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Abstract: To replace the conventional dead-end polyelectrolyte enhanced filtration
(PEUF), which is a time consuming process in the optimization of process variables,
centrifugal polyelectrolyte enhanced ultrafiltration was investigated to remove
copper-citrate complex in aqueous phase with a cationic polyelectrolyte, poly(diallydi-
methylammonium chloride) (PDADMAC). Effects of concentration ratios between
polyelectrolyte, copper, and citrate and pH were observed. Below pH 3, copper was
not removed by centrifugal PEUF. At the same concentration (1 mM) of citrate and
copper, removal of copper at pH 5 was the highest value of 54%, 90%, and 98%
with 5, 10, and 20 mM PDADMAC, respectively. Removal of copper decreased with
the logarithmic ionic strength. Since the centrifugal PEUF is very economical in
time compared with conventional dead-end PEUF, the present method should be a
valuable tool in the optimization of process variables.
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INTRODUCTION

Various industrial wastewaters produced by industries, such as metal
plating, metal finishing, mining, aerospace production, automotive manu-
facturing, and battery production, as well as by general chemical
processes, contain toxic heavy metals. Conventional methods for the
removal, concentration, and/or recovery of these heavy metals are precipi-
tation, ion exchange, electro-deposition, crystallization, evaporation, and
liquid-liquid extraction (1). Among these methods, precipitation is the
most economical and common method. However, some industrial waste-
waters and soil washing effluents contain chelating agents such as
citrate, ethylenediaminetetraacetic acid (EDTA), and nitrilotriacetic acid
(NTA) make the chemical precipitation ineffective due to the high
buffering capacity of the solution (2).

To obtain high removal efficiency and low operating cost, ultrafiltra-
tion process combined with surfactant micelle (micellar-enhanced ultrafil-
tration, MEUF) (3, 4) or polyelectrolyte (polyelectrolyte-enhanced
ultrafiltration, PEUF) (2,5-10) have been proposed. Many surfactants
(3, 4), polyelectolytes (2,5-9), and organic matter (1-11) were used for
the removal of heavy metals, radionuclides, or anionic metals with
ultrafiltration. Among these, PEUF is one of the powerful processes to
remove heavy metals from industrial effluents and contaminated soil
treated water. This process also has been applied to remove ligand-heavy
metals complexes. Although ligand-heavy metal complexes, in principle,
can be removed by ultrafiltration with polyelectrolyte, conventional
dead-end ultrafiltration is very time-consuming to optimize process
variables. Thus an alternative method is needed to save time.

In this study, centrifugal force was applied to the polyelectrolyte
enhanced ultrafiltration in the removal of copper-citrate complex as a model
system in aqueous phase with a cationic polyelectrolyte, poly(diallydimethy-
lammonium chloride). The purpose of applying centrifugal force was to see
whether we could save time compared with conventional PEUF. We also
observed the effect of the concentration of polyelectrolyte, citrate, and
copper in PEUF by centrifugal method.

MATERIALS AND METHODS
Chemicals

Poly(diallydimethylammonium chloride), PDADMAC, with an average
molecular weight 100,000—200,000 (Aldrich, USA) was used as a 20 wt%
aqueous solution, and the concentration of PDADMAC was expressed as
the concentration of monomer unit which is the molecular weight of
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161.7 g/mol. Trisodium citrate, copper nitrate, and other inorganic chemicals
were supplied by Sigma-Aldrich. The aqueous phase was prepared by dissol-
ving copper nitrate, citrate, and PDADMAC in deionized water at the required
concentration, in which the pH was adjusted by adding a small amount of HCI
and NaOH. Prior to use, the solutions were mixed for minimum 1 day at
25 4+ 1°C to reach equilibrium state. All chemicals were used as received
without further purification.

Ultrafiltration

The centrifugal ultrafiltration experiments were operated with Amicon Ultra-4
centrifugal filter device (Millipore, USA). Regenerated cellulose memb-
rane with an effective area of 3cm” and a molecular weight cut-off
(MWCO) of 10,000 was used. The centrifugal filter device was initially
filled with 3.5 ml feed solution. The filter unit was centrifuged by 5000 rpm
and spin time was 10 min. The retentate volume was reduced below 20% of
initial feed volume after centrifugation.

The conventional ultrafiltration experiments were conducted with the
regenerated cellulose membrane (YM10, Millipore, USA) with an effective
area of 45cm? and MWCO of 10,000. Initial feed volume was 100 ml and
applied pressure was maintained at 2bars. To minimize the membrane
fouling, the solution was stirred with 200rpm. At desired time interval,
permeate was collected and analyzed. Average water flux was 45.6 L/h-m>
Filtration time was 30min and final feed volume was different by
PDADMAC concentration, but generally below 25% of initial feed volume.
The relative flux was calculated by the following equation:

Jr =Js/Jw (1)

where Jg, Jg, and Jy are the relative flux, solution flux, and water flux,
respectively.

Analysis

Samples were pretreated by the method of acid digestion to analyze copper.
Concentrated nitric acid and hydrogen peroxide were inserted in the
permeate sample and the solution was heated at 110°C during 2 h to remove
residual citrate and PDADMAC. The concentration of copper in the sample
was analyzed by anodic stripping voltammetry (TEA-3000V, MTI,
Australia). The removal efficiency of copper was calculated by the
following equation:

R=1-C,/C )
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where R is the removal efficiency and C; and C, represent the copper
concentration in the initial feed and in the permeate, respectively. Theoretical
distribution of copper and citrate in aqueous solutions was simulated by
MINEQL+ (12).

RESULTS
Effect of PDADMAC Concentration

Figure 1 showed the effect of PDADMAC concentration on the removal of
copper citrate complexes under 1 mM citrate (L) and 1 mM copper (Cu) in
various pH. Copper has several forms by complexation with citrate. The
dominant form of copper is Cu(Il) ion (Cu*") below pH 3 and Cu(I)-citrate
complexed ion (CuL") above pH 4 (Fig. 2). Because PDADMAC is a
cationic polyelectrolyte, Cu(Il), a plus charged ion, does not bind
PDADMAC and Cu(Il)-citrate complex, a minus charged ion, can bind
PDADMAC. As shown in Fig. 1, removal of copper was 54%, 90%, and
98% with 5, 10, and 20mM PDADMAC, respectively, with 1 mM citrate
and 1 mM copper at pH 5. Although cloudy solutions due to the hydroxide
formation were obtained at high pH (>5.5) and low PDADMAC concen-
tration, removal of copper was still high. Copper hydroxide formation and pre-
cipitation is a serious disadvantage of membrane filtration, as it is related to
membrane fouling (6). This problem can be solved by addition of more
citrate or PDADMAC.
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Figure 1. Effect of PDADMAC concentration with 1 mM copper and 1 mM citrate on
the centrifugal PEUF.
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Figure 2. Distribution of copper fraction according to pH by MINEQL+ simulation
with 1 mM copper and 1 mM citrate.

Effect of Citrate and Initial Copper Concentration

When the citrate concentration increased at fixed copper concentration
(1mM) and PDADMAC concentration (10 mM), the removal of copper
was the highest at the same ratio of citrate and copper at pH 5 (Fig. 3). In
model simulation results with MINEQL+, dominant citrate form in 1 mM
citrate (L) was Cul.” and CuzL%i With 4mM citrate, HL?>~ and H,L—
are the dominant species and these two species can bind PDADMAC. It
means that competitive binding to PDADMAC occurred between copper-
citrate complexes (CuL.™ and Cu,L37) and citrates (HL>~ and H,L ). The
removal of copper was 31%, 53%, 90%, 83%, and 75% with 0.25, 0.5,
1.0, 2.0, and 4.0mM citrate, respectively. If binding affinities are in the
same level between citrate-copper complexes and citrate ions, the removal
of copper is theoretically 94% with 1 mM citrate, and 18% with 4 mM
citrate. However, the removal of copper with 4 mM citrate was 70% and
the magnitudes of decrease in the removal efficiency by increase of citrate
concentration were smaller than the theoretical value. This results show
the binding affinities of CuL.™ and Cu,L5 to PDADMAC are higher than
those of HL?>~ and H,L ™.

Figure 4 shows the effect of initial copper concentration on the removal
of copper-citrate complexes by PEUF. At pH 5, the removal efficien-
cies were 0.99, 0.98, 0.90, 0.49, and 0.20 with 0.25, 0.5, 1.0, 2.0, and
4.0mM of initial copper concentration, respectively, with 1 mM citrate and
10mM PDADMAC. The removal efficiency of copper decreased with
initial copper concentration because of the limitation of binding site of
PDADMAC.
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Figure 3. Effect of citrate concentration with 1 mM copper and 10 mM PDADMAC
on the centrifugal PEUF. (a) Experimental result and (b) model by MINEQL+-.

Effect of Salt Concentration

It is well known that the ionic strength of aqueous solutions affect the effec-
tiveness of binding in ultrafiltration processes (2). Removal of copper
decreased with increasing salt concentration and the magnitude was in the
order NaCl < NaNO; << MgCl, ~ Na,SO, < CaCl, (Fig. 5). As the salt
concentration increases, the electrical double layer of PDADMAC is com-
pressed. It means that many molecules of salts locate in the surface of
PDADMAC. The salts also have a chance to bind with PDAMAC. Hence elec-
trostatic attraction between PDADMAC and citrate-copper complexes is
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Figure 4. Effect of initial copper concentration with 1 mM citrate and 10 mM PDAD-
MAC on the centrifugal PEUF. (a) Experimental result and (b) model by MINEQL+-.

reduced. The results occurred in the phenomena that cations of salts compete
with copper for binding citrate, and anions of salts compete with citrate for
binding PDADMAC. Although the binding affinities in each case are
slightly different, the influence on the removal efficiency is generally the
same in equal ionic strength.

Conventional Dead-End Filtration

Figure 6 shows the removal efficiency and relative flux in a conventional
dead-end ultrafiltration. The removal efficiency by dead-end filtration with
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Figure 5. Effect of electrolyte with 1 mM copper, 1 mM citrate, and 10 mM PDAD-
MAC on the centrifugal PEUF. Removal efficiency of copper according to (a) electro-
lytes and (b) ionic strength.

1 mM citrate and 1 mM copper at pH 5 was similar to centrifugal method and
relative flux approached 0.7 regardless of the PDADMAC concentration. It
means that centrifugal PEUF can be applied to the optimization of process
variables.

CONCLUSION

Centrifugal PEUF was applied to replace the conventional dead-end ultrafil-
tration in optimization of process variable; the concentration of citrate, initial
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Figure 6. Comparison of centrifugal PEUF with conventional dead-end PEUF with
1 mM citrate and 1 mM copper at pH 5. Symbols indicate dead-end PEUF results
and lines indicate centrifugal PEUF results. (a) Removal of copper and (b) relative flux.

copper, and PDADMAC. Below pH 3, the removal of copper was very low
because Cu”" ion was a dominant species. Removal of copper in the cen-
trifugal PEUF with 1 mM citrate and 1 mM copper at pH 5 was 54%,
90%, and 98% with 5, 10, and 20mM PDADMAC, respectively. The
highest removal of copper was obtained at the same ratio of citrate and
copper. Removal of copper decreased with logarithmic ionic strength of
aqueous solutions. These results could also be obtained in a conventional
dead-end PEUF. Because the centrifugal PEUF is very time economical, it
can be utilized in the optimization of process variables in various ultrafiltra-
tion processes.
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