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ABSTRACT

Polymer enhanced ultrafiltration (PEUF) was used to study the retention and flux of aqueous
solutions of heavy metals. The metal ions investigated were: Cu*, Zn**, Ni*, Cr®", Co** and Cd*".
For each metal solution, stirred dead-end ultrafiltration experiments were performed in the
presence and absence of polyethylenimine (PEI) at different pHs. Addition of PEI significantly
affected both the retention of the metal ions and the flux of the filtration process. In the absence
of PEI, significant rejection of metals only occurred at higher pH values. This can be attributed
to the formation of insoluble metal compounds (hydroxides) at pH 6 or greater. In the presence
of PEI the retention was greater than the retention without PEI due to the formation of metal/
polymer complexes. This retention was also sensitive to pH with higher values of retention at
near neutral or slightly acidic conditions. Although a reduction of flux due to the addition of PEI
was anticipated (the flux was reduced by about 50% when compared to the reference solution)
the addition of small quantities of metals to the reference solution also significantly affected
the flux. Membrane charge properties also play a significant role in the rejection and flux of the

metal ion/polymer solutions.
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1. Introduction

The removal and separation of toxic and environ-
mentally relevant ions is a technological challenge with
respect to industrial and environmental applications [1].
Conventional methods which have been successfully
used for heavy metals removal include: liquid-liquid
extraction, ion-exchange, adsorption and precipitation
reagents. However, these methods offer significant dis-
advantages which may include heterogeneous reactions,

*Corresponding author.

incomplete removal, high energy requirement or chemi-
cal consumption and generation of toxic sludge or solid
waste that may also require expensive disposal [2,3].
Membrane separation processes are efficient and widely
applied methods that are comparable to other separation
techniques in terms of technical and economical feasibil-
ity for the separation of metal ions and complexes from
solution [4]. Many commercial separation problems are
being solved by membrane processes, which can be suc-
cessfully used to treat industrial effluents [5]. The main
disadvantage in using membrane processes for treatment
of effluents with heavy metals, is the size of the dissolved
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metallic salts. These hydrated ions or low molecular
weight complexes, pass easily through most membranes
with the exception of reverse osmosis and nanofiltration
membranes. However, as these membranes are relatively
non selective, all the metallic ions are retained together
with alkaline and alkaline-earth ions [6].

Selective separation, recovery and purification of
heavy metals with low energy requirements can be
achieved by using polymeric reagents containing selec-
tive ligand groups, termed “polychelatogens”, in com-
bination with membrane filtration [4-9]. The concept
of using water-soluble polymers to retain small ionic
solutes in this way was first discussed by Michaels [10].
There are now reviews on the use of this technology for
metal ion separations [11,12] as well as more focussed
work on the removal of specific ions from solution [13].

A soluble polymer reagent with chelating groups is
characterized by two main components: the polymer
backbone, which provides the solubility and stability of
the reagent, and the functional groups, which are neces-
sary for the selective reactivity of the polymer [14]. Poly-
ethylenimine (PEI) is a polyamine with amine functional
groups. It has an extremely high cationic charge density
owing to the protonation of amine groups as a function
of pH. This relationship between pH and charge is use-
ful when PEI forms a complex with metal ions, where
the efficiency rises, as amine groups are deprotonated.
Nevertheless, this polymer does not interact with alka-
line or alkaline—earth metal ions [15,16].

The combination of two phenomena; the binding of
metal ions to a water soluble polymer and ultrafiltra-
tion, is termed polymer enhanced ultrafiltration (PEUF),
and includes complexation of metallic ions with poly-
mers. Separation of metal ions bound to the soluble
polymers from non-bound metals is achieved using
an ultrafiltration membrane with a resultant permeate
solution almost free of selected metal ions and a reten-
tate with high metal content [1,7,9,17,18]. In the PEUF
process, complexation of metals with polymers occurs
in the homogenous phase, hence avoiding difficulties
relating to heterogeneous reactions, interface transfer,
and long contact time problems of multiphase separa-
tion processes. However, the main parameters affect-
ing metal/polymer complexation are the metal and
polymer type, pH, loading ratio and existence of other
interacting metal ions in the solution [18]. The charge on
the ultrafiltration membrane surface and its pores can
also affect the separation of charged solutes and par-
ticles [19]. The membrane surface can be characterised
by measuring the streaming potential (and thus the zeta
potential) since this gives an indication about the charge
of the membrane surface [20]. The sign of the membrane
charge is also important when considering the optimum
process conditions, that is pH and ionic strength.

Previous work has investigated PEI-metal interac-
tions and showed that the metals absorb to PEI accord-
ing to a Langmuir isotherm and in the presence of mixed
metal ions, some degree of competition between the
metal occurs [21]. The aim of the present study is to inves-
tigate and compare the rejection of heavy metal ions and
solution flux in the presence and absence of PEI at differ-
ent pH values. Streaming potential measurements have
also been performed at a variety of different pH values in
order to characterise the membranes used. This data has
then been used to analyse the PEUF performance.

2. Methods
2.1. Materials

Stock metal solutions. Individual stock metal solu-
tions of 1,000 mg 1! were produced by the addition of
metal salts (CuSO, - 5H,0; ZnCl,; K,Cr,O_; NiCl, - 6H,0;
CoCl, - 6H,0; and 3CdSQO, - 8H,0 all Fischer Scientific
chemicals, reagent grade) to a volume of high purity
water (conductivity lower than 1 uS cm™) obtained from
a Millipore Elix 3 unit.

Polyethylenimine solutions. PEI was received as a
50% by weight solution from Sigma-Aldrich (Cat No:
181978). This was the branched chain form of the poly-
mer with an average molecular weight of 750,000 Da.

Metal solutions for ultrafiltration. Two different types
of solution were used in the ultrafiltration experiments:
(1) solutions containing metal and buffer solution only
and (2) solutions containing metal, buffer solution and
PEIL The buffer solution used was 0.01 M KH,PO,.

The aqueous metal solutions used in the ultrafiltra-
tion experiments were produced by the addition of the
correct amount of stock metal solution to the appropri-
ate amounts of buffer solution and PEI solution (when
required). The initial concentration of each metal in the
solution before filtration was 10 mg 17!, whilst the ini-
tial concentration of PEI was 1 g I™'. Individual aqueous
solutions of the six metals (Cu*, Zn*, Ni**, Cr®, Co?*,
and Cd?*) were produced over a range of pH values
(from pH 2 to 6.5). The pH of the final solutions was
adjusted to the appropriate value by the dropwise addi-
tion of 1 M HCl or 1 M KOH.

2.2. Ultrafiltration experiments

Filtration experiments were carried out using a
stirred frontal (dead-end) ultrafiltration system as
shown in Fig. 1.

Ultrafiltration measurements were carried out using
a 50 ml capacity filtration cell (Amicon Corp., Model
8050). The cell can hold a membrane disk of 44.5 mm in
diameter with an effective membrane area of 13.4 cm®



FEM. Almutairi et al. / Desalination and Water Treatment 42 (2012) 131-137 133

(1) Nitrogen cylinder

(2) pressure gauge

(3) 250 ml reservoir

(4) thermostatically
controlled water jacket
filtration cell

magnetic stirrer
electronic balance

PC data logger.

5]
e ]

e
-l |

Fig. 1. Schematic diagram of stirred frontal filtration (dead
end) ultrafiltration system.

The filtration cell was pressurized via nitrogen gas
(oxygen free) out of a nitrogen cylinder, which was con-
trolled by the reducing valve at the gauge of the cylin-
der. The applied pressure was monitored by an on-line
pressure gauge (PSI-Tronix from Cole-Parmer). All
experiments were carried out at a constant applied pres-
sure of 3 bar. A magnetic stirrer assembly was mounted
inside the body of the cell. Stirring was applied to the
contents of the cell at a rate of 300 rpm. This was done to
reduce the effects of concentration polarisation near the
membrane surface. A water jacket around the filtration
cell body was connected to a water bath. The filtration
temperature was kept constant at 25 + 0.1°C. The total
filtration time was coupled to the amount of permeate
collected with experiments being stopped after 25 ml of
permeate was collected. Rates of filtration were deter-
mined by continuously weighing the filtrate on an elec-
tronic balance connected to a micro-computer. A digital
electronic balance, from Mettler-Toledo Limited (PB303
DeltaRange), with an accuracy of 0.001 g was used to
continuously measure the weight of the permeate. The
balance was connected to a PC for automatic recording
of the weight versus time. The average permeate flux
through the membrane was calculated using:

3
Average Flux = ( Total volume of permeate (m>) ]

Membrane area (m?) x Total time (hr)
1

The first 5 ml of permeate was discarded and the fol-
lowing 20 ml was collected for analysis by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-
OES). This was done in order to determine the metal
ion content in the permeate. Detailed descriptions of the
instrument (Spectro Ciros ICP spectrometer) and operat-
ing procedures can be found elsewhere [22]. The metal
ion analyses were carried out in triplicate and each
data point is an average of these three determinations.
Results from ICP analysis of the permeate samples for
the relevant metal allowed the calculation of the reten-
tion value of each metal (R)) using:

Cpi

R ={1-=|x100 2)

C
fi

where Cpi is the concentration of metal i in the permeate;
and C, is the concentration of metal ion 7 in the feed.

2.3. Membrane characterization

NADIR® asymmetric polyethersulphone membranes
with a molecular weight cut-off (MWCO) of 30,000 Da
(UHO030 A) were obtained from MICRODYN-NADIR
GmbH (Germany). The NADIR membranes are made
from a blend of highly resistant polymers and exhibit
high hydrophilicity (having a low tendency towards
adsorption), high temperature resistance and excellent
chemical resistance (pH 1-14). The NADIR ultrafiltra-
tion membranes were thoroughly rinsed and stored in
high purity water for at least 24 h prior to any streaming
potential or PEUF experiments. The average pure water
flux for the membranes used with an applied pressure of
3 bar was found to be 0.096 m* m= h™.

Streaming potential measurements were performed
using an electrokinetic analyser (EKA, Anton Paar
Gmbh, Graz, Austria-Europe). Streaming potential mea-
surements were used to determine the zeta potential of
the membrane surface in a 0.001 M potassium chloride
(KCI) solution at different pH values in the range pH
3-10, at 25°C. Detailed descriptions of the instrument,
measurement procedure, and zeta potential calculation
can be found elsewhere [19,23].

3. Results and discussion

Fig. 2 shows a plot of the zeta potential versus pH
for the NADIR polyethersulphone membranes in 0.001
M KCIL. This figure shows that the isoelectric point of the

pH
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Fig. 2. Zeta potential of the NADIR 30,000 Da MWCO mem-
brane as a function of pH on 0.001 M KCI solution.
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membrane, at the given experimental conditions, occurs
at approximately pH 3.9. The membrane is negatively
charged for pH values above pH 3.9 and positively
charged for pH values below pH 3.9.

The membrane zeta potential plateaus out at approx-
imately pH 6.5-7. Once the pH is higher than this no
significant increase in zeta potential, and thus mem-
brane charge, is observed. Therefore, the maximum sur-
face charge on the membrane during the ultrafiltration
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experiments occurs at pH 6.5 and falls as the pH is
reduced until it reaches zero at pH 3.9.

Fig. 3 shows the retention of metal ions with and
without the addition of the polymer (PEI) for vari-
ous pH values. In the absence of the polymer all the
metal ions showed similar retention characteristics. At
low pH values (pH <5) the retention of the metal ions
was low (<20%) for all the metal ions considered. For
higher pH values (pH >5) the retention of ions climbed
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Fig. 3. Retention of metal ions in the presence and absence of PEI in different pH values (T = 25°C AP = 3 bar, Initial concen-
tration (1) without polymer; 10 mg 1" metal, 0.01 M KH,PO,, (2) with polymer; 10 mg I"! metal, 1 g I PEI 0.01 M KH,PO,).
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although this still remained low for most of the metal
ions. The highest retention values were seen for Cu*,
Zn** and Cd** where the values reached about 55% at
pH values greater than pH 6. The higher retention of
these ions higher pH values is due to the precipitation
of the appropriate metal hydroxide. Hence as solution
pH increases the formation of insoluble hydroxides is
likely to become the major mechanism responsible for
metal ion retention. This observed retention agrees with
the results reported by Rivas et al. [24].

As shown in Fig. 3, when the polymer is present the
retention of the metal ions increases in all cases above the
retention of the metal ions when no polymer is present.
For high pH values (pH > 5) the retention of metal ions
in the presence of the polymer is greater than 90%. This
indicates that the polychelatogen, PEI, had a good affin-
ity for binding to the metal ions especially at higher pH
values. Significant increases in the retention of Cu**, Zn*
and Cr** is due to strong complexation of these metals
with the PEI polymer. However, PEI showed less affinity
to form a complex with Ni**, Co*, and Cd** metals espe-
cially at low pH where the increasing H* concentration
favours protonation of the binding sites on the polymer
which prevents these metal ions binding at that site. As
pH increases, the retention of metal ions increases due to
the greater availability of binding sites on the polymer
together with the precipitation of metal hydroxides on
the membrane surface at pH > 6.

Fig. 3 also shows that at the isoelectric point of the
membrane (~pH 3.9) the retention of the metal ions is
extremely low when no polymer is added. The retention of
metal ions then increased with increasing pH value as the
membrane becomes negatively charged and the precipita-
tion of hydroxy-complexes is established. In most cases,
the highest retention was observed when the membrane
had its highest negative charge, that is at pH > 6. A simi-
lar trend was observed when the polymer was added to
the solutions. With polymer added, the lowest retention
of the metal ions was observed when the membrane was
positively charged (pH < 3.9). The exception to this is chro-
mium ions which are retained at any pH in the presence of
PEI This is due to the fact that Cr** is complex as chromate
ions and as such binds to the PEI as a counter ion.

Fig. 4 shows the average flux versus pH for solutions
without PEI added. The pure buffer solution flux was
used as a reference solution for these experiments. It can
be seen that the pure buffer solution flux is similar to
the pure water flux (0.096 m* m= h™') for the membrane
at low pH values, but decreases away from this value
as the pH is increased. The lowest flux for the reference
solution is seen to occur when the membrane surface
charge is at its highest value, that is at pH 6.5.

This is likely to be due to the electroviscous effect
which causes an increase in the fluid viscosity within
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Fig. 4. The effect of pH on the average permeate flux for
different metal ions in the absence of PEL (T = 25°C AP =
3 bar, Initial concentration 10 mg 1™ metal, 1 g 1! PEI 0.01 M
KH,PO,).

a charged capillary or pore [25] resulting in a decrease
in flux. When metal ions are added to the pure buffer
solution (metal concentration 10 mg I"!) some interesting
trends are observed. Cu® and Zn** ions reduce the flux
of the solution in comparison with the pure buffer flux.
This corresponds to the data in Fig. 3, as these ions show
higher retention values which would result in some con-
centration polarization at the membrane surface which
will reduce the flux (especially at higher pH values.).
Cd?* and Cr® ions had little effect on the flux of the
solution as these ions pass relatively easily through the
membrane at the conditions investigated. The Cr (IV)
ion does not normally exists at as a cation but instead is
present as the chromate anion [26] so reducing the inter-
action with the net negatively membrane surface and
pores. The retention of these metal ions is extremely low
until the pH exceeds a value of 6. In contrast, Co** and
Ni** ions actually enhance the flux of the solutions in
comparison to the reference solution. Flux enhancement
remains to be explained. There is some evidence to sug-
gest that flux may be reduced by interaction of the metal
ion with a cellophane membrane [27] but enhancement
of flux may also possible. Trivunac and Stevanovic have
presented data to show that pure metal salt solutions
substantially alter the flux through the membrane (Ver-
sapor 200 UF membrane) [28]. The explanation may be
that the ions in the buffer interact differently with the
metals ions so allowing both reduction and enhance-
ment of the flux over the phosphate buffer control. This
would depend on the interaction of the metal ions with
phosphate and or the membrane surfaces.

Fig. 5 shows the average flux versus pH for solutions
with 1 g 1! PEI added. In this case the reference solu-
tion used was the pure buffer solution with 1 g 1™! PEI
added. Similar trends to those seen for metal ion buffer
solutions without PEI added were observed. However,
the fluxes observed in all cases when PEI was added
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Fig. 5. The effect of pH on the average permeate flux for dif-
ferent meta ions in the presence of PEI (T = 25°C AP = 3 bar,
Initial concentration 10 mg 1" metal, 1 g 1" PEI 0.01 M
KH,PO,).

were significantly reduced from the fluxes without PEI
(reduced by about 50%). This is due to the metal ion and
polymer forming a complex which cannot pass through
the membrane resulting in concentration polarization at
the membrane surface which reduces the flux.

4. Conclusions

PEUF was used to study the retention and flux of
aqueous solutions of heavy metals. These experiments
have shown that adding polymer to metal ion solutions
significantly increases the retention of the metal ions in
the solution to greater than 90% at its best. However,
addition of the polymer significantly reduces the flux of
the process (by approximately 50%) for equivalent solu-
tion conditions. Although reduction of flux was antici-
pated by the addition of 1 g 1! PEI, the addition of small
quantities of metals also significantly affected the flux
when comparing these values to the reference phosphate
buffer solution. Flux was enhanced by up to 40% by the
addition of 10 mg 1! of Co*" and Ni** to pure buffer solu-
tions. Cr®* and Cd** had little effect on the flux whilst Zn**
and Cu?* reduced the flux.

The general explanation for these observations is that
the metals studied differ significantly in their interaction
with the membrane surfaces and pores in the presence of
phosphate buffer. The membrane material and its charge
pore size are two parameters which can substantially
affect membrane surface charge are critical factors to the
process performance. Generally the lowest retention of
ions with no polymer present occurred at the iso-electric
point of the membrane (~pH 3.9). Either side of this pH
the retention of metal ions by the membrane increased.
As the pH of the solution increased past this point, the
retention of metal ions increased both with and without
the presence of polymer. In general, the highest reten-
tion of metal ions occurred when the membrane had its
highest negative charge.

An interesting study to clarify these interactions
would be to investigate the metals binding to the mem-
brane surface and possible interactions with suspending
buffers. This would not be an easy to study directly as it
is the chemistry within the pores of the active membrane
that would be critical in these flux phenomena.

Acknowledgements

The authors are grateful to Saudi Arabia Govern-
ment for the support of this study

References

[1] Y. Uludag, H.O. C)zbelge and L. Yilmaz, Removal of mercury
from aqueous solutions via polymer-enhanced ultrafiltration,
J. Membr. Sci., 129 (1997) 93-99.

[2] KE. Geckeler, E. Bayer, BY Spivakov,, V.M. Shkinev and
G.A Vorobeva, Liquid-phase polymer-based retention. A new
method for separation and preconcentration of elements, Anal.
Chim. Acta., 189 (1986) 285-292.

[8] M. Mouflih, A. Aklil and S. Sebti, Removal of lead from aque-
ous solutions by activated phosphate, ]J. Hazard. Mater., 119
(2005) 183-188.

[4] KE. Geckeler, Polymer-metal complexes for environmental
protection. Chemoremediation in the aqueous homogeneous
phase, Pure Appl. Chem., 73 (2001) 129-136.

[5] SJ. Choi and K.E Geckeler, Synthesis and properties of hydro-
philic polymers. Part 8. Preparation, characterization and
metal complexing of poly[(2-hydroxyethyl)-DL-aspartamide]
in aqueous solution, Polym. Int., 49 (2000) 1519-1524.

[6] P.Canizares, A. Pérez and R. Camarillo, Recovery of heavy met-
als by means of ultrafiltration with water-soluble polymers: cal-
culation of design parameters, Desalination, 144 (2002) 279-285.

[7] A.Rether and M. Schuster, Selective separation and recovery of
heavy metal ions using water-soluble N-benzoylthiourea mod-
ified PAMAM polymers, React. Funct. Polym., 57 (2003) 13-21.

[8] B.L Rivas and E. Pereira, Water-soluble polymeric materi-
als with the ability to bind metal ions, Macromol. Symp., 193
(2003) 237-250.

[9] B.L.Rivasand E. Pereira, Functional water soluble polymers with
ability to bind metal ions, Macromol. Symp., 216 (2004) 65-76.

[10] A.S. Michaels, Ultrafiltration, in: E.S. Perry (Ed.), Progress in
Separation and Purification, Vol. 1, Wiley, New York (1968),
pp. 297-334.

[11] KXK. Geckeler and E. Volchek, Removal of hazardous sub-
stances from water using ultrafiltration in conjunction with
soluble polymers, Environ. Sci. Technol., 30 (1996) 725-734.

[12] B.F Smith, TW. Robison and N.N Sauer, Polyelectrolyte
enhanced removal of metals from soils and other solids, in:
AK. SenGupta (Ed.), Environmental Separation of Heavy
Metals, Lewis, Boca Raton (2002), Ch. 5, pp. 141-179.

[13] N.N. Sauer, D.S. Ehler and B.L. Duran, Lead extraction from
contaminated soil using water-soluble polymers, J. Environ.
Eng.-ASCE., 130 (2004) 585-588.

[14] O. Sanli and G. Asman, Removal of Fe(Ill) ions from dilute
aqueous solutions by alginic acid-enhanced ultrafiltration,
J. Appl. Polym. Sci., 77 (2000) 1096-1101.

[15] P. Canizares, A. de Lucas, A. Pérez and R. Camarillo. (2005)
Effect of polymer nature and hydrodynamic conditions on a
process of polymer enhanced ultrafiltration, J. Membr. Sci., 253
(2000) 149-163.

[16] R.S. Juang and C.H. Chiou, Ultrafiltration rejection of dis-
solved ions using various weakly basic water-soluble poly-
mers, ]. Membr. Sci., 177 (2000) 207-214.

[17] B.L Rivas, S.A. Pooley, E.D. Pereira, R. Cid, M. Luna, M.A. Jara
and K.E. Geckeler, Water-soluble amine and imine polymers



(18]

(19]

[20]

[21]

[22]

FEM. Almutairi et al. / Desalination and Water Treatment 42 (2012) 131-137

with the ability to bind metal ions in conjunction with mem-
brane filtration, J. Appl. Polym. Sci., 96 (2005) 222-231.

J. Muslehiddinoglu, Y. Uludag, H.O. Ozbelge and L. Yilmaz,
Effect of operating parameters on selective separation of heavy
metals from binary mixtures via polymer enhanced ultrafil-
tration, J. Membr. Sci., 140 (1998) 251-266.

J. Zeng, H. Ye, H. Liu and H. Xie, Characterization of a hollow-
fiber ultrafiltration membrane and control of cleaning pro-
cedures by a streaming potential method, Desalination, 195
(2006) 226-234.

V. Garcia-Molina, S. Lyko, S Esplugas, Th. Wintgens and
Th. Melin, Ultrafiltration of aqueous solutions containing
organic polymers, Desalination, 189 (2006) 110-118.

EM. Almutairi, PM. Williams and RW. Lovitt, Polymer
enhanced membrane filtration of metals: retention of single
and mixed species of metal ions based on adsorption iso-
therms, Desalin. Water Treat., 28 (2011) 1-7.

L.S Clescerl, A.E. Greenberg and A.D. Eaton (Eds.), Standard
Methods for Examination of Water & Wastewater, 20th Ed.,
American Public Health Association, Washington, DC (1999)
pp- 3-37.

[23]

[24]

[25]

[26]

[27]

[28]

137

M.J. Ariza and J. Benavente, Streaming potential along the sur-
face of polysulfone membranes: a comparative study between
two different experimental systems and determination of
electrokinetic and adsorption parameters, J. Membr. Sci., 190
(2001) 119-132.

B.L Rivas, E.D Pereira and I. Moreno-Villoslada, Water-soluble
polymer-metal ion interactions, Prog. Polym. Sci., 28 (2003)
173-208.

W.R. Bowen and EJ. Jenner, Electroviscous effects in charged
capillaries, Colloid Interface Sci., 173 (1995) 388-395.

M.K. Aroua Zuki and N.M. Suliaman, Removal of chromium
ions from aqueous solutions by polymer enhanced ultra-
filtration, J. Hazard. Mater., 147 (2007) 752-758.

JR. Kuppers, N. Harrison and ].S. Johnson, Hyperfiltration
studies. III. Effect of certain metal ions on the salt filtration
properties of cellophanes, J. Appl. Polym. Sci., 10 (1966) 969-979.
K. Trivunac and S. Stevanovic, Effects of operating parameters
on efficiency of cadmium and zinc removal by the complex-
ation-filtration process, Desalination, 198 (2006) 282-287.





