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Socio-economic development and new technological advancements have greatly increased the demand for
metals, minerals and nutrients. Thus, substantial interest in developing technologies to recover these com-
modities from seawater, various brines and wastewater streams (industrial and domestic) has emerged. Less
explored and innovative membrane processes including membrane crystallization (MCr), forward osmosis (FO)
and membrane capacitive deionization (MCDI) are gaining interest in this regard. The current study provides a

critical review of the current trends in applying MCr, FO and MCDI for recovery of metals, minerals and nutrients
from various streams. The processes are compared in terms of types of fouling, energy consumption, overall
composition of suitable feed solutions, feasible concentration ranges and potential to recover the targeted metal
from a multi-component solution. The ultimate objective is to establish future research directions for further
improvement of each process and to identify which of the processes is more suitable under a given scenario.

1. Introduction

Modern lifestyle is undisputedly associated with the intensive con-
sumption of metals, minerals and nutrients (Krohns et al., 2017) (Elsh-
kaki et al., 2018). Major metals, including Cu and Zn, are of fundamental
importance in modern transport, communication and several other in-
dustries. Production and further development of many modern techno-
logical products, such as smart phones, computer chips and renewable
energy devices, rely upon the deeply embedded metals and their prop-
erties within these products (Elements in short supply 2011) (National
Research Council 2008). In terms of employment, in Europe alone, over
30 million jobs in automotive, aerospace and renewable energy are
dependent upon adequate supply of raw materials (European Commis-
sion 2018). With developing countries surging ahead, the demand of
metals is expected to increase multifold in near future (Harvey, 2013)
(Alietal., 2017) (Mogollon et al., 2018). Thus, further technological and
socioeconomic developments are strongly dependent upon sustainable
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and sufficient supply of metals and minerals (Backman, 2008). At pre-
sent, the increased demand is fulfilled mainly by mining more metals
and minerals — some of these being rare earth metals in limited supply—
consequently the easily accessible reservoirs of raw materials are
depleting at increasingly rapid rate. Furthermore, the quality of
remaining ores is inferior, extraction cost is high, and mining techniques
often cause adverse environmental effects such as air, water, soil
pollution, and deforestation (Dudka and Adriano, 2010). Metal
recycling-another potential route of fulfilling the metals demand- will
contribute only a small fraction of future metals demands in next few
decades (Elshkaki et al., 2018). Thus, sustainable supply of metals in
future is entirely dependent upon availability of alternative sustainable
sources of metals and development of relevant recovery technologies
(Graedel et al., 2013).

A significant amount of metals and minerals, in form of dissolved
solids, is present in liquid sources such as seawater, brines (geothermal,
desalination etc.) and wastewater streams from various production
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processes as shown in Table 1. For instance, seawater and desalination
brine have substantial amount of different elements (more than 60
including 17 rare earth metals) (Quist-Jensen et al., 2019) (Bardi, 2010)
(Shahmansouri et al., 2015). Municipal wastewater is a source of nu-
trients such as phosphorus and ammonia (De-Bashan and Bashan, 2004).
Produced water, a waste byproduct of oil and gas industry, contains
several precious metals including Li and Ba in quantities much higher
than seawater (Fakhru’l-Razi et al., 2009; A. Ali et al., 2015). Recovery
of metals from these liquid sources, commonly known as “water min-
ing”, does not only contribute in strengthening their sustainable supply
but also makes the primary process more green and economical by
reducing its environmental footprint and by converting “waste” into
product (Westerhoff et al., 2015). Brine from desalination capacities is a
typical example where disposal of untreated brine poses a serious threat
to environment and marine ecosystems (Dawoud and Al Mulla, 2012).
Recovery of dissolved solids does not only alleviate these concerns but
also contribute in significantly decreasing the freshwater cost, thus
making it affordable for developing countries (C.A. Quist-Jensen et al.,
2016). Additionally, liquid sources such as seawater, are more uniformly
distributed across the globe than traditional reservoir which are
concentrated in certain geographical regions. Thus, the development of
appropriate technologies for recovery of metals from liquid streams is
crucial to fulfill the demand of strategic metals in a sustainable way.
Membrane technology is emerging as a promising route to recover

Table 1
Concentration of various metals and nutrients in wastewaters originating from
different processes.

Elements  Stream Concentration range (ppm)
Na SB, PW, AW 17,800-72,100 (Brika et al., 2016) (Jeppesen et al.,
2009), 520-120,000 (Fakhru’l-Razi et al., 2009), 202,
000 (Lisbona et al., 2012)
Mg SB, PW, L 580-800 (Brika et al., 2016), 0.9-6000 (
Fakhru’l-Razi et al., 2009), 12-722 (Iskander et al.,
2017) (S. Wu et al., 2018)
Li PW, GB 3-235 (Fakhru’l-Razi et al., 2009), 10-1400 (Munk
et al., 2016)
Sr SB, PW 26 (Macedonio et al., 2013), 0-6200 (Fakhru'l-Razi
et al., 2009)
Ni PW, AW,L 0-9.2 (Fakhru’l-Razi et al., 2009), 3.2-5.3 (Ates and
Uzal, 2018), 0.2 (S. Wu et al., 2018; Li et al., 2012) (
Qin et al., 2016)
Cu SB, PW, AMW, 0.45 (Brika et al., 2016), 0-5 (Fakhru’l-Razi et al.,
L 2009), 50-6294 (Bi Cai et al., 2015), 0.03-0.8 (S. Wu
et al., 2018; Qin et al., 2016)
Al PW, AW 0-410 (Fakhru'l-Razi et al., 2009), 67-167,000 (Ates
and Uzal, 2018) (Lisbona et al., 2012) (Magalhaes
et al., 2005)
Ba PW 0-1740 (Fakhru'l-Razi et al., 2009)
Cr SB, PW, AW 0.21 (Brika et al., 2016), 0-1.1 (Fakhru’l-Razi et al.,
2009), 0.2-1.3 (Ates and Uzal, 2018)
Mn SB, PW 0.45 (Brika et al., 2016), 0.004-175 (Fakhru’l-Razi
et al., 2009)
Zn PW, AW, 0-35 (Fakhru’l-Razi et al., 2009), 0.18-1, 23-133 (Bi
AMW, L Cai et al., 2015), 0.7-7.6 (S. Wu et al., 2018; Qin
et al., 2016)
Ag PW 0.001-7 (Fakhru’l-Razi et al., 2009)
K SB, PW, AW, L 610[21], 24-4300 (Fakhru'l-Razi et al., 2009), 422 (
Lisbona et al., 2012), 1299-2000 (Iskander et al.,
2017; S. Wu et al., 2018; Qin et al., 2016)
Fe SB, PW, AW, 0.009 (Brika et al., 2016), 0-680 (Fakhru’l-Razi et al.,
AMW, L 2009), 72.2 (Lisbona et al., 2012), 720-26,858 (Bi Cai
et al., 2015), 23.8-882 (S. Wu et al., 2018; Qin et al.,
2016)
S SB, PW, AW, 870, 0-1650 (Fakhru’l-Razi et al., 2009), 1530 (
AMW Lisbona et al., 2012), 2148-8341 (Bi Cai et al., 2015)
Nutrients
P MWW, AW, L 5-300, 40 (Lisbona et al., 2012), 3.9-16.4 (S. Wu
et al., 2018; Qin et al., 2016)
NH3 WW, L 100-8449 (Duong et al., 2013; Y. Zhang et al., 2014)

SB Seawater brine PW Produced water GB Geological brines AW Anodizing
waste AMW Acid mine waste L Leachate.
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metals from liquid streams. Compared to chemical based recovery pro-
cesses (chemical precipitation, adsorption, ion exchange), membrane
processes are based on principles of physical separation and, therefore,
are inherently green in nature. Aside addressing some of the issues faced
by the conventional recovery techniques, membrane technology also
offers additional advantages such as better product quality and pro-
duction of freshwater as byproduct (Baker, 2020) (Drioli et al., 2017)
(Visvanathan et al., 2000) (Sohn et al., 2011). Traditional membrane
processes (nanofiltration and reverse osmosis) can concentrate the dis-
solved metals to certain extent but are not designed to achieve precip-
itation or direct capture of the desired metals and minerals from the
solution. However, due to new separation requirements and scientific
developments, novel or less explored membrane processes with
improved separation capabilities have emerged (Ali et al., 2018), thus
expanding the use of the technology beyond the production of fresh-
water only. The new processes can achieve metal recovery either by
concentrating the solutions to their saturation level, thus inducing pre-
cipitation of the desired component or by selectively adsorbing targeted
ions from the solution. Among these processes, membrane crystalliza-
tion (MCr), forwards osmosis (FO) and membrane capacitive deioniza-
tion (MCDI) have shown promising potential for recovery of dissolved
metals and minerals from liquid streams. These processes offer green
route for recovery of metals/minerals and clean water from liquid
streams, such as desalination brine and wastewater, normally declared
as waste, thus represent important tools to achieve the green transition.

MCr, FO and MCDI are governed by different driving forces as shown
in Fig. 1. MCr is driven by a vapor pressure gradient induced through a
temperature difference across a microporous hydrophobic membrane
(Drioli et al., 2012) (Drioli et al., 2012). The vapor pass through the
membrane pores, leaving all the dissolved and suspended nonvolatile
components into the retentate stream. Depending upon the configura-
tion applied, the vapor can be condensed on the other side of the
membrane by using a cold water stream, a condensing surface or
external cooling media such as liquid nitrogen. In FO, the driving force is
induced by applying a high-osmotic solution commonly known as draw
solution (Klaysom et al., 2013). Under the influence of a
trans-membrane osmotic pressure gradient, the water from the feed
solution passes through the membrane into the draw solution, leaving
the dissolves solids behind in the solution (Klaysom et al., 2013). Both
MCr and FO have the potential to concentrate the solutions to satura-
tion, thus inducing crystallization of dissolved components. MCDI is
driven by an electric potential applied across the solution flowing be-
tween two oppositely charged porous electrodes. Ion exchange mem-
branes (IEMs) are placed in front of the electrodes and ions from the
solution are adsorbed within the electrodes and an outlet stream with
low ionic concentration is obtained. IEMs block the exit of counterions
from the electrodes which increases the ion separation efficiency of the
system. Additionally, the applied membranes improve the flushing ef-
ficiency of the counterions from the electrodes during the ion release
cycle (Biesheuvel and van der Wal, 2010).

Application of MCr, FO and MCDI for minerals recovery from
different liquid sources (brines, wastewaters, seawater etc.) has been
demonstrated in the recent literature (Qiu et al., 2015) (Luo et al., 2016)
(Kim et al., 2018) (Sakar et al., 2017) (Ge et al., 2018) (Lee et al., 2017)
(Ali et al., 2015). However, the current literature lacks of comparative
critical analysis of these processes for metals recovery from liquid
streams of different natures and compositions. Here we review the
important developments in MCr, FO and MCDI for recovery of dissolved
metals and minerals from liquid streams. Relative differences and the
suitable case scenarios for the processes are identified and future
research directions and perspectives for each of the processes are
discussed.
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Fig. 1. Schematic diagrams of (a) MCr, (b) FO and (c) MCDI processes. In MCr (a), volatiles pass through the membrane pores while liquid water and non-volatile are
retained by a hydrophobic membrane. In FO, water diffuses through a hydrophilic membrane, leaving solutes and suspended solid behind. In MCDI, the applied

voltage moves cations and anions towards their respective electrodes.
2. Membrane crystallization
2.1. Introduction and background

In MCr, the crystallization occurs because of the saturation induced
by the transport of solvent (in form of vapors) through the membrane
pores. Evaporation and crystallization, two main steps of a traditional
crystallization process occurring within the same equipment, are sepa-
rated in MCr (Fig. 2) resulting into a well-controlled pathway of crys-
tallization and uniform crystal product. Evaporation occurs inside the
membrane module while crystal growth takes place in a crystallization
tank. Mouth of each micro-size pore of the hydrophobic membrane acts
as evaporation point leading to a uniform saturation gradient and a
uniform crystallization driving force throughout the membrane module.
Due to easy operative control of solvent transport, crystals with high
purity, narrow size distribution and tunable polymorphic structure can
be obtained (Chabanon et al., 2016).

Overall advantages of MCr is the possibility to operate at extremely
high concentrations to precipitate minerals, and at the same time, to
produce fresh water. Another advantage of MCr, is the use of relatively
low temperatures. In field of desalination and wastewater treatment,
MCr is generally used at temperatures ranging from 30 to 85 °C, which is
below conventional distillation; see Table 2. The low temperatures offers
the possibility to use low-grade heat (e.g. solar and geothermal) or waste
heat (e.g. surplus heat from industrial processes) for operation, which

can reduce the cost of the process significantly and also offers a ‘green
route’ for processing different streams.

A timeline of important milestones in MCr technology is illustrated in
Fig. 3. As the timeline indicates main interest in applying MCr as a
crystallization technique gained momentum in the early 2000s (Curcio
et al., 2001) based on earlier work dating back to 1986 where the first
study on crystallization using a membrane was published (Azoury et al.,
1986). Compared to the current form of MCr, where microporous hy-
drophobic membranes are applied, RO was applied in the first study.
Application of MD as MCr was suggested in 1987 for crystallization of
taurine (Wu et al., 1991). In 1996 Sluys et al. (Sluys et al., 1996) used
microfiltration (MF) for the crystallization of CaCO3 by using seeding
crystallization to obtain supersaturation. One of the disadvantages of
using pressure driven membrane processes as membrane crystallizers is
the limitations of applied pressure for reaching saturation and thus the
overall cost of the process. In 2001, Curcio et al. (Curcio et al., 2001)
reported MCr using direct contact MD (DCMD) or osmotic MD (OMD).
Since then, thermally driven processes applying microporous hydro-
phobic membrane have collectively been referred to as MCr. Integration
of MCr with pressure driven processes, such as nanofiltration and RO,
was for treatment of desalination brine was suggested in 2002-04. Two
main application areas within this technology have appeared (i) Crys-
tallization of macromolecular mainly for the food and pharmaceutical
industry (Curcio et al., 2001; Di Profio et al., 2007; Drioli et al., 2005),
(ii) mineral recovery from desalination brines and industrial waste
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Fig. 2. A schematic illustration of typical direct contact MCr process. Membrane module serves the purpose of evaporator whereas main crystal growth takes place in
feed tank where temperature is generally controlled to facilitate the crystal growth.

solutions (Drioli et al., 2012) which is also the main focus of this review.
It is also evident from the timeline that the recent research focus on MCr
has shifted mainly to develop alternative configurations and to recover
more valuable components such as Li and Rb. An advanced and
emerging topic in MCr is tuning the crystallization process and crystal-
line form of the product by using specific surfaces such as patterned
membranes (Perrotta et al., 2020) (Pina and Mallada, 2020).

2.1.1. New variants

Today, new and alternative membrane crystallizers are emerging as
shown in Fig. 4. Examples of the new variants include submerged
membrane distillation crystallizers (Choi et al., 2018; Julian et al., 2018;
T. Zou et al., 2019), where the membrane separation and crystallization
occurs in the same tank, thus eliminating the need of feed circulation,
MD integrated with cooling crystallization through controlled cooling
by solid hollow fibers (L. Luo et al., 2018; K.J. Lu et al., 2019) and
bubble membrane crystallization, where hydrophobic hollow fibers are
used to aerate the feed solution which in turn accelerates evaporation
(Liu et al., 2018). Another example is Percrystallization (Motuzas et al.,
2018). In this process, water and salt are transported together through
the membrane, but due to an applied vacuum the water evaporates on
the permeate side of the membrane, thus semi dried crystalline product
and freshwater are produced in a single step. A recent study (A. Ali et al.,
2018) has conceptualized another operating variant of MCr for simul-
taneous production of minerals, freshwater and electricity. In this
design, the vapor passing through the hydrophobic membrane is
condensed as freshwater at a constant volume, thus yielding a high
pressure that can be used to drive a hydro-turbine. The feed solution,
meanwhile, gets concentrated and yields crystals upon reaching satu-
ration. Another variation of MCr is to use the membrane for dosing
antisolvent into feed solution and hereby inducing crystallization.
However, this method is mainly used for crystallization of macromole-
cules and not for minerals recovery (Tuo et al., 2019; Zarkadas and
Sirkar, 2006; Profio et al., 2009).

2.2. Current developments in MCr for treatment of brine and industrial
wastewater

Global desalination installations are producing more than 95 million
m° of freshwater each day (Jones et al., 2019). The corresponding brine
production has exceeded 141 million m® per day, which has led to an
increasing demand for innovative brine management and treatment
solutions. MCr is suggested as a productive alternative of brine disposal
(Pérez-Gonzadlez et al., 2012). In the desalination industry, MD/MCr can
add a positive effect on the entire process by increasing the overall water
production and recovery of valuable salts from the brine thus
approaching a zero-liquid-discharge scenario. Due to the high (~35,
000 ppm) concentration of NaCl in seawater, it is the main recoverable
component from brine (Table 2).

Today, NaCl is recovered from seawater by evaporation ponds,
which occupies a large footprint and is very much weather dependent.
Despite NaCl not being a high-value product, there is huge perspectives
in removing NaCl from desalinated brine by MCr. Since desalination
plants have relative low (~50%) water recovery factors, MCr can help to
increase this to above 90%. Moreover, the negative environmental
impact of discharging the concentrated stream is avoided. Lastly,
removal of major fraction of NaCl is required to achieve the precipita-
tion of more valuable minerals from desalination brine (Quist-Jensen
et al., 2019). This aspect is becoming of particular importance due to
increasing interest of applying MCr for recovery of high-value products
such as Li and Rb from brines.

As evident from Table 2, MCr is normally operated in the range of
30-85 °C, thus potentially waste heat or low-grade energy can drive the
process. Together with its lower footprint as compared with other
technologies, MCr can easily be integrated into existing processes.
Literature (see Table 2) also indicates that direct contact configuration is
the main applied configuration of MCr due to its simplicity and low cost.
Other configurations include the osmotic configuration which is needed
when heat-sensitive solutions are processed, and vacuum configuration
for crystallization of highly soluble salts. One example in which VMD is
required, is for LiCl crystallization, which is saturated around 14 M. The
driving force possible to achieve through DCMD is not large enough and
therefore VMD was used instead (Quist-Jensen et al., 2016). In principle,
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Table 2
An overview of different studied on minerals recovery from seawater brine and produced water through MCr.
Mineral Solution Configuration Membrane Driving force Reference
NaCl synthetic RO brine DCMD Microdyn (MDO20CP-2 N) Tf=35+1.5°C (Drioli et al., 2004;
Tp=15+1°C C.A. Quist-Jensen
et al.,, 2016)
NaCl natural and synthetic RO brines DCMD Accurel PP polypropylene Tf=40°C (Ji et al., 2010)
AT =~ 20°C
NaCl 4.5M NaCl solution DCMD PVDF Millipore, GVHP Tf=50 and 60 °C (Tun et al., 2005)
Tp=20and 30°C
NaCl 28.30 g of NaCl/100 g of H20 DCMD Microdyn (MD0O20CP-2 N) Tf=29 (Curcio et al.,
Tp=9°C 2001)
NaCl Na, 15,300 ppm; Mg, 29 ppm; Ca, DCMD Accurel PP S6/2 membrane, Akzo Tf =358 Tp = 293K (Gryta, 2002;
820 ppm; and K, 970 ppm. The Nobel Gryta et al., 2001)
concentration of chloride ions,
equal to 25,400 ppm
NaCl Synthetic RO brine DCMD Microdyn (MDO20CP-2 N) Tf =38.4+ 0.4 (Macedonio et al.,
Tp=21.0+£0.5 2013)
NaCl Real RO brine (TDS: 78.9, 90, DCMD Microdyn (MD0O20CP-2 N) Tf=33-38°C (Macedonio et al.,
142 g/L) AT=13-15°C 2011)
RO + WAIV + MCr
NaCl Real produced water (248 g/L of DCMD Lab-made PVDF membranes Tf=35°C, 45°C and (A. Ali et al., 2015)
TDS) 55°C
Tp=10°C
NaCl 26.4 wt% NaCl DCMD Modified PVDF HSV 900 Tf=40+0.1°C and (Edwie and Chung,
70+0.1°C 2013)
Tp=17+0.1°C
NaCl NaCl 26.7% DCMD Polyvinylidene fluoride (PVDF) hollow Tf =333, 338, 341 K (G. Chen et al.,
fiber Tp =288, 293, 303 K 2014)
CaCOs, NaCl Real shale gas produced water DCMD polypropylene - Accurel PP S6/2, Tf=60°C Tp=20°C (J. Kim et al., 2018)
Membrana GmbH
BaCO3, CaCO3, NaCl Synthetic shale gas produced water =~ DCMD polytetrafluoroethylene (PTFE) Tf=60+0.5°C (J.Kim et al., 2017)
polymer and supported by a Tp=20+0.5°C
polyethylene (PE) net FGLP14250,
Millipore
MgS0O4e7H,0 Synthetic NF brine DCMD Microdyn (MD0O20CP-2 N) Tf=35+1.5°C (Drioli et al., 2004)
Tp=15+1°C
651 g/L MgSO4e7H,0 solution DCMD Lab made PVDF Tf=36.1+1.4 (C.A. Quist-Jensen
Tp=24.7+£2.0°C et al., 2016)

LiCl (orthorhombic or 6 M LiCl (DCMD) DCMD DCMD/OMD: Microdyn-Nadir DCMD: Tf =52 (C.A. Quist-Jensen
cubic depending 7 M LiCl (OMD) 8 M LiCl (VMD) Osmotic MD (MDO020CP2N) Tp=20°C et al., 2016)
operative conditions) VMD VMD: Membrana (Accurel® S6/2) OMD: Tf =52

Tp=20°C

+ 4.5M CaCl2e2H20
VMD: Tf = 40, 50,
60°C

NaCl Single salt solutions VMD Coating of hydrophobic NaCl: T¢=37-48°C, (Ko et al., 2018)
LiCl NaCl: 5.5M polymethylsilsesquioxane aerogels on Vacuum pressure:

LiCl: 13M alumina membrane supports 3kPa
Coating of Fluoroalkylsilanes LiCL: Tf=62-70°C,
hydrophobic agent at alumina hollow Vacuum pressure:
fibers. 3kPa

Rb Synthetic SWRO brine MD coupled with PTFE flat sheet membrane (General Tf=55+0.5°C (Naidu et al., 2017)

adsorption Electric, US Tp=25+0.5°C
Adsorption material: Polymer
encapsulated potassium copper
hexacyanoferrate
Rb Synthetic SWRO brine Submerged MD granular potassium copper Tf=55+0.5°C (Y. Choi et al.,
coupled with hexacyanoferrate 2019)
adsorption
NaySOy4 2M NaySOy4 solution DCMD PVDF Millipore, GVHP Tf =50 and 60 °C (Tun et al., 2005)
Tp=20 and 30°C
Na,SO4 anhydrous 60 g/L NF pretreated (50% DCMD Accurel PP Elements Tf=40°C (Curcio et al.,
recovery) ~120 g/1 Na,SO4 AT=12°C 2010)
NayS04 anhydrous Real industrial waste water DCMD Polypropylene Microdyn-Nadir Tf=31to 51°C (C.A. Quist-Jensen
(4.5-5.5 wt.%) (MDO020CP2N) Tp=19 to 38°C et al., 2017)
Na,SO4 anhydrous 284 g/L NaySO4 DCMD Flatsheet polyvinylidene fluoride Tf = 40, 50, 60, 70°C (Bouchrit et al.,
polymer made by Millipore Tp=25°C 2017)

NaySO4 Real wastewater from anodizing DCMD Accurel PP Tf =38, 47, 56 °C (A. Ali et al., 2019)

industry

NaySO4e10H,0 60 g/L to 180 g/L NaySO4 Osmotic MD Liqui-cel, MiniModule membrane 100 g/L to 300 g/L (Li et al., 2014)

contactor, Germany NaCl

NayCO3 and NaySO4 160 g/L to 200 g/L Na,COs3 Osmotic MD Liqui-cel, MiniModule membrane 300 g/L NaCl (Li et al., 2016)

60 g/L NaySO4 contactor, Germany
Individual solutions of 100 g/L Osmotic MD Extra flow, Liqui-cel, Membrana GmbH, 350 g/L (Sparenberg et al.,

2020)

(continued on next page)
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Mineral Solution Configuration Membrane Driving force Reference
NayCO3e10H,0 150 and 200 g/L Na;CO3 Osmotic MD 1 x 5,5 MiniModule™ Liqui-Cel®, (Luis et al., 2013)
Membrana GmbH, Germany
Individual solutions of Submerged DCMD  PVDF, Econoty Tf=50°C (Y. Choi et al.,
KCl, MgSO., Na,SO4, Tp=20°C 2019)
NH4Cl, NaCl
MgNH,4PO4e6H,0 Reject water from digester DCMD Accurel PP (C.AA.
(wastewater treatment) Quist-Jensen et al.,
2018)
Boric acid Simulated radioactive wastewater VMD Polypropylene (PP) (Wochi, Tf=20-70°C (Jia et al., 2017)
(10-500 mg/L boric acid) WHPP96-21, China) hollow fiber Vacuum degree = 0.40
membrane module to 0.97 atm
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Fig. 3. A timeline of important milestones in development of MCr.

all MD configurations can be used as MCr, but the one to choose depends
on feed solution and the operative conditions.

Another example, where MCr can be a tool to increase sustainability,
is treatment of industrial wastewater. Perspectives on sustainability and
increased restrictions on discharge of industrial wastewater are
compelling the industries to treat their wastewaters. Industrial waste-
waters are often very complex, in terms of nature and concentration of
the contained components, and therefore the treatment options are
generally limited and expensive. In this regard, MCr offers an interesting
possibility. An interesting example is the wastewater streams containing
significant quantities of sodium sulfate (NaySO4), which has been
recovered through MCr in some recent studies (Table 2). The studies
show that different polymorphs of Na;SO4 can be recovered, where the
anhydrous (thenardite) and decahydrite (mirabilite) forms are the most
common. Curcio et al. (Curcio et al., 2010) and Quist-Jensen et al.
(Quist-Jensen et al., 2017) found that NapSO4 precipitate as Thenardite
when using the DCMD configuration. In contrast, Li et al. (Li et al., 2014)
found that NapSO4 crystallizes as Mirabilite when an isothermal osmotic
MD configurations is being utilized. This highlights the possibility to
alternate polymorphs in MCr by changing MCr configurations, thus the
final product can be obtained in required crystalline form by con-
structing the process according to product requirements. Another
interesting aspect of MCr is to sequester and store CO; by crystallizing
and recovering Nap,CO3 (Li et al., 2016). This can be a potential solution
to limit the greenhouse effects. Recently, MCr is also suggested for

efficient phosphorus recovery from municipal wastewater (Quist-Jen-
sen et al., 2018). The study showed an increase in phosphorus recovery
from <40% to above 60% from the stream after the digester with respect
to the existing technologies. All these studies shows that MCr has po-
tential to recover and recycle metals and minerals from various indus-
trial streams. An overview of different salts recovered from industrial
effluents through MCr, along with membranes applied and process
conditions, is provided in Table 2.

The membrane surface plays an important role during nucleation
and crystal growth. Recently, the crystallization of NaCl through MCr
was studied using molecular dynamics and lab-made composite
PVDF-graphene membranes as an interactive interface for controlling
nucleation-and-growth (Perrotta et al., 2020; Tsai et al., 2018; Perrotta
et al.,, 2020). Similar to salt crystals, the membranes with hydrogel
layers have been fabricated for supported heterogeneous support of
tailored protein crystallization (Di Profio et al., 2014; Wang et al., 2018;
Mirabelli et al., 2018). The hydrogel layer allows to have controlled
nano-architecture (mesh size) and different morphologies so that crys-
tals appear at lower protein concentration and have enhanced diffrac-
tion features (Di Profio et al., 2014). Another important factor for MCr is
that it allows reducing induction times nd therefore it can also be used as
a seed generator for various crystallization units (Simone et al., 2018).
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3. Forward osmosis
3.1. Introduction

3.1.1. Background

Osmosis is the transport of water due to difference in chemical po-
tential of water between two solutions separated by a semipermeable
membrane. Presence of solutes reduces the water activity and the
chemical potential of water. The osmotic pressure in the solution is
defined as the hydraulic pressure required to compensate the reduction
of chemical potential by the presence of the solute, and can be calculated
with the following equation:

= 7R:51n(aw) @

where 7 is the osmotic pressure of the solution, R is the gas constant, T is
the temperature and V is the molar volume of water and a,, the water
activity. Hence a low water activity (and high solute concentration)
leads to a high osmotic pressure of a solution. Osmosis can occur when a
feed and draw solution is separated by a semipermeable membrane.
Here, water in a feed solution with a high water activity and low solute
concentration (hence a higher chemical potential) flows across the
membrane into the draw solution with lower water activity and higher
solute concentration as shown schematically in Fig. 5. This reduces the
gradient in chemical potential across the membrane as water is trans-
ported from the feed (elevating iy feeq and thereby zfeeq) to the draw
solution (reducing uw draw and thereby 7graw). The membrane has a
higher permeability of water than solutes, ensuring water permeation
and (partial) retention of solutes. The higher the difference in osmotic
pressure between the two solutions, A7 = Zgraw - Tfeed, the higher is the

Dilute Concentrated
mineral draw solution
solution
NH,'
- Na*
NH,' Mg*
. Cr
Mp?* H > Na*
H,PO, I‘Mﬂ’cr
NH,'
Mg
H:PO,"
Cr
Concentrated Dilute draw
mineral solution solution (for

< L regeneration)
Fig. 5. principle of concentration of nutrients with FO.

water flux, Jy, from feed to draw, whereas a positive hydraulic pressure
difference between the solutions, AP = Pgraw - Ptecd, leads to a reversed
flux, i.e. from draw to feed as descried by the following equation (Lee
et al., 1981):
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J, = A, (A — AP) @

Hydraulic pressure is not required for the FO process, but there is
instead a requirement for recovery of draw solution due to the reduced
driving force between a concentrated and diluted feed and draw with
time as illustrated in Fig. 5 (Cath et al., 2006). The following main ad-
vantages of using FO for recovery of minerals from waste streams have
been reported:

1 FO membranes have high retention of most ions, hence it is possible
to concentrate and recover ions from wastewater while extracting
clean water from the wastewater (Cath et al., 2006).

2 A high hydraulic pressure is not needed to drive the membrane
processes, reducing energy consumption, requirements for mem-
brane physical stability and capital expenses for FO systems (Klay-
som et al., 2013).

3 Higher reversibility of fouling compared to pressure driven pro-
cesses, e.g. RO, resulting in simple cleaning and stable performance.
This makes it the method of choice for solutions of high fouling
propensity as there are less requirements for pretreatment of the feed
(Klaysom et al., 2013; Shaffer et al., 2015; Chun et al., 2017).

A timeline of important milestones for FO has been shown in Fig. 6. It
is clear from the figure that, although FO was introduced a long time
ago, yet the rapid progress started only after 2000. The main focus of
new developments had been the development of suitable draw solutions,
designing new configurations and nutrient recovery from wastewater. It
was relatively recently that the process started gaining interest for re-
covery of minerals such as Li as illustrated in the timeline.

3.2. Current developments

3.2.1. Direct concentration of minerals

Numerous studies have investigated the application of FO for
concentrating minerals directly in different waste streams for sustain-
able recovery of minerals and biogas (Ansari et al., 2017). An overview
is given in Table 4, summarizing the applied feed and draw solutions,
membranes, recovered minerals, solute rejection rates, concentration
factors, permeate and reverse salt fluxes. Direct FO concentration for
recovery of minerals has been studied on MBR and conventional acti-
vated sludge (CAS) effluent, sewage, CAS and MBR sludge, digestates,
manure, urine, landfill leachate and whey. The majority of FO research
on minerals recovery focus on concentration and recovery of ammonium
and phosphate in waste streams, whereas the recovery of metal ions is
gaining interest very recently (Wu et al., 2016; Zhao and Liu, 2018;
Vital et al., 2018; Cui et al., 2014; Gwak et al., 2018; Li et al., 2018).

Concentration of ammonium and phosphate in sludge and effluent
from membrane bioreactor and conventional activated sludge process
(AS) has been achieved with synthetic seawater draw solutions (Xue

Hybrid FO/RO
concept for
concentration of
nutrients from waste
streams

1957 I 1990’s I 2005 {L
e S SR i S S i

Demonstration of
SO, based draw
solution for FO

treatment of seawater

First patent
implementing
Aquaporins into
membranes

Desalination of
Seawater using
ammonium bicarbonate

Evidence of the

semipermeable

behavior of CA

membrane in saline DS
water

Thin CA membrane
with mesh support

Resources, Conservation & Recycling 168 (2021) 105273

et al., 2016; Xue et al., 2015; Volpin et al., 2018; Hau et al., 2014;
Nguyen et al., 2013; Nguyen et al., 2016). Two studies varied volume
concentration factor (VCF) of effluent between 2 and 4, leading to a
concentration factor (CF) of ammonium of 2.1 in both studies, whereas
phosphate CF reached 2.3 and 4, respectively (Xue et al., 2016; Xue
et al., 2015). Hence CF of phosphate follows VCF, suggesting a high
rejection of phosphate, whereas the ammonium concentration factor is
limited by lower rejection. Gao et al. (Gao et al., 2018) reached even
higher VCF of 10 on sewer supernatant with concentration factors of
phosphate up to 9.4, Calcium and Magnesium 8.2 and 8.6, whereas
ammonium only reached a CF of up to 5.3. Again, the ammonium
concentration factor does not follow the volume reduction due to low
ammonium rejection and precipitation (Kedwell et al., 2019).

Another source of ammonium and phosphate is digestates from
anaerobic digestion which can be treated with FO (Camilleri-rumbau
etal., 2019; Soler-Cabezas et al., 2018; Ansari et al., 2016; Kedwell et al.,
2018). VCF of 5 to 7 has been reached in treating anaerobic digester
concentrate and still obtaining high phosphorus and ammonium re-
covery (> 93%) (Camilleri-rumbau et al., 2019; Soler-Cabezas et al.,
2018; Ansari et al., 2016; Kedwell et al., 2018; Vu et al., 2019). In a
study by Vu et al. (Vu et al.,, 2019), a decline in concentration of
ammonia and phosphate in digester sludge centrate was observed
although reaching 70% water recovery, which was explained by pre-
cipitation of phosphate and valorization of ammonia, which was more
severe during stirring of the feed suspension. A study of treating digested
manure centrate with FO point out that recovery of nutrients may be
hampered by the simultaneous retention of heavy metals (R > 80%) and
antibiotics (Li et al., 2020). Soler-Cabezas et al. (Soler-Cabezas et al.,
2018) also treated sludge concentrate and reached ammonium re-
jections of only 66% and 85% with Aquaporin and CTA membranes. The
large span in reported rates of rejection is explained by the procedures of
determining the rejection rate. Eq. (3) is frequently used to calculate
rejection, R, from concentration of solute in feed, Cy, and draw, Cp:

—Q*a) ®

Nevertheless, this method is not valid for batch FO experiments as a
steady state concentration is not reached and solute transported from
feed will be diluted in draw, i.e. rejection will depend on draw volume
and time/VCF (Kedwell et al., 2019). A more correct determination of
rejection rate, independent of feed and draw volumes, VCF and time, can
be done by Eq. (4):

J.&
r=(1-7%) @

By selecting MgCl, draw solutions a high recovery of ammonium and
phosphate (> 93% and > 99%) from digested swine wastewater can be
ensured even at low a VCF of 2 (Wu et al., 2018). This is explained by the
reverse diffusion of magnesium ions leading to co-precipitation of
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Fig. 6. Key milestones for the development of FO membranes for nutrients and mineral recovery. CA: Cellulose acetate, OMBR: osmotic membrane bioreactor.
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ammonium and phosphate as struvite. The concentration by FO treat-
ment enhances recovery, as the same study found that phosphorus re-
covery with MgCl, addition and without FO treatment was only 60.7%.
Schneider et al. (Schneider et al., 2019) also employed a MgCly draw
solution for FO concentration of nutrients in swine manure, potato
starch and cattle manure. This resulted in TAN rejections up to 97%,
which is explained by the low reverse flux of magnesium ions. The
magnesium ions are larger than e.g. sodium ions and therefore have
lower diffusivity than e.g. ClI™ ions, hence the reverse flux of chloride
ions is higher than the reverse flux of magnesium ions, reducing forward
flux of ammonium ions. This mechanism is further discussed in Section
6.3.

The beneficial effects of magnesium based draw solution on nutrients
recovery have also been demonstrated in Volpin et al. (Volpin et al.,
2018) where acidified urine (pH=4) was concentrated (VCF =4).
Reverse Mg?" flux lead to recovery of 50% ammonium and 40% phos-
phate through struvite precipitation.

In addition to nutrient recovery, interest has also been observed in
applying FO for recovery of valuable metals, e.g. Li, from various
streams. Some studies (see Table 3) describe the recovery of heavy
metals from contaminated effluents, e.g. acid mine drainage, printed
circuit board wastewater and brine. As can be seen from Table 3, FO can
reach high rejection of heavy metal ions (>98%) at volume concentra-
tion factors > 2 and reasonable fluxes of 11-12 LMH (Wu et al., 2016;
Vital et al., 2018) (Li et al., 2018) (Gwak et al., 2018). Zhao et al. (Zhao
and Liu, 2018) even reached fluxes at 45-50 LMH by using modified TFC
membranes. Landfill leachate is also a source of minerals such as
ammonium and phosphate, but also potassium, sodium, magnesium and
calcium ions can be recovered (Iskander et al., 2017; Wu et al., 2018).
Wu et al. (Wu et al., 2018) treated landfill leachate with high concen-
trations of magnesium, calcium and ammonium with FO to reach a VCF
of 1.6. After this, Calcium was recovered by addition of carbonate
(NayCOs) to precipitate carbonate. This was followed by addition of
H3POy4 to precipitate struvite to reach 95% Mg recovery. FO has also
been investigated for the removal and recovery of rare earth elements
Cerium, Lanthanum and Dysprosium. With a PA TFC membranes
rejection > 90% were achieved (Pramanik et al., 2019). It was also
found that the rejection of Dysprosium was significantly higher at higher
pH (pH =7) than lower (pH = 3). However, higher rejection rates of
heavy metal ions is needed for efficient removal and recovery of rare
earth elements.

In addition, FO has been studied for nutrient mining from milk and
dairy wastewater (Chen et al., 2019; Pramanik et al., 2019). Chen et al.
(Li et al., 2019) show in a study using a 24 m? FO pilot scale system that
FO could reach 15% (w/w) whey concentration by a VCF of 2.5 using
NaCl solutions (48-57 g/L) (Chen et al., 2019) and 21% (w/w) for skim
milk concentration. i.e. FO shows as a viable method to reach high
concentration of suspensions due to the low fouling potential as long as
the osmotic pressure buildup in the feed suspension does not stop
permeation. This is possible for suspensions of large molecular weight
substances, as their molar concentration, hence osmotic pressures, will
be relatively low compared to salt solutions. The energy consumption
for concentration using FO was lower than for RO required that there is
no energy required for regeneration of draw. This is possible, if high
concentration brines are available as draw solution.

FO clearly has the potential to treat waste streams and recover
valuable minerals. However, FO flux is reduced by the elevated osmotic
pressure during the continuous concentration of the waste stream, hence
the concentration factor is limited by the solution’s osmotic pressure and
it may not be possible to reach the required concentration for precipi-
tation of certain solutes.

3.2.2. Hybrid FO systems

(i) OMBR
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In 2009, Achilli et al. (Achilli et al., 2009) proposed an osmotic MBR,
replacing the MF membrane with an FO membrane in order to reduce
fouling propensity of the MBR, which benefits from independent control
of solid retention time (SRT) and hydraulic retention time (HRT)
compared to the CAS process. However, by applying FO rather than
ME/UF, nutrients and other solutes (e.g. NH4+, PO43—, Ca2+, Mg2+,
K+) are enriched in the sludge, which is beneficial for nutrients recovery
(Qiu and Ting, 2014; Luo et al., 2015; Huang et al., 2015). Other ad-
vantages of the osmotic MBR are discharge of water ideally without
contaminants (nutrients, trace organic contaminants) (Luo et al., 2015;
Cornelissen et al., 2011; Blandin et al., 2018) and lower fouling pro-
pensity (Achilli et al., 2009; Linares et al., 2016; Cath et al., 2015).
Comparing the OMBR to direct FO treatment of wastewater, OMBR
benefits by simultaneous degradation of organic matter (Sun et al.,
2016). A schematic outline of the OMBR is given in Fig. 7 (left).

Qiu et al. (Qiu and Ting, 2014) operated a lab scale OMBR for 96
days with a SRT of 50 days and HRT of 15.4 h. Through this period, they
reached 98% removal efficiency of ammonium and total organic carbon
(TOC). Supernatant was discarded from the bioreactor daily to stabilize
salt concentration in the reactor and recover concentrated phosphate.
Phosphate was recovered by pH adjustment to 8-9.5 in order to pre-
cipitate phosphate with NH4+, Ca2+, Mg2+, K+ which are also
concentrated in the sludge supernatant. In this way, more than 95% of
orthophosphate was recovered, primarily as amorphous calcium phos-
phate, without addition of calcium or magnesium. A similar study pre-
sented in Huang et al. (Huang et al., 2015) also operated a laboratory
scale OMBR to treat synthetic wastewater avoided excessive salinity
accumulation with intermittent withdrawal and replacement of sludge
supernatant. Orthophosphate was recovered by adjusting pH to 8.5 to
precipitate and recover phosphate. Over 75 days of operation a 100%,
43% and 96% removal of TOC, ammonium and orthophosphate was
reached (Huang et al., 2015).

The main challenges for sustainable operation of the osmotic mem-
brane bioreactor is salinity buildup, which is a consequence of 1) reverse
salt flux from draw into the feed solution, and 2) concentration of solutes
that are retained in the sludge by the FO membrane (Song et al., 2018).
This results in higher conductivity and osmotic pressure and thereby
lower flux, sludge de-flocculation, also resulting in lower permeate flux,
and eventually inactivation of microorganisms (Huang et al., 2015;
Jgrgensen et al., 2018; Van De Staey et al., 2015; Holloway et al., 2015;
Wang et al., 2016).

(i) MF-OMBR/UF-OMBR

A solution to the accumulation of salts in the OMBR sludge is to
integrate a MF/UF membrane in the reactor to form a MF-OMBR/UF-
OMBR, outlined in Fig. 7 (right) [190S,195,201-203]. As MF and UF
membranes are permeable to solutes, nutrients and emerging organic
pollutants are extracted through the MF/UF permeate streams. Hence,
integrating both FO and MF/UF membranes into an MBR enables
simultaneous concentration and extraction of nutrients as the FO flow
relative to MF and excess sludge outtake flow determines the concen-
tration factor of solutes in the sludge. It follows that operation at a high
FO flow relative to e.g. MF flow will result in high concentration factor
of incoming nutrients, which can then be recovered and precipitated in
the MF stream (Blandin et al., 2018). The precipitation of nutrients in
MF stream was demonstrated at lab scale by Luo et al. (Luo et al., 2016).
Here, sewage was treated with the MF-OMBR, the NaCl draw was re-
generated with RO for pure water production while MF permeate was
adjusted to pH = 10 to induce calcium phosphate precipitation. Another
positive effect is the high rejection of trace organic contaminants, above
> 90% (Luo et al., 2015; Blandin et al., 2018; Holloway et al., 2014).
Extracting the trace organic contaminants in a concentrated MF stream
might be beneficial as degradation (biological and chemical) is more
efficient at higher concentrations.

Blandin et al. (Blandin et al., 2018) demonstrated in pilot scale that
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Table 3
Studies of direct concentration of minerals with FO.
Feed solution Draw solution FO Main composition of feed Rejection VCF Permeate flux Reverse Ref.
membrane @Lm 2h" Y, solute flux
LMH) (gm~?2
h~1, gmh)
MBR effluent Synthetic TFC and CTA > 90% NH4;—N 2.3 (Xue et al., 2015)
seawater
MBR effluent Synthetic CTA (HTD) TP: 2.7 £ 0.5mg/L 4 4.6 (Xue et al., 2016)
seawater NH4-N: 10.3 + 2.4 mg/L
Secondary CAS Pretreated TFC (Toray) TDS: 336 mg/L > 80% NH4—N 12-22.5 7.6-12.6 (F. Volpin et al.,
effluent seawater and NHj 2.4 mg/L 2018)
synthetic TP 3mg/L
seawater (35 g/L
NaCl)
Sewage supernatant Nacl solutions CTA (HTI) NH,—N 42.3mg/L 93.3% NH4—N 10 (Gao et al., 2018)
(0.5-4M) TP 8.5 mg/L 95.4% TP
Ca 5.2mg/L
Mg 7.1 mg/L
Synthetic MBR 0.7 M EDTA-Na CTA (HTD) MLSS 8000 mg/L 97% NH4;—N 8.5-4.2 <0.2 (Hau et al., 2014)
sludge salt PO4-P 150 mg/L 97% NO,;—N
NH4-N 150 mg/L 90% NO3—]
99% POy4-P
Secondary sludge 36 g/L NaCl CTA (HTD) MLSS 3000-8000 mg/L 96% NH4—N 3.5-7 5.5-25 (Nguyen et al.,
PO4-P 100 - 200 mg/L 98% PO4-P 2013)
NH4-N 100 - 200 mg/L
Synthetic sludge 0.2M NazPO4 OsMem TFC- MLSS 3500 + 24 mg/L FO mode: 7.1 0.8-1.2 (Nguyen et al.,
EC PO4-P 100 £+ 3 mg/L PRO mode: 6.7 2016)
NH4-N 100 + 2mg/L
Digestates 1.1Mand 3.5M AQP TS:20+1.7 g/L > 95.5% TAN 3-12 (Camilleri-rumbau
NaCl NH4-N 2477 mg/L et al., 2019)
Raw digester NacCl CTA (HTD) 84.7% NH,—N (Holloway et al.,
centrate (constant 85.0% TKN 2007)
feed 99.6% PO4-P
concentration)
Digested sludge saline anion AQP and COD 1941 + 837 mg/L 66% and 83% AQP: 3.34 CTA: (Soler-Cabezas
centrate exchange effluent, CTA SS 559 + 343 mg/L NH,—N 2.92 et al., 2018)
seawater NH4-N 886 4- 189 mg/L
desalination brine
Digested sludge Seawater CTA (HTD) PO4-P 88 £ 5mg/L 5 6.4 (initial) (Ansari et al., 2016)
centrate TS:1.13+0.1 mg/L
Digested sludge Seawater PO4-P 32 +1mg/L >99% P 7 (Kedwell et al.,
centrate NH4—N 2200 + 100 mg/L 2018)
Digested Swine WW MgCly CTA (HTI) PO4-P 167 +£2mg/L 2 3.12 (Z. Wu et al., 2018)
NH;—N 413 +0.3mg/L
Digested manure 1M NaCl CTA (HTD) TS 9077 + 88 mg/L 40% NH4,—N 10 (initial) (Li et al., 2020)
centrate and AQP TP 70.9 £12.8 mg/L > 80% Heavy
NH;—N 1152 + 54 mg/L metals (Cr, As,
Se, Pb, Fe and
Mn)
Swine manure, 0.66 M MgCl, TFC 80.8-97.0% >3 (swine (Schneider et al.,
Potato starch, TAN manure and 2019)
Cattle manure 98.7-99.8% P potato starch)
(mesophilic and
thermophilic)
Anaerobic treated NacCl, TFC > 98% PO4-P 2.5 19.9 (NaCl), 16.6 (B.K. Pramanik
dairy manure MgCl, and EDTA- 70-73% NH4;—N 21.1 (MgCly) (NacCl), et al., 2019)
2Na (1=90 bar) 18.7 (EDTA- 7.7
2Na) (MgCly)
3.7 (EDTA-
2Na)
Model anaerobic NacCl RO 45.7-88.7% 1.9-4.4 (Bakonyi et al.,
effluent membrane (total acid 2020)
rejection)
Wastewater NaCl and NaOAc TFC 10 NaCl: 17.4 (A.J. Ansari et al.,
NaOAc: 2018)
16.6
Sewage MgCl, AQP TP 19.5 + 2 mg/L NH4-N 2.3 5.3 (Singh et al., 2019)
31+3.2mg/L
Urine NacCl regenerated NH4-N 1125 + 147 mg/L > 99% NH4;—N (Liu et al., 2016)
with MD
Urine acidified to 2M MgSO4 TFC (Toray) 2.5 14 (initial) (F. Volpin et al.,
pH=4 2018)
Dilute urine Mg(NOs3), TFC (Toray) PO4-P 281 mg/L 2 (F. Volpin et al.,
TN 4217 mg/L 2019)
Landfill leachate A: 1-3M NaCl CTA (HTI) A:1.2 5.4-6.4 (Iskander et al.,
conductivity 31.1 B: 3.6 gmh 2017)

(continued on next page)
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Table 4
Characteristics of applied IEM in MCDI.
Feed concentration Configuration of ~ Type of membranes IEM characteristic Process SAC Charge Comments Ref.
MCDI conditions (mg/ efficiency
g) (%)
CaCl, (5 mM) Solid electrodes AEM: Neosepta AMX a) Zigc = 0.013meq/ CV,es=1.2V a) a) 90.4 - (Yoon et al.,
CEM: cm?, W= 20.5%, CVges=0V 18.9 b) 92.9 2019)
a) SPPO-based membrane 8=70 pm tads=tdes=15min b) ¢) 87.9
b) Ca-alginate-based membrane b) Zipc = 0.004meq/ 18.0 d) 81.8
c) Neosepta CMX (ASTOM, Japan) cm?, W= 45.4%, c) e) 87.3
d) Neosepta CMB (ASTOM, 8=70 pm 17.2
Japan) ¢) Zigc = 0.041meq/ d)
e) CMD (Asahi glass, Japan) cm?, W=20.7%, 17.0
8=140 ym e)
d) Zipc = 0.059meq/ 18.1
cm?, W=17.7%,
8=230 um
e) Zigc = 0.064meq/
cm?, W= 25.3%,
8=380um
a)KoCry07 (1.7 mM) Batch mode, AEM and CEM from Hangzhou - CVaes=1.2V a) - (L. Chen et al.,
b) K5Cry07 (1.7 mM) + KCI solid electrodes Lvhe Environment Co., Ltd., tads=55 min 155.7 2019)
(13.4mM) China v =20 mL/min b)
190.8
NaCl (50 mM) Single pass, solid AEM and CEM from ASTOM, AMX: Zjgc = 1.8meq/ CV,es=1.5V 121.8 - Water recovery <0.3 (A. Hassanvand
electrodes Japan (Neosepta AMX and cm?, W= 23%, CVges=0V et al., 2017)
Neosepta CMX 6=140 um tags= 15 min
CMX: Zigc = 1.7meq/ tges= S5 min
cm?, W =28%, V=40 mL/min
8=170pm
a)NH,Cl Batch mode, AEM and CEM from IONSEP MC AEM: Zpc = 2.2 mol/ a) a) 36 - The overall removal efficiencies of Na*, (Sakar et al.,
(30 mM) + NaCl + CaCl, + glucose  flow electrodes kg, 5=420 um CVags=CVies=1V D) - NH**, K, Ca®" and Mg?" were recordedas ~ 2019)
b) Real digestate wastewater CEM: Zjgc = 2.4 mol/ tags=2h 19.7%, 54.4%, 67.9%, 85% and 90%,
kg, 5=420pm v =10 mL/min respectively, with real digestate
b) wastewater
CVads=CViges=1V
tads:3 h
v =20 mL/min
1 ppm Pb%*, 1 ppm CaZt, Single pass, solid AEM (FAS-PET-130) and CEM AEM: Zjgc = 1.0 mmol/ CV,qs=1.2V - - Selectivity: (Dong et al.,
1 ppm Mg?" electrodes (FKS-PET-130) made with PET g, W=13%, 8=110 um tads= 60 min Pb/Ca=7.5 2019)
foil CEM: v =23 mL/min Pb/Mg=2.8
Zigc = 0.75 mmol/g,
W=15%, §=110um
Ca%" =160 mg/L Solid electrodes Neosepta AM-1 and Neosepta CM- ~ AMX: Zgc = 1.8meq/ CVaas=1.5V - - Average removal = 96% (Uzun and
Cl” =90 mg/L 1, Tokuyama Co., Japan cmz, W=23%, CV4es=0.0V Water recovery = 88% Debik, 2019)
F =1.2mg/L 8=140 um tads=24 min Reduction concentration of nitrades from
Mg?* =50 mg/L CMX: Zigc = 1.7meq/ v=0.3L/min 233 mg/L to 4.6 mg/L
Na™ =120 mg/L cm?, W= 28%,
NO®~ =233 mg/L 5=170um
SO7 =40mg/L
NaCl= 200 mg/L Batch mode, Specific AEM based on bromated BPPO: CVaas=1.2V 8mg/ 80 (Chang et al.,
solid electrodes PPO (BPPO), quenternized PPO Zigc = 2.20 mmol/g, CVges=0.0V g 2018)
(QPPO) W=24% tads=tdes=60 min
QPPO: v =25mL/min
Zigc = 1.88 mmol/g,
W=22.5%
NaCl = 1000 mg/L 22.7 83.3

(continued on next page)

JLECR 144

£42S01 (1Z02) 891 Sulof22y 3 UOHDALISUOD SION0SIY



cI

Table 4 (continued)

Feed concentration Configuration of  Type of membranes IEM characteristic Process SAC Charge Comments Ref.
MCDI conditions (mg/ efficiency
g) (%)
Single pass, solid AEM: Neosepta AMX, Astom Co., AMX: Zigc=1.8meq/ CCags=0.1A (Choi and Yoon,
electrodes Japan cm?, W= 23%, CCqes = 0.0A 2019)
CEM: Neosepta CMX, Astom Co., 8=140 um tads=tdes=400s
Japan CMX: Zigc = 1.7meq/ v =30 mL/min
cm?, W= 28%,
8=170um
Insulin=0.4g/L Batch mode, AEM: Neosepta AMX, Astom Co., AMX: Zigc=1.8meq/ CVaes=1.2V - - Under the optimal operating condition (Jung et al.,
ZnCl,=360 mg/L solid electrodes Japan cm?, W=23%, CVges=1.2V (operating voltage: 1.2V, adsorption time: 2012)
CEM: Neosepta CMX, Astom Co., 6=140 um tads=tdes=180's 3 min, flow rate: 20 mL/min) with insulin,
Japan CMX: Zizc = 1.7meq/ v =20 mL/min 75% of ZnCl2 was removed and most of the
cm?, W= 28%, (>99%) insulin was recovered.
8=170um
NaCl=250 ppm Single pass, flow  1st pair: Tokuyama CEM I AEM - CCags =0.5mA/ - - 1st pair: salt removal rate = 43.2% (Palakkal et al.,
electrodes 2nd pair: Nafion CEM, cm? 2nd pair: salt removal rate = 51.4% 2018)
Perfluorinated AEM tads=tdes=120 s 3rd pair: salt removal rate =57.8%
3rd pair: SPEEK CEM, QAPPO v=16.7 mL/min
AEM
NaCl = 10mM Single pass, solid AEM: Neosepta AMX AMX: Zjgc = 1.8megq/ CV,es=1.0V 16.5 98.6 (Cha et al.,
electrodes CEM: sPEEK-87 cm?, W= 23%, CVges=0.0V 2018)
8=140 ym tads=tdes=10 min
sPEEK-87: v =20 mL/min
Zigc = 2.3meq/cm?,
W=47%
NaCl =10mM Single pass, solid =~ AEM: AEP-PEM: crosslinked poly AEP-PEM: CV,aqs=1.0V 16.1 98.3 Pore filling anion exchange membrane (ul Hagq et al.,
electrodes (chloromethylstyrene) with 1- Zigc = 3.0meq/cm?, CVges=0.0V 2018)
methylimidazole W=5.0% tads=tdes=10 min
CEM: Neosepta CMX v =20 mL/min
NaCl=5 mM Single pass, solid AEM and CEM: AMX and CMX AMX: Zjgc = 1.8megq/ CV,es=1.2V 4.0 - Cumulative exergy losses at 4 (J/mol (Fritz et al.,
electrodes Neospeta, Eurodia, France cm?, W= 23%, CVges=0.0V water) 2018)
5=140 um tads=tdes=300'§
CMX: Zigc = 1.7meq/ v=5mL/min
cm?, W= 28%,
6=170pm
NaCl =5mM Neosepta CMC and AMX, Astom AMX: Zigc=1.8meq/ CV,a4s=3.0V 85 76 Multi-channel MCDI concept with (C. Kim et al.,
Corporation cm?, W= 23%, CVges=0.0V operating NaCl and NaClO,4 as drew 2018)
8=140 ym tads=tdes=10 min solutions
CMX: Zigc = 1.7meq/ v =20 mL/min
cm?, W=28%,
8=170um
NaCl and Na,SO4 Single pass, solid ~ AEM: quaternized PVA (QPVA) - CVaes=1.2V - 68 Salt removal = 58meq/m? (Zuo et al.,
electrodes containing pulverized CVg4es=0.0V S0% selectivity=2.25 2018)
AMBERLITE FPA54 tads=tges=1.5h
v=1.0mL/min
NaCl = 10mM Single pass, flow CMX and AMX, Neosepta, ASTOM  AMX: Zipc = 1.8meq/ CVaes=1.2V 21.5 - Total charge consumption = 3.9C (Yu et al., 2018)
electrodes Co., Japan cm?, W=23%, CVges=0.0V
6=140 um tads=tdes=15 min
CMX: Zigc = 1.7meq/ v=2.0mL/min
cm?, W=28%,
8=170um

Humic acids = 50 mg/L
NaCl =75mg/L

Solid electrodes

Cation and anion exchange
membranes (Hangzhou Greenhe
Environment Co., Ltd, China)

CVaes=1.2V
CVges=—1.2V
tads=tdes=55 min
v =20 mL/min

- Ion removal efficiency = 82%

(Chen et al.,
2018)

(continued on next page)
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Table 4 (continued)

Feed concentration

Configuration of  Type of membranes IEM characteristic Process SAC Charge Comments Ref.
MCDI conditions (mg/ efficiency
8) (%)
0.005M KCl Solid electrodes Mosaic membranes produced by Z1rc=0.96 mmol/g CVaes=1.4V - - Energy consumption = 13.5 Wh/mol (Volfkovich
mixing NIIPAM with AV-17 anion tads=tdes=40 min et al., 2018)
exchange resin (70 mass%) and v=5mL/min
KU-2 cation exchanger (30%)
NaCl =15 mM Na,SO4 = 15mM Solid electrodes AEM and CEM AMX: Zjgc = 1.8meq/ CVaes=1.2V Water recovery = 66% (Tang et al.,
cm?, W=23%, CVges=—1.2V Selecitivty sulface to chlorides =1.08 2017)
6=140 um tads=tdes=14 min
CMX: Zigc = 1.7meq/ v =50 mL/min
cm?, W=28%,
8=170pm
LiCl=10 mM Batch mode, Single AEM produced by chemical ~ AEM: Zc = 3.5 mmol/ CVags=2.5V 42.1 - Selectivity toward to lithium (A. Siekierka
KCl =10 mM solid electrodes grafting PVC by EDA g, W=240%, =70 um CVges=—2.5V etal., 2017; A.
NaCl = 10MM (A. Siekierka et al., tads=tdes=30 min Siekierka et al.,
2018) v =66 mL/min 2018)
LiCl=20mM Batch mode, Single AEM produced by chemical ~ AEM: Zipc = 4.0 mmol/ CCads=10A/m? 31 92 By application PVDF-EDA24 it is possibleto  (Siekierka and
solid electrodes grafting PVDF by EDA g, W=30%, 8=70pm CCyes=—10A/m? concentrated lithium Bryjak, 2019)
tads=tdes=10 min chloride with 3 times factor.
v =66 mL/min
Na+=10,298 mg/L Batch mode, Single AEM produced by chemical =~ AEM: Zjgc = 3.5 mmol/ CV,qs=2.0V 800 >100 Selectivity toward lithium (Siekierka et al.,
K+ =102.1 mg/L solid electrodes grafting PVC by EDA g, W=240%, 6=70um CVges,1 = 0.0V 2020; A.
Li+ =15.7 mg/L [212] CV{es2=—2.0V Siekierka et al.,
Ca2+ =63.7mg/L tads=3 min 2018)
Mg2+ =50.3mg/L tdes,1 = 1 min
Sr 2+ =33.5mg/L tdes,2 =5 min
Cl-=11,421 mg/L v =66 mL/min
Br-=128.9mg/L
HCO3 =1462mg/L
B=156mg/L
Si=11.4mg/L
16 mM P, 8.5 mM NaCl Solid carbon n.a. n.a 1.2V in CV mode n.a. n.a Selective P removal (Huang et al.,
electrode 1A in CC mode 2017)
Pd 1-100 mg/L, SO40.9-90.27 mg/L, Batch mode, Commercial anion and cation n.a 09V Selective oncentration of Pd (D.I. Kim et al.,
NH,4 4.36-37.04 mg/L porous carbon exchange membranes from Astom 2018)
lectrodes Corporation (Japan).

Zigc — ion-exchange capacity.
W — water uptake.
8-thickness.
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Table 3 (continued)

Feed solution Draw solution FO Main composition of feed Rejection VCF Permeate flux Reverse Ref.
membrane Lm~2h" %, solute flux
LMH) (gm~?2
h~1, gmh)
mS/cm,
B conductivity 3.1
mS/cm
Landfill leachate 4M NaCl CTA (HTI) 1.6 2.1-2.9 (S. Wu et al., 2018)
(initial)
Whey 48-57 g/L NaCl CTA (FTS- Whey 5.9-8.0% (w/w) 2.5 6 (initial) (G.Q. Chen et al.,
H20) 2019)
Heavy metal 2000 ppm Na-Co- Modified >99.5% (room 11 (room (Y. Cui et al., 2014)
wastewater CA TFC temperature) temperature)
membrane >99.7% (60 °C) 16.5 (60°C)
Synthetic Hg NaCl; MgCl, TFC 20-1000 pg/L HgCl, > 98% 2 (Wu et al., 2016)
contaminated
effluent
Acid mine drainage 1M NaCl TFC Mg 436 mg/L, Al 293 mg/ Mg 98.9% 2 12 (Vital et al., 2018)
L, Si 15.3mg/L, Ca Al 99.8%

313 mg/L, Mn 203 mg/L, Si 97.1%
Fe 13.4 mg/L, Co 2.3 mg/ Ca 99.3%

L, Cu 615mg/L and Zn Mn 99.6%
68.5mg/L Fe 100%
Co 99.4%
Cu: 98.9%
Zn 99.5%
Simulated acid mine TFC La 1.2mg/L La 91% 5 (B.K. Pramanik
drainage Ce 3.3mg/L Ce 91% et al., 2019)
Dy 0.4 mg/L Dy 97%
(AL-FS mode)
Cu, Pb and Cd NaCl BSA Cu2g/L < 99.4% 45-50 (Zhao and Liu,
contaminated modified Pb2g/L 2018)
synthetic TFC Cd2g/L
wastewater membrane
Printed circuit board Ni plating TFC Ni 5740 mg/L 39.4 Ni 0.43 (Gwak et al., 2018)
wastewater solution Pd 99.9 mg/L gMH
Pd catalyst
Li contaminated MgCl, CTAand TFC  Li 780 mg/L CTA: 3-9 (J. Li et al., 2018)
brine membranes Mg 870 mg/L TFC: 6.5-11.5
Na,COj3 simulating NacCl AQP 99.4% purity of 3-6 1.23 gMH (Ye et al., 2016)
alkaline solution (0.86-5.13 M) NayCOs3 ge10
obtained from CO, H,O crystals
capture by NaOH

AL: Active Layer, AQP: Aquaporin membrane, CTA: Cellulose Triacetate, DS: Draw solution, FS: Feed solution, TFC: Thin Film Composite, HTI: Hydration Technologies
L

Incoming wastewater Incoming
(TOC, minerals) wastewater
(TOC, minerals)

Dilute draw
solution,

Dilute draw
— solution

A M
% < F
ot Conc
Water N
minera
stream
Concentrated — Concentrated

draw solution

draw solution

Excess sludge
and mineral
outtake

Excess sludge
out

Fig. 7. OMBR (left) and MF/UF-OMBR (right) for simultaneous wastewater treatment and nutrients recovery. The systems have been shown with RO regeneration of
draw for potable water reclamation.

the concentration of solutes in the reactor follows the MF/FO flow ratios, but permeable to MF/UF membranes, Jgrgensen et al. (Jorgensen et al.,
as sludge electrical conductivity was higher with higher FO relative to 2018) defined the nutrient retention time, NRT, expressed in Eq. (5),
MF flows. However, the higher solute concentrations also results in which is the time that the solutes spend in the reactor before being
higher feed osmotic pressure and lower permeate flux. To describe the extracted.

concentration effect of nutrients and other solutes impermeable to FO
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v
QMF + QExces:

QMF is the MF flow, QExcess is the excess sludge outtake flow and V
is the reactor volume. A similar term, contaminants retention time, CRT,
has also been defined (Qiu et al., 2016). Assuming complete retention of
nutrients by the FO membrane and no uptake/degradation by the mi-
croorganisms, the concentration factor of nutrients in the reactor equals
the ratio between NRT and HRT (Jgrgensen et al., 2018). Jgrgensen et al.
operated a MF-OMBR for 47 days with varying NRT and HRT and found
correlation between NRT/HRT ratio and concentration of orthophos-
phate in sludge. However, precipitation occurred in the reactor at dis-
solved phosphorus concentrations exceeding 40mg/L. Further
concentration of sludge also led to inactivation of microorganisms and
sludge deflocculation, reducing permeability, for conductivities > 20
mS/cm. It follows that there is an optimal relationship between NRT and
HRT depending on inlet salinity and phosphorus concentration for sus-
tainable operation. Holloway et al. (Holloway et al., 2015) conducted a
comparable, 125 day pilot scale study of UF-OMBR treatment of do-
mestic wastewater. The FO flux was stable at 4.8 LMH (on average) due
to continuous UF extraction of solutes. Nitrogen removal was carried out
by aerobic-anoxic treatment whereas phosphorus was extracted through
the UF membrane in concentrations above 50 mg/L. In addition, FO
draw solution was continuously recovered with RO to produce potable
water. However, nutrients and organic compounds from draw solution
accumulated in the draw solution and reverse salt flux from draw to feed
elevated sludge conductivity.

Besides from aerobic OMBR, fertilizer drawn anaerobic MF-OMBR
has been proposed for producing methane for energy recovery while
producing a dilute draw solution for irrigation (Kim et al., 2016; Kim
et al., 2017). However, experiments in lab scale have shown that reverse
flux of fertilizers to the bioreactor reduces biogas potential. Out of six
commercial fertilizers, only mono-ammonium phosphate did not reduce
biogas potential due to low reverse salt flux (Kim et al., 2016). In
addition, biofouling by the anaerobic sludge is severe compared to
aerobic sludge, and reverse salt flux of the fertilizers led to enhanced
fouling potential and nutrient accumulation in the sludge (Kim et al.,
2017).

A promising solution to reduce fouling in osmotic bioreactors is by
the using biofilm OMBR (BF-OMBR), as proposed by Qiu et al. (Qiu
et al., 2016). Fixed bed biofilm degrades organic matter and does not
require MF/UF membranes to be retained in the MBR. Hence, the system
can still be operated at a low HRT (2 h) while maintaining removal ef-
ficiency of organics and concentrating nutrients with FO. As the FO
membrane is not subject to biomass, a significant reduction in FO

NRT = %)

Anode ‘ Cathode

Dilute waste stream
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fouling was observed for the BF-OMBR when comparing to the
MF-OMBR. TOC removal of 90% and ammonium removal > 99% was
found in both systems and phosphorus recovery were similar
(67.6-81.8% and 63.8-79.6%, respectively).

(i) Microbial electrolysis cells

Nutrient-energy-water recovery from wastewater has been demon-
strated with the combination of FO with microbial electrolysis cells
(MEC) (Zou et al., 2017; Qin and He, 2014) as illustrated in Fig. 8. Zou
etal. (Zou et al., 2017) produce hydrogen gas from synthetic wastewater
digestate with MEC by applying an electrical current between an anode
chamber and cathode chamber (Fig. 8). The anode chamber contains
digestate and exoelectrogens, which are electrochemically active mi-
croorganisms degrading COD. As COD is degraded, electrons are trans-
ferred from the anode to cathode, while released protons react with
ammonia to form ammonium and migrate from the anode chamber to
cathode chamber through a cation exchange membrane. In the cathode
chamber, ammonium reacts with electrons released from the cathode to
form hydrogen gas and ammonia. Thereby, ammonia from wastewater is
recovered in the cathode chamber while producing hydrogen gas for
energy recovery. Water recovery was obtained by treating the waste-
water (anode effluent) with FO while simultaneously concentrating
phosphate. The phosphate was then precipitated by adjusting pH and
adding magnesium ions. The hybrid system reached a water recovery of
54.2+1.9%, 99.7+£13.0 ammonium-N recovery and 79.5+0.5%
phosphorus recovery as struvite (Zou et al., 2017). Potentially, the
recovered hydrogen could cover up to 28.1% of the energy supplied to
the MEC process through COD and nutrients. This study originated from
Qin and He (Qin and He, 2014) where the water recovery with FO was
integrated with a different concept; wastewater was used in the anode
chamber and ammonium and electrons transferred to the cathode
chamber as the exoelectrogens degraded COD in the anode chamber
wastewater. Hydrogen was again formed in the cathode chamber and
recovered for energy purposes, whereas COy was added to form an
ammonium bicarbonate draw solution with the ammonia originating
from the wastewater. This could then be used to reduce the wastewater
volume by 50.1 + 1.7% with forward osmosis.

The MFC-FO system has also been demonstrated to recover water
and ammonia from landfill leachate (Qin et al., 2016). There is a synergy
between the MEC and FO process in that the MEC reduces salinity and
COD content in the leachate, elevating FO flux two-fold (Qin et al.,
2016). There are clear benefits of combining MEC and FO, but the hybrid
systems are, as with other FO applications, challenged by reverse solute

FO: Water recovery

Supernatant

CEM membrane

P-recovery
struvite
precipitation

Concentrated

waste stream
FO membrane

Wastewaterinfluent

Struvite precipitation pH = 9:

P-recovery

Fig. 8. FO-MEC for simultaneous of energy, ammonia, phosphate and water (Ali et al., 2015).
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flux which reduces recovery of nutrients.

Another application of MEC is integration with anaerobic OMBR to
form an AnOMEBR (Zhang et al., 2017). An anode immersed in the
anaerobic sludge enhances degradation of organic compounds, while a
cathode integrated as a spacer near the FO membrane surface reduces
fouling and concentration polarization. Hydrogen gas is formed at the
cathode increasing the biogas potential of the process. With this, biogas
potential of the AnOMEBR has been reported to be 11% higher than
conventional AnOMBR and lower concentrations of extracellular poly-
meric substances reduces sludge fouling propensity. In addition, the
reverse diffusion of magnesium and acetate ions was reduced by the
electric field (Zhang et al., 2017).

4. Membrane capacitive deionization
4.1. Introduction

Capacitive Deionization (CDI) has emerged as a novel electro-
sorption technique for removing ions form aqueous solutions (Suss et al.,
2015). CDI finds main applications in seawater and brackish water
desalination, sewage remediation as well as in potable water softening
(Suss et al., 2015) (Porada et al., 2013). The last decade has brought
numerous innovations in the CDI field, including theoretical (Suss et al.,
2015; Porada et al., 2013; Singh et al., 2018; Biesheuvel et al., 2015;
Smith, 2017; He et al., 2018; Hartel et al., 2015), architectural (Tang
et al., 2019; Ratajczak et al., 2019; Remillard et al., 2018; Kim et al.,
2018; Suss et al., 2012), material (Oladunni et al., 2018) and experi-
mental (Porada et al., 2013; AlMarzooqi et al., 2014) advances. One of
the most widespread modification of CDI is covering the surface of
porous electrode with ion-exchange membrane (IEM) to make the
configuration commonly known as Membrane Capacitive Deionization
(MCDI) (Wang et al., 2018; Omosebi et al., 2017). Schematic illustration
of traditional MCDI has been shown in Fig. 9. Implementation of
ion-exchange membranes on the surface of electrodes prevents the
occurrence of an adverse effect of ion re-adsorption during the dis-
charging operations (Suss et al., 2012). The functional groups occluded
in IEMs are capable of transporting ions in accordance with their charge,
therefore anion-exchange membranes on which the positive functional
groups are located will only transport anions. In case of cation-exchange
membranes, the effect will be similar, but the functional groups will
have a negative charge, which results in the ability to transport cations.
The benefits of using ion-exchange membranes are improved adsorption
capacity (Hassanvand et al., 2017; Jeon et al., 2013), reduction of en-
ergy consumption compared to the conventional CDI process (Fritz
et al., 2018) or reduction of the effect of blocking electrodes and thus
extending the "life cycle" of electrode materials (Hassanvand et al.,
2017).

I9)eM dUI[eS
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4.2. Background

Based on electrosorption of the ions, CDI has always been demon-
strating the potential of capturing metals from solutions, however, with
the perspective of desalination and wastewater treatment. The pioneer
in the concept of water desalination, knows as “electrochemical
demineralization of water” was Murphy et al. in the early 1960s (Mur-
phy and Caudle, 1967). The mechanism of “electrochemical deminer-
alization” was also widely studied by Evans and Hamilton (Evans et al.,
1969). Researchers have attempted to explain the basic mechanism of
ion removal using CDI. The breakthrough in understanding the mech-
anism of demineralization using CDI was the theory of
potential-modulated ion sorption proposed in the 1970s by Johnson and
colleagues (Oren, 2008). Currently, it is known as the double electrical
layer (EDL) theory and has been identified as the actual electro sorption
mechanism in the CDI process. The overall progress in CDI research and
development remained very slow until first decade of 2000 when
research on CDI started gaining moment once again. This renewed in-
terest was mainly driven by the low energy consumption of the process
for desalination and wastewater treatment. Modern research on the
process of the capacitive deionization are focused on finding new elec-
trode materials, as well as the basic design solutions for capacitive
deionization cells. One of the first scientists to use an innovative elec-
trode material in the form of carbonaceous aerogel was Farmer (Farmer
et al., 2020). Next, the researches on application of innovative electrode
materials were carried out (Porada et al., 2013).

A timeline of MCDI has been shown in Fig. 10. The process was
presented by Lee and co-workers in 2006 (Lee et al., 2006) who used the
process for desalination of wastewater from a thermal power plant. Over
the next years, performance of MCID was benchmarked against tradi-
tional CDI (Kim and Choi, 2010) and constant current operational mode
was introduced (Zhao et al., 2012). This was followed by an interest in
applying MCDI for recovery of different ions from liquid streams as
shown in Fig. 9 highlighting the important events in timeline on MCDI.
while the theory of accumulation ions into the MCDI was proposed by
Bieshuevel in 2010 (Biesheuvel and van der Wal, 2010). In 2015, Gao
et al. (Gao et al., 2015) introduced a new method of desalination using
CDL. This is a specific kind of CDI where the potential is applied only in
desorption step. The modified electrode materials during the acid and
amino treatment change their charges which in effect between that
material the potential without external electrical field is sufficient to
perform the adsorption operation. The opposite modified electrodes
with negative and posistive groups were able to generate the electrical
potential between them. This potential is called open voltage circuit
(Porada et al., 2013) and it is power full tool for self-efficiency opera-
tions without external electrical field. This phenomenon find application
in Inverted-Capacitive Deionization (Gao et al., 2015). The -COO-

Jjem pajeuresa(q

Fig. 9. A schematic illustration of MCDL
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Fig. 10. A timeline of important milestones in MCDI.

groups were grafted onto the cathode material, while -NH?* groups
appeared in the anode material. Inspired from the energy storage field
such as batteries and super capacitors, a highly promising approach is to
replace one of the two capacitive electrode (porous electrode) with a
battery electrode (Faradaic electrode) for a novel desalination technique
referred to as Hybrid Capacitive Deionization (HCDI) (Lee et al.,
2014).]. Unlike a HCDI cell combing a battery electrode (e.g., sodium
manganese oxide) and a capacitive electrode (e.g., porous carbon), a
desalination battery cell is composed of two different battery electrodes
(one for cation Faradaic intercalation/de-intercalation and the other for
anion Faradaic intercalation/de-intercalation). The concept of desali-
nation battery was first proposed and demonstrated by Pasta et al. with
the cell consisting of an Ag negative electrode and a Na;Mns01¢ positive
electrode (Pasta et al., 2012). Nowadays, the specific applications of
HCDI are being investigated. Siekierka et al. presented in 2018 HCDI
with selective adsorbent of lithium ions. By manipulation electrical
mode during charge and discharge steps was possible to release lithium
ions with 73% efficiency in separate flux (Siekierka et al., 2020).

4.2.1. MCDI in minerals recovery

Generally, the CDI technologies are applied for softening water,
removal of hardness and brackish water desalination. However, appli-
cation of IEM in CDI system created the possibility to concentrate,
release and recover minerals and salts from aqueous solutions (Oren,
2008; Li and Zou, 2011). Moreover, targeted or selective ion removal is
also being investigated by some research groups (Kim et al., 2019; Wang
et al., 2019; Li et al., 2019; Wang and Lin, 2019; Dong et al., 2019;
Siekierka, 2019; Siekierka et al., 2017; Siekierka et al., 2018). An
overview of various studies on recovery of metals from solution by
applying MCDI has been provided in Table 4. It is evident from the table
that MCDI has been applied to remove a wide range of metals including
Pd, Li, Cu, K, Mg etc. Similar to CDI, MCDI has been conventionally
applied with the main objective of desalination or wastewater treat-
ment. In desalination, MCDI has been used to treat ground water (Uzun
and Debik, 2019; Tang et al., 2017) or low-salinity waters (Chen et al.,
2018; Palakkal et al., 2018). For wastewater and water treatment ap-
plications, MCDI has been applied for the removal of nutrients (Sakar
et al.,, 2019) and heavy metals (Chen et al., 2019). Due to the unique
capability of the process of selectively capturing targeted ions form the
solution, an increasing interest in developing the process for resource
recovery from liquid stream has been witnessed. Recovery of Li from low
concentration solution has been the focus of recent studies (Siekierka
and Bryjak, 2019; Siekierka and Bryjak, 2017) due to increasing demand
of Li for energy storage applications. Although, in both studies [211,
212], model low concentration (10-20 mM) LiCl solutions were applied,
yet in the latter, the relative adsorption of Li was compared with of K and
Na by using the model solutions of these ions having the same molar
concentration. It was found that adsorption of Li on specifically designed
electrode was significantly higher than K and Na, demonstrating the
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capability of MCDI to selectively adsorb Li.

MCDI exhibits better deionization performance than CDI due to
application of IEMs. The charged functional groups on IEM selectively
allow the penetration of counter ions blocking that of co-ions (Bie-
sheuvel and van der Wal, 2010). Hence, IEM effectively alleviates co-ion
repulsion, resulting in enhanced deionization performances (Yoon et al.,
2019). However, the effect of IEM characteristics (e.g., ion exchange
capacity, water uptake, electrical resistance) on process performance
has not been systemically investigated in the MCDI field. Even in MCDI
research applying novel functional ion-exchange materials, the basic
analysis of IEM has not been presented. Hence, the aim of numerous
research activities under MCDI performances as well as IEM for MCDI is
to investigate the effects of the characteristics of CEM and AEM on MCDI
performances and to develop new membranes for MCDI applications.
Yoon et al. studied the influence of CEM on MCDI performance based on
the CEM characteristic (Yoon et al., 2019). SAC (SAC - salt adsorption
capacity in mg/g unit, this is a general amount of captured salt per
weight of used elecrode), maximum average deionization rate (MADR),
and charge efficiency were chosen to demonstrate the MCDI perfor-
mance. Among them, MADR was most significantly affected by changes
in CEM, indicating that the properties of the CEM contributed to the rate
capability of MCDI (i.e., MADR) rather than capacity capability (i.e.,
SAC and charge efficiency). Application of commercial type IEM can
affect the MCDI performances and their possibility to minerals recovery.
By manipulating the ion-exchange capacity and thickness of the applied
IEMV, the adsorption rate can be characterized by high fluctuation of
values of SAC and time of charging and discharging with the same
desalinated effect. However, this effect is strongly dependent upon the
feed composition and concentration as well as the electrical modes. SAC
is directly influenced by the concentration of feed solution. With higher
concentration of minerals in flow channel, the SAC is higher. By
manipulating the MCDI stack, it is possible to recover minerals from
solutions, selective capture anions and cations as well as totally remove
salt and concentrate it in separate compartments. The MCDI process
exhibit enormous flexibility of many kind of applications. Additionally,
in accordance with ELDs theory by insertion MCDI can recover 30-80%
of consumed energy (Fritz et al., 2018).

5. Comparison of MCr, MCDI and FO
5.1. Fouling

In a broader sense, fouling is defined as the process of deposition of
particles or solute at the membrane surface or inside the pores such that
the membrane performance is deteriorated (Field, 2020). It is generally
considered as one of the major obstacles in applications of membrane
technology (Bacchin et al., 2006). Fouling increases the resistance to
mass transport across the membrane causing a decrease in flux, in-
creases the pressure drop, and reduces the lifetime of the membrane.
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Intensive fouling may also require rigorous chemical cleaning or mem-
brane replacement, thus contributing to the overall operational cost of
the plant (Te Lin et al., 2010). There are several types of fouling
encountered in membrane processes such as colloidal, biological,
organic and scaling. Depending upon the applied process and solution
characteristics, one type of fouling can be more significant compared to
the others.

5.1.1. Membrane crystallization

Only very few studies have addressed fouling investigation specif-
ically in MCr (Jiang et al., 2019), however, it is very intuitive that
fouling phenomena in MCr will be similar but more severe than those
observed in MD. Due to high concentrations of the salt solutions
generally treated through MD, scaling has been reported as the most
severe problem (Warsinger et al., 2015). All three categories of scaling,
namely alkaline, non-alkaline and uncharged molecular scaling, occur in
MD (Lagbagbi et al., 2017). From a mechanistic point of view, scaling
occurs due to the precipitation of salts at the membrane surface under
supersaturation conditions. In case of seawater desalination, NaCl cau-
ses the most scaling at membrane surface (Ali et al., 2015) (Lagbagbi
et al., 2017) applied for MD. CaSO4, CaCOs3, Ca3(PO4)3, BaSO4 and
MgSO4 have been identified as the other main scale causing salts
(Warsinger et al., 2015) (Lee et al., 2018). Scaling is influenced by
various factors including operating temperature, cross flow velocity, pH,
nature of the feed solution, membrane surface characteristics (hydro-
phobicity, roughness, contact angle) and distribution of flow within the
module (Warsinger et al., 2015) (Nghiem and Cath, 2011) (Bush et al.,
2018). Concentration and temperature polarization can also promote
scaling at the membrane surface by inducing supersaturation (Duong
et al., 2015) (Julian et al., 2018).

In addition to scaling, biofouling is also a concern for MD. However,
this is mainly restricted to food processing and related applications
(Warsinger et al., 2015). In case of desalination, high feed salinity
combined with high feed temperature reduces the intensity of biofouling
in MD compared to pressure driven processes (Krivorot et al., 2011).
Organic fouling, originating from the interaction of membrane with
solutions containing humic acid, alginate acid, protein, polysaccharides
and some low molecular weight species, has also been reported in MD
(Khayet and Mengual, 2004) (Khayet et al., 2004) (Naidu et al., 2014).
Organic fouling significantly increases with the hydrophobicity of the
membrane due to stronger interaction of hydrophobic content of natural
organic matter with the membrane surface (DiGiano and Nilson, 2013).
The presence of multivalent cations and high concentration of electro-
lytes such as NaCl favors the aggregation of humic acid and increase the
rate of fouling (Yuan and Zydney, 2000). There is a mixed opinion about
the reversibility of organic fouling in MD (Khayet and Mengual, 2004)
(Srisurichan et al., 2005) (Naidu et al., 2014).

Intensity and rate of membrane fouling in MD is expected to be more
pronounced for applications where the feed solution has a high organic
content (Drioli et al., 2015; Shirazi and Kargari, 2015) such as municipal
or dairy wastewater and various industrial process streams. However,
studies on MD lack systematic investigations of the effect of organics on
membrane fouling. In some studies, severe membrane fouling
comprising of protein (Gryta et al., 2006) and other organics (Zarebska
et al., 2014), has been observed which can reduce membrane hydro-
phobicity. Such observations indicate the need for developing improved
membranes and pretreatment steps for controlling fouling and mem-
brane damage when considering MD for wastewater treatment and
related applications (Garcia et al., 2018). In case of whey and skim milk
processing, protein, lactose and mineral based fouling has been observed
(Kezia et al., 2015; Hausmann et al., 2014; Hausmann et al., 2013).

There are certain other phenomena in MD that have the similar effect
as fouling on process performance. Pore wetting causes the flux decline
and deteriorates the permeate quality at the same time (Velioglu et al.,
2018; Warsinger et al., 2017). In case of partial wetting, the temperature
at the pore mouth can be significantly lower than that at the surface and
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increases the temperature polarization which in turn can induce scaling
of salts, with positive temperature solubility, inside the pore (Elshkaki
et al., 2018). Temperature polarization in MD can be regarded as the
counterpart of concentration polarization in low pressure driven pro-
cesses (Ali et al., 2013) and must be minimized for the same reasons.

5.1.2. Forward osmosis

In FO, both sides of the membrane are in contact with solutions
having fouling or scaling potential. For wastewater treatment applica-
tions, one side of the membrane is in contact with impaired water
containing organics in high concentration, thus organic fouling and,
subsequent biofouling, are obviously the dominant issues for this side of
the membrane (Le-Clech et al., 2006). The rate and extent of organic
fouling is strongly influenced by the interactions among the foulants as
well as between foulants and membrane surface (Mi and Elimelech,
2008). In case of asymmetric membranes with the active layer facing the
draw solution, intense biofouling and scaling of various salts at the
substrate has been reported (Zhang et al., 2012). Permeation drag, hy-
drodynamic shear and calcium binding were also found to be influential
parameters for organic fouling. In some studies, the scale formation at
the membrane surface facing the draw solution has also been observed
(Phuntsho et al., 2014).

FO fouling propensity has been reported to be low with high
reversibility (90-100% flux restoration) by physical cleaning (Xue et al.,
2016; Gao et al., 2018; Ansari et al., 2016; Lotfi et al., 2017; Lee et al.,
2010; Mi and Elimelech, 2010; Baoxia and Elimelech, 2010). For
example, Xue et al. (Xue et al., 2016) saw only a 5% reduction in flux
over a two months continuous enrichment of nutrients from treated
municipal wastewater. For treatment of sewage, Gao et al. (Gao et al.,
2018) reached 90% flux recovery by air-water washing and 96% re-
covery by chemical cleaning (1% w/w NaOCl), whereas Ansari et al.
(Ansari et al., 2018) reached complete restoration of flux by a combi-
nation of ultrasonic and high crossflow cleaning after treatment of
digester concentrate. Fouling is reported as deposition of organic fou-
lants, but Phunthso et al. (Phuntsho et al., 2014) observed that reverse
salt flux of di-ammonium phosphate fertilizer draw solutions led to
scaling on the membrane surface. Grafting polyamidoamine dendrimers
to TFC membranes also show significant antifouling capacity while
elevating ammonium rejection (Bao et al., 2019; X. Bao et al., 2019).

There is yet no consensus on the explanation behind the low fouling
propensity in FO compared to pressure driven membrane processes such
as RO. One explanation is that a less compact and more reversible
fouling layer is formed in FO, whereas in RO for example the gradient in
hydraulic pressure across the membrane promotes a more compact
fouling layer (Holloway et al., 2007; Mi and Elimelech, 2008; Lee et al.,
2010). However, this is questioned in other studies (Siddiqui et al.,
2018; Tow and Lienhard V, 2017) suggesting that the lower fouling in
FO is simply a result of lower permeate flux, transporting less foulants to
be deposited on the membranes.

Another central parameter reducing permeance in FO is concentra-
tion polarization (CP) (McCutcheon and Elimelech, 2006). External CP
(ECP) is the local dilution of draw solution and concentration of feed
solution near the membrane surfaces facing draw solution and feed,
respectively. ECP reduces the effective osmotic gradient and its intensity
increases with permeate flux. In addition, an elevated concentration of
solutes at the membrane surface may result in precipitation of salts of
low solubility leading to scaling and flux decline. By elevating the
crossflow velocity the thickness of the laminar layer along the mem-
brane can be decreased thereby reducing CP. In addition, internal CP
(ICP) inside the membrane material (e.g. in the support layer of asym-
metric membranes) reduces the effective osmotic gradient. ICP is dilu-
tive when active layer faces the feed solution (a configuration referred to
as FO mode), and concentrative if the support layer faces the draw so-
lution (PRO mode). Therefore, it is beneficial to reduce support layer
thickness to reduce ICP and to operate at a relatively high crossflow
velocity, typically up to 9cm/s to reduce ECP (Ansari et al., 2015;
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McCutcheon et al., 2005). However, high flow velocities also lead to
more energy consumption.

5.1.3. MCDI

The studies on fouling in MCDI are scarce and most of the existing
literature gives an overview of fouling in CDI (Hassanvand et al., 2017)
where it directly affects the carbon electrodes and reduces the salt
removal efficiency. However, it is anticipated that fouling on IEM of
MCDI should deteriorate the process performance to a lesser extent than
what is observed for CDI electrodes (Hassanvand et al., 2017). In gen-
eral, IEMs are prone to colloidal, organic and biofouling (Mikhaylin and
Bazinet, 2016). Additionally, the precipitation of dissolved salts on
membrane surface also causes scaling. In a recent study (Wang et al.,
2019), it was demonstrated that for a mixed solution containing calcium
and bovine serum albumin, the presence of bovine serum albumin
decreased the fouling when calcium concentration was below a
threshold value (0.5-3 mM). However, above 5mM, the presence of
bovine serum albumin caused more fouling compared to the single
component solution. Thus the concentration of calcium in the solution
influenced the adsorption of bovine serum albumin at membrane sur-
face, thus controlling the rate of fouling. It was also inferred that
combining ultrasonic and chemical cleaning was effective in restoring
the membrane efficiency. More importantly, the study concludes that
cause of severe fouling in MCDI is scaling of inorganic salts instead of
organic fouling.

In another study (Chen et al., 2018), organic fouling caused by
humid acid and sodium alginate at electrode and IEM of MCDI were
investigated. Nat and Ga?" were used as the sample ions in the solu-
tions. It was found that presence of either of the organic compounds
reduces the adsorption of Na and also increases energy consumption
significantly. More detrimental effects were observed for humic acid
which reduced Na adsorption by 5.3 mg per cycle and increased energy
consumption by 57%. For the solutions with the same conductivity and
organic concentration, higher fouling potential and energy consumption
was observed for Ca®" containing solutions compared to Na™ solutions.
Fouling analysis revealed adsorption of organics on the electrodes and
adsorption as well as penetration at the membrane surface. It was rec-
ommended that the feed solutions should undergo appropriate pre-
treatments before being fed into the MCDI unit. These are only
preliminary investigation and knowledge on fouling in MCDI remains
very limited at this stage and further research efforts are needed to
explore this phenomenon.

5.2. Concentration ranges

5.2.1. Membrane crystallization

MCr can be operated in a wide range of solution concentrations. As
shown in Table 2, MCr has been applied for recovery of minerals from
the solution containing ions in concentrations ranging from a few hun-
dred ppm to several hundred g/L. The conventional direct contact
configuration of the process, however, is not suitable for highly soluble
salts such as LiCl (Quist-jensen et al., 2016) which shows positive sol-
ubility with temperature. At high solution concentrations, such salts
exhibit high osmotic pressures, thus in order to keep their vapor pressure
above that of the permeate side, solution temperature has to be
increased which also increases solubility of the salts, thus achieving
supersaturation becomes challenging. For such solutions, relatively less
explored MCr configurations, such as vacuum MCr can be more suitable.
Recovery of salts in MCr is based upon supersaturation and crystalliza-
tion is achieved through selective migration of water vapors through the
membrane. For highly soluble salts solutions with low initial concen-
trations, MCr could be high-energy consumption solution.

5.2.2. Forward osmosis
As evident from Table 3, FO has mainly been applied for enrichment
or recovery of nutrients-phosphorus and ammonia-from wastewater.
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Phosphorous concentration reported in these studies does not exceed a
few hundred ppm and the ammonia concentration is also generally less
than 1000 ppm. However, it should be noted that the wastewater
streams treated through FO have very high load of organic contents. The
motivation for applying FO in these applications is mainly driven by the
prospect of low energy demand and low fouling propensity. In many of
these studies, a draw solution either economically concentratable (e.g.
seawater) or directly usable for external applications (e.g. for fertiga-
tion) has been applied which makes the overall economics of the process
feasible. Also the recovered nutrient might have low solubility in the
feed solution (i.e. the solubility of struvite in water at 25°C is
~170 ppm), thus precipitation can be achieved at low overall solution
concentration. The ability of FO to concentrate the solutions to satura-
tion levels has been well documented in various studies (Iskander et al.,
2017; S. Wu et al., 2018; Z. Wu et al., 2018). However, for solutions
containing highly soluble salts, the osmotic gradient generated by the
draw solution may not be enough to achieve supersaturation of salts of
interest on feed side. In addition, CP reduces effective osmotic gradient
between highly concentrated solutions and thereby reduces flux. Thus,
FO is more promising candidate for precipitation of low to medium
range soluble minerals.

5.2.3. MCDI

MCDI and CDI have been demonstrated for desalination of low-to-
moderate-salinity solutions such as brackish water, low-salinity waste-
water, and surface water having salt concentrations below 5000 ppm
(Zhao et al., 2012). For these applications, MCDI and CDI are considered
as alternatives to conventional desalination processes because they may
require less energy and lower investments. CDI and MCDI have not yet
been employed for seawater desalination due to the high salinity level
and the relatively low salt removal capacity (SRC) of the charged elec-
trodes. This is very much evident from Table 5 where the concentrations
of various ions in feed solutions are of order of a few mM. In a recent
study (Tang et al., 2019), however, it has been demonstrated that the
salt removal capacity of MCDI can be enhanced by applying an
over-potential (OP). An OP-MCDI system with mesoporous electrodes
demonstrated an eight-fold increase in salt removal capacity compared
to an OP-CDI system operating on a 0.5M NacCl solution. However, the
high solution concentration and applied voltage increases the energy
demand and reduce the long term stability. It is therefore essential to
address these issues before MCDI or CDI can be used for large-scale
applications (Tang et al., 2019).

The literature reviewed in this paper combined with other studies
(Tsai et al., 2017), has been used to plot the suitable concentration
ranges for the various processes as shown in Fig. 11. RO has been
included as examples of traditional desalination processes. It is evident
that seawater RO is mainly applied to achieve the final solution con-
centrations up to 50 g/L. MCr can be applied to achieve supersaturation
of several different solutions (Table 2) with concentration ranging from
seawater to more than 350 g/L. However, for the feed solutions with
relatively low concentration, RO can be used as a pre-concentration step
due to its low energy consumption and MCr can be applied to further
concentrate the retentate from RO. FO has been applied for low to me-
dium concentration feed solutions. As discussed earlier, FO has the po-
tential to achieve high solution concentrations. However, high
concentrations require the application of draw solutions with high os-
motic pressures (such as high-concentrated salt solutions) which might
not be economically viable, particularly if draw solution recovery is also
required. MCDI is suitable when the initial concentration of the required
minerals in solution is very low and far from saturation.

5.3. Recovery from multicomponent solutions
5.3.1. Membrane crystallization and forward osmosis

In natural liquid streams as well as in wastewater, multiple ions are
present simultaneously. Salts or metals are commercially attractive only
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Table 5

A qualitative comparison of MCr, FO and MCDI.

MCr

FO

MCDI

Driving force

Vapor pressure
difference caused
by temperature
gradient

Gradient in
osmotic pressure

External electrical
field

Fouling Scaling, organic Organic fouling, scaling of IEM and
fouling for feed biofouling, scaling  deterioration of
solutions electrode structure
containing organics

Energy High (typically High if draw Low (0.5-3kWh/

consumption 600-1000 kWh/ solution recovery m?® depending
m®) without energy  is required upon feed
recovery concentration

Type of energy Mainly thermal, Electric for Electric

electric energy only
for circulation of
the solutions

circulation of feed
and draw solution
within the system
(thermal energy
may also be
needed depending
upon the draw
solution recovery

system)
Separation of Suitable Suitable Potential to
salts from pretreatments are pretreatments are selectively capture
mixture needed needed the desired ion
Concentration 70,000->350, 000 10-5000 ppm 20-5000 ppm
ranges ppm (excluding the
concentration of
organics which
can be upto
several thousand
ppm)
Overall Not a good Regeneration of Limited feed
disadvantage candidate to draw solution, concentration,
recover high limitation of feed issues with
soluble salts from concentration desorption step,
low concentrated factor by osmotic low readiness
solutions, high pressure buildup, level, membrane/
energy accumulation of electrode fouling
consumption feed solutes in issues
without considering  draw, internal
energy recovery, concentration
pore wetting, polarization,
additional crystal unable to
recovery systems selectively
required separate targeted
components
VIONIRE. L o O e
MCr o ° %0
FO - 00:.‘.0 ..‘o ° 0%!0. e o
1 A
T T T T T
10 100 1000 10000 100000 1000000

Concentration (mg/L)

Fig. 11. Operational ranges of conventional (reverse osmosis, electrodialysis)
and less-explored (membrane crystallization, forward osmosis and capacitive
deionization) processes (taken from Table 2, Table 3 and Table 4). Each circle
represents the initial or final concentration of the feed stream used in the
referred studies. RO has been included as a representative of conventional
membrane-based desalination process.
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when recovered in a pure form. Recovery in both MCr and FO is
dependent upon the precipitation induced through supersaturation.
Thus, some undesired salts/minerals start precipitating before the tar-
geted salt or at some stage of precipitation, multiple salts start co-
precipitating as shown in Fig. 12(a) for saturation of Li in Li brine
(Hyun et al., 2020). Thus, selective separation or precipitation of the
required salts from such mixture is a big challenge (Drioli et al., 2017;
Ali et al., 2018). This aspect has not been highlighted in many studies on
MCr as well as FO as those studies have been either performed mainly as
proof-of-the-concept of minerals recovery from various brines (Ali et al.,
2015; Ji et al., 2010; Mericq et al., 2010) or a single salt solution has
been used to simulate brine (Edwie and Chung, 2013) (Ali et al., 2015).
At high freshwater recovery factors, co-precipitation is expected to
occur as indicate in other studies (Quist-jensen et al., 2016; Ali et al.,
2018). Since minerals recovery in MCr and FO is controlled by super-
saturation, it will be the salt with the lowest saturation that will pre-
cipitate first (Ye et al., 2013). It implies that more valuable minerals
such as rare earth metals, which are present in different brines in minor
quantities, are difficult to extract only by MCr or FO.

In order to overcome this challenge, integration of MCr and FO with
other suitable processes is proposed. In some studies (Wu et al., 2018;
Macedonio et al., 2013; Quist-jensen et al., 2016), the undesired
co-precipitating salts are removed prior to the concentration step
through chemical precipitation. The removal of co-precipitating ions has
several advantages. For instance, the removal can prevent scale forma-
tion at the membrane surface in subsequent FO or MCr processes. FO has
also been integrated to enhance the productivity of chemical crystalli-
zation by concentrating the solution containing desired crystals. The
undesired ions generally also react with the chemical agent, which is
expensive in many cases, thus increasing the process cost. For example,
for magnesium recovery from landfill leachate in form of struvite, H3PO4
is added as the external chemical agent which also reacts with calcium
present in the landfill leachate to form undesired calcium phosphate
(Wu et al., 2018). The precipitation of undesired salts is generally ach-
ieved through addition of another relatively cheaper salt. For instance,
calcium in the example is removed through addition of sodium car-
bonate. This aspect helps in reducing cost and improving the quality of
the recovered product.

In addition to chemical treatments, physical treatments such as
membrane filtration have also been applied to achieve the precipitation
of only undesired salt. For minerals recovery from seawater brine,
multivalent ions have been separated from monovalent ions using NF
(Quist-jensen et al., 2016). Separate MCr units have been considered for
treating NF and RO retentate for separate precipitation of multivalent
and monovalent ions salts, respectively. In another study (Hyun et al.,
2020), NF was applied to remove multivalent ions from Li brine which
significantly delayed the precipitation of multivalent ions as shown in
Fig. 12(b) and (c), thus allowing to achieve higher concentration of Li in
the solution. However, this approach has two main drawbacks: NF
membranes do not reject the multivalent ions completely thus, along
with monovalent ions, some multivalent ions are also present in NF
permeate. Secondly, even if a complete rejection of multivalent ions by
NF is assumed, co-precipitation of several monovalent and multivalent
ions salts still happens in each of the MCr units applied at NF permeate
and retentate, respectively. This is attributed to the fact that NF mem-
brane does not differentiate between the ions with same charge. Thus,
conventional membrane-based solutions do not seem very promising for
efficient recovery of desired salts/metals from complex multicomponent
solutions such as seawater brine and produced water. As an alternative,
integration of MCr with chemical adsorption has been suggested for
recovery of Rb from brine (Naidu et al., 2017; Choi et al., 2019).

It has also been observed that the presence of other ions and organic
matter can influence thermodynamics, kinetics, structure and purity of
the required salts (Macedonio et al., 2013; Ji et al., 2010; Chong and
Sheikholeslami, 2001). The crystallization of NaCl from seawater RO
brine containing organic matter showed reduction in growth rate,
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Fig. 12. (a) Saturation index of different salts when concentrating Li brines. At overall Li concentration of around 900, which is well below the minimum required
concentration (6000 ppm) of Li to realize its recovery, other slats (anhydrite, gypsum, halite) start precipitaing (SI>0). (b) concentration of Li obtained (app.
900 ppm) before start of precipitaion of unwanted multivalent ions from untreated solution. (c) concentration of Li achieved (app 1200 ppm) after nanofiltration

based pretreatment of Li brine.

suppression of cubic structure and smaller size compared to crystalli-
zation from artificial brine (Ji et al., 2010). Other ions in the brine also
affect the morphology of the crystals as for instance making the cubic
NaCl crystals more elongated (Macedonio et al., 2013; Ji et al., 2010).
SO, ions have proven to impact the structure of Na;COs, whereas NO3
and CI~ showed no effect (Ye et al., 2013). However, the current liter-
ature lacks comprehensive protocols on precipitation of desired ions
from multicomponent solution.

5.3.2. MCDI

Specific configurations of MCDI have been reported as solutions for
selective removal of desired salts from multicomponent solutions in
recent literature. In MCDI, ions first get adsorbed at the IEM and sub-
sequently, these adsorbed ions move to the surface of the carbon elec-
trode (Kim et al., 2013). It means that ion exchange membrane acts as an
essential gateway the ions have to pass through before reaching the
electrode. This allows tuning the selectivity of MCDI system towards
certain ions by applying ion exchange membranes which offer selective
adsorption of those ions. The behavior of selectivity nature in MCDI is
governed by perm-selectivity phenomenon which enables the selective
permeations of ions through the IEMs (Nativ et al., 2019). Nativ et al.
(Nativ et al., 2018) investigated separation of mono- and di-valent ions
using a flow electrode capacitive deionization (FCDI) system operated
with a thin-film composite NF membrane (NF270) (Nativ et al., 2018). It
was observed that the NF-FCDI process operated with equimolar solu-
tions of monovalent and divalent ions is capable of selective separation
of anions (perm selectivity of 1.28-7.03 between Cl~ and SO%’), but
incapable of separating cations (perm selectivity of 0.69-1.04 between
Na™ and Mg?").

MCDI has also been tested for removal of lead (Pb2+) from water
containing calcium and magnesium (Dong et al., 2019). The authors
observed higher preferential removal and discharge of lead by using
AEM compared to baseline CDI. In another study (Kim et al., 2013),
MCDI was applied to selectively remove nitrate ions from a 5mM
NaCl + 2 mM NaNOs solution where AMX membranes demonstrated a
selectivity coefficient of 4.37. Selective removal of nitrate could be
enhanced by reducing the applied current; however, reduction in
applied current also decreased the desalination rate. It was concluded
that a new composite electrode should be developed to increase the
selectivity at high desalination rates. For a description of the mechanism
of bivalent ion selective removal compared to monovalent ions, see
(Wang and Lin, 2019). As an alternative to suitable IEMs, a novel hybrid
capacitive MCDI has been proposed for selective recovery of lithium
from geothermal water where the lithium comprised only 0.07% of the
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total salts present in the solution with a TDS value of 23.4 g/L. (Sie-
kierka et al., 2018) (Siekierka et al., 2020). The ‘magic part’ of the
applied set-up was a cathode made of a lithium selective material which
preferentially adsorbed lithium from the solution containing multiple
ions including Mg, Na*t, KT, Ca®*, Sr*, BR ™, Cl~, HCO3, Band Si. As a
result of desorption, the process generated a lithium rich stream con-
taining 73% of the lithium adsorbed by the electrode. The reported
energy demand of the process was only 0.83 Whg ™! of the adsorbed salt.

MCDI was also tested for simultaneous ammonia removal and
deionization of wastewater containing other ions including Mg*2, Na*,
K and Ca™2 by using enhanced flow channel MCDI (Sakar et al., 2019).
Real digestate wastewater applied in the study contained 2.3 g/1 overall
concentration of these ions (individual concentrations were 709, 120,
1277.8, 183.7 and 48 ppm for NHZ, Mg*2, Nat, K* and Ca*?). The
overall removal of Mg*2, Ca™2, K™ and NHi was recorded as 90.4%,
85%, 67.9% and 54.4%. It was observed that the electrosorption of NHJ,
depended on hydrated radius, charge valance, affinity and concentra-
tion of the other ions.

5.4. Energy consumption and type of energy input

5.4.1. Membrane crystallization

Operation of MCr requires electric and/or thermal energy input.
Electric energy is generally applied to operate the pumps. Thermal
input, which can also be supplied through electric energy, though it is an
expensive option, is used to heat the solution to be treated. In the field of
desalination and wastewater treatment, MCr is in general used at tem-
peratures ranging from 30 to 85 °C as shown in Table 2, which is below
conventional distillation. The low temperatures makes it possible to use
low-grade heat for operation, which can reduce the cost of the processes
significantly. Schwantes et al. reported output ratios of 2.4-3-4 and
specific energy requirements of 170-300 kWh/m? for full-scale desali-
nation demonstration plants utilizing a parallel multi MD-module setup
(Schwantes et al., 2013). Dow et al. tested DCMD in pilot-scale using
waste heat and found an average thermal energy consumption of
1500 kWh/m® (Dow et al., 2016). However, as also reported by Khayet
(Khayet, 2013), energy requirements for MD reported in the literature
vary over a broad span ranging from 1 to 9100 kWh/m?3. The discrep-
ancy in the observed energy consumption is associated with several
factors including membrane type (Ali et al., 2019), applied configura-
tion (Criscuoli et al., 2008), module design (Ali et al., 2018) (Ali et al.,
2015), heat recovery system (Ali et al., 2018) and the availability of
low-grade heat such as solar energy (Khayet, 2013). Energy reduction in
MCr is achieved through three main routes: development of better
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membranes, improved and optimized process designs including modules
and new configurations aiming at improved energy recovery.

MCr can be operated in direct contact and vacuum configurations.
Condensation of water vapors for both these configurations requires
some cooling system which can remove the latent heat of the vapors. In
direct contact configuration, the cooling is provided through an electric
cooler which removes the heat absorbed by the cooling media (generally
a pure water stream) from the vapors. In vacuum configuration, the heat
is removed from the vapor by using a cooling liquid stream such as liquid
nitrogen. However, the energy requirements associated with the cooling
have been generally neglected while calculating overall energy re-
quirements of the system (Al-Obaidani et al., 2008; Ali et al., 2016)
which results into underestimation of the net specific energy re-
quirements of MCr systems.

5.4.2. Forward osmosis

Generally there are lower electric energy requirements of FO
compared to RO as there is no need for feed stream pressurization in FO
(Chen et al., 2019). The overall energy consumption in FO is associated
with two steps: i. circulation of feed and draw solution; ii. draw solution
recovery/regeneration. The main energy consumption or cost in FO for
production of clean water is associated with draw solution regeneration,
however, many studies on FO, lack the discussion on the energy asso-
ciated with draw solution recovery system leading to a false perception
of FO being more energy efficient than RO (Long et al., 2020). Thus, in
addition to low reverse salt flux and high permeate flux, economics of
draw solution recovery is an important parameter for feasible imple-
mentations of the process. Draw solution recovery systems can be driven
by different energy types including thermal (solar as well as waste heat),
electric (pressure drive membrane processes), chemical (inducing pre-
cipitation) and magnetic fields (for magnetic separation) (Long et al.,
2020). There are also directly usable draw solutions, such as saccharide
and liquid fertilizers, which can be used as a product somewhere else
without recovery (Shan et al., 2012; Su et al., 2012; Xie et al., 2015).

Since draw solution recovery is achieved through various ap-
proaches, energy requirements and final cost in FO is a function of draw
solution recovery system applied. For example, for an FO-RO system for
nutrients recovery where RO has been applied for draw solution re-
covery, the FO process has been modelled to consume 25% of the energy
and RO the remaining 75% of the specific energy consumption of
approximately 4 kWh/m® (Holloway et al., 2007). Yangali-Quintanilla
et al. (Yangali-Quintanilla et al., 2011) compared the energy con-
sumption of a combined FO - low pressure RO (FO-LPRO) system with
conventional high pressure RO for treatment of secondary wastewater
effluent and found that the FO-LPRO system had energy consumption of
1.5 kWh/m? compared to 2.5 kWh/m? for RO. However, due to high FO
membrane costs, the FO-LPRO process is only economically feasible
compared to RO if FO can deliver a permeate flux above 5.5 LMH. This is
in accordance with the study of Aydiner et al. (Aydiner et al., 2014),
finding higher capital expenses for FO-RO treatment of whey due to FO
membrane cost but shorter payback time explained by high water re-
covery and low energy consumption. In another study describing water
recovery from landfill leachate (Iskander et al., 2017), the maximum
energy consumption was in the range of 0.276 +0.033kW h m 3,
however, the energy consumption for draw solution recovery was not
been included into the analysis. For an ammonia-carbon dioxide FO
desalination system, where the draw solution was concentrated through
distillation, the specific electric energy consumption has been calculated
to be 0.24 kWh/m® (McGinnis and Elimelech, 2007). For the same sys-
tem, the energy requirements for draw solution recovery have been
calculated in the range of 3.31 to 7.4 kWh/m® (Moon and Lee, 2012).

Thermal energy driven draw solution recovery techniques mainly
apply low grade energy to recover draw solutions. These techniques
include application of gas and volatile compounds (McCutcheon et al.,
2005; McGinnis and Elimelech, 2007; Achilli et al., 2010), phase tran-
sition materials (Li et al., 2011; Kim et al., 2016; Cai et al., 2015) and
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MD. The first technique utilizes low grade energy to decompose the
solute into gas phases which can be reused as draw solution. For
instance, ammonium bicarbonate containing solutions generate high
osmotic pressure and decompose into NH3 and COz upon heating.
Though this technique can significantly save energy (SEC as low as
0.25 kWh/m? of freshwater), the reverse salt flux is high in this case and
water quality is compromised (Stone et al., 2013). Phase transition
materials, as the name suggests, change the phase from liquid to solid or
vice versa with change in temperature or pH. These materials are
potentially interesting candidates as low energy draw solution recovery
systems (SEC as low as 1.80 kWh/m®), yet the produced water may
require further treatment (Darvishmanesh et al., 2017; Cai and Hu,
2016). Another approach for draw solution recovery is MD, which is an
interesting candidate when low-grade thermal energy is available
(Zhang et al., 2014; Volpin et al., 2019), however, the expected energy
consumptions are in the same range as discussed in above paragraphs on
energy consumption for MCr.

In chemical energy driven draw solution recovery systems, multi-
valent inorganic salts such as Aly(SO4)3, MgSO4 and CuSO4 have been
traditionally applied (Alnaizy et al., 2013; Alnaizy et al., 2013; Environ
et al., 2011). Such salts bring the energy consumption of the recovery
process significant low, however, solute recovery involved generally pH
adjustment or metathesis reaction. In both cases, the addition of
chemicals generate additional cost and environmental related issues
which should be taken into account when comparing the benefits of
these techniques with traditional electric energy driven technologies.
Additionally, the presence of heavy metals in the recovered water even
in trace quantities will be fatal for practical implementation of the
technology. While applying FO for minerals recovery, the potential of
these technologies to achieve saturation concentrations on feed side also
needs further investigations.

5.4.3. MCDI

Compared to MCr, MCDI requires only one type of energy source i.e.
electricity. The energy consumption of MCDI is approximately 0.1 —
0.2 kWh/m® of purified water, which compares favorably to the energy
use of 0.86 — 1.55 kWh m® deionized water for RO treatment of brackish
water. In another study (Zhao et al., 2013), energy consumption in MCDI
was quantified as function of influent concentration, flow rate and water
recovery. Experimental laboratory scale data demonstrated that MCDI,
with energy consumption less than 1 kWh/m?, is more energy efficient
than RO at salinity levels lower than 60 mM to extract freshwater. For a
more concentrated solution (0.5 M NacCl), Tang et al. (Tang et al., 2019)
estimated an energy consumption of 83.2 kWh/m?® by using a modified
MCDI system. By implementing an energy recovery system as an integral
part of MCDI, the overall thermodynamic energy consumption of the
process can be as low as 0.26 kWh/m® of the freshwater produced
(Diugotecki et al., 2013), however, the experimentally measured values
are much higher indicating the perquisite to improve the thermody-
namic efficiency of the process. It should also be noted that adsorbed
minerals in MCDI are discharged from the electrode in form of a
concentrate liquid stream which requires further processing for sepa-
ration of salts. Energy consumption for such processes has not been
considered in literature and should be included when calculating the
overall energy consumption of the process.

Lee at al. demonstrated the feasibility of desalinating secondary
effluent from a domestic wastewater treatment plant (DWTP) using
membrane capacitive deionization (MCDI) for reclamation purposes.
Removal of the ions was easily performed by the electrostatic field-
assisted deionization process. The use of MCDI for low-salinity waste-
water reclamation demonstrated favorable energy performance with a
low volumetric energy input and a molar energy input of 0.12 kWh/m®
and 0.03 kWh/mole, respectively; and the energy efficiency of this sys-
tem can be further improved by energy recovery or incorporation of
energy-producing processes. These results indicate the benefits of using
MCDI as part of the treatment processes for the reclamation of
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wastewater with low salinity (Lee et al., 2019).
A summary of various parameters compared in this section has been
provided in Table 5.

6. Technology readiness
6.1. MCr

Recently there has been some progress in commercializing MCr
systems. Thus, Memswift, a Singapore based company, is supplying MCr
systems for resource recovery and to approach zero liquid discharge in
wastewater treatment. However, not much detail is available about the
systems applied or current projects undertaken by the company. For
commercializing MD, several promoters and developers have emerged.
Modified air gap membrane distillation process, now commercialized as
Memstill, was licensed to Aquastill and Keppel Seghers. In addition to
AGMD systems, the company also provides DCMD and liquid gap
membrane distillation modules and has installed several pilot units at
various locations during 2006-2011 (Thomas et al., 2017). Memsys,
now acquired by New Concepts Holdings Limited (NCHL), is another
example. The company develops Vacuum Multi Effect Membrane
Distillation (V-MEMD) modules and has installed several pilot units (the
maximum capacity of 50m®/day) in many countries.

6.2. FO

The use of FO for recovery of nutrients and other ions has been
studied mainly at the bench scale, but there are also studies demon-
strating the technology in pilot and small pilot scale, showing that it is
simple to scale up from bench to pilot scale (Cath et al., 2010) (Hancock
etal., 2011) (Chen et al., 2019; Lotfi et al., 2015) (Phuntsho et al., 2016).
Hancock et al. (Hancock et al., 2011) studied the treatment of domestic
wastewater with a combined FO-RO system at 26.5 m>/d using CTA
membranes for FO and three seawater RO membrane units to recover
the NaCl draw solution. The pilot scale investigation showed a constant
high rejection of trace organic contaminants over 40 days of operation.
Despite of the high rejection, contaminant accumulation in the draw
solution was observed over time. A similar system was used to purify
secondary wastewater effluent (Cath et al., 2010). In this study, a stable
water flux was observed, and there was high flux restoration with
physical and chemical cleaning. Again, pollutant accumulation in the
draw solution was observed as the ammonia and nitrate concentrations
increased over the period of operation. In fertilizer drawn FO (20.2 m?
CTA membrane) coupled with NF (7.9 m2) draw solution regeneration,
there was again observed high stable/recoverable water permeability
during the period of operation and the process was limited by accu-
mulation of feed salts in draw and reverse flux of nutrients from draw to
feed (Phuntsho et al., 2016).

6.3. MCDI

Despite being a very young process, significant interest has been
observed in developing MCDI technology for desalination and waste-
water treatment. A Dutch company, Volte offers MCDI units (CapDI©)
with production capacity up to 30GPM. Recently MCDI has been com-
bined with photovoltaic (PV) panels and battery storage to ensure salt
recovery though MCDI in a green and sustainable way (Tan et al., 2018).
The possibility of designing and powering MCDI technology with PV
panels coupled with battery storage has been investigated using a pro-
totype system capable of electrode charging currents in excess of 100 A
and product volumes on the order of 5m3/day (Tan et al., 2018).
Guidelines for the design of systems able to operate for 24 h without grid
connection are provided. The energy consumption of an MCDI prototype
plant with various influent flow rates and charging currents has been
evaluated and the relationship between these parameters explored such
that an in-built system controller could be used to dynamically adjust
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the operating conditions of the process so as to increase the system
effective operation time (Tan et al., 2018).

7. Challenges and future research directions
7.1. MCr

MCr has been developed at laboratory scale during the last 30 years
and its proof-of-concept for many different solutions and recovery
schemes has been proved. Despite being a new concept, it is a very
promising technology for resource recovery from different effluents. It
provides several advantages with respect to conventional methodologies
including controlled nucleation and crystal growth, uniform crystal size
distribution, tunable polymorph selection etc. The results achieved in
previous studies on MCr prove that a wide range of applications are
possible ranging from inorganic salts in desalination and wastewater
treatment (Table 2) to crystallization of biomolecules. The scalability of
membrane operations, in particular, is advantageous. For instance in the
crystallization of single molecules for diffraction analysis, the equip-
ment should be at a small scale. The opposite applies to applications in
desalination where e.g. a single plant might need to process hundreds of
cubic meters brine per day. This provides another positive aspect to
membrane crystallizers, i.e. for the recovery of rare and expensive
minerals from brine or other wastewater sources as a contribution to the
existing mining industry (Quist-Jensen et al., 2018). However, a number
of research targets are required to achieve to enable the successful
commercial scale implementation of MCr related to long-term and
continues operation as discussed below.

7.1.1. Membrane development

Membrane properties, such as hydrophobicity, porosity and pore size
are all important for MCr performance and commercialization (Cui
et al., 2018). Commercial membranes typically used in MCr are nor-
mally fabricated for low pressure-driven filtration processes such as
microfiltration (see Table 2) rather than for temperature-driven pro-
cesses (Al-Obaidani et al., 2008). However, driving force and separation
requirements in MD and MCr are different from low pressure driven
membrane operations. Therefore, membranes have to be developed
taking into consideration the specific mechanism of MCr. As seen from
the previous studies, materials such as PVDF, PP and PTFE are mainly
used. In general fluoropolymers have low surface tension, high thermal
stability and chemical resistance making them suited for membrane
operations (Cui et al., 2014) (Liu et al., 2011). In addition to conven-
tional materials, new types of polymers such as HALAR and Hyflon offer
distinct advantages for membranes for MD/MCr applications due to
their inherently high hydrophobic character (Gugliuzza and Drioli,
2007). New membrane synthesis routes, such as sequential electro-
spinning and electrospraying in combination with thermal treatment
and integration of superhydrophobic character of membrane surfaces
with anti-deformable pores, have also been proven affective in pro-
ducing robust hydrophobic membranes (Zhu et al., 2020; Zhu et al.,
2020). Future studies should also focus on preparing membranes uti-
lizing green solvents to strengthen the sustainability of MD and MCr
(Cui et al., 2013). Therefore, the entire lifespan of the membranes
(cradle to cradle) including their long-term stability at extreme con-
centrations and high temperatures should be a very important factor
during further development and commercialization of MCr. For simul-
taneous production of energy, raw materials and freshwater through
MCr, as suggested in the literature (Ali et al., 2018), the membrane pore
size, hydrophobicity and mechanical strength should be designed to
tolerate the applied hydrostatic pressure on permeate side. It has been
well demonstrated that different polymorphs of a single compound can
be obtained by tuning the membrane features and operative conditions
in MCr, however, current literature seriously lack of systematic inves-
tigation of this aspect. Thus, the membrane synthesis techniques able to
prepare the membranes with specific surface features can be of central
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importance in future studies on MCr.

Ideal membranes for MD should also exhibit minimum thermal
conduction to reduce the undesired conductive heat transfer across the
membrane. Naturally, MCr membranes are also expected to demonstrate
excellent anti-scaling character. Anti-scaling features can be achieved by
tuning the surface properties of the membranes as well as selecting
suitable materials (Ali et al., 2015; Boo et al., 2016), however, further
research efforts are required to better understand the relationship be-
tween surface properties and anti-scaling behavior. Due to the pro-
spective role of MD/MCr in aqueous solution containing oil content (oil
and gas industry, wastewater from olive oil mills, bilge water etc.)
membranes showing omniphobic characteristics (repellence to water
and oil) are also expected to gain significant importance (Lu et al.,
2019).

7.1.2. Understanding and mitigation of fouling

As stated earlier, membrane surface scaling is an important issue for
MCr. In addition to scaling, membrane pore wetting is also considered
an issue with equally detrimental, or even more severe effects. There is
accumulating evidence that scaling increases wetting issues (Gryta,
2007; Gryta, 2000). However, intrusion of saline solution into the pore,
followed by evaporation, will result in formation of scales within the
pores. While surface scaling can be removed using traditional methods
(rinsing with water or appropriate chemical agents); the scaling within
the pores might require more rigorous treatments such as backwashing
with appropriate cleaning agents (Warsinger et al., 2017). Thus it is
crucial to develop strategies and protocols to avoid wetting issues in
MCr. For a long time it was believed that sufficient hydrophobicity of the
membrane, appropriate pore size and low pressure drop within the feed
channel are sufficient to mitigate the wetting in MD/MCr (Warsinger
et al., 2015). However, is has become clear now that also operation
mode (intermittent or continuous) as well as operating conditions play
role in inducing pore wetting (Jacob et al., 2019). However, further
research is needed to explore more dimensions of this phenomenon. This
aspect is particularly important when considering solar energy-which is
intermittent by nature- to drive MD/MCr.

For scaling and fouling control, the effect of membrane design pa-
rameters (e.g. surface roughness and pore size) need to be investigated.
This aspect will become more crucial when applying MCr for food,
pharmaceutics and chemical productions where current understanding
of membrane fouling/scaling is even more limited compared than
desalination. Some salt scaling can be controlled by appropriate oper-
ative conditions such as feed temperatures and flow rates which can
either delay the salt precipitation or can wash the precipitating salts
away from the membrane. Temperature control within the membrane
module (taking into account the temperature polarization) and in the
feed tank is also very important to avoid membrane surface scaling.
Moreover, suitable membrane module alignment (vertical or horizontal)
and appropriate cleaning procedures are other examples of issues which
have to be addresses for successful and efficient operation of MCr.

7.1.3. Separation of salts from multicomponent solutions

Another limitation towards commercialization of MCr is the sepa-
ration of the desired precipitants in multicomponent solutions. The
difficulty of separating the desired mineral from a multicomponent
mixture is also a bottleneck in further extending the applications of MCr
for recovery of various minerals from different streams. In current
literature, mainly single salts have been obtained by MCr from multi-
component solutions. Until now, the main focus of MCr has been on
recovery of Na, Ca, Mg, with some studies on Rb and Li. Estimations on
the order of precipitation have been carried out by thermodynamic
modeling (Macedonio et al., 2013; Quist-Jensen et al., 2016) and show
promising results for recovery of more valuable elements from seawater
RO brine than for instance NaCl. However, the main challenge in re-
covery of individual salts and components of low concentration in e.g.
seawater or produced water is the unavailability of effective protocols to
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separate them from a multicomponent solution as discussed in detail in
Section 5.3 (Quist-Jensen et al., 2016). New physical (membrane pro-
cesses, better crystallization protocols etc.) as well as chemical treat-
ments should be integrated with MCr to tackle the problem of
co-precipitation of undesired salts and ensure that more valuable and
targeted compounds such as Zn, Cu, Mn and other ions listed in Table 1
can be recovered from unconventional resources. Future research di-
rections should comprehend analysis of targeted ions for specific pur-
poses for instance battery technologies to secure correct mineral purity,
crystal size and size distribution etc. New physical (membrane pro-
cesses, better crystallization protocols etc.) as well as chemical treat-
ments should be integrated with MCr to tackle the problem of
co-precipitation of undesired salts. Methods of avoiding
co-precipitation has been described in Section 5.3 as integration of NF
and MCr to separated monovalent ions from bivalent ions and integra-
tion of MCr and adsorption for Rb recovery. To further extend the MCr
research, temperature and pH variations might also be considered to
separate ions as well as MCr / MCDI and MCr / adsorption hybrid sys-
tems are likely to solve the limitation of MCr to target more valuable
compounds in low concentrations from multicomponent solutions.

7.1.4. Efficient crystal recovery system to avoid scaling and fiber blocking

For stable operation of MCr, efficient crystal recovery systems needs
to be developed and build in order to avoid scaling and fiber blocking.
One solution can be the integration of MCr units with MF/UF units to
ensure continuous separation of the crystals from solution.

7.1.5. Membrane module design

In traditional MD, module design is mainly aimed at improving hy-
drodynamic within the module (Ali et al., 2015; Yang et al., 2012) or
devising better energy recovery arrangements (Guillén-burrieza et al.,
2012; Singh and Sirkar, 2012). In case of MCr, additional focus should be
on mitigation of scaling/fouling at the membrane surface. This poten-
tially can be achieved by devising the module that offer more shear at
membrane surface and following the membrane geometries which allow
easy separation/washing of crystals from membrane surface. Also spe-
cific modules for MD and MCr needs to be developed taking into account
the length of the modules (Ali et al., 2016), characteristics of the
membranes (Ali et al., 2016) and flow patterns (Ali et al., 2015) to
obtain enhanced flux, high energy efficiency and low temperature
polarization.

7.2. FO

7.2.1. Draw solution recovery

The main challenge for widespread use of FO for recovery of minerals
is the membrane cost as well as low permeability towards water and
high permeability towards undesired solutes. As the feed stream is not
pressurized in FO, the energy requirements of FO as such is low
compared to RO (Chen et al., 2019). However, the energy costs for FO is
associated with draw solution regeneration as discussed in Section 5.4. A
common draw solute is NaCl, which can be recovered with RO or MD,
requiring hydraulic pressure or a temperature gradient, respectively,
which elevates expenses for the FO process (Chung et al., 2012; Lutch-
miah et al., 2014). As an alternative, some studies have focused on draw
solutions that does not require re-concentration. This can be seawater or
RO brine, which can then be discharged back to the sea after a given
dilution factor has been reached (Kedwell et al., 2018; Cath et al., 2010;
Vu et al., 2018). Hence, energy for regeneration is not required and pure
water is transported directly to the sea. The only energy costs required is
energy for circulation of the draw and feed suspensions. Similarly,
concentrated fertilizer solutions have been investigated as possible draw
solutions (Kim et al., 2016). However, these scenarios hold true in very
specific circumstances and more general draw solution recovery
methods still need to be discovered.
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7.2.2. Solute rejection

Feed solute permeability is also a critical parameter for FO as a high
permeability will result in loss of solutes from feed and accumulation in
the draw solution (Luo et al., 2016). FO membranes have shown high
rejection of trace organic contaminants present in wastewater, almost
complete rejection for charged, whereas hydrophobic and uncharged
contaminants have lower rejection (Holloway et al., 2014). In nutrients
recovery, FO operation show high phosphate rejection; all studies in
Table 3 show rejections above 95%, even up to 99.8%. There is signif-
icantly lower rejection of ammonia and ammonium ranging from 99%
down to 62% (Hau et al., 2014; Chen et al., 2014). This is explained by
the lower hydrodynamic radius and molecular weight and thereby
higher diffusivity through the membrane of ammonium and ammonia
compared to phosphate ions (Kedwell et al., 2019). Ammonia and
ammonium rejection depends on pH, as it is present as uncharged
ammonia at high pH values (pK,=9.24) with lower hydrodynamic
radius (180 pm) than ammonium ions (330 pm), hence ammo-
nia/ammoniums nitrogen rejection decreases with increasing pH (Ked-
well et al., 2019; Kedwell et al., 2018). Another explanation for low
rejection of ammonium is the bidirectional diffusion across FO mem-
branes, meaning that a high reverse cation flux induces high solute flux
from feed to draw (Kedwell et al., 2019; Lu et al., 2014; Hancock and
Cath, 2009). For an ammonium ion to diffuse from draw to feed, a
positively charged ion is required to diffuse from draw to feed in order to
keep electro neutrality across the membrane. It follows that one solution
to enhance rejection of ions is to reduce reverse salt flux by selecting
draw solutes with lower reverse salt fluxes, e.g. MgSO4 or CH3COOMg,
or even uncharged solutes such as glucose. Because of the bidirectional
transport of ions, RO rejection of solutes may be higher than FO rejec-
tion as there are no ions present in RO permeate to facilitate the bidi-
rectional transport of ions. In a recent review, other strategies to reduce
reverse solute flux are presented, of which pressure and electrolysis
assisted osmosis are promising (Zou et al., 2019).

7.2.3. FO membrane permeability enhancement

The above-mentioned challenges place demands for further devel-
opment of FO membranes to reduce their permeability towards solutes
and elevate water permeability. One attempt is by surface modification.
FO membranes have been modified to be positively charged, e.g. by
grafting amine groups on the membranes, e.g. polyethyleneimine (PEI)
(Bao et al., 2019; Lu et al., 2014; Bao et al., 2019; Qiu and He, 2019).
This elevates rejection of cations, e.g. heavy metals, sodium and
ammonium ions thereby enhancing retention of nutrients and reducing
reverse salt flux. Surface modification also reduced reverse salt flux and
pure water flux and made the membranes less prone to fouling. In
addition, development of FO membranes with high retention of small
cations also enables the recovery and removal of heavy metals from
waste streams (Hamid et al., 2020; Saeedi-Jurkuyeh et al., 2020). E.g.,
the synthesis of thin-film nanocomposite FO membranes modified by
graphene oxide and polyethylene glycol enables rejection of Pb, Cd and
Cr 0g 99.9%, 99.7% and 98.3%, respectively, while having a water flux
of 34.3 LMH (2M NaCl draw solution (Saeedi-Jurkuyeh et al., 2020).
Another promising approach is by synthesis of a swellable PA-BSA active
layer in the TFC membrane to create water channels with high water and
low solute permeability (Zhao and Liu, 2018). Alternatively, high water
permeability and rejection of minerals is ensured by efficient imple-
mentation of water channels - aquaporin proteins -as aquaporins have
excellent water permeability and solute rejection (Tang et al., 2015;
Kumar et al., 2007). In principle this allows for high flux operation and
100% rejection of solutes if the proteins are embedded in a matrix with
no permeability towards solute (Tang et al., 2015; Kumar et al., 2007).
The Danish company Aquaporin A/S produces Aquaporin FO hollow
fiber membranes consisting of polyethersulfone (PES) porous support
layers coated with a PA active layer containing vesicles housing multiple
aquaporin channels. Hence, water permeability depends on the number
of vesicles and aquaporins per area of membrane surface (Zhao et al.,
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2012). As an alternative to aquaporins, other studies have also demon-
strated that carbon nanotubes and aluminosilicate nanotubes can be
embedded into FO TFC membranes to enhance water permeability
without elevating solute permeability (Li et al., 2018; Shi et al., 2019;
Wang et al., 2013).

7.2.4. FO membrane configuration

Currently, FO membranes have mainly been studied in a flat sheet
configuration. However, for FO to be feasible for full scale operation, it is
essential that the membranes can be installed with a low footprint. This
will be accomplished by the development of tubular FO membranes and
by the application of hollow fiber membranes which have a high surface
area per volume compared to flat sheet membranes. Tubular FO mem-
branes are still under development, but Aquaporin, Toyobo and Sam-
sung Cheil Industries have already developed hollow fiber FO
membranes (Ren and McCutcheon, 2018; Shibuya et al., 2015; Majeed
et al., 2015).

7.3. MCDI

As MCDI is very new process, a huge margin of improvement exists in
various structural elements, better understanding of the process when
applied for different applications as discussed below.

7.3.1. Ion exchange membranes

A significant improvement in energy efficiency of MCDI can be
achieved by integration of highly ion conductive ion-exchange mem-
branes with the electrodes, which may lead to significant reduction of
the electrical resistance. The critical properties of IEMs are related with
high ionic conductivity and current densities, which enhance mass
transfer and rate of removal of the salts (Pawlowski et al., 2019).
Reduction in cell resistance with improved IEMs allows maintaining a
low cell voltage at a constant high current density and this minimizes
undesired side reactions such as electrochemical splitting of water
molecules. As membranes for MCDI act just as a conformal layer for ion
selectivity and do not partition liquid compartment like electordialysis,
therefore thickness for MCDI membranes need to be optimized.
Compared to traditional IEMs applied, membranes must demonstrate
excellent selective permeability to desired ions when considering MCDI
for selective removal of ions. The membrane should also demonstrate
lower swelling potential when applied in aqueous solutions (Pawlowski
et al., 2019). Another important challenge is related with optimal ion
exchange factor that allows transporting ions through the membranes as
well as might increase the kinetics of adsorption and desorption phe-
nomena or effect the permselectivity (Wang et al., 2019).

7.3.2. Electrodes

The second critical challenge for MCDI is electrodes. In general,
electrodes for MCDI should demonstrate high electrical conductivity,
hierarchically porous structure, good wettability, and large surface
areas. Electrodes have been built from different materials, starting from
basic activated carbon, where accumulation of ions are related with
electrical double layer, and ending on the Faradic materials (Yu et al.,
2019; Luo et al., 2018), where ions are adsorbed or desorbed according
with Faradaic reactions while the electric double layer effect can be
neglected. Carbon has been the most extensively applied material as
electrode because of its high stability combined with low price. How-
ever, the adsorption capacity of traditional carbon electrode is limited
and therefore, further efforts should be devoted to enhance adsorption
capacity of these electrodes, for instance by using different modification
techniques such as element doping, metal oxide modification, chemical
treatment and surface coating. In addition to applying typical carbon
based electrodes, the use of other materials such polymers, ceramics and
metals (off course complying with the fundamental requirements of an
electrode including electrical conductivity and formation of bicontin-
uous porous network) should also be considered for electrode
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applications. Application of advanced materials tools may allow the
formation of transparent, flexible and highly specific adsorption by
using such materials. Replacement of the traditional electrosorption
with a reversible chemical reaction can be another potential gateway of
increasing the adsorption efficiency of electrodes. General absorption of
various types of ions at electrode is another important factor hindering
the applications of MCDI for selective adsorption of ions from a mixed
solution, thus more research endeavors should be devoted to enhance
the selective adsorption capacity of the electrodes (Yang et al., 2019)
(Palakkal et al., 2018). Suitable pore size and pore size distribution of
electrode material must also be identified to achieve optimum perfor-
mance of the electrode. In addition to innovative materials for elec-
trodes, advanced electrode design can also play vital role in improving
the performance of MCDI system.

7.3.3. Development as a multifunctional process

Initially, CDI and MCDI technologies were developed as desalination
techniques for production of fresh water from brackish water or lower
salinity solutions. More recently, the focus of applications has broad-
ened from freshwater production to metals recovery and even energy
production. By manipulating dedicatedly materials, like selective IEMs
(Palakkal et al., 2018) or electrode materials, the selective removal of
ions gain the greater potential (Pan et al., 2018). Additionally, MCDI
process and its modification are characterized by lower energy con-
sumption in comparison with pressure-driven or evaporated technolo-
gies. This fact push up the MCDI techniques as an economical and
environmentally friendly processes suitable for production of water,
metals recovery and energy production. Hence, the future study on
development of MCDI should consider the multifunctional character of
this process and should clearly target the final applications to develop
the entire process around that.

8. Concluding remarks

Interesting progress is taking place in developing alternative green
technologies for recovery of raw materials including metals, minerals
and nutrients from alternative non-traditional resources. New mem-
brane operation including MCr, FO and MCDI are gaining substantial
interest for recovery of dissolved components from various liquid
streams. The review of current literature clearly indicates that MCr can
be used in many diverse applications ranging from salts recovery from
brine to the crystallization of protein and macromolecules. FO has
gained more popularity for nutrient recovery from wastewater, though
some applications for recovery of metals and minerals have also been
demonstrated recently at lab-scale. MCD], as a technology, is less mature
compared to MCr and FO and is gaining momentum for targeted re-
covery of specific ions from the solutions. MCr and FO require devel-
opment of appropriate pretreatment strategies (NF, adsorption etc.) to
achieve the precipitation of desired salts, whereas MCDI has potential to
selectively capture the desired ions from the solution provided the
suitable membranes and electrodes are available. Another important
limitation of MCDI is that it is suitable only for minerals recovery from
low concentration (20-5000 ppm) solutions. Thus, the process is
attractive for recovery of high soluble components present in very low
concentration in solutions. MCr, on the other hand, is more suitable to
precipitate the salts from high-concentrated solutions including
seawater RO brine. Due to potentially low fouling, FO becomes a
favorable choice for recovery of compounds, with low to medium sol-
ubility (50-30,000 ppm), from solutions containing a high organic load.

Due to traditionally different applications and different types of the
membranes applied in FO and MCr, the nature of the fouling in the two
processes is different. In MCr, scaling has been identified as the main
type of fouling whereas organic fouling has been observed mainly when
applying the process for wastewater treatment, concentration of food
products and related applications. There is very less information avail-
able on biofouling in MCr, probably due to the fact that high
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temperature and salt concentration of the feeds normally applied in MCr
may significantly reduce the extent of biofouling. In FO, on the other
hand, organic and biofouling have been mainly observed and scaling is
less evident. Very limited information is available on fouling in MCDI,
where scaling has affected applied IEM and has caused deterioration of
activated carbon structure. To realize the commercial applications of
MCr, FO and MCDI for resource recovery from liquid streams, better and
more effective fouling/scaling mitigation strategies need to be devel-
oped for all the processes.

High values of energy consumption (typically 600-1000 kWh/m>)
have been reported for MCr, highlighting the importance of developing
efficient energy recovery protocols. SEC for FO is strongly dependent
upon the method applied for draw solution recovery and process is more
attractive for applications which do not involve draw solution recovery
due to very low energy consumption under this condition. Better draw
solution recovery techniques need to be developed to extend the ap-
plications of the process. In MCDI, low SEC values (0.5-3 kWh/m?) have
been reported for low concentration solutions, however, SEC increases
significantly with increase in feed concentration. It is important to point
out that in MCr, mainly thermal energy is used which can be provided by
a source of low-grade energy such as solar or geothermal, and electric
energy is required only for circulation of the solutions. MCDI, on the
other hand, is completely driven with electric energy input. From pro-
cess point of view, MCr and FO suffer from pore wetting and reverse salt
flux, respectively. MCDI has issues with desorption step and limited
adsorption of the desired component. These drawbacks highlight the
importance of developing better membranes for all the three processes
considered in current study.
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