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INORGANIC MICROPOLLUTANTS REMOVAL
BY MEANS OF MEMBRANE PROCESSES - STATE OF THE ART

USUWANIE MIKROZANIECZYSZCZE N NIEORGANICZNYCH
ZA POMOC A PROCESOW MEMBRANOWYCH - STAN WIEDZY

Abstract: A number of inorganic anions and metals, espectadlgvy metals, at certain conditions, have been
found in potentially harmful concentrations in numes water sources. The maximum permissible lexfelsese
compounds, in drinking water and wastewaters diggltato environment, set by the WHO and a number of
countries are very low (from pg/dnio a few mg/dri). Several common treatment technologies, which are
nowadays used for removal of inorganic contamin&ote natural water supplies, represent seriousoéggion
problems. Membrane processes such as reverse gsamsbinanofiltration, ultrafiltration and microfdtion in
integrated systems, Donnan dialysis and electryglfalas well as membrane bioreactors, if propeslgcsed,
offer the advantage of producing high quality dimikwater without inorganic substances as well asfipd
wastewater which can be drained off to natural nsterces.

Keywords: inorganic  micropollutants, pressure-driven membrarprocesses, membrane bioreactors,
electrodialysis and Donnan dialysis

Introduction

A number of inorganic compounds, including aniamigréte(V), chlorate(VIl), (V) and
(111, bromate(V), arsenates(lll) and (V), boratedafluoride) and heavy metals, have been
found at potentially harmful concentrations in matwater sources and wastewaters [1-6].
Some of these compounds are highly soluble in vatdrdissociate completely what results
in formation of ions that are chemically stablenatmal water conditions. The maximum
permissible levels of these compounds, in drinkiveger and wastewaters discharged to
environment, set by the WHO and a number of coemtare very low (in the range of
pg/dnt to a few mg/dr). Thus, the majority of them can be referred tocharged
micro-pollutants.

The pollution of the aquatic environment with metahd anions may be either natural
or anthropogenic origin. Several common treatmeahrologies, including coagulation -
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sedimentation - filtration, adsorption, chemicatgpitation, ion exchange, classical solvent
extraction, evaporation and biological methods,ciwrare nowadays used for removal of
inorganic contaminants from natural waters or waaters, represent serious exploitation
problems [1, 2, 4-6]. Increasingly, membrane preessare applied to remove inorganic
micropollutants from aquatic environment. Primariéverse osmosis (RO), nanofiltration
(NF), ultrafiltration (UF) and microfiltration (MF)n hybrid systems, Donnan dialysis (DD)
and electrodialysis (ED) as well as in combinatidth extraction (liquid membranes) and
bioreactors are used [1-6].

Pressure driven membrane processes
Removal of anionic micropollutants

The reverse osmosigrocess is highly efficient in direct removal abrganic anions
during drinking water production. Additionally iugrantees safe detoxification. However,
the complete desalination is undesired accordingpdssible corrosion problems and
remineralization requirements [7]. The water ofdmass below 50 mg/diis corrosive for
copper, iron, zinc and other metals [1-3]. As allte®ther processes suitable for selective
removal of toxic anions and moderate desalinatrendasiredNanofiltration (NF) fulfills
such requirements as it enables the selectiveidasahie the separation of polyvalent ions
from monovalent ions with the higher capacity ofeai for lower transmembrane pressures
in comparison with RO process. Asymmetric membranssd in NF have negative
electrical charge in neutral and alkaline solutiofisus, the separation of anions consists
not only of the difference in the rate of transptmough a membrane, but also in the
electrostatic repulsion between anions and membsarface charge, which is greater for
polyvalent ions than for monovalent anions [5]. Tharge of the surface of NF membranes
results not only of the presence of functional gopossessing electrical charge, but also of
the adsorption of anions from water. Hence, thegshaf membrane surface depends on the
concentration of anions in the solution [5] andiesrfrom negative values to zero in
isoelectric point of a membrane, up to positiveueal in acidic environment (usually
pH < 4), when the adsorption of cations takes pl@abe NF process is much more sensitive
to ionic strength and pH of raw water than RO, leettee selection of proper process
conditions is crucial for its application. Many dies considering the removal of toxic
anions from natural waters and purified wastewabgrsneans of RO and NF have been
performed and in significant part of them promisiagults were obtained [5].

The pollution of natural waters withitrates(V) is a result of application of nitrogen
fertilizers and disposal of municipal and indudtreolid and liquid wastes to the
environment [1, 2]. lon exchange, reverse osmosigctrodialysis and biological
denitrification are the most often used methodsttierremoval of the excessive amount of
nitrates [1, 2, 7]. Nitrates can have several agbrseffects upon human health among which
most notably are ethemoglobinemia, gastric cancgéman-Hoadgkin’s lymphoma [8].

The reverse osmosigprocess allows decreasing the amount o NiOdrinking water
to the level established in regulations (10 mg NJdiRO membranes characterised with
high values of the retention coefficient of inorlaralts. Thus, the required decrease of
NO;™ concentration in drinking water can be achievedntiying the permeate and raw
water [1, 7].
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Nitrates as monovalent ions are not totally rethibgnanofiltration , eg the retention
coefficient of NQ™ for NF-70 membrane (Dow/FilmTec) is equal to 76%jaki is lower
than one of RO membranes [9]. Nanofiltration carals® used as a first step in the NO
removal process in combination with RO or ion exg®[1, 7]. However, the presence of
sulphates decreases the retention coefficient of M@s during NF. At such conditions,
NF membranes practically do not eliminate ;NOevertheless they retain multivalent ions
(Ca and Mg) what has a positive effect on RO anceichange performance.

The relative purification costs of both processes @mparable with the costs of ion
exchange and electrodialysis, including costs gppasal of the concentrate.

Reverse osmosis and nanofiltration membranes usethé removal of nitrates from
water are twice as expensive as membranes appiieithel low-pressure membrane
processes Moreover, their application is much more energgsuming as they require
much higher pressure. Hence, alternative methodsisted of ultrafiltration membranes
(UF) and surfactants or polymers complexing nitriates are applied [7]. Complexes or
micelles containing nitrate ions can be next retadihy ultrafiltration membranes. In case of
application of UF membranes and at surfactant auragon below the critical
concentration of micelles formation the rate of osal of nitrate ions exceeds 79%
depending on type and dose of surfactant used [7].

Contamination of drinking water witbromates(V) (BrOg") is usually associated with
the formation of disinfection by-products duringooation of waters containing bromides
(Br). The concentration of BrOin natural waters varies between 15-200 pd/dvhile the
larger content appears in the groundwater. RemuivBrO;™ in NF process reaches up to
75-100% with the initial content of 285 pg/drwhile for RO process the average retention
coefficient of 97% is obtained [10]. Prados-Ramie¢al [11] observed the 77% removal of
BrO;™ and 63% of Brusing NF membrane for the treatment of river watiethe initial
concentration of Br@ amounted to 300 pug/dmit was found that the NF was more
economical in terms of cost, mainly as a resulbaker pressure applied. The disadvantages
of the discussed techniques include deep deionizati the permeate, which requires
remineralization and the formation of waste stréametentate (concentrate), which need to
be treated before discharge into the environment.

Due to the widespread use, high mobility in theuratwaters and low tendency to
degradationgchlorates(VII) constitute now a serious environmental problenis ktnainly
because of their toxicity and negative impact om development and functioning of the
human organism. Studies have shown that RO andaNme applied to remove C{Trom
aqueous solutions [2, 12]. For NF, Gl@etention amounts to 75-90%, while for RO it is
96% at the initial concentration of 100 mg Qi@ [1, 2]. High-pressure RO membranes
allow to remove even 99.9% of GJOons and for low pressure RO membranes retention
coefficient of CIQ™ is lower (95%) [13]. Hence, in some cases addititre@atment of the
permeate before its introduction to the water netwoay be required e.g. by means of ion
exchange, adsorption on activated carbon or irebictors [13]. In principle the RO can be
used as a stand-alone technology to remove chigkédtg during the production of drinking
water only at low CIQ concentrations. As RO and NF are not destructinecasses,
retentate contains chlorate(VIl) and other polltganvhich must be removed before its
discharge into the environment. In general, bialabireatment and evaporation are taken
into consideration [13].
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The appearance dfluorides (F7) in natural waters results of their presence in
lithosphere and anthropogenic industrial activifccording to WHO, the maximum
fluoride concentration in drinking water is estabéd at 1.5 mg/di5, 7]. Adsorption,
coagulation with sedimentation, ion exchange andnbmane processeée RO, NF and
electrodialysis are the main methods proposeddorities removal from water [1, 2].

The application ofreverse osmosigo fluorides removal is connected with partial
demineralization of water, what is the main disadage of the process [7]. RO membranes
for water desalination allow to remove 98-99% dfssavhat practically results in almost
total retention of fluorideseg below 0.03 mg/drhfor the initial content ranging of 1.3 to
1.8 mg/dr [14].

During the treatment of water which characteriseth waigh fluoride content, the
application ofnanofiltration is beneficial as the remineralization of perméateot always
required. The final concentration of iBns in permeate obtained for commercially avddab
NF membranedge NF90 and NF270 (FilmTec) and TR60 (Toray) washi tange of 0.05
to 4.0 mg/dm, depending on the initial concentration and memérgpe [15]. The results
obtained during similar studies confirmed the puity of drinking water production from
brackish water of high fluorides content with tree wf other commercial NF membranies,
NTR-7250, NTR-7450, F-70 (FilmTec), Desal-5-DL dbdsal 51-HL (Osmonics), MT-08
(PCl) and SR-1 (Koch) [16]. The analysis of retentiof monovalent ions for NF
membranes indicates that smaller ions (fluorides)ratained more efficiently than other
halogen ions dg chlorides). The difference in selectivity results the differences in
hydratation energy of particular ions as the higkaergy causes the better retention
(hydratation energy of Fequals 515 kJ/mol while for Tl 381 kJ/mol) [16]. It explains the
possibility of selective desalination of brackishtar containing Fusing NF and allows to
produce drinking water cheaper than when RO isiegpl

Besides RO and NF, membrane coagulation reactor(MCR) ie a combination of
coagulation and microfiltration (MF) can be used fbe removal of fluorides during
drinking water production [17]. In the reactor alaoom salt is used as the coagulant and its
hydroxide is the adsorbent. Sodium hydroxide camadded to provide hydroxide ions and
adjust the pH during coagulation and adsorptiordrdlysis [Eq. (1)], co-precipitation [Eq.
(2)] and adsorption [Eq. (3)] may occur when,{&0,); and NaOH are simultaneously
added into raw water. The primary fluorides remowachanism results of the low
solubility of Al(OH); and hard dissolution of the aluminum-fluoride cdemp Thus, they
are precipitated out of the solution or can be s#pd by the MF membrane.

Al** + 30H — AI(OH); | (1)
Al¥ + (3—x)OH + XF — Al(OH)3_Fy | (2)
Al(OH)3 + XF — AI(OH) 3 Fy | + XOH ()

Boron appears in the environment mainly in the form ofid acid (HBOs) and its
salts [7, 18]. At lower pH the hydration of boricich does not occur what causes its low
retention during membrane separation. The dissetifdrm of the contaminant is totally
hydrated and characterises with greater diametérnagative ion charge what results in
higher retention [18]. In the EU countries the pisgilble concentration of boron in drinking
water is established at 1.0 mgAiwhile for industrial wastewater disposed to seavids
10 mg/dnd [18]. Boron is removed from the environment maibjymeans of coagulation
and electro-coagulation, adsorption and ion exchamg well as membrane processes
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reverse osmosis, nanofiltration, electrodialysid @olymer enhanced ultrafiltration [1-3,
18]. However, only two of those methods are usdtiénindustryie reverse osmosis at high
pH conditions and ion exchange [18].

The removal of boron compounds from natural waltgrsneans ofeverse osmosiss
of special importance as any of the conventionatatieation methods (distillation,
electrodialysis) are capable to reduce boron contethe permissible level. The retention
of boron at low or neutral pH varies from 40 to §0hat is insufficient to obtain not only
the permissible level for drinking water, but also seawater desalination or water disposed
to the environment. On the other hand, high pH @secconditions lead to fouling and
scaling, which are mainly caused by the precigtatiof calcium and magnesium
compounds. Thus, the RO permeate is alkalized tog)19.5 and once more treated by RO
or ion exchange (Fig. 1) [7, 18]. The cost of boremoval via the two-step process is high
and usually multistep (3-4 steps) RO processesgpbed [7]. Hence,™ and & stage RO
membranes are operated at lower concentrationpasdure. Nowadays, studies focused
on the development and testing of novel RO memisrdinagt can be applied in one-step
process are carried out.

7'y » Brine
P
, NaOH
| 2nd stage
i@ permeate
-_’— _________
Raw water ! \

2nd stage RO

1st stage RO

Fig. 1. Two stage RO system for boron removal

Ultrafiltration and microfiltration can also be used for boron removal from water.
The interesting solution is the hybrid process ofpdon-membrane separation used in
boron removal from seawater or the permeate afi@water desalination with RO. Boron is
removed by ion exchange resieg Dowex XUS 43594 - Dow Chemicals, Diaion CRBO1 -
Mitsubishi or others) of very small grain size (@) and after the sorption the resin is
separated by means of microfiltration. The smatke sof grains of the resin allows to
effectively decreasing the boron content after 2utgs from 2 to 0.243-0.124 mg/gm
depending on ion exchanger dose (0.25 to 1.0 3/Hr8].

Other studies have been focused on the removabmibfrom water solutions using
ultrafiltration enhanced with polymers (PEUF), usuavith poly(vinyl alcohol) (PVA) or
other specially synthesized polymers [19]. The pssc consists of two stages: the
complexation of boron with a polymer and the sefi@maof complexes by capillary
ultrafiltration membrane [19]. However, the deceeaxf boron retention coefficient is
observed during the process (starting from vallesecto 1) as the number of active centers
of the chelating polymer decreases. The retentepedds also on pH, boron and polymer
concentration in the feed.

Inorganicarsenic occurs in water in anionic forms as As(lll) and(¥s and lower
oxidation stage dominates in groundwater and highesurface waters. At pH close to
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neutral, As(lll) occurs in the form of inert molées HAsSO; and As(V) as HAsOy,
HAsO,~ and AsQ™. The form of As(V) ions has a direct impact on t#i®ice and
effectiveness of the treatment method. In ordedéorease arsenic content in drinking
water, reverse osmosis and nanofiltration membraameswell as hybrid process of
coagulation-MF/UF are applied [1, 2, 20].

Reverse osmosisnembraneseg TFC-ULP (Koch) allow to remove 99% of arsenic
from groundwater (the decrease from 60 to 0.9 ud)dwhereas DK2540F membranes
(Desal) retain 88-96% of the pollutant [21]. Thenowal of As(lll) is always lower than
As(V), and the oxidizing conditions during the pees are recommended [20]. pH and the
content of dissolved organic matter have a grefatance on arsenic removal. The rate of
As(V) removal at pH = 3 reaches 80%, while it cam Up to 95% at pH range 5-10
(NTR-729HF membrane). The higher removal of arggf)i¢90%) is observed for waters
with lower organic matter content, while in compgan to higher organics concentration it
is equal to 80% [19]. Number of other laboratory guilot research on arsenic removal
using reverse osmosis membranes have also beemmed |1, 2].

Nanofiltration membranes can be also applied to As removal. Fe7 ™ FilmTec
membrane, 97% removal of As(V) is obtained, and\fBr45 membrane, it varies from 45
to 90%, depending on initial concentration of th@lygant in water [22]. In the case of
As(lll), similarly as for RO, retention coefficientare much lower and decrease from 20%
to 10% with the increase of the pollutant conceigrain water. The rate of removal of
As(V) with the use of NF-45 membrane significaritigreases with the increase of pH [22],
according to the difference in As ion hydrationeTihfluence of pH in the range of 4 to 8
on the retention coefficient of As(lll) is not olbged. It indicates that the mechanism of
arsenic removal using NF membranes is based on, libth sieving separation and
electrostatic repulsion between ions and chargedbrene surface.

Microfiltration and ultrafiltration can be also used for arsenic removal from water,
but mainly by means of integrated systems with atzimpn [19, 23]. For example from the
water of As content equal 40 ug/dthe water containing less than 2 pgldsfiAs can be
obtained using ferric coagulants and membrane®ia pize 0.22 and 1.22 um [19]. In the
integrated process, the As removal is caused badkerption of As on coagulation flocks
and separation of those flocks by MF membraneubh s case the removal of As(lll) is
also less effective than that of As(V) and ofteelipminary oxidation of As(lIl) to As(V) is
required.

Chromium(VI) compounds are soluble in water and at pH 1-6 tippear as HCrQ
and CpO;* ions, while at pH > 6 - CrgJ ions are formed. These compounds are highly
toxic to living organisms, so their permissible centration in drinking water amounts to
0.05 mg/dm, including 3 pg/drhfor Cr(VI). Studies carried out on Cr(VI) removiabm
water involved reverse osmosis using Osmonics mandasr Sepa-S type and membranes
made of cellulose acetate (CA) [2, 7, 24]. It waarid that the CA membranes retained
96% of Cr(VI) ions, while Osmonics membranes 80-9&#épending on the membrane
compactness.

It seems thahanofiltration is a better solution for the removal of Cr(VI) ffnovater.

In this case, retention coefficient increases with increase, but the effect is more
pronounced for membranes with lower separationagpgrom 47 to 94.5% for Osmonics
membranes) compared to more compact membranes @ro 99.7% for Osmonics
membranes) [25]. The dependence of the retentiefficient on the concentration of Cr in
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feed was also observed for NF membranes [25],Heutange of the effect also depended on
pH. In an acidic solution at higher concentratioh€r in feed, higher retention was found,
while at pH 6.5-11 the nature of this relationshigs the opposite, i.e. lower retention was
obtained for higher concentrations of Cr. This ipatar phenomenon, with general
importance, is due to the fact that the Cr(VI) ademits ionic form with the change of pH.
In the highly acidic environment, Cr(VI) occursthe form of no dissociated chromic acid
(H.CrQ,) and when pH is changed to 6.5, HGr@ns are formed, the concentration of
which increases with the parameter increase. Ruitiveeasing of pH above 7 causes the
formation of CrQ* ions, the concentration of which also depends Hn¢r2072‘ ions are
also present in the solution and their concentnatiepends on the initial concentration of
the contaminant in the feed and pH. This ion isallgidominant at high concentrations of
Cr and in strongly acidic environment (pH 1-7) litist concentration decreases with pH
increase [1, 2, 25].

Removal of heavy metals

Heavy metalsare one of the most dangerous impurities presenaiural waters and
wastewaters. As natural waters are the main safrdenking water it is also possible that
they will appear in it. If the daily, monthly or aumal consumption of water is considered,
the danger resulted of the presence of heavy mietalater is quite significant. Metals like
lead, mercury, selenium, iron, nickel, manganespper, cobalt, cadmium, zinc, chromium
and other are present in drinking water. The pedilvis concentration only for part of them
is established in Polish regulations on tap wdecept of iron, manganese and aluminum
the permissible concentrations of following metaie specified: antimony - 0.005 mg/im
arsenic - 0.010 mg/din chromium - 0.050 mg/din cadmium - 0.05 mg/di nickel -
0.020 mg/dm, copper - 2.0 mg/din lead - 0.025 mg/di mercury - 0.001 mg/din
selenium - 0.010 mg/dirand silver - 0.010 mg/dhj2]. Conventional methods such as
precipitation, extraction or ion exchange have msimgrtcomings, especially with respect
to processing of large volumes of water containiogy concentration metal ions.
Nowadays, these contaminants are most frequentlgigitated as hydrated metal oxides,
hydroxides or sulphides with the use of flocculat@ coagulation. One of major problems
pertaining to the precipitation process involves farmation of substantial quantities of
sludge containing metals [26]. Very often the caricion of metal ions in the filtrate after
the final filtration process is still above the ébwf several mg/dfh Membrane techniques
like reverse osmosis, nanofiltration, ultrafiltatiand electrodialysis are more often applied
to remove of heavy metals from water solutionshmindustrial scale.

Metal ions can be successfully removed from watdutions by means ofeverse
osmosisor nanofiltration as membranes applied in those processes are @blketain
dissolved salts of particle sizes not even gretham few nanometers what have been shown
in number of studies [27-29].

A series of investigations were conducted on thmoral of heavy metals from
aqueous solutions using reverse osmosis technolegy.example, Bakalar et al [27]
presented the results of the removal of coppekehiand zinc using composite polyamide
membrane TW30-1812-50 (Dow Filmtec). They deterchieffect of the accompanying
anions (co-ions), the concentration of cations taadsmembrane pressure on the separation
efficiency. In turn Qdais and Moussa [28] in theiork tested removal of Gliand Cd"
ions by means of reverse osmosis and nanofiltrafitie results showed that the removal
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efficiency of individual heavy metals by RO washi@nd amounted to 98% for copper and
99% for cadmium, while for NF it was above 90%.the case of a solution containing
simultaneously both metals, RO membranes reducedceotration of ions from
500 mg/dm to about 3 mg/di(removal rate 99.4%), while the rejection efficigrof NF
amounted to average 97%. Nanofiltration (NF) isr@psing technology for the rejection
of heavy metal ions such as nickel, chromium(ldiad copper from wastewater [30]. NF
process benefits from ease of operation, religbiiind comparatively low energy
consumption as well as high efficiency of pollutaamoval [30]. In recent years, Murthy
and Chaudhari [31, 32] devoted a lot in the remosfalheavy metal ions using NF
membrane. They reported the application of a tiin-fomposite polyamide NF membrane
for the rejection of nickel ions from aqueous wastier [31, 32]. The maximum observed
rejection of nickel is found to be 98% and 92% dor initial feed concentration of 5 and
250 mg/dm, respectively. And they investigated the binargemetals (cadmium and
nickel) separation capability of a commercial NFnmbeane from aqueous solutions [31,
32]. The maximum observed solute rejection of Hicked cadmium ions is 98.94% and
82.69%, respectively, for an initial feed concetidraof 5 mg/dm.

These studies showed that NF is also an approfédelmique to remove heavy metals
from wastewater to a level acceptable by environtaleagulations. In addition, as in RO, it
was possible to reuse permeate for rinsing pur@ogk recycle the retentate containing
heavy metals. Retention of the cations in the m®rongly depends on the energy of
hydration, type and valence of co-ions passinguiinoNF membrane as well as the applied
pressure and pH. For example, the retention &f @od Cd" ions is greater for the higher
co-ions valence and higher cation hydration eng28y. The obtained retention coefficients
of copper and cadmium sulphates are close to 10@#pendently of pressure. In the case
of chlorides and nitrates, the retention ratesease with pressure to specific values which
depends on the nature of the co-ions. Heavy me&émntion during NF also strongly
depends on the pH. In a highly acidic environmeégh ftoncentration of hydrogen ion in
solution causes gradually neutralization of theatigg active centers on the membrane
surface, so the impact of membrane charge on thiensaand anions retention is
significantly reduced. At such conditions, nitraedad chloride ions easily pass through
a membrane and in order to maintain an electrostatiance of the solution through the
membrane protons also penetrate it. Therefore, eroppd cadmium ions are retained in
retentate. Cti and Nf* ions were successfully removed by the RO procedste rejection
efficiency of the two ions increased up to 99.5%ubing NaEDTA [30].

The application of reverse osmosis to the remoféleavy metals from solutions can
be presented on the example of wastewaters tretifroemthe electroplating industry. The
wastewater consists mainly of effluent from produatashing processes after the
electroplating coating and used electroplating faftne concentration of metal ions in such
the wastewater ranges of 0.025 to 1 mg/da6]. Most frequently the electroplating
effluents contains Cr, Cu, Cd, Zn, Ni, Pb and Agsioand since the metal coating
technologies are based to a great extent on cyaoidéons, the presence of toxic cyanide
anion is also important. The reverse osmosis psoalgws to recover water of very high
purity level which in many cases can be directljumeed to the technological process
without additional treatment, The concentrated tdmhu(retentate) may be reused to fill up
the electroplating bath [26]. In Figure 2 a typid&igram of the installation operating in the
closed cycle applied to such a process is pres¢p&d
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Fig. 2. The diagram of the electroplating procéss integrated with reverse osmosis

Since the pore sizes of UF membranes are largardisaolved metal ions in the form
of hydrated ions or as low molecular weight compkexthese ions would pass easily
through UF membranes. To obtain high removal efficy of metal ions, theolymer
enhanced ultrafiltration (PEUF) andmicellar enhanced ultrafiltration (MEUF) was
proposed [2, 30].

The ultrafiltration enhanced with polyme(PEUF) combines UF with metal
complexation using water-soluble polymers. The feilncomplexes have sufficiently large
size to be retained by UF membrane. The permeatepsved of metal ions and retentate
can be undergone regeneration in order to recootr, ibhe metal and polymer [33, 34].
After that, retentate can be treated in order tmver metallic ions and to reuse polymeric
agent. The main concern of the previous PEUF studigs to find suitable polymers to
achieve complexatiowith metal ions. Complexing agents such as polyacacid (PAA),
polyethyleneimine (PEI), diethylaminoethyl cellibo@nd humic acid, etc., have been
proven to achieve selective separation and recowériieavy metals with low energy
requirements [30]The main parameters affecting PEUF are metal amgingo type, the
ratio of metal to polymer, pH and existence of otetal ions in the solution.

The process was applied for deactivation of radieadiquid waste containing metal
ions,ie cesium, cobalt, strontium, antimony and technetsmiopes, the major components
of the radioactive wastewater and for the separatibthe lanthanides*{La, **€u and
%) [35]. A significant reduction in permeate raditigity was observed.

Mauvrov et al [36] carried out investigations of tteeoval of Cu(ll), Ni(ll) and Co(ll)
ions from synthetic aqueous solutions with initiaétals concentration of 10Dmol/dn?
using the hybrid PEUF method with polyacrylonitnfeembranes (UF-25-PAN) (cut-off of
25 kDa). Polyvinyl alcohol (PVA) (50,000 Da) and hmthyleneimine (PEI)
(30,000-40,000 Da) were used as complexing agdntaias shown that the optimal
concentration of PEI was 2-6 times higher in corigoar with stoichiometric concentration
and retention rates of formed complexes rangediwB-99%. The highest retention rate
was obtained for PVA complexes (97-99%), at théoraf metals concentration to the
polymer concentration ranged of 1: 4 to 1: 8 [36].
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Molinari et al [37] used PEI as a polymer to stutlg complexation-ultrafiltration
process in the selective removal of Cu(ll) from INi(contained in aqueous media.
Preliminary tests showed that optimal chemical @tk for Cu(ll) and Ni(ll)
complexation by the PEI were pH > 6.0 and 8.0, eepely, and polymer/metal weight
ratio of 3.0 and 6.0, respectively. Aroua et al][B&estigated the removal of chromium
species from aqueous dilute solutions using PEWEgss by three water-soluble polymers,
namely chitosan, PEIl and pectin. High rejectionpraaching 100% for Cr(lll) were
obtained at pH higher than 7 for the three testdgnpers.

Korus et al [33, 39] conducted studies on the reaho¥ heavy metals (Ni, Cu, Zn)
from synthetic and galvanic wastewater with the ligpon of the hybrid
complexation-ultrafiltration process. Polyvinyl alwl (50,000 Da), polyethylimine
(30,000-40,000 Da), polyacrylic acid and sodiumypotylate as complexing agents and
polysulphone and polyamide membranes were used.efflidiency reached 85-97% for
polyamide membrane depending on the polymer tartéel ratio, the pH and the kind of
metal. The high removal efficiency of zinc and mitkons (97-99%) was obtained for
polysulphone membrane. The decomplexing procedsemhthe recovery of metal from the
concentrated solution to the extent suitable ferduse. Sodium poly(styrene sulphonate),
a water-soluble anionic polymer with strong catexthange groups was used as
a complexing agent for lead ions complexing [39jehigh rate of metal removal (85-99%)
depended on ratio of metals to polymer, pH of thkiteon and operating ultrafiltration
conditions were obtained for polysulphone membréneas possible to obtain the retentate
with a concentration of Pb 20-times higher thandtwecentration of the feed solution which
contained 50 mg Pb/dm5-fold the excess of polymer in relation to medal well as
at pH = 6 and at pressure of 0.1 MPa were the maiacess parameters.
Decomplexation-ultrafiltration process involved &kang of polymer-metal bond and
allowed to recover 85% of metal, while the diaditton conducted with sufficient volume of
water enabled 5-15 fold reduction of the conceianadf metal-remaining in retentate, so
the recovery and the reuse the polymer were p@ssibl

The advantages of PEUF include high removal efficje high binding selectivity and
highly concentrated metal concentrates for reetse[30]. There are a lot of publications in
this topic, but it has not spread wide in the induget.

MEUF has been proven to be an effective separa¢icinnique to remove metal ions
from wastewater. This separation technique is bamedhe addition of surfactants to
wastewater. When the concentration of surfactamt@agueous solutions is beyond the
critical micelle concentration (CMC), the surfadtamlecules will aggregate into micelles
that can bind metal ions to form large metal-sudacstructures. The micelles containing
metal ions can be retained by a UF membrane with pizes smaller than micelle sizes,
whereas the untrapped species readily pass thitbeddF membrane. To obtain the highest
retentions, surfactants of electric charge oppdsitthat of the ions to be removed have to
be used. Sodium dodecyl sulphate (SDS), an anmunifactant, is often selected for the
effective removal of heavy metal ions in MEUF. Metamoval efficiency by MEUF
depends on the characteristics and concentratfaihe anetals and surfactants, solution pH,
ionic strength, and parameters related to membogregation [30].The retentate is the
concentrated solution of surfactants and heavy Imetdained by membrane. Since the
surfactant may account for a large portion of ofyegacosts, it is essential to recover and
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reuse the surfactant as economically as feasibid.ifAthe surfactant and heavy metals are
not disposed, they will cause secondary pollutRoy.[

Landaburu-Aguirre et al [40] investigated the realowf zinc from synthetic
wastewater by MEUF using SDS. They found that t&jaccoefficients up to 99% were
achieved when the surfactant to metal molar r&id1j was above 5. Sampera et al [41]
used MEUF to remove GY Cu¥*, Ni**, PF* and ZA" from synthetic water using two
anionic surfactants: SDS and linear alkylbenzetghsmate (LAS) in a lab-scale membrane
system. The molar concentration ratio of the stiafaicto metal is higher than 5 in all the
experiments. When the initial SDS concentration Wwakw the CMC, metal retention
higher than 90% was unexpectedly obtained, exa@piF*. Moreover, it was shown that
complete removal of metal ions, except fof Neould be achieved at an SDS concentration
below CMC. Li et al [42] tested chelation followbg UF and acidification followed by UF
for the separation of G or Zrf* from SDS micelles in simulated retentate solutidn
MEUF and the reuse of SDS. In the method usingatingl agents, EDTA at pH 4.4 was
the best for separating heavy metal ions (90.1%Cif, 87.1% for ZA") and recovering
SDS (65.5% for Cd, 68.5% for ZA"). With the reclaimed SDS in MEUF, the removal
efficiencies of heavy metal ions were 90.3% fof'C89.6% for ZA". In the method using
acid agents, pBO, at pH 1.0 was the best for separating heavy nital (98.0% for CH,
96.1% for ZA") and recovering SDS (58.1% for €£d54.3% for ZA"). The efficiencies of
reclaimed SDS were 88.1% for removing“Caind 87.8% for removing Zhin MEUF.

The performance of a membrane system based on fittietion (MF) and reverse
osmosis/nanofiltration (RO/NF) has been examinetth wéference to the removal of trace
metals from classically-treated municipal wastewatad associated costs determined [43].
Metals fate was assessed both at full and pilokesddetals rejection was found to be
94.5-99% on average; permeate metal concentratierss between 0.01 and Qu@/dn? for
Cu and Ni and 0.7-5.jtg/dnT for Zn, and largely unaffected both by feed comeeion and
membrane type [43]. The operational expenditureE¥)Rvas calculated from information
from the full-scale plant, primarily comprised egerdemand (47%) and membrane
replacement (37%) and was largely independent aritdize for flow rates from 1 to 100
megalitres per day (MLD). Results confirmed the rbeane-based process to reliably
remove metals down to levels below/dn?, but only at a cost (~0.18 eurc/i®PEX)
which makes the process untenable for this dutjuskely. Moreover, a further cost would
be incurred from the management of the concenstitam. However, the reliably high
levels of removal permit possibility of employingddRor NF technology for treating only
a fraction of the wastewater and blending with timtreated stream, depending on the
required discharged wastewater quality.

This work investigated the removal of metals fromstewater using a combined
Membrane Bioreactor-Reverse Osmosis (MBR-RO) sy$#dh The concentrate produced
by the RO system was treated by a fixed bed colpawked with zeolite. The average metal
removal accomplished by the MBR treating municipastewater was Cu (90%), Fe (85%),
Mn (82%), Cr (80%), Zn (75%), Pb (73%), Ni (67%)gN61%), Ca (57%), Na (30%) and
K (21%), with trivalent and divalent metals beingonm effectively removed than
monovalent ones [44]. The metal removal achievethbyMBR system treating wastewater
spiked with Cu, Pb, Ni and Zn (4-12 mgRiofi each metal) was Pb (96%) > Cu (85%) > Zn
(78%) > Ni (48%). The combined MBR-RO system enkanenetal removal from
municipal wastewater to the levels of >90.9 - >98,.&vhile for wastewater spiked with
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heavy metals the removal efficiencies were > 98.Bked bed column packed with zeolite
was effective for the removal of Cu, Pb and Zn frin& RO concentrate, while Ni removal
was satisfactory only at the initial stages of amuoperation. The presence of heavy metals
increased inorganic fouling.

lon exchange membrane processes

Donnan dialysis (DD) is a process that uses an ion exchange membndthout
applying an external electric potential differeram¥oss the membrane [5, 45]. For anions
removal anion exchange while for cations removaionaexchange membranes are used
(Fig. 3). Membrane separates two solutidesraw solution and stripping solution
(concentrate) which differ in both, composition armhcentration. The type of operation as
Donnan dialysis requires an addition of so-calletimg counter-ion to the stripping
solution (usually NaCl solution of concentrationOof to 1 M is used), which is transported
in an opposite direction than the target anionation in order to maintain electroneutrality
(Fig. 3) [45]. The ions, which are permeable to tembrane, equilibrate between the two
solutions until the Donnan equilibrium is obtain&ihce not the concentration differences
but its ratios determine the Donnan equilibrium,nBan dialysis allows to transport the
charged micropollutants against their concentragi@dients, what is important for drinking
water supplies, as they usually contain only trao®unts of polluting ions. Due to its
properties, Donnan dialysis has received attentiothe removal of inorganic ions from
drinking water, especially nitrates(V) and fluosdand some cations [5].

Anion exchange Cation exchange
membrane membrane
Cr Na*

A- Kn+

A SC* SC*

Na" Na" -
Raw water Stripping solution Raw water Stripping solution
water+NaA Np. NaC solutior water+CaSQ Np. NaC solutior

Fig. 3. The scheme of Donnan dialysis process target anion, K - target cation)

Since in Donnan dialysis the mechanism of ion farsis governed solely by
the Donnan equilibrium principle, the achieved iflnxes may be low for certain
applications.

Electrodialysis (ED) is another membrane process for the separatidons across
charged membranes from one solution to anothegusirelectric field as the driving force
ED has also proven a promising method in heavy Insatd toxic anions removal from
wastewater treatment. In electrodialysis, the fartsof ions is accelerated due to an
externally applied electric potential differencehat allows obtaining higher anion fluxes
than those in DD. In this process, anion exchangk @ation exchange membranes are
applied alternately, what allows to obtain the Sohs of varying concentration (diluate and
concentrate) [2, 5]. The ED systems are usuallyaipd in the so-called electrodialysis
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reversal mode (EDR) to prevent membrane fouling scaling. The suitability of ED
depends strongly on the ionic composition of coiated water. Thus, the process appears
to be less applicable to waters of very low salirfitonductivity less than 0.5 mS), for
which DD can be a better solution. In cases whemnwlecular weight non-charged
compounds besides ions removal is necessary, peedsguen membrane processes may be
preferable. Successful applications of ED and EB¢ude removal of various aniorej
nitrates(V),bromates(V)chlorates(VIl), arsenic(V), boron and fluoridesveall as various
heavy metals [2, 5]. The brine discharge or treatrmemains important for all of these
separation processes. Since most known toxic ami@nmonovalent, the use of monovalent
anion permselective exchange membranes is espegitthctive [5].

The use of a monovalent anion permselective memebiarED process was proved
successful in a full-scale ED plant located in Aiastwhich was designed to remove
nitrates(V) from groundwater [2, 5]. The NOconcentration in the raw water was
120 mg NQdm® and the removal efficiency (66%) was adjusted Itaim a product
concentration of 40 mg N@In? at the desalination rate ca. 25%.

ED and EDR are also proposed to rembx@mates from water [2, 3, 46]. Studies on
ED with anion exchange membrane (Neosepta AMX)ltedin BrO;” removal efficiencies
of 86-87% and with the use of monoanionselectivenbranes (Neosepta ACS) even up to
99%, at a current density of 20 AInThe removal rates of other anions were from 80%
(HCGOs) to 93% (NQ) [46]. This means that the ED of water with idit@ncentration of
BrO; of 100 pg/dm allow to decrease their final concentration toragpnately 1 pg/dr
which is significantly below the limit value of thérinking water (for Br@ 10 pg/dn).
The increase in power density for ED with standambn exchange membrane results in an
increase in the anions transport rate by 36%.

Investigations were also carried out cmorate(VII) ions removal by ED and EDR,
also at high concentrations of silica (approximagf mg/dni). Regardless of the presence
SiO, and its concentration, the water recovery in tiRHEnstallations was not affected.
Pilot studies have shown that the removal of Cl@aried in the range of 70% to 97%
depending on the initial concentration of the an@md the number of steps in the
configuration of EDR system [13]. During removal ofilorate(VIl) ions using EDR
method, retention coefficients of other anions wsthilar valence dg nitrate) are also
important.

ED can be applied tihuorides removal from water that contains significant antoafn
this contaminant. The removal rate ofi§ very often higher than that obtained for RO and
it increases with the increase of electrical patrdifference, temperature and flow rate
[2, 5]. In order to minimize the precipitation oélts of bivalent ions (sulphates and
carbonates) in the concentrate chambers, prelisniranoval of bivalent ions is proposed
using two-step ED with the application of varioudD Emnembranes in each step
or by chemical methods followed by conventional EI). The content of fluorides is
generally decreased from 3.0 to 0.63 mg/dion the first configuration and to 0.81 mg/&im
for the second one, what allows obtaining watemoinicipal quality. The first method
is preferably used according to its simplicity agldnination of other chemicals addition
step.

Electrodialytic removal oboron from water and wastewater, similarly to RO, also
requires high pH value, as boric ions are tranggbthrough anion exchange membrane
[13, 47]. The main advantage of ED in comparisoR® is the smaller sensitivity of ion
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exchange membranes to pH and fouling. High pH whlso prevent the precipitation of
Mg(OH), and CaC@ However, even for such a high pH (9-10) chlorides preferably
transported and sulphates are removed in a sireigent as boron [13, 47]. The low
mobility of boric ions, in comparison with others,the main disadvantage of ED as boron
can be transported only after significant decrezsether salt contents in diluate [47]. In
order to omit high demineralization of the diluatepnopolar membrane at alkali process
conditions (pH = 9-10) should be applied [13].

The studies orarsenic removal from water by ED have shown that it isgilole to
remove As with the efficiency exceeding 80% forWsand 50% for As(lll) [48], with the
water recovery of 85%. In other studies with EDRoacentration of arsenic in eluate was
decreased to 0.003 mg/dmhile its initial level was 0.021 mg/dirwhat corresponded to
the retention coefficient of 86% [3].

Nataraj et al [49] performed a new working systamirtvestigate the removal of
hexavalentchromium ions using a built ED pilot plant comprising a sétion-exchange
membranes. Exploration of a new working systermt@stigate the removal of chromium
ions in its hexavalent oxidation state singly imwection with different parameters and
associated moieties in feed mixtures was perfornisthg an indigenously built
electrodialysis (ED) pilot plant comprising a sétian-exchange membranes. In order to
check the efficacy of ED unit, parameters like @&aplpotential, pH, initial chromium
concentration of diluate and flow rates were vari@ignificant results were obtained with
lower initial concentrations of less than 10 mgldResults were satisfactory in meeting the
maximum contaminate level (MCL) of 0.1 mg/dirfor chromium. Effect of working
parameters on energy consumption was investigagdg uion-exchange membranes.
Results of this study are useful for designing eperating different capacities of ED plants
for recovering different ions. The ED plant used this research was found to be
satisfactory to produce good quality drinking wdtem the simulated mixture by removing
the unwanted ions.

Lambert et al [50] studied the separation of Cy(ftbm sodium ion by ED using
modified cation-exchange membranes. Trivalent ciwonCr(lll) in wastewaters produced
by leather tanning processes must be treated belisoharge in the environment. The
membrane modification consists of a polyethylengnilayer electrodeposited on the
membrane surface. This layer is positively charigedcidic media and repels multivalent
ions while monovalent ions cross the membrane.rbdified membrane in this study was
a Nafior’ 324 membrane. The transfer of chromium, sodiutiejwa, magnesium, chloride
and sulphate ions from a mixture was investigaldte pH must be regulated in order to
avoid chromium hydroxide precipitation in the dduthamber. The behaviour of sulphate
chloride system is unusual for the AMX membranesdtgtion of PEI on the membrane
surface is assumed to explain this behaviour. TNeradl current efficiency was close to
96-98% for cations and anions.

Mohammadi et al [51] investigated the effect of mieg parameters on Pb
separation from wastewater using ED. Lead remokahfwastewater is an important
problem in battery industries. The separation pecey means of electrodialysis (ED)
shows several advantages such as highly seleatisalidation, high water recovery, only
a partial addition of chemicals and the possibildl a stop-and-go operation. The
performance of an ED plant is determined by a §&ked and variable process parameters
such as stack construction, feed and product ctratEms, membrane permselectivity,
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flow velocities, current density, recovery ratet. é-or an efficient operation of ED, the
process has to be optimized in terms of overaltscosnsidering component design and
properties as well as all operating parameters. réalts showed that increasing voltage
and temperature improved cell performance; howeher separation percentage decreased
with an increasing flow rate using two types of coencial membranes on lead removal
were studied. Experiments were carried out on theeels of concentration: 100, 500 and
1000 mg/dr; temperature: 25, 40 and 60°C; voltage: 10, 2030W; flow rate: 0.07, 0.7
and 1.2 crifs using laboratory ED cell. The results show timareasing voltage and
temperature improved cell performance; however séparation percentage decreased with
an increasing flow rate. At concentrations of maman 500 mg/dh dependence of
separation percentage on concentration diminiskisihg membranes with higher ion-
exchange capacity resulted in better cell perfoaaan

ED is particularly useful and very often applied tteat washery effluents and
wastewatersfrom electroplating plants [26]. The diagram dftadlation is similar to Figure
2, but instead of RO, ED is applied. The retentatéch is a concentrated solution of metal
ions, is used for filling up the electroplating Inatvhereas the dialysate is returned to the
washing installation. Hence, practically the whaqlgantity of water and salts present in
washery effluents can be utilized [26]. Recenthg application of ED for the recovery of
metals for electroplating with such metals as Ay,M, Ag, Pd, Cd, Zn and Sn/Pb from
diluted electroplating wastewaters has been gaiaitgntion [26]. The solution of metal salt
can be concentrated to the level that correspondshé components content in the
electroplating batheg for Ni from 1 to 60 g/dm[26], which is much greater than with the
application of RO. The principal disadvantage of EBE® the inability to remove
simultaneously the non-ionic substanceg ¢rganic compounds) from the dilute stream,
what can be done with the use of reverse osmobis effectiveness of electrodialysis (ED)
for (a) the separation of Cu and Fe and (b) wateovery from solutions analogous to those
found in copper electrowinning operations, has bstmlied by Cifuentes et al [52].
A five-compartment ED cell with recirculation ofetelectrolytes and a synthetic solution,
similar to a copper electrowinning electrolyte, v@ised. The experimental variables were:
applied current density, recirculation flow ratedaiime of operation. lon removal rates
from the working solution increased with cell cuntrelensity and solution flowrate. They
found that ED proved very effective in the remooBCu and Fe from the working solution,
which means that water, can be recovered from thlestrolytes.

Electrochemical separation techniques are becondng alternative method of
chromium removal from water environment. This toxic metapresent in various streams
produced by number of industrial processes, whish eontain other substances (mainly
metals), that should be separated from the chromiiimerefore, electrochemical
technology is more flexible than other membranéniéques and is applied to recovery
chromic acid(VI) from the bath coating metal pgtésge concentration of chromium) or as
a method of disposal and recovery of chromium freastewater coming from washing of
these elements. In most cases, among others ininglaindustry, so-called
three-compartment electro-electrodialysis (EEDapplied. It is based on the electrolysis
reactions running on electrodes and the electrgglgaprocess [53] (Fig. 4).
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Fig. 4. Principles of three-compartment electratialysis (EED) for chromic acid recovery (AEM -
anion exchange membrane, CEM - cation exchange nae@p

It can simultaneously manage three different tasksioval of impurities, chromic acid
recovery and purification of rinse water. Treateduson feeds center chamber of the
device, which is separated from the anolite charblyethe anion exchange membrane and
from the catolite chamber by the cation exchangmionane [53]. The anolite chamber is
supplied with water, while the catolite chambertwstlphuric acid. Cr(VI) ions migrate to
the anolite, where they form the chromic acid(Vithwprotons formed on the anode. In
turn, metal cations permeate to catolite chambédrerev sulphuric acid neutralizes the
hydroxide ions formed on the cathode, so in thigt p& the device the soluble metal
sulphates(VI) are formed. Both the electrodialyD) and electrodeionization (EDI)
processes can be applied for the removal and sepaiE metal ions and their mixtures,
includingchromium. In the ED, the electrical resistance in dialysdtambers increases in
time, as the ions are removed from the dilutedtemiuto the concentrate chamber, what
causes higher energy consumption and decreasefitiency of the process. One of the
solution to this problem is EDI process, in whible dilute solution chamber is filled with
an ion exchange resin [2]. The applied voltage owps the migration of ions to the
respective electrodes and thus to concentratednstamd causes water dissociation info H
and OH ions, which regenerate the ion exchange resinarblo et al [54] in his work
assessed the feasibility of EDI and ED continuouscgsses for the removal of
chromium(VI) from synthetic solutions at pH = 5. HDI installation consisted of
electrodes and two acrylic separation plates betwdgch anion-exchange membrane by
Neosepta was placed (Fig. 5) [54]. Two cation-ergeamembranes, by the same producer,
separated the electrodes from the separation platékis way two chambers with diluate
and concentrated solution were formed. Synthetisteveater containing 100 mg/drof
Cr(VI) was treated. During the EDI process, chamigiéh diluted solution was filled with
mixed ion exchange resin. In the ED process theovaimof Cr amounted to 98% during
6.25 h at energy consumption amounted to approrimat2 kWh/ni andat the maximum
limited current (|,) of 85%. In the EDI process with the use of mixed at the same,],
99.8% removal of Cr(VI) was reached within 1.3 hefgy consumption 0.167 kWhim
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g. 5. The diagram of the apparatus for electigsis/electrodeionization processes (AEM - anion
exchange membrane, CEM - cation exchange membrane)

Membrane bioreactors

The main disadvantage of pressure-driven membrameegses and electrodialysis is
the production of the concentrate which is higldgded with anions and/or metal ions.
Thus, the use of membrane bioreactors (MBR) foréineoval of micropollutants from RO,
NF and ED concentrates as well as natural watemastewaters, is proposed. It allows to
decrease concentration of pollutants to a valuehvborresponds to drinking water quality
[1-6].

The biological degradation of oxyanions is basedtlogir reduction to harmless
substances (N CI, Br) at anaerobic conditions, the presence of mictaasmm
(heterotrophic and autotrophic bacteria) and prapectron donors (ethanol, methanol and
acetates for heterotrophic conditions and sulplonpounds and hydrogen for autotrophic
ones) [1-6]. The kinetic of the reaction depends arkind of microorganisms and
biodegradation process conditions (pH, anion camnatan) [3]. The advantage of
autotrophic degradation is the lower productiorthef excess sludge, however the process
runs slowly [7]. When heterotrophic degradatioagplied the removal of dissolved organic
carbon and biomass from treated water is requitdd Disadvantages of conventional
biological anions biodegradation can be elimindtg@pplication of a membrane bioreactor
(MBR), which assures the total retention of biomd3se configuration of MBR processes
can be arranged as the system with pressure dmembrane modules (microfiltration,
ultrafiltration) (Fig. 6) [1, 2] or as extractiveembrane bioreactors (membrane contactors)
(Fig. 7) [3].

In the case of MBR with pressure-driven membramegss, MF or UF membrane may
be placed inside or outside bioreactor, as thentiete of ions and low molecular mass
compounds (electron donors, some metabolic by-mtsiiuby porous membranes is
generally insufficient; therefore either processdifications or water post-treatment are
necessary. The solution is extractive membraneshaor (Fig. 7), where water with anions
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is supplied to the inside (lumen side) of hollolefi membranes and anions diffuse to the
outside (shell side). Here, anionic micropollutaats used by existing microorganisms as
an electron donor for the reduction process [1]i2these conditions, both electron donor
and biomass are separated from the water by membran

Biological degradation of oxyanions may also beduse the removal of not only
nitrates(V) but also bromates(V) and chlorates(V#udies have shown their full reduction
to bromides and chlorides by the same bacterigli@d which are used for nitrates(V)
reduction [55].
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Fig. 6. Membrane bioreactors with pressure drivemizrane module
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Fig. 7. Extractive membrane bioreactor

A new membrane bioprocess for the removal and bieesion of ionic
micropollutants from water streams is the ion-exgfga membrane bioreactor (IEMB)
[3, 4]. In this process, the ionic micropollutasttiansported from the water stream through
a non-porous ion-exchange membrane into a biolbgimanpartment. There it is
simultaneously converted into the harmless prodhyca suitable microbial culture at the
presence of adequate carbon source and other edquittrients. The mechanism of anion
pollutants transport through the membrane is timeesas in Donnan dialysis (Fig. 8). The
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co-ions (cations) are excluded from the positivdigrged membrane and the target anion(s)
transport is combined with its bioconversion. Imliéidn, the bioconversion of the pollutant
in the IEMB keeps its concentration at low leveldiat guarantees an adequate driving
force for transport.
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Fig. 8. The schematic diagram of the ion transp@thanism in the ion exchange membrane bioreactor
(IEMB)
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This concept was first demonstrated on the exampkgynthetic waters prepared for
the removal and bioconversion of nitrate to harmledgrogen gas using Neosepta ACS
mono-anion permselective membrane and ethanoleasatibon source [4]. Due to its very
low diffusion coefficient (three orders of magnieutbwer than that in water) through this
non-porous type of membrane and the developmean @thanol-consuming biofilm on the
membrane surface contacting the biocompartmentocarsource penetration into the
treated water was avoided. Chloride ions were asethe major counter-ion in IEMB for
oxyanions removal. Within the concentration reléwannitrate polluted water (50-350 mg
NO;7dm’), a complete denitrification was achieved withaacumulation of N@ and
NO," ions in the biocompartment [4].

The use of membrane separation in combination Witthogical removal of metals
from a solution (membrane bioreactors) is of a girgarest. Wastewaters with high load of
metals usually contain compounds which may be tédanicroorganisms or inhibits their
growth, often have high salinity or show a high pEbnventional biological removal of
metals from wastewater is often impossible to caoyt due to inactivation of
microorganisms. The solution can be the extractivembrane bioreactors with
sulphate-reducing bacteria (EMBR-SRB), which eliaténthese restrictions according to
physical separation of biomass from effluents (Fiy.[56]. Sulphate-reducing bacteria
(SRB) oxidize simple organic compounds under ar@er@onditions and the SRB
transform the sulphates into hydrogen sulphide

3SQ° + 2CH;,CH(OH)COOH- 3H,S + 6HCQ™ 4)
where CHCH(OH)COOH stands for simple organic compounds.

Hydrogen sulphide permeates membrane and readtsdiiélent soluble metals to

form insoluble metal sulphides [30]. In EMBR-SRB mi@ane, usually made of silicone
polymers, performs simultaneously two functiongpasates two water phases and enables
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H,S transport from the phase containing biomass &iemater, where the precipitation of
metal sulphide(s) takes place. The study on zinwrwal from synthetic wastewater using
EMBR-SRB membrane bioreactors showed that theioerachate between $ and Zn ions
was high due to large concentration gradient £ Hn both sides of the membrane. When
the pH of biological mixture decreased, the qugntif non-dissociated }$ grew,
increasing its concentration gradient. More thafe9@moval of Zn ions from solutions
containing 250 mg/dfnof this metal was obtained [56]. The transpore rat H,S is also
depended on the membrane thickness. It was foutdththe side of wastewater, thin layer
of zinc sulphide was formed on the membrane surfatech constituted a significant
resistance to B transport. This problem can be solved by changeghydrodynamic
conditions of the water stream or using the puss.f
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Fig. 9. The scheme of bioreactor with sulphate-cetyubacteria - EMBR SRB

Liquid membranes

Liguid membrane processes have been suggestectlaaratechnology due to their
characteristic of high specificity, high intensayd productivity as well as low emissions
and low energy requirements. Thus, the use ofdiquembranes has gained a general
interest in the treatment of effluents where sotdacentrations are low and large volume
solutions must be processed, and if possible, witrgenerating any secondary waste
[57-59]. There are two types of liquid membranessupported and supported liquid
membranes. Nonsupported liquid membrariespulk liquid membranes and emulsion
liquid membranes, are considered not very attracfiw practical use due to various
problems that they present under operation [59ppS8tted liquid membranes (SLMs) are
very effective for the removal and recovery of nefeom wastewaters and process streams
since they combine extraction and stripping, inte cstep. Extraction and stripping in
conventional processes are carried out in two sépasteps [57]. A one-step liquid
membrane process provides the maximum driving fdocethe separation of a targeted
species, leading to its best possible clean-upacavery [57].

In the transport of metal ions in a SLM, the iontle aqueous feed solution forms
a complex with the extractant HA in the organic rbegine phase at the interface between
these two bulk phases as follows [2]:
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M? + 2(HA), = MA,(HA),+ 2H" (5)

Then, the metal-extractant complex diffuses from thterface across the SLM to the
interface between the organic phase and the aqueopssolution, where the metal ion is
stripped. The aqueous strip solution containsangtacid,eg, sulphuric acid. The stripping
reaction is as follows:

MA,(HA),+ 2H = M?* + 2(HA), (6)

This stripping reaction also regenerates the etara@t this interface, which diffuses
across the SLM back to the feed-membrane intetfiac®mplete the facilitated transport
cycle. In other words, the metal ions are “carribgi"the extractant molecules to facilitate
transport across the SLM [2, 58]. The transpontatibthe metal ion from the feed phase to
the strip phase where both the phases are sepdmatepiid membrane supported with the
relevant carrier acting as the barrier, is showthénFigure 10 [2, 58].

Donor phase (feed) Liquid membrane Strippingphase

Me?* 2(HA)2 Me?*
2H* MeAy(HA) oH*

Fig. 10. Transport mechanism of the metal ionss&ctbe supported liquid membrane (SLM)

Supported liquid membranes are based on the usa pérous solid membrane
(polymeric or ceramic), which supports or hold tinganic phase and separates the feed and
the stripping aqueous solutions. The pores of ¢iid snembrane are completely filled with
the organic and/or carrier phase and this imprégmatrocess makes relatively stable and
heterogeneous solid-liquid membranes. [59]. Oftha, solid supports are hydrophobic in
nature, which facilitates wetting by the organiduson and the reject of the aqueous
phases. At present, there are few, if any, larg@esoperations of supported liquid
membranes basically due to their apparent lacktalbilgy under long term operation.
Normally, this decreasing in stability is due te tloss of the organic phase filling the
membrane pores as well as the loss of membranititgthlg a decreasing in the membrane
permeation coefficient or the membrane flux [59].

To overcome this drawback the supported liquid mamés (SLMs) with strip
dispersion have been developed for the removalracavery of heavy metals from waste
waters and process streams [57]. As shown in Figdrean aqueous strip solution is
dispersed in an organic membrane solution confidn extractant. The water-in-oil
dispersion formed is then pumped to contact with side of a microporous support, which
is passed through the shell side of a microporalgppopylene hollow-fiber module. The
aqueous feed solution, containing a targeted spdégcibe extracted, is on the other side of
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the support, which is passed through the tube sidbe fibers. The continuous organic
phase of the dispersion readily wets the pores lefdrophobic microporous supporg(
microporous polypropylene hollow fibers in the mijuand a stable liquid membrane (the
organic phase), supported in the pores of the niorous support, is formed.

Effluent

:-'-' f.\'-' -'-' l\'..

Strip solution

dispersed in
organic

i Stripping

Influent

L

Fig. 11. A schematic diagram of supported liquidwheane with strip dispersion

Supported  liquid ~membrane process is being appliebr the
extraction/separation/removal of valuable metasifrom various resources. It is one of the
promising technologies for possessing the attractdatures such as high selectivity and
combine extraction and stripping into one singkegst It is also acts on nonequilibrium
mass-transfer characteristics where the separasionot limited by the conditions of
equilibrium. The limitations like agueous/organitage ratio, emulsification, flooding and
loading limits, phase disengagement, large solirargntory, and so forth, can be avoided
[58]. The supported liquid membranes (SLM) havelisppons in both industrial and
analytical fields for separation, preconcentratamg treatment of wastewater [57-59]. Thus
SLM technology has been considered as an attraatteenative over conventional unit
operations for separation and concentration of Ine@ta in the hydrometallurgical process
[57-59].

The use of supported liquid membranes for the sgiparand concentration of metal
ions has received considerable attention sincehasé decades due to characteristics such
as easy operation, high selectivity, low operatiogt, and so on [57-59]. SLM is being
used for recovery of metals from industrial procgtssams, not only because the metals are
valuable, but also to meet increasingly stringexgufatory requirements. Separation and
recovery of copper, zinc, nickel, cadmium and mercprecious metals, rare earth metals,
alkali metals, and anions like Cr(VI), from aquesotutions and contaminated wastewaters
using SLM have been extensively studied [1, 2, 9]/-5

The supported liquid membrane process has beedtest pilot scale for recovery of
copper and uranium from sulphate solutions, for theovery of uranium from wet



Inorganic micropollutants removal by means of meanbrprocesses - state of the art 65&

phosphoric acids, and recently for the recoverginé from the waste liquors [58, 60]. The
cost of uranium extraction has been compared obakes of minimum plant capacities for
the profitable operations. The recovery of uranftmm the acidic sulphate leach liquor has
been examined using a supported liquid membraneepso The performance of a supported
liquid membrane process in long term field triads lbeen examined [58]. Copper has been
recovered from the acidic sulphate solution on heswale in a brief field trial [58].

However the supported liquid membrane process cprtdgde more attractive for the
small scale plant for the recovery of valuable itsefrmm the dilute leach liquors. The SLM
process can contribute for reduction of environmkepbllution by metal finishing industry
[61]. Application of SLM is dependent on the avhiliy of lower cost support materials,
preferably tubular form (hollow fiber liquid memimes), and the demonstration of the long
effective membrane life. Hollow fiber modules arsually more expensive but they offer
much higher surface area per unit of module volumén 500m™.

Selective permeation of plutonium is clearly dentaied from real waste solutions
containing other fission products such as Cs-13if186, and Eu-154 and it was possible to
achieve an efficient separation of Pu in presefidisgion products. This is advantageous in
SLM system to treat real waste streams for recogBBu(lV) from the acidic wastes [58].

The SLM system with strip dispersion at the lowdfgH of 1.9 was effective used for
copper removal and recovery from waste waters andegs streams. The SLM removed
the copper to less than 0.1 mgAdmthe treated feed solution containing about fgddn?
copper in less than about 90 min [57]. Winstonl¢53] have also developed SLM system
with strip dispersion at the low feed pH of 1.9 fonc removal and recovery from waste
waters and process streams. The organic membran®san the strip dispersion consisted
of 8 wt. % Cyanex 301, 2 wt. % dodecanol and 90%m-dodecane. The aqueous strip
solution was 3 M sulphuric acid. A relatively higblume ratio of about 5.7 between the
organic and strip solutions was used for concentrahe zinc from about 4,600 mg/dio
about 18,000 mg/diSLM system with strip dispersion was also idégtifas an effective
at the low feed pH of 3 for nickel removal. The am@z membrane solution in the strip
dispersion consisted of 24 wt. % of the new ex#natcti(2-butyloctyl) monothiophosphoric
acid (C12 MTPA), 4 wt. % dodecanol, and 72 wt. rBelodecane. The aqueous strip
solution was 2.5 M sulphuric acid. The results skahmwost completely removal of zinc after
60-70 min of operation.

Concluding remarks

The use of membranes in the treatment of watercesurontaining anionic and metal
micropollutants for drinking and industrial purpese a developing technology. NF (RO)
and ED can provide more or less selective remadiviilentarget pollutants, especially when
the separation of mono- and multi-valent ions isirdel. In NF, it can be obtained by both,
ion size and charge exclusion effects, while in EDs due to the use of ion exchange
membranes with mono-anion permselectivity. Howetiee, concentrated brine discharge
and/or treatment can be problematic in many cases.

The use of microfiltration and ultrafiltration ikmoval of micro-pollutants is possible
in four integrated systems with: coagulation, ap8on, complexing with polymers or
surfactants and biological reactions. In the lastecthree major membrane bioprocesses
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have been developed: pressure-driven membrane abiors, biological membrane
contactors and ion exchange membrane bioreactors.
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USUWANIE MIKROZANIECZYSZCZE N NIEORGANICZNYCH
ZA POMOC A PROCESOW MEMBRANOWYCH - STAN WIEDZY

Instytut Inzynierii Wody i Sciekéw, Politechnikélaska, Gliwice
2Instytut Podstaw trynierii Srodowiska PAN, Zabrze

Abstrakt: Szereg anionéw nieorganicznych i metali, w tym feet&zkie, wystpuje w potencjalnie szkodliwych
stezeniach w licznychzrédiach wody do picia. Maksymalne dopuszczalne oferich stzen w wodzie do picia,
ustalone przez WHO i szereg krajow bardzo niskie (w zakresie od pgRirdo kilku mg/dni). Kilka
tradycyjnych technologii, ktére stosuje sibecnie do usuwania zanieczysZcaéeorganicznych zerédet wody
naturalnej, stwarza powmae problemy eksploatacyjne. Procesy membranowe,rémiwa osmoza (RO),
nandfiltracja (NF), ultrafiltracja (UF) i mikrofitacja (MF) w systemach zintegrowanych, dializa Dama (DD)

i elektrodializa (ED) oraz bioreaktory membranoWMBR), wiasciwie dobrane, umdiwiaja produkcg wody do
picia o wysokiej jakéci i pozbawioma mikrozanieczyszczenieorganicznych, jak réwnieoczyszczonécieki,
ktére mog by¢ odprowadzone derédet wod naturalnych.

Stowa kluczowe:elektrodializa i dializa Donnana, mikrozanieczysréa nieorganiczne, bioreaktory
membranowe, éhieniowe procesy membranowe



