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Abstract

Several industrial processes, such as desalination or neutralization, generate brines defined as
concentrated solutions of salts in water, usually NaCl, typically discharged in the vicinities of the
desalination plant or factory. In order to reduce the environmental impact and promote the
valorization of the wasted resources, alternatives must be sought. Among sustainable
alternatives for the recovery of brines, the possibility of using Electrodialysis with Bipolar
Membranes (EDBM) is of interest since it allows recovering brines as useful acids and bases.
This review focuses on'the discussion of the technical aspects of the EDBM as a mean to treat
streams rich in NaCl from reverse osmosis desalination and industrial processes in order to
complete.the direct delivery of chemicals for self-supply. The main environmental issues
associated with desalination brine disposal are presented. The state-of-the-art of valorization of

brines by EDBM to acids and bases is completed. This work concludes with an in-depth
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discussion of the technical, techno-economic and economic barriers that prevent the widespread

use of EDBM technology.

1. Introduction

Large volumes of brines, which are concentrated aqueous solutions of salts, are generated by
different industrial processes, which can be grouped into desalination and other manufacturing

sectors non-related to fresh water production.

The desalination industry is one of the most important industries in‘terms of brine generation.
Since sea water is used, sodium chloride (NaCl) is the highly concentrated salt in the waste
stream composition. The world global desalination capacity in 2010 was around 62.5 million m®
per day (1). However conventional desalination technologies, such as Reverse Osmosis (RO)
and Electrodialysis (ED) operate with a recovery interval between 50 % and 80 % (2). They
generate high amounts of brines whose typical compositions can be found elsewhere (3). The
most common methods for-the disposal of brines generated in desalination are evaporation ponds
(4), discharge into abandened mines or deep wells (5), coastal discharge (6), concentrate mixing
(7) and sewer disposal (8). Nonetheless, while a great amount of disposal methods for brines are
available; all of them present several limitations related to environmental issues such as the need
of large-amounts of land for evaporation ponds (9, 10), risk of salt leakages to groundwater (10-
12) and modification of physicochemical characteristics of the receiving media (12-14). Indeed,
the modification of those very receiving environments and its potential impact upon marine

communities is the main concern of brine disposal (15). On the other hand, the disposal of such
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a large quantity of hyper-saline brines is a problem for inland high capacity desalination plants
that cannot dispose the brine into an inland body of water. The disposal of brines is such a
critical issue for inland desalination plants that it sometimes compromises the economy of the
desalination process and the viability of the construction of a desalination plant. In this sense,
the sustainability of the production of fresh water by means of desalination is compromised as
long as it has negative direct consequences from the release of brines to the aquatic environment

and indirect from the utilization of electricity.

However, the desalination industry is not the only activity producing brines that should be
treated before disposal. Other manufacturing sectors, non-related to water production such as the
textile industry (16), generate important amounts of wastewaters with high salt contents. Those

salts should be removed before the disposal to sewage systems.

The need for efficient water and wastewater treatments, including recovery of resources, has
become a priority in the development of sustainable processes for the efficient recovery and
valorization of brines. This should, lead to the development of new or improved innovative
water treatment solutions:in a real environment. On the other hand, it contributes to reduce the
environmental impact of many current industries but at the same time, it promotes an increased

volume of recovered water.

Alternative treatments for desalination brines have been extensively reviewed in the literature
(17-22). Many innovative studies are focusing on the efficient water and wastewater treatment

including recovery of resources contained in the discharged brines.



Downloaded by [Universidad de Cantabria], [Antonio Dominguez-Ramos| at 00:24 11 December 2015

Electrodialysis with bipolar membranes (EDBM) is an emerging technology for treatment and
valorization of desalination brines that generates acids and bases, chemicals of great interest in
any desalination plants. Additionally, EDBM is also a promising alternative for the treatment
and valorization of industrial wastewaters of very different nature: metal processing (23),
production of rubber (24), wood processing (25), beverage industry (26) and production of
acetaldehyde (27). Nevertheless, the present review focuses mainly..on the “industrial
wastewaters with high NaCl content. These brines are similar to desalination brines in both
nature and obtained products: HCI and NaOH. This facilitates the in-depth techno-economic

analysis of the products HCI and NaOH by EDBM, no matter the source of the brine.

The use of HCI in a desalination plant is a good example of the potential use of the EDBM
products obtained in the treatment of brines. " The conventional pretreatment steps in a
desalination plant equipped with RO are related to pH control in order to avoid scaling (28)
occurring at neutral pH (29). This pH adjustment requires noticeable quantities of acid solutions
(even H,SO,) depending on the concentration of CaCOj3 in the feed stream (30). A range of
dosage from 15 to 97.mg-L™ of H,SO,4 has been reported for commercial RO plants (29).
According to (31), 16.4-mg-L™" of H,SO, were needed to add in the stream of a plant with a
capacity of 7,000 m®-d*, making an equivalent acid of 115 kg per day. To illustrate this point,
the desalination plant described in (12) was reported to require 9.4 tons per day of H,SO,4
considering its capacity of 312,000 m®.d* and a dosage of 30 mg-Lof H,SO4 (98% wt.).
Consequently, it makes sense to consider that a RO desalination plant requires a total dosage of
15-100 mg-L™* of H,SO, that may be replaced by 11-73 mg-L™* of HCI, highlighting the

potential benefit of the in-situ generation of acids by treating desalination brines by EDBM.



Downloaded by [Universidad de Cantabria], [Antonio Dominguez-Ramos| at 00:24 11 December 2015

Additionally, the transport and storage of these acids are avoided. This suppresses safety risks

when the acid production facilities are far away from the desalination plants (32).

The purchase of these reagents, together with other chemicals used in the pre-treatment and.post-
treatment of desalination plants (flocculants, scale inhibitors, biocides, etc. (33)), might havera
significant contribution to the operation costs of seawater desalination (6 % (34);4-7 % (35) and
9 % (36)). According to (37), the contribution of the purchase of all chemicals could make up to
78 % of the process cost. Consequently, the potential benefits in economic terms of brine
treatment and valorization must be analyzed. Indeed, the cost of disposal to surface water is
around US$ 0.03 and 0.3 per cubic meter (0.02-0.02 €-m™)(11). It is still much lower than other
conventional disposal options (0.3-10.04 $-m™, 0.2-7.5 €:m®) and even less than emerging brine
treatments (0.66-26.4 $-m, 0.49-19.6 € m™®) (11). On the other hand, interesting future options
to add revenues to the current cost of water are the advanced recovery processes such as selective
precipitation or membrane crystallization.. Thus the sodium and the chloride, as well as the
minor metals causing environmental problems later described, are avoided and valorized as

products.

EDBM can be.integrated with RO when the retentate can be 1.3 to 1.7 times more concentrated
than the original.seawater (12). This integration allows for brine valorization making possible
the self-supply of acids and bases for several utility purposes such as cleaning of membranes.
The benefits in terms of environmental sustainability are then clear because of the diminished

need of external chemicals.
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Consequently, the application of EDBM for brine treatment can be potentially cost-effective
when the purchase of chemical (making between 6 and78 % of operation cost) is avoided. Also
the disposal costs are partially diminished and the integration of advanced recovery processes

may be the source of new incomes.

In order to put EDBM in operation, an in-depth analysis of the techno-economic barriers that
prevent this technology to be fully implemented for brine and wastewater valorization should be
done. Hence, the aim of this work is the update of the state-of-the-art of EDBM valorization as a
source of acids and bases, making special emphasis on challenges. A summary of the main

environmental concerns about disposal of desalination brines has also been included.

As a result, this review focuses on the three following aspects: i) environmental issues related to
desalination brine disposal; ii) state-of-the-art of EDBM for the production of HCI and NaOH
from desalination brines and industrial salted wastewaters; and iii) summary of the current
technical and economic barriers that prevent a larger market penetration of EDBM for this

specific application.

2. Environmental issues of desalination brines

In the past, environmental problems caused by brine disposal used to be ignored (38). Now, new
approaches require special measures before any brines can be discharged. These measures
include the removal of chemicals (e.g. de-chlorination) in order to reduce environmental impact
(39). The environmental research about the impact of desalination focused on the effect of

brines on the physicochemical characteristics of the receiving media, principally temperature,
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salinity and introduction of contaminants. The contamination of underground aquifers and
freshwater sources is a serious concern in the case of inland desalination plants. Regarding to
coastal discharge, the main concern is the effect of these modifications in the marine wild life
near the outfall and the potential irreparable damage to the marine environment (15).
Consequences of brine disposal upon the salinity of the media are the .most studied

physicochemical modifications.

Regarding to the extent of the alteration, it is reported that the spreading of the salinity plume can
range from tens of meters to several kilometers, but in most cases a rapid dilution of the plume
takes place with a maximum increase of 2.0 mg-L™ in salinity media (13). Because of their high
salinity, brines are denser than seawater and remain on‘the seabed (40). As marine organisms
live in osmotic balance with their environment; changes in the salinity of the media may cause
dehydration of the cells, decrease in the turgor pressure and even death in the case of larvae and
young specimens (12). Additionally, the high salinity may lead to an increase of turbidity, which
disrupts the photosynthesis process and the biogenesis, affecting larvae and young individual of
benthic communities (41). The reported impact was found to be variable from no significant
impacts on benthic communities to wide spread alteration to community structures in seagrass,
coral reef and soft sediment ecosystems when discharges occurs in poorly flushed environments
(13). So, well flushed areas and sandy bottoms without vegetation are the best disposal points
recommended in order to minimize damages (42, 43). A concentration threshold has been
established in order to protect Posidonia oceanica (43). However, the sensitivity related to
salinity varies among species (12) and it is not possible to provide a global salinity value capable

of protect the seagrass communities (13). Additionally, even though the majority of organisms



Downloaded by [Universidad de Cantabria], [Antonio Dominguez-Ramos| at 00:24 11 December 2015

can adapt to minor deviations from optimal salinity and temperature conditions, they cannot
stand a continuous exposure to adverse conditions (28). To date and with the published data, the

salinity level at which organisms can tolerate long-term exposures cannot be established (44).

Regarding the effect of temperature, the discharges of thermal desalination plants are usually
between 8-15 °C above ambient temperature of seawater (41). The reported effect of these warm
discharges varied from modifications in the media of 0.1-0.5 °C in 7 km? surrounding the outfall
to a minimum impact in the vicinity of the outfall (13). A change in the temperature of water
affects numerous properties such as the amount of dissolved. oxygen, solubility, viscosity,
density, surface stress and nitrogen solubility (41). However, no definitive conclusion can be

found about the specific impact of a temperaturedincrease on marine communities.

With respect to the introduction of chemicals in the environment, the type of contaminant that
can be found in the surroundings of a desalination plant depends on its cleaning and pretreatment
requirements. While both thermal and membrane process require treatment against biofouling
and scaling, thermal plants need specific treatment to combat foaming and corrosion whereas
membrane processes.need careful elimination of suspended solids (28). The most common
measure against-biofouling is the addition of chlorine in the intake water. Chlorine is a toxic
compound that in-the marine media can form harmful byproducts such as halogenated organic
compounds ‘and chlorites (14, 28). The anti-scalants added in desalination plants, mainly
polycarbonic acids and phosphonates, have a very low toxicity to the aquatic life but are
associated with eutrophication and present a low biodegradability (28). Corrosion problems are

responsible for the release of heavy metal contaminants in desalination brines. High
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concentrations of copper, attributable to corrosion in heat exchangers, are usually found in
thermal brines. In the case of RO plants, traces of Fe, Ni, Cr and Mo can be recorded (28). The
accumulation of heavy metals may take place in the sediments and the surroundings of the
desalination plant causing damage to the marine communities. In fact, the disposal of brines
with high content in Cu was recognized to be the cause of the reduction of plankton, sessile

invertebrates and echinoderms (13).

Due to increasing environmental concerns and the deleterious impact of brines on the
environment, the introduction of environmental tools in the early design stage of desalination
plants was proposed (45). Environmental impact assessment (EIA) is recommended in order to
evaluate the potential impacts of desalination<plant discharges and for its best localization
selection (10). EIA has already been applied-in the creation of desalination plants in Taiwan,
USA, Australia, Israel and Japan (15).  The methodology should comprehend the plant layout,
plant emissions, environmental implications, energy consideration, benefits, evaluation of the
impact upon the environment ‘and proposal of mitigation measures (46). In Europe, desalination
plants, as any other public and private projects, should be approved under the Impact Assessment
Directive (85/337CEE) later codified as Directive 2011/92/EU (47) and amended in 2014 by
Directive 2014/52/EU. Other tools such as life cycle assessment were also proposed in water

planning in order to achieve a sustainable water supply (48, 49).
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3. The state-of-the-art of electrodialysis for acids and

bases production from brines

Electrodialysis with bipolar membranes (EDBM) is a variation of ED incwhich bipolar
membranes (BM) are used. In both cases, an electric field is applied as the driving force for the
separation of ions through ion exchange membranes. However, while ED uses only cation
exchange membranes, anion exchanges membranes, and electrodes, EDBM uses bipolar
membranes as the core of the technology. These membranes are composed by at least two
different layers, a cation selective layer and an anion.selective layer allowing the splitting of
water into protons and hydroxyl ions and the consequent selective transport of the products of
water dissociation (50, 51). Both ED and EDBM.technologies request energy under relatively
high-efficiency energy consumption figures (50). Their potential for coupling with renewable
energies for freshwater supply was recently reviewed in order to promote alternative sustainable
freshwater desalination (52). In depth descriptions of electrodialysis and bipolar membranes can
be found in (53) and (54) respectively. Figure 1 shows a possible configuration of the EDBM

stack used in orderto produce acids and bases from desalination brines.

There are several inorganic sodium salts such as Na,CO3, NaNO3, Na,SO4, NazPO4 and NaCl
that are reported to generate acids and bases by EDBM, with NaCl as the main pursued salt (55).
Several publications reported the use of EDBM for the generation of HCI and NaOH from

desalination brines and industrial wastewaters (56-66). Some of the treated salty streams were

10
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desalination retentates from RO plants producing drinking water (56, 57) or industrial

wastewaters with a high content of NaCl (58-66).

In (58), EDBM s used to treat concentrates from RO, ED with reversal polarity and ion
exchange (IEx) in a desalination plant of surface water. Acids and bases were obtained with-a
concentration between 1 M and 1.5 M. It was pointed out that the obtained products were
suitable for some treatment stages of the desalination plant such as/regeneration of ion
exchangers, neutralization of the EDBM feed and alkaline precipitation. In this study,
conventional IEx, conventional RO, and the combination of RO and. EDBM processes were
compared in terms of chemical demand, feed water amount, energy consumption and wastewater
generation for the same production of freshwater.. The EDBM alternative was reported to need
less feed water, produce less wastewater and. consume fewer chemicals. However, in this
particular study, the EDBM energy demand was higher than that in the case of conventional

desalination processes.

In the same line, the combination of IEx (desalination and partial hardness removal of brines),
ED (concentration of the brine and partial hardness removal) and EDBM was proposed for the
simultaneous production of industrial water, acids and bases from surface water (59). The
obtained acids were used in the regeneration of IEx resins. A significant reduction in current
efficiency was observed when increasing product concentration. The concentration of the
obtained acids was set to 0.9 M only, enough for the regeneration of IEx resins and allowing for
a relatively high current efficiency (around 47 %). The feasibility of producing acids and bases

from a wastewater-RO retentate was described (56). The products were obtained with a 0.2 N

11
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concentration and their qualities were compared to a technical grade and a national formulary
grade. The presence of heavy metals was similar to the chosen standards but a higher
concentration of chloride in the produced base was reported when compared to the mentioned
national formulary grade. Additionally, a preliminary economic assessment was carried out.and
four different types of brine treatments were compared: evaporation ponds, softening plus
EDBM, electrochlorination and concentration plus crystallization. The_economic analysis
pointed that the option involving EDBM had the lowest investment cost. The operational cost
was also the lowest, estimated in 0.35 US $:m™ (0.26 €-m™). Additionally, using the EDBM
treatment train, an additional 0.1 US $-m™ (0.075 € -m™®) can be recovered due to the sale of
acids, bases and freshwater. Reference (65) proposes the in-situ generation of HCI and NaOH
for ion exchange regeneration as an alternative to the purchase of acids and bases. HCI and
NaOH 0.3 M were produced from diluted salt solutions. A preliminary cost comparison for
purchasing bulk HCI and NaOH and the in-situ generation of the acid and the base showed a
significant reduction of cost from 37.$- kmol™ to 3.5-12.6 $- kmol™ for HCI and from 21 $-

kmol™ to 3.5-12.6 $- kmol™ for the base.

In a recent study (57).the-authors used synthetic softened solutions with a composition equivalent
to the brine 'of a RO treatment plant fed by brackish water. The maximum concentration
obtained was 0.8 M for the acid and 1 M for the base. The quality of the products was compared
to commercial grade from a facility located in Torrelavega, Spain (Solvay Quimica). The
presence of impurities prevented the products to reach the commercial grade. However, these
acids and bases could be used in routine operations not needing pure chemicals such as washing

stages or pH control. The treatment of actual brines from a desalination plant fed by seawater

12
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using EDBM was also described (32). The maximum acid concentration was 1.2 M and the
authors reported the technical feasibility of the EDBM set-up to produce 1 M of mixed acids in a
continuous mode. Specific energy consumptions of 7.5-8.3 kWh-kg™ HCI with faradic current
efficiencies in the range of 52-74 % were reported for current densities belonging to the range
340-570 A-m™. Here again, the qualities of the obtained acid and base did not achieve industrial
or higher requirements, thus additional purification stages must be applied.if necessary. The
obtained HCI was efficient in local pretreatment operations. The treatment of a glyphosate
neutralization liquor for a zero liquid discharge approach with simultaneous recovery of
glyphosate and production of HCI and NaOH was described (60,61) The two products were used
in the recovery of the catalyst in the manufacturing process of glyphosate. A lab-scale treatment
of simulated glyphosate neutralization liquor obtaining maximum concentrations of 0.45 M for
HCl and 0.6 M for NaOH was reported (60). The current efficiencies were 45-75 % in a range of
current densities 500-1100 A-m™. The specific energy consumption of the acid was reported to
be between 9-18 kWh-kg™ of HCl.as.a function of the applied current density. A preliminary
economic evaluation was-also presented with a whole process cost of 1.22-1.82 $-kg™ of HCI
and 106.43-158.77 $-m > of treated liquor. The obtained acid and base could be used for the
recovery of the catalyst in the industrial process. Reference (61) deals with the pilot-scale
treatment of a glyphosate neutralization liquor. Maximum concentrations of 1.9 M HCI and 2.4
M NaOH. were obtained. The energy consumptions for a 2 M NaOH production was 2.3-3
kWh:kg™® NaOH with current efficiency of 67.9-87.1% at current densities of 300-600 A-m™.

This work also aims to a zero liquid discharge configuration with a 99% NaCl removal and

13
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recoveries of 96% of the glyphosate. An evaluation of process economics showed a total process

cost of 1.23 $-kg™ NaOH and 165 $-ton™ of liquor for a current density of 400 A-m™.

A saline water from an integrated mining and metal industry, mainly composed of NaCl and
KCI, was also treated by EDBM for the generation of HCI and a mixture of NaOH and KOH in
concentrations around 2 M (62). Removal of Ca by dosing Na,COgs in order to avoid
precipitation of Ca(OH), in the base compartment was used as pretreatment. The desalination
target of 50% removal of CI" was easily achieved. A saline wastewater from an industry of metal
and metalloid production that mainly contained NaCl and some organic matter was treated by
EDMB (63). HCI and NaOH were obtained with a maximum concentration of 1.5 M and 2 M
respectively. Two different bipolar membranes were tested: FBM, from Fumasep, and PBM,
from Polymer-Chemie. The Fumasep bipolar membrane FBM showed a slightly better electrical
resistance and current efficiency. A competition of transport through the anion exchange

membrane between chlorides and the organic fraction was observed.

Spent acid solutions from_the production of zeolite HZSM-5, mainly composed of HCI and
NaCl, were treated by EDBM (64). Maximum HCI and NaOH concentrations of 0.48 M and
0.18 M were respectively obtained. The faradic current efficiency for Na" regeneration was 27-
32% while the energy consumption was in the range of 12-17 kWh-kg™ of NaOH for current
densities 350-700 A-m™?. The regenerated acid could be used to replace the commercial pure

acid'in the zeolite production (64).

Finally, a combination of nanofiltration and EDBM was used for the treatment of a model textile

wastewater. An integrated approach for a simultaneous dye extraction, water recovery and salt

14
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reuse in the form of HCI and NaOH was proposed (65). Maximum concentrations of 1.19 M HCI
and 1.28 M NaOH were obtained for an energy consumption of 4.06 kWh-kg™ of NaOH. The

high rejection of nanofiltration for dyes (>99.93%) avoided fouling in EDBM.

A summary of the main experimental conditions and results for the valorization and treatment of

desalination and industrial brines is presented in Table 1.

4 Technical and economic barriers hindering EDBM
development in the production of acids and bases from

desalination and industrial brine treatment

The environmental and potential economic benefits of EDBM have been mentioned in previous
sections. Nevertheless, some barriers should be overcome before developing the full potential of
EDBM in valorization of desalination and industrial brines. Three different kinds of barriers will

be screened in this study: technical, techno-economic and economic barriers.

Technical barriers are related to unsolved difficulties that limit the performance of the system
(there is a~need of a new technical solution to achieve the objective or avoid the limitation).
Techno-economic barriers are associated to process optimization and they are usually connected
to economic issues (there are difficulties that can be technically solved but adding economic
costs). The competitiveness of the technology in the market is linked to the economic barriers

(barriers that only depend on the cost of the elements in the market). These three kinds of

15
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barriers are usually connected to each other. A technical limitation generates a techno-economic
barrier that can be translated into additional operation or investment cost and thus an economic

barrier or disadvantage for the technology in relation to other technologies.

Most important technical limiting factors of EDBM in comparison to other acid and bases
production technologies are related to permselectivity and electro-osmosis:” An._imperfect
permselectivity of IEx membranes causes the migration of co-ions and thus a reduction in purity
of the products. Additionally, the selectivity of monopolar membranes decreases when
increasing salt concentration. The same happens with the permselectivity of the ion exchange
layer of bipolar membranes that decreases with increasing acid and base concentrations, causing
high salt contamination of the products at high acid and base concentration (67). Water leakages
caused by the electro-osmosis prevent EDBM of producing high concentration of acids or bases
(55). Additionally, products have concentration limits due to water electro-osmosis and product
diffusion (55). These three technical limitations explain why the acids and bases generated by

EDBM cannot reach the specification of commercial products shown in Tables 2 and 3.

Experimentally, the maximum concentrations of HCI and NaOH reported have been 1.9 M and
2.4 M respectively (= 6% w-w™ and ~ 8% w-w™ compared to 35% and 50% for commercial HCI
and NaOH, respectively). Regarding to impurities, the SO4* concentration in HCI from
desalination and industrial brines is two orders of magnitude higher than that in commercial
products as shown in Table 2. However, these constraints could be overcome introducing
additional purification stages. Nanofiltration has been proposed to remove sulfates in

desalination brines (68) but an economic optimization should be performed anyway.

16
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Additionally, it is pointed out that the concentration of impurities in the HCI and NaOH
generated by EDBM highly depends on the origin of the brine. The impurities displayed in
Table 2 refer to the reported values of impurities from conventional NaOH and HCI suppliers.
The purity of the products obtained from desalination and industrial brines, and the presence of
one impurity or another, will have a strong dependency on the origin of the brine, so new
standards of purity might be needed for the commercialization of EDBM.produced HCI and
NaOH. These new standards would take into account the purity requirements of the different
applications that use HCI and NaOH and thus, improvements in the quality-of the products would

mean an increase in the number of potential applications for the generated HCI and NaOH.

An alternative to reach commercial grade products by adding purification stages is the in-situ
production and consumption of the obtained. HCl and NaOH since they are both needed
chemicals. According to the range of dosage indicated previously (15 to 100 mg-L™ of H,SO4,
or 11 to 74 mg-L™ of HCI for the equivalent H* dose) a range of 0.25-1.69 L of HCI 1.2M
(concentration from (32)) per'm®of stream would be necessary for the treatment of each m® of
feed water. For example, in the cited desalination plant (45% recovery) of 16,000 m® seawater-d
1 (31), this corresponds to 4 to 27 m*-d™ of HCI 1.2 M and the treatment of 8-54 m® brine-d™* by
EDBM (supposing an initial brine concentration of 70 g-L™* NaCl lowered to 35 g-L™ once
treated).  The purchase of commercial HCI (28 % w-w™, equivalent to 319 g HCI-L™) at 0.14
€.L.(37) would cost around 77-520 €-d'. An important disadvantage of the in-situ
consumption and production of HCI and NaOH in desalination plants is that only a small fraction

of the total volume of the brine generated in the desalination plant would be treated.

17
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In the case of industrial brines, a very promising scenario is the complete integration of EDBM
in the fabrication process with a zero liquid discharge approach (60, 61). This means that the
treatment of industrial brines is associated with an important consumption of HCI and NaOH. A
possible application for the generated NaOH could be the post-combustion absorption of CO,.
A promising CO, capture of 530.65 g CO- -kg™* NaOH 1.45 M could be achieved if EDBM is

powered by renewable energies (69).

The high salt concentration in brines implies some techno-economic limitations. As brines are
richer in salts than seawater, scaling of Ca and Mg becomes.a critical issue. Therefore, a
reduction of the water hardness is advisable before brine treatment ((57), (59)). IEXx resins have
shown adequate effectiveness in the removal ©f Ca and Mg from desalination brines (70).
Besides, scaling caused by silica and fouling produced by organic matter content should also be

prevented (58) .

Maintaining energy efficiency at high salt concentration and high current density is other techno-
economic challenge that limits the treatment of brines (32). From the summary of the state of the
art presented in Table.1 it.can be seen that the energy consumption for the production of HCI and
NaOH from desalination and industrial brines is between 2.3 and 18 kWh-kg™ of product. The
synthesis-of new.bipolar membranes based on polysulfone and polyvinyl alcohol polymers have
shown:promising results in terms of current efficiency and energy consumption (71). Leakages
of H' and OH" at high product concentration were also related to low energy efficiencies in the

production of acids and bases (59). Additionally, ion exchange membranes are known to have

18
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poor stability in strong acids and bases, which leads to a decrease in membrane lifetime and

affects the economical viability of the process (67).

Currently, the main economic barrier of EDBM is the high investment cost of both electrodes
and membranes, and especially bipolar membranes (67, 72). The price of bipolar membranes-is
a bottleneck that prevents EDBM from large-scale applications. The cost of bipolar membranes
can be estimated around 0.1 €-cm™ (73), which is 3-10 times more expensive than monopolar
membranes (55). This cost difference is mainly due to the more complicated manufacturing
process and smaller scale BM production. The cost of heterogeneous bipolar membranes is
reported to be between 2-4 times lower than conventional homogeneous membranes; however,
the lower selectivity of these membranes might Compromise the purity of the obtained products

(74).

Another factor is the limited choice of membranes and suppliers for EDBM applications (73).
This is a disadvantage compared to.other technologies in terms of technical support (75). This
limited choice of BM suppliers:in relation to ion exchange membranes is also seen in the EDBM
literature. While for cation and anion exchange membranes the references reviewed in this work
used a variety-of commercially available membranes from different suppliers (for example
RALEX, Fumatech, Qianqui Environmental protection and water treatment co., Polymer-Chemie
and Neosepta), there is a single supplier of BM membranes. The membrane Fumasep from
Fumatech is the one used in most cases, with only a couple of exceptions that used a bipolar
membrane from Neosepta (BP-1) and Polymer-Chemie. This difference of membrane

availability can also be realized by comparing the list of commercial membranes and suppliers
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published in several reviews about electrodialysis with bipolar membranes (55) and ion exchange

membranes (76, 77).

The investment cost is still relatively high because there is no large-scale production of
membranes. This is the main reason explaining why there is such a small number of large-scale
EDBM plants, despite the technical and economic advantages of the EDBM technology (62, 78).
In Figure 2, a summary of the main barriers previously described for the production-of acids and

bases by EDBM is presented.

5. Conclusions

The vast amount of brines generated in several activities, such as the desalination industry,
encourages the need of innovative processes aimed not only to reduce the environmental impact

but also to recover and to valorize resources. contained in the brines.

In this work, a study of the state of the art regarding the use of Electrodialysis with Bipolar
Membranes (EDBM) in the valorization of brines has been presented. EDBM is a viable
technology for obtaining acids (HCI) and bases (NaOH) from the salts contained in the brines
ready for scale-up. "Although the concentration and quality of the obtained products are strongly
influenced by the feed water composition, they are acceptable for self-supply in desalination and
different industrial activities. The purity and concentration requested by commercial grade
products remains a challenge. Regarding to the use of the obtained products, even if a large
dosage of HCI is used for different applications within a desalination plant, estimations state that

around only 1 % in terms of the input feed stream to RO treated by EDBM is sufficient for self-
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supply. This fact together to the mentioned quality promotes that a commercial grade product
must be pursued. On the other hand, the integration of EDBM with some industrial processes,
responsible for the generation of brines and consumption of large quantities of NaOH and HClI,
such as the production of glyphosate, are a very promising alternative for the in-situ production

and consumption of HCI and NaOH because much more higher internal demand.

Regarding the main barriers for a larger penetration of EDBM technology, the main bottlenecks
to overcome have been identified in this work, pointing the current research areas of interest.
Significant improvement of the selectivity of ion exchange membranes and limitation of electro-
osmosis phenomena associated with this specific application would lead to higher purity in
obtained products and would increase the <energy efficiency of the recovery process.
Consequently, products of commercial" grade  quality could be obtained for further
commercialization as opposite to the current situation. Additionally, the HCI and NaOH purity
improvement combined with the definition of new standards of quality for the obtained products,
directly related to the purity requirements of each specific use, would lead to an increase in the
number of applications where these acids and bases could be used. Finally, the high cost of
bipolar membranes (around 1,000 €-m™) makes the investment costs of EDBM still relatively

high compared to other membrane technologies hindering its development.
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Figure 1. Operation scheme of EDBM for the production of acids and bases from NaCl.
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Figure 2. Summary of the main barriers for the production of acids and bases by EDBM.
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Table 1. Summary of the main results and references dealing with the valorization of brines into
HCI and NaOH.
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Indust | 0.025 | TOC= |0.35 |100- |[40-90 (0.2 0.2 |- - 5
rial Na"* 24 900 6)
water | and mg-L
produc | 0.019 |1,
tion CI Metals
Evapo [/0.048- |- - 26- 10- 03]03 |- - (6
rative - [10.39 260 | 100 5)
coolin
g
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Fresh |1 0.055 250- |50-80 |0.8 - - 5
water M 1000 7)
produc S0.*
tion
Fresh | 0.65 0.04 340- |52-74 | 1.2 7.5-9.3 - 3
water M 570 2)
produc S0.*
tion
Product
S
Feed Opera | M Energy Co
Water tion ax. consum st
to condit | co ption (8
EDBM ions nc. (kWh-k kg
(M ) p)
)
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Water | Co | Other | Treat | Curr |Curre |H |Na |HCI Na |HC|Na |R
Sourc [ nc. |[compo | ment |ent |nt Cl |OH OH | I OH | ef.
e of | nents | cost dens | efficie
Na ($m ity ncies
Cl % (A | (%)
(M m?)
)
Produ |15 | Glypho | 106.43 | 500- |45-75 |0.4 |06 |9-18 - 1.2 |- (6
ction | % | sate - 1100 5 2- 0)
of (w/ | 1.2% | 158.77 1.8
glyph | v) | (w/v) 2
osate
Produ | 2.8 | Glypho |165 300- | 67.9- 19 24 |- 2.3- | - 1.2 | (6
ction |7 sate $/ton | 600 |87.1 3 3 1)
of 12.81 of
glyph g-L*%, | liquor
osate PO;*
18-97
g-L?
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Minin | 0.2 | K" 0.17 594 | 47-73 |16 |12 - (6
gand |4 | M,Ca” and 5 2)
metal | Na" | 3 mg-L 641
indust | and |*
ry 0.3

S)

Cr
Metal | 1.2 | Organi 523- | 61-108 [ 1.5 |2 - (6
and 8 c 769 3)
metall matter
oid TOC=
produ 132
ction mg-L™*
Produ | 0.2 | HCI0.3 350- | 27-32 |04 |01 12- (6
ction M 700 8 8 17 4)
of
zeolite
HZS
M-5
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Table 2. Maximum concentration of impurities allowed in different commercial grades of HCI
compared to self-supply by EDBM. If not specified, concentration of impurities is expressed in

mg-L™.
Suppli | Grad | HCI | Fe*" | Free | As Hea | SO | Organi | Mg | Ca R
er e Pur chlor vy |45 ¢ S ef.
ity ine met compo
(%0) als unds
as
Pb**
PCC Food |33 |0.00 |0.000 | 0.000 (0.00 0.0 |- - - (7
05" |5 005~ |05 |09 9)
Techn |31 | 0.00 | 0.005 | 0.000 |- - 0.02 - -
ical 5. | 01"
Hubei | High | 31=.|0:3" | 60 - - - - 0.0 {03 (8
Sanond | purity | 32.5 7 0)
a
PPG - 314 (05 |3 0.1 02 |10 |1 - 2 (8
5- 1)
32.9
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Table 3. Maximum concentration of impurities allowed in different commercial grades of NaOH
compared to self-supply by EDBM. If not specified, concentration of impurities in %w-w™.

NaOH Na
Na Na, Re
Supplier Grade Purity Na,O Fe** ClIO Na,SO, cr
Cl COs3 f.
(%) 3
Memb  49.0- 37.9- 100 (8
Covestro 3 20 20 - -
rane 515 39.90 4)
Colonial
Comm 49.00- 38.0- (8
Chemical 9% 11 035 002 02 -
ercial 51.00 39.5 5)
Solutions
Memb
2
rane COs
NPC S0,> (86
cell 47.0 - 0.001 - - 0.03
Chlorochem 0.01 )
Causti 0.2
C
Diaphr 1.1
0.15 0.01- 0.1- (8
Olin agm  49-52 - - - -
-0.3 0.02 0.2 7)
cell 1.3
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EDBM of desalination and

industrial brines
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