophobic
surface may present better selectivity of VOCs. Conversely, a hydrophobic membrane will
experience a significant reduction in membrane flux, permeate flow rate, compared to the
analogous hydrophilic membrane. Hence, a compromise between selectivity and permeate
production rate must be balanced—a common situation to contemplate when selecting a
suitable membrane for an application.

4. Conclusions

The results reported in this study demonstrate that an RO membrane has the potential
to separate some VOCs that can be found in a contaminated groundwater source. The use
of an extra fouling-resistant membrane, BWRO, from Dow Filmtec BW30XFR, produced
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promising results for the removal of all tested VOCs at 5 bar, with 100% observed rejection.
The use of RO membranes for VOC removal is, however, an issue at high pressures and
over a prolonged period of operation. Rejection proficiencies decline as the permeate
flux increases, which in turn increases the convection of the VOCs to the membrane
surface, causing concentration polarization at the membrane wall. An inevitable increase
in concentration polarization results in a higher probability of adsorption of VOCs onto the
membrane. The same principal explains the decline in VOC retention over time, due to
adsorption of VOCs through the membrane matrix. The use a frontal filtration in the study
compounds this problem. DCE was a compound that was inefficiently separated for all
membranes tested at pressures above 5 bar. Hydrophobic VOCs generally appear to be
more susceptible to adsorption than their counterparts, the hydrophilic VOCs. However,
DCP would either discredit this correlation or is simply an anomaly to the rule. Further,
in-depth study of VOCs is required to determine the validity of the suggested hypothesis.
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Abstract: Membrane technology has advanced substantially as a preferred choice for the exclusion of

widespread pollutants for reclaiming water from various treatment effluent. Currently, little informa-

tion is available about Ultrafiltration (UF)/Nanofiltration (NF)/Reverse Osmosis (RO) performance

at a pilot scale as a practical engineering application. In this study, the effluent from a full-scale

membrane bioreactor (MBR) municipal wastewater treatment works (MWWTWs) was treated with

an RO pilot plant. The aim was to evaluate the effect of operating conditions in the removal of

selected inorganics as a potential indirect water reuse application. The influent pH, flux, and mem-

brane recovery were the operating conditions varied to measure its influence on the rejection rate.

MBR/RO exhibited excellent removal rates (>90%) for all selected inorganics and met the standard

requirements for reuse in cooling and irrigation system applications. The UF and NF reduction of

inorganics was shown to be limited to meet water standards for some of the reuse applications due to

the high Electron Conductivity (EC > 250 µS·cm−1) levels. The MBR/NF was irrigation and cooling

system compliant, while for the MBR/UF, only the cooling system was compliant.

Keywords: membrane bioreactor (MBR); secondary effluent; ultrafiltration (UF); inorganics;

Nanofiltration (NF); reverse Osmosis (RO); chemical oxygen demand (COD); municipal wastewater

treatment works (MWWTWs); flux; reuse

1. Introduction

Water reclamation is substantial to contribute to the increasing demand for water due
to climate change, population growth, and over-consumption [1]. Municipal wastewa-
ter treatment constitutes a more reliable and significant source for reclaimed water [2,3].
Membrane bioreactor (MBR) technology has drawn much attention for the treatment of mu-
nicipal wastewater due to its advantages, which include a better effluent quality compared
to parallel processes, absolute control of solids, and hydraulic retention times, as well as
a smaller footprint [4]. However, in many cases, high-quality effluent provided for dis-
charge by MBR systems is still not able to be used directly as irrigation and process water,
because it does not meet the recommended final pollutant concentrations for reuse [5].

Membrane technology has been accepted as the most effective technique for the
removal of inorganic and organic pollutants due to its outstanding performance [3].
Reverse Osmosis (RO) has been mostly used for desalination, the purification of brackish [6],
seawater [7], and wastewater [8,9], due to its ability to achieve high particulate rejection
levels [5]. Ultrafiltration (UF), Nanofiltration (NF) and RO are tertiary pressure-driven
membrane processes that can potentially eradicate dissolved species not removed by the
MBR effluent [10]. Acero et al. (2010) [2] reported that treated municipal wastewater
effluent is considered a source to produce reclaimed water [11,12] and can help inhibit the
harmful effects of algal blooms and eutrophication in urban water systems [13]. Numerous
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authors concur that the MBR process, combined with tertiary treatment, is found to be
suitable for the purification of municipal wastewater to produce high-quality water for
reuse [10–12]. Some studies concluded that a combined MBR–NF/RO system could
be considered as a possible alternative for treated wastewater recycling for irrigation
purposes [6,14].

Membranes were operating at pH ranges between 6 and 8, which are perfect sepa-
ration conditions for conventional emerging contaminants (CEC) such as pharmaceuti-
cals, pesticides, industrial chemicals, surfactants, and personal care products. Findings
by Xu et al. (2005) [15] specified that NF and extra-low energy (XLE) RO membranes,
with molecular weight cut-off (MWCO) of 200 Da and less, perform similarly to con-
ventional RO membranes when removing CEC. The membrane surface charge in high-
pressure (HP) membranes are more important for the rejection than the MWCO [15].
De Souza et al. (2020) [13] concur with Xu et al. (2005) [15] regarding the MWCO, but they
reiterate that the separation mechanisms applicable on the membrane surfaces are adsorp-
tion, steric hindrance, and electrostatic effects. According to Ezugbi and Rathilal (2020) [16],
membrane technology has the potential of connecting the reliability and economic gap due
to its accessibility and environmental sustainability.

In this study, the performances of three different membranes, namely Ultrafiltration
(UF), Nanofiltration (NF), and Reverse Osmosis (RO), were evaluated in the removal of
inorganic compounds and chemical oxygen demand (COD) from secondary municipal
sewage wastewater treatment plant (MSWWTP) MBR effluent. The objective of this study
was to assess the effects of operating condition parameters, such as pH, permeate flux,
and system recovery, for reuse application. The reuse of a secondary MSWWTP MBR efflu-
ent for cooling system application and agricultural irrigation could increase agricultural
production as well as water availability. The reduction of over-abstraction of surface and
groundwater due to integrated usage of water resources will decrease water scarcity.

2. Materials and Methods
2.1. Full-Scale MBR and RO Pilot-Plant Hybrid System

The wastewater treatment works (WWTWs) is equipped to treat the wastewater from
the largest informal settlement and its surroundings in the province. It is situated in the
City of Cape Town in the Western Cape, South Africa. The MBR system incorporates
ZeeWeed® 500 ultrafiltration membranes (GE Zenon, trading as Suez Technologies and
Solution, Trevose, PA, USA), producing 18 megaliters of effluent per day. The pilot plant
consisted of three different thin film composite (TFC) polyamide (PA) membrane modules,
in parallel, which was subjected to various experimental running conditions (Table 1).
The secondary MBR effluent (Table 2) was used to feed into the UF/NF/RO pilot plant
(Figure 1). Batches, 8 h, once through experimental mode runs, were conducted with
individual membranes at any given time.

A frequency converter controlled the influent flow rate and the operational pressure
through the inlet and high-pressure pumps. Two bag filters with pore sizes of 5.0 and 1.0 µm
were installed between these two pumps to prevent potential damage to the membranes by
large particles. The pressures, flow rates, and temperature of influent, effluent, and brine
were all monitored by online pressure gauges, rotameters, and thermometers. Online mon-
itoring instruments measured the pH and conductivity of influent, effluent, and brine.
Two online automatic dosing systems for pH and antiscalant are included. Phosphonic acid
(H2O3P+) Vitec 3000, which is a broad spectrum antiscalant and dispersant liquid obtained
from Avista Technologies, Inc., South Africa, was used to minimize fouling.

The feedwater pH fluctuation (6.5 and 7) affected the membrane surface charge and
the state of the solute, rendering the rejection of pollutants complex. The experimental tests
were conducted with both constant pH and uncontrolled pH to describe the effects on salt
rejection and the removal of inorganics and COD. Sulfuric acid (H2SO4) was used to keep
the pH constant at 6.5.
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The RO system was also equipped with an online membrane cleaning system by
flushing an industrial biocide; Hydrex 7000, obtained from Veolia Water Technologies
(Pty Ltd.), Paarl, South Africa; daily after an operation.

Table 1. Pilot plant operating conditions [8].

Parameters Operating Conditions

Membrane module XLE NF270 UA60
Recovery (%) 50; 75 75 75
Flux (L·m−2h−1) 25; 30 30 30
pH uncontrolled; 6.5 uncontrolled uncontrolled

Table 2. The physicochemical characteristics of the membrane bioreactor (MBR) effluent.

Parameter Units Average MBR Effluent Limit 1

Electron conductivity (EC) mS/m 56 75 1

pH 6.5 5.5–9.5 1

Total Dissolved Solids (TDS) mg/L 360 450 1

Chemical oxygen demand (COD) mg/L <20 75 1

Ammonium (NH4
2−) mg/L <0.4 3.0 1

Phosphate (PO4) mg/L 2.6 10 1

Nitrate (NO3) mg/L 13 15 1

Turbidity NTU 0.25 -
Temperature ◦C 25 35 1

1 Department of Water and Forestry (DWAF) 2010 guideline [9].
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2.2. UF/NF/RO Membranes

Pilot plant experimental runs were carried out with three commercial spiral wound
membranes: (1) XLE, a polyamide extra low energy RO membrane from DOW-Filmtec
(Midland, MI, USA), with an MWCO of approximately 200 Da [17]; (2) NF270, a polyamide
loose NF membrane from DOW-Filmtec (Midland, MI, USA), with an MWCO of ap-
proximately 400 Da [17]; and (3) UA60, a piperazine loose UF membrane from TriSep
(Goleta, CA, USA) with an MWCO of approximately 1000 Da [17]. These membranes were
chosen because they have MWCOs covering the MW range (200–1000 Da) of most inorgan-
ics reported in the literature [16]. The characteristics of these membranes are presented in
Table 3.

Table 3. Properties of three membrane modules.

Membrane
Component 1 Texture 1 Type 1 Rejection 1

%

Effective
Area 1

(m2)

MWCO 1

(Da)

Maximum
Pressure 1

(bar)

Maximum 1

Temperature
(◦C)

Maximum
Permeate
Flowrate 1

(m3/h)

RO
TFC

Polyamide
Filmtec

XLE−4040
99%

NaCl
8.1 <200 6.9 45 9.8

NF
TFC

Polyamide

Filmtec
NF270-

4040

>97%
MgSO4

7.6 400 4.8 45 9.5

UF
TFC

Piperazine
TriSep 4040-
UA60-TSA

80%
MgSO4

8.2 1000 7.6 45 11.4

1 Obtained from the literature [18].

2.3. Membrane Energy Consumptions

The energy usage of membranes systems contributes to nearly 35–45% of the total
permeate production cost [19,20]. Therefore, it is imperative to evaluate the energy con-
sumption of membranes and study the effects of operating conditions such as percentage
recovery and flux on the consumption of energy. The sources of energy consumption of
membranes systems include the feedwater intake and pre-treatment; high-pressure pumps;
membrane type; and post-treatment [19]. The principal source of energy consumption is
the high-pressure pump, which is essential to drive water flux across the membrane [21].
The pump energy usage can be expressed as specific energy consumption (SEC), which can
be obtained using the following equation [20]:

SEC =
∆P

γ
=

∆P × QF

QP
(1)

where ∆P is the transmembrane pressure (Pa), υ is the percentage recovery, QF is the feed
flowrate, and QP the permeate flow rate.

2.4. Analytical Methods and Water Analysis

The influent, effluent, and brine were all collected to investigate the operation per-
formance of the RO system. The physicochemical parameters assessed were Electrical
Conductivity (EC), Total Dissolved Solids (TDS), pH, Temperature (T), Turbidity, Ammo-
nium (NH4

2+), Phosphate (PO4), Nitrate (NO3), and Chemical Oxygen Demand (COD).
Sampling was carried out from four different sampling points: (1) MBR effluent; (2) perme-
ate of UF; (3) permeate of NF; (4) permeate of RO element. To avoid frequent fluctuations
in concentrations, each sample taken from the pilot plant was an 8-h composite sample
taken for the duration of each experimental run. All water samples were collected in amber
glass bottles (2.5 L) prewashed with nitric acid and rinsed thoroughly with distilled water.
Samples were filtered through 1.0 µm pore size glass fiber filter paper (Whatman GF/B);
then, the filtrates were stored at 4 ◦C and analyzed within 24 h of collection. All equipment
and meters for the on-site measurements were calibrated and checked according to the
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manufacturer’s instruction. EC, T, and TDS were measured using a Crison CM 35+ hand-
held meter (Merck Pty Ltd., Bellville, Cape Town, South Africa). The pH measured with
Jenway 3510 Bench pH/mV Meter and Turbidity with an HF Scientific Micro TPI Infrared
Turbidity Meter. COD samples were digested in a Thermo reactor Model HI839800-02
(Hanna Pty Ltd., Bellville, Cape Town, South Africa) and measured using a COD Meter
and Multiparameter photometer Model HI83214-02 (Hanna Pty Ltd., Bellville, Cape Town,
South Africa). The concentration levels of NH4

2+, PO4, and NO3 (Hanna Pty Ltd., Bellville,
Cape Town, South Africa) were analyzed using the Multiparameter photometer Model
HI83214-02 according to the Standard Methods.

2.5. Statistical Analysis

The data presented were analyzed with statistical calculations to approve the signifi-
cance of the data obtained. Analyses of variance (ANOVA) and T-test with a significance
level of 0.05 were applied to evaluate correlations between membrane type (UF, NF, and RO)
and pH (controlled and uncontrolled), respectively.

3. Results and Discussion
3.1. Salt Rejection and Total Dissolved Solids (TDS)

The performance of membranes was assessed by measuring the physicochemical
parameters, salt rejection and total dissolved solids (TDS), with the pilot plant operation
condition of flux, recovery at 30 L·m−2h−1, 75% respectively, as well as control and uncon-
trolled pH. Figure 2 shows the permeate salt rejection (Figure 2A) and TDS (Figure 2B) as a
function of time, obtained for all three membranes (UF/NF/RO) during experimental runs
on the pilot plant. The RO (XLE) membrane rejection was the highest between 94.4–96.6%
at controlled (6.5) and 89.2–91.4%, uncontrolled pH. The UF (UA60) and NF (NF270)
membranes performed as expected and had better rejection at a controlled pH. Although
there was MBR effluent (real feed) with concentration variation into the UF/NF/RO pilot
plant, as can be seen with the TDS, the results still indicate that the performance of the
membranes was stable throughout the experimental study. The RO salt rejection usually
is high due to its membrane design characteristics, where the skin layer is much denser
than the other two, UF and NF. The mechanisms that can be attributed to the rejection of
ionic species in the water are size exclusion, charge, and ionic electrostatic interactions
of the ions with the surface of the membrane. It is reported that monovalent ions in the
feed water can generally pass through the membrane more easily than divalent ions due
to size exclusion [18]. The UF and NF membranes have similar separation characteristics;
however, the membrane parameters are quite different.

Garcia-Aleman et al. (2004) [22] state that the transport and selectivity of NF mem-
branes are mainly due to steric/hydrodynamic effects and charge repulsion. The relative
size of the ions causes the steric effect to the membrane pores, and the repulsion effect
is caused by the charged nature of the membrane and electrolytes. The NF270 is a loose
NF membrane, but it is tighter than the UF, with relatively high permeability and charge
density. The UA60 membrane has a larger pore radius, is less permeable, and has a
higher surface charge density; thus, steric effects are not as applicable. During salt separa-
tion, the UA60 membrane depends exclusively on Donnan exclusion [22]. According to
Üstün et al. (2011) [23], the UF and NF membrane surfaces are negatively charged at pH
values higher than 4. The pH of the MBR-UF/NF/RO influent in this study was between
6 and 7, thus presenting a negative charge density on the membrane surface. The primary
mechanism of ion rejection by these (UF and NF) membranes is the sieving mechanism [24].
A solution–diffusion model describes the XLE membrane transport mechanism because of
the nominal pore size, where diffusion dominates over convection [25].

95



Membranes 2021, 11, 117

Membranes 2020, 10, x FOR PEER REVIEW 6 of 15 

 

XLE membrane transport mechanism because of the nominal pore size, where diffusion dominates 
over convection [25]. 

 

Figure 2. The measured effluents of the UF, NF, and RO membrane treatment at uncontrolled and 
controlled 6.5 pH pilot plant condition. Salt rejection (A) and TDS (B), all at a flux of 30 L.m−2h−1, and 
75% recovery. 

3.2. Chemical Oxygen Demand (COD) 

The pH level of water defines its application for different purposes. Low or high pH has a 
poisonous effect on marine life and alters the solubility of other chemical pollutants and elements in 
the water. The South African limit for pH in the water for reuse is 6 to 9 [17]. Chemical oxygen 
demand is described as the amount of strong oxidant required to break down both organic and 
inorganic substances in water. The removal of COD with all membranes is presented in Figure 3, 
where the RO percentage removal of 92% and 99% for uncontrolled and controlled pH, respectively, 
were significantly higher than the UF and NF membranes (p = 0.018 for UF, p = 0.013 for NF and p = 
0.009 for RO; α = 0.05). This is consistent with a similar study of MBR/NF and MBR/RO membrane 
effluent rejection [26]. MBR is considered a relatively improved treatment process for the exclusions 
of COD compared to conventional activated sludge processes as a pre-treatment for NF and RO reuse 
[10]. 

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400

Sa
lt 

re
je

ct
io

n 
(%

)

Time (min)

RO - 6.5 pH
RO - Uncontrolled pH
NF - 6.5 pH
NF - Uncontrolled pH
UF- 6.5 pH
UF Uncontrolled pH

A

0

50

100

150

200

250

300

350

0 100 200 300 400

TD
S 

(m
g/

L)

Time (min)

RO - Uncontrolled pH
RO - 6.5 pH
NF - Uncontrolled pH
NF - 6.5 pH
UF - Uncontrolled pH
UF - 6.5 pH

B

Figure 2. The measured effluents of the UF, NF, and RO membrane treatment at uncontrolled and
controlled 6.5 pH pilot plant condition. Salt rejection (A) and TDS (B), all at a flux of 30 L·m−2h−1,
and 75% recovery.

3.2. Chemical Oxygen Demand (COD)

The pH level of water defines its application for different purposes. Low or high pH
has a poisonous effect on marine life and alters the solubility of other chemical pollutants
and elements in the water. The South African limit for pH in the water for reuse is 6 to 9 [17].
Chemical oxygen demand is described as the amount of strong oxidant required to break
down both organic and inorganic substances in water. The removal of COD with all
membranes is presented in Figure 3, where the RO percentage removal of 92% and 99% for
uncontrolled and controlled pH, respectively, were significantly higher than the UF and
NF membranes (p = 0.018 for UF, p = 0.013 for NF and p = 0.009 for RO; α = 0.05). This is
consistent with a similar study of MBR/NF and MBR/RO membrane effluent rejection [26].
MBR is considered a relatively improved treatment process for the exclusions of COD
compared to conventional activated sludge processes as a pre-treatment for NF and RO
reuse [10].

The effect of pH on the COD removal with the NF and UF membranes appeared to
have the opposite effect as compared to the RO membrane, where the higher percentage was
achieved. The pH range with uncontrolled pH experimental runs was between 6.7 and 7.1,
while experimental runs with controlled pH maintained the latter at 6.5. The COD removal
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has been reported to increase with increasing the pH, which was in part attributed to
the rise in the hydroxide ions concentration, increasing the production of hydroxyl free
radicals [21]. Therefore, this may suggest that the increase in pH was a predominant factor
in the removal of COD when using the UF and NF membranes. Other researchers have
reported changes in properties such as pH to affect contaminant removal, which was found
to be substantially lower when operated without pH control [22]. The COD percentage
removals for UF were 80 and 72; NF were 85 and 82. This is in the range of a study of
Xu et al. (2020) [27] where the NF membrane showed a COD percentage removal of 90.
The best removal of COD achieved with a controlled pH when using the RO membrane
may be explained by the fact that a controlled pH results in a higher and more sustained
osmotic flow, which caused a more significant COD removal [28], as well as the surface
of the membrane, which became less negative with the decrease in pH as compared to
experimental with no adjustment of pH [29].Membranes 2020, 10, x FOR PEER REVIEW 7 of 15 
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Figure 3. The measured effluents of the UF, NF, and RO membrane treatment at uncontrolled and
controlled 6.5 pH pilot plant condition of chemical oxygen demand (COD) removal.

3.3. Inorganics Removal

The permeate quality of the MBR/UA60, MBR/NF270 and MBR/XLE units of the
selected inorganics are summarized in Figure 4. Shad et al. (2019) [30] confirmed that
inorganics are found in municipal wastewater originating from domestic and industrial
products such as pesticides, preservatives, surfactants, perfluorochemicals, pharmaceutical
residues, and steroidal hormones, which are all found in excreted human waste. These salts
were selected to evaluate the correlation of anionic, neutral, and cationic solutes with the
membrane-type and pH. It can be seen in Figure 4A and B the percentage removal of
phosphate: 40, 89 and 94% and phosphorous: 58, 90.5, and 96% with the UA60, NF270,
and XLE, respectively.

There was a significant difference in the removal of selected inorganics observed
with the three membranes (p = 0.001 for uncontrolled pH, p = 0.043 for 6.5 pH at α = 0.05).
The phosphorus removal is visibly higher than the phosphate, which is due to the size
exclusion and chemical charge. Phosphorous is a neutral molecule that differs from
phosphate, which is a multivalent anion that may increase electrostatic repulsion with
the surface of the membrane [31]. The reduction of both phosphate and phosphorous
with pH change indicates that pH adjustment affects the removal of these physicochemical
properties slightly (p > 0.05 for both phosphorous and phosphate). Contrary, the adjustment
of pH had a significant effect on ammonia percentage removal with the NF270 and XLE
membranes (p = 0.018 at α = 0.05). This ammonia percentage removal is shown in Figure 4C,
where it increased from 62 to 99% and 52 to 87%, respectively, when changing from 6.5 pH
to uncontrolled. This could be explained by the fact that the pH adjustment (pH 6.5) shifted
the equilibrium of ammonia, resulting in higher removal and permeance of cations than
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the anions due to the deprotonated carboxylic groups of the polyamide membrane [32].
According to Chu et al. (2017) and Pagès et al. (2017) [31,32], ionizable functional groups
can affect water and solute permeation due to the production of pH-dependent charges on
the active membrane layer. Sert et al. (2017) [8] reiterated that the higher rejection of these
monovalent ions by the XLE membrane is due to its dense surface layer without pores.
The UA60 and NF270 with higher MWCO are classified as loose membranes that reject
monovalent ions with lower percentages by electrostatic interaction mechanism.Membranes 2020, 10, x FOR PEER REVIEW 8 of 15 
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Figure 4. The measured effluents of the UF, NF, and RO membrane treatment at uncontrolled and
controlled 6.5 pH pilot plant condition. Phosphate (A), Phosphorous (B), and Ammonia removal (C).

3.4. Membranes Energy Consumption Comparison and Effect of RO Operating Conditions

Energy usage of the membrane system was calculated using the specific energy
consumption of pumps (SEC), as 50 to 75% of the energy consumed by RO systems
emanates from the high-pressure pumps of the system [19]. Table 4 shows the SEC of the
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RO membranes at different conditions and compared to the UF and NF SEC calculated.
The RO membrane used in this study indicated a low consumption of energy compared to
other studies conducted, where a minimum SEC of 1.37 to 2 kWh·m−3 could be obtained
at 50% recovery [20,33].

Table 4. Energy consumption comparison of RO membrane operating conditions with NF and
UF membranes.

RO NF UF

30 L·m−2 h−1 Flux 25 L·m−2 h−1 Flux 30 L·m−2 h−1 Flux

% Recovery ( )
75% Recovery ( )

Parameter 75 50 75 50

∆P (kPa) 384.2 423.7 385.7 389.2 298.7 269.7
QB (m3·h−1) 0.081 0.243 0.068 0.204 0.063 0.205
QP (m3·h−1) 0.243 0.243 0.2024 0.204 0.19 0.205
QF (m3·h−1) 0.324 0.486 0.270 0.405 0.253 0.41

SEC (kWh·m−3) 0.142 0.235 0.143 0.216 0.111 0.100

Furthermore, it shows that a change in percentage recovery has more effect on the
SEC than water flux change when comparing the different experimental conditions of the
RO membrane. At a lower recovery of water (50%), the SEC required was higher than
the SEC at 75% recovery. This can be explained by the decline in differential pressure
drop across the membrane as a function increased velocity in the concentrate stream [20].
When comparing SEC of membranes, results show that the RO membrane consumed more
energy than NF membranes, and the latter consumed more than the UF membrane. This is
again due to the membranes’ design characteristics difference; hence, the RO required
more pressure to drive the solvent across the dense surface of the membrane.

The SEC difference between the NF and the UF is not significant, as the two membranes
have similar separation characteristics. However, the energy consumption only increased
by a factor of 1.42 when shifting from UF or NF to RO. No energy recovery device (ERD)
was used when using the RO membrane. Therefore, the use of an ERD would help sensibly
reduce the energy consumption of the RO, as suggested by several researchers [19–21]. It is
indicated that ERD can help reduce the SEC up to 16% [19]. Figure 5 shows the specific
energy consumed versus permeate total dissolved solids (TDS). In order to achieve a lower,
permeate TDS concentration, more energy was required from the pump. The low TDS
concentration is directly proportional to the characteristic of the membranes, which in this
case required more energy usage when moving from UF to NF and RO, respectively.
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3.5. Reuse Application for Wastewater Effluent

The effluent samples of the MBR/UF, MBR/NF, and MBR/RO were compared to the
water quality requirements for reuse in cooling and irrigation applications, as summarized
in Table 5. This table shows essential changes in the average inorganic and COD concentra-
tion. The MBR/RO effluent satisfied all reuse conditions required for cooling and irrigation
application, and this is consistent with similar studies [23,24,33,34]. The physiochemical
properties of the MBR/NF effluent are suitable for reuse in industrial cooling applications.
However, they may be restricted to specific irrigation applications, because some of the
parameters such as the EC (355 µS·cm−1) are outside the required range (<250 µS·cm−1)
for unrestricted irrigation water quality. As expected, the MBR/UF effluent with an EC of
471 µS·cm−1 is only suitable for cooling system reuse application. Falizi et al. (2018) [26]
cautions that water salinity (measured by EC) is the primary factor threatening crop pro-
ductivity and quality with the usage of irrigation water at a pH between 6 and 9. The earth
may appear wet, but if the EC is high, then the available water to the vegetations will be
less. The acceptable EC limits for effluent discharge and domestic water supply usage,
according to South African guidelines, are 250 µS·cm−1 and 70 µS·cm−1, respectively [26].

Table 5. Characteristics of UF/NF/RO effluent average water quality with reuse criteria for wastew-
ater in different applications.

Parameter
Irrigation

[23,24]
Cooling System

[34,35]
UF NF RO

COD (mg·L−1) <50 <30 16 10 2
NH3 (mg·L−1) <6.08 <1 0.62 0.28 0.17

P (mg·L−1) <1.5 - 1.8 0.79 0.21
PO4 (mg·L−1) <2 <7 2.07 0.91 0.45
TDS (mg·L−1) <200 - 300 255 19

pH 6.5–8.4 6.8–7.2 6.5–7.05
EC (µS·cm−1) <250 <1445 471 355 37

Turbidity (NTU) <2 <36 - - 0.08

The results in Table 5 show that the removal of phosphate, phosphorous, and ammonia
with MBR/NF270 and MBR/XLE membranes is within the specification guidelines for
cooling and irrigation applications. The rejection of the phosphates and ammonia with the
XLE membrane is due to size exclusion but with the UA60 and NF270 (both negatively
charged membranes) charge effects. Van Voorthuizen et al. (2005) [25] explained that the
difference in rejection between ammonia and phosphate for the negatively charged mem-
branes (UA60 and NF270) could be explained by the hydrogen–phosphate ion (HPO4

2+),
which is bigger than the bicarbonate ion (HCO3+). The hydrogen–phosphate ion has a
larger negative charge and will repel much more assertively with the UA60 and NF270
membrane. NH4

+ cation enters and is retained by membrane pores when the hydration
energy of 407 kJ·mol−1 and the ionic radius of 0.095, due to surface forces [36].

3.6. Effect of Operation Conditions on RO Membrane Rejection

3.6.1. Selected Inorganic Rejection

The properties of operating conditions such as pH, permeate flux and system percent-
age recovery were evaluated using the RO (XLE) membrane. The parameters in the effluent
are lower than those obtained in the influent, as shown in Table 6. For the experimental
runs conducted at a constant pH of 6.5, the best results were attained at a permeate flux
of 25 L/m2·hr and a system percentage recovery of 75. The highest average percentage
reductions obtained for ammonia, nitrate, nitrite, phosphate and phosphorous were 98%,
100%, 83%, 97%, and 98%, respectively. Although the findings did not match expectations
suggesting a slight decrease in permeate inorganics concentration when increasing flux,
on the assumption that ions leakage across the membrane remains reasonably constant [30],
the phenomenon may be explained by the increase in percentage recovery (75%), which al-
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lows for the mass of ions at the surface of the membrane to be blended with more permeate,
resulting in a lower concentration of inorganics in the permeate.

Table 6. Selected inorganics percentage removal using RO membrane.

Operating Conditions 30 L/m2·h Flux 25 L/m2·h Flux

% Recovery

Water pH Inorganic 75 50 75 50

6.5 NH3 92 97 98 97
NO3 100 87 80 100
NO2 63 60 83 82
PO4 90 97 90 97

P 92 97 98 97

Uncontrolled NH3 80 87 94 92
NO3 68 76 63 63
NO2 61 55 86 71
PO4 98 86 98 88

P 80 87 94 92

The percentage reduction of the different inorganics tested, increase from nitrite,
nitrate, phosphate, ammonia to phosphorous removal. Higher rejection of multivalent ions
can be explained by the size of multivalent ions, which is larger than monovalent ones.
Therefore, an increase in ion charge causes an increase in electrostatic interactions with
membranes, which determine the contaminant removal mechanism [33]. The lower rejec-
tion of nitrate compared with the ammonia rejection measured with the same membranes
at the same operating conditions is notable. NH4

+ is regarded as a single-charged trace
cation that was better rejected than the anions (NO3

−) [32]. Nitrate rejection for the RO
membrane follows the behavior described by Donnan exclusion theory where the co-ions
(NO3

−) are rejected due to electrostatic repulsion. In some studies, the nitrates in the
effluent (permeate) increases. This may be due to the oxidation of ammonia and nitrite to
nitrate by nitrite-oxidizing bacteria [37].

3.6.2. Chemical Oxygen Demand (COD) rejection

The effects of several operating conditions such as pH, permeate flux and system per-
centage recovery was evaluated using the RO (XLE) membrane with the removal of COD.
Figure 6 describes the results where the best COD percentage removal of 99 was obtained
when the system operated at 75% recovery and 25 L·m−2 h−1 of flux, with a controlled pH
of 6.5. The change in operating conditions of flux and system recovery does not have a
significant effect on COD rejection, except for pH. The average COD rejection increases
by 5% for a pH variable with a minimum of 96 and a maximum of 99%, respectively.
This suggests that the accumulation of organic matter in the treatment of the effluent with
an RO membrane can be effectively reduced with a controlled pH and by adjusting the flux
and recovery. According to Paugum et al. (2004) [36], the degree of membrane ionization is
a function of the effluent pH where the isoelectric point corresponds to the pH value for
which the electric charge of the fixed cations neutralizes that of the anions.

3.6.3. Water Turbidity Using the RO System

The effects of several operating conditions such as pH, permeate flux and system
percentage recovery were evaluated using the RO (XLE) membrane with the measuring
of turbidity. Figure 7 describes the results for the lowest turbidity obtained at a flux of
25 L·m−2 h−1 of flux, with a controlled pH of 6.5 and system recovery of 75% (0.08 NTU)
and 50% (0.09 NTU), respectively.

The highest turbidity measurement in the permeate (0.57 NTU) was obtained at
50% recovery and 25 L·m−2 h−1. The high turbidity observed in the samples indicates the
presence of finely divided organic and inorganic matter, soluble colored organic compounds
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and microscopic organisms. Studies have shown that too much turbidity in water can lead
to interference with water treatment techniques and increase the cost.

When turbid water is chlorinated, then, a possible rise in trihalomethane (THM)
precursor formation is possible [37]. All the turbidity influent or effluent results are below
1 NTU except for one influent (25 L·m−2 h−1 permeate flux, 75% recovery) at 1.05 NTU.
The slightly high permeate turbidity of 0.57 NTU obtained at these operating conditions is
explained by the high turbidity (1.05) of the RO influent, which influenced the turbidity of
the effluent. There is no South African guideline for turbidity in effluent discharge, although
the South African Target Water Quality Range for turbidity in water for domestic water
supply is 0–1 NTU, while the World Health Organization (WHO) standard is 5 NTU [38].
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6.5 pH pilot plant conditions of COD removal.
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4. Conclusions

In this study, the performance of UF/NF/RO technology for treating municipal MBR
wastewater on a pilot scale was investigated. RO (XLE) and NF (NF270) membranes
exhibited exceptional removal rates of 90%, (UF > 40%) for COD, NH4

2+, PO4, and NO3.
The influence of pH, permeate flux, and percentage recovery had a visible effect on the
rejection of these selected inorganics. The XLE membrane showed a 99% COD rejection at
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operational conditions where the pH, flux, and recovery were 6.5, 25 L·m−2h−1 and 75%,
respectively. Although the results show that the removal performance of inorganics and
COD are significantly better with the XLE membrane, the energy consumption, however,
increased by a factor of 1.42 than with UA60 or NF270 membranes. The MBR/RO comply
with the standard requirements for potable and non-potable reuse applications.
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Abstract: Goat cheese whey is a co-product that comes from goat cheese manufacture. Due to its high

organic load, adequate treatment is necessary before its disposal. Additionally, the recent growing

interest in caprine products, attributed to their specific nutritional and nutraceutical characteristics,

such as the lower allergenicity of their proteins and higher content of oligosaccharides, compared

with bovine products, made the recovery of goat cheese whey a challenge. In this study, an integrated

process for the recovery of sweet goat whey components was carried out. It includes filtration, cen-

trifugation and pasteurization, followed by sequential membrane processes, ultrafiltration/dilution,

nanofiltration of ultrafiltration permeates in dilution mode and the concentration/dilution of nanofil-

tration retentates. Ultrafiltration was performed with membranes of 10 and 1 kDa. Membranes of

10 kDa have higher permeate fluxes and, in a single stage of dilution, allowed for better protein

retention and higher lactose purity, with a separation factor of 14. The concentration of lactose

by nanofiltration/dilution led to the retention of almost all the lactose in retentates and to a final

permeate, whose application in cheese dairy plants will allow for the total recovery of whey. The

application of this integrated process in small- or medium-sized goat cheese dairies can represent an

important contribution to their sustainability.

Keywords: goat cheese whey; ultrafiltration; nanofiltration; dilution mode

1. Introduction

Goat cheese whey is a liquid co-product of goat cheese manufacture. It retains about
55% of the nutrients found in milk, including lactose, soluble proteins, bioactive peptides,
lipids, minerals and vitamins [1]. In comparison with bovine and sheep cheese whey, goat
cheese whey contains a higher concentration of oligosaccharides, namely sialic acid, that
seems to promote the development of infants’ brain [2]. Besides, it is rich in nonprotein
nitrogen compounds, namely nucleotides and free amino acids, making it suitable for baby
food or children with a cow’s milk allergy [3,4]. Therefore, there is new and growing interest
in producing caprine products due to the nutraceutical and hypoallergenic properties of
caprine milk compared to cow’s milk [5], which contributes to the increasing volumes
of goat whey produced. Despite its nutritional and nutraceutical value, goat cheese
whey is usually treated as waste, deposited in septic tanks or partially mixed with the
wastewaters coming from cheese washing and the cleaning operations of equipment and
from the cheese dairy; it is then delivered to wastewater plants. Its high values of chemical
oxygen demand (COD) and biological oxygen demand (BOD5), about 50–120 g L−1 and
27–60 g L−1, respectively [6,7], can lead to the decline in treatment efficiency, transforming
this co-product into one of the main environmental problems that the dairy industry has
faced for decades. So, its reuse has the advantage of generating value-added products
while mitigating its negative impacts on the environment.
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Membrane technologies are the most common separation processes used for recover-
ing valuable fractions from cheese whey. Ultrafiltration (UF) is well-established in the food
industry to produce whey protein concentrates (WPC) from bovine cheese whey [8], using
membranes with a cut-off equal to or higher than 10 kDa [9,10]. These membranes allow the
retention of the predominant whey proteins (β-lactoglobulin (β-Lg), α-lactalbumin (α-La),
immunoglobulin (Ig), serum albumin (SA)) and other minor proteins, such as lactoferrin
(LF) and lactoperoxidase (LP), while lysozyme, glycomacropeptide (GMP) or bioactive
peptides, with lower molecular weights or sizes [11], can mostly permeate through the
membranes, together with lactose, other sugars and minerals. To increase the permeation
of these smaller compounds, thus improving the separation of protein and lactose fractions,
the dilution mode of UF retentates is also applied to obtain purified streams [12]. The
recovery of permeates of ultrafiltration can be carried out by nanofiltration (NF), followed
by the dilution mode of retentates [13]. NF, due to its specific characteristics, especially
for the separation of the smaller solutes present in UF permeates, can be a valuable tool,
retaining mostly lactose, the main component responsible for the environmental damage
of whey [14]; bioactive peptides; oligosaccharides, free amino acids; and bivalent ions,
originating a final permeate with a very low organic load [15,16]. The use of NF in dilution
mode can enhance the permeation of salts, especially sodium and chloride, which can
be high in UF permeates because of salt addition to milk during cheese manufacture.
Therefore, the application of NF to UF permeates, in dilution mode, contributes to the
reduction in osmotic pressure, a major drawback in these processes [17]. In addition, the
purification of retentates may allow its application in food or pharmaceutical industries,
due to their nutritional and nutraceutical characteristics, as cited above. This investigation
aims to contribute to improvement in the sustainability of the artisanal production of goat
cheese, carried out mainly in small- and medium-sized cheese dairy plants. This study
has an innovative character in that it presents an integrated membrane process for the
total recovery of a co-product with a very complex composition, such as goat cheese whey.
Therefore, the main objectives are:

• to evaluate the performance of UF membranes of different cut-offs in the separation of
the protein and lactose fractions of goat cheese whey;

• to investigate the influence of the dilution mode, in three stages, applied to UF
retentates in separation efficiency;

• to assess the performance of the concentration process of nanofiltration, in dilution
mode, of UF permeates;

• to study the influence of dilution, in three stages, applied to NF retentates for the
removal of salts and to purify lactose;

• to produce a permeate with a low organic content.

2. Materials and Methods
2.1. Sampling and Pretreatment of Goat Cheese Whey

Six samples of goat cheese whey (GCW) were collected in the same cheese dairy,
located close to Beja, Portugal. The GCW was produced during the cheese-making process,
which involved the following steps: milk pasteurization; filtration of the milk; addition
of salt to the milk cheese; rennet coagulation; syneresis, where whey was released; the
new addition of salt to the curd; pressing and packing, before expedition. A volume of
about 10 L of each sample was collected and carried out to our laboratory, keeping them
refrigerated in ice during transportation. After arriving, samples were filtrated two times
through cotton cloths, like those used in a traditional cheese dairy, to remove suspended
solids and casein fines. After that, samples were skimmed in an Elecrem SAS, Fresnes,
France, centrifuge, at a temperature of about 35 ◦C to remove most of the lipids and some
minor residues of casein and bacteria. Since these samples have a high concentration of
lipids, the reduction of their concentration is crucial to avoid membrane fouling. Finally,
whey samples were subjected to a low pasteurization process, at 65 ◦C, for 30 min. When it
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was not possible to process the samples in the same day, they were immediately preserved
at about 3 ◦C until the next day.

2.2. Permeation Experiments

All the permeation experiments were carried out in a plane-and-frame module, Lab
Unit M20, from Alfa Laval, Navskov, Denmark. This filtration rig is a commercial instal-
lation with a membrane area ranging from a minimum of 0.036 m2, which corresponds
to two membrane sheets, to 0.72 m2, the maximum area. The membranes were grouped
in pairs, resting on the top and bottom of the same support plate. The plates were sepa-
rated by spacers that acted as feed chambers 0.5 mm in height and that were divided into
30 channels to increase tangential velocity and thus, promote mass transfer in the adjacent
layer near the membrane surface. In each support plate, there were individual collectors
for the permeate. Support plates and spacers were made of polysulfone, and the module
frame was made of stainless steel. The unit had a hydraulic system that allowed the flat
plate module to be compressed, making it perfectly watertight.

These experiments included the UF of the pretreated goat cheese whey to remove
residual protein and fat and to obtain a protein-containing retentate and a lactose-rich
permeate. For a better recovery of lactose in permeates, dilution mode in ultrafiltration
(DUF) of the retentates was also carried out. After that, all of the permeates resulting
from UF and DUF were mixed and subjected to NF to recover the lactose fraction. For
purifying this lactose-rich retentate, which may increase the possibilities for its use in
various industries, dilution mode in NF was also applied to the retentates of the NF process
(Figure 1).

 

−

Figure 1. Experimental scheme.

Before each permeation test, the hydraulic permeability to pure water was determined
by measuring the permeate fluxes at different transmembrane pressures at a feed circulation
velocity of 0.94 ms−1 and using Equation (1). The hydraulic permeability of pure water
is the slope of the linear regression obtained from the experimental water fluxes and
corresponding transmembrane pressures.

Jw =

(

Lp

µ

)

∆P (1)
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where Jw is the water permeate flux (ms−1);
(

Lp/µ
)

is the hydraulic permeability to pure
water (ms−1Pa−1); Lp is the intrinsic permeability of the membrane (m), related with
its morphological characteristics; µ is the water viscosity (Pa·s), and ∆P is the applied
transmembrane pressure (Pa).

After the tests, a cleaning and disinfection cycle was performed, according to the
procedure shown in Table 1. To ensure that membrane’s permeability characteristics were
kept, the hydraulic permeability to pure water was again determined and, if it was at least
95% of the initial value, the same membranes were used in the following tests.

Table 1. Process of cleaning and disinfection of membranes a.

Membranes Time (min)

Membrane parameters RC70PP (UF) ETNA01PP (UF) NF
pH 1–10 1–11 2–11

Transmembrane pressure (MPa) 0.1–0.5 0.1–0.5 0.1–1
Temperature (◦C) 0–60 0–65 0–45

Cleaning
NaOH (% w/v) 0.05 0.05 0.05 15

Na-EDTA (% w/v) 0.20 0.20 0.20 15
HNO3 (% w/v) 0.25 0.25 0.10 15

Citric acid (%w/v) 0.50 0.50 0.50 15
Disinfection

H2O2 (mgL−1) at 25 ◦C 1000 1000 1000 30
a Into tolerate pH limits of membranes; Na-EDTA, ethylenediaminetetra-acetic acid, sodium salt.

2.2.1. Ultrafiltration Experiments

Ultrafiltration experiments were carried out with two different kinds of membranes,
one with an active layer made of regenerated cellulose acetate and a molecular weight
cut-off of 10 kDa, designated as RC70PP, and another one with an active layer made of a
composite fluoropolymer and a molecular weight cut-off of 1 kDa, named ETNA01PP. Both
materials used to manufacture the membranes are hydrophilic in nature, which minimizes
the effects of fouling by organic matter, particularly proteins, as described elsewhere [18].
The best operating conditions of transmembrane pressure (0.2 MPa) and feed circulation
velocity (0.94 ms−1) were selected, based on the results obtained in total recirculation UF
experiments, carried out in the range of transmembrane pressure between 0.1–0.4 MPa,
with the same membranes used in this study and established in previous works [18,19].
The highest permeate flux and relative flux (Jp/Jw) and the best separation between protein
and lactose fractions were the criteria used for selection. The temperature varied from 16 ◦C
to 22 ◦C and, to correct for the different viscosities of the permeates, all the permeate fluxes
were converted to 25 ◦C [20]. The pressure drop along the module was about 0.1 MPa.

The first set of ultrafiltration experiments was done in three steps: preconcentration
until the volume concentration factor, VFC = 2.0; dilution mode by adding deionized
water; and postconcentration. This procedure allows the achievement of the concentra-
tion/purification of the protein fraction in the retentate and a better recovery of lactose in
the permeate, thus contributing to improvements in the separation of these components.

Starting from an initial volume of 8.75 L of each sample, three UF experiments with
GCW were performed in concentration mode until a volume concentration factor (VCF) of
about two was reached with each of the membranes (10 kDa and 1 kDa), using a membrane
area of 0.072 m2. After concentration, the dilution (DF) of the final retentates was realized in
three stages in a discontinuous mode. In each of them, a volume of deionized water, equal
to the observed volume of the retentate in the tank, was added. After homogenization and
stabilization at the same operating conditions of transmembrane pressure, feed circulation
velocity and temperature, a new concentration process took place until the same volume of
permeate was collected, thus maintaining the volume of the retentate. Samples of raw and
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pretreated GCW, retentates and permeates of UF and retentates and permeates of DF were
taken for analyses.

The results obtained from this first set of experiments, with both membranes, were
analyzed in terms of the following parameters: productivity, measured by volumetric per-
meate fluxes (Jp) and their evolution along the concentration processes, and the separation
factor, α, for lactose and protein, which should be greater than 1; the higher it is, the better
the separation between the two solutes.

The volumetric permeate fluxes were determined according to Equation (2):

Jp =
∆V

Am × ∆t
(2)

where Jp is the volumetric permeate flux; ∆V is the volume (m3) of permeate collected
during an interval of time ∆t (s), and Am is the total membrane area (m2).

The separation factor, α, is defined as [21]:

α =
Smicrosolute

Smacrosolute
(3)

where Smicrosolute is the sieving coefficient for the microsolute (lactose), and Smacrosolute is the
sieving coefficient for the macrosolute (protein). Si, the sieving coefficient for a component
i, is given by: Si = cp/cr, in which cr is the concentration of a solute in the bulk retentate,
and cp, the concentration of the solute in the bulk permeate.

Based on the results obtained in this first set of experiments, the best membrane in
terms of productivity and the separation of protein and lactose fractions was selected to
carry out NF experiments.

2.2.2. Nanofiltration Experiments

Nanofiltration experiments were realized with the mixture of permeates resulting from
the UF (PUF+PDFU1+PDFU2+PDFU3) experiments (Figure 1). Permeates were mixed,
homogenized and subjected to NF. NF experiments were performed with membrane NFT50
(NF), commercialized by Alfa Laval, Navskov, Denmark. These membranes have an active
layer made of polyamide semi-aromatic (polipiperazine). The preconcentration of the feed
was carried out until a VCF of about 2.0, at a transmembrane pressure of 2 MPa, a feed
circulation velocity of 0.94 ms−1 and a membrane area of 0.072 m2. The diafiltration of the
final retentates of NF was performed in three stages by adding a volume of deionized water
equal to that of the retentate in the tank, and, afterwards, the concentration process pro-
ceeded until an identical volume of permeate was collected. The experimental conditions
used in this process were the same as those used for preconcentration by NF.

The performance of the process of concentration by NF, in dilution mode, followed
by the diafiltration of the retentates obtained, was determined in terms of permeate fluxes
(productivity), Jp; efficiency of the removal of salts, µremoval ; and the evaluation of the
quality of the final permeate for possible further application in cheese dairy plants.

The efficiency of removal of a certain solute is given by:

µremoval =
cri − cr f

cri
× 100 (4)

where cri is the concentration of a solute in a retentate i, before a stage of diafiltration, and
crf is its concentration in the retentate after that stage.

2.3. Cleaning and Disinfection Cycle

After the permeation experiments, samples were removed from the installation, and
three flushes were carried out with water to ensure that no residues were present. The
cleaning and disinfection cycle realized and the operating recommended conditions of
the manufacturer for the membranes in this study are shown in Table 1. The cleaning
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procedure included four steps, in each one a different chemical was added, performed
under recirculating conditions, which means that both permeate and retentate were recy-
cled to the feed/retentate tank. A transmembrane pressure of 0.1 MPa, a feed circulation
velocity of 0.92 ms−1 and a temperature of 25 ◦C were used during this operation. For
NF membranes, a transmembrane pressure of 1 MPa was applied, maintaining the same
values of feed circulation and temperature. Between each two cleaning solutions, water
was permeated to remove the previous reagent, checking if the pH was already restored.
After cleaning, a final disinfection step was carried out, as presented in Table 1, using the
same transmembrane pressure, feed circulation velocity and temperature.

2.4. Physicochemical Characterization of the Samples

The samples (feed, retentates and permeates) were analyzed for: pH (by potentiome-
try); lactose, by determination of reducing sugars [22]; total solids, by gravimetry [23]; total
nitrogen, by the Kjeldahl reference method; crude protein, obtained from total nitrogen
multiplied by the factor 6.38 [24] and adapted for cheese whey; the fat content, determined
by infrared spectroscopy using the equipment Milkoscan134B, previously calibrated for
cheese whey with the standard method of Rose-Gottlied for milk and dairy products;
sodium and potassium, by emission flame photometry, according to the procedure de-
scribed in [25]; calcium and magnesium by atomic absorption spectrophotometry with
air–acetylene flame [25]; chloride, by volumetric precipitation, according to the method of
Charpentier-Volhard [26]; and phosphates, by the spectrophotometric method of ammo-
nium molybdate [27].

3. Results and Discussion
3.1. Physicochemical Characterization of Raw and Pretreated Goat Cheese Whey

The average composition of raw and pretreated goat cheese whey is shown in Table 2.

Table 2. Average composition (mean ± standard deviation) of raw goat cheese whey and pretreated goat cheese whey a.

Parameters Raw Goat Cheese Whey Pretreated Goat Cheese Whey (FUF)

pH (25 ◦C) 5.68 ± 0.72 5.90 ± 0.79
Total solids (% w/w) 9.24 ± 0.50 8.68 ± 0.47

Lactose (%w/w) 5.11 ± 0.33 5.12 ± 0.21
Lipids (% w/w) 1.06 ± 0.19 0.44 ± 0.09

Nkjeldahl (% w/w) 0.082 ± 0.005 0.078 ± 0.006
Crude protein (% w/w) 0.53 ± 0.03 0.50 ± 0.04

Ash (% w/w) 2.13 ± 0.03 1.81 ± 0.11
Cl (mg L−1) 9553 ± 217 8984 ± 336
P (mg L−1) 501 ± 98 392 ± 31

Ca (mg L−1) 171 ± 0.5 161 ± 0.3
Mg (mg L−1) 92.0 ± 0.3 74.4 ± 0.3
K (mg L−1) 1875 ± 3.4 1632 ± 7.6

Na (mg L−1) 6574 ± 235 5730 ± 186
a n (number of samples) = 6.

The goat cheese whey used in this study is classified as a sweet cheese whey because
its pH is around 6.0 and is produced from milk coagulated by the enzymatic hydrolysis of
casein through chymosin action, at a pH not lower than 5.6 [28]. Apart from water (around
90.8% w/w), the main components are lactose, followed by minerals, lipids and nitrogen
compounds. Lactose, lipids, and nitrogen compounds are, in order of importance, primarily
responsible for the high organic loading of these co-products, which are translated into
high levels of COD and BOD, as stated in Section 1.

The pretreatment realized (filtration, centrifugation, pasteurization) allowed for a
removal of about 58% of lipids, 5% of nitrogen compounds and 15% of ash, leading to a
decrease of 6% of the total solids. These results suggest that a part of the organic matter
present in the raw goat cheese whey, mainly related to its lipid content, was quickly
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removed during the pretreatment. This co-product, rich in lipids, after pasteurization, may
eventually be reused in cheese dairies, added to milk cream to increase the yield of the
manufacture process of goat butter and/or other types of spreads, and will be the subject
of further study. However, lactose, most of the nitrogen fraction and around 42% of fat is
still present in the pretreated goat cheese whey, thus contributing to its high content of
organic matter.

Regarding the mineral composition, the most salient aspect is the very high concentra-
tions of chloride and sodium, which are in contrast with goat milk, where the dominant
minerals are potassium, chloride, calcium and phosphate [4]. This resulted from the
addition of sodium chloride to the cheese milk, during the manufacture of goat cheese.

3.2. Permeation Experiments

3.2.1. Characteristics of Membranes

Before permeation experiments, the hydraulic permeability of membranes to pure wa-
ter was determined (Table 3), according to the procedure described in Section 2.2. In Table 3
is displayed the hydraulic permeability of membranes, the intrinsic permeability and the
MWCO of membranes, furnished by the supplier and determined, for NF membranes,
according to the procedure described elsewhere [16].

Table 3. Hydraulic permeability of membranes (±95% confidence interval), intrinsic permeability and MWCO
of membranes.

Membrane
Hydraulic Permeability to Pure Water (Lp/µ)

(ms−1Pa−1) Intrinsic Permeability Lp(m) (1) MWCO
kDa

RC70PP (UF) 1.73 × 10−10 ± 2.83 × 10−11 1.54 × 10−13 10
ETNA01PP (UF) 4.85 × 10−11 ± 3.84 × 10−13 4.32 × 10−14 1

NFT50 (NF) 1.48 × 10−11 ± 4.56 × 10−13 1.32 × 10−14 0.13 (2)

(1) The dynamic viscosity of pure water, at a temperature of 25 ◦C, used to calculate the intrinsic permeability of membranes, was
8.91 × 10−4 Pa·s; (2) In accord with [16], for the same set of membranes.

3.2.2. Performance of Ultrafiltration Experiments

• Permeate fluxes

The evolution of permeate fluxes along the process of concentration by UF, followed
by dilution in UF mode with three stages for both types of membranes (RC70PP and
ETNA01PP), is displayed in Figures 2 and 3, respectively. The horizontal line, in both
figures, represents the water fluxes at the transmembrane pressure of 0.2 MPa, at which
permeation experiments were carried out. As can be observed, until a VCF of about 2.5,
the permeate fluxes obtained with samples and with water are close, which indicates
that, in the experimental conditions used, fouling is negligible for both membranes. More
experiments will be realized in the future on the highest VCFs to study flux behavior when
protein concentration is increased. The effect of MWCO, and the corresponding mean pore
radius, is evident, because permeate fluxes obtained with membranes of 1 kDa were around
50% of those produced with membranes of 10 kDa. Therefore, the use of membranes with
higher MWCO allowed for higher permeate fluxes, as expected, probably because both
membranes are made from hydrophilic materials, which are less susceptible to fouling by
proteins, the component most responsible for this phenomena in the UF of cheese whey.
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Figure 2. Variation of average permeate fluxes (±standard deviation) with time, during the process of UF/DF, obtained
with membranes RC70PP (n = 3 experiments), at a transmembrane pressure of 0.2 MPa.
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Figure 3. Variation of permeate fluxes (±standard deviation) with time, during the process of UF/DF, obtained with
membranes ETNA01PP (n = 3 experiments), at a transmembrane pressure of 0.2 MPa.

In the case of UF experiments with the membrane RC70PP, at the very beginning,
a decline in permeate fluxes was observed, probably due to polarization-concentration
phenomena, which is more important when permeate fluxes are higher, due to the rapid
accumulation of retained compounds near the membrane surface. However, after that, an
average constant flux of about 1.73× 10−5 ms−1 was reached. With membranes ETNA01PP
(Figure 3), the initial decline in permeate fluxes was much less pronounced, because the
lower average permeate flux, around 1.05× 10−5 ms−1, minimized the effect of the intensity
of concentration-polarization phenomena [29].
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Relative to the DF process carried out in three stages, we can observe in Figure 2
that the intensity of average permeate fluxes along the dilution processes were slightly
higher than those observed during preconcentration by UF, because are the lower species,
such lactose and minerals that are preferentially permeating UF membranes. During each
stage, permeate fluxes were kept almost constant. The range of permeate fluxes during the
dilution process realized with membranes RC70PP was between 1.79 × 10−5 ms−1 for DF1
and 2.00 × 10−5 ms−1 at the third stage (DF3). The same was true for the dilution process
performed with membranes ETNA01PP (Figure 3), the permeate fluxes ranging from
1.08 × 10−5 ms−1 (DF1) up to 1.17 × 10−5 ms−1 (DF3). These results show that permeate
fluxes, during the dilution processes, were not affected by the permeation of the lower
species across UF membranes.

• Analysis of separation factors

The concentrations of lactose and protein in retentates and permeates, as well as the
corresponding separation factors between these two components, along UF/DF processes,
are shown in Tables 4 and 5 for membranes RC70PP and ETNA01PP, respectively.

Table 4. Separation factors (1) (α) between lactose and protein, along with UF/DF processes for membrane RC70PP.

Processes Cp (Lac) (% w/w) Cr (Lac) (% w/w) Cp (prot) (% w/w) Cr (prot) (% w/w) α

UF 5.27 ± 0.68 5.31 ± 0.21 0.14 ± 0.06 0.84 ± 0.04 6.0 ± 0.4
DF1 3.42 ± 0.25 3.53 ± 0.26 0.06 ± 0.04 0.89 ± 0.16 14.4 ± 0.6
DF2 2.08 ± 0.37 2.24 ± 0.42 0.06 ± 0.05 0.93 ± 0.04 14.4 ± 0.5
DF3 1.26 ± 0.33 1.52 ± 0.45 0.10 ± 0.02 1.26 ± 0.11 10.4 ± 0.4

(1) α was determined at a transmembrane pressure of 0.2 MPa, feed circulation velocity of 0.92 ms−1 and temperature of 25 ◦C.

Table 5. Separation factors (1) (α) between lactose and protein, along with UF/DF processes for membrane ETNA01PP.

Processes Cp (Lac) (% w/w) Cr (Lac) (% w/w) Cp (prot) (% w/w) Cr (prot) (% w/w) α

UF 5.08 ± 0.13 5.91 ± 0.08 0.09 ± 0.03 1.05 ± 0.05 10.0 ± 0.1
DF1 3.20 ± 0.11 3.83 ± 0.01 0.11 ± 0.02 1.10 ± 0.04 8.4 ± 0.2
DF2 2.26 ± 0.01 2.77 ± 0.07 0.10 ± 0.02 1.08 ± 0.05 8.8 ± 0.3
DF3 1.52 ± 0.07 2.11 ± 0.07 0.09 ± 0.01 1.08 ± 0.05 8.6 ± 0.2

(1) α was determined at a transmembrane pressure of 0.2 MPa, feed circulation velocity of 0.92 ms−1 and temperature of 25 ◦C.

The observation of the data displayed in Table 4 allows the conclusion that the use of
dilution in ultrafiltration mode for UF retentates led to a large increase in the separation
factor between lactose and protein, from 6 to 14, right after the first stage of dilution. This
is mainly due to the permeation of lactose into permeate streams, as can be confirmed by
the decrease in its concentration in UF retentates. However, after the first stage (DF1), the
separation factor between those components remained or even declined. Therefore, since
dilution mode involves water consumption, which should be minimized for economic
and environmental reasons, the use of a second and third stage in dilution mode will be
dependent on the desired purification of the final protein fraction.

For preconcentration by UF, the membranes of lower MWCO (1 kDa) led to a better
separation between lactose and protein, because α is around 10 and, for the other mem-
branes, it is 6 (Table 5). This is likely due to the greater accumulation of the protein fraction
in retentates and, consequently, the lower loss of protein into the permeates, probably
the lower-molecular-weight whey proteins, such as glycomacropeptide (GMP), with a
molecular weight of 6.80 kDa, and bioactive peptides, as described elsewhere [9]. However,
unlike what was observed with membranes of 10 kDa, during the dilution process in
three stages, the separation factor decreased to about 9 and was kept constant until the
end of this process. This may be due to the higher accumulation of the protein fraction in
retentates that may have hampered the removal of lactose into the permeate stream, leaving
it retained within the protein fraction, which can be confirmed by its higher concentration
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in retentates. Therefore, relative to the separation factor, despite the fact that membranes
of lower MWCO allowed, in a single UF operation, the obtention of a better separation
between protein and lactose fractions, the final decision as to which of the membranes
should be selected will depend on the intended application of protein retentates.

3.2.3. Performance of Nanofiltration Experiments

• Variation of permeate fluxes with VCF

Nanofiltration experiments were carried out with the permeates resulting from the
UF/DF of membranes with the higher MWCO because their separation between the protein
and lactose fractions was better. During the process of dilution in the nanofiltration mode
of UF permeates, it was observed a sharp decline in the average permeate flux of about 45%,
ranging from 1.59 × 10−5 ms−1 (57.24 Lh−1m−2) to 8.33 × 10−6 ms−1 (29.99 Lh−1m−2),
and until the VCF of 2.34 was attained. A similar pattern was observed during the DF of
the NF retentates performed in three stages. Permeate fluxes were only slightly higher than
those measured during the preconcentration process by NF, ranging from 1.74 × 10−5 to
8.72 × 10−6 ms−1, and the decline of permeate fluxes varied from 39 to 47%. This behavior
is explained by the fact that UF permeates are mainly composed of the smaller solutes of
cheese whey, like lactose and minerals, especially sodium, chloride and potassium, that
mostly contribute to its higher osmotic pressure [11], leading to a decrease in effective
membrane pressure and thus, to the decrease of permeate fluxes. One possibility to
overcome this disadvantage will be the reduction of the amount of sodium chloride added
to the milk and curd during the manufacturing process, which will also be beneficial for
human health. Another factor that can also contribute to the decrease in NF productivity
is the possible formation of insoluble salts of calcium or magnesium phosphates near the
membrane surface due to their high retention by NF membranes.

• Physicochemical characterization of NF and DF/NF samples and removal efficiency

Table 6 shows the physicochemical characterization of the following samples (Figure 1):
final UF permeate, which is the feed for nanofiltration; CNF, the concentrate of nanofil-
tration; PNF, the permeate of nanofiltration; CDNF3, the concentrates of 3rd stage of
diafiltration; and PDNF3, the corresponding permeates.

Table 6. Physicochemical characterization of NF and DF/NF samples.

Parameters Feed CNF PNF CDNF3 PDNF3

pH (25 ◦C) 6.28 ± 0.02 6.27 ± 0.01 6.20 ± 0.30 6.33 ± 0.05 5.99 ± 0.09
Total solids (%w/w) 6.93 ± 0.39 12.49 ± 0.04 1.68 ± 0.79 12.74 ± 0.87 1.16 ± 0.04

Lactose (%w/w) 4.67 ± 0.10 9.49 ± 0.46 n.d. (1) 10.01 ± 0.14 n.d.
Lipids (%w/w) 0.043 ± 0.01 0.057 ± 0.02 0.046 ± 0.05 0.070 ± 0.01 0.061 ± 0.02

NKjeldahl (%w/w) 0.023 ± 0.003 0.034 ± 0.004 0.021 ± 0.007 0.042 ± 0.002 0.010 ± 0.002
Crude protein (%w/w) 0.15 ± 0.02 0.22 ± 0.02 0.13 ± 0.03 0.27 ± 0.05 0.05 ± 0.02

Ash (%w/w) 1.29 ± 0.21 2.23 ± 0.25 1.59 ± 0.72 0.89 ± 0.04 0.25 ± 0.02
Cl (mg L−1) 9351.3 ± 961.1 12,338.1 ± 1760.0 12,835.8 ± 754.3 2702.3 ± 497.8 2015.0 ± 249.7
P (mg L−1) 203.23 ± 26.32 215.33 ± 16.82 n.d. 209.93 ± 24.25 n.d.

Ca (mg L−1) 112.80 ± 0.18 163.20 ± 0.51 n.d. 168.40 ± 0.35 n.d.
Mg (mg L−1) 87.20 ± 0.17 128.00 ± 0.38 n.d. 146.60 ± 0.44 n.d.
K (mg L−1) 163.20 ± 0.18 138.89 ± 0.25 126.74 ± 0.14 78.13 ± 0.12 53.82 ± 0.11

Na (mg L−1) 5447.89 ± 234.13 4240.64 ± 265.12 4200.40 ± 186.71 1946.88 ± 256.21 699.40 ± 38.24

(1) Not detectable.

In Table 6, it can be observed that the main components of the feed of the DF/NF
process (mixture of all the permeates from ultrafiltration) are, apart from water, lactose
and minerals, nitrogen compounds at the lowest concentration (0.023% w/w). During the
previous ultrafiltration, most nitrogen compounds were retained by UF membranes, in
accord with the sieving coefficient of about 8% (Table 4), which corresponds to a membrane
rejection around 92%.
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Lipids and nitrogen compounds were preferentially retained by NF membranes,
probably through steric hindrance and non-electrostatic membrane–solute interactions, the
main mechanisms responsible for the retention of uncharged molecules in nanofiltration
membranes [30,31].

Relative to minerals, chloride and sodium are predominant due to their preferential
permeation through UF membranes, as expected when negligible fouling problems occur.
The distribution of ions between retentates and permeates in nanofiltration can result both
from steric hindrance and electrostatic interactions between ions and surface charge, based
on the Donnan exclusion mechanism [31]. Since NF membranes used in this work have an
isoelectric point, pHi = 4.2, this means that, at the pH of our samples, they carried a negative
charge [30]. Then, the counter-ions, especially calcium and magnesium due to their higher
density charge, were adsorbed at the membrane surface by electrostatic interactions, and
the co-ions, such as chloride, were mainly repulsed by the membrane surface to satisfy
the electroneutrality condition. The chloride ion even had a negative rejection during the
concentration process by NF, probably because of its higher density charge.

In NF/DF stages, the concentration of monovalent ions clearly decreased due to their
removal into the permeate streams. The removal efficiencies of salts were calculated based
on their concentrations in CNF and CDNF3 (Table 6) and using Equation (4). Calcium
and magnesium were preferentially retained (with negative removals); phosphates were
slightly removed (circa 2.5%); potassium, sodium and chloride had removal efficiencies
of 44%, 54% and 78%, respectively, after the three-stage DF process. It is possible that the
high retention of calcium and magnesium contributed to a small reduction in the surface
charge of the membrane, and therefore, to a lower removal of the chloride anion present in
the retentates.

The predominant components of NF permeate are water, chloride and sodium, and
thus, they can be used in cheese dairy plants as washing waters for cheese or during
cheese processing.

4. Conclusions

The fractionation of goat cheese whey using the sequential membrane processes
proposed in this study allowed a good separation between protein and lactose fractions
through ultrafiltration followed by diafiltration. The recovery of lactose by the nanofiltra-
tion of permeates contributes to minimizing the environmental impact of this co-product
of goat cheese manufacture and, at the same time, allows for possible applications of the
separated fractions.
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Abstract: In recent years, technology for the fabrication of mixed-matrix membranes has received

significant research interest due to the widespread use of mixed-matrix membranes (MMMs) for

various separation processes, as well as biomedical applications. MMMs possess a wide range of

properties, including selectivity, good permeability of desired liquid or gas, antifouling behavior,

and desired mechanical strength, which makes them preferable for research nowadays. However,

these properties of MMMs are due to their tailored and designed structure, which is possible due to a

fabrication process with controlled fabrication parameters and a choice of appropriate materials, such

as a polymer matrix with dispersed nanoparticulates based on a typical application. Therefore, several

conventional fabrication methods such as a phase-inversion process, interfacial polymerization, co-

casting, coating, electrospinning, etc., have been implemented for MMM preparation, and there is a

drive for continuous modification of advanced, easy, and economic MMM fabrication technology for

industrial-, small-, and bulk-scale production. This review focuses on different MMM fabrication

processes and the importance of various parameter controls and membrane efficiency, as well as

tackling membrane fouling with the use of nanomaterials in MMMs. Finally, future challenges and

outlooks are highlighted.

Keywords: membrane; mixed-matrix membranes; MMMs; fabrication; membrane fouling; nanoma-

terials; phase-inversion process; interfacial polymerization; electrospinning

1. Introduction

Membranes can be described as films that act as selective barriers between two
adjacent phases that allow the transportation of substances from one compartment to
another [1]. Membranes play a vital role in separation technology, as well as in energy
applications. Membranes are mostly polymer-based, which is adjusted by their synthesis
process for the separation of specific substances, and results in efficient cost-effective
separation technology with high performance. However, polymer-based membranes have
some limitations due to their unavoidable built-in disadvantages, such as poor chemical
and physical resilience.

Mixed-matrix membranes (MMMs) are an important class of organic–inorganic nanocom-
posite membranes with dispersed nanoparticles in polymeric films. Mixed-matrix mem-
branes are based on either classical porous fillers such as zeolites, porous silica and carbon
molecular sieves, or nonporous fillers such as graphene oxide, which has the ability to
modify the free volume of a polymer by altering the molecular packing of the polymer
chains in the membrane. The typical features of nanoparticles, such as stability, surface-
area-to-volume ratio, surface charge, etc. [2], make them excellent candidates for inclusion
in polymers for biomedical and environmental applications, including conventional water-
treatment processes [3].

In the field of functional membranes, the use of a wide range of nanoparticles and the
combination of them with other engineered novel materials gives great scope for engineer-
ing the shape and structure of the membranes with the desired performance. As a result, the
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use of mixed-matrix membranes (MMMs) is under development, in which nanoparticles
are used as the filler materials in the polymeric matrix of MMMs [4] for applications such
as water filtration, gas separation, fuel-cell application, and pervaporation [5–7]. MMMs
have been developed substantially as per their applications, and new types of applications
of MMMs also have been introduced in the past decade by incorporating inorganic nano-
materials such as metal oxides, including zinc oxide (ZnO) [8], titania (TiO2) [9], iron oxides
(Fe2O3, Fe3O4) [10], zeolite [5], silica [11], carbon nanotubes [4], graphene [12], graphene
oxide (GO) [13], and metal–organic framework (MOF) [14] as fillers in the polymer matrix.

Currently, MMMs are fabricated using a wide range of fabrication processes based on
the membrane materials and their applications. As the effective use of MMMs is increasing
due to their various attractive properties, worldwide research on MMMs has experienced
exponential growth, as indicated by the number of publications on MMMs in last 20 years
(Figure 1).

 

Figure 1. The number of publications each year since 2001 based on the keyword “Mixed matrix membrane” in the Web of
Science database (data collected on 7 October 2020).

Due to the significant roles of various fabrication processes on MMMs’ properties,
the central focus of this review is the fabrication strategy of mixed-matrix membranes for
water purification. We begin our discussion with the crucial issue of membrane fouling
and ageing and the use of nanomaterials in membrane technology to address the issue, and
then describe various fabrication strategies of MMMs, along with parameters that control
membrane fabrication.

2. Membrane Fouling and Ageing: Major Challenges for Water-Separation Membranes

In general, membrane fouling occurs when undesirable particles, macromolecules,
colloids, or salts are deposited on the surface of the membrane or inside the membrane’s
pores. Membrane fouling can be subdivided into a few categories such as inorganic fouling,
organic fouling, and colloidal/biocolloidal fouling, based on the membranes’ separation
processes and the foulants’ chemical properties [15,16].

Inorganic fouling occurs due to the higher concentration of inorganic salts, such as
sulfates, carbonates of sodium, calcium, etc., mainly when their presence in the solvents is
beyond the solubility limits and results in precipitation on the membrane surface or into
the pores of the membranes [17]. Organic fouling occurs when irreversible and strong
foulants like humic substances, proteins, and polysaccharides are deposited on membrane
surfaces [18]. In the case of surface-water, brackish-water, and seawater treatment, the main
organic foulant is natural organic matter (NOM) [19]. When the membrane fouling occurs
due to the deposition of colloids and the suspension of the nanoparticles or microparticles,
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it is known as colloidal fouling. There are three types of colloids [20,21]: organic colloids
such as natural organic matter, proteins, etc.; inorganic colloids such as SiO2, iron oxides,
and hydroxides of iron and heavy metals; and biocolloids such as viruses, bacteria, and
other types of microorganisms. Biocolloid-induced membrane fouling is also called biofoul-
ing [22], and is caused by a range of bacteria like Aeromonas, Corynebacterium, Bacillus,
Flavobacterium, Pseudomonas, and Arthrobacter, and also by fungi like Trichoderma,
Penicillium, and other eukaryote microorganisms [23]. As a result, this foulant layer affects
the permeate flux in two different ways [24,25]: first by creating an additional hydraulic
resistance that results in low water flux and membrane permeability at a fixed applied
pressure, which can be overcome by applying higher pressure; and also by the formation
of a porous cake layer inside the unstirred cake layer, resulting in a higher concentration
polarization, which leads to higher solute concentration on the membrane surface, as well
as an increase in the osmotic pressure of the membrane surface and a decrease in the
membrane flux.

Thus, it is widely recognized that the adherence of organic compounds and biocolloids
to the surface of the membrane is the key parameter for the fouling of the membrane, and
this adherence ability of the foulants is influenced by hydrogen bonding, London–van
der Waals attractions, and hydrophobic and electrostatic interactions [18,26]. From the
above discussion, it is evident that the inhibition or minimization of the fouling process
might be possible by preventing the adhesion interactions between the membrane and
the foulant. This could be possible through the development of MMMs with appropriate
physiochemical properties, which could combine an efficient separation process with lower
membrane fouling.

Additionally, various hydraulic cleaning procedures have been introduced for revers-
ing or reducing membrane fouling [27]. Membrane backwashing with clean water is a
common practice for foulant removal. After repeated filtration and backwash cycles, some
materials are adsorbed on the membrane surface and need to be washed by a cleaning agent
like hypochlorite for ultrafiltration membranes, as they cannot be removed otherwise [27].
Long-term exposure to foulants and cleaning agents has been reported to irreversibly
change the performance and characteristics of membranes; these irreversible changes are
defined as membrane ageing [28]. The characteristics of membranes are mainly chemical
composition, pore size, etc.; and membrane performance factors are fouling rate, clean
membrane resistance, etc. The main limitation is that complete full-scale ageing studies
need many years of observation and cannot be controlled rigorously [29].

2.1. Effect of Membrane Surface Properties on Fouling and Ageing

The interactions between a membrane and foulants are determined by the membrane’s
surface properties such as hydrophobicity or hydrophilicity, surface charge, and surface
roughness [30,31].

2.1.1. Hydrophilicity and Hydrophobicity of Membrane Surfaces

Usually, a membrane’s hydrophilicity or hydrophobicity is evaluated with a wettability
study using contact-angle measurement [32]. The commercial membranes are mostly
fabricated from hydrophobic polymers with high thermal, chemical, and mechanical
stability, including polysulfone (PSF), polyethersulfone (PES), polyvinylidenefluoride
(PVDF), polyacrylonitrile (PAN), polypropylene (PP), polyethylene (PE), and polyamide
(PA) [1]. These polymers exhibit a high contact angle, which leads to the adsorption
of different solutes from the feed. It is established that a higher mass per unit area of
hydrophobic solute is adsorbed by membranes with high contact angles than that by the
membranes with a lower contact angle [33]. On the other hand, hydrophilic membranes
attract fewer charged inorganic particles, microorganisms, and organic substances, and
result in less fouling [34,35].
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2.1.2. Surface Charge

In the case of charged foulants, membrane fouling can be controlled by the electrostatic
charge of membranes. Membranes possessing the same charge as that of the foulants will
reduce membrane fouling due to electrostatic repulsion occurring between the foulant
and the membrane, which prevents foulant deposition on the membrane (Figure 2) [36,37].
Therefore, fouling can be reduced by incorporating ionizable functional groups on the
surface of the membrane. For example, in protein filtration, when the protein is negatively
charged at neutral pH, a negatively charged membrane surface could be a better choice [1].
Similarly, for organic compounds with a positive charge, the positively charged membrane
surface is the solution for low membrane fouling [38]. So, low-fouling membranes could be
fabricated and developed by considering the potential foulant’s charge on the membrane
surface and inside the membrane pores from feed streams.

 

Figure 2. Schematic representation of various antifouling mechanisms with composite membranes: (a) thin layer of bounded
water, (b) electrostatic repulsion, and (c) steric repulsion (adapted with permission from [39]).

2.1.3. Surface Roughness

Membrane fouling and surface roughness are strongly related to each other in nanofil-
tration (NF) and reverse osmosis (RO) membranes. Smooth and hydrophilic cellulose
acetate (CA) RO membranes have less tendency toward colloidal fouling than hydrophobic
and rough PA membranes [38]. Table 1 shows the relationship between surface roughness
and relative fluxes for filtration of a sodium chloride solution containing silica particles
with commercial NF (Osmonics HL, Dow-FilmTec NF-70) and RO (Trisep X-20, Hydra-
nautics LFC-1) membranes. From the tabulated data of their flux and surface-roughness
values, it is clearly visible that the flux decreased with the increase of surface roughness of
the membrane during the filtration process. The increase in membrane surface roughness
also led to an increase in the total surface area, resulting in more foulant attachment on
the surface, and a ridge–valley structure also favoring the accumulation of foulants at the
membrane surface. Using atomic force microscopy (AFM), Vrijenhoek et al. [40] showed
that colloidal particles mostly accumulate in between the valleys of rough membrane
surfaces, which results in valley clogging and causes lower flux and permeability than the
membranes with smooth surfaces.
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Table 1. Correlation between the surface roughness of commercial RO/NF membranes and their
relative fluxes for the filtration of a 0.05 M NaCl solution containing 200 mg/L silica particles
(0.10 µm); pH = 6.8. Flux-decline values determined for 10 L of permeate volume filtered *.

Membrane Type Flux Decline, J/J◦, %
Average

Roughness, nm
RMS Roughness, nm

Osmonics HL 13.9 10.1 12.8
Trisep X-20 38.3 33.4 41.6
Dow NF-70 46.9 43.3 56.5

HydranauticLFC-1 49.3 52.0 67.4
* Adapted with permission from [40].

Considering all the above points, it is clear that the top membrane layer is the key area
to control the fouling process, so the main goal could be the surface modification of the
membrane to develop a low-fouling composite membrane by introducing polymer brushes
and charged groups on the membrane’s surface, as well as hydrophilization and creating
smooth surfaces, which would minimize the undesirable interactions between the foulants
and the membrane surface for low or zero fouling of the membrane.

3. Mixed-Matrix Membrane Materials
3.1. Polymers

3.1.1. Glassy and Rubbery Polymers

In water-treatment processes, various polymers have been used in MMMs; some
polymers employed are rubbery (e.g., polyethylene oxide) [41], but most are glassy (e.g.,
aromatic polyamides, cellulose acetate, and polysulfone). Classifying membranes for water-
treatment processes as rubbery or glassy can be complex, since they are operated under
hydrated conditions and can absorb substantial amounts of water (i.e., ~10–50 vol% wa-
ter) [42–44].

Recently, ion and water transport in glassy hydrated polymers has been reported, and
has become a topic of interest in the membrane field [45–49]. Xie et al. measured water and
salt transport in a disulfonated poly (arylene ether sulfone) copolymer (i.e., BPS-32) [45].
BPS-32 was synthesized in the potassium counter-ion form (K) and acidified to the acid
form (H), either in solid state or in solution, and subjected to various ion-exchange steps
and thermal treatments. Due to its relatively high Tg (278 ◦C), the membrane remained
glassy upon hydration, and therefore its processing history had a profound impact on its
water and salt transport properties.

More recently, Chang et al. prepared two chemically similar copolymers, rubbery 2-
hydroxyethyl acrylate-co-ethyl acrylate (HEA-co-EA) and glassy 2-hydroxyethyl methacrylate-
co-methyl methacrylate (HEMA-co-MMA), to probe the impact of polymer backbone dy-
namics on ion and water transport properties [48,49]. Both had similar and relatively low
water contents (~8% by mass). However, the rubbery membrane had salt permeability
coefficients roughly 2–3 times higher than those of the glassy membrane. In a later study,
Chang et al. reported water dynamics and tortuosity in the same membranes over several
length scales [49]. Using pulsed-field gradient nuclear magnetic resonance (PFG nmR),
they measured water diffusivity as a function of diffusion encoding time. The longer the
diffusion encoding time, the greater the length scale over which diffusion was measured.
Water-diffusion coefficients decreased with increasing encoding time, plateauing at long
times as water-molecule diffusion became increasingly hindered by the polymer segmental
obstructions on longer length scales. The long-duration plateau value of water diffusiv-
ity was regarded as equivalent to the value observed in measurements of bulk-transport
properties [49]. Salt solubility and diffusivity were measured via equilibrium and kinetic
desorption techniques, respectively. Equilibrium water solubility was also measured. Using
the solution-diffusion model, water and salt permeabilities were calculated from these data.
Water and salt diffusivity and permeability were lower in the glassy polymer than in the
rubbery polymer. However, water/salt selectivity was enhanced in the glassy membranes,
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corroborating the enhanced size sieving observed in their earlier study [48]. This result
was mainly attributed to enhanced diffusivity selectivity in the glassy polymer, since salt
solubility was similar in both polymers.

3.1.2. Modification of Polymers
Chemical Cross-Linking

In many cases, membrane materials have reactive functional groups that can be linked
through covalent bonds by applying a suitable cross-linker, which gives a remarkable
scope of membrane fabrication using the chemical cross-linking process and for modifying
polymers [50–59]. This chemical cross-linking method is used for a membrane’s mechanical
strength enhancement or swelling reduction, as well as the increase of a specific solutes’ se-
lectivity with better solvent permeability depending on the applications [60–62]. The cross-
linking medium, the cross-linker’s concentration and molecular structure, and the reaction
time/temperature mainly influence the cross-linking degree, as well as the charge density,
which can be confirmed by Fourier transform infrared spectroscopy (FTIR) [50,58,63]. A
polyvinyl chloride (PVC) membrane has been cross-linked with an activated-carbon loaded
4,4′-oxidianiline to prepare the MMM for separation technology [60].

Chemical Grafting

Chemical grafting on a membrane surface can be performed by growing or grafting
another polymer onto the surface. The hydrophilicity, selectivity, and antifouling property
improve due to the grafted polymer. There are a few approaches to produce the active sites
that can prompt the commencement of the graft polymerization; for example, plasma, UV,
and ion-beam irradiation [64–66].

UV photo-grafting is performed on a polyimide membrane’s active surface to modify
it so it is suitable for wastewater-treatment applications. The outer active surface of a
polysulfone UF hollow-fiber membrane was reported to be achieved by UV grafting, in
which sodium p-styrene sulfonate (monomer), N,N′-methylene bis acrylamide (cross-
linker), and 4-hydroxybenzophenone (photo-initiator) were used. Figure 3 shows a UV-
photo-grafting setup in which the support layers of hollow fibers are wetted by water
and immersed in a monomer solution. At that point, the fibers pass through two UV
polychromatic lamps [67].

Graft polymerization of a methacrylic acid monomer was reported to contribute
to membrane hydrophilicity and negatively charge the membrane surface, as it could
eliminate the disrupting endocrine chemicals and active pharmaceutical compounds [68].
Furthermore, the introduction of a redox reaction at the initial stage of surface grafting also
offered hydrophilicity, and the redox reaction could be achieved in aqueous media at room
temperature without any external activation [66]. Additionally, the concentration of the
monomer needed to be higher due to the slow reaction kinetics of the redox initiation [69].
Commercial polysulfone (PSF) has been grafted by poly(polyethylene glycol) methyl
ether methacrylate (PEG) side chains to improve the interfacial interaction with zeolitic
imidazolate framework-8 (ZIF-8) nanoparticles to prepare the desired MMMs [70].
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Figure 3. UV-photo-grafting setup for hollow-fiber membrane fabrication.

3.2. Nanoparticles (NPs)

Surface modifications of polymer membranes have led to various low-fouling mem-
branes, and in some cases proved feasible for commercial purposes. However, the use of
nanoparticles (NPs) in the membrane could be a better strategy for preparing low-fouling
membranes in a simpler way with a long durability. The addition of a large variety of
nanoparticles into the polymeric membrane has been extensively explored, leading to
mitigation of membrane fouling with longer durability and high permeate flux [71,72]. The
successful development of MMMs depends strongly on the polymer matrix selection, the
inorganic filler, and the interfacial interaction between the two phases [73]. The selection of
suitable types of inorganic filler and their surface modification dictates an MMM’s overall
performance. Various surface-modification strategies have been used to maximize the inter-
facial interactions. The superior permeability and selectivity of inorganic membranes with
the processability of polymeric membranes are combined in MMMs to achieve synergistic
performance, in which the rigid, porous-type inorganic NPs provide desirable properties,
and the polymeric phase enables the ideal membrane formation, hence solving the issue of
brittleness inherently obtained in the inorganic membranes [74].

3.2.1. Metal Oxides

Amongst various metal oxide nanoparticles, titanium dioxide (TiO2) is very attrac-
tive due to features like ease of preparation, stability, and commercial availability, and
membrane fouling could be significantly reduced by introducing TiO2 into the polymer
matrix of a membrane [9]. Additionally, the hydrophilicity and the free water fraction also
increased with the deposition of TiO2 nanoparticles on the polymer membrane surface.
Studies on the effect of various sizes of TiO2 nanoparticles in a hydrophobic polyvinyli-
denefluoride (PVDF) membrane revealed that the fouling activity of the PVDF membrane
could be significantly improved using smaller nanoparticles [75,76], as this hydrophilic
modification of PVDF membranes actually decreased the adsorption and deposition of
hydrophobic organics on the membrane surface. For example, TiO2 in polyvinyl acetate
not only decreased the membrane-fouling activity, but also improved the thermal stability,
which was determined by the increase in the glass transition temperature [77].

Silica nanoparticles also showed the same trend in polyester urethane and polyether
urethane-based membranes [11]. Silica nanoparticles have shown performance enhance-
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ment of polydimethylsiloxane (PDMS) membranes in pervaporation [78], resulting in
improved selectivity of the membranes in pervaporation as the polymer chains became
more rigid, and the polymer-free volume was also decreased.

Zinc oxide (ZnO) is used as the filler material in membranes for photo-degradation of
organic pollutants and dyes in water and wastewater, and provides antibacterial proper-
ties [8]. It has also good electrochemical activity [79].

3.2.2. Magnetic Nanoparticles

Nowadays, magnetic nanoparticles are considered as potential candidates for MMMs [80].
Iron-based magnetic nanoparticles have been studied for a vast number of environmental
applications, as they also have the ability of bacterial inactivation [81,82]. Fe3O4 has been
used as filler material in mixed-matrix membranes due to its attractive features for various
applications such as oil–water separation [10], dye and magnetic-particle removal [83], etc.

3.2.3. Carbon-Based Nanoparticles

Carbon-based nanomaterials are also considered as an efficient family of filler ma-
terials for MMMs due to their improved chemical and mechanical properties and cost-
effectiveness. Among them, graphene oxide (GO) has been explored extensively as a
filler material in the polymer matrix for the fabrication of polymeric nanocomposite mem-
branes [84–87]. GO is a two-dimensional material with one-atom thickness, resulting
in ultrafast water transport across the GO nanocomposite membrane as it forms inter-
connected nanochannels [88]. The functional groups such as hydroxyl (—OH), carboxyl
(—COOH), epoxide, and C=C on the GO surface offer excellent hydrophilic, antifouling,
and antibacterial properties [12,89–91].

3.2.4. Zeolites

Mixed-matrix membranes with zeolite fillers have attracted attention due to their excel-
lent advantages, such as high permeability and improved selectivity [92]. Zeolite–MMMs
could be considered ideal for the purification industry, since they combine the properties of
a polymeric matrix and zeolite inorganic fillers [93]. Nevertheless, only a few studies have
been performed on zeolite–MMMs for water treatment; it was determined that the size of
zeolite should be designed to match the expected polyimide active film thickness, thereby
providing a preferential flow path through the nanochannels of zeolites [94,95]. Natural
zeolite can readily form a suspension to coat the membrane as a support [96]. In another
study by Damayanti and coworkers, zeolite-based membranes demonstrated excellent
performance and high efficiency for removal of micro-pollutants for laundry-wastewater
treatment [97]. Membrane performance was measured based on the flux and rejection
values. They studied the superior ability of zeolite membrane to treat laundry wastewater
as determined by turbidity measurements and phosphate removal as the two significant
parameters. More importantly, another advantage of zeolite-based nanomembranes is that
such membranes show an enhanced hydrophilicity when zeolites are used, since they are
hydrophilic in nature, which in turn contributes to the enhanced removal of pollutants from
wastewater. In addition, zeolite membranes showed improved separation performance
and antifouling properties, and the structure and surface properties of the membrane’s
thin-film layers were modified [98,99].

3.2.5. Metal–Organic Frameworks (MOFs)

Metal–organic frameworks (MOFs) are a unique family of nanoparticles used with
membranes for the enhancement of their separation performance, as well as in pervapora-
tion to recover the bioalcohols [14]. MOFs decrease the ageing of the MMMs due to their
good compatibility and interaction with the polymer matrix, which results in restrictions
of chain mobility (one of the main causes of ageing) [100]. MOFs include ZIF-8 [101–103],
HKUST-1 [103,104], and UiO-66 [100,105–107], mostly either as cast or modified [108].
MMMs with inorganic fillers or nanoparticles often have weak polymer−filler interfaces

124



Membranes 2021, 11, 557

due to the lack of compatibility between the two components, which can create an adverse
effect. MOFs containing organic functionality in their bridging ligands can potentially
interact favorably with the organic functionality in polymers. However, the organic func-
tionality does not completely eliminate this compatibility issue due to the rigid, crystalline
nature of MOFs. Therefore, strategies to improve interfacial interactions, such as chemical
and physical interactions, pre- and post-synthetic modifications to MOF ligands, chemically
functionalizing the polymer, and employing cross-linking-type reactions to tether the MOF
frameworks to the polymer, have been pursued [77–85].

Nanoparticles are also incorporated in membranes for pervaporation applications. As
an example, for ethanol dehydration, phosphotungstic acid (H3PW12O40) nanoparticles
were added in a sodium alginate/poly(vinyl pyrrolidone) polymer blend [109]. Silica
nanoparticles have shown performance enhancement of polydimethylsiloxane (PDMS)
membranes in pervaporation [78], resulting in improved selectivity of the membranes in
pervaporation as the polymer chains become more rigid, and the polymer-free volume was
also decreased.

There is a large body of work using nanoparticles and their surface modification,
leading to better properties in many fields, as the general trend of using nanoparticles
is to improve and maintain the permeability of liquids and gases and to enhance the
desired separation of the membranes. However, the mechanism behind these results was
not studied extensively. It is noteworthy that the nanoparticles in the matrix influence
the morphology and free volume of the membranes. So, the nanoparticles are used in
the membrane for their performance enhancement, and the fabrication of mixed-matrix
membranes with nanoparticles will be discussed in the following sections.

3.2.6. Loading or Addition of Nanoparticles in a Polymer Solution

MMMs are the combination of two phases: the polymer matrix and the filler material,
such as NPs. Therefore, the mixing of NPs in the polymer matrix is an important part
of MMM fabrication, as the homogeneous dispersion of NPs in polymer matrix needs
to be ensured for good-quality membrane fabrication. To obtain this, preparation of a
homogeneous solution of NPs and polymer is required, which can be done using one of
the three established processes described below.

1. NPs are added to the solvent first and stirred for a predetermined time to prepare
a well-dispersed solution, followed by the addition of a polymer in the dispersed
solution [110–127].

2. The polymer is added to the solvent first and stirred for a specific time, and then the
NPs are added to obtain the desired solution for MMM preparation [128–137].

3. The dispersed solution of NPs and the polymer solution are prepared separately in this
process, and then the nanoparticle solution is added to the polymer solution [87,138–141].

Among these methods, the first and third methods are used for better distribution
of inorganic particles because in a dilute suspension, the particles are prevented from
agglomerating by a high shear rate during stirring, while the second method is commonly
used for nanoparticle distribution in the polymer matrix [142].

4. Fabrication Processes of MMMs

Figure 4 shows the various membrane-fabrication processes that will be discussed
in this review. The improvement in functional properties brought about by forming
mixed-matrix membranes or nanocomposite membranes can be grouped in two categories:
physical mixing and in situ synthesis [143]. The physical mixing method is very convenient
to operate at a very low cost in large-scale production; as a consequence, it has been
used extensively to fabricate nanocomposite MMMs. For any inorganic nanomaterials,
the nanofillers and polymer dope typically are prepared independently and mixed using
the solution, mechanical agitation, fusion, emulsion, etc. [144,145]. Inorganic particle
deposition or direct coating onto the membrane surface could also be used to fabricate
MMMs. Nonetheless, it is difficult to control the nanoparticles’ distribution on or in the
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polymer matrix during MMM fabrication through the direct mixing method of polymers
and nanofillers. The interfacial adhesion of nanoparticles with the polymer can lead
to larger aggregates during mixing, thus noticeably diminishing the advantages of the
nano dimensions. In addition, polymer degradation upon melt compounding and phase
separation of nanoparticles from the polymer phase is sometimes detrimental. The uniform
dispersion of nanoparticles on or in the polymer matrix can be achieved by adjusting
different processing parameters like shear force, time, and temperature, etc. [146], and
the use of dispersing agents could be a promising way of obtaining a well-dispersed
membrane [147].

Figure 4. Various membrane-fabrication approaches.
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The in situ synthesis process is also used for MMM fabrication, as some compounds
like halides and sulfides can be easily and directly synthesized inside the polymer matrix.
This in situ process has three categories, which are illustrated in Figure 5 in detail.

 

−

−

Figure 5. In situ synthesis process of mixed-matrix membranes.

(a) A precursor solution of metal ions and polymer is exposed to the appropriate liquid
or gas, which results in the in situ synthesis of nanoparticles in or on the polymer
matrix with a uniform distribution [148–150]. A sol–gel method has been developed
based on this for fabricating polyimide-based MMMs, in which titanium alkoxide
solution was used as the precursor solution of TiO2 and modified by acetic acid [151].

(b) Another way is to start the synthesis with the solution of a monomer of the targeted
polymer matrix and nanoparticles [152,153], in which polymerization takes place
with the supplied desired catalyst at appropriate conditions just after the nanofillers
dispersion into the monomer solution. This method allows the in situ nanocomposite
synthesis of desired physical properties with a lower agglomeration tendency of the
filler materials in the matrix.

(c) The other synthesis process is the combination of the above two, in which the pre-
cursor of desired nanoparticles and the monomers are dissolved in an appropriate
solvent in the presence of an initiator for the in situ preparation of both the polymer
and nanoparticles [154,155]. Based on this mechanism, a polyamide-based nanocom-
posite thin-film reverse-osmosis (TFN PA RO) membrane was synthesized from the
dispersion of prepared zeolite in the trimesoyl chloride (TMC) solution [156].
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Table 2 shows a list of membranes prepared according to various fabrication pro-
cesses and their basic properties, and Table 3 compiles the merits and disadvantages of
various fabrication processes. In the next section, we will discuss the main membrane-
fabrication processes.

Table 2. Basic properties of some membranes with their fabrication process.

Membrane-Fabrication
Process System Driving Force Membrane Properties References

Phase inversion PS/PVP/MXene nanosheets
Solvent and non-solvent

interaction
(NMP vs. water)

Porosity—79.4%
Pore size—29 nm

[157]

Phase inversion Polyimide-GO

Solvent and non-solvent
interaction

(NMP vs. water) and
solvent exchange

(2-propanol)

Porosity—65.3%
Pore size—0.69 nm

Surface Zeta Potential—37.6
MV

[13]

Electrospinning PVDF Voltage difference
Porosity—88%

Electrolyte uptake—440%
Conductivity—1.88 mS cm−1

[158]

Phase inversion PVDF-PAN-SiO2

Solubility parameter
difference, solvent and
non-solvent miscibility

Conductivity—3.32 mS cm−1

Electrochemical stability—5 V
Electrolyte uptake—246.8%

Porosity—78.7%

[159]

Graft polymerization PMMA–g-PE
Grafting PMMA, results in
large uptake of electrolyte

Electrolyte uptake—350%
Electrochemical stability—5 V
Conductivity—1.3 mS cm−1

[160]

Electrospinning Polyacrylonitrile/polyurethane Voltage difference

Electrolyte uptake-776.1%
Porosity—90.81%

Conductivity—2.07 mS cm−1

Bulk resistance—1.2 Ω

[161]

Electrospinning
Poly(phthalazinone ether sulfone

ketone)
Voltage difference

Electrolyte uptake—1210%
Porosity—92%

Conductivity—3.79 mS cm−1

Bulk resistance—1.2 Ω

[158]

Electrospinning PS Voltage difference
Fiber diameter—470 ± 150 nm

Pore size—2.1 µm
[162]

Electrospinning and
dip-coating

PEI/PVDF/x-PEGDA

Voltage difference for
electrospun PEI/PVDF

membrane and coating of
x-PEGDA

Fracture Stress—12.1 MPa
Pore size—2.56 µm

Porosity—64.6%
Electrolyte uptake—235.6%

Conductivity—1.38 mS cm−1

[163]

Electrospinning PEI/PVDF Voltage difference

Fracture Stress—6.6 MPa
Pore size—3.11 µm

Porosity—83.5%
Electrolyte uptake—492.8%

Conductivity—1.03 mS cm−1

[163]

Electrospinning and
coating

PE–PI–S
Voltage difference and

coating

Porosity—60%
Electrolyte uptake—400%

Conductivity—1.34 mS cm−1
[164]

Electrospinning PVDF-HFP Voltage difference
Porosity—70%

Electrolyte uptake—247%
Conductivity—3.2 mS cm−1

[165]

Electrospinning
Trilayer

(PVDF-HFP)/PVC/(PVDF-HFP)
Voltage difference

Porosity—62%
Electrolyte uptake—230%

Conductivity—1.58 mS cm−1
[165]

Electrospinning PVDF/SiO2 Voltage difference
Porosity–85%

Electrolyte uptake—646%
Conductivity—7.47 mS cm−1

[166]
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Table 2. Cont.

Membrane-Fabrication
Process System Driving Force Membrane Properties References

Electrospinning Polyamic acid Voltage difference
Pore size—800 nm
Porosity—65.9%

Electrolyte uptake—559%
[167]

Electrospinning SiO2/nylon 6,6 Voltage difference
Porosity—77%

Electrolyte uptake—360%
Conductivity—3.8 mS cm−1

[168]

Electrospinning PVDF-HFP/PEG/PEGDMA Voltage difference
Electrolyte uptake—212%

Porosity—71%
Bulk resistance—0.94 Ω

[169]

Table 3. Merits and disadvantages of MMM fabrication processes.

MMM Fabrication Process Merits Disadvantages References

Phase inversion
• Simple process
• Economic

• Difficult to produce a
pinhole-free membrane [170–172]

Interfacial polymerization

• Produces a thin active layer with
high flux of permeation and
desired impurity rejection

• Defect-free
• Easy to scale up

• Mainly depends on the
properties of the monomer, so
appropriate monomer
selection is a crucial point

[173]

Electrospinning

• Fabricates a membrane with
high porosity, larger surface
area, and outstanding pore
interconnectivity.

• A mechanically stable
membrane can be fabricated

• Requires high voltage
• Uses a solvent
• Solubility issue for some

polymers in a
low-boiling-point solvent.

[174]

4.1. Phase Inversion Process

Phase-inversion is the most popular method to form an asymmetric polymer mem-
brane, and was first developed by Loeb Sourirajan in 1963 [175]. It offers several advantages
over other membrane-fabrication methods such as material selection flexibility and the
capability of making membranes with different pore sizes (between 1 and 10,000 nm) by
varying the process parameters, solvent, and membrane material. The phase-inversion
process is also called the phase-separation process, in which a homogeneous polymer
solution is separated into two different phases, polymer-rich and polymer-poor, leading to
two different layers of the porous structure. The mechanism of phase inversion primarily
involves controlled transformation of a polymer solution to a solid state through liquid–
liquid demixing, as shown in the ternary phase diagram of a polymer–solvent–nonsolvent
system (Figure 6). Thermally induced phase separation (TIPS) and non-solvent-induced
phase separation (NIPS) are the two approaches for the separation of a polymer solution.
In TIPS, the polymer and solvent are mixed at a high temperature followed by cooling,
which results in phase separation, whereas NIPS is a three-component process in which
a non-solvent is used with the polymer and the solvent, and the main phase change oc-
curs via the immersion of the polymer solution into the non-solvent [176]. During this
immersion, the non-solvent is absorbed by the polymer solution and the volatile solvent
is evaporated. An electrolyte membrane of PVDF and PAN polymers in which SiO2 was
used as a nanofiller has been fabricated by phase inversion for lithium-ion batteries [159].
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Figure 6. Phase diagram for the phase-inversion process.

Membrane Fabrication through Immersion Precipitation

In the immersion precipitation method, a coagulation bath and a casting knife are
used (Figure 7). The prepared homogeneous polymer solution is poured over a non-woven
supporting mat, and then the dope is spread to a pre-defined thickness by using the casting
knife. Afterward, the membrane is dipped into the bath. Before dipping in the bath,
the casted dope is exposed to an ambient environment. The membrane property can be
adjusted by controlling the temperature of the coagulant bath, as well as the exposure time
in that bath, and the condition of the ambient environment. Although mostly water is used
for the coagulant solvent, other non-solvents can also be used.

 
Figure 7. Illustration of membrane casting.

For hollow-fiber membranes [177,178], a bore fluid is required for hollow-fiber spin-
ning as an internal coagulant. The process of hollow-membrane fabrication is complicated,
as the phase separation occurs on both the inner and outer surfaces. A hollow-fiber fab-
rication process is illustrated in Figure 8. Extrusion of the bore fluid and the dope takes
place simultaneously from the spinneret, and the pumps are used to control the flow rate.
The developing fiber flows through an air gap and is finally immersed in the coagulant. A
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rotating drum is used to collect the final fiber at a constant speed, but it should be equal
to or higher than the speed of free-falling fibers to avoid the coiling of the fiber. Finally,
the solidified fiber is collected from the bath, followed by water soaking to remove the
remaining solvent. Then the membrane is dried by freeze-drying or solvent exchange to
avoid pore collapse during drying [177,178].

′

Figure 8. Spinning process of hollow-fiber membranes.

4.2. Interfacial Polymerization

Polyamide membrane development by interfacial polymerization has been recognized
as the most regularly utilized method to form superior RO-like and NF-like active layers.
Interfacial polymerization uses two exceptionally responsive monomers at the interface of
two solvents that are immiscible with each other, one of which should be organic, and other
of which should be inorganic/aqueous. There are two types of interfacial polymerization:
(1) for drug delivery applications, micro/nanocapsules or micro/nanospheres are produced
by dispersing one phase into another as tiny droplets using high-speed stirring [179]; and
(2) the common process of introducing a continuous layer on a support, leading to a thin
film [180,181].

A few types of monomers and prepolymers; for example, piperazine, N,N′-diaminopip-
erazine, and m-phenylenediamine for amine solution [182,183], and trimesoyl chloride,
sebacoyl chloride, and iso-phthaloyl chloride for acyl halides solution [181] can be utilized
for interfacial polymerization.

Mixed-matrix interfacial polymerization has been developed to insert nanoparticles
throughout the polymer layer. The purpose is to improve the membrane’s performance.
Super-hydrophilic zeolite nanoparticles are utilized to improve the water permeability with
high rejection of salts [156]. Aquaporin-based biomimetic membranes have been fabricated
with a similar process, resulting in high separation performances [184].
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4.3. Multilayer Polyelectrolyte Deposition

Polyelectrolyte is a polymer containing electrolyte(s) groups in its repeating units.
Polyelectrolyte shows charge properties when it dissociates in an aqueous solution or water.
The driving force of multi-layer polyelectrolyte deposition on the membrane surface is
the electrostatic interaction between the oppositely charged molecules. Scheme 1 shows
various polyanions and polycations used for layer-by-layer formation of a polyelectrolyte
complex multilayer (PEM). Figure 9 shows such a process, in which it is clear that the
deposition of an aqueous polyelectrolyte solution on a porous substrate in the desired
sequence could be a facile method of membrane preparation [185].

 
Scheme 1. Commonly used polyanions and polycations for the development of active–selective
layer: Top: polyanions, from left to right: poly(styrene sulfonate) (PSS) sodium salt, poly(acrylic
acid) (PAA), sulfated chitosan (S-Ch); Bottom: polycations, from left to right: poly(diallyldimethyl
ammonium chloride) (PDADMAC); chitosan(Ch); polyethylenimine (PEI).

 

Figure 9. Schematic drawing of multi-layer polyelectrolyte deposition on the outer surface of a
hollow-fiber membrane (adapted with permission from [185]).

Multi-layer polyelectrolyte deposition is easy and adaptable for membrane prepa-
ration with thinner thickness and containing specific desired layers for high selectivity
of the desired content. The function and structure of the layers can be different for spe-
cific applications based on the charge density of the polyelectrolytes and their molecular
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structures. Polyelectrolyte membranes are used in different applications such as forward
osmosis [185–187], NF [188], ion exchange [189], pervaporation [190,191], and gas separa-
tion [192,193].

Factors Affecting Multi-Layer Polyelectrolyte Deposition

The pH and ionic type of the polyelectrolyte multi-layer play a significant role in
the development of a unique film of multi-layer polyelectrolytes. In the event that both
permeable substrate and the polyelectrolyte are contrarily charged at a high pH and vice
versa, the ideal pH utilized ought to be in the middle of the iso-electric point of the substrate
and the polymer, as shown in Figure 10. Accordingly, inverse charges are conveyed by
the substrate and the electrolyte [194]. An ultraviolet/ozone (UV/O3)-cleaned permeable
alumina membrane with surface pore measurement of 0.02 µm is becoming attractive
as a substrate for polyelectrolyte layer deposition because of its positive charges [195].
Plasma-treated/hydrolyzed polyacrylonitrile and cellulose acetic acid derivatization are
negatively charged [186,187]. Furthermore, PES is also appealing as a supporting material
in spite of the fact that it is neutral. Hence, the connection of polyelectrolyte layer depends
on hydrophobic cooperation [185].

⚫
○

Figure 10. Plot of pH and zeta potential of polyelectrolyte (—) and substrate (—);ate (---); ⚫, i

○
, iso-electric

point of polyelectrolyte; and #, iso-electric point of substrate (adapted with permission from [196]).

Ionic strength of the polyelectrolyte solution can be expanded by including salts. At
high ionic strength, the electrostatic repulsion of the polymer chain diminishes with the
polymer coils becoming denser, with the deposited layer in collapsed form instead of a
flat conformation. Subsequently, it builds the thickness of the individual layer [197]. In
the climate of incredibly high salt concentration, just a limited quantity of polyelectrolyte
can be absorbed by the substrate because of the opposition to the more modest charged
particles from the salts [194]. To improve the density of the polyelectrolyte layers, cross-
linking could be utilized to enhance the layers’ stability. A cross-linking agent such as
glutaraldehyde could be utilized in those cases [186,187]. Another parameter, the charge
density of the polyelectrolytes, depends on the molecular structure and the degree of
ionization of the polar groups. The charge density of the resultant multilayers, defined
as the number of ionic groups per number of carbon atoms in the repeat unit of the
polyelectrolyte complex/multi-layer [197,198] often guides the thickness. By adsorbing
polyions from salt solutions of varying electrolyte concentrations, the layer thickness can be
controlled over a wide range. In addition, consolidation of nanoparticles, such as silver on
the active layer of a membrane, can also enhance the antifouling or antibacterial properties
of the membrane. The layered structure of a multi-layer polyelectrolyte could improve the
stability of the nanoparticles on the membrane surface [188].
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4.4. Dual-Layer Co-Extrusion/Co-Casting

Improvement of composite dual-layer membranes is appealing, as beneficial prop-
erties of at least two polymeric materials can be consolidated for different applications.
The material expense of the superior polymer can be decreased, and the polymer with
extraordinary selectivity but poor mechanical strength can be reinforced, by consolidating
them with an economical and strong polymer support layer [199,200].

Increasing uses of double-layer membranes include forward osmosis, gas separation,
and NF membranes, which are made out of a thick selective layer supported by a porous
polymer matrix [51,180,201–204]; and direct-contact membrane distillation, which requires
an additional thin hydrophobic layer for wetting prevention and another hydrophilic layer
for better water permeability [205].

Hollow-fiber [201,204] and flat-sheet [199,202] membranes are prepared by the dual-
layer co-casting method on the basis of same principles, which are the casting of two
different polymer solutions or a single-step co-extrusion. Synchronous development of
the double-layer structure should be possible by utilizing a triple-orifice spinneret for
hollow-fiber membranes, and a double-blade casting machine could be used to prepare the
flat-sheet membrane by a co-casting process (Figure 11) [201,202].

 

Figure 11. Cont.
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(c) 

Figure 11. (a) Schematic diagram of a dual-layer hollow-fiber spinning process; (b) cross section of a triple-orifice spinneret
(adapted with permission from [201]); and (c) fabrication process of a dual-layer flat-sheet membrane using a double-blade
casting machine (adapted with permission from [202]).

Complexity arises while fabricating dual-layer membranes in either a hollow-fiber or
flat-sheet configuration because of the involvement of many parameters controlling the
thermodynamic properties and the energy of the phase change. This parameter control
results in uniform cross-sectional morphology, as well as better lamination between the
two layers of the synthesized membrane. The fabrication parameters can be divided into
two categories: the chemistry of the polymer solution and the operating conditions. The
chemistry of the polymer solution relies upon the polymer concentration and type, the
solvent’s affinity to the polymer or coagulant, and the concentration and variety of non-
solvent additives (or pore formers) [201,202]. Working conditions incorporate an air gap
for hollow-fiber spinning, the evaporation time for flat-sheet casting, the composition and
temperature of the coagulant, the temperatures of the polymer solution, and the operating
temperature [177,199,201,206,207].

4.5. Dip-Coating

In a dip-coating method, the membrane surface is coated by applying a polymer or
organic materials. The polymer usually utilized as coating material should have some
extraordinary properties; for example, it could be hydrophilic and negatively charged, and
attach to the support layer easily. This group of polymers can be prepared by sulfonation;
for example, sulfonated PES (SPES) and sulfonated poly(ether ether ketone) (SPEEK). The
coating layer may upgrade the performance of the support layer; for example, by giving
it a higher strength and better separation properties. Some basic properties should be
taken into consideration while choosing the coating polymer; for example, the strength and
stability of the polymer, layer-forming capabilities, easy solubility in solvents, cost, and
cross-linking capability [208]. Three basic steps in the dip-coating process (Figure 12) are:
(1) immersing a dry membrane in a coating solution, (2) permitting the coating material to
interact with the substrate, and (3) drying the prepared membrane (Figure 12).
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Figure 12. Hollow-fiber composite membrane fabrication by the dip-coating process.

SPES has been used as the selective layer of NF hollow-fiber membranes by dip coating
due to its capacity of ion exchange (limit of 0.8 meq/g) and antifouling activities. SPES
conveys negative charges due to the presence of a sulfonic acid group in the main chain.
The significant disadvantage of this polymer is that it can swell in water easily. When the
polymer is dried, the structure of the layer becomes brittle [199]. In addition, NF hollow-
fiber membranes have been prepared using PES as the substrate, followed by the dip-
coating of SPEEK as the selective layer. The thickness of the coating layer generally relies
upon the viscosity of the coating solution, which is impacted by temperature, grouping of
the solution, and added substances. At a lower concentration, the viscosity of the solution
is low, and as a result, the coating solution will infiltrate to the substrate pores [209].

4.6. Electrospinning

Nanofibrous membranes are in high demand nowadays because of their scaffold struc-
ture, larger surface area, and interconnected porosity. Among different fabrication methods,
electrospinning is attractive in developing nanofibrous membranes because of its scalability,
simple design, and low cost [210,211]. Figure 13 shows a typical electrospinning setup.

Typically, the electrospinning system consists of a high-voltage power supply, syringe
pump, syringe, needle, and a conductive collector where the fiber is gathered to make the
membrane. Figure 13 represents a basic electrospinning system [212]. It can be classified
as vertical and horizontal system based on the ordering of the spinneret. During the
electrospinning process, the polymer solution is pumped at a suitable rate from the syringe
to make small droplets at the tip of the spinneret. The voltage is supplied in the range of
1–50 kV from the high-voltage power supply, which results in charging of the droplet by
the applied electric field, and eventually a solution jet is formed. The droplet is turned
into a cone-shaped structure (Figure 14) to aim the solution jet toward the conductive
collector. The threshold value of voltage causes the electrostatic force to overcome the
surface tension of the droplets, which leads to the formation of jet from the cone’s tip.
However, an appropriate viscosity is required for a continuous jet of solution by avoiding
the Rayleigh instability, which causes breakup into droplets [213]. This jet becomes thinner
and dries before being deposited on the collector in fiber form [214].
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(a) (b) 

Figure 13. Schematic diagram of electrospinning setup: (a) horizontal; (b) vertical (adapted with permission from [212]).

 

Figure 14. Formation of a Taylor cone with the increase of applied voltage.

In 1930, Formhals illustrated the principle of electrospinning first, though the first
patent was obtained in United States earlier (1902) [215,216]. Nevertheless, the electro-
spinning process received attention after 1990, but it was recognized globally within a
short time to prepare the polymer-based nanofibers of different diameters down to a few
nanometers. In the last decade, the number of publications on electrospinning is notable
(Figure 15).
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Figure 15. The number of publications each year since 2001 based on the keyword “Electrospinning” in the Web of Science
database (data collected on 20 October 2020).

At present, the electrospinning process is more advanced than before, which allows
a more controlled property by adjusting the process parameters. Eventually, the elec-
trospinning method will become preferable in different fields of study, such as energy
storage, separation and membrane technology, drug delivery, tissue engineering, and so
on [217–220]. There is a drive to apply the electrospinning method in large-scale appli-
cations. Fortunately, Donaldson and Freudenberg [220] have successfully implemented
electrospinning technology in making a filtration membrane.

The most interesting property of the electrospinning technique is the controllability of
the fiber diameter by monitoring the variables such as solution concentration, loading of
filler material, voltage, flow rate, temperature, and humidity [214]. A wide range of fiber
diameters, from micron-sized to a few nanometers, can be achieved. Figure 16 shows a
non-woven nanofibrous membrane of polyacrylonitrile [221].

Figure 16. Scanning electron microscopy image of an electrospun polymer: a poly(acrylonitrile)
non-woven nanofiber mat produced by electrospinning (adapted with permission from [221]).
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The electrospinning method can be applied not only to polymers, but also to met-
als [222] and ceramics [223] for formation of micro- and nanofibers. However, poly-
mers are mostly being studied, including mixed-matrix polymers containing polymer
blends [224], drugs [225], and nanoparticles [226]. Although many polymers are being
successfully electrospun into fiber, several polymer/solvent systems are very popular
because of their suitable molecular weight, volatility, and conductivity of the solvent.
This list includes polyamides [227], polyurethanes [228], polyester [229], poly(ethylene ox-
ide) [230], polystyrene [231], poly(vinyl pyrrolidone) [232], poly(methylmethacrylate) [233],
poly(vinyl alcohol) (PVA) [234], poly(lactic-co-glycolic acid) [235], polyacrylonitrile [236],
and poly(caprolactone) [237], as well as bio-polymers such as chitosan [238], collagen [239],
and gelatin [240].

In the next sections, the effect of properties of polymer solution and process parameter
on the properties of electrospun membrane will be discussed. In addition, the roles of
temperature and humidity are also mentioned.

4.6.1. Effect of Intrinsic Properties of Polymer Solutions

The properties of a polymer solution largely control the structure of the nanofiber.
Currently, a large number of studies have reported the role of solution viscosity, surface
tension, concentration, and conductivity on nanofiber fabrication [241–245]. In the next
section, the effect of these parameters will be described.

Polymer Concentration and Solution Viscosity

Several research reports showed that the structure and morphology of the electrospun
membrane largely depend on the solution viscosity and concentration [214,246–248]. Poly-
mer concentration profoundly influences the surface tension and viscosity of a solution,
which eventually controls the development of nanofibers. The low-viscosity solution re-
sults in bead-on-string fibers. On the other hand, with increasing viscosity, the shape of
beads is changed from globular to a spindle-like structure, which leads to the formation
of a uniform fiber [229,249]. However, high viscosity also increases the diameter of the
nanofiber. Therefore, it is required to optimize the threshold value to obtain a preferable
fiber structure.

Electrical Conductivity

The spinnability of a polymer largely depends on the electrical conductivity of the
dope solution, as the rheological behavior largely depends on it [250,251]. The category
of solvent and polymer and the concentration of ionizable salts determine the electrical
conductivity of the polymer solution [249]. Usually, a highly conductive solution forms a
finer fiber and a wide range of fiber-diameter distribution [217,218]. In addition, increased
electrical conductivity can help to form a stable Taylor cone that leads to producing a dense
scaffold structure [252]. The conductivity can be enhanced by adding ions in the dope
solution. Moreover, due to a higher charge density, the smaller ion can create a stronger
elongation force on the jet [217,253–255]. Electrical conductivity can also be enhanced by
adding a suitable acid with a higher dielectric constant, such as formic acid [256,257].

Surface Tension

Surface tension of the dope solution is an important parameter in tailoring the
nanofiber structure. It can be adjusted by adding surfactants [254,258–260]. Lower surface
tension forms a stable jet, and consequently, a uniform woven structure is formed. However,
a higher amount of surfactant can cause other defects, such as a clustered structure.

Solvent

Solvent plays an important role in determining the morphologies of a nanofibrous
membrane. During fabrication of a nanofiber, the solvent is continuously evaporated.
Therefore, solvents with different evaporation and solubility rates can change the final
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structure of the nanofibrous membrane [254,257]. It has been reported that a solvent with
low solubility is suitable for electrospinning. Spinnability–solubility maps were used to
select a suitable solvent for the polymer [261].

4.6.2. Effect of Electrospinning Process Parameters

The process parameters of the electrospinning technique such as flow rate, applied
voltage and collector-to-spinneret distance play important roles in determining the qual-
ity of the electrospun membrane. In the following section, the effect of electrospinning
parameters on the final product will be discussed.

Applied Voltage

The applied voltage determines the electrostatic force between the spinneret and the
collector, and the charge density in the droplets [258]. The fiber diameter decreases with
increasing voltage [252]. However, it may cause increased bead structure on the polymer
net [262].

Electrode Distance

The distance between the spinneret and the collector defines the intensity of the
electric field and the duration of the jet touching the collector. The distance should be
enough to allow sufficient time for fiber elongation [263].The fiber elongation and solvent
evaporation can be decreased by decreasing the distance, which leads to formation of a
thicker fiber [264]. However, reduced distance also helps to stabilize the solution jet [265],
while an inappropriate distance causes formation of beads [263].

Solution Mass Flow Rate

The study of the impact of flow rate on the quality of nanofibers has not been studied
extensively. However, Megelski et al. [231] noted that higher flow rates cause formation of
thick nanofiber and beads. The fiber diameter is increased because of reduction of charge
density of fiber jet [266]. A bead is formed as the unstable jet is formed by the removal of
the higher solution from the tip [267].

Ambient Environment

The effect of temperature and humidity on the electrospinning process cannot be ruled
out. A lower temperature decreases the evaporation rate of the solvent, and eventually
fiber diameter is decreased, as there is more time to be elongated before solidification. On
the other hand, at a higher temperature, the diameter of the fiber increases, as the solution
jet solidifies faster [257,268]. Moreover, the relative humidity can also have an impact on
the fiber properties. Higher humidity can form a finer membrane. On the other hand, a
lower humidity increases the fiber diameter [252,257,258,262].

Although extensive research has been done to understand the effect, there is significant
space for additional research to reach a better understanding of the possible cause of bead
formation and control of the fiber diameter. More comprehensive study is required to
control the solution properties in order to understand the effect on electrospinning.

5. Future Directions

Research on the fabrication process of mixed-matrix membranes is ongoing, as they
have been found very useful in different applications. Among all the mixed-matrix mem-
branes, nanofibrous-type MMMs are now more popular due to their properties and effi-
ciency. Among all the spinning processes, electrospinning has some great features like
high speed, capability, and low cost, resulting in a highly porous patterned nanofibrous
polymer membrane [269,270]. The electrospinning process can fabricate a membrane with
a larger specific area with smaller pores and fibers within a diameter of 10 to 1000 nm [271].
These unique properties of electrospun nanofibrous membranes make them desirable for
a wide range of applications [272], such as SiO2-incorporated electrospun SPEEK, which
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has been applied in a fuel cell [273]. Additionally, during the electrospinning process, it is
easy to perform the ordering of the polymer, as well as the chain elongation. Considering
all the mentioned characteristics of electrospinning, this process could be taken as the
latest effective technology for the production of continuous, long-chain, mixed-matrix
nanofibrous membranes using a combination of different polymers and nanomaterials for
various applications on a large scale [246].

There is an opportunity for developing new technology combining 3D printing and
electrospinning in the nanofiltration area, as has been done for biomedical applications
(Figure 17). Recently, a 3D-printed mesh reinforcement on electrospun scaffolds was
attempted, in which a poly (lactic acid) (PLA) mesh was 3D-printed into an electrospun
poly(ε-caprolactone) (PCL) gelatin directly, resulting in better mechanical properties [274].
In Figure 18, the effect of 3D printing on the electrospun scaffold structure is clearly visible.

ε

 

Figure 17. Fabrication of reinforced electrospun scaffolds. Electrospun scaffolds were produced from
a 40:60 ratio of PCL:gelatin. The scaffolds were then placed in a 3D printer, and a PLA mesh was
deposited onto one side of the scaffold. Two types of 3D-printed meshes were generated: one with a
6 mm distance between PLA struts, and the other with an 8 mm distance between struts (adapted
with permission from [274]).

So, it can be concluded that this technique offers the same matrix-like structure
with a higher mechanical strength of the electrospun membrane, and these modified and
updated 3D-printed electrospun membranes could be used in a new range of membrane
applications.

Nanocomposite materials; a combination of graphene, graphene oxides, or metal
oxides such as ZnO, TiO2, etc.; and magnetic nanoparticles, etc., could be better alternatives
as filler materials in mixed-matrix membranes for various applications such as heavy metal
removal, wastewater treatment, desalination, etc., as some previous research has shown
that these types of nanocomposite particles excellently combine the properties that they
exhibit individually [275,276]. The synthesis route of these nanocomposite particles is
simple as well, using methods such as chemical mixing, chemical precipitation, sol–gel
techniques, etc. [275–277].

141



Membranes 2021, 11, 557

 

Figure 18. SEM images of reinforced electrospun scaffolds. (A–C) SEM images of the electrospun
side of the reinforced scaffolds. The images show a uniform distribution of randomly oriented fibers.
(D–F) SEM images of the 3D-printed side of the scaffolds. The high-magnification images (F) show
that there is minimal damage to the electrospun fibers in the immediate vicinity of the 3D-printed
PLA mesh. Yellow arrows depict the 3D-printed PLA. White arrowheads depict the PCL:gelatin
scaffold (adapted with permission from [274]).

Finally, the demand from the end user based on the applications is the main driving
force for obtaining a good market value and establishing a better position in the total
global membrane market, including pharmaceutical and biomedical, water filtration and
wastewater treatment, textile and metalworking industries, chemicals and petrochemicals,
food and beverages, etc. So, the demand for such fabrication technology is also at its peak,
and a cost-effective and easier fabrication technology is desirable for bulk and industrial
production.
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Abstract: This study aimed to investigate the impact of real MBR effluent pre-ozonation on nanofil-

tration performances. Nanofiltration experiments were separately run with non-ozonated real MBR

effluent, ozonated real MBR effluent and synthetic ionic solution mimicking the ionic composition of

the real MBR effluent. The specific UV absorbance and the chemical oxygen demand were monitored

during ozonation of real effluent, and the mineralization rate was calculated through the quantitative

analysis of dissolved organic carbon. The membrane structure was characterized using SEM on virgin

and fouled membrane surfaces and after different cleaning steps. The results confirm the low effect

of the ozonation process in terms of organic carbon mineralization. However, the chemical oxygen

demand and the specific UV absorbance were decreased by 50% after ozonation, demonstrating the

efficiency of ozonation in degrading a specific part of the organic matter fraction. A benefic effect of

pre-ozonation was observed, as it limits both fouling and flux decrease. This study shows that the

partial mineralization of dissolved and colloidal organic matter by ozonation could have a positive

effect on inorganic scaling and decrease severe NF membrane fouling.

Keywords: wastewater reuse; organic matter; ozonation; nanofiltration; membrane fouling

1. Introduction

A promising solution to the challenge of water shortage is to consider urban and
industrial wastewaters no longer as wastes but more as renewable resources of water,
nutrients and energy. One of the most challenging limiting factors to wastewater reuse is
the widespread occurrence of micropollutants in different environmental compartments.
To overcome this issue, membrane processes have been demonstrated to remove well
micropollutants [1,2]. Among the numerous available membrane processes, nanofiltra-
tion is widely recognized for the compromise it offers in terms of selectivity and flux
permeability [3,4].

Nonetheless, the fouling propensity remains a very big challenge for a widespread
usage of this process [5]. In fact, the nanofiltration membranes seem particularly vulnerable
to severe fouling, which constitutes their main drawback. Their propensity to both organic
and inorganic fouling was demonstrated by numerous previous studies [6,7]. The reduction
of membrane permeability due to fouling causes a substantial increase in operational and
maintenance costs and a decrease in effluent quality and membrane lifetime.

As a solution to fouling challenges, numerous authors have investigated the impacts
of different types of pretreatment processes such as advanced oxidation. Ozonation, as
pretreatment to mitigate the fouling propensity in NF process, is one of the most promising
technologies [8–10]. Former studies have pointed out the increase in permeate flux, but
very few studies have focused on fouling dynamics in the combined process of ozona-
tion/nanofiltration [11,12]. In particular, there is a lack of data about the specific roles
of inorganic salts and organic matter during pre-ozonation of real wastewater before
nanofiltration.
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The aim of this study was to analyze the NF process applied to a real MBR secondary
effluent. Specifically, it consisted in identifying the role of organic and inorganic matters in
fouling mechanisms, monitoring the degradation rate of organic matter by an ozonation
process and investigating the impact of pre-ozonation on performances of subsequent NF
processes. In particular, the effect of the mineralization rate of organic matter on fouling
mechanisms in NF was identified.

2. Materials and Methods
2.1. Matrix Used for the Study

2.1.1. Real Secondary Effluent Matrix

An effluent from a full-scale domestic WWTP equipped with MBR, located close to
Montpellier, France, was used as real matrix. The plant was designed to treat 13,000 m3/d
of domestic wastewater. The MBR was equipped with KUBOTA Submerged Membrane
Unit (SMU RW400) (KUBOTA, London, Englandflat-sheet microporous membranes made
of chlorinated polyethylene (total surface of 16,240 m2), with an average pore size of
0.2 µm. The characteristics of the MBR permeate are presented in Table 1. SUVA254 is the
specific ultraviolet absorbance. The MBR effluent was immediately stored at nearly 4 ◦C
after sampling in order to limit the variation of the composition and re-warmed at room
temperature (20 ◦C ± 1 ◦C) before conducting the experiments.

Table 1. Characteristics of real MBR effluent (n = 5).

Parameters Unit Average Minimum Maximum

pH 7.40 7.10 7.80
Electric conductivity µS/cm 3300 2460 3940

TOC mgC/L 6.70 5.50 8.60
COD mg O2/L 19.10 13.60 23.00

Absorbance at 254 nm 0.14 0.13 0.16
SUVA254 L/mg/m 2.1 1.9 2.4

TSS mg/L 2.50 2.30 2.70

2.1.2. Synthetic Ionic Solution Matrix Composition

In order to deeply investigate the impact of organic and ionic matter on fouling
mechanisms, it was chosen to conduct experiments with matrix free of organic matter.
Therefore, a synthetic ionic solution was prepared in ultra-pure water imitating the ionic
composition of the real MBR effluent (Table 2).

Table 2. Ionic composition of real MBR effluent and synthetic ionic solution.

Parameters Unit
Real MBR

Effluent
Synthetic Ionic

Solution

Diffusion
Coefficient

k (m2/s)

Ammonium NH4
+ mg/L 1.80 2.00 0.51

Bromide Br− mg/L 1.20 0.00 1.46
Calcium Ca2+ mg/L 134.70 130.70 0.58
Chloride Cl− mg/L 602.10 640.30 1.47

Hydrogen carbonate HCO3
− mg/L 254.00 290.50 1.00

Magnesium Mg2+ mg/L 48.50 47.50 0.51
Nitrate NO3

− mg/L 9.00 7.30 1.38
Nitrite NO2

− mg/L 7.70 0.00 1.39
Orthophosphate PO4

3− mg/L 10.00 9.60 0.44
Potassium K+ mg/L 34.10 30.40 1.42
Sodium Na+ mg/L 321.90 324.10 0.96

Sulfate SO4
2− mg/L 153.70 101.40 0.78
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To prepare the solution with the aforementioned ions, different salts were used in the
following concentrations (Table 3).

Table 3. Salts used to prepare the synthetic ionic solution.

Compounds Concentration (mg/L)

NaCl 400
CaCl2, 2H2O 477
MgCl2, 6H20 400

Na2HPO4, 2H2O 18
Na2SO4 150

NaHCO3 400
KCl 60

NaNO3 10
NH4Cl 2

2.2. Nanofiltration Experiments

2.2.1. Membrane Selection and Characterization

The membrane used for this study is an NF-90 polyamide membrane from DOW
Filmtec. It is considered as a “tight” NF membrane with an estimated MWCO around
150 Da. Before experiments, each membrane was firstly soaked in ultrapure water to remove
preservative agent and then compacted at 18 bars for at least one hour or until stability
of the permeate flux was reached. Thereafter, the membranes were fully characterized in
terms of pure water permeability and sodium chloride rejection, with values corresponding
to 8.4 ± 1.0 L h−1 m−2 bar−1 and 88 ± 4%, respectively.

2.2.2. Cross-Flow Nanofiltration Unit and Experimental Protocol

The filtration experiments were carried out with 140 cm2 flat-sheet membrane samples
in an Osmonics Sepa CF II cell (Sterlitech Corp., Auburn, WA, USA). The Sepa cell was
fed by a pump Hydra-Cell, Wanner Engineering, Inc, Minneapolis, MN, USA) with the
solution from a 16 L feed vessel (Figure 1). The wastewater temperature was kept constant
(20 ± 1 ◦C) using a cryothermostat (F32, Julabo, Seelbach, Germany). The bench-scale NF
experiments were performed at a cross-flow velocity (vT) of 0.5 m s−1 with a medium
foulant spacer, 47 Mil (1.194 mm). The transmembrane pressure (TMP) was set constant
at 10 bars using a micrometric pressure control valve located on the retentate outlet. The
membrane performances were monitored throughout the filtration experiment at ~0%,
15%, 40% and 60% until reaching 80% of water recovery (or the maximum water recovery
rate reachable in case of earlier severe fouling). The flux was recorded throughout the
experiment by measuring the permeate weight every 60 s. Retentate and permeate samples
were collected for physico-chemical analysis. The volume of the collected sample for
different analyses was considered in the apparent rejection determination. Considering
that the NF system is made of stainless steel and all the tubing is in Teflon, it was assumed
that compounds (organic and inorganic matter) adsorption was exclusively occurring on
membrane material.

To evaluate the impact of organic and inorganic matters on membrane fouling mech-
anisms, three types of NF experiments were run: (1) non-ozonated real MBR effluent,
(2) synthetic ionic solution and (3) ozonated real MBR effluent.

2.2.3. Membrane Fouling Propensity Test

After each filtration experiment, the NF unit was cleaned first by ultrapure water
cleaning, then recirculating caustic soda (NaOH, 2%) for 6 h and finally recirculating acid
solution (HNO3, 2%) for 6 h. After each base and acid cleaning, the system was fully rinsed
with deionized water until a conductivity of 50 µS cm−1 and a neutral pH were reached
in the NF permeate. Membrane fouling was characterized according to the flux recovery
after effluent filtration and after different cleaning steps. Reversible fouling was estimated
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immediately after ultrapure water cleaning by comparison with water flux before the
filtration, at the beginning of the experiment. Then, the irreversible fouling was determined
using chemical cleaning. Two types of irreversible fouling were distinguished: organic
irreversible fouling evaluated by the determination of flux recovery after NaOH cleaning
and inorganic irreversible fouling (scaling) determined after acid cleaning (HCl). Flux was
measured after these cleaning steps and compared to the initial flux so as to estimate the
flux recovery proportion of each type of cleaning.

Figure 1. Experimental setup of nanofiltration bench-scale pilot. (1) Cryothermostat. (2) Mechanical
stirrer. (3) Tank isolation valve. (4) Valve for sampling. (5) Pump. (6) And. (8) Pressure sen-
sors. (7) Filtration unit. (9) Pressure control valve. (10) Conductivity meter. (11) Precision scale.
(12) Data processing.

Membrane surface morphology, for virgin and fouled membranes and after each
cleaning step, were characterized with a Scanning Electron Microscope (SEM, Hitachi Table
top Microscope S-4800) interfaced with an Energy-Dispersive X-ray (EDX) spectroscopy
system (Thermo-Fisher, Waltham, MA, USA). Membrane samples were coated with a thin
layer of gold before SEM analysis. EDX measurements were performed at different locations
on the membrane surface, in order to obtain a comprehensive elemental composition. SEM
micrographs were obtained at an accelerating voltage of 2 kV and magnification of 25,000.

2.2.4. Osmotic Pressure

The difference in osmotic pressure (∆π) between feed and permeate sides of the
membrane was calculated using Equation (1) [13]:

∆π = πfeed − πperm (1)

with π feed representing osmotic pressure in the feed side and π perm representing osmotic
pressure in permeate side.

The NF removal was high, and the ions concentrations (and consequently the induced
osmotic pressure) at permeate side were negligible compared to that of feed side.

For each ion, the osmotic pressure is given by Equation (2) [13]:

π = C · R · T (2)
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For all the identified ions, Equation (3) enables estimation of π [13]:

π = R · T
n

∑
i=1

Ci (3)

with:
R: gas constant (= 8.314 J/mol K);
T: temperature of solution (◦K);
C: concentration of ion (mol/m3);
n: number of ions in the solution.

2.2.5. Concentration Polarization

Due to concentration polarization, the osmotic pressure is not homogeneous in feed
solution. In fact, the ions concentration and the induced osmotic pressure (π) are more
important at membrane surface (πmemb) than in the bulk solution (πbulk). These values are
linked by the relation given in Equation (4) [13]:

πmemb = πbulk · e
Jp
k (4)

with:
k: diffusion coefficient (m2/s);
Jp: flux (m3/s/m2).

2.3. Bench-Scale Ozonation System Setup

Experiments were performed in a glass stirred batch reactor (Vreactor = 3 L) where the
liquid solution is maintained at room temperature (20 ◦C) using a cryothermostat (Figure 2).
The ozone was continuously produced from a lab-grade pure oxygen tank by an ozone
generator (BMT 803 N). Before diffusion in the reactor, the ozone was diluted with oxygen
at a gas flow of 60 L h−1 and introduced through a porous diffuser at the bottom of the
reactor. The gas ozone concentration ([O3]gas,in) was monitored after dehumidification
by an ozone gas analyzer (BMT 964). The impact of pre-ozonation on NF process was
investigated for 30 min reaction contact time, and the dissolved ozone dose (TOD) was
determined using indigo method [14].

Figure 2. Experimental setup of ozonation bench-scale pilot.
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The desired oxygen/ozone ratio was determined using two electro-valves connected
to the monitoring software. The ozone dissolution rate was increased in the solution us-ing
an agitator (400 rpm). The experiment consisted in applying an ozone gas concen-tration of
5 gO3/Nm3 to determine the transferred ozone dose through Equation (5).

TOD =

(

Cge − Cgs
)

∗Qg ∗ t

Vreactor
(5)

with:
TOD: transferred ozone dose (gO3/m3);
Cge: gas-phase ozone inlet concentration (g/Nm3);
Cgs: gas-phase ozone outlet concentration (g/Nm3);
Qg: gas flow (m3/h);
t: reaction time (h);
Vreactor: reactor volume (m3).
Finally, the specific ozone dose [O3]specific was calculated with Equation (6):

[O3]specific = TOD/TOC (6)

with:
TOC: total organic carbon (gC/m3)

2.4. Chemical Analysis

2.4.1. Ionic Chromatography

The concentrations of ionic compounds were determined in all samples by ionic
chromatography:

- Anionic compounds concentrations were determined with an ICS 1000 system (Thermo-
Fisher, Waltham, MA, USA) equipped with a Dionex AS19 column fed by an eluent
flow rate of 1 mL·min−1. A KOH eluent was used as mobile phase through the
following gradient: 10 mM for 10 min, then 45 mM for 20 min and 10 mM for 10 min.

- Cationic compounds concentrations were determined with an ICS 900 system (Ther-
mofisher Dionex, France) equipped with a Dionex CS12A column fed by 20 mM
methanesulfonic acid at a flow rate of 1 mL·min−1.

2.4.2. Global Indicators for Pollution Monitoring: TOC, UV254 and SUVA Analysis

The specific UV absorbance (SUVA254) corresponds to the ratio of UV absorbance at
wavelength of 254 nm, measured in a 1 cm quartz cuvette using a UV–vis spectrophotometer
(UV-2401PC, Shimadzu, Kyoto, Japan) and TOC value [15]. TOC analysis was performed
using a TOC-VCSN Shimadzu analyzer (Shimadzu Japan).

2.4.3. Scanning Electron Microscopy (SEM)

A Hitachi Microscope (Hitachi S4800 SEM) was used to inspect surfaces of the virgin
and pre-fouled membranes. Small pieces were cut from the surfaces of membranes (post-
mortem analysis). Before analysis, the samples were dried in desiccator until measurement
in order to remove residual moisture and then metalized with platinum. The surfaces of
fouled and virgin membrane were magnified 5000–15,000 times.

3. Results
3.1. Flux Evolution and Fouling Mechanisms during Nanofiltration

One of the criteria to evaluate NF efficiency is the evolution of the permeate flux
with the time of filtration. The recovery rate (Y) was calculated corresponding to the ratio
between the extracted permeate volume and initial feed volume. In order to compare
the flux evolution for different experiments, the relative flux corresponding to the ratio
between the flux at any time (J) and the initial flux (J0) was considered. Figure 3 presents the
normalized flux (J/J0) during nanofiltration of real MBR effluent under a TMP of 10 bars.

158



Membranes 2022, 12, 341

Figure 3. Flux evolution in NF experiment applied to MBR real effluent matrix: TMP = 10 bars,
T◦ = 20 ◦C, J0 = 53 L·m−2·h−1, duration of the experiment = 24 h.

Figure 3 revealed a drop of almost 70% in the initial flux value when reaching the
maximum conversion rate of 80%. As established in previous studies, the main fouling
mechanism during MBR effluent filtration by NF is organic fouling [11]. According to
some authors, the reason that could explain the flux drop is that the organic matters,
particularly those with higher MW and hydrophobicity, corresponding to humic-like
substances, deposited into the pores and onto the membrane [16–18]. The deposited
organics enhance gel layer formation, which was related to the rapid flux decline at the first
stage. Then, the slower flux decrease could come from gel layer compaction and interactions
between inorganic salts and organic matter deposited on the membrane surface [19]. For
instance, Lin et al. have studied the roles of organic, inorganic and biological fouling
along with NF applied to raw effluent. The authors noticed that organic/inorganic binary
fouling became dominant, contributing up to 39.7% of flux decline due to metal/organic
complexation [7]. The third stage, corresponding to a more pronounced flux drop, could
come from concentration polarization [5,17]. Nonetheless, to establish a clear distinction
between the impacts of organic and inorganic contributions to flux decline, it is required to
run NF experiments with OM-free matrix.

3.2. Influence of Ionic Matrix during Nanofiltration

To evaluate the impact of organic matter on fouling, experiments were run with
synthetic ionic solution (SIS) mimicking the ionic composition of the real MBR effluent. The
flux was monitored along with permeate recovery rate and is presented in Figure 4 with
that of real MBR effluent matrix.

The Figure 4 revealed a decline of 75% in permeate flux at 60% of recovery for SIS
solution. The occurrence of the severe fouling may be linked to an inner fouling caused
by ionic compounds. In fact, as the organic matter playing the role of competitor in ions
adsorption is no longer present in solution, the ions are free to adsorb onto membrane
surfaces and enhance membrane fouling while diffusing through membrane pores. Thus, it
was not possible to reach such high conversion rates as with real effluent (Y = 60% instead
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of 80%). Teixeira and Rosa have studied the impact of the water inorganic matrix on the
permeate flux and the natural organic matter (NOM) removal by nanofiltration [20]. They
noticed a decrease in flux in the presence of calcium. According to the authors, the flux and
rejection decreased further in the presence of 1 mM Ca2+, which reduced the membrane
negative charge and sieving effects and increased chemical interactions. In fact, in the
present study, all the detected ionic composition was mimicked by a synthetic ionic solution
free of OM that could compete with the membrane in adsorbing the inorganic and mitigate
the inorganic fouling.

Figure 4. Flux evolution during NF experiment applied to MBR real effluent (duration of the
experiment = 24 h) and synthetic ionic solution matrixes SIS (duration of the experiment = 18 h).
TMP = 10 bars, T◦ = 20 ◦C, J0-SIS = 64 L·m−2·h−1, J0-MBR = 53 L·m−2·h−1.

3.2.1. Influence of the Osmotic Pressure

During the nanofiltration experiments, the ionic compounds became more and more
concentrated and induced an osmotic pressure, which is supposed to increase with perme-
ate recovery. The osmotic pressure constitutes a resistance to physical pressure and should
be overcome in order to get permeate flux through the membrane. The differential osmotic
pressure between retentate and permeate streams was calculated for real MBR effluent and
synthetic ionic solution and compared in Figure 5.

The monitoring of the osmotic pressure revealed that it increases with permeate
recovery rate from around 1 bar at the beginning to 2.2 bars at 60% of recovery rate for
SIS solution and up to 4 bars for the MBR effluent matrix. The Figure 5 clearly displays a
similarity in the evolution of osmotic pressure for both real MBR effluent and the synthetic
ionic solution mimicking the MBR ionic composition, even though the permeate flux
drastically dropped in the case of SIS much earlier than in the MBR effluent case (Figure 4).
This result confirms the suspected inner fouling due to inorganic scaling. As the solution is
free of OM, which would adsorb the ions, they are free to interact with each other and with
the membrane, enhancing the scaling [21,22].
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Figure 5. Evolution of differential osmotic pressure in NF for real MBR effluent (duration of the
experiment = 24 h) and SIS (duration of the experiment = 18 h). TMP = 10 bars, T◦ = 20 ◦C.

3.2.2. Characterization of Membrane Fouling

At the end of each experiment, the membrane goes through different cleaning steps
beginning with ultrapure water, followed by basic and acid-based cleanings, respectively.
Scanning Electron Microscopy (SEM) analysis was applied to samples from membrane
used for both real MBR effluent and SIS. Samples of virgin and fouled membrane and
membrane after the different cleaning steps were used, and the results are presented in
Figure 6.

Figure 6. SEM of membrane surfaces at different states: (A) For membrane used in MBR effluent
experiment, (B) Membrane used in SIS experiment. 1. Virgin membrane, 2. Fouled after experiment,
3. UPW-cleaned membrane, 4. Base-cleaned and 5. Acid-cleaned.

Figure 6 visually illustrates the membrane surface state throughout the different
steps. A mixture of inorganic and dissolved organic matter can be noticed on the fouled
membrane used with the real MBR effluent (2.A), while the membrane fouled with SIS
(2.B) displays disaggregated inorganic compounds only. The subsequent cleaning methods
helped to identify the type of fouling that occurred during these experiments through
foulants characterization [16,23]. In fact, for the membrane fouled by real MBR effluent,
while the ultrapure-water-based cleaning likely removed part of the fouling matter (3.A),
the sodium hydroxide cleaning significantly removed it, except for some inorganics (4.A)
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that were totally removed by hydrogen chloride acid washing (5.A). For the SIS-fouled
membrane, on the other hand, the ultrapure-water-based cleaning was able to remove part
of scaling (3.B). The sodium hydroxide cleaning was not able to remove the inorganics on
the membrane surface (4.B). Only the acid cleaning totally recovered the fouled membrane
surface to almost virgin state (5.B).

3.3. Influence of Pre-Ozonation during Nanofiltration of Real MBR Effluent

3.3.1. Monitoring of Organic Matter

To evaluate the impact of organic matter and its degradation by ozone on the perfor-
mances of nanofiltration process, the mineralization rate of organic matter was monitored
during ozonation process, and the results are given in Figure 7.

Figure 7. Monitoring of the mineralization rate of the real matrix during ozonation. T◦ = 20 ◦C,
Vreactor = 3 L, Vstir = 400 rpm, [O3]gas = 5 gO3/Nm3.

Ozonation, as revealed by some previous studies, is not sufficient to completely
degrade organic matter [8]. This is confirmed by the current study, in which only a
mineralization of 15% was achieved after 30 min (TOC around 8 mg/L). Even though the
mineralization rate was relatively low, the ozonation engendered an important change in
the organic matter. Indeed, even if the mineralization of the organic matter was moderate,
chemical changes occur, and the efficiency of ozonation in terms of modification of organic
matter structure was monitored through some common parameters. The chemical oxygen
demand and the specific UV absorbance (SUVA254) are some of these indicators (Figure 8).

Both of the two parameters indicate the efficiency of ozonation process in oxidizing
organic matter. The COD decreased from 33 mgO2/L to 23 mgO2/L after 3 min reaction
time and to less than 20 mgO2/L at 30 min of reaction time (Figure 8a), corresponding to
the introduction of oxygen in the chemical structure of the organic matter. This level of
mineralization was already observed by Gong et al. and Justo et al. [15,24]. In addition, the
ozonation decreased the SUVA by half after 30 min reaction time; this indicates the opening
of the double bond mainly in the aromatic group. This parameter is a good indicator of the
change in the chemical structure of the organic matter [25,26] (Figure 8b).
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Figure 8. Evolution of global parameters of the real matrix during ozonation. (a): COD, (b): SUVA254,
T◦ = 20 ◦C, Vreactor = 3 L, Vstir = 400 rpm, [O3]gas = 5 gO3/Nm3.

3.3.2. Nanofiltration of Ozonated Real MBR Effluent

During the NF experiment applied to the ozonated real MBR effluent, the flux evolu-
tion was monitored, and the relative flux is displayed in Figure 9 in comparison with
non-ozonated real MBR and SIS matrix.

Figure 9. Flux evolution in NF experiment applied to synthetic ionic solution (duration of the
experiment = 18 h) and non-ozonated (duration of the experiment = 24 h) and ozonated MBR real
effluent matrixes (duration of the experiment = 24 h). Ozonation reaction time = 30 min, T◦ = 20 ◦C,
Vreactor = 3 L, Vstir = 400 rpm, [O3]gas = 5 gO3/Nm3 TMP = 10 bars, J0-MBR = 53 L·m−2·h−1,
J0-MBR + O3 = 54 L·m−2·h−1, J0-SIS = 64 L·m−2·h−1.

Figure 9 reveals that when the nanofiltration experiment is run with ozonated real
MBR effluent, the drop in flux trends is slightly slower, as around 10% of flux was re-covered
by pre-ozonation. Even though the ozonation is not efficient in terms of mineralization,
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it changes the structure of the organic matter [12]. According to the cited authors, pre-
ozonation increases the hydrophilic fraction and anionic charge of organics and alters
their size distribution [1,12]. In fact, the gel layer (coming from organic and inorganic
complexation) was demonstrated to be responsible for membrane fouling. Therefore, the
ozonation, by degrading part of this gel layer, leads to improve nanofiltration conditions
by reducing the fouling celerity [11].

When the NF experiment was applied to non-ozonated real MBR effluent, the foul-
ing essentially came from complexation of organic and inorganic matter [11]. When the
nanofiltration experiment was run with SIS free of organic matter, the drop in flux trends
was much more severe and occurred earlier (Figure 9). This demonstrated that during
NF experiments, the propensity to inorganic fouling is much higher than that of organic
fouling. After ozonating the real MBR, the trend of permeate flux in NF is improved due to
delayed fouling, as the ozonation was insufficient to totally mineralize the effluent organic
matter. These results demonstrate that the main drawback of the ozonation process, which
is its limited mineralization rate, rather constitutes an advantage for a subsequent NF
process: the residual organic matter prevents a severe inorganic fouling by competing
with the membrane for adsorption of inorganics. For instance, Li et al. have studied the
operational optimization and membrane fouling analysis of nanofiltration in municipal
wastewater advanced treatment [16]. One of the main conclusions they came to is that
inorganic fouling was mitigated because the inorganics were assumed to adsorb on the
effluent organic matter.

3.3.3. Cleaning and Nanofiltration Performances Recovery

Two other parameters used to characterize the fouling that occurred during NF ex-
periments are the type of cleaning and the rate of flux that it allowed to be recovered. The
values of flux at the beginning and the end of the experiments are recapitulated for all
matrixes in Table 4.

Table 4. Values of permeate flux at the beginning and end of studied NF experiments.

Matrixes Used for NF
Experiments

Unit
Flux at the Beginning of the

Filtration Experiment
Flux at the End of the
Filtration Experiment

Non-ozonated MBR effluent L·m−2·h−1 53 17
SIS L·m−2·h−1 64 17

Ozonated MBR effluent L·m−2·h−1 54 21

Hence, after each nanofiltration experiment, ultrapure water was used to clean the
membrane, and the permeability was measured. A basic cleaning using NaOH (0.1 N)
and acid cleaning using HCl (0.1 N) were successively performed as well. It consisted in
imbibing the membrane in the cleaning solution for 6 h for both chemical solutions. The
membrane permeability recovery rates were determined for the three studied matrixes and
are presented in Figure 10.

According to Figure 9, the SIS induced more severe fouling than the real MBR effluent.
Then, ultrapure water cleaning enabled 53%, 69% and 15% flux recovery for MBR effluent,
ozonated MBR effluent and SIS solution, respectively. Fouling corresponding to both
MBR effluent and ozonated MBR effluent thus seem easier to remove, which is consistent
with Figure 9. Sodium-hydroxide-based cleanings allowed non-negligible permeate flux
recovery in the cases of real MBR effluent (35%) and ozonated MBR effluent (18%) and a
significant flux recovery of SIS-fouled membrane (60%), for which chemicals are needed.
The acid-based cleaning allowed the most important recovery for SIS solution, which is
consistent with the inorganic nature of fouling in this case. According to Li et al., the water
flushing samples after nanofiltration of wastewater were essentially composed of low MW
with high intensity, which is typically related to humic substances, indicating that the
humic substances could be removed easily by physical cleaning, which is in accordance
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with the present result during ultrapure water cleaning [16]. In the case of severe inorganic
fouling, the acid-based cleaning is required for flux recovery [17,23,27].

Figure 10. Flux recovery after pure water, NaOH and HCl cleanings in NF experiments applied to
non-ozonated and ozonated real MBR effluent and synthetic ionic solution.

4. Conclusions

This research aimed to evaluate the impact of pre-ozonation on fouling propensity
in nanofiltration. The fouling was mainly due to organics and inorganics complexation
forming a gel layer (70% drop in flux at 80% of permeate recovery). When the NF experi-
ment was run with an organics-free synthetic ionic solution, the fouling was more severe
because of the high propensity of NF to inorganic fouling (75% drop in flux at 60% of
permeate recovery). When the ozonated real MBR effluent was used for NF experiment,
not only was the fouling delayed (62% drop in flux at 80% of permeate recovery), but the
flux recovery was improved as well by a mere water cleaning. Therefore, pre-ozonating
the effluent presents two advantages: it allows economical use of chemicals needed for
chemical cleaning, and it contributes to improving the membrane lifetime by delaying
chemical cleaning.

The SEM analysis confirmed that the acid cleaning was the most efficient to recover
a virgin membrane state, even though the ultrapure water and basic cleanings can allow
recovering an important part of flux, depending on the type of fouling linked to the nature
of matrix used for the experiment.

The results demonstrate that the low mineralization rate of ozonation process is of
high value to preventing a severe inorganic fouling. It mitigates the organic fouling by
degrading partially and modifying the molecular structures of organic matter, which
improves its hydrophilicity. On the other hand, the remaining organic matter, which
resulted from the partial mineralization, prevented the membrane from a severe fouling, as
a total mineralization would lead to occurrence of inorganic scaling. To sum up, ozonation
might be the best AOP to couple with an NF process for better organic and inorganic
fouling mitigation for wastewater reuse.
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Abbreviations

AOP Advanced Oxidation Process
COD Chemical Oxygen Demand (gO2/m3)
Da Dalton
DCOM Dissolved and Colloidal Organic Matter
DWW Domestic Wastewater
EDX Energy-Dispersive X-ray
MBR Membrane Bioreactor
MWCO Molecular Weight Cut-Off
NF Nanofiltration
NOM Natural Organic Matter
OM Organic Matter
[O3]gas Applied gas ozone concentration (gO3/Nm3)
SEM Scanning Electron Microscopy
SIS Synthetic Ionic Solution
T◦ Temperature
TMP Transmembrane Pressure (bar)
TOC Total Organic Carbon
TOD Transferred Ozone Dose
TSS Total Suspended Solid (mg/L)
UPW Ultrapure Water
UV254 UV absorbance at 254 nm of wavelength
v Cross-flow velocity (m/s)
Vreactor Volume of reactor (m3)
Vstir Stirring velocity (rpm)
WWTP Wastewater Treatment Plant
Y Permeate recovery rate (%)
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Abstract: Although emerging desalination technologies such as hybrid technologies are required

to tackle water scarcity, the impacts of their application on the environment, resources, and human

health, as prominent pillars of sustainability, should be evaluated in parallel. In the present study,

the environmental footprint of five desalination plants, including multi-stage flash (MSF), hybrid

reverse osmosis (RO)–MSF, hybrid nanofiltration (NF)–MSF, RO, and hybrid NF–RO, in the Persian

Gulf region, have been analyzed using life cycle assessment (LCA) as an effective tool for policy

making and opting sustainable technologies. The comparison was based on the impacts on climate

change, ozone depletion, fossil depletion, human toxicity, and marine eutrophication. The LCA

results revealed the superiority of the hybrid NF–RO plant in having the lowest environmental

impact, although the RO process produces more desalinated water at the same feed and input flow

rates. The hybrid NF–RO system achieves 1.74 kg CO2 equivalent, 1.24 × 10−7 kg CFC-11 equivalent,

1.28 × 10−4 kg nitrogenous compounds, 0.16 kg 1,4-DB equivalent, and 0.56 kg oil equivalent in the

mentioned impact indicators, which are 7.9 to 22.2% lower than the single-pass RO case. Furthermore,

the sensitivity analysis showed the reliability of the results, which helps to provide an insight into the

life cycle impacts of the desalination plants.

Keywords: life cycle assessment (LCA); hybrid desalination; multi-stage flash (MSF); reverse osmosis (RO);

nanofiltration (NF)

1. Introduction

Global warming is one of the major conflicts in today’s world, and freshwater supply
is a prominent challenge of sustainability. Water shortage has increased due to global
warming, population growth, industrialization, and pollution of freshwater resources due
to anthropogenic activities. The world’s population is estimated to increase by more than
two billion by the next three decades [1]. Currently, more than one billion people in the
world live in water-scarce areas. Water consumption has increased more than fivefold in the
last century [2]. Water scarcity is affected by the supply and demand cycle. It is predicted
that the average renewable water in Persian Gulf region is about 1000 cubic meters per
capita per year, while the global average is more than 5000 cubic meters per capita per year.
Additionally, the capacity of common water resources is endangered by increasing water
demand and declining surface and groundwater quality. In order to solve this shortage, the
countries located in the Persian Gulf region commenced the implementation of seawater
desalination plants; however, the environmental impacts of seawater desalination have not
been fully considered in development policies [3].

Seawater desalination is performed by a variety of processes and technologies. In
general, desalination technologies can be classified into three categories: thermal, chemical,
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and membrane-based technologies [4]. Thermal processes include methods that use thermal
energy to separate impurities from water, such as multi-stage flash (MSF), multi-effect
distillation (MED), and thermal vapor compression (TVC). These technologies have high
costs in addition to high thermal energy consumption. However, they have been prevalent
in the past and are still used today. MSF is the most common thermal process [3,5]. The
MSF water treatment process contributes significantly to the global capacity of the installed
treatment plants and was the most common treatment technology in the Middle East [6].
Chemical methods desalinate seawater using chemical processes such as ion exchange
resins. In membrane methods, water is purified and desalinated using a membrane. Some of
these methods include RO, NF, microfiltration (MF), ultrafiltration (UF), electrodialysis (ED),
etc. [5]. Membrane technology currently has an essential role in treating and desalinating
seawater, and more than 60% of purified water is obtained using membrane technologies [5].

Economic constraints and technical specifications including the capacity, accessible
technologies and specification of the feed are key factors in selecting the appropriate
technology. However, desalination plants significantly impact the environment and natural
resources and have direct and indirect emissions of pollutants into water, soil, and air
through energy and chemical consumption [6,7]. Although seawater desalination is a well-
established technology in the region, the assessment of environmental hazards and damages
has not yet been adequately and thoroughly reviewed and considered by governments and
industries [7,8].

Hybrid technologies are a new approach, which gain the benefits of two or more
technologies simultaneously [5]. However, new technologies pose new challenges to
ecosystems, resources, and human health. As per the proposal of Kloepffer, LCA is one of
life cycle sustainability assessment concepts in sustainability studies [9,10]. LCA is used
to assess and calculate the damage caused to the environment by a product or a process,
which can be examined with several approaches, such as cradle to grave, gate to gate,
cradle to gate, etc. [6,7,10–13].

There are several studies worldwide which have evaluated various aspects of desali-
nation, including some the effects on the environment and human life. At first, pollutants’
emissions of desalination were assessed qualitatively without LCA [7]. Basic LCA stud-
ies on desalination processes were started in the 1990s; however, in the 2000s, research
processes improved, and new quantitative comparisons between desalination technolo-
gies were published by applying LCA [7]. In the early 2000s, Lundie et al. investigated
the environmental impacts of the RO process [14]. Raluy et al. compared RO, MSF, and
MED processes and integration with renewable energy resources [15–19]. At the same
time, Stokes and Horvath analyzed environmental emissions of an RO plant in the United
States [20]. Furthermore, they assessed the role of renewable energy on air pollution caused
by water supply plants [21]. In 2008, two studies by Vince et al. investigated the midpoint
impacts of several RO and UF processes located in France [7,22,23]. Muñoz et al. studied
several life cycle impacts of RO processes in Spain, in four projects [7,24–26].

In the 2010s, more researchers around the world started investigating the environ-
mental and economic life cycle impacts of desalination plants. Beery et al. assessed
environmental emissions of several RO and hybrid RO–UF plants in Germany [7,27–29].
Analyzing midpoint and endpoint impacts of various RO configurations was the most
common topic of LCA studies in the 2010s and 2020s [7]. Some studies focused only on
the environmental impacts of operating RO plants [30–35]. Moreover, some analyzed and
compared RO with other traditional processes [36–40]. Recently, more studies focused
on investigating and comparing emerging technologies [5,7]. Hancock et al., Al-Sarkal
and Arafat, and Linares et al., studied the environmental impacts of hybrid technologies
and compared them with individual processes [41–43]. Furthermore, Antipova et al. and
Cherif et al. assessed the role of renewable energy in desalination plants [44,45]. In addi-
tion, several researchers analyzed both environmental and economic impacts [46–49]. On
the other hand, it should be considered that the sustainability studies might be somewhat
region-based because the sources of energy and available technologies in the regions are
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different. For example, the impacts of using an electricity grid in the Middle East and the
Europe are totally different due to different sources of power production in addition to the
available capacity of renewable energies in these regions [7].

Recent literature in nanofiltration desalination plants focuses on the emerging tech-
nologies’ environmental impact, such as hybrid processes, zero liquid discharge (ZLD)
technologies, and the effect of renewable energy usage [5,7]. Ronquim et al. analyzed and
compared the midpoint impacts of global warming, energy resources depletion, land use,
and mineral resources depletion indicators for RO and ZLD processes [50]. Furthermore,
Tsalidis et al. investigated ZLD plants in some European countries [51]. Recently, Khos-
ravi et al. reviewed the LCA studies of emerging technologies in industrial wastewater
treatment and desalination globally, and Figure 1 presented the distribution of LCA and
sustainability studies of desalination plants in different territories and regions [7].

Figure 1. Distribution of water desalination LCA studies worldwide [7].

In this study, the LCA of five up-to-date real hybrid desalination plants in the Persian
Gulf region, including recirculation multi-stage flash (R-MSF), hybrid RO/R-MSF, hybrid
NF/R-MSF, single-pass RO, and hybrid NF/RO with a cradle-to-gate approach are assessed,
and their emissions and environmental impacts are calculated, reviewed and compared.
The contribution of the effective parameters (such as electricity, thermal energy, chemicals,
and materials) on the impacts is also described. This study investigated the midpoint
environmental impacts of emerging technologies from a long-term point of view and
compared them with the traditional technologies, which helps to improve deep-seated plans
to reduce their environmental impact and determine a policy for applying desalination
technologies in the region.

2. Methodology
2.1. Goals and Scopes

LCA was implemented to investigate the life cycle impacts of five hybrid desalination
plants. Case 1 is an R-MSF plant; case 2 is a hybrid RO/R-MSF plant; case 3 is a hybrid
NF/R-MSF plant, case 4 is an RO plant, and case 5 is a hybrid NF/RO plant. The R-MSF
desalination plant (case 1) is a real plant in operation in the Persian Gulf region as described
and studied by Mannan et al. [8]. Case 2 is a pilot case where the R-MSF process is combined
with RO (RO/R-MSF). In case 3, a pilot hybrid of R-MSF and NF technology (NF/R-MSF)
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is being conducted [8]. Case 4 is a single-stage RO plant, and case 5 is a hybrid NF/RO
plant. Materials inventory, energy consumption, and membrane modules information have
been extracted and used from industrial sources [8,52–56].

The cradle-to-gate approach of LCA is used to investigate the environmental impacts
of the energy, chemicals, and materials used in the production of membranes and other
parts of the aforementioned desalination plants, in addition to the impacts of energy and
chemical consumption during the operation. SimaPro 9.3 software, Ecoinvent 3.8 cut-off
database, and ReCipe 1.13 midpoint [57] method with global characterization factors were
used to analyze the long-term impacts of the aforementioned cases.

2.2. Systems and Functional Unit

R-MSF was once the most common desalination method in Persian Gulf region. In the
MSF process, seawater feed passes through pipes that are heated by the thermal energy
of steam. The steam is in contact with the incoming saltwater pipe, leading to water
evaporation [4]. In the chambers, the pressure decreases gradually in each stage, compared
with the previous stage. When the heated seawater enters a low-pressure chamber, it
suddenly evaporates. The vapor condenses by heat exchanging via the feed tubes on the
top of the chamber and the condensate is collected by a vessel inside the chamber. The
remaining saline water, called brine, exits the bottom of the chamber and re-enters the
process in a cycle. High concentration brine is discharged into the sea. The inlet water
pressure is less than 3 bar and the temperature is about 100 ◦C [8,58]. In addition, sodium
hypochlorite is added to control biological growth in the desalination plant (chlorination
process), and sodium bisulfite is added to control corrosion by removing dissolved gases
(deaeration). The functional unit for LCA is 1 m3 of produced freshwater. The schematic of
case 1 (R-MSF) is depicted in Figure 2.

Figure 2. The schematic of the R-MSF system.

The required steam in case 1 is obtained from the steam returned from the turbine of a
natural gas combined cycle power plant. This is undertaken to reduce energy consumption.
The required thermal energy in the studied cases (cases 1–3) are 107, 64, and 64 MJ/m3,
respectively [8]. Cases 4 and 5 do not require any thermal energy.

The feed temperature in case 1 is kept below 112 ◦C to restrict the formation of scale
due to the presence of calcium carbonate, calcium sulfate, and magnesium hydroxide in the
feed. By adding RO and NF processes before the MSF process, these substances are reduced
in the feed of MSF, and the MSF inlet temperature can be raised, which will ultimately
increases plant productivity [8]. The schematic of the hybrid RO/R-MSF system is shown
in Figure 3.
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Figure 3. The schematic of case 1 (hybrid RO/R-MSF Flash).

Figure 4 shows the schematic of case 3 (hybrid NF/R-MSF). As shown in Figures 3 and 4,
half the feed enters the membrane process, and the other half is mixed with permeate flow
and enters MSF.

Figure 4. The schematic of case 3 (hybrid NF/R-MSF).

Case 4 is a single-stage RO plant. In this process, the seawater feed enters the RO
system. At first, a pre-treatment process applied in order to remove substances that may
cause membrane fouling, scaling and corrosion. Then the feed enters a high-pressure pump.
The pump increases the pressure up to 16 bar to supply the transmembrane pressure
(TMP) required for RO membrane modules. The required electrical energy for this process
is 4.22 kWh for 1 cubic meter of desalted water [59]. The schematic of the RO plant is
illustrated in Figure 5.

The last case is a hybrid NF–RO plant. After pre-treatment, the seawater feed enters a
pump to supply the required TMP for NF membrane modules, then the feed enters the NF
modules. The permeate goes to the high-pressure pumps to be treated by the RO process.
Due to the pumping system at the NF process, the NF permeate pressure is more than the
feed of RO in case 4; therefore, less electricity is needed for RO high-pressure pumps. The
required electricity of this plant is 3.11 kWh for 1 cubic meter of desalted water [59]. The
schematic of the hybrid NF–RO plant is drawn in Figure 6.
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Figure 5. The schematic of the Reverse Osmosis system.

Figure 6. The schematic of case 5 (hybrid NF–RO).

The chemical additives used in pre-treatment and post-treatment of cases 1–5 are the
same, except more chemicals are added to the feed to prevent fouling and corrosion of
membranes in plants 2–5. Additionally, due to the high sensitivity of the RO membrane,
additive chemicals such as citric acid and sodium sulfite are added exclusively to cases
2, 4 and 5. High-temperature antifouling is used in all cases to prevent the formation
of scale due to the presence of calcium carbonate, calcium sulfate, and magnesium hy-
droxide in the feed at high temperatures. Applying high temperature increases the MSF
performance. Other common pre-treatment methods include aeration and chlorination,
the addition of sodium hydrogen sulfate, and ethanol to control descaling and foaming.
To maintain distilled quality and control the growth of aquatic organisms, treatment in
all plants is performed using calcium hydroxide and chlorination demineralizing agents.
Chlorination, coagulation, and removal of the medium followed by the cartridge is used as
a pre-treatment method for the NF system. In addition to common additives, citric acid
and sodium sulfate are injected in the pre-treatment of RO in order to avoid membrane
fouling and scaling, and hydrated lime and carbon dioxide are added to demineralize the
water at the post-treatment stage [52,53]. Additionally, the environmental effects of the
materials and solvents used for the membrane modules synthesis have been considered.

2.3. Life Cycle Inventory Analysis

In the life cycle inventory (LCI) stage, the data and information needed to estimate the
emission rates of each process were collected [7]. In this study, the required data for cases 1
to 5 were collected from industrial data [8,52–56]. Table 1 shows the information for cases 1
to 5. More details about the data collection phase are presented in the supplementary
section (Tables S1 to S5).
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Table 1. Plant configuration and energy demand of the cases 1–5.

Plant Specification Case 1 Case 2 Case 3 Case 4 Case 5

Technology R-MSF Hybrid RO/R-MSF Hybrid NF/R-MSF RO Hybrid NF/RO

Configuration Cross tube MSF
Cross tube MSF
Single-pass RO

Cross tube MSF
Single-pass NF

Single-pass RO
Single-pass NF
Single-pass RO

Number of stages 21 35 35 - -
Thermal energy (MJ) 107 64 64 - -

Electrical energy
(kWh/m3)

4.19 4.6 3.42 4.22 3.11

Feed (seawater)
Flowrate (m3/h)

28,000 675 675 675 675

Treated water
flowrate (m3/h)

3430.57 378 288.1 405 303.75

Reference [8] [52,56] [8] [52,56] [52,55,56]

Some chemicals are used in pre-treatment and post-treatment of the processes. Sodium
hypochlorite is added to control microorganisms, bacteria, and other biological factors. To
prevent corrosion, sodium bisulfite is used as a pre-treatment. Scaling is a challenging factor
for desalination plants, where anticalins such as sulfuric acid and anti-foaming objects such
as monoethylene oxide are added. The coagulant, iron chloride, is added to the NF and
RO pre-treatment; however, in the post-treatment, sodium hypochlorite is added to the NF
and RO process. Carbon dioxide and sodium hydroxide are used for the post-treatment of
RO, and sodium sulfite is added as pre-treatment. The values of the additive chemicals are
the dosages in water stream during the treatment, which are extracted from the industrial
data [8,52,53] (Table 2).

Table 2. Chemical additives in pre-treatment and post-treatment of plants.

Stage Chemicals Amount (ppm)

Pre-treatment cases 1–5

Sodium hypochlorite 4
Sodium bisulfite 0.5

Sulfuric acid 2.4
Monoethyleneoxide 0.1

Post-treatment for cases 1–5
Calcium hydroxide 0.5

Sodium hypochlorite 0.5

Pre-treatment for NF and RO system Ferric chloride 0.3

Post-treatment for NF and RO system Chlorine 0.2

Pre-treatment for RO system
Citric acid 0.937

Sodium sulfite 0.0739

Post-treatment for RO system
Lime 51.03

Carbon dioxide 43

Components such as polyester, polysulfone, N,N-dimethylformamide (DMF), meta-
phenylene diamine (MPD), trimesoyl chloride (TMC), isopropanol (IPA), and phosphoric
acid are the materials and solvents used to synthesize the membrane layer; and polypropy-
lene as spacer, epoxy resin as glue and PVC as permeate tube are used. The data relating
to the NF module were collected from the specifications of the commercial 8-inch NF
membrane [6] and are listed in Table 3. The membrane lifetime was considered to be
4 years.
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Table 3. Materials usage in fabrication of NF modules for their lifetime.

Component Amount (kg/m3)

Polyester 4.79452 × 10−11

Polysulfone 1.0274 × 10−11

DMF (N,N-dimethylformamide) 4.10959 × 10−11

MPD (meta-phenylene diamine) 4.62329 × 10−13

TMC (trimesoyl chloride) 1.19178 × 10−12

Phosphoric acid 3.20548 × 10−12

Polypropylene (spacers) 5.13699 × 10−11

Epoxy resin (glue) 1.16438 × 10−11

PVC (permeate tube) 1.78082 × 10−11

IPA (isopropanol) 5.82192 × 10−12

As for the NF modules, the environmental effects in the production phase of the RO
modules were also considered. The data of the RO module were collected from SimaPro9.3
software database related to an 8-inch operating module [6]. The lifetime of membrane
modules was considered to be 4 years. The inventory data of the RO module are been
presented in Table 4.

Table 4. Materials usage in fabrication of RO modules for their lifetime.

Component Amount (kg/m3)

ABS (Acrylonitrile-butadiene-styrene copolymer) 2.90964 × 10−13

Polyester 2.0077 × 10−13

Polysulfone 2.12833 × 10−13

DMF (N,N-dimethylformamide) 8.52231 × 10−12

MPD (meta-phenylene diamine) 9.00922 × 10−16

TMC (trimesoyl chloride) 2.69506 × 10−15

Phosphoric acid 6.31159 × 10−14

Polypropylene (spacers) 4.26565 × 10−13

Epoxy resin (glue) 1.17299 × 10−14

PVC (permeate tube) 1.3347 × 10−15

IPA (isopropanol) 2.10215 × 10−14

2.4. Life Cycle Impact Assessment (LCIA)

In the life cycle impact assessment (LCIA) phase, the environmental impacts of each
process were calculated by using the emission inventories and the environmental impact
potential of emitted materials [7]. The mentioned desalination processes release abundant
pollutants and cause numerous environmental issues over their life cycle. The most
common are CO2, SOX, NOX, and different sized dust particles. Another important issue
is fossil energy resources consumption [60]. The ReCipe method can assess 18 types of
midpoint impacts; only 5 (climate change, ozone depletion, marine eutrophication, human
toxicity, and fossil depletion) were examined in this study, in order to distinguish the cases
regarding their environmental impacts. Climate change (CC) indicates the emission of
equivalent carbon dioxide. Ozone depletion potential (ODP) represents the amount of
CFC-11 equivalent released. Marine eutrophication potential (MEP) reveals the impacts of
nitrogenous and phosphorous compounds. Human toxicity potential (HTP) indicates the
degree of toxicity to humans, and fossil depletion potential (FDP) is also calculated based
on consumed oil [7].

3. Results and Discussion
3.1. Life Cycle Impact Assessment (LCIA)

As shown in Figure 7, thermal energy and electricity consumption in case 1 had the
largest contribution in all impacts. The thermal energy and electricity contributed to about
81.7% and 17.3% of CC index, respectively. This is due to the greenhouse gas emission from
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natural gas combustion in the gas boiler for steam and electricity production in a combined
cycle power plant. Furthermore, chemicals and materials were responsible for 1.04%, 4.23%,
7.66%, 12.1%, and 0.749% share in CC, ODP, MEP, HTP and FDP indicators, respectively.

Figure 7. The contribution of inventories in midpoint impacts of case 1.

As shown in Figure 8, the share of electrical energy impacts in case 2 increased by
comparison with case 1 because more electrical energy is consumed in high-pressure pumps
of the RO process. The electrical energy contributions in the five mentioned impacts were
25.9%, 15.9%, 18.8%, 28.1%, and 26.7%, respectively. The thermal energy impact was still
the highest in all indicators. In this case, the effect of chemicals and materials on MEP was
higher than electricity, which contributed to a share of 32.4%, due to materials consumed for
membrane fabrication and module production. In raw chemical and material production,
membrane fabrication, and module packaging processes, a large amount of chemicals and
materials are consumed or emitted, leading to changing the level of eutrophication.

Figure 8. The contribution of inventories in midpoint impacts of case 2.
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In case 3, the electricity consumption was lower than case 2. However, the con-
sumption of thermal energy was as same as case 2. The relative contribution of thermal
energy in midpoint impact indicators of case 3 (Figure 9) was higher compared with case 2
(Figure 8) due to lower electricity, chemicals, and materials consumptions. The contribu-
tions of thermal energy for the five mentioned impacts were 77.2%, 84.9%, 74.4%, 63.8%
and 77.6%, respectively.

Figure 9. The contribution of inventories in midpoint impacts of case 3.

In case 4 (Figure 10), a single-pass RO process operates to desalinate feed seawater.
In this case, thermal energy is not used; however, more electrical energy is applied for
high-pressure pumps, the whole feed seawater enters the RO process, and the flowrate of
pumps is twice than that of case 2. Electricity contributed to 81.6%, 77%, 41.7%, 55.6%, and
91% of CC, ODP, MEP, HTP, and FDP indices, respectively. Due to the absence of thermal
energy, the operational and construction materials and chemicals had a major effect on the
MEP indicator (58.3%).

Figure 10. The contribution of inventories in midpoint impacts of case 4.
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Figure 11 represents the contribution inventories in each midpoint impact in case 5.
This case consists of a single-pass NF and single-pass RO in series. Due to the pressure
applied by the pump before the NF process, less load is needed for the high-pressure pump;
therefore, electricity consumption is less than that of case 4. On the other hand, more
membrane modules are used due to applying the NF process, and more materials were
manipulated rather than in a single RO case. The share of electricity was 74.2%, 71.9%,
33.3%, 46.6%, and 87.1% for the mentioned midpoint indicators, respectively. Moreover,
MEP and HTP indicators were affected by chemicals and materials more than electricity.

Figure 11. The contribution of inventories in midpoint impacts of case 5.

Figure 12 shows a comparison between the cases regarding the indicators. The analysis
of the midpoint environmental factors for cases 1–5 revealed that case 1 (MSF) had the
most impact on all five factors, which shows that the MSF process individually has the
most environmental impact and emissions. The emission rate of combustion-induced gases
such as CO2, SOX, and NOX in case 1 was more than in other cases due to burning a large
amount of natural gas to provide thermal energy. Case 2 (RO/R-MSF) was in the second
place, due to lower thermal energy consumption compared with case 1. As a result, its
environmental footprint was less than case 1. However, the high mechanical energy used
in the high-pressure pumps caused high environmental impact.

Case 3 showed lower risks due to lower thermal energy usage than case 1 and lower
electricity consumption than case 2. No thermal energy was applied in cases 4 and 5;
therefore, they emitted less waste than other cases. The RO case (case 4) consumed more
electrical energy than the hybrid NF/RO case (case 5) because of the greater load applied
in the high-pressure pump. The last case achieved the lowest values in all the midpoint
indicators, indicating than case 5 was superior to the other four cases regarding environ-
mental footprint. It is noteworthy that the efficiency of case 5 was less than cases 2 and 4,
and that the NF product quality cannot be as high as the RO technology. The RO system is
able to treat 60% of the feed, versus 45% for the hybrid NF–RO process. The environmental
impacts of all five conducted cases are shown in Table 5.
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Figure 12. The impacts of desalination plants of cases 1 to 5 on (A) climate change, (B) ozone
depletion, (C) marine eutrophication, (D) human toxicity, and (E) fossil depletion.

Table 5. Midpoint environmental indicator values for cases 1–5.

Impact Unit Case 1 Case 2 Case 3 Case 4 Case 5

Climate change kg CO2 eq 10.08 7.39 6.38 2.15 1.74
Ozone depletion kg CFC-11 eq 1.27 × 10−6 8.26 × 10−7 7.70 × 10−7 1.57 × 10−7 1.24 × 10−7

Marine eutrophication kg N eq 3.60 × 10−4 3.37 × 10−4 2.21 × 10−4 1.39 × 10−4 1.28 × 10−4

Human toxicity kg 1,4-DB eq 0.46 0.40 0.28 0.18 0.16
Fossil depletion kg oil eq 3.83 2.69 2.43 0.72 0.56

3.2. Sensitivity Analysis

Risk assessment is a scientific procedure to describe and determine the uncertainty and
its characterizations to define or change decisions. A set of systematic, logical, analytical,
evidence-based procedures were performed to find and measure the risks, probability, and
possibility of a process and a way for decision-making [61]. Sensitivity analysis helps to
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improve the design and model by assessing the qualitative and quantitative responses of
the studied analysis [62].

Due to the significant environmental impacts of electricity compared with the other
inventories in the five studied cases, the sensitivity analysis was applied to the electrical
energy with ±20% variation for cases 4 and 5. Electricity is the most effective parameter
affecting CC, ODP, and FDP impact indicators due to burning natural gas in combined cycle
power plants to supply electricity for mechanical equipment. The sensitivity analysis results
showed that by 20% variation of electricity in case 4, the CC, ODP, MEP, HTP, and FDP
indicators were varied at 16.31%, 15.4%, 8.34%, 11.12%, and 18.2%, respectively. Moreover,
for the last case (hybrid NF–RO), the mentioned indicators were varied by 14.84%, 14.38%,
6.67%, 9.32%, and 17.42%, respectively (Figure 13). Generally, sensitivity analysis found
that by ±20% changes in electrical energy, the environmental impacts changed from 8.34%
to 18.2% for RO, and 6.67% to 17.42% for hybrid NF–RO processes by applying more
efficient equipment or choosing more sustainable energy resources.

Figure 13. Sensitivity analysis for cases 4 and 5 based on the impacts of the electricity variation.

4. Conclusions

In this study, five hybrid desalination plants, including R-MSF, RO/R-MSF, NF/R-
MSF, RO, and NF/RO in the Persian Gulf region, were examined by the LCA method. The
results of this study may be helpful to reduce environmental impacts and determine a
sustainable policy for developing desalination projects, considering the vital need for water
resources and the growing development of seawater desalination technologies. There is
a high potential to reduce the environmental impact of MSF desalination by increasing
the efficiency of the process via flash stage addition or advanced feed water pre-treatment
using NF or RO. Furthermore, membrane-based technologies such as NF and RO may be
considered a good alternative for traditional processes such as thermal processes, which
do not need thermal energy. This study revealed that by applying RO and hybrid NF/RO
technologies, a notable reduction in environmental impact indicators might be expected
compared with traditional technologies. The results showed that the hybrid NF/RO
technology had the minimum environmental impact, which could guide the design of new
plants in the future. However, it should be noted that the RO system can treat 60% of feed
water, versus 45% for the hybrid NF/RO system, as studied in this work. The sensitivity
analysis determined how the quantity of electrical energy would change the environmental
impacts. It found that by ±20% changes in electrical energy, the impact indictors may
change from 8.34% to 18.2% for RO, and from 6.67% to 17.42% for hybrid NF–RO processes,
which means that by applying more efficient equipment or choosing clean energy resources,
the environmental footprint can be reduced.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/membranes12050467/s1, Table S1: Life cycle inventory of case 1,
Table S2: Life cycle inventory of case 2, Table S3: Life cycle inventory of case 3, Table S4: Life cycle
inventory of case 4, Table S5: Life cycle inventory of case 5.
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Abstract: Point-of-use ceramic filters are one of the strategies to address problems associated with

waterborne diseases to remove harmful microorganisms in water sources prior to its consumption.

In this study, development of adsorption-based ceramic depth filters composed of alumina platelets

was achieved using spray granulation (calcined at 800 ◦C). Their virus retention performance was

assessed using cartridges containing granular material (4 g) with two virus surrogates: MS2 and

fr bacteriophages. Both materials showed complete removal, with a 7 log10 reduction value (LRV)

of MS2 up to 1 L. MgAl2O4-modified Al2O3 granules possessed a higher MS2 retention capacity,

contrary to the shortcomings of retention limits in pure Al2O3 granules. No significant decline in the

retention of fr occurred during filtration tests up to 2 L. The phase composition and morphology of the

materials were preserved during filtration, with no magnesium or aluminum leakage during filtration,

as confirmed by X-ray diffractograms, electron micrographs, and inductively coupled plasma-optical

emission spectrometry. The proposed MgAl2O4-modified Al2O3 granular ceramic filter materials

offer high virus retention, achieving the criterion for virus filtration as required by the World Health

Organization (LRV ≥ 4). Owing to their high thermal and chemical stability, the developed materials

are thus suitable for thermal and chemical-free regeneration treatments.

Keywords: drinking water; virus removal; MS2 bacteriophage; fr bacteriophage; granules; ceramic

filters

1. Introduction

Safe and readily available drinking water is one of the major requirements of a healthy
life. In 2017, 2.2 billion people had no access to safe drinking water, despite significant
associated health risks [1]. Waterborne diseases can be readily transmitted through bacteria
(e.g., Vibrio cholerae, Legionella pneumophilia, Salmonella typhi) and viruses (e.g., poliovirus,
rotaviruses A–F, hepatitis A virus) and cause severe illnesses and deaths of millions of
people [2].

Access to clean drinking water has been achieved based on several chemical, physi-
cal, and mechanical processes (such as heat treatment, chlorination, ozonation, chemical
precipitation, or coagulation and flocculation and photochemical inactivation with UV
irradiation) and filtration technologies, which have been proven to effectively remove or
inactivate viruses or other microorganisms [3–5]. Application of some of these processes
can sometimes be highly challenging in developing countries or rural areas in developed
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countries due to the high costs of treatment and distribution systems and a lack of or
limited infrastructure [6,7].

One of the main strategies to address problems associated with waterborne diseases
worldwide is to apply on-site water treatment systems, i.e., point-of-use (POU) or house-
hold water treatment (HWT) technologies, to reduce harmful microorganisms in water
sources prior to consumption. Porous ceramic filters are widespread and increasingly used
as drinking water treatment technologies [8–11], particularly in rural areas and developing
countries [10,12].

Ceramic filters are highly advantageous as they are compatible with regeneration
processes such as steam sterilization, calcination, backflushing, or chemical agents [2,13,14].
Such filters are generally effective in the removal of pathogens in the microporous range,
such as bacteria and protozoa. This approach, however, fails in virus filtration due to
rapid fouling of the nanometric pores (to trap viruses with typical dimensions of <100 nm),
among other considerations [15–17]. The application of filters with nanopores may be
limited due to the high pressure drop (high energy consumption), their low throughput,
and especially the risk of fast blocking by colloidal fouling.

Viruses are nano-sized amphoteric microbes with a varying surface charge depending
on the individual virus type and strain [12,18–20]. The net surface charge of viruses is pH-
and surface chemistry-dependent [12,19,21,22]. An increase in the pH of the medium can
lead to an increase in the ionization of carboxyl and sulfhydryl groups, and a decrease in
ionization of amine groups at the surface of viruses [12,17]. Typically, isoelectric points (IEP)
of viruses vary between pH 3 to 9, leading to the presence of both positively and negatively
charged viruses in natural waters, depending on the virus type [17,20,23]. Surface character-
istics can play a significant role in virus removal/inactivation in porous media [9,20,21,24].
Attempts have been made to predict the adsorption characteristics of viruses in porous
media using the DLVO theory to model the electrostatic and van der Waals forces [12,17,21].
Additionally, previous studies have demonstrated the effect of non-DLVO factors on virus-
media sorption and/or inactivation, such as hydrophobicity [23,25,26] effects arising from
structural incompatibility between viruses and sorbents [20,24], roughness of the deposition
surface/sorbent [27], and water chemistry [28,29].

Metal oxide surfaces are expected to possess a positive surface charge at pH val-
ues below the isoelectric point [12,30,31], which can in turn promote the attraction of
viruses. In fact, functionalization of conventional depth filter surfaces, e.g., sand filters
or diatomaceous earth or fiber structures, by metal oxides such as iron oxide [32–35], alu-
minum oxide [15,33,36], copper oxide [15,35,37], magnesium oxide [38], hydrated oxides of
yttrium [29], and zirconium [2,29], resulted in enhanced virus retention.

In addition to the metal oxides mentioned above, MgAl2O4 is also known for its high
IEP (~pH = 11.8) [39,40]. Even if Al2O3 or MgO were previously studied for virus retention
applications, to the best of our knowledge, MgAl2O4 has not been implemented as an
adsorbent for virus removal. Utilization of MgAl2O4 for water filtration applications was
only performed by Kamato et al., for the removal of submicron-sized colloidal particles
(simulating bacteria) from a suspension [41]. MgAl2O4 can be a suitable material for ceramic
filters due to its non-toxicity, low cost, and excellent chemical stability. The latter property
enables easy regeneration of the filter materials by backflushing [8,36], thermal [42], acidic,
or basic treatment [43], without any phase transition. Such phase changes were previously
observed in CuxOy-based granules upon thermal treatment, which makes these materials
less functional for potential applications in water filtration [15].

To this end, this study investigates the development of granular ceramic filter materials
through the modification of Al2O3 granules with MgAl2O4 nanoparticles (Mg-NP), where
the granular structures were developed by the spray granulation technique. The granules
were calcined at 800 ◦C for further consolidation. The granular materials were tested in
flow tests to determine the retention capacity of two different bacteriophages (MS2 and
fr bacteriophages), serving as surrogates for human pathogenic waterborne viruses. MS2
bacteriophage is often used and was chosen as a surrogate for apolar and negatively charged
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human enteric viruses [16,44], while fr bacteriophage was selected due its electropositive
surface in water at pH in the range from 3 to 9 [45,46].

2. Materials and Methods

Materials. The synthesis of filter materials was achieved using the spray granulation
technique. Commercially available MgAl2O4 nanoparticles (dv50 = 0.2–0.3 µm, spinel
S25CR, Baikowski SA, France, purity ≥ 99%, surface area of 21–24 m2·g−1) and plate-like
Al2O3 (dv50 = 6–12 µm, white sapphire alumina, Merck Group, Germany, purity > 99.0%,
surface area of 1–2 m2·g−1) were selected as starting materials. PAA5 (Polyacrylic acid,
50% soln. in water (MW ~ 5000), Polyscience, Inc., Warrington, PA, USA) and polyvinyl
alcohol (PVA, MW 31,000–50,000, 98–99% hydrolyzed, Sigma Aldrich, St. Louis, MO, USA)
were used as a dispersant and a binder, respectively.

Spray granulation. Materials were developed using the Büchi Mini Spray Dryer B290
(Büchi Labortechnik AG, Flawil, Switzerland) [39,40]. The details regarding slurry prepara-
tion and synthesis parameters are provided in the Supplementary Materials. To describe
the materials, the following nomenclature is used throughout this paper: MgAl, Al, Al-Pl,
Mg-NP, for MgAl2O4-modified Al2O3 granules, Al2O3 granules, plate-like Al2O3 powder
(white sapphire), and MgAl2O4 nanoparticles (spinel S25CR), respectively, and summarized
in Table 1. In order to consolidate the granules, remove the polymer binder matrix, and
achieve strong bonding between Mg-NP and Al-Pl, granules were calcined in air at 800 ◦C
with a heating (and cooling) rate of 5 ◦C·min−1 and a 1 h dwell time in PY 12 H (Pyrotec
Brennofenbau GmbH, Osnabrück, Germany).

Table 1. Material nomenclature.

Starting Materials Spray-Dried Granules

Al-Pl plate-like Al2O3 powder (white sapphire) -
Mg-NP MgAl2O4 nanoparticles (spinel S25CR) -
MgAl - MgAl2O4-modified Al2O3 granules

Al - Al2O3 granules

Characterization. Synthesized materials were characterized using X-ray diffraction
(XRD), N2 physisorption, energy-dispersive X-ray spectroscopy (EDX), zeta potential, laser
diffraction (LD), and helium pycnometry. The details of the characterization measurements
are provided in the Supplementary Materials.

Bacteriophages and filtration tests. Two different bacteriophages, Escherichia phage
MS2 (MS2; diameter = 25 nm, DSMZ 13767, Braunschweig Germany, IEP ~3.5–3.9 [17]) and
Escherichia coli bacteriophage fr (fr, diameter = 19 nm, ATCC 15767-B1, Virginia, USA, IEP
~8.9–9.0 [45,46]), were used as virus surrogates. The associated host organisms for MS2 and
fr were Escherichia coli strain W1485 (DSM-5695, Braunschweig, Germany) and Escherichia
coli strain 3300-141 (ATCC 19853, Manassas, VA, USA), respectively.

Virus solutions with a concentration of 108 PFU·mL−1 in TRIS buffer (0.02 M tris
(hydroxymethyl)-aminomethane (Merck Group, Darmstadt, Germany) and 5 mM magne-
sium sulfate (Merck Group, Darmstadt, Germany), pH = 7.3) and their host bacteria were
purchased from the Culture Collection of Switzerland (CCOS, Wädenswil, Switzerland).
For enumeration of phages, the double agar layer (DAL) method was applied according
to the US EPA Method 1602, 2001 [47] (as described in the Supplementary Materials in
detail). The phage concentration (If) was calculated, accounting for the dilution (D), using
the following Equation (1):

I f = Number of plaques·D
[

PFU mL−1
]

(1)
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Additionally, log10 virus removal (LVR) efficiency was determined for each tested
material based on Equation (2), where I0 is the initial phage concentration:

LVR = log
I0

I f
(2)

Virus retention tests were performed in a laboratory-scale filtration setup (Figure S1),
where 4 g of granular material was placed over glass fiber filter paper (pore size 0.4 µm,
binder free, Macherey-Nagel filters) in a 70 mm-long cartridge with a diameter of 15 mm.
The flow rate of the solution was adjusted to 300 mL·h−1 and the pressure inside the
cartridge at the beginning of the tests was measured as 0.4 bars.

To assess the virus retention of the materials, continuous-flow filtration tests were
conducted using MS2 or fr bacteriophages, where the initial concentration of the virus
solutions was fixed to 107 PFU·mL−1 in TRIS buffer. The filtration characteristics of the
developed granular ceramic filter materials were assessed based on dead-end filtration
tests. Approximately 20 mL of permeate was collected after 250, 650, 1000, 1250, 1650, and
2000 mL of virus solution passed through the filtration medium to follow the decline in
the LRV and thus the saturation trend of the granular ceramic filter materials. For each
material, two cartridges containing 4 g of granular ceramic filter material were prepared to
verify the reproducibility of the results.

Furthermore, to assess the solubility of the materials in contact with the filtration
medium, magnesium and aluminum content of permeates were measured by inductively
coupled optical emission spectrometry (ICP-OES, Acros, Spectro Analytical Instruments
GmbH, Kleve, Germany).

3. Results and Discussion
3.1. Characterization of Starting Materials

Figure 1 shows the surface morphology of the raw powders. Al-Pl (Figure 1a) is
composed of micron-sized plate-like particles with various irregular shapes, which tend to
pile on each (i.e., agglomeration). Similarly, Mg-NP (Figure 1b) possesses a rough surface
texture, as a result of irregularly shaped nanoparticle aggregate formation. The specific
surface area (SSA) of raw materials was determined as 1.7 and 24.6 m2·g−1 (Table 2), for
Al-Pl and Mg-NP, respectively.

Table 2. Particle size distribution (dv90, dv50, and dv10), surface area, density, and IEP of starting
powders and synthesized granules.

Starting Materials Granules

Al-Pl Mg-NP
Mg-NP/1

wt.% PAA
Al Granules

MgAl
Granules

Particle size
dv90 (µm) 25.7 31.7 1.1 98.20 123.5
dv50 (µm) 11.6 2.7 0.8 51.69 52.02
dv10 (µm) 1.1 0.5 0.6 28.20 26.37

Surface area
(m2·g−1)

1.7 24.6 - 1.7 7.6

Cumulative pore
volume (cm3·g−1)

- - - 1.01 0.91

Density (g·cm−3) 3.94 3.80 - - -
IEP 9.06 11.84 - - -

Crystalline phases of the commercial raw powders were determined using XRD and
are shown in Figure 1c. The powders were crystalline without the presence of impurity
phases. The diffraction peaks of Al-Pl are characteristic of trigonal α-Al2O3 with a rhombo-
hedral (corundum) structure and R-3 c (167) space group (PDF: 43-1484). The diffraction
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pattern of Mg-NP corresponds to that of cubic MgAl2O4 with a spinel structure and F d -3 m
(227) space group (PDF: 21-1152).

–

Figure 1. Characterization of the starting materials, MgAl2O4 nanoparticles and Al2O3 (white
sapphire), as represented by blue and gray colors, respectively. Electron micrographs of (a) Al2O3

(white sapphire, Al-Pl) and (b) MgAl2O4 nanoparticles (Mg-NP), (c) X-ray diffractogram, (d) particle
size distribution, and (e) zeta potential as a function of pH.

The particle size distribution of the starting materials is shown in Figure 1b, and dv10,
dv50, and dv90 values are summarized in Table 2. The volume-based LD measurements for
alumina platelets represented a monomodal and relatively broad particle size distribution.
dv10 of 1 µm, dv50 of 12 µm, and dv90 of 26 µm were determined for alumina platelets,
in agreement with the company-provided values. Note that the shape of particles has a
strong impact on the particle size measurements, since the particle size distribution of
non-spherical particles is calculated on the basis of equivalent spherical diameters [48,49].

On the other hand, spinel nanoparticles showed a broad and polymodal particle size
distribution with a dv50 of 2.7 µm, in disagreement with the company-provided values
(0.2–0.3 µm). The volume-based LD measurements thus indicate strong agglomeration of
spinel nanoparticles, as seen on the electron micrographs, requiring extensive milling to
re-disperse Mg-NP prior to granulation. Therefore, PAA5 was selected as a dispersant to
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stabilize Mg-NP. The influence of dispersant concentration and milling time on particle size
distribution was critically assessed and further explained in the Supplementary Materials
(Figure S2). The addition of 1 wt.% dispersant and 10 h of milling allowed to reduce the
particle size distribution of Mg-NP (dv10 of 0.6 µm, dv50 of 0.8 µm, and dv90 of 1.1 µm),
as shown in Figure 1b.

The zeta potential of alumina platelets and spinel nanoparticles was measured as a
function of pH, as represented in Figure 1c. Both starting materials showed a positive zeta
potential (above 30 mV) in the pH range typical for drinking water (pH 6 to 8). The IEP of
AL-Pl and Mg-NP was determined at 9.06 and 11.84, respectively (Table 2), in agreement
with the literature [39,40,50].

3.2. Granulation

Spray-drying allows changing the granule morphology by tuning the slurry properties
and granulation parameters. Preliminary tests pre-established an appropriate solid load of
the dispersion, nozzle type, and binder fraction to optimize the granulation yield, material
size, porosity, and surface area. Only a marginal difference in particle size distribution
and morphology of the granules could be observed depending on the nozzle type, i.e.,
ultrasonic or two-fluid nozzle (Figure S3). Due to the ease of handling, the two-fluid nozzle
was selected for further experiments. On the contrary, the binder content had a distinct
impact on the granule morphology and size, as represented in Figure S5. The PVA content
was varied between 0 and 5 wt.% (referring to the total amount of all powders in the slurry).
At least 2 wt.% of binder was found to be required to form well-defined granules rather
than a mix of broken granules and loose powder. Higher amounts of binder (5 wt.% PVA),
however, caused the formation of large granule agglomerates and thus heterogeneous,
bimodal size distributions with diameters up to 1 mm. The optimal fraction of PVA was
thus found to be 2 wt.% (6.2 vol.%) in order to obtain homogenous, spherical-shaped
granular material. Finally, high SSA, as one of the important prerequisites for successful
virus adsorption, could be achieved by lowering the solid loading within the powder slurry
for spray granulation. Lowering the solid load from 20 to 10 vol.% almost doubled the SSA
of MgAl granules from 4.0 to 7.6 m2·g−1.

Figure 2a represents the surface morphology of the MgAl and Al granules with a solid
loading of 10 vol.% in the presence of 2 wt.% PVA (and 1 wt.% PAA5 in the case of MgAl
for spinel dispersion) after their calcination at 800 ◦C. Electron micrographs reveal the
presence of spherical granules in both materials, which have been collected in the coarse
collector of the spray-dryer (as illustrated in Figure S4). However, observing the granules
collected in the fine collector of the spray-dryer revealed that they had been broken and
that the granulation was especially poor in the case of Al compared to MgAl. This can be
attributed to an additional binding effect from MgAl2O4 nanoparticles that tend to adhere
strongly to each other, as previously described by Kendall et al. [51,52]. SEM images of
the broken or polished granules in Figure 2b display the sub-surface morphology of the
materials. Both materials possessed a highly porous internal structure (as previously also
confirmed by mercury intrusion porosimetry [15]), a critical feature to ensure effective
water flow during filtration, as a result of randomly oriented alumina platelets and the low
solid load of the ceramic slurry. To evaluate the compositional homogeneity between Al2O3
and MgAl2O4, EDX measurements were carried out. The elemental maps of aluminum and
magnesium provided in Figure 2c revealed that Mg-NP were homogeneously distributed
on the alumina platelets and within the granule volume (surface and sub-surface), as also
confirmed in Figure S6. There was no phase change during granulation and calcination
steps, as confirmed by the diffraction patterns of Al and MgAl in Figure 2d that show the
presence of α-Al2O3 and cubic MgAl2O4.
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Figure 2. Characterization of the spray-dried Al (—) and MgAl (—) granules that were calcined at
800 ◦C. (a) Electron micrographs, (b) sub-surface morphology of the broken (left) or polished (right)
granules, (c) elemental mapping of MgAl granules, (d) X-ray diffractograms, and (e) particle size
distribution of the granules.

The particle size distribution of the granules (Figure 2e and Table 2) was affected only
marginally by the presence of Mg-NP. On the contrary, the introduction of Mg-NP resulted
in a four times larger specific surface area for MgAl (7.6 m2·g−1) granules compared to Al
granules (1.7 m2·g−1) when alumina was partially substituted by a material with a larger
specific surface area, such as Mg-NP (24.6 m2·g−1). The porous structure of the granules
was further characterized by using mercury intrusion porosimetry (MIP). The cumulative
pore volume porosity and pore size distribution of the granules are represented in Figure S7.
The cumulative pore volume of Al and MgAl was only marginally different, detected as
1.01 and 0.91 cm3/g, respectively, indicating that the presence of Mg-NP did not block
the pores of the granules. In both materials, two distinct pore size ranges were noticeable
between 0.5 to 2 µm and 8 to 20 µm.

3.3. Filtration Tests and Virus Removal Performance

Prior to the tests with the granular material, control tests (with cartridges containing
only glass fiber filter paper) were performed to examine bacteriophage binding on the
filter paper. These tests confirmed that the presence of glass fiber filter paper did not
have any contribution in the removal of bacteriophages. LRV results obtained during
dead-end filtration tests performed using 4 g of ceramic filter materials are presented
in Figure 3. Additionally, LRV was also plotted against normalized filtrate volume per
filter bed volume, where bed volumes were calculated as 4.8 and 6.2 mL for granules
and Al-Pl, respectively, as shown in Figure S8. Figure 3 shows that the MS2 phages can
be effectively retained and completely removed from water up to 1 L with 4 g of both
synthesized granules. The granular structure, in a similar context with depth filtration,
enabled higher contact time between the adsorbent and MS2-contaminated water, which
permitted effective physisorption and chemisorption of the contaminants, when compared
to surface filtration [53]. However, there was a sharp decline in LRV of Al granules after
1.25 L, and ultimately no virus removal after 1.65 L, indicating that saturation of granules
was reached. On the other hand, virus retention of MgAl slightly decreased after 1.65 L
from LRV 7 to 5, while still meeting the WHO standards for drinking water (LRV ≥ 4) over
2 L [54].
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Figure 3. Retention performance of the granules based on MS2 and fr log10 removal as a function of
filtered volume. All filter media contained the same amount of material (4 g).

As a point of comparison, non-granulated alumina platelets showed significantly
poorer virus retention capacity and there was no removal of negatively charged MS2
bacteriophages (Figure 3). Due to the high powder packing density, filtration with Al-Pl was
significantly more challenging compared to filtration with the granules and accompanied
by a severe pressure drop in the cartridges. This clearly illustrates the importance of the
microstructure (e.g., tortuosity) and porosity of the filter media during filtration. Due
to the filtration challenges in Al-Pl filter media, they were only evaluated up to 250 mL,
and the tests continued thereafter with granular materials only. Filtration tests revealed
that despite a high positive surface charge of Al-Pl (IEP = 9.1), there was no removal of
negatively charged MS2 bacteriophages (IEP ≈ 3.5 [17]) at pH 7.3. Such a high charge
difference between the filter and bacteriophage surface has been reported to lead to a virion
sorption through electrostatic forces [20,38,55]; however, it is insufficient in explaining
our experimental data. Indeed, despite attractive electrostatic forces, the poor retention
performance of Al-Pl may be a result of: (i) a significantly low surface area due to platelet
agglomeration via the basal planes, and thus a small number of adsorption sites in Al-Pl,
and/or (ii) the formation of preferential flow paths, e.g., short-circuits of the filter. The latter
leads to an insufficient contact of contaminated water with the filter surface for adsorption
of bacteriophages, quickly saturating the little-exposed filter surface area on the flow paths.
The former prevents the fulfilment of a key prerequisite for effective virus retention: having
a high number of adsorption sites. Indeed, a higher virus removal capacity is often not
solely correlated with the IEP of viruses and sorption surface, but also with the surface
area and roughness of the sorption media [27]. Dika et al. demonstrated that substrate
roughness has an impact on the adhesion of bacteriophages, where weaker adhesion was
observed on a low-roughness surface (glass) when compared to substrates with a higher
roughness (polypropylene or stainless steel). Our results strongly suggest that the slower
saturation of MgAl granules observed in filtration tests with MS2 bacteriophage can be
linked to the larger surface area, surface roughness, and higher adsorption sites for viruses
provided by spinel nanoparticles, when compared to Al granules.

One important characteristic of a virus is its IEP, which represents the pH value at
which the surface charge of a virus is zero. Usual IEPs of viruses range from 3 to 7 [17].
To cover the IEPs of relevant viruses found in water in a wider range and have a better
understanding on the potential contribution of electrostatic forces, MS2 filtration tests were
complemented by separate filtration tests using fr bacteriophages. The filtration tests with
fr bacteriophages revealed successful retention of up to 2 L of contaminated water for Al
and MgAl granules. There was a small decline only in LRV of Al granules from LRV 7
to 6, after 1.65 L, while MgAl granules could successfully achieve complete removal of fr
bacteriophages even after 2 L.
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fr bacteriophage has a high IEP of 8.9 according to literature-reported values [56–58].
The filtration tests with fr bacteriophages revealed successful retention up to 2 L of contam-
inated water, in spite of the low zeta-potential difference between the filter material and
virus surrogate and the resulting low electrostatic interaction forces’ contributions. A more
detailed literature review, however, shows that the reported IEP of fr bacteriophage varies
widely, from 3.5 to 9.0 [55]. Recent studies experimentally validated by light scattering
and electrophoretic mobility measurements show that fr bacteriophages have mostly a
negative surface charge [20,21,55]. Armanious et al. theoretically estimated the surface
charge of fr bacteriophage based on the ionizable amino-acids and the tertiary structure
of fr capsid protein and reported its surface charge and IEP as −2.5 × 102 C·m−2 and 4.5,
respectively [20]. Due to the contradictory findings in the literature with respect to the
surface charge of fr bacteriophages, the present retention results need to be assessed consid-
ering two scenarios: fr bacteriophages have a (i) negative surface charge and (ii) positive
surface charge. In the first scenario, short-range attraction forces, i.e., van der Waals forces
or hydrophobic effects, may dominate or replace the electrostatic forces in virion sorption.
Following the second scenario, fr adsorption may occur similarly to MS2, driven by longer
range electrostatic forces which can be further complemented with attractive van der Waals
forces and hydrophobic effects. In the latter scenario, the retention performance difference
obtained in filtration with fr bacteriophages and MS2 bacteriophages can be linked to the
level of hydrophobicity caused by differences in the surface polarities. Armanious et al.
calculated the relative hydrophobicity of MS2 and fr bacteriophages and suggested that
fr bacteriophage experienced larger contributions from the hydrophobic effect due to its
higher apolarity [20].

Ongoing efforts clearly demonstrate the complexity of the interactions that play a
critical role in the virus trapping, and further investigations are necessary to validate the
exact mechanisms as well as exclude or quantify additional contributions that may result
from filter aging. According to the WHO International Scheme to Evaluate Household
Water Treatment Technologies report [54], a typical virus concentration of challenge water
and a minimum test water volume is indicated as 105 PFU·mL−1 and 20 L·day−1 for
laboratory verification tests of POU water filtration technologies, e.g., granular media and
porous or membrane filters [59]. Test waters used in this study were spiked two orders of
magnitude higher than suggested challenge concentrations (in the absence of humic acids
or natural organic materials). Filtration tests with 2 L of MS2- or fr-contaminated water
in controlled systems show outstanding adsorption properties of MgAl granules (with
4 g) and bring the material system closer to testing in real water systems. These materials
need to be tested for longer periods with higher volumes of challenge test waters based on
guideline values of the WHO [54,60], prior to the application stage.

3.4. Characterization of Materials after Filtration

Both materials were characterized following filtration in order to investigate the
influence of water exposure on the morphology and phase composition of the granules.
The phase composition of the granules was preserved during filtration according to X-ray
diffractograms, as shown in Figure 4a.

The electron micrographs presented in Figure 4b indicate that the granular structure
was preserved after their exposure to 2 L of contaminated water. Further tests on the stabil-
ity of the granules were performed using ICP-OES to evaluate the dissolution of alumina
and magnesium aluminate spinel to the form of Al3+ and Mg2+ cations in the permeate
after filtration tests with fr bacteriophage. Aluminum was not detected after 2 L of filtration
(where the detection limit of Al is 50 µg·L−1), and only a small quantity of magnesium re-
lease (<60 µg·L−1) was observed in the case of MgAl granules (Figure 4c). The magnesium
concentration in the permeate, which is known to cause hardness in drinking water, was
three orders of magnitude lower than the taste threshold value recommended by the WHO
for drinking water (<25–50 mg·L−1) [59].
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Figure 4. Characterization of the granules after filtration. (a) X-ray diffractograms, (b) electron
micrographs, and (c) associated magnesium concentrations detected in permeate, as determined by
ICP-OES.

As the limited lifetime is a severe technical challenge within an adsorption-based,
dead-end filtration process, the thermal regeneration will be a beneficial alternative even
after the filter itself starts losing its efficiency due to clogging of its pores and the occupation
of all adsorption sites by the virus contaminants (and by concomitant humic acid and other
competitive adsorbing water contaminants in real water systems). One of the main advan-
tages of granular ceramic filter materials is the possibility of regenerating the filter media by
thermal means [11,29]. Preliminary tests revealed that after heat treatment of the saturated
MgAl filter at 400 ◦C in air, the virus retention capacity was recovered (Figure S9). However,
it is important to mention here that the filters were not fully saturated and filtration after
regeneration was performed with only 250 mL of MS2 solution (107 PFU /mL). Therefore,
optimized regeneration conditions need be developed by assessing the process parameters
such as temperature and regeneration cycles in the presence of competitive adsorbing water
contaminants, as envisaged to be conducted in the future.

4. Conclusions

In this work, we shed light on the structure–performance relationship of spray-dried
granules as a ceramic filter material for virus removal in drinking water applications.
The following conclusions were reached under the observations of this study:

1. The presence of homogenously distributed Mg-NP in Al2O3 granules offers effective
means to enhance adsorption sites of virus surrogates (MS2 and fr bacteriophages).

2. MgAl2O4-modified Al2O3 granules exceeded the retention performance of pristine
Al2O3 granules, as revealed through flow tests.

3. MgAl2O4-modified Al2O3 granules possess promising adsorption properties, and
could successfully achieve a log10 reduction of 5 and 7 of MS2 and fr bacteriophages,
respectively, with 4 g of MgAl after 2 L of filtration.

4. There was no degradation in phase composition and morphology of the granules
upon filtration.

5. No aluminum nor significant magnesium leakage was detected during the filtration,
suggesting a high stability of the developed materials as a result of consolidation at
800 ◦C.

6. Preliminary regeneration tests indicated that the developed granular ceramic filter
materials can be potentially reused after thermal treatment.
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The underlying mechanism of successful virus retention is still not clear; however,
experimental findings suggest that highly porous granular structures play a key role in the
removal of bacteriophages. It is suggested that it enables a good permeability and thus
contact between the material and the influent.

The current study therefore highlights the potential of MgAl2O4-Al2O3 granules for
drinking water treatment. Prior to real applications, however, the filter materials developed
in this study need to be tested with more complex water chemistries, such as the presence
of complexing factors (e.g., natural organic matter, different pH) and regeneration options
(e.g., by thermal means) need to be evaluated to increase the lifetime and reuse the absorber
material.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes12050471/s1. Details regarding characterization
techniques, spray-drying, and virus removal experimental set-up descriptions, additional material
characterization and retention results (PDF). References [61–65] are cited in the supplementary
materials.
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