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Abstract. Introduction and development of membrane technology in the production of drinking wa-
ter, in the last 30 years, is considered as a significant step in the field of water treatment effective-
ness, comparable with the introduction of sand filters at the beginning of 20 age. The special role
played the high- and low- pressure-driven membrane processes as well as electrodialysis. Desalina-
tion of seawater and brackish groundwater is often the way to obtaining drinking water. Significant
improvements in technology and design of reverse osmosis, the availability of alternative energy
sources, the possibility of pretreatment and applied materials have caused the process to become
environmentally-friendly source of fresh water in many regions of the world, particularly in those
where their sources are limited. In the 1980s increased interest of nanofiltration and to some extent
the reverse osmosis as the methods of water softening, while in the 1990s. they start to be applied to
remove micro-pollutants, also inorganic. To remove nitrate ions and fluoride, boron and metals (Fe,
Mn and heavy metals) is successfully applied reverse osmosis, nanofiltration and electrodialysis, as
well as bioreactors and ultrafiltration integrated with coagulation and oxidation.

Keywords: Membrane processes, removal of inorganic compounds, water desalination and soften-
ing, removal of anions and metals.

INTRODUCTION

The contamination of drinking water sources with inorganic compounds is
a matter of concern, because of their harmful effect on human health. Some of these
compounds are highly soluble in water and dissociate completely, resulting in ions
that are chemically stable under normal water conditions. Examples of polluting sub-
stances, besides salinity and hardness, include anions (first of all nitrate, perchlorate,
bromate, arsenate and fluoride) and metals (Fe, Mn, Cr and other heavy metals), for
which the proposed guideline values for drinking water quality are quite low
(ng/l - mg/l) owing to their carcinogenic effects or other risk factors to public health
[3,4,8,26,27], and therefore, the part of them can be referred as micro-pollutants.

Technologies available for the treatment of water contaminated with inorganic
ionic compounds include physical, chemical and biological processes [3,4,8,26,27].
In the first type of process, ions are concentrated rather than destroyed. A brine stre-
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am containing a high concentration of ions is generated, which must then undergo
additional treatment and disposal. Large-scale plants usually apply coagulation with
aluminum or iron salts followed by filtration but a number of anions (e.g. nitrate)
have very little tendency to coordinate with metal ions and low potential for co-pre-
cipitation [8,26,27]. Also small scale treatment facilities often use ion exchange
and/or adsorption; however, regeneration and additional costs, associated with the
disposal of the regenerants used, represent serious problems. Membrane processes
such as reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), microfiltra-
tion (MF), Donnan dialysis (DD), electrodialysis (ED) and liquid membranes (LM),
if properly selected, offer the advantage of producing high quality drinking water
[3,4,8,26,27]. In many cases, one membrane process can be integrated with another
to produce water of even higher quality (hybrid systems). Among them, membrane
bioreactors (MBR) are especially appropriate for some anions removal, since it of-
fers selective removal of the target anion from water due to anoxic bacteria, which
under appropriate conditions (pH, oxidation—reduction potential, temperature, etc.)
can use anions as electron acceptors and organic (heterotrophic microorganisms) or
inorganic (autotrophic microorganisms) compounds as electron donors for their
growth [8,26,27]. For cations removal ultrafiltration enhanced with polymers or sur-
factants are frequently used [4].

DESALINATION

Desalination of water is one of the ways of obtaining drinking water from se-
awater (35,000 mg/l) and underground brackish waters (2,000-5,000 mg/I). Most si-
gnificant in view of drinking water production are desalination processes based on
thermal and membrane separation methods [3]. For membrane desalination, reverse
osmosis and electrodialysis are principally applied [3]. The most frequently used
thermal method is the multi-stage flash process (MSF) [3,29].

Brackish water desalination was the first successful application of reverse
osmosis [29], and the first large-scale plants appeared already in the late 1960s. In
the 1980s RO became competitive with the classical distillation techniques. At pre-
sent, over 90% of RO installations produce drinking water and ultra-pure water for
the needs of power industry, semiconductors etc. [29]. A typical installation for water
desalination using RO method consists of water pretreatment system, membrane de-
salination RO system with a high-pressure pump, section of energy recovery from
retentate and final finishing process to meet the requirements specified in the regu-
lations on the quality of drinking water (Fig.1) [3,4,12,29].

The purpose of the pretreatment of raw water is to prevent or limit membrane
pollution, as fouling and scaling, and its extent depends principally on the quality of
raw water and the type of the applied membrane module [3,12,29]. It can be very
simple, comprising only filtration processes without any chemicals added if the de-
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salination involves clean ground waters, and in the case of surface waters, the treat-
ment procedure can include filtration with coagulation and adsorption on activated
carbon. Also UF and MF are applied as the suitable methods for pretreatment before
desalination, removing suspended substances, some organic compounds and micro-
biological pollution [12,29]. In the membrane system for desalination, hollow-fiber
or spiral-wound modules of cellulose acetate, aromatic polyamide and composite
membranes are used [29]. What was important in the development of membrane me-
thods applied for the desalination was the replacement of hollow fiber membranes
widely applied in RO installations in the “70s and ‘80s by spiral-wound modules of
a high efficiency [3,12,29]. The preparation of water after its desalination depends on
its destination. Desalted water for drinking and domestic purposes should be degas-
sed (decarbonisation), subjected to pH and alkalinity correction, chlorination and
remineralization [3,12,29].

Final treatment
Low pressure Pre-treatment Membrane module

pump =
A Highpressure [P]  TT==__ >

pump

Desalted

Raw water water

Retentate Turbine to energy

recovery

Fig. 1. Diagram of water desalination system using RO method with energy recovery from retentate
Rys. 1. Schemat systemu odsalania metoda RO z odzyskiem energii z retentatu

The advantage of reverse osmosis is a relatively low cost of the desalted water [3].
Technological development in the last 30 years caused reduction of water desalination
costs by lowering prices of material equipment, reducing power consumption and
easier access (know-how) to the respective technology. The cost of water desalination
depends on the water quality, the size and installation location, qualification of work-
force, price and the nature of applied energy and the type of the technology used
[3.12,29]. Roughly estimated that the costs of desalination of seawater were reduced
from approximately 1.7 USD/m? in 1988 to 0.55-0.80 USD/m® of desalted water at the
beginning of the 21st age [12,29] for installations with a capacity of over 50,000 m?/d.
For installations with a capacity of 10,000-50,000 m*d this cost is 0.68-0.81 USD/m?
of desalted water [12,29]. For brackish water desalination costs decreased from
0.50-0.80 USD/m? of desalted water in the 1980s even to 0.20-0.35 USD/m? at the mo-
ment [3,12,29].

Water desalination requires large of energy, which constitutes 25-40% of all de-
salination cost [3,4,8]. Distillation methods are high energy consumers irrespective of
salt content in the water, whereas RO has a lower energy demand depending on the
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salts concentration [12,29]. For example: energy consumption for MSF process amoun-
ted to =10 kWh/m?, whereas for desalination of sea water with RO 7.7 kWh/m? and for
brackish water only 0.8 kWh/m? [3].

Integrated/hybrid systems in desalination are made through combing reverse
osmosis with thermal processes and nanofiltration with RO or distillation, as well as
various energy sources [3,4,29]. Cost of such a solutions is frequently lower than eve-
ry process alone [3]. In the case of integration MSF with RO, takes place only mi-
xing MSF distillate with RO permeate. It is proposed also to use NF in seawater de-
salination and brackish underground water technologies (e.g. mining water) before
a proper desalination process by RO or distillation. In such a solution NF significan-
tly reduces scale-forming ions, allowing distillation process to be operated at high
temperatures and RO with higher permeate recovery degree [12]. In the case of the
use of alternative energy sources most often are combined solar energy with wind
power, the dominant role in this case are photovoltaic (PV). In these cases is consi-
dered the following systems: RO-PV, RO-wind energy and RO-wind-PV [12,29].

WATER SOFTENING

In 80s, nanofiltration had become established and known method of water so-
ftening, as an alternative to chemical softening and ion-exchange method [3,6,25,28].
For “low pressure” RO membranes and “compact” NF membranes, the salt concen-
tration in permeate is very low, and often, after softening, its remineralization is ne-
cessary. The separation properties of NF membranes are based on capabilities of low
retention of monovalent ions and high retention of divalent and multi-valent ions, as
well as organic compounds with a molecular weight higher than 200-500 Da (table
1) [3]. In such a way treated water should have hardness not higher than 60-500 mg
CaCO,/1, what is in accordance with drinking water regulations. Ion selectivity of
NF membrane is due to the presence of groups with negative charge (-COOH or
-SO,H), located on the surface or inside the pores of the membrane, which thanks to
electrostatic interactions disturbed permeation of multivalent ions. This phenomenon
is not observed for RO membranes. In NF the solution components of the diameters
about 1-3 nm are retained and pressure difference is in the range 1-3 MPa [3], that
means below the values that would be necessary for RO to obtain the same fluxes.

Table 1. Comparison of the characteristics of NF and RO membranes (FilmTec)
Tabelal. Poréwnanie charakterystyk membran do NF i RO (FilmTec)

Pressure Retention coefficient, %
M
embrane MPa NaCl MgCl, NaNoO, MgSO,
RO - FT-30 1.55 98 99.5 90 99.5
NF-70 0.5 75 70 50 97.5
NF-45 0.9 50 83 20 97.5
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The diagram of the NF installation is similar to that which is applied in the RO
desalination process [3,6] and include the pretreatment of water (addition of acid and
agents preventing the formation of membrane scale, fine filtration — 5 ym), membra-
ne filtration and final treatment system (generally aeration and disinfection). Costs
of membrane softening not deviate much from the chemical softening, but are less
than the cost of water desalination by RO method.

The performed investigation confirmed the possibility to obtain soft and low-
hardness waters (total hardness <200 mgCaCO,/l) from very hard and hard waters
(total hardness >300 mgCaCO,/1) (table 2) [28]. High retention level of total (>50%)
and of carbonate hardness (>40%) as well as calcium and magnesium ions were ob-
tained, depending on the type of membrane and source of raw water [6,28]. Total
hardness removal during NF softening depends also on type of membrane used (ta-
ble 2) [25], and it is possible to choice the proper membrane for a given type of water
salinity and hardness.

Table 2. Water softening results using NF membranes with different compactness
Tabela 2. Wyniki zmigkczania wody za pomocg membran do NF o réznej zwartoSci

NF-70 NF-45 | UTC-20 | UTC-60 NF Osmonics
Membrane . .
Filmtec | Filmtec | Toray Toray | Well water | | Well water Il
Permeate hardness, mmol/l 0.14 1.14 0.14 0.59 - -
Raw water hardness, mmol/ | 2.8 2.8 2.8 2.8 590" 560"
Retention coefficient, % 95 59 95 79 69 68
“in mg/l
REMOVAL OF ANIONS

Pressure driven membrane processes

The reverse osmosis process is highly efficient in removal of inorganic anions
from drinking water and additionally, it guarantees safe detoxification [16]. The
complete desalination, however, is undesired according to possible corrosion pro-
blems and remineralization requirements. As a result, other processes suitable for
selective removal of toxic anions and moderate desalination are desired. Nanofiltra-
tion (NF) fulfills such requirements according to the selective desalination i.e. the
separation of polyvalent ions from monovalent ions with the higher capacity obta-
ined for lower transmembrane pressures in comparison with RO process. Asymme-
tric membranes used in NF have negative electrical charge in neutral and alkaline
solutions. Thus, the separation of anions not only consists in the difference in the ra-
te of convection and diffusion through a membrane, but also in the electrostatic re-
pulsion (Donnan exclusion) between anions in the solution and membrane surface
charge. The repulsion forces are greater for polyvalent ions than for monovalent
anions [26]. The charge of surface of NF membranes is caused not only by the pre-
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sence of functional groups possessing electrical charge, but also by the adsorption of
anions from water. Hence, the charge of membrane surface depends on the concen-
tration of anions in the solution [26] and varies from negative values to zero in iso-
electric point of a membrane, up to positive values in acidic environment (usually
pH<4), according to the adsorption of cations. Such a pH dependence influences on
anions separations, hence the selection of proper process conditions is crucial for the
application of NF. NF process is much more sensitive to ionic strength and pH of raw
water than RO. Many studies considering the removal of toxic anions from drinking
water by means of RO and NF were performed and in significant part of them pro-
mising results were obtained (Table 3) [26].

Table 3. Pressure-driven membrane processes for removal of inorganic anions in the production of
drinking water

Tabela 3. Ci$nieniowe procesy membranowe w usuwaniu anionéw nieorganicznych w produkcji
wody do picia

Process Membrane and manufacturer Anion Water origin
. i Natural with 188mgNO,7/I
RO RO 4040-LHA-CPA2 (Hydranautics) NO, (South Africa)
RO, NF Different membranes (Osmonics) NO, Tap water (Poland)
NF Nanomax 50 (Millipore) NO, Model water
Surface water after MF pretreatment

NF Different membranes (Nitto-Denko) NO, (Japan)

NF Filmtec NF70 (Dow Chemical) NO, Ground water (Belgium)

NF NF300 (Osmonics) NO, F Ground water (California, USA)
NF Filmtec NF45 (Dow Chemical) F- Model water

NF Filmtec NF70 (Dow Chemical) F- Model water

The pollution of natural waters with nitrates is a result of application of nitro-
gen fertilizers and of solid and liquid wastes to the environment [3]. The permissible
content of nitrates in drinking water is established at the level of 50 mg/I (10 mg N/I).
The reverse osmosis process allows decreasing the amount of nitrates in drinking
water to the level established in regulations. The relative purification costs are com-
parable with costs of ion exchange and electrodialysis including costs of disposal of
the concentrate. The allowable RO membranes characterise with high values of the
retention coefficient of NO, (ca.91-96%) and inorganic salts, thus the required decre-
ase of nitrates concentration in drinking water can be achieved by mixing the per-
meate and raw water [3,16]. Nitrates as monovalent ions are not totally retained by
nanofiltration membranes (NF) e.g. the retention coefficients of nitrates for NF-70
membrane (by Dow/FilmTec) are equal to ca.76%, that is under as for RO membra-
nes [25]. Thus, NF can be used as a first step in nitrates removal process integrated
with RO or ion exchange [3,16]. However, the presence of sulphates decreases the
retention coefficient of nitrate ions during NF. Under such conditions NF membra-
nes practically does not eliminate nitrates, nevertheless it retain multivalent ions (Ca
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and Mg) what has a positive influence on exploitation of RO and ion exchange pro-
cesses.

The appearance of fluorides (F) in natural waters results from their presence in
lithosphere and anthropogenic industrial activity. According to WHO and polish regu-
lations the maximum permissible fluoride concentration in drinking water is establi-
shed at the level of 1.5 mg/I [16,26]. The application of reverse osmosis in fluorides re-
moval is connected with partial demineralization of water, what is the main
disadvantage of the process [16]. RO membranes for water desalination allow for the
removal of 98-99% of salts, what practically results in almost total retention of fluori-
des (the final concentration below 0.03 mg/l for the initial content in the range from
1.3 to 1.8 mg/l) [21]. During treatment of water which characterise with high fluoride
content the application of nanofiltration is beneficial as the remineralisation of perme-
ate is not always required. The final concentration of F ions in permeates, obtained
for commercially available NF membranes, i.e. NF-90 and NF-270 (by FilmTec) and
TR-60 (by Toray) of nominal molecular weight cut-off equal 90, 270 and 400 Da re-
spectively, was in the range from 0.05 to 4.0 mg/I, depending on the initial concentra-
tion of fluorine (3.32, 6.32 and 22.32 mg/l) and membrane type [23]. The results obta-
ined during similar studies confirmed the possibility of drinking water production
from brackish water of high fluorides content with the use of other commercial
NF membranes i.e. NTR-7250, NTR-7450, F-70 (by FilmTec), Desal-5- DL and Desal
51-HL (by Osmonics), MT-08 (by PCI) and SR-1 (by Koch) [14]. The analysis of reten-
tion of monovalent ions for NF membranes indicates that smaller ions (fluorides) are
retained more efficient than others (e.g. chlorides). The difference in selectivity results
from the differences in hydratation energy of particular ions, as the higher energy cau-
ses the better retention (hydratation energy of F equals 515 kJ/mol while for CI- —
381 kJ/mol) [14]. It explains the possibility of selective desalination of brackish water
containing F-using NF and allows producing drinking water cheaper than in case when
RO is applied.

Boron appears in the environment mainly in the form of boric acid (H,BO,)
and borates [2,16]. Under lower pH the hydratation of boric acid does not occur what
causes the smaller retention during membrane separation. On the other hand, the
dissociated form is totally hydrated and characterises with greater diameter and ne-
gative ion charge what results in higher retention [2]. In the EU countries and in Po-
land the permissible concentration of boron in drinking water as well as in wastewa-
ter disposed to natural water and soil is established at 1.0 mg/l, while for industrial
wastewater disposed to sewage 10 mg/I [2]. Investigation aimed at removal of boron
compounds from aqueous solution is of especial importance for desalination by RO.
The retention of boron for RO membranes under low or neutral pH varies from 40 to
60%, what is not sufficient to obtain the permissible level for drinking water, even
for seawater desalination (content of F- below 5 mg/l) or water disposed to environ-
ment. In addition, high pH process conditions leads to fouling and scaling. Thus, the
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RO permeate is alkalised to pH ca. 9.5 and once more treated by RO or ion exchange
(Fig. 2) [2,16]. The cost of removal of boron in the two-step process is very high [16]
and usually multistep (3-4 steps) RO processes are applied. Hence, 2" and 3™ stage
RO membranes are operated at lower concentrations and at lower pressure [16].

p Brine
e e e e e -
i NaOH
i Permeate
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'Q_’ EIELEAN —_f:’a_ _______
Raw water 7 5
‘ |
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Fig. 2. Two stage RO system for boron removal
Rys. 2. Dwustopniowy system usuwania boru

Studies focused on the removal of boron from water solutions using ultrafiltra-
tion enhanced with polymers (PEUF), which generally are poly(vinyl alcohol) or
specially synthesized polymers [9]. The process consists of two stages: the comple-
xing of boron with a polymer and the separation of complexes by capillary ultrafil-
tration [9]. Retention coefficients of boron are decreasing during the process (star-
ting from values close to 1) as amount of active centers of the chelating polymer are
decreased. The retention depends also on pH, boron and polymer concentration in
the feed.

The interesting solution in boron removal from seawater or from permeate after
seawater desalination with RO is sorption-membrane hybrid process. Boron is remo-
ved by ion exchange resins (e.g. Dowex XUS 43594 (By Dow Chemicals), Diaion
CRBOI (by Mitsubishi) or others) of very small grain size (20 gm) and after sorption
ion exchange is separated by means of microfiltration. The small size of grains of
the resin allows to effectively decreasing boron content after 2 minutes from 2 mg/l
to 0.243-0.124 mg/1, depending on ion exchanger dose (0.25 to 1.0 g/) [7].

Ion exchange membrane processes

Donnan dialysis (DD) is a process that uses an ion exchange membrane without
applying an external electric potential difference across the membrane [8,26,30]. Ion
exchange membrane separates here two solutions, which differ both composition and
concentration — raw solution and stripping solution (concentrate). The Donnan dialy-
sis type of operation requires the addition of a so-called driving counter-ion to the
stripping solution (usually NaCl with a concentration of 0.1 to 1 mol/l), which is
transported in a direction opposite that of the target ion in order to maintain electro
neutrality (Fig.3) [30]. The ions, which are permeable to the membrane, will equili-
brate between the two solutions until the Donnan equilibrium is obtained. Since con-
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centration ratios determine the Donnan equilibrium, not concentration differences,
Donnan dialysis allows for transport of charged micropollutants against their con-
centration gradients, what is important for drinking water supplies, which usually
contain only trace levels of polluting ions. Due to these properties, the removal of
inorganic anions from drinking water, especially nitrate and fluoride by Donnan
dialysis has received attention (Table 4) [26].

Anion exchange membrane

< Cr
A >
>

Na” \ Na™

Fig. 3. Scheme of Donnan dialysis process
Rys. 3. Schemat procesu dializy Donnana

Raw water + NaA
(el\)
uonnjos Surdding

Table 4. Donnan dialysis (DD) and electrodialysis (ED) in the removal of inorganic anions in drin-
king water production
Tabela 4. Dializa Donnana (DD) and elektrodializa (ED) w usuwaniu anionéw nieorganicznych
w produkcji wody do picia

Process Membrane type, producer Anion Type of water
Neosepta AFN; AFX :
DD (Tokuyama Soda) F Model water
DD Selemion DSV (Asahi Glass) F- Model water
b . Neosepta ACS (Tokuyama Soda) F- Ground water (Morocco)
+ adsorption
Neosepta AFN; ACS .
ED F- Brackish wat
(Tokuyama Soda) raciish water
DD, ED ADS (Morgan) NO, Water from Montpellier (France)
ED Selectivity for monovalent ions NO.- Ground water (Austria)
(No data) 3
ED Neosepta ACS (Tokuyama Soda) NO, Ground water (Morocco)
Neosepta ACS (Tokuyama Soda); i
ED Selemion AMV (Asahi Glass) NO, Model water

Since in Donnan dialysis the mechanism of ion transport is governed solely by
the Donnan equilibrium principle, the anion fluxes achieved may be low for certain
applications. In electrodialysis (ED), the transport of ions present in contaminated
water is accelerated due to an electric potential difference applied externally. In this
process, besides anion exchange membranes, cation exchange membranes are also
applied in order to transport cations to the cathode [26]. In ED membrane fouling
and scaling are a frequently observed, therefore, the ED systems are usually opera-
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ted in the so-called electrodialysis reversal mode (EDR), in which the polarity of the
electrodes is reversed several times per hour to change the direction of ion move-
ment. The external electric potential driving force allows to obtain higher anion flu-
xes than those in DD, but a different degree of demineralisation and hardness (ca-
tions are also removed from the water), depending on the voltage and type of the
membranes used, is obtained. Therefore, the suitability of ED depends strongly on
the polluted water ionic composition. Successful applications of ED include removal
of various anions, e.g. fluoride and especially nitrate, have received attention (Table
4), especially for efficient removal of inorganic anions from drinking water [26,30].

Since most known toxic anions are monovalent the use of monovalent anion
permselective exchange membranes is especially attractive [26]. Situations, in which
ED appears to be less applicable are for waters of very low salinity (conductivity of
less than 0.5 mS), for which DD can be a better solution, and, in cases when besides
ions, removal of low-molecular weight non-charged compounds (to which ED is
obviously ineffective) from the water is desired. In the latter case, pressure-driven
membrane processes as RO or NF may be preferable.

The use of a monovalent anion permselective membrane in ED process proved
successful in a full-scale ED plant designed to remove nitrate from groundwater in
Austria [26,30]. The NO, concentration in the raw water was 120 mg NO,/I and
the removal efficiency (66%) was adjusted to obtain a product concentration
of 40 mg NO,/I. Under these conditions, the desalination degree was about 25%, the-
refore the nitrate selectivity was reasonably high [30].

The application of ED to fluorides removal from water is beneficial as the pro-
cess characterises with seasonal changes of fluorine concentration, satisfying selecti-
vity and low energy consumption [26]. The degree of removal of fluorides and solu-
ble substances is very often higher than for RO and it increases with the increase of
voltage, temperature and flow rate [26,30]. In case when F- concentration is below
the permissible level, ED devices can be shut down for longer time period. To omit
the precipitation of bivalent ions sulphates and carbonates in the concentrate cham-
bers, two configurations of ED process are proposed [4]:

e two-step ED with application of bivalent ions selective membranes in the 1% step
and conventional membranes in the 2" step,

e preliminary removal of bivalent ions by chemical methods followed by conven-
tional ED.

The first method is preferably used according to its simplicity and elimination
of introduction of additional chemicals. The content of fluoride ions is generally de-
creased from 3.0 mg/1to 0.63 mg/l for the first configuration and to 0.81 mg/I for the
second one, what allows obtaining water of municipal quality.

Electrodialytic removal of boron from water, similarly as RO, also requires
high pH value, as boric ions are transported through anion exchange membrane. The
main advantage of ED in comparison with RO is the smaller sensitivity of ion
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exchange membranes to pH and fouling. High pH values prevent also the precipita-
tion of Mg(OH), and CaCO,. However, even for such a high pH (9-10) chlorides are
preferably transported and sulphates are removed in similar extent as boron [2,15].
The low mobility of boric ions, in comparison with others, is the main disadvantage
of ED as boron can be transported only after significant decrease of other salt con-
tents in diluate [15]. In order to omit high demineralization of the diluate, monopolar
membrane under alkali process conditions (pH=9-10) are applied [2].

Membrane bioreactors

The main disadvantage of RO, NF and ED is production of the concentrate
with high load of anions. The method proposes for the removal of anionic micropol-
lutants, in which the reduction of oxyanions to harmless compounds takes place, is
treatment in membrane bioreactors (MBR) [8,26,27]. The content of bioreactor du-
ring or/and after process can be treated in UF/MF process, what allows to separate
the treated solution and biomass. MBR can be used for the removal not only nitrates
but also bromates and perchlorates [8,26].

The biological denitrification is based on the reduction of NO,” to N, under
anaerobic conditions at the presence of microorganism and proper donor of electrons
[3,8,26]. The kinetic of the reaction depends on kind of microorganisms and biode-
gradation process conditions (pH, NO," concentration) [8]. Heterotrophic bacteria
which naturally occur in soil and water and autotrophic bacteria are used in biologi-
cal nitrates removal processes. The addition of organic substrates (ethanol, methanol
and acetates) is required for heterotrophic microorganisms, whereas autotrophic de-
nitrification needs of inorganic compounds (e.g. sulphur compounds and H,) as elec-
tron donors [3.,4]. The advantage of autotrophic denitrification is lower production of
activated sludge; however the process runs slowly [16]. When heterotrophic denitrifi-
cation is applied the removal of dissolved organic carbon and biomass from treated
water is required [20]. Disadvantages of conventional biological denitrification can
be eliminated by application of a membrane bioreactor (MBR), which assures the
total retention of biomass. The configuration of MBR processes may be as the sys-
tem of selective nitrates removal with MF/UF) (Fig. 4 and Table 5) [3.4] or as extrac-
tive membrane bioreactors (membrane contactors) (Fig. 5) [8,11].

In the case of MBR with pressure-driven membrane process, MF or UF mem-
brane may be placed inside or outside bioreactor (Fig.4). A general limitation of the
pressure-driven membrane bioreactors is the treated water quality. While contami-
nation of water with microbial cells and biopolymers can be avoided, the retention of
ions and low molecular mass compounds (electron donors, some metabolic by-pro-
ducts) by porous membranes is generally insufficient to meet the stringent drinking
water criteria; therefore either process modifications or water post-treatment are ne-
cessary. In the first solution (Fig.5) water with nitrates is supplied to the inside (lu-
men side) of hollow-fiber membranes and NO,"ions diffuse to the outside (shell side),
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where it is used by existing microorganisms as an electron donor for the reduction of
anionic micropollutants. In these conditions, both electron donor and gentrification
biomass are separated from the water with membrane.

Water containing Water without

ﬁ Recirculation
nitrates { > nitrates

Bioreactor
Electron donor,
nutrient

Sludge to waste <

Water without
nitrates

Biofilm

(-

Water containing Water without
ﬁ @ P Litrates

nitrates

Bioreactor

Electron donor,
nutrient

Sludge to waste <€

Reaction
mixture apillary

Gas

Fig. 4. Membrane bioreactors with pressure driven membrane module
Rys. 4. Bioreaktory membranowe z ci$nieniowymi modutami membranowymi

Table 5. Membrane bioreactors with pressure-driven modules for the removal of inorganic anions in
drinking water production
Tabela 5. Bioreaktory membranowe z ci$nieniowymi modufami w usuwaniu anionéw nieorganicz-
nych w produkcji wody do picia

Electron Water origin

Process description | Membrane type and manufacturer donor

Denitrification Cellulose derivates (Aquasource) Tap water with NO_-addition
Ethanol 3

+ UF 0.01 pm (France)
Denitrification UFP2 (Tech-Sep); Ethanol Tap water with NO, addition
+ UF cut-off 200 kDa (Japan)
Denitrificati
+En|l rification Polysulfone; cut-off 500 kDa Acetate Ground water (Portugal)
Denitrification Polysulfone, submerged module )
+ UF cut-off 750 kDa Sulfur Model solutions
ED brine .

Ceramic membranes; 0.05 um Ethanol Ground water (France)

denitrification + UF

A new membrane bio/process for the removal and bioconversion of ionic mi-
cropollutants from water is the ion-exchange membrane bioreactor (IEMB) [8,26].
The anion is transported from the water through ion-exchange membrane into a bio-
logical compartment, where it is simultaneously converted by a suitable microbial
culture into harmless products. As discussed previously for Donnan dialysis, pollu-
tant is transported against its concentration gradient due to the presence of driving
counter-ions in a higher concentration (Fig.6). The co-ions (cations) are excluded
from the positively charged membrane and the target anion(s) transport is combined
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with its bioconversion by anoxic mixed microbial culture fed with an adequate car-
bon source and other required nutrients in a continuous mode. The selection of
a nonionizable carbon source is preferable in order to minimize its transfer through
the membrane. In addition, the bioconversion of the pollutant in the IEMB keeps its
concentration at low levels and guarantees an adequate driving force for transport.

Water without nitrates

Bioreactor Recirculation /

Electron donor, Tk::> Biofilm

nutrient be

Sludge to waste —pg—| e

LpS—! &<« Water with Capillary

nitrates

Fig. 5. Extractive membrane bioreactor
Rys. 5. Ekstrakcyjny bioreaktor membranowy

Anion exchange
Biofilm membrane

Bioreactor @

Cations
Electron donor
Nutrients o
Counter-ions (CI') > a o S
Anionic
Non-toxic €— X _<— @micropollutant

roducts
P X

Fig .6. A schematic diagram of the ion transport mechanism in the ion exchange membrane bioreac-
tor (IEMB)
Rys. 6. Schemat mechanizmu transportu jonéw w bioreaktorze z membrang jonowymienng

This concept was first demonstrated for the removal and bioconversion of nitra-
te to nitrogen gas in synthetic waters using Neosepta ACS mono-anion permselecti-
ve membrane and ethanol as the carbon source [26]. Due to its very low diffusion
coefficient (three orders of magnitude lower than that in water) through this non-po-
rous type of membrane, and the development of an ethanol-consuming biofilm on
the membrane surface contacting the biocompartment, carbon source penetration in-
to the treated water was avoided.
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METAL REMOVAL

Iron and manganese in groundwater

Iron and manganese can be removed in a modern way from underground wa-
ters by combining oxidation with air and microfiltration, in particular when the con-
centrations of these metals are high and changing [3,4,10]. This method is similar to
the classical one, but instead of deep filtration, MF is applied. The advantage of the
system is the production of water with high quality regardless of raw water quality
and compact equipment. The technological flowchart of the installation used for the
removal of iron and manganese comprises the stage of pre-oxidation (aeration and
KMnO, dosing) followed by membrane filtration. GE Company (formerly Zenon)
proposes the ZeeWeed® technology, because applied membranes are resistant to
oxidants and can be used for the treatment of underground waters with a high turbi-
dity and high content of iron and manganese (Table 6) [3]. Reactor, in which mem-
branes are immersed, is aerated, thereby maintaining the oxidizing environment and
prevents membrane fouling.

Table 6. Results of the removal of Fe and Mn by ZeeWeed® method
Tabela 6. Wyniki usuwania Fe i Mn metoda ZeeWeed®

Raw water Raw water Treated water
Fe, mg/l >10 <041

Mn, mg/I >5 <0.05
Turbidity, NTU 10-500 0.01

The removal of Mn by means of membrane filtration cannot be performed wi-
thout oxidation of dissolved Mn(II) ions to Mn(IV). Except from potassium perman-
ganate other strong oxidants are used, among which ozone, chlorine, chlorine dioxi-
de, sodium hypochlorite or catalytic bed covered with manganese compounds are
mentioned [16,24]. In the removal of manganese kinetics of oxidation of Mn(II) to
MnO, is crucial. The possibility of formation of other impurities or toxins is a serio-
us disadvantage caused by the application of mentioned oxidants in case of their im-
proper dosing.

Arsenic

Inorganic arsenic occurs in two oxidation degrees, as As(IIl) and As (V), and
lower oxidation dominates in groundwater and higher in surface waters. In the aqu-
atic environment, at pH close to neutral, As(III) occurs in the form of inert molecu-
les H,AsO, (pK = 9.2), and As(V) as ions H AsO,", HAsO,* and AsO,* (pK = 2.2;
6.8; 11.6), which concentration depends on pH. The form of As(V) ions has a direct
impact on the usefulness and effectiveness of removal methods. In order to decrease
arsenic content in drinking water RO and NF membranes as well as hybrid process
of coagulation-MF/UF are applied [3,22].
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Reverse osmosis is an effective technique for removing arsenic, which demon-
strated the tests carried out at the laboratory and pilot scale [3,17,22]. RO membranes
TFC-ULP (by Koch) [22] allowed to remove 99% of arsenic from groundwater (the
decrease from 60 pg/l to 0.9 ug/l), whereas DK2540F membranes (by Desal) retained
88-96% of the pollutant. The removal of As(III) is always lower (e.g. for membrane
DK2540F by Desal) than of As(V). During the study with ES-10 polyamide membra-
ne and polyvinyl alcohol NTR-729HF membrane, both by Nitto-Japan, the lower remo-
val of As (III) than As (V) in the pH range 3-10, was also observed. pH and content of
dissolved organic matter have a great influence on arsenic removal [19]. The removal
of arsenic(V) for ES-10 membrane was equal to 95% in the whole pH range, while for
NTR-729HF the degree of removal was 80% for pH=3 and 95% for pH range 5-10. The
retention coefficient of arsenic(IIl) was equal to 75% for ES-10 membrane in acidic
solution and it increased to 90% for pH equal ca.10, whereas for NTR-729HF membra-
ne the degree of removal was equal only to 20% [19]. The higher removal of arsenic(V)
(90%) was observed for waters of lower organic matter content, while in comparison to
higher NOM content it was equal to 80%. Also other laboratory and pilot research has
been performed onto arsenic removal using RO membranes [3,19,22]. Presented results
show a high retention of As(V) while low for As(III) at neutral reaction. This is confir-
med by the fact that oxidizing conditions for carrying out of the process are recom-
mended, and that the charge of the membrane surface and electrostatic repulsion play
a significant role in the mechanism for removing arsenic.

Nanofiltration membranes are also applied to As removal [3,17]. For NF-70
FilmTec membrane, 97% removal of As (V) was obtained, and for NF-45 membra-
ne it varied from 45 to 90% depending on initial concentration of the pollutant in
water [3]. In case of As (III), similarly as for RO, retention coefficients are much lo-
wer and decrease from 20% to 10% with the increase of the pollutant concentration
in water. It indicates that the mechanism of arsenic removal using NF membranes is
based on both, the sieving separation, and electrostatic repulsion between ions and
charged membrane. The degree of removal of As (V) with use of NF-45 membrane
significantly increases with the increase of pH [3], according to the difference in As
ion hydratation and, as a result, to the greater radius. The influence of pH in the ran-
ge from 4 to 8 on the retention coefficient of As (III) was not observed.

Microfiltration and ultrafiltration can be also used for arsenic removal from
water [3,13,22]. However, the size of pores of MF and UF membranes is not suffi-
cient for effective removal of dissolved and even colloidal chemical compounds. On
the other hand, negatively charged UF membrane can be directly used, in some ca-
ses, for As removal [3,22]. Other MF and UF membranes are used to remove only
some forms of arsenic from water, mainly by means of integrated systems with co-
agulation and flocculation [13]. In the article [22] the removal of As from water with
membranes of pore size 0.22 and 1.22 ym using ferric coagulants and polymeric ca-
tionic flocculants was described. The obtained results indicated that the effective-
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ness of As removal was greater for hybrid systems than for MF alone, according to
the adsorption of As on coagulation flocks and separation of those flock by MF
membrane. As a result, from the water of As content equal 40 pg/l, the water conta-
ining less than 2 ug/1 of As can be obtained. The removal of As (III) is less effective
than As (V) and often preliminary oxidation of As (III) to As (V) is required.

Heavy metals

Metals like: lead, mercury, selenium, iron, nickel. manganese, copper, cobalt,
cadmium, zinc, chromium and other are present in drinking water. Membrane techni-
ques like: reverse osmosis, nanofiltration, microfiltration and ultrafiltration enhanced
with surface-active compounds and polymers, electrodialysis as well as liquid mem-
branes are more often applied for the removal of heavy metals in the industrial scale.

Metal ions can be successfully removed from water solutions by means of re-
verse osmosis or nanofiltration (NF) as membranes applied in those processes are
able to retain dissolved salts of sizes not even greater then few nanometers [3]. In
NF monovalent ions are more preferably transported than multivalent ones. In many
cases RO and NF are an attractive alternative for traditional water and wastewater
treatment methods considering aspects of environmental protection and the econo-
my. If environmental protection is taken into account NF can be considered as an
effective process for removal of heavy metals from water under specified operating
conditions, what is shown by the results of the studies [1,20].

Membrane processes are very important for recovery of chromium [16,18]. RO
and NF allow to directly separate chromium compounds from treated solutions and
are applied in that field [16,18]. Polymeric and inorganic membranes can be applied for
removal of Cr(II) and Cr(VI). During RO and NF using Osmonics membranes the
retention coefficient of chromium(VI) ions amounted to 96 - 98% [4]. The retention of
chromium by means of NF mainly depends on pH and Cr concentration. Retention
coefficients of Cr increase with the increase of pH for higher chromium concentra-
tions. It is caused by transformations of hexavalent chromium ions with the change of
pH. In strongly acidic environment hexavalent chromium appears in the form of non-
dissociated chromic acid (H,CrO,). The increase of pH to 6.5 causes the formation of
hydrochromate ions (HCrO,), concentration of which increases with the further pH
increase. Under pH above 7 chromate ions (CrO,*) are formed of concentration, which
also depends on pH. Dichromate ions are also present in the solution and their concen-
tration depends on pH and chromium content in the feed. Usually, this ion is dominant
when the concentration of chromium is high and the pH is in the range 1-7 and its con-
centration can be decreased by the increase of pH [3.4,18].

Studies focused on the removal of Cu(II), Ni(I), Zn(II) and Pb(II) as well as
radioisotopes ('Cr, 12Sb, '»°Sb, “Ce) and lanthanides (**°La, "?Eu and '®Y) from
water by means of hybrid method of complexing with water-soluble polymers by
ultrafiltration are also carried out [5,31]. Polyvinyl alcohol (PVA MW = 50,000) and
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polyethyleneimine (PEI MW=30,000 - 40,000) as well as polyacrylic acid and so-
dium polyacrylate are used as complexing agents. High degrees of removal of metal
(85-99%) depended on ratio of metals ions content to polymer amount, pH of the so-
lution necessary for formation of stable complexes and operating ultrafiltration con-
ditions were obtained. This method was also successfully applied to remove Cr(VI)
from groundwater using such complexing agents as: hexadecylpyridinium chloride
or cationic polyelectrolyte (PEI).

CONCLUDING REMARKS

Membrane technology is widely accepted as a means of producing various qu-
alities of water from surface water, well water, brackish water and seawater. In the
treatment of water for drinking purposes first of all pressure-driven membrane tech-
niques are used. The choice of the suitable membrane process depends on the size of
the removed contaminants and admixtures from the water. Desalination of seawater
and brackish groundwater is often the way to obtaining drinking water. Significant
improvements in technology and design of RO, the availability of alternative energy
sources, the possibility of pretreatment and applied materials have caused the pro-
cess to become environmentally-friendly source of fresh water in many regions of
the world, particularly in those where their sources are limited. Nanofiltration and to
some extent RO are the methods of water softening, as well as to remove disinfection
by-products precursors and micro-pollutants. To remove inorganic micro-pollutants
(nitrate, fluoride ions, boron, arsenic as well as chromium and heavy metals), nano-
filtration, reverse osmosis, electrodialysis and Donnan dialysis, and ultrafiltration
enhanced with polymers and surfactants as well as membrane bioreactors, have been
successfully applied. Use microfiltration and ultrafiltration in the water purification
processes, meet essentially the latest regulations that dictate the need to more effec-
tively remove turbidity and colloids (e.g. Fe and Mn) in the treatment process based
on conventional filtration.

Scarcity of water, environmental requirements and the simple logic of reusing
water instead of discharging it are conditions, which call for increased use of mem-
brane technology in a multitude of applications.

Research project N N523 61 5839 financed by the Ministry of Science and Hi-
gher Education from the 20102013 budget.
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ZASTOSOWANIE TECHNIK MEMBRANOWYCH W USUWANIU ZANIECZYSZCZEN
NIEORGANICZNYCH ZE SRODOWISKA WODNEGO - STAN WIEDZY

Streszczenie. Wprowadzenie i rozwdj technik membranowych w produkcji wody do picia, w ostat-
nich 30. latach, jest uwazane jako znaczacy krok w dziedzinie skutecznoSci uzdatniania wody, po-
réwnywalny z wprowadzeniem filtréw piaskowych na poczatku 20. wieku. Szczegdlnag role odegraty
w tym zakresie wysoko- jak i niskoci$nieniowe procesy membranowe oraz elektrodializa. Odsalanie
wody morskiej i zasolonych wéd podziemnych jest czestym sposobem otrzymywania wody do picia.
Znaczne ulepszenia w technologii i projektowaniu procesu odwréconej osmozy, dostepno$¢ alterna-
tywnych Zrddet energii, mozliwoSci wstgpnego oczyszczania oraz stosowanych materiatéw spowo-
dowaty, ze proces stal si¢ przyjaznym ekologicznie Zrédtem wody stodkiej w wielu regionach §wia-
ta, szczegélnie w tych, gdzie ich Zrédta sg ograniczone. W latach 80. wzrosto zainteresowanie
nanofiltracja i w pewnym zakresie odwrécong osmozg jako metodami zmigkczania wody, natomiast
w latach 90. zaczeto je stosowac¢ do usuwania mikrozanieczyszczefi, w tym nieorganicznych. Do
usuwania jonéw azotanowych i fluorkowych, boru oraz metali (Fe, Mn i metale ci¢zkie) z powodze-
niem stosuje sie odwrdcong osmoze, nanofiltracje i elektrodialize, jak réwniez bioreaktory membra-
nowe oraz ultrafiltracje wspomagang koagulacjg i utlenieniem.

Stowa kluczowe: Procesy membranowe, usuwanie zwigzkow nieorganicznych, odsalanie i zmigkczanie
wody, usuwanie anionéw i metali.
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