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Abstract: Due to its wide industrial applications, zinc has become an important
contaminant in aguatic environments since it is a toxic heavy metal and some
of its compounds, such as zinc arsenate and zinc cyanide, may be extremely
hazardous. Therefore, there is a growing need to develop simple methods
capable of separating and recovering trace zinc from environmental waters.
Nowadays, ultra- and microfiltration methods for trace metals removal from
waters by the addition of a water-soluble polymer into the agqueous solutions
have become a significant area of research. The choice of water-soluble mac-
roligands remains important for the development of this technology. Sodium
carboxymethy! cellulose (Na-CMC) was selected as the complexing agent. The
microfiltration experiments were performed in a stirred dead-end cell. Versapor
membranes were used to separate the formed polymer—metal complex. The
concentration of heavy metal ions after microfiltration in aqueous solution was
determined using atomic absorption spectroscopy (AAS). The effects of the
amount of complexing agent, pH value, type of anion, ionic strength and ope-
rating pressure on the flux (J) and rejection coefficient (R) were investigated.
Experimental results indicate a considerable influence of the pH, ionic strength
and type of anion on the rejection coefficient, while the effect of the amount of
the complexing agent was relatively insignificant. The Na-CMC used in the
research proved very effective, which is supported by the high rejection coeffi-
cients obtained (99 %).

Keywords. microfiltration; complexation; heavy metal ions;, wastewater treat-
ment.
INTRODUCTION

Zinc is an essential heavy metal for biological functions, however in high
concentrations, it can be harmful to people and animals. The toxicity of heavy
metal contamination, however, is highly dependent on the chemical form of the
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metal in question. Dissolved free ions are more toxic than metals that are bound
in particles or to organic compounds. Zinc is naturally present in water. Industrial
wastewaters containing zinc stem from galvanic industries, battery production,
etc. Zinc compounds are applied for many different purposes. Zinc chloride is
applied for parchment production, zinc oxide is a constituent of salves, paints and
catalysts, and zinc vitriol is applied as afertilizer. Zinc leaks from zinc pipes and
rain pipes, consequentia to the circulation of carbon-rich water. Car tires con-
taining zinc and motor oil from zinc tanks release zinc compounds on roads. Zinc
compounds are present in fungicides and insecticides, and consequently end up in
water. When inadequate safety measures are taken, zinc may be emitted from
chemical waste dumps and landfills, or from dredge mortar.

Zinc may be removed from water by different methods. To achieve a level
that meets legal standards, techniques such as coagulation, ion exchange, sand
filtration and active carbon may be applied.!

The continuous increase of world needs for most of the known metals, the
decrease in the grade of the available ores and strict environmental regulations
make it of interest to find effective and efficient methods for processing waste
solutions containing metal ions, even at very low concentrations. The efficient
and selective separation of heavy metal ions can be achieved by using water-
soluble macroligands in combination with membrane filtration.2 The use of
membrane separation processes in the treatment of wastewater containing toxic
metal ions is today an attractive and suitable technique, and is easily included in
the whole process. For this reason, membrane separations are being employed
more and more frequently. Moreover, the separation can be performed at room
temperature; the modular membrane surface can be easily adjusted to the waste-
water flow and various industrial membranes are now available. In order to retain
metallic ions, reverse osmosis (or at least nanofiltration) can be used due to the
size of the ions in agueous solutions. However, the usual permeate fluxes of re-
verse osmosis membranes are limited and require high transmembrane pressure,
which makes the process expensive.3 There are two widely used separation tech-
nigues among the membrane methods for the removal of heavy metal ions from
aqueous solutions: micellar enhanced ultrafiltration (MEUF) and polyelectrolyte
ultrafiltration (PEUF). MEUF4-7 and PEUF8-26 combine ultrafiltration with the
presence of water-soluble surfactants and polymers, respectively. The enhanced
ultrafiltration processes have the advantages of operation at relatively low pres-
sures and temperatures, resulting in excellent rejection of multivalent metals and
organics. PEUF is the combination of two phenomena, the binding of metal ions
to a water-soluble natural or synthetic polyelectrolyte, and ultrafiltration. Since
the pore size of ultrafiltration membranes are not suitable to separate heavy metal
ions, water-soluble polymers are used to bind the metals to form macromolecular
complexes rejected by ultrafiltration.
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THEORY AND EXPERIMENTAL

The removal and rejection of heavy metal ions from agueous solutions has been traditio-
nally carried out by chemical precipitation, ion exchange, adsorption, etc. Nowadays, ultra-
and microfiltration methods for trace metals removal from waters by the addition of a water-
soluble polymer into the aqueous solutions have become a significant research area. This
method is based on the principles that polymers with a large molecular weight could bind
heavy meta ions to form macromolecular complexes. Their metal complexes could then be
retained and concentrated by a microfiltration membrane, whereas unbound metal ions would
pass through the membrane. Up to now, many polymers, such as poly(vinyl acohol) and
sulfonated poly(vinyl acohol),®® poly(ammonium acrylate),19 poly(acrylic acid),-13 poly-
ethylenimine,13-17 diethylaminoethyl cellulose® poly(4-vinylpyriding) and poly(dialyl di-
methylammonium) chloride,2! poly(vinyl sulfonic acid),? partially ethoxylated polyethylen-
imine?324 and chitosan and pectin'>25 have been used for metal removal from wastewaters.

Sodium carboxymethyl cellulose (Na-CMC) is a derivative of cellulose that is colorless,
odorless and tasteless, physiologically inert, chemically stable, not dangerous for health or the
environment and is water-soluble. It aso possesses good complexation ability for some metal
ions and was chosen as the macromolecular complexing agent for the selective removal and
rejection of copper from water in a complexation—microfiltration process.2°

The aim of the present research was to eva uate the efficiency of NaCMS in the removal
of zinc ions from water. The experiments were conducted on two model solutions, ZnCl,
(solution 1) and Zn(CH3COO), (solution 2) in order that the influence of the anion be
investigated. The initial concentration of zinc ions in both solutions was 50.00 mg dm™3. The
microfiltration experiments were performed in a stirred dead-end cell Millipore 8050. The
influence of different experimental parameters, i.e., the amount of complexing agent, ionic
strength, pH value and operating pressure, on the flux and rejection coefficient were inves-
tigated. Versapor polyacrylic membrane 200 filters (Gelman Sciences Inc., USA) were used to
separate the formed polymer—metal complex. A feed volume of 25.0 cm3 of concentration
50.0 mg Zn dm3 and the desired Na-CMC concentration were prepared and stirred for 1 h at
room temperature before filtration. Experiments with longer mixing time demonstrated that
1 h was sufficient to reach the complexation equilibrium. The pH was adjusted with HCl and
NaOH solutions. The concentration of heavy metal ions in aqueous solution after micro-
filtration was determined using atomic absorption spectroscopy (Pye Unicam SP9, Philips) at
213.9 nm.

RESULTS AND DISCUSSION

The effects of the amount of complexing agent, ionic strength, pH value and
operating pressure on the flux and rejection coefficient were investigated.
Theflux, J, of solution containing Zn(11)-ions was cal culated from equation:

\Y
J=—o 1
A (1)
where V is the volume of the permeate, A is the effective membrane areaand zis
time.

Thergjection, R, of Zn-ionswas calculated from equation:
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Cp

R=100|1-— 2
Ce

where Cp and ¢; are the concentrations of zinc ions in the permeate and feed,

respectively.

Effect of pressure

The effect of applied pressure was investigated at a fixed initial concen-
tration of zinc ions of 50.0 mol dm=3, pH 9.0 and pressure of nitrogen in the
range 100400 kPa.

The flux of the solute was lower than that of pure water. From the shape of
the curve in Fig. 1, it could be concluded that no sharp change in the curve of
flux vs. pressure was found, although the flux was still a slight function of pres-
sure at higher pressure. This indicates that a concentration polarization exists but
no plateau was reached; hence, the gel-polarization effect was not dominant for
the polymer in the pressure range studied.
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Fig. 1. Effect of pressure on the flux. VVersapor membrane,
C,n = 50.0 mg dm3, Cyaome = 75.0 mg dm3,

Effect of sample pH on the regjection of zinc

The effects of the solution pH in the range 2.0-9.0, at a fixed concentration
of zincions of 50.0 mg dm~3 and pressure of 100 kPa were eval uated.

A strong influence of the pH of the solution on the retention was observed in
complexation-microfiltration process. Increasing the pH leads to an increase in
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the concentration of deprotoned carboxylic groups, which favors the formation of
macromolecular polymer—metal complexes and subsequently increases in the
metal rejection coefficients. As can be seen in Fig. 2, the rgjection of zinc was in-
creased with increasing pH value until the regjection reached its maximum (99 %)
at pH 8.0 and then a flat profile was maintained when the pH was changed to
10.0. With increasing pH, more and more carboxymethyl groups dissociate gra-
dually and complex with zinc ions. At low pH values, a large number of the
H30* groups occupy the positions, which prevent the target zinc ions from form
complexes with Na-CMC.
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Fig. 2. Effect of pH on the retention. Versapor membrane, ¢, = 50.0 mg dm-3,
p = 100 kPa, Cyacmc = 75.0 mg dmr3,

Effect of polymer concentration on zinc ion retention

The effect of the NaaCMC concentration on zinc removal was studied at pH
6.8 and 8.3 using solutions 1 and 2 containing 50.0 mol dm3 of Zn and the con-
centration of Na-CMC was varied in range of 35.0-300.0 mg dnr=3,

The retention values of Zn(l1) at different Na-CMC concentrations at pH 6.3
for both solutions are plotted in Fig. 3, from which it could be seen that the reten-
tion of Zn(Il) remained almost constant at a value of around 89 % for al em-
ployed Na-CMC concentrations. It was also shown that the rejection of Zn(ll),
was not significantly affected by the Na-CMC concentration. Moreover, it was
found that Na-CMC even at a very low concentration has the capability to bind
with the metal to form macromolecular complexes as an effective complexing
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agent. The explanation of this behavior is that equilibrium existed between free
zinc ions, Na-CMC molecules and the formed complexes, and indicates that Na-
CMC could be employed as a very effective water-soluble polymer for the remo-
val of zinc(ll).
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Fig. 3. Effect of different concentrations of Na-CMC on the retention at pH 6.8.
Versapor membrang, ¢,, = 50.0 mg dm3, p = 100 kPa.

A similar behavior was observed at pH 8.3 (Fig. 4). The retention remained
almost constant at a value of around 85 % for solution 1 and 97 % for solution 2.
Besides the influence of pH, the presence of the carboxyl anion in solution 2
affects the stability of the formed complexes and thus increases the retention of
this solution.

Effects of ionic strength on the retention

The ionic strength of an agueous stream may greatly affect the effectiveness
of polymer-assisted microfiltration processes. Increasing the salt concentration
leads to compression of the electrical double layer and thus to a reduction in the
electrogtatic attraction between ions and charged polymers. As a result, the un-
bound metals in the solution pass through the membrane leading to lower reten-
tion.25

The effect of ionic strength on Zn(11) retention was examined at pH 6.8 and
8.3 by adding increasing amount of NaNOs into the solution. The effect of ionic
strength on Zn(11) retention was observed to be more pronounced at pH 6.8 than
at pH 8.3, especialy at high salt concentrations.
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Fig. 4. Effect of different concentrations of Na-CMC on the retention at pH 8.3.
Versapor membrang, ¢,, = 50.0 mg dm3, p = 100 kPa.

Asshown in Fig. 5, at pH 6.8, the rgjection decreased sharply in the presence
of 0.05 mol dm~3 with a reduction of 40 and 50% for solutions 1 and 2, respecti-
vely. On increasing the salt concentration (up to 0.5 mol dm—3 NaNOs), no fur-
ther decline of the retention was observed. These results can be explained by a
conformational change of the polymer chains, a competitive adsorption between
Naand Zn ions on the negatively charged polymer and an attenuation of the elec-
trostatic repulsion. It is well known that negatively charged polyelectrolytes in-
teract with positively charged divalent metal ions stronger than with monovalent
ions.26 Nevertheless, the filtration of metal ions and their subsequent release
from the polymer induces an increase of the net negative charge on the polymer
surface and then an expansion of the chains in order to increase the total surface,
thereby minimizing the electrostatic repulsions. Related with this, the decrease on
the surface charge density of the polymer induces a decrease in the strength of
the interactions with the metal ions and, consequently, their easier release to the
solution from the polymer domain during filtration.

At pH 8.3, the effect of salt addition was observed over a wider concentra-
tion range, i.e., between 0.05 and 1.0 mol dm=3 NaNOs. As shown in Fig. 6, at
pH 8.3, the addition of 0.05-0.1 mol dm—3 NaNOj3 caused only a 1-3 % decrease
in the retention values. Since Zn(11)-Na-CMC complexation is more favorable at
pH 8.3 and the bond is probably stronger than the one formed at pH 6.8, it can
withstand changes in ionic strength. On increasing the salt concentration to 0.5
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mol dm—3 NaNOs, the retention dropped by around 28 % for both solutions. On
the increasing the salt concentration further to 1.0 mol dm—3 NaNOs, the slight
increase in the rejection by 2-5 % isrelatively insignificant.
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Fig. 5. Effect of ionic strength on the retention at pH 6.8. Versapor membrane,
Czn = 50.0 mg dm-3, p = 100 kPa, Cyacmc = 75.0 mg dm3,
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Fig. 6. Effect of ionic strength on the retention at pH 8.3. Versapor membrane,
Czn = 50.0 mg dm3, p = 100 kPa, Cyacmc = 75.0 mg dm3,
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CONCLUSIONS

A complexation—microfiltration process was successfully applied for remo-
val of Zn(11) ions from synthetic wastewater solutions. A polyacrylic membrane
was used for filtration process, while sodium carboxymethyl cellulose was used
as the metal complexing agent. It was shown that the complexation and filtration
processes were pH dependent, the metal rejection was more efficient at neutral
and akaline conditions than at acidic ones. The Na-CMC used in the research
proved to be very effective, which is evidenced by the high retention coefficients
obtained. It was found that even at very low concentrations, Na-CMC has the ca-
pability to bind with zinc ions to form macromolecular complexes and is thus an
effective complexing agent. The effect of ionic strength on Zn(I1) retention was
observed to be more pronounced at pH 6.8 than at pH 8.3, especially at high salt
concentrations. Influence of anions proved to be very important for complexation
process and stability of formed complexes.

The process is characterized by low-energy requirements involved in the
microfiltration, very fast reaction kinetics and high selectivity for the metal ion
separation. For developing a practical process, other important factors and opera-
tional parameters, such as different concentration of metal ions, mixture of metal
ions, different anions, other membranes, etc., must be studied.

Acknowledgement. This work was financially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia (Project No. ON 172007).

H3BOJ

YKITAILAILE TMHKA W3 OTITADHHWX BOJA KOMITVIEKCHUPAJYRE-
MUKPOOUIITPATUOHUM ITPOLUECOM

KATAPHHA TPI/IBYHALli, 30PAH CEKYJIHR” u CJIABULIA CTEBAHOBUR'

1YHueep3uu76w y Beoipagy, Texnonowxo—meiianypwxu paxynitewi, Kattiegpa 3a aHanutluuky xemujy u
KOHUIpOTy Keanutienid, . up.494, Kapuetujesa 4, 11120 Beoipag u Zl"pagcxu 30609 3d ja6HO 3gpasbe
Beoipag, byn. [ecuiota Cuepana 54a, 11000 Beoipag, Cpduja

Kao pesynraT Berose IHUPOKE HHAYCTPHjCKe IPUMEHE, IMHK U HBEroBa jefumemna Cy 1o-
CTany 3HauajHe 3arahyjyhe marepuje BomeHMX pecypca. 300r Tora je IoCTalo HEONXOAHO
pasBUjaTH HOBE METOZIE 33 IBUXOBO yKIamame, koje 01 dune edrkacHe, jeJHOCTaBHE U HEIIKO-
IJbUBE 110 XKUBOTHY cpefuHy. Mehy muma, metofa MembpaHcke puiaTpanyje ce mokasana Kao
BEeOMa yCIelllHa 3a YKIabame Pa3uIuTux 3arahyjyhux marepuja, nocedHo y komOuHauuju ca
MaxpoMmoreKkynuma. Bemuku 6poj vcTpaxuBama ycMepeH je Ha U30op CeleKTUBHOr U CleLu-
(uuHOr Makpomornekyna. Y pagy je mpoy4yaBaH KomIuiekcupajyhe-hunaTpanvoHy npouec 3a
yKIamawke joHa LMHKa MOoMohy HaTpHjyMm-kapOOKCHUMETHI Liemyso3e. Mukpoduitpanuja je
BpuIeHa Y henuju ca MmemameM. Cenapauuja ¢OpMHUpaHUX KOMIIEKCA je BpIIeHa Ha Bepca-
Nop MHUKpOMUITpaliMOHUM MembpaHama. KoHIleHTpalija joHa MeTana [mocie MUKpoduiITpa-
uuje je oompeheHa aTOMCKOM amCOPHIIMOHOM CIEKTPOCKONUjoM. McmUTaHu Ccy yTULAjH KOTTH-
yrHe KoMIuiekcupajyher cpeznctsa, pH BpeoHOCTH pacTBOpa, pafiHOT MPUTHCKA, jOHCKE jaunHe
U aHjoHa Ha GiyKC U koedHLUjeHT 3aipxKaBamba. EXCliepuMeHTaNnHy pe3ysTaT cy mokasanu
3HavajaH yTuuaj pH, joHCKe jaunHe W aHjoHa Ha KOe(ULUEHT 3aAp)KaBama, JOK KOHLIEHTpa-
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¥ja KoMIUIeKCcHpajyher cpefcTBa HUje MMasia 3HavajaH yTHLAj Ha mpouec. HaTpujym kapdo-
KCUMEeTH IIeysi03a Ce roka3aja Kao YCIeIIHO CPefCTBO 3a yKIamame joHa IHMHKA IITO ce
MOJKe 3aK/byYUTH Ha OCHOBY IIOCTUTHYTOI BeoMa BHCOKOT Koe(dHIMjeHTa 3alp)kaBamba joHa
LIMHKA of 99 %.

(ITpumsbeHo 2. MapTa, peBunupano 19. anpuna 2012)
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