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Abstract

Treatment of industrial effluents (EFs) from the polluted wastewater sources using membrane technologies is an effective and attractive alternative to
overcome the weaknesses of some of the conventional wastewater treatment processes, especially when dealing with EFs loaded with recalcitrant organic
pollutants and toxic substances. The application of various polymeric and inorganic membrane based technologies to be used for the treatment of industrial
EFs has attracted a considerable attention in the past decades. In this regard, a critical discussion on the sustainability of various aspects of membrane
technologies would promote the commercialization of these technologies. In this review, various sustainability criteria in technical, economic, environmental,
and social categories have been considered for a critical discussion on the current status and improvement opportunities of membrane technologies for the
treatment of industrial EFs. While the application of polymeric membranes has been restricted by some bottlenecks to deal with some industrial effluents,
metal oxides fabricated ceramic membranes, and especially those fabricated with nanostructured materials such as nano-zeolites, those made of metal organic
frameworks as well as carbon-based fabricated mebranes have shown a promising performance in the rejection of recalcitrant organic pollutants. In addition,
the combinations of inorganic membrane technologies with other novel methods such as advanced oxidation processes (e.g., using engineered nanomaterials)

can be considered among the best options to deal with such highly polluted effluents.
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1. Introduction

Rapid industrialization and economic growth have significantly contributed to human
welfare in the recent decades in contributing to industrial pollution and eradication of the
natural resources around the world [1]. In particular, the generation of large amounts of
industrial effluents has considerably stressed the available water resources [2—5], thus raising a
great concern not only in developing countries, but also worldwide [6]. There are a number of
pieces of evidence for subsequent toxic effects on aquatic organisms when industrial effluents
are discharged into the environment without an effective treatment [7—9]. Treatment of
industrial effluents is therefore considered a feasible strategy to address this challenge as it also
offers the possibility to reuse water, which is of special interest in arid water-scarce countries
(e.g., Middle Eastern countries) [10]. In this regard, the development of effective industrial
effluent treatment technologies to deal with this problem is among the research priorities within
the scientific communities. The presence of recalcitrant contaminants such as adsorbable
organic halides (AOXs) and phytotoxic compounds in industrial effluents from various origins
makes them resistant to biological degradation and thereby inhibiting the efficiency of biological
treatment processes [11].

So far, various methods including physico-chemical (e.g., adsorption, coagulation and
precipitation, oxidation, membrane separation, etc.) and biological methods (e.g., aerobic
treatment, anaerobic digestion, etc.) or a combination of them have been used for the treatment
of industrial effluents [9]. Among the various physico-chemical methods that have been
implemented so far to deal with industrial effluents, membrane technologies (i.e., nanofiltration

(NF), reverse osmosis (RO), , microfiltration (MF) and ultrafiltration (UF) , etc) are still the



leading methods for addressing the global water shortage problems [12]. Membrane processes
are therefore becoming increasingly useful in the treatment of industrial effluents, as well as in
the treatment of polluted surface and ground waters, in replacement of many conventional
solids/ materials separation processes [13,14]. In addition to the acceptable treatment efficiency
of these technologies [15], they can contribute to the recovery of various organic [16] and
inorganic compounds [17,18]. Although efficiency is one of the most important characteristics of
industrial wastewater treatment methods, other criteria ensuring the long-term reliability of a
method are equally important. Thus economic, environmental and social criteria have been
considered in some studies aiming to identify the most appropriate treatment methods to deal
with effluents from different origins.

In this review, we present an overview of the recent findings and developments in the
production and application of various types of membrane technologies in order to deal with
industrial effluents. For this purpose, a systematic review is organized by considering the
sustainability criteria for industrial wastewater treatment. In this regard, a brief history of
membrane-based techniques is provided, followed by an overview on the sustainability criteria
for industrial wastewater treatment, identified according to the recent literature sources. The
criteria so far identified are then used to frame a discussion on the progress, challenges and

opportunities of membrane technologies targeted to industrial wastewater treatment.
2. Membrane technologies: a brief history

The invention of synthetic membranes goes back to the beginning of the 1900s.
Impregnation of a filter paper with a nitrocellulose solution in glacial acetic acid was the basis of
the first synthetic membrane [19]. Such a membrane was then used by Zsigmondy and
Bachmann [20] in the ultrafiltration process to separate the macromolecules and fine particles
from an aqueous solution. Up to this time, all the membranes had microporous structures. Later
on, and with the rapid progress in polymer chemistry, a large number of synthetic polymers
were developed, which were ultimately used for the production of polymeric membranes. Such a
progress enabled scientists to develop numerous membrane structures with precise properties.
The use of membrane technologies for the treatment of effluents thus appeared in the 1950s and
was initiated by the success obtained in the application of polymer membranes for the

separation of salt from water [21].



Progress in the production of RO membranes can be considered a milestone in membrane
science and technology. Reid and Breton, [20] developed a RO membrane based on cellulose
acetate. They reported both high salt rejection capacity and high flux using this type of
membranes at moderate hydrostatic pressures. In the 1950s, some progress in ion exchange
membrane technologies took place [23,24], together with a rapid development of the synthetic
polymers (e.g., polyethylene, polyamides and polyacrylonitrile), as the basis for the preparation
of membrane structures with various properties. One of the most important developments was
then the development of pressure-retarded osmosis (PRO), firstly reported by SidneyLoeb, [25].
However, the research in this field slowed down until the 2000s, mainly due to economic
considerations [26].

In the 1980s, interfacial polymerized composite membranes were introduced with
advanced properties such as high fluxes, high rejection capabilities, and significantly better
chemical and mechanical stability compared to cellulose acetate membranes [27]. Flat sheets
and then spiral-wound module structures were the first membranes to be used for RO in 1982
[28]. In 1986, porous membranes were applied for retention of high concentrations of slow-
growing anaerobic biomass in a two-phase anaerobic reactor while keeping low HRT by
Fernandes [29,30]. In this work, although the membrane had a pore size of 90 pum, the effluent
suspended solids concentration was consistently below 50 mg/L after 10-15 days of running,
with a biomass concentration inside methanogenic reactor up to 30000 mg/L. This could be
explained because membranes not only acted as surface filters, trapping particles larger than
their average pore size, but also trapped much smaller particulate matter deep in their complex
channels, for a “depth filter” effect. It was also stated that, with this liner membrane reactor,
without cleaning or replacing, it was not observed a fully block of the 9o um pore, during the
200 days of running, although it was observed a 10% of flux decrease per month. At that time,
the reasons for this were not entirely clear, but it was supposed that it should existed a limiting
thickness to the attached/entrapped biomass film on and within the interstices of the membrane
structure, above which the film would dislodge. Henc, at the initial stages of the development,
membrane performance was limited by fouling, which was divided in two categories, namely
cake layer formation on the surface of the membrane and pore clogging, being the first the main
contributor to fouling. Later, the development of thin film composite (TFC) architectures (<200

nm) became a major achievement [31] to deal with this problem. The innovation in inorganic



membrane structures has also been the important milestone in the field since the beginning of
2000s [12].

Combination of membrane technologies with biological treatment processes is another
important development in this area over the two last decades . Membrane bioreactors (MBRs)
experienced a period of rapid development around 2009, especially in some developing
countries such as China [32]. Currently they are utilized even to deal with persistent
environmental contaminants, especially in combination with other treatment methods [33].
Anaerobic membrane bioreactors (AnMBRs) are now widely used for the treatment of industrial
effluents, as a consequence of that advancement. This allowed the improvement of MBR
performance by working under anaerobic condition. They can bring a number of advantages
such as fast start-up, small footprint, high efficiency in terms of total suspended solids (TSS)
and chemical oxygen demand (COD) removal, among others [34—36].

In the present scenario, polymeric membranes are at the forefront of the treatment of EFs
and the market based on this type of membrane technologies is impressively huge. Research in
this field is now focused on addressing the challenges associated with the application of
polymeric membranes such as fouling problems and treatment costs. The development of
various types of inorganic membrane structures and their combinations with other
physicochemical or biological treatment technologies is now the main focus of research in the

field of membrane technologies.
3. Sustainability considerations

Sustainable development can be defined as “the development that meets the needs of the
present without comprising the ability of future generations to meet their own needs” [37]. To
attain such a goal, it is vital to consider an integration of environmental, social, economic and
technical aspects of the desired activities [38—40].

Selecting the most suitable and sustainable technologies to deal with organic and inorganic
contaminants in EFs to comply with stringent environmental standards is a complex task [9]. A
literature review allowed to have a perspective on the criteria that must be considered in order
to assess the sustainability of membrane technologies for the treatment of EFs. Although the
same sustainability criterium might be considered for the evaluation of the treatment

technologies for both industrial and municipal effluents, the relative importance of that



criterium may vary between the two types of effluents. Relying on a choosing-by-advantages
(CBA) approach, Arroyo and Molinos-Senante [41] ranked the most suitable municipal
wastewater treatment technologies based on various criteria including treatment efficiency,
energy consumption, land area required for the treatment facilities, sewage sludge generation,
the quality of thewater for reuse, by-products recovery, reliability, odor impact, noise impact,
visual impact, public acceptance, and operation complexity .

Dursun [42] by using a systematic approach of “technique for order of preference by
similarity to ideal solution” (TOPSIS) considered various factors such as treatment costs, global
warming, eutrophication, land requirement, manpower requirement, reliability, sustainability
and flexibility. Such studies emphasize the necessity of considering multiple criteria when
developing a technology to deal with industrial effluents. Sustainability in terms of various
criteria including technical, environmental and economic aspects for the implementation of a
large-scale membrane bioreactor (MBR) plant was also addressed by Chen et al. [43]. Hao et al.
[32] compared MBRs to conventional activated sludge (CAS) treatments in terms of
sustainability criteria by focusing on parameters such as effluent quality, footprints, capital and
operational costs, consumption of energy, and membrane fouling. They concluded that despite
the high efficiency of membrane biotechnologies and also their small footprint, they suffer from
high energy consumption and operating costs. Tufa [44] considered environmental ethics in the
sustainable utilization of membrane-based technologies (MBTs) for wastewater treatment.
Mahmood et al. [45] identified the criteria for the assessment of hollow membrane module
technologies considering the sustainability criteria for the life cycle assessment (LCA) studies.
They proposed a set of criteria based on environmental, economic and social aspects.

In accordance with the literature findings, sustainability criteria for the development of
membrane-based technologies targeted to EFs treatment must include technical (i.e., treatment
efficiency (TE), ease of implementation (EI), combination with other methods (CM), process
stability (PS), and health and safety risks (HSR), economic (i.e., initial investments (II),
operating costs (OC), maintenance costs (MC)), environmental (i.e., solid waste generation
(SWG), release of chemical substances (RCS), CO, emission (CE), water reuse potential (WRP),
potential to recover by-products (PRB)), social (i.e., odor impact (OI), noise impact (NI), visual

impact (VI), and public acceptance (PA)). These were the criteria considered in this review in
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order to have a reliable conclusion on the current status and improvement opportunities of

MBTs for the treatment of EFs (Fig. 1).
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Fig. 1.

Sustainability criteria as considered in this study for the development of MBTs for the treatment of industrial effluents.

4. Challenges and opportunities

This section is aimed to address the challenges and opportunities for the development of
MBTs for the treatment of industrial effluents. To this end, this section has been organized

based on the sustainability criteria and sub-criteria that were discussed in section 3.

4.1. Technical considerations
4.1.1. Treatment efficiency

Various types of membrane technologies have been so far considered for their efficiency regarding
industrial effluent treatment. Three main mechanisms are generally used for the separation and
removal of environmental pollutants using membrane technologies, which are based on (a) size
exclusion (or steric hindrance effect), (b) hydrophobic interaction between pollutants and membrane,
and (c) electrostatic interactions between pollutants and membranes [46—50]. Size exclusion separates
the solutes with sizes larger than the pore size of the membrane. Smaller size solutes may pass through

the membrane but larger ones may be retained. Most of the polymeric nanofiltration (NFs) membranes
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[51] have very high hydrophobicities. Hydrophobic organic pollutants with neutral or positive surface
charges get adsorbed onto these membranes because of the membrane negative surface charge of the
in most environmental situations.

Adsorption is the primary mechanism for the rejection of low molecular weight (LMW)
hydrophobic (mainly organic) solutes. However, they will ultimately be rejected by size exclusion
mechanism after being saturated [52-54]. Electrostatic interaction of the pollutants with the
membrane surface can be directly attributed to both the surface charge of the membrane and that of
the pollutants [55]. For instance, TFCs are generally negatively charged at a neutral pH. Sulfonic
and/or carboxylic acid groups (with the deprotonation ability at neutral pH) are responsible for such a
negative charge [56,57]. In such pH conditions, pollutants with positive charges can be readily
adsorbed onto the surface of the membrane and are separated from the wastewater. As discussed by
Ganiyu et al. [46], adsorption of positively charged pharmaceutically active compounds (PhACs) onto
the membrane surface is an example of this type of mechanism that may apply for the separation of
organic compounds from EFs.

Membranes may be classified according to the size of the particle or element to be filtered.
The MF membranes are usually suitable to deal with particles in the size range of 100-1000 nm.
UF membranes are applied when their size reduces to 5-100 nm (such as bacteria or viruses),
and finally, NF membranes are suitable for the separation of 1-5 nm sized compounds. In the
forward osmosis (FO) process [58], a draw solution having a higher osmotic pressure (OP) on
one side of a membrane draws the water from the other side (feed solution) with a lower OP.
Unlike in the pressure-driven reverse osmosis (P-D RO) energy is applied to drive the osmotic
pressure [59]. The performance of a membrane technology directly associated with parameters
such as pore size, type and properties of the membrane material (e.g., mechanical strength), and
composition of effluents to be treated, as well as operating parameters such as retention time,
pH, temperature, etc.

Suhas et al. [60] and Kim et al. [61] summarized the recent studies to deal with contaminants of
emerging concern (CECs) by various membrane processes including FO, RO, NF, and UF. By
addressing the physico-chemical characteristics of CECs (i.e., solute molecular weight, size and
geometry, surface charge, and hydrophobicity), operating conditions (i.e., pH, solute concentration,
operating temperature, etc.), and also the properties of the membranes (i.e., fouling behaviour, pore

size, porosity, zeta potential, and strength) they concluded that the efficiency of the membranes for
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EFs treatment followed the sequence: RO > FO > NF > UF. Chemical stability is among the most
important features in the performance of membranes to deal with industrial effluents, especially
under harsh operating conditions. In addition to the materials used, size of the pores can also
influence the stability of the membranes, since membranes with very fine structures are of less
stability [62].

From the view-point of membrane materials, both polymeric (e.g., polyethylene (PE),
polyethylsulphone (PES), polypropylene (PP), polyvinylidene fluoride (PVDF)), and inorganic
(ceramic membranes (i.e., metal oxide, metal organic framework, zeolite, carbon-based (i.e.,
carbon nanotubes, and graphene) materials have been utilized so far to produce membranes for
the treatment of EFs. As regards the polymers, innumerable literature reports have been
published on the application of various types of polymeric membranes for treating EFs. These
polymeric membranes can bring advantages such as selectivity, low cost of operation, ease of
preparation, flexibility, and good quality control (for the effluents). However, there are
limitations in the performance of these types of membranes such as low thermal and chemical
stability, which can cause difficulties for their large-scale applications [63—-65].

Lau and Ismail [66] applied NF polymeric membranes to deal with textile effluents, which
are highly colored. However, they concluded that it is difficult to have an overall conclusion on
the feasibility of this technology for the treatment of textile effluents due to the variations in the
composition of such highly polluted effluents.

Hosseini et al. [67] reviewed the recent developments in the polymeric membrane
technologies for metal plating wastewater treatment and concluded that such membranes can
bring advantages of high separation efficiency. In this study, RO systems have shown separation
efficiency typically higher than 90% to deal with metallic pollutants such as nickel, chromium
and zinc. Among the NF membranes, thin-film composite nanofiltration hollow-fiber
(consisting of a semi-permeable barrier made by the hollow fibers) membranes can best
perform among the polymeric membranes for the treatment of heavy metals, mainly Cr, Cu (II),
and Ni (IT).

The performance of some polymeric membranes such as complexation-ultrafiltration in
which water-soluble polymers are added in the effluent to bind pollutant molecules forming
macromolecular complexes [68] can be highly dependent on the operating conditions, especially

pH. For instance, chitosan has shown no rejection at pH=2 for Cu, while by increasing the pH to
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10, complete rejection was observed [69]. Otitoju et al. [70] mapped out the current trends in
the utilization of PVDF membranes to deal with oily wastewaters. They concluded that despite
the capabilities of PVDFs (such as their anti-oxidation property, good thermal stability and
excellent chemical resistance and high efficiency) development of advanced PVDFs with low
antifouling properties is highly required to provide an acceptable flux (Qp=F..A; where
Fw describes the water flux rate (kg-m-2:s-1), Q, represents the permeate stream flowrate
(kg-s1), and A is the membrane area (m?2)).

Other polymeric membranes also suffer from technical issues including high energy
consumption (e.g., in RO process), intense membrane fouling (e.g. in RO, NF, complexation-
ultrafiltration, and electro-membranes processes), high operational costs (e.g., in RO, and
complexation-ultrafiltration), the need for chemical cleaning (e.g., in complexation-
ultrafiltration, and electro-membranes) and existing issues in module design and process
configuration (as in liquid membranes, and polymer inclusion membranes) [67,71].

There are a number of commercialized polymeric membranes in the market [67]. Various
methods have been applied for the fabrication of these polymeric membranes. Of these, TFCs
are the most widely used polymeric membrane for the treatment of polluted water and
wastewater. The main step involved in the fabrication of these membranes is the formation of a
very thin polyamide (PA) film on a porous support layer, which is fabricated mainly from
polysulfone (PSF) or polyethersulfone (PES). The dry-wet phase inversion technique has been
most widely used for the synthesis of the substrate. The top layer is mainly fabricated using
interfacial polymerization (IP) process. The strength of these polymeric membranes is highly
dependent on the properties and the resistance of the support layer. The properties of the top
skin can also determine the efficiency of the membrane in terms of flux and solute rejection.
However, the performance of the membrane is also dependent on some other experimental
parameters like time, wastewater content, etc. [66].

Efforts have been made to improve the properties of the polymeric membranes. For
instance, the inclusion of charged species during phase inversion process can considerably
enhance the flux and mitigate the fouling properties. Such species may be grafted into or
adsorbed onto the membrane surface. Nanoparticles such as titania, silica, alumina, and silver
were also used to decorate onto the membrane surface to reduce membrane fouling [72]. Wang

et al. [73] reviewed the possibilities of integrating functional inorganic nanomaterials with
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polymeric membranes to further enhance antifouling properties of such membranes. They
concluded that embedding nanomaterials such as sulfated TiO2 (SO,2-/TiO.) that were
synthesized by exposing Ti(OH), to a sulfate source followed by calcining [74]), deposited SiO»
nanotubes, solid superacid (defined as a solid with an acid strength higher than the acid
strength of 100% sulfuric acid, which are not dissolved in the medium [75]) porous ZrO.
shell/void/TiO, core particles and porous YiFe,Zr;«,0. coated TiO., solid superacid
nanoparticles can considerably enhance the properties (such as antifouling) of the polymeric
membranes. Modification of the membrane with advanced functional inorganic nanomaterials
can be used to degrade organic compounds through TiO. photocatalytic properties. Also,
inorganic materials embedded into the structure of the polymer membranes can effectively
enhance the hydrophilic (and hence antifouling) characteristics of the membrane.

Inorganic ceramic membranes with various configurations such as flat geometry, tubular
structure, or ceramic hallow fiber membranes [76] (Fig. 2) have received much greater attention in
recent years to deal with industrial effluents, but they are limited mostly in lab and pilot scales.
Properties such as high chemical resistance, chemical inertia and easiness to be cleaned [77,78] have
enhanced their performance, compared to polymeric membranes. The type of materials used has the
dominant impact on the performance of ceramic membranes. Mohsen et al. [76] reviewed various
materials for the treatment of EFs from various origins. They concluded that an a-Al,O; tubular
ceramic UF/NF membrane with an inner layer composed of either ZrO, or TiO, [79]is very effective for
the treatment of effluents from pulp and paper (P&P) industry, characterized with high COD, low BOD
and loaded with non-biodegradable compounds [9,80,81]. Such a combination was successfully
applied for the treatment of effluents from a pulp and paper mill with a maximum flux of 52 L/m2h and
organics retention rate of 60-70% [76]. Post-treatment of P&P mill effluents by MF and UF has
been also been attempted by Neves et al. [82] as efficient technologies for color removal (84%
and 75%) and COD removals upto 84.3% and 80% using UF and MF membranes, respectively.
Multi-channel tubular structures made of ZrO,-TiO, ceramic UF have shown the highest performance
among other membrane technologies to deal with textile effluents (with a flux of 255.86 L/m2h and a
dye rejection of about 95%) [83]. Tubular a-Al,O5; ceramic MF having a pore size of 0.2 um has
provided a water flux of 500 L/mzh [84].

Conventional methods to fabricate ceramics generally rely on mixing the precursors (e.g.,

metal oxides or metallic salts) followed by thermal treatment, normally close to 1000°C [85].
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Generation of relatively high amounts of chemical wastes as well as the consumption of energy
are the main weaknesses of these methods in terms of environmental sustainability. In this
regard, there is currently a trend in the literature for the application of green and low-cost
methods for the synthesis of advanced nanostructured materials such as aluminium oxide [86]
and iron-based nanomaterials [87,88] in order to prepare ultrahigh flux membranes for
improving the efficiency of treatment process based on membrane technologies.

Goh and Ismail [12] reviewed the application of various types of inorganic membranes including
ceramic membranes (i.e., metal oxide membranes, zeolite membranes, and metal-organic derived
ceramic membranes) and carbon-based membranes (i.e., carbon nanotubes membranes and graphene
membranes) to deal with industrial effluents. Various types of inorganic membranes, reviewed in their
study, have shown acceptable performance typically >80% of pollutants rejection and the maximum
flux was observed for Al,O; (450 kg/mzh) They concluded that the inorganic materials have the unique
properties (such as antifouling characteristics), especially with reduced thicknesses (e.g., interlayer free
ceramic membranes, carbon nanotube-based membranes, and graphene membranes) can open a new
window to achieve high output potable water production.

Mohsen et al. [76] reviewed the performance of pressure-driven ceramic membranes to deal with
various types of industrial effluents. Ceramic MF and UF membranes have also been successfully
applied for the treatment of food industry effluents [89,90]. The optimum performance of such
ceramic membranes has been achieved using Al.O;/ZrO,/TiO. membranes and those fabricated from
the natural clays. For example, a clay-fabricated MF with a pore size of 0.309 um was utilized for the
treatment of dairy effluents and achieved > 90% of COD removal. The highest flux for the treatment of
food industry effluents has been also achieved with ZrO,-TiO. mono-tubular ceramic UF (95.4-97.7
L/m2h) [o1].

In a pilot plant study [92], hybrid NF with RO removed colour and contaminants of a
distillery spent wash >99.8% of EFs and TDS of 99.9% by retaining a relatively high flux
compared to that of pure water with no fouling. In a further study [93], hybrid ceramic
membrane-based MF and electrodialysis (ED) pilot plant was utilized to remove colour and
pollutants of the effluents from the paper industry. The hybrid module gave a recovery of >90%
from the original wastewater. The ceramic MF membrane was able to resist the higher
temperature of the discharged effluent. In addition, the permeate was free from suspended

colloidal particles. The hybrid process was more efficient than the individual membrane.
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The arsenic removal from drinking water sources is considered a major environmental
problem in many parts of the world. The ceramic-based NF was used to remove arsenate ions
with a high rejection of 99.8% [94]. A significant flux was retained in these experiments
suggesting that membranes were not affected by fouling phenomenon. Some tubular ceramic
membranes used were prepared by thin film coating of their inner surfaces (35 pum) using
cellulose acetate solution. The 1-channel, 7-channel, 19-channel tubular hollow membranes
having an identical pore size of 1.2um and a porosity of 35% by volume were used to separate

organic contaminants collected from different industrial wastewater sources.

Interlayer

Fig. 2.
Ceramic membranes with various configurations such as flat geometry (a), tubular structure (b), or ceramic hallow fiber
(c) membranes are commercially available. Ceramic membranes used for EFs are porous asymmetric structures

composed of porous support layers, an intermediate layer as well as a thin top layers as skin (d), adapted from [76].

In conclusion, it must be emphasized that the type of membranes has a crucial effect on
their performance and their fouling properties. Although polymeric membranes are the good
candidates for industrial wastewater treatment, especially due to their low production costs,
they mainly suffer from rapid fouling, which may result in system failure (see 4.1.4). Although
the addition of surface modifiers could overcome this weakness to some extent, fouling is still
the main barrier restricting the performance of polymeric membranes. Even though ceramic
membranes have been able to address this problem, they are still expensive solutions for real
wastewater treatment. Thus, development of cheap methods as well as environmentally friendly
precursors can considerably push such membranes for rapid commercialization. However, other

parameters such as composition of the effluents can significantly affect the treatment efficiency
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using various types of membrane technologies. Table 4 summarizes the main considerations on
the application of various membrane technologies considering their efficiency for the treatment

of various types of industrial effluents.

18



Table 4.

Current opinion on the efficiency of various membrane technologies for the treatment of industrial effluents.

Membrane category

Effluents

Remarks and future perspectives Ref.

- Inorganic membranes

- TFC, cellulose tri-
acetate (CTA), triclosan
(TCS), carbamazepine

(CBM), diclofenac (DCF)

- Submerged membrane

-IEs

PhACs

- Municipal and industrial

- Inorganic membrane technologies have shown their high performance to [12]

deal with the wastewater from various origins.

- Main directions in inorganic membrane science and technologies: a) to
enhance the functionality, flux and selectivity of inorganic membranes via the
hierarchical design of individual or hybrid inorganic materials and molecules;
b) development of thin and defect-free support for membranes or interlayer-

free membranes; c) fabrication of free-standing carbon-based membranes.

The efficiency of the studied membranes for the EFs treatment is as follows: [61]
RO = FO > NF > UF.

The TFC membranes showed greater retention than the other studied

membranes.

- An acceptable nitrogen and phosphorous removal can be achieved (up to [95]
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photobioreactors

- Polymeric membranes

- Polymeric membranes

Polymeric

wastewater

Textile effluents

Metal plating wastewater

Els

97% and up to 93%, respectively) and simultaneous algal cultivation can be

achieved.

- It is still difficult to have an overall perspective on the feasibility of the
polymeric membranes for the treatment of textile effluents because of the

variations in the composition of such effluents.

- RO systems have shown separation efficiency typically higher than 90% to
deal with metallic pollutants such as nickel, chromium and zinc.

- Some properties of the materials such as chemical, thermal and mechanical
stability as well as reasonable procurement cost are essential for the
performance of polymeric membranes.

- Polymeric membranes currently suffer from some weaknesses such as high
fouling rate due to their hydrophobic characteristics (especially in case of PE),

high operating cost, etc.

- Embedding the nanomaterials can considerably enhance the properties
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- Pressure-driven ceramic

membrane

- MF, UF, NF and RO, as

well as MBRs

- Graphene membranes

PVDFs

- P&P, textile,
pharmaceutical,
petrochemical, food and

mining

- Olive oil mill effluents

(OME)

- Not specified

Oily wastewaters

(such as antifouling) of the polymeric membranes.

a-A1,O; tubular ceramic UF/NF membranes having an inner layer of either

ZrO, or TiO, was the most effective type of membranes.

- OME can be effectively treated using MBTs.
- There are still some issues that may slowdown the large-scale membrane
technologies for OMW treatment despite the promising perspectives,

including the loss of membrane performance due to fouling issue.

These materials can offer very high surface area, chemical and mechanical
stability, nanosized pores, atomic thickness, and reactivity toward polar and

non-polar water pollutants.

More studies are required to develop advanced PVDFs with low antifouling

properties.
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4.1.2. Bio-wastes mitigation

Bio-wastes can be defined as agricultural residues, municipal solid waste, wastes and
residues from wood industry, animal manure, etc. [97]. There have been several attempts in the
treatment of bio-wastes using membrane technologies that have inspired the development of
industrial effluents treatments from various origins using membrane technologies. Because of
the increasing interest in the use of environmentally benign technologies that can combine
biological methods with other treatment technologies, the MBR is considered to be more
effective than the conventional wastewater treatment approaches based on activated sludge,
especially while treating the micro-pollutants containing wastewaters [98]. MBR systems
commonly used UF or MF membranes, hallow fiber, plate and frame configuration, flat sheet or
tubular modules.

Jeong et al. [99] through the treatment of food wastes recycling effluents by a ceramic
(submerged flat-sheet) anaerobic membrane bioreactor (CAnMBR) (Fig. A.1) reached high
degree of treatment efficiency to deal with a high organic effluent at a relatively short hydraulic
retention time (HRT). Such a combination was also very beneficial to reduce the fouling of the
membrane through efficient conversion of organic materials to biogas (0.21 + 0.1 L. CH,/g COD
removed) by anaerobic microbial communities. The system showed stable performance in terms
of flux (> 9.2 L m2 h (LMH)) maintained at an HRT of 13 h for 200 days without the need for
any chemical cleaning.

A CAnMBR was also applied by Cho et al. [100]. Application of alumina-based flat-sheet ceramic
membrane (having a mean pore size of 0.1 pm with a total effective area of 0.2 m2) has a high degree of
stability and provided both high flux (=6.9 Lm-2 h-1) and low fouling properties in the treatment of
domestic effluents, as a main source of bio-wastes. In addition, the system resulted in efficient removal
of organic compounds (= 98.0%). Application of full-scale MBRs for the treatment of bio-wastes has
shown high potential of such combinations for the treatment of the effluents loaded with recalcitrant
pollutants. Predictions indicate that there will be a trend over the next 20 years to increase bio-wastes
production and their occurrence in landfilling sites [101]. Leachate generation is considered a
consequence of the bio-wastes decomposition in the landfills [102].

Sui et al. [103] studied the application of full-scale MBR to deal with pharmaceuticals and
personal care products (PPCPs) occurred in the content of landfill leachates in a landfill reservoir in

Shanghai, China. They found that PPCPs were detectable in the landfill leachate in concentrations
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between 0.39 to 349 pg/L. Full-scale MBR (Fig. A.2) showed a high degree of efficiency in the removal
of such compounds (to the extent of 10.6 pug/L) in the treated leachates.

Pharmaceutical effluents, as the main source of bio-wastes, normally contain large volumes
of biological substances along with disinfectants and complex organic compounds that could
induce threats to the receiving environments such as toxic effects on the aquatic organisms
[104,105] and endocrine disruption in human body cells [106]. Some advanced types of MBRs
have been developed recently for the treatment of such effluents. Ng et al. [107] developed a bio-
entrapped membrane reactor (BEMR) as well as a salt marsh sediment membrane bioreactor
(SMSMBR) (Fig. A.3) to deal with pharmaceutical effluents containing high levels of COD,
salinity and toxicity. While conventional biomass in BEMR resulted in 54-68% of COD removal,
marine bacterial species in the SMSMBR could efficiently decompose the recalcitrant organic
compounds efficiently, achieving up to 74.7—90.9% of COD removal, leading to a noticeable
decrease in membrane fouling. MBR technologies working under anaerobic conditions have
resulted in both high treatment efficiency and biogas production. For instance, Ng et al. [108]
suggested that pharmaceutical effluents with high salinity and COD can be treated by anaerobic
bio-entrapped membrane reactor (AnBEMR).

Wool scouring effluents can also be considered as a source of bio-wastes in textile industry
effluents. Several efforts have been applied to deal with wool scouring effluents using membrane
technologies, especially in combination with other techniques. For instance, a combination of
coagulation-flocculation technique with membrane technology has been reported [109] with an
ability to recycle > 90% of water. However, such combinations seem to be yet so expensive to be
commercialized rapidly.

Laijiu et al. [110] developed chitosan-based (chitosan/sucrose/polyurethane composite) bio-
membrane using drop coating method for the treatment of wool scouring effluents. They immobilized
Aspergillus Sojae on the membrane in order to produce the flocculent materials by the fungal
microorganisms (mainly polysaccharide, protein and organic acid mixture). They found an increase in
absorbability of the system with increasing both chitosan and sucrose contents. The bio-membrane
system presented a high performance in terms of COD and suspended solids (SS) of the effluents
(>95%). Dairy effluents also contain bio-waste, which need to be treated efficiently before discharging.
Sankar et al. [111] observed that bioflm membrane-based bio-reactors are the good candidates to

remove organic and nutrient pollutants from the dairy effluents.
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MBRs have been also used for the treatment of sewage sludge, as a source of bio-wastes.
For instance, Collivignarelli et al. [112] studied the thermophilic degradation of sludge and
aimed towards “zero sludge production strategy”. They monitored the concentration of
extracellular polymeric substance (EPS) and concluded that foaming process in MBR is related
to the presence of EPS soluble protein fraction. In addition, they found that EPS production is
reduced by increasing the non-aeration cycle duration. In another recent study, Moiiino et al.
[113] studied the co-digestion of food wastes with urban wastewater using a SAnMBR. The
system indicated an increase in the methane potential of food wastes by 2.9 fold. Such a strategy
can be used successfully for the co-treatment of other types of bio-wastes with industrial

effluents.
4.1.3. Ease of implementation

Ease of implementation may also be considered in the decision-making process in order to adopt
appropriate wastewater treatment methods. Membranes are the suitable candidates for various types
of plant design mainly due to their compact design and the need for a low degree of maintenance. The
operation of membrane systems is generally very simple without requiring the use of specialized
knowledge to handle and operate them [114]. Membrane systems can also be built in a modular form
which makes them adaptable to the process scale [115]. Bick et al. [116] suggested that the potential
users can adhere easily to membrane technologies as a simple and efficient physical barrier, even if it is
more costlier than the conventional existing technologies. Le and Nunes, [26] argued that interfacial
polymerization technique for the production of TFC membranes is a facile, easy to use, and able to
create a very thin (<100 nm) selective layer of polyamide. However, it must be stated that the
combinations of membrane systems with physico-chemical methods, such as advanced oxidation
processes, or with biological treatments, such as anaerobic digestion, may bring some difficulties in

terms of the scientific knowledge required and implementation detailes.

4.1.4. Combination with other methods
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New generations of membrane-based technologies, including the combination of membranes
with other physico-chemical or biological methods have also proven their efficacy to deal with the
industrial effluents. Luo et al. [95] suggested that an acceptable nitrogen and phosphorous removal can
be achieved (up to 97% and 93%, respectively) using the submerged membrane photobioreactor

(MBPR), consisting of an enclosed photobioreactor (PBR) [101, 102] with a submerged or side stream
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membrane filtration process (Fig. 3).

Fig. 3.
A schematic of the MPBR process, adapted from Luo et al. [95]. The factors which may affect the efficiency of MPBR
(i.e., HRT, SRT, flux, temperature, pH, and light properties (e.g., light intensity, wavelength, and light/dark cycles) are

indicated in this figure in italic. Corresponding sections (i.e., feed, aeration, light, permeate, membrane and biomass)

are also illustrated in boxes.

Even though various studies have indicated the successful application of membrane
technologies to deal with a wide range of toxic materials (such as chlorinated organic
compounds [120,121]), it must be stated that this technique has some weaknesses regarding
some dissolved organic compounds (DOCs), especially low molecular weight organic
compounds, e.g., in the UF/MF range. On the other hand, advanced oxidation processes (AOPs)
have proved their efficiency for the degradation of DOCs. For instance, TiO. modified with

carbonaceous nanomaterials [122] has shown excellent performance in terms of high
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photocatalytic activity, good performance under solar irradiation, and easy to be collected for re-
use. It has been well documented in the literature [106—109] that the generation of hydroxyl
radicals, as powerful oxidation agents, are the basis of AOPs. Hence, a combination or
integration of membrane separation technologies with AOPs (e.g., photocatalytic membrane
reactors (PMRs), Fig. 4) seems to be an appropriate solution to enhance the overall efficiency of
the process and to overcome the limitations of both AOPs and membranes systems.

Ganiyu et al. [46] reviewed the literature on the combination of AOPs with membrane
technologies for the treatment of pharmaceutical residues and indicated the suitability of AOPs
(i.e., ozonation, peroxone using O; and H,0,, UV/H,O. system, photo-Fenton process,
photocatalysis and electrochemical AOPs (EAOPs)) as pre-treatment stages for degradation of
organic materials to prevent membrane fouling or as post-treatment stages in order to polish
the treated effluents in the membrane systems. Li et al. [127] reviewed the degradation of dyes
in the content of industrial effluents by a separation membrane coupled to an electrochemical
advanced oxidation process (EAOP). They indicated that such an integration might improve the
separation process as long as the operating parameters such as initial dye concentration, current
density or electric field intensity, supporting electrolyte nature and concentration, pH, and
temperature of the solution are suitably controlled. Furthermore, some important features have
to be addressed for the successful combination of membrane technologies with other physico-
chemical or biological treatments.

The application of pre-treatment step before membrane treatment can potentially enhance the
overall efficiency and, may even prevent the system failure caused by membrane fouling. Such
combinations were initiated in the 1980s. Canepa et al. [128] applied an integrated three-phase process
(UF to adsorption to RO) at pilot scale to deal with OME. The interest in using membrane processes for
the separation of volatile fatty acids (VFAs) from the fermentation broth has been well documented
[129]. Among the membrane processes, ED has been tested by Scoma et al. [130] for the first time to
separate the VFAs enriched effluent from the pre-treated fermentation of olive mill wastewater. Stoller
and Bravi [132] studied various methods including coagulant-flocculants, photocatalysis (PC) using
titanium dioxide nanomaterials (anatase) under UV light irradiation, and aerobic digestion (AD) to
pre-treat OME before batch MF, UF and NF processes in sequence, with a final RO step. They
concluded that all the pre-treatment processes are successful leading by UV/TiO. PC. Lu et al. [133]

summarized the results of the studies on the combination of membrane-ozonation processes for the
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removal of PhACs. They highlighted that a post-treatment to NF by ozone (UVa45/05) (4 mg/L) [134]
could result in 299% PhACs removal using such a combination. They also emphasized the successful
combination of membrane technologies with Fenton and photo-Fenton processes [83],
membrane/photocatalytic processes (e.g., with TiO, nanoparticles) [135], as well as electrochemical
treatment processes [133].

Membrane bioreactors (MBRs), composed of filtration processes and biological treatment
methods, have also been applied successfully for the treatment of high strength EFs. Sabrina et
al. [62] reviewed MBRs performance for the treatment of textile and food mills effluents and
concluded that these are the acceptable options for the treatment of high strength industrial
wastewaters. One of the main advantages of such combinations is the elimination of the need for
large clarifying basins required in some biological treatment methods such as conventional
activated sludge processes (CAS) used to ensure complete settlement of the flocs. When CASs
are combined with membrane technologies, no more settling processes are required eliminating
the area needed for installation of clarifiers [136].

Luo et al. [95] recently reviewed studies on microalgae cultivation as well as the treatment of
effluents in MBPRs, which is an emerging and interesting area in the algal research field. Such a
combination can bring a number of advantages over the conventional membrane treatment methods.
For instance, by avoiding the washout of the biomass, MPBRs can operate under lower hydraulic
retention times (HRTSs), which is a very important feature especially in reducing the costs and system
footprint. They concluded that MBPR process should contribute to achieving a considerable algal
productivity (50-100 mg/Ld), depending on the operating conditions. They also stated that HRT=1d,
sludge retention time (SRT) =15 to 25 d, the intensity of light = 150 umol/m?2 s, applying an aeration
with 2 to 15% CO.,, temperature=25 to 35 °C, and pH= 7 to 8 are the optimum conditions for algal

cultivation.
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Fig. 4.
A schematic of a photocatalytic membrane reactor (PMR), adapted from Sarasidis et al. [137]. The system has been
designed to operate under continuous mode and the membrane vessel as well as photocatalytic reactor are the main

components of PMR.

Mitigation of membrane fouling has been considered another reason for the combination of
membrane technologies with other physico-chemical or biological methods. For instance, the integration
of MBRs with FO (to form an osmotic membrane bioreactor) has contributed to reduce membrane
fouling by applying osmotic pressure difference, which is driven from FO [138—141]. Such a combination
has shown enhanced efficiency for the treatment of EFs [141]. Another innovative combination is the
coupling of MBRs with other biological methods, such as microbial fuel cells (MFCs) [142] to form
bioelectrochemical membrane reactors (BECMRs) [143]. Using such a technology, biological treatment of
industrial effluents can be coupled with electricity harvesting. Anaerobic dynamic membrane bioreactors
(AnDMBRs) [36,144,145] are another successful combination of membrane technologies with the
biological treatment techniques, which have demonstrated a number of advantages over AnMBRs. Some
of the advantages of these techniques include lower nutrient requirement, lower energy requirement,
lower temperature sensitivity, higher potential for bioenergy recovery and better overall treatment

efficiency [126, 127]. A schematic, of AnDMBRs is shown in Fig. 5.

29



Biogas Pressure Biogas Pressure
I meter [ meter

Gas meter &j_\ Lg’ Effluent Gas meter | x| E_g—' Effluent
DM module —_| / DM module [ / -

- —d °
Sampling port
%
s o
Sludge
S recycling
Water  pymp
bath
v
-
Wastewater tank
AnDMBRI AnDMBR2
(without sludge recycling) (with sludge recycling)

Fig. 5.

A schematics of ADMBRs, re-printed with permission from Hu, Yang, et al. [145]. The AnDMBRs was consisted of an
upflow anaerobic bioreactor as well as a submerged dynamic membrane module. In each reactor, a flat-sheet membrane
was used. Peristaltic pumps were used to control the feeding rate of the substrate into the reactor and to draw the

permeate.

Even though most types of anaerobic bioreactors have been successfully combined with
membrane technologies [148,149], only completely stirred reactors and upflow anaerobic sludge
blankets have been used in AnDMBRs. Therefore, combination of membranes with anaerobic
treatment methods is far from being a mature technology, with a great potential for future
growth. Table 5 summarizes the recent studies on the combinations of membrane reactors with

other physico-chemical or biological methods.
4.1.5. Process stability

Process stability is an important feature for long-term reliability of a method for the
treatment of industrial effluents [150,151]. The main drawback associated with the performance
of membrane technologies is the fouling phenomenon. Fouling process caused by soluble

organic compounds, microorganisms, and colloids can increase the feed pressure.
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Table 5.

A summary of the recent studies on the combination on membrane technologies with other physicochemical or biological methods.

Membrane Combination status Effluent Remarks / future perspectives Ref.
Technology Type
- Submerged or side - Coupled with PBR - Synthetic and real - Nitrogen and phosphorous can be removed using [95]
stream membrane effluents. MBPR.
filtration process
- Nano-filtration - AOPs (i.e., ozonation, peroxone - Pharmaceutical - The ability of AOPs as a pre-treatment stage for [46]
03;/H:0., UV/H.0., photo-Fenton, residues degradation of organic materials to prevent membrane
photocatalysis and electrochemical), fouling, or as a post-treatment stage in order to polish
as pre-treatment stages. the treated effluents in the membrane systems was
emphasized.
- MF, UF and NF in - Coagulant-flocculants, - Olive oil mill - All the pre-treatment processes are successful in [132]
sequence, and a final RO  photocatalysis with titanium dioxide effluents combination with membranes and pre-treatment with

nanomaterials under UV light

irradiation, and aerobic digestion, as
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UV/TiO. showed the best performance.



- Various types
membranes
- MF, UF and NF

membranes in sequence

and a final RO step

-NF

pre-treatment steps.

of EAOP

- Combined with various methods

including coagulant-flocculants,

photocatalysis (PC) with titanium

dioxide (anatase) nanomaterials

under UV light irradiation, and

aerobic digestion (AD).

- Combined with UVy,5/04

- Dyes in wastewater

- OME

- PhACs
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- Such an integration showed good performance

depending on various operational parameters
including initial dye concentration, current density or
electric field intensity, supporting electrolyte nature
and concentration, pH, and temperature of the

solution.

- All the pre-treatment processes are successful leaded

by UV/TiO, PC.

- 99% PhACs removal can be achieved by this
combination.

- Membrane technologies can be successfully

[127]
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- MBRs

- MBRs

- BECMRs

AnDMBRs

- Combination of membrane reactors

with biological treatment methods

- Combined with FO

- Coupling the MBR and microbial

fuel cells (MFCs)

- Combination of membrane reactors

with biological treatment methods

- Textile and food

industry effluents

33

combined with Fenton and photo-Fenton processes,
membrane/photocatalytic =~ processes and  with

electrochemical treatment processes.

- MBRs are good options for the treatment of high
strength industrial wastewaters.

- This type of combination eliminates the need for
large clarifying basins required in conventional

activated sludge processes (CAS).

- The fouling process is reduced by this combination.

- Biological treatment of industrial effluents can be
coupled with electricity harvesting, under this

combination.

- These techniques are of low nutrient requirement,
low energy requirement, low temperature sensitivity,
high potential for bioenergy recovery and better

overall treatment efficiency.

[62]

[138-141]

[143]

[146,147]



a. An incorporation of membrane technology in photobioreactor (PBR).
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High fouling rate can rapidly lead to zero the flux conditions and consequently, may result
in frequent plant shut-downs if no effective pre-treatment is performed on the raw effluent
upstream (see section 4.1.3) [11]. Fouling is thus a barrier that will hinder the performance of
polymeric membranes [152—154]. In this regard, various studies have demonstrated that self-
cleaning properties and membrane antifouling properties of the polymeric membrane can be
improved by utilization of titanium dioxide (TiO.) nanoparticles and UV radiation onto the
membrane surface in order to degrade and mitigate organic compounds responsible for
membrane fouling [155]. Silica nanoparticles have also demonstrated their ability to be
incorporated within the membrane structure as a modifier [156,157] in order to mitigate the
fouling properties. This was the case PVDF membranes whose permeability (defined as the flux
per pressure (J/AP) or LMH/AkPa) and selectivity were increased by the addition of silica
nanoparticles. Furthermore, they are the good candidates due to their chemical and thermal
stability, while at the same time providing a large surface area with low or negligible
environmental drawbacks [70,158,159]. For instance, Zhang et al. [160] reported that
phosphorylated silica nanotubes/PVDF composite membranes with low fouling properties can
be utilized for the treatment of oily wastewater. Figure 6 illustrates schematics of the
interactions between SiO. nanoparticles and PVDF membrane. The results of their study

pointed out around 80% of improvement in the flux of the membrane compared to control

membrane without SiO..
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Fig. 6.

A schematic of the interaction between SiO. nanoparticles and PVDF chains (a). The hydroxylated surface of SiO., which
is not used in the bonding process with the membrane will provide a hydrophilic property to the membrane and this will
hinder the fouling process. Heterogeneous hybrid membrane surface with antifouling properties (b). A combination of

TiO. with PVDF membranes (c) [70,160-162].

Other measures have also been adopted in order to increase the antifouling properties of
the membranes. For instance, Shahbeig et al. [163] suggested that the addition of low-cost
chitosan (4 g/L) in a hybrid membrane bioreactor can potentially prevent membrane fouling (by
42.11%) through the reduction of soluble microbial products (SMPCs). They also stated that
lower operational trans-membrane pressure (TMP) and an increased hydrophilicity of the
sludge can also be achieved leading to a better performance of the membrane. It can be
concluded that more studies are required to develop cheap and effective solutions for membrane
fouling, which is still the main barrier to the development of these technologies.

Some techniques have also been developed to deal with membrane fouling when treating
the bio-waste containing effluents. Such methods can be used effectively to enhance the overall
treatment efficiency of the membrane-based techniques when treating the effluents with various
origins. Chang and Judd [164] applied air sparging technique to control membrane fouling in a
submerged MBR (Fig. A.4) for the treatment of domestic wastewater. They applied two different
types of sparging techniques, i.e., air injection into the membrane in order to circulate the mixed
liquor, and a periodic air-jet into the reactor. They observed that cake layer was removed
sufficiently by air injection. However, the air-jet module was not so efficient due to clogging

problem.
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4.1.6. Health and safety (H&S) risks

Along with the progress in the development of various types of membrane technologies for
the treatment of industrial effluents, possible side-effects resulting from the exposure to
membrane structures are also of high importance. Bick et al. [116] stated that for potential
users, membrane technologies may be viewed as beneficial for the treatment of industrial
effluents, considering the associated low H&S risks. PVDF membranes have been most widely
used for the treatment of EFs. Toxicological studies have shown no toxic effects arising from
PVDFs utilization [165]. However, membranes with nanomaterials embedded in their structures
must be assessed for their probable toxic effects [26]. Various nanomaterials have been studied
so far for the toxic effects they may bring in order to propose safer materials with no or
minimum subsequent H&S effects [166].

ENMs may cross cell membrane under specific conditions and cause harmful effects to the
living organisms by inducing oxidative stress and inflammation [167]. The properties of
nanomaterials (i.e., shape, size, surface charge, solubility, etc.) can determine their subsequent
toxic effects. Recent studies have reviewed the toxic effects that may be induced by
nanomaterials [168—-173]. Although iron-based nanomaterials such as Fe;0, and especially zero
valent iron have shown to be the less toxic materials, a consensus about the toxic effects of
various types of nanomaterials do not exist among the scientific communities. Hence, there is a
need for regulatory framework, which considers all the H&S aspects of working with
nanomaterials [174,175]. Also, more studies are needed to assess the H&S risks that may arise

from the application of membrane technologies in factories.

4.2. Economic Considerations
4.2.1. Initial investments

The initial investments required to implement MBTs for the treatment of EFs can
significantly influence the opinion of the decision makers who are looking for the most cost-
effective solutions to deal with effluents from various origins [176—180]. However, economic
feasibility of various treatment methods has not yet been investigated deeply [181]. The costs of
land, civil works, equipment, etc. can potentially determine whether a technology will be

adopted by an industry or not. Reducing the membrane area required for the treatment of a
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certain amount of effluent is one of the research directions in order to decrease the capital costs
of the treatment plants.

Ochando-Pulido et al. [182] applied a batch membranes-in-series processes (including UF
followed by NF and RO) for the treatment of effluents from olive mill effluents. They
implemented a combined pre-treatment including flocculation process followed by
photocatalysis of organic compounds with ferromagnetic-core titanium dioxide under
ultraviolet irradiation (UV/TiO,). By using such a pre-treatment, they succeeded to significantly
reduce the membrane area (104.6 m2 and 81.4 m2 for UF and NF membranes, respectively),
thereby eliminating the need for overdesigning of the membrane plant.

However, the present trend in scientific community is to develop alternative membranes
(e.g., inorganic membranes) using cheaper raw materials in order to reduce the required capital
costs. Application of the chitosan as cheap raw material to be used as the matrix for the
fabrication of inorganic membranes has been recently studied. Basumatary et al. [183] indicated
that the application of low cost charged zeolite membranes can be considered a good candidate
for the removal of heavy metals (such as Cr (VI)) from the effluents (~80%). Other low-cost
options such as chitosan-based membranes [184] can also be considered for such applications
although they are in the initial stages of research and development.

Zhu et al. [185] reported the preparation of a TiO, membrane supported on to mullite
hollow fibers synthesized from the industrial solid waste coal fly ash, as a low-cost alternative
for the treatment of oily effluents. In another study, Scheibler et al. [186] developed an UF
process composed of a low-cost multilayer y-Al,O; ceramic membrane for efficient pre-
treatment of oily wastewater. In addition to the operating costs associated with the membrane,
other parameters such as maintenance costs can significantly affect the total costs associated

with the treatment plants using the membrane technologies.
4.2.2. Operating and maintenance costs

The cost associated with wastewater treatment processes is considered one of the major
concerns of the industries all over the world. It is especially important for small mills (such as
olive oil industries), which are not able to afford such high treatment costs [11]. Electricity,
labour and chemicals costs are the main items to be considered in order to evaluate the overall

operating costs. Long et al. [187] stated that the operating costs of centralized wastewater
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treatment plants in industrial parks (case study: Taihu and Haihe water basins (China)) are
ranked in the order: electricity > labor > chemical costs.

There are some estimations available in the literature for the operating costs of full-scale
membrane technologies for the treatment of EFs [188]. Weschenfelder et al. [189] estimated the
operating costs of a full-scale ceramic membrane plant treating oilfield produced water. They
stated that under an optimal condition (crossflow velocity of 2.0 m/s and water recovery of
95%) the operating and total treatment costs are US$ 0.23/ms3 of effluents and US$ 3.21/m3 of
effluents, respectively. Chen et al. [43] evaluated the operating costs of a large-scale membrane
bioreactor plant and found that electricity consumption accounts for 51.6% of the life cycle cost
(LCO).

Studies have stated that both high operational costs and energy consumption are required
if a high-quality effluent and a smaller footprint of membrane technologies are desired [32]. So,
a reduction of the operating costs while maintaining the treatment performance is an urgent
need for membrane technologies to meet the current needs of industrial wastewaters treatment.
The production costs can be considered as the main parameter influencing the commercialization of
newly developed membranes for wastewater treatment purposes. Although some materials such as
carbon nanotubes (CNTs) have shown their high performance for the treatment of a wide range of
industrial effluents, especially in lab-scale studies, the high production costs of CNTs having high
quality is still the main barrier for their widespread applications for real wastewater treatments
[190]. Expensive preparation of supports made of a- and y-alumina, ZrO,, TiO. and glass for
conventional metal oxide based inorganic ceramic membranes has also restricted the full-scale
application of such inorganic membranes [183].

Cleaning of the membrane is another main source of operating costs. Although some cost-
effective methods such as application of sodium hypochlorite (NaClO) have been developed,
there is a concern for the formation and release of halogenated organic compounds when such
materials are used for cleaning purposes [191]. Chemical cleaning has been the widely used
process so far for recovering the membranes [192]. The integration of mechanical cleaning with
membrane technologies can also open-up a new opportunity for the development of membrane
technologies for EFs treatment while minimizing the operating costs associated with the

frequent cleaning needs [193,194] and allowing high fluxes. In recent years, other methods such
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as the application of inorganic materials have also been applied to mitigate the operating costs
by decreasing the fouling phenomena [195].

Membrane fouling is thus the main drawback of membrane technologies that may bring
considerable maintenance costs. Two main phenomena are responsible for membrane fouling
that can dramatically affect the performance of the membranes for the treatment of EFs. The
first phenomenon is the internal concentration polarization (ICP) (denoting a part of
the polarization resulting from changes in the electrolyte concentration due to the passage of
current through solution interface) [196—198], which generally occurs over the surface of
membranes when the concentration of solutes increases near the membrane surface. In some
cases, a gel layer is formed near the membrane surface, when the concentration of the solutes
reaches high values. The solutes (or the gel layer) may deposit onto the membrane surface. In
this condition, cleaning may be difficult, but possible. There are some reports in the literature
for instance to mitigate this phenomenon by the modifications in membrane structure (see Fig.
7). The second phenomenon happens when the concentration of solutes exceeds the solubility
concentration. In this situation, the precipitation of solids occurs and they stick to the
membrane surface. In this case, the irreversible fouling happens [11].

Bagheri and Ahmad [195] after reviewing the fouling mitigation technologies, concluded recently
that the application of methods such as electrical and mechanical approaches, engineered
nanomaterials, ultrasonic irradiation, and their combinations with biological treatment methods can
be utilized as the effective strategies to deal with fouling and mitigate the associated operating costs.
However, none of these methods has yet been applied in full-scale to prove their efficiency with real
industrial effluents, thus warranting more research studies to investigate the real effects of such
cleaning methods for real applications. Integration of membrane technologies with bioelectrochemical
systems (such as MFCs) can also be considered as another possibility to reduce the operating costs
through the generation of energy as a result of the decomposition of organic compounds in the context

of industrial effluents [194,199,200].
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Fig. 7. A TFC hollow fiber membrane. The membrane consists of an inner selective skin and an outer sealing layer both
made of polyamide. A double interfacial polymerization process on a tailored polyethersulfone (PES) fiber substrate
(dTFC-PES) was applied to fabricate the membrane. In this figure, the outer surface and the cross-section morphology
of (a-d) fouled and (e-h) cleaned dTFC-PES hollow fiber membranes have been presented. A Flush process was applied

to clean the fouled outer surface with freshwater (6 h) [197].

Application of bacteriophages in membrane-based technologies is another possibility in
order to deal with membrane fouling phenomenon, and also for monitoring the membrane
performance and the membrane integrity (Fig. 8, a). Wu et al. [201] reviewed the performance
of bacteriophages for this purpose and the existing challenges. They concluded that this process
can play an important role in alleviating the membrane fouling through two different life cycles,

including lytic cycle and lysogenetic cycle (see Fig. 8, b).
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Fig. 8. (Left) Various applications of bacteriophages in membrane-based technologies including membrane
performance monitoring, membrane fouling control, and membrane integrity monitoring (left). (Right) The two life
cycles of bacteriophages for breaking down the host cells, i.e., lytic and lysogenic cycles (right). The lytic bacteriophages
synthesize and assemble new phage particles in the infected cells (1) and then they lyse the host cells (2), adapted from

Wau et al. [201].

4.3. Environmental Considerations
4.3.1. Solid wastes generation

Membrane technologies are among the most outstanding technologies applied so far for the
treatment of EFs. However, generation of high amounts of solid wastes (sludge), as a result of
the physical separation of contaminants from EFs, is the main drawback of single membrane
technologies [202]. In order to overcome this problem, various combined membrane separation
technologies have been developed in recent years. Of these, PMR has shown its potential to
become a “zero” waste process in the treatment of industrial effluents [203]. Other techniques
have also been applied in order to meet such a strategy. The combination of a sludge microbial
fuel cell (S-MFC) with an MBR has been studied [204] as another possibility to reduce the
pressure on membrane by reduction of the sludge volume and COD of the effluents. In this
regard, future studies should be oriented towards the fabrication and development of new
generations membrane technologies that will consider both sludge reduction properties and the

total cost of the treatment process.
4.3.2. Release of chemical substances

As stated before, various types of membrane structures have been tested so far for the
treatment of industrial effluents. The possibility of the release of harmful chemical substances
from the structure of the membrane is another parameter that can affect both the quality of the

treated effluents and the overall treatment costs. Earlier studies have indicated that some
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morphological changes may occur when PVDF is dissolved under harsh environmental
conditions (e.g., highly acidic pHs) [205], which can negatively affect the performance of the
membrane for the treatment of EFs.

There are some literature reports on the fabrication of polymeric membranes with a high
degree of chemical stability. As an example, Ike et al. [206] prepared four different PVDF
ultrafiltration membranes from dope (a concentrated polymer solution precursor used in phase
inversion method for the preparation of polymeric membranes [207]) dissolved either by
stirring at various temperatures or by sonication. Dope sonication resulted in a membrane with
enhanced thermal and mechanical stability. The dissolution is also a concern when membranes
are decorated with engineered nanomaterials [208]. The extent of ions releasing is directly
related to some properties of nanomaterials (such as crystalline structure and particle size), and
the operating conditions (such as pH temperature) [167,209,210]. Due to the importance of this
dissolution on the quality of the treated effluents, and also on the overall treatment cost, there is
a need on studies related to the release of toxic chemical substances from the structure of the

membranes, particularly under real treatment conditions.
4.3.3. CO. emission

The emission of CO, may happen under various stages of production, handling, installation
and application of membranes for the treatment of EFs. The mechanisms involved in the
treatment process can also determine the extent of CO. released into the atmosphere. Various
final products can be expected when different physico-chemical or biological treatment methods
are applied. Biological treatment methods can produce various end products such as methane
and/or carbon dioxide (in cases of anaerobic digestion and aerobic treatment of organic
pollutants, respectively) [211]. However, application of physical treatment methods such as
adsorption [212,213] and membrane technologies (as a single treatment method) may separate
the pollutants from the liquid phase and concentrate them in the solid phase. Hence, no CO,
release can be expected in these conditions.

Management of the generated solid wastes may include the activities responsible for the
release of CO, into the atmosphere. However, as stated before, novel membrane-based
treatment methods are based on the combinations of membranes with other methods such as

chemical oxidation (e.g., with nanomaterials [214]) to increase the quality of the treated effluent
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and to prevent the membrane fouling process. In this case, complete oxidation of organic
compounds may result in the production of CO. and H.O as final products. In these conditions,
the design and implementation of CO, capturing strategies, e.g., by using ceramic membranes

[215] may prevent the release of this greenhouse gas.
4.3.4. Water reuse potential

The potential of an industrial effluent for re-use after applying the treatment method(s) is
of high importance, especially in terms of environmental considerations. This parameter has
been a concern of recent studies on the performance of MBTs, which are the key elements of
advanced effluent treatment processes [216]. Various types of membrane structures have so far
been considered for their performance to yield high quality water output [217]. Ranganathan et
al. [218] indicated the potential of the textile UF and NF processes to yield re-useable water by
the treatment of textile wastewater originated from primary dye houses or auxiliary rinse vats.
They stated that the treated effluents are generally characterized by low hardness, which is
suitable for the re-use in textile facilities. Goh and Ismail [12] by reviewed inorganic membranes
for the treatment of EFs and concluded that the application of inorganic membranes with high
permeability such as those having reduced thickness (e.g., interlayer free ceramic membranes
and free standing carbon nanotubes and graphene-based membranes) can yield a high output of
high quality treated water with considerable reduced treatment capital and operating costs.
Membrane technologies as combined designs have been also used for the treatment and re-use
of industrial effluents. Fakhru et al. [219] indicated that a membrane sequencing batch
reactor/reverse osmosis (MSBR/RO) can be used effectively for the treatment of effluents from
oil and gas field wastewater with COD, total organic carbon (TOC), oil and grease removal
efficiencies of 90.9%, 92% and 91.5%, respectively. They showed that the system reduced both
the salt and the organic contents to acceptable ranges suitable for industrial re-use.

Conventional membrane bioreactors (MBRs) have also shown their potential to produce
high quality treated effluents having low levels of organic substances, low degree of pathogens
and suspended solids [216,220]. In conclusion, it seems that membrane-based technologies are
the most suitable methods to ensure the required quality to the treated effluents to be re-used at

least in industrial applications, which is currently is a sustainable industrial development.
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4.3.5. Potential to recover by-products

The potential of a treatment method for the removal and recovery of contaminants such as
organic matters and heavy metals may contribute in a sustainable wastewater treatment
through simultaneous removal of toxic materials (which can make the wastewater suitable for
re-use or discharge) and recovery of the materials, thus aiding to reduce the overall treatment
costs [221,222]. For instance, the recovery of lignin from pulp and paper mill effluents has been
reported in various studies [223] using MF, UF and NF ceramic or polymeric membranes and
the recovery of dyes using various types of membranes including MF, UF, NF and MD from the
textile mill effluents [224] are few examples. Recovery of heavy metals using membrane
technologies is another possibility to increase the overall benefits of the treatment process.

Membranes can also aid to recover nutrients from the effluents. Yan et al. [17] reviewed the
nutrient recovery from effluents using membrane-based technologies and concluded that hybrid
systems including the integrations of membrane techniques with chemical and/or biological
systems (especially bioelectrochemical hybrid membrane technologies) are the promising
strategies for the recovery of nutrients from the effluents. In some industries such as the food
and beverage industry, membranes have been utilized to recover cleaning agents such as
detergents [225]. Membranes can also be used to produce renewable energies. For instance,
reverse electrodialysis [226,227] can be utilized in the simultaneous treatment of EFs and the
production of electricity. However, the techno-economic features of such advanced types of
membrane technologies need to be addressed for their commercialization.

Some reports are available on the valorization of solid bio-wastes in the literature, which
can be used to develop MBTs for the treatment of various industrial effluents. Mansour et al.
[228] recovered polyphenols from lemon, orange and onion peel extracts using a hybrid
molecular imprinted membrane via precipitation polymerization method. In some countries, the
disposal of bio-wastes is also an increasing problem due to the shortage of land. Disposal of
solid wastes can also considerably increase the nitrate levels in drinking waters [229], which is a
great environmental concern.

Membrane technologies can be utilized in order to reduce the dangerous fractions in the
content of the solid wastes and to use the remained sludge as compost (after composting) for
land fertilization. For instance, this combined method has been applied to deal with pig manure

[230] in a special low-pressure MF system. Using such a technique resulted in the 70% recovery
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of water and production of fertilizers to be used in greenhouses. In another study, Cano and
Palet, [231] studied the enzymatic catalyzed hydrolysis of xylan polysaccharide using Endo-1,4-
B-Xylanase, embedded in an enzymatic polymeric membrane for the treatment of agricultural
biomass wastes (Fig. A.5). In addition to the high efficiency achieved by this module, the short
chain xylooligosaccharides were recovered with the potential applications in food and

pharmaceutical industries.
4.4. Social Considerations

Social criteria including odor, noise and visual impacts and also social acceptance can

influence the potential of membrane technologies to be selected for the treatment of EFs.
4.4.1. Odor, noise, and visual impacts

In some treatment processes, such as pond systems, the treatment of organic compounds may
result in the production of odorous compounds such as volatile fatty acids (VFAs) [232]. In addition,
the presence of volatile organic compounds (VOCs), as typical matters in effluents from various
industries, can negatively affect the local communities [233]. Hence, the ability of the applied treatment
method for minimizing the odorous compounds in the context of effluent with no secondary odor
production will increase its acceptability by the local communities. Studies have indicated the
capabilities of some of the membrane technologies to mitigate the odorous compounds from EFs
and hence, to increase the acceptability of these methods. Schideman et al. [234] indicated the
successful removal of 2-methylisoborneol, as one of the main odorous compounds [235] using
submerged membranes.

Although the filtration process may result in the rejection of organic compounds (not their
degradation), new technologies such as the application of advanced oxidation processes and their
combination with the membrane processes may result in the simultaneous rejection and degradation
of organic compounds in the context of industrial effluents. Garci et al. [236] through a comparative
study concluded that biotrickling filters (BTFs) are among the most cost-effective membrane
technologies with a high capability to remove VOCs from the effluents. They also indicated that
hollow-fiber membrane bioreactors (HF-MBRs) could provide a good performance for the
removal of odorous soluble compounds. However, membrane clogging associated with the
presence of compounds such as alpha-pinene can adversely affect the performance of membrane

bioreactors to remove the odor from the content of industrial effluents [237]. There are also
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some reports in the literature for other successful combinations of membrane technologies with
other methods to mitigate the odor. As an example, Bruchet Lainé [238] showed that a
combination of NF and powdered activated carbon (PAC) is a very effective way to control the
odor of the treated effluents.

Some successful attempts have been made in the removal of volatile solid fractions in the
content of bio-wastes, which can be used as a model to deal with industrial effluents. As an
example, Trzcinski et al. [239] applied a three-stage membrane bioprocess for the treatment of
organic fraction of municipal solid wastes. They indicated that the system successfully removed
75% out of 75% volatile solids. The system consisted of an anaerobic hydraulic reactor in order
to separate the solids and liquid phases with a mesh. A submerged anaerobic membrane
bioreactor was then applied to treat the leachate and the permeate was finally polished in an
anaerobic membrane bioreactor.

“Less crowded neighbourhoods” is considered an advantage for certain places to attract the
habitants [240]. Various process units in a wastewater treatment plant are responsible for
creating noise [241], which may affect the local communities. However, the noise impacts from
the industrial effluent treatment plants, which use membrane technologies to the local
communities have not yet been well studied.

Aesthetic characteristics of an industry can also highly influence its social benefits [242].
Feasibility of a technology and the design parameters of the treatment units such as size, shape,
etc., are of high importance in this regard. As stated before, membranes can be designed with a
high degree of flexibility for various types of plant design due to their compact design [114]. So,
they may bring low visual impacts in case of incorporating the aesthetic parameters in the plant

design process.
4.4.2. Public acceptance

Besides the technical, environmental and economic performance of an industrial effluent
treatment technology, public acceptance can ensure its long-term sustainability [243]. In other words,
an industrial wastewater treatment technology should be beneficial, useful, and necessary enough to be
acceptable by the society [244]. The footprint of a technology can be directly correlated with its public
acceptance. In this regard, some studies have explored the footprints of membrane-based technologies.

For instance, MBRs were reported to raise better social acceptance, while leaving low
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environmental footprint [245,246] compared to conventional biological treatment methods.
Bertanza et al. [247] through the assessment of technical, social, administrative, economic and
environmental impacts of full-scale CAS and MBR processes concluded that MBRs have a better
social acceptance. However, there is still a need for more studies in order to assess the social
perception about membrane-based technologies considering all the aspects of social acceptance
of a technology such as the possible drawbacks and positive effects like the potential for creating
new jobs, which can highly influence the opinion of the local communities. The adoption of
effective tools for awareness of the general public can also play a very significant role in order to

reinforce the social acceptability of any industry.
5. Concluding remarks and future perspectives

Membrane-based technologies have historically received extensive great deal of attention
as the promising methods to deal with the polluted waters. The sustainability of membrane-
based technologies for the treatment of industrial effluents was assessed in the present study
through a systematic review of the developments that have taken place, especially in recent
years, and the opportunities to render the technology more sustainable. In this regard, 17
criteria were categorized and discussed in the technical, economic, environmental and social
categories. The results of the present review emphasize the need for the development of cheaper
membranes, especially using inorganic membranes, in combination with advanced materials
such as engineered nanomaterials (e.g., nano-zeolites, metal organic frameworks and carbon-
based nanomaterials) in order to meet the future needs for clean water resources.

Combination of MBTs with other methods such as microbial fuel cells to generate energy
can also make the treatment process more economically feasible and sustainable. Such advanced
methods can considerably contribute to the overcoming of the traditional bottlenecks of
membrane technologies (such as fouling properties) to deal with complex industrial effluents in
order to focus on further enhancement of effluent quality towards the holistic concept of “one
water” approach. At this stage, more studies on sustainability aspects of membrane technologies
for the treatment of environmental contaminants will be needed. Technical, environmental,
economic and social aspects of new combinations of membrane technologies have to be
addressed for accelerating their transferring from the lab-scale and pilot-scale studies to real-

scale applications.
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