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a b s t r a c t

The sorption parameters of Cu(II), Co(II), Ni(II) as well as Fe(III) in the presence of a complexing agent
of a new generation to the anion exchangers of different basicity of functional groups were investigated.
A series of experiments were conducted to optimise the method for the their removal from industrial
effluents. It was found that the sorption efficiency of strongly, medium as well as weakly basic anion
exchangers varied depending on metal ions concentration, pH, contact time, agitation, temperature and
properties of anion exchangers such as their form. From the determined breakthrough curves the dis-
tribution coefficients (Dg) and (Dv), the ion exchange capacities (Cw, Ct) and the time required for the
moving the exchange zone (tz) as well as the total time required for the formation of exchange zone (tT)
were calculated. The largest percentages of heavy metal complexes with IDS removal were found for the
strongly basic anion exchanger (up to 98% for Cu(II), 82% for Fe(III), 67% for Ni(II) and 55% for Co(II)).

Satisfactory results were also obtained for medium and weakly basic anion exchangers. Besides, a kinetic

to st
d syst
procedure was developed
tested for the investigate

. Introduction

Industrial development has lead to a drastic increase of
eavy metal concentrations in the environment. Except for heavy
etal ions, synthetic organic metal-sequestering ligands such

s aminopolycarboxylic acids (mainly ethylenediaminetetraacetic
cid, EDTA and nitrilotriacetic acid, NTA) are also present in various
astewaters. Their presence is associated, among others, with their

pplication in pulp and paper, textile, metallurgical, food, cosmet-
cs, pharmaceutical and agricultural industries. The complexones
uch as EDTA, NTA, Quadrol (N,N,N′,N′-tetrakis(2-hydroxopropyl)-
thylenediamine) (Fig. 1) are extensively used in electroless copper
lating in manufacture of printed circuit boards. Aminopolycar-
oxylates have also been reported as the most common substitutes
or sodiumtriphosphate (STPP) in detergents. By forming complexes
ith calcium and magnesium ions they increase the cleaning action

f soaps and detergents. They are also extensively used as stabiliz-
ng agents in food industry, in wastewater treatment plants they
issolve CaCO3 scale deposit from hard water without the use of cor-

osive acids, they act as an anticoagulant for stored blood as well as
n the decontamination of radioactive effluents from nuclear indus-
ry. Radioactive wastewaters contain both complexing agents (for
xample, EDTA concentration up to 30 mM) and radioactive metals

∗ Tel.: +48 81 537 57 36; fax: +48 81 533 33 48.
E-mail address: kolodyn@poczta.onet.pl.

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.05.002
udy the kinetics of anion exchange. Two different kinetic behaviours were
ems.

© 2009 Elsevier B.V. All rights reserved.

like 60Co, 239Pu and 240Pu. They are also used in the separation of
rare earth elements from each other [1–5].

In the aminopolycarboxylates group, EDTA and DTPA have
proven to be practically non-biodegradable in standard tests. The
available data suggest that EDTA and its salts are not generally
removed during wastewater treatment [6–8]. Under anaerobic
conditions, no degradation could be found for any of the EDTA com-
plexes and in the case of EDTA its degradation rate strongly depends
on the type of microorganisms [9]. On the other hand, elimination
of EDTA of up to 70–80% was found in wastewater treatment plants
with facilities for chemical phosphate precipitation.

In the case of effluents containing heavy metal ions together
with complexing agents, typical chemical precipitation methods in
the presence of strong chelating agents such as EDTA, NTA, citrate,
and tartarate may make the precipitation process ineffective, even
when treating effluents of high metal concentration, because most
metal ions are complexed with organic ligands over the entire pH
range [9–11]. Therefore, more advanced techniques are required for
the cleanup of such contaminants and retardation of heavy metal
ions mobility.

Generally, the treatment methods can be grouped into three
categories: chemical, physical and electrochemical. The chem-

ical methods include substitution, reduction of the metal ion,
oxidation of complexing agent and ion exchange. The physical
methods include, among others, reverse osmosis. The electrochem-
ical methods are, for example, electrowinning and electrochemical
displacement. In the electrochemical reduction processes metal

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:kolodyn@poczta.onet.pl
dx.doi.org/10.1016/j.cej.2009.05.002
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Fig. 1. The structure of EDTA, NTA and Quadrol.

ons from the effluents are removed and then deposit as elemen-
al metals on the cathodic plate to enable the complexing agent
o be recovered for reuse from power plants. However, they are
ffected by several operating problems, e.g. membrane fouling and
egradation [12,13]. One possible solution is carrying out biodegra-
ation process resulting in the liberation of metal ions, having lower
obility under neutral conditions. To this end, studies on applica-

ion of advanced oxidation processes (AOP) or advanced oxidation
echniques (AOT) including some processes with such reactives like
zone, hydrogen peroxide, iron ions or UV irradiation as well as with
uch catalysts as TiO2 are carried out [14–18]. Ozone has been found
o degrade EDTA and the rate of destruction is influenced by coordi-
ation. It has been demonstrated that photocatalysis is a promising
echnology applicable for efficient removal of metal–EDTA com-
lexes from, for example, radioactive wastewater containing Fe(III),
u(II), Co(II) and Ni(II) [19,20]. Moreover, dissolved transition metal

ons in aqueous solutions affect the rate and efficiency of pho-
ocatalytic oxidation of organic compounds. One of the recycling

ethods also investigated was the application of electrolysis in
onjunction with a cation-exchange membrane for the recovery of
etals in a solution of metal–EDTA complexes. With the current

nterest in remediation technologies, the electrolysis method has
een extended for recycling of wastewater from soil washing [21].

Increasing concern about the direct or indirect potential effects
f the presence of the above mentioned complexones in the envi-
onment, that is:
1. mobilization of contaminant metal ions adsorbed in sediments;
. solubilization of radioactive metal ions and increase of their envi-

ronmental mobility;
g Journal 152 (2009) 277–288

3. contribution to eutrophication water processes (e.g. the EDTA
molecule contains approximately 10% of nitrogen that could
eventually be available to the aquatic microbiota and redissolves
calcium and ferrium phosphates, releasing phosphorous);

4. the ligand–metal complexes may significantly increase the
bioavailability of extremely dangerous heavy metals, for exam-
ple, Cu(II)–EDTA and Cd(II)–EDTA complexes which are more
toxic than their respective free metals

cause, that these complexons are nowadays replaced by
modern agents sufficiently biodegradable or eliminable. There
is a number of alternative products on market which are
claimed to be as effective as EDTA and NTA but most of them
have also their restrictions. For example, organophosphonates
were found to be not readily biodegradable. Others are read-
ily biodegradable, such as citrates and gluconates, but do not
have a sufficiently strong chelating power compared to NTA
or EDTA. A series of new diethanolamine derivatives such as
complexing agents have been designed by the Kemira Oyj Espoo
Research Centre (Finland): N-bis[2-(carboxymethoxy)ethyl]glycine
(BCA3), N-bis[2-(methyl-carboxymethoxy)ethyl]glycine (MBCA3),
N-bis[2-(1,2-dicarboxyethoxy)ethyl]glycine (BCA5) and N-bis[2-
(1,2-dicarboxyethoxy)ethyl] aspartic acid (BCA6). However, being
of technical quality these new alternative complexing agents
of low nitrogen content proved to be not readily biodegradable
compounds. BCA6 was found to be the most sensitive to pho-
todegradation, whereas BCA3 was quite photostable [22–24].
More recently, tetrasodium salt of l-asparaginic-N,N-diacetic
acid (ASDA), 1,3-propylenediaminetetraacetic acid (1,3-PDTA),
N-2(-hydroxyethyl)iminodiacetic acid (HEIDA), �-alaninediacetic
acid (�-ADA) and methylglycinediacetic acid (MGDA) were intro-
duced [25–29]. Particularly, MGDA is readily biodegradable in
compliance with the OECD standards and is used for enhancing
the cleaning efficiency of laundry and dishwashing detergents as
well as industrial and all-purpose cleaners. Also such chelating
agents as EGTA (ethylenedioxydiethylenediaminetetraacetic
acid) and HEDTA (N-hydroxyethylethylenediaminetriacetic
acid), EDDS (N,N′-ethylenediaminedisuccinic acid), IDS (N-(1,2-
dicarboxyethyl)-d,l-aspartic acid also known as iminodisuccinic
acid) and DS (polyaspartic acid) have also been proposed [30–37].
According to recent investigations, especially S,S′-EDDS is a viable
replacement ligand in pulp and paper industry, in cosmetics, etc.
and also IDS is comparable to EDTA. �-ADA is also a potential
alternative. The structural formulae of the above-mentioned
complexones are presented in Table 1

.
The aim of this study was to explain the influence of chemi-

cal conditions on the ion exchange capacity and on the kinetics of
copper(II), cobalt(II), nickel(II) and iron(III) in the presence of the
complexing agent of a new generation that is sodium salt of N-
(1,2-dicarboxyethyl)-d,l-aspartic, which has the commercial name
Baypure CX 100. In the studies there was applied the ion exchange
which is a method used in water treatment and wastewater purifi-
cation. This method is suitable for removal of all contaminants in the
ionic form also including heavy metal ions in the presence of com-
plexing agents from different systems. The results obtained under
different experimental conditions will be presented and discussed
in this paper.

2. Materials and methods
2.1. Resins

The following medium and weakly basic anion exchangers
Lewatit MonoPlus MP 64, Lewatit MP 62 produced by the Bayer
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Table 1
Chelating agents of a new generation.

Chelator Name Structure Manufacturer.

BCA3 N-bis[2-(carboxymethoxy)ethyl]glycine Kemira Oyj Espoo, Finland

MBCA3 N-bis[2-(methylcarboxymethoxy)ethyl]glycine Kemira Oyj Espoo, Finland

BCA5 N-bis[2-(1,2-dicarboxyethoxy)ethyl]glycine Kemira Oyj Espoo, Finland

BCA6 N-bis[2-(1,2-dicarboxyethoxy)ethyl]aspartic acid Kemira Oyj Espoo, Finland

ASDA Asparaginic-N,N-diacetic acid Mitsubishi Rayon

PDTA Propylenediaminetetraacetic acid Chemlex Chemicals, Inc.

�-ADA �-Alaninediacetic acid BASF

MGDA Trisodium salt of methylglycinediacetic acid BASF

HEIDA N-2(2-hydroxyethyl)iminodiacetic acid Dow Chemical Company

HEDTA Hydroxyethylethylenediaminetriacetic acid Dow Chemical Company
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Table 1 (Continued )

Chelator Name Structure Manufacturer.

EDDS Ethylenediamine-N,N
′
-disuccinic acid Innospec

IDS Sodium salts of N-(1,2-dicarboxyethyl)-d,l-aspartic acid Lanxess
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G, Germany as well as strongly basic anion exchanger Amberlite
RA 402 produced by the Rohm and Haas, France were used in the
nvestigations. Short characteristic of these resins is presented in
able 2. Prior to the use they were washed with 1 M NaOH and 1 M
Cl to remove organic and inorganic impurities and then washed

everal times with deionized water.

.2. Chemicals

In order to determine sorption capacity of resins towards cop-
er(II), cobalt(II), nickel(II) and iron(III) in the presence of Baypure
X 100 (in this paper referred as IDS) they were reacted with appro-
riate solutions of these metals at pH without adjustment. For

ndividual complexes the pH values were—6.75: Cu(II)–IDS = 1:1,
.93: Co(II)–IDS = 1:1, 7.65: Ni(II)–IDS = 1:1, 4.89: Fe(III)–IDS = 1:1.
he stock solution was further diluted to the required experimental
oncentration. The other chemicals used were of analytical grade.

.3. Column studies

In order to measure affinity of the above-mentioned heavy metal
omplexes with IDS, the breakthrough curves were determined
sing 10 mL of the swollen anion exchanger in the appropriate form.
he resins (in the commercial forms) were converted to acetate
r iminodisuccinate forms obtained by contacting with an excess
f 1 M CH3COONH4 at pH 7.0 or 0.1 M IDS at pH 7.5, respectively.
hen the prepared solutions of complexed metal ions were passed
ontinuously downwards through the resin beds keeping the flow
ate at 0.8 mL/cm2 min. The effluent was collected in fractions in
hich the metal(II)/(III) content was determined. The mass (Dg)

nd bed (Dv) distribution coefficients as well as the working (Cw)

nd total (Cr) ion exchange capacities of M(II) were calculated from
he determined breakthrough curves according to Eqs. (1)–(3) [37]:

g = V − (V0 + Vi)
mj

(1)

able 2
haracteristics of ion exchangers used in the investigations.

on exchanger Typical properties

Matrix Active groups Delivery form Appear

mberlite IRA 402 P-DVB (g) –N+(CH3)3 Cl− Beige, t
ewatit MonoPlus MP 64 P-DVB (m) —+N(CH3)3/— N(CH3)2 Cl−/OH− Beige, o
ewatit MP 62 P-DVB (m) –N(CH3)2 OH− Beige, o
ewatit MonoPlus SP 112 P-DVB (m) –SO3H H+ Beige, o

-DVB: polystyrene cross-linked with divinylbenzene, g: gel structure; m: macroporous s
ADOB

Dv = V − (V0 + Vi)
Vj

(2)

Cw = Ve · c0

Vj
(3)

where V̄ the volume of effluent at c = c0/2 (determined graphically)
(mL), V0 the dead volume in the column (liquid volume in the col-
umn between the bottom edge of ion exchanger bed and the outlet)
(mL), Vi the void (interparticle) ion exchanger bed volume which
amounts to ca. 0.4 of the bed volume (mL), mj the dry ion exchanger
mass (g), Vj the bed volume (mL), Ve the effluent volume to the break
point (L), and c0 the initial concentration of a solution of M(II)/M(III)
(mg/L).

The total ion exchange capacities (Cr) were calculated by inte-
gration along the curve (the concentration of non-complexed
copper(II) ions − sorbed on the cation exchanger Lewatit MonoPlus
SP 112 (Fig. 6) was taken into account when calculating the working
(Cw) and total (Cr) exchange capacities). The time required for the
moving of the exchange zone (tz) as well as the total time required
for the formation of the exchange zone (tT) were also calculated.
These parameters are proportional to the volume of effluent (Eq.
(4)) and to the total volume of effluent collected (Eq. (5)):

tz = Vz

U · S
(4)

tT = VT

U · S
(5)

where U the flow rate (mL/min), S the total column cross-section
area (cm2). Vz the volume of effluent (mL), and VT the total volume
of effluent collected (mL).

The moving rate of the exchange zone (cm/s) is proportional to
the height of the resin bed (cm):
vex = hT

tT − tF
(6)

where tF the time of exchange zone formation (related to the bed
symmetry coefficient F) (s).

ance Bead size (�m) Total capacity (eq/L) pH range Max. temp. range

ransparent 600–750 1.3 0–14 273–333
paque 590 ± 50 1.3 0–7 273–313
paque 470 ± 60 1.7 0–8 273–313
paque 660 ± 70 1.7 0–14 273–353

tructure.
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The relation for estimation of zone formation time is as follows:

F = (1 − F)tz (7)

The bed symmetry coefficient (F) can be defined as the ratio of
he time required for the exchange zone to move its own height
own through the bed to the max time required for the exchange
one to move. If F = 0, the exchanger is essentially saturated with the
ons being removed. One would expect that the time of formation
f the zone at the top of the bed would be nearly equal to that
equired for the zone to descend by a distance equal to its own
eight. Conversely, if F = 1.0, if the exchanger within the zone at the
teady state is essentially free of the ions being removed, the time
f formation of the zone would be very short.

The height of the exchange zone can be determined by the rela-
ion:

ex = vex · tz (8)

The quantities of metal complexes removed by the exchange
one from the breakthrough point to exhaustion of the bed were
etermined graphically from the obtained breakthrough curves.

.4. Batch studies

The sorption of divalent metal ions Cu(II), Co(II), Ni(II) and triva-
ent ion Fe(III) in the presence of IDS on the above-mentioned anion
xchangers was investigated by batch operation as a function of
ontact time, different metal–ligand ratios and pH. Batch exper-
ments were performed to determine the recovery factors (%R) as

ell as the concentration of analyzed metals at the equilibrium (qe)
nd at the specific time (qt).

The recovery factors were calculated from the equation:

R = c0 − ct

c0
· 100% (9)

nd the resin phase concentrations of M(II) in the presence of IDS at
he equilibrium, qe (mg/g) and at the specific time, qt (mg/g) were
btained according to:

e = (c0 − ce) · V

m
(10)

t = (c0 − ct) · V

m
(11)

here ce the concentration of M(II)/(III) in the aqueous phase at
quilibrium (mg/L), ct the concentration of M(II/(III)) in the aqueous
hase at time t (mg/L), V the volume of the solution (L), and m the
ass of the ion exchanger (g).
The appropriate amounts of anion exchanger and a solution

f known metal ion concentration were shaken in a mechanical
haker (ELPINE, type 357) at the constant temperature 25 ◦C. The
xperiments were conducted in the two parallel series. The repro-
ucibility of the measurements was within 5%. The concentrations
f chloride ions were not determined.

.5. Analytical procedure

An atomic absorption spectrometer ContrAA, Analytic Jena was
sed for quantitative determination of the concentration of heavy
etal ions(II)/(III).

. Results and discussion
.1. Complexation by IDS

Although the sorption of metal ions on ion exchangers of dif-
erent types has been widely studied, scanty research was focused
g Journal 152 (2009) 277–288 281

on the effect of biodegradable organic ligands such as iminodis-
uccinic acid on metal uptake. The complexing agent also known
as N-(1,2-dicarboxyethyl)-d,l-aspartic acid is very promising tak-
ing into account its affect on the environment. For the four possible
equilibrium states:

H3ids− + H+ � H4ids (12)

H2ids2− + H+ � H3ids− (13)

Hids3− + H+ � H2ids2− (14)

ids4− + H+ � Hids3− (15)

it was found that at around pH 7 this complexing agent is in the
form of Hids3−, protonated or deprotonated with decreasing or
increasing pH. IDS acts as a pentadentate N, O donor ligand form-
ing chelates of octahedral structure with many metal ions. No bis or
binuclear species were found. In the papers by Vasilev et al. [38,39]
it was found that IDS forms weak complexes with alkaline earth
metals and the moderately stable transition metals. Therefore in
the presented paper the reaction of the complex formation:

Mm+ + idsn− � [M(ids)](n–m)− (16)

was assumed to be the research basis.
The comparison of the stability constants of complexes (log K)

of metal ions (M) and various ligands (L) was presented in [35]. In
the paper by Hyvönen [40], it was found that in the dilute solutions
of IDS more than 90% of metal ions are bound over a wide pH range.
The speciation distributions of studied heavy metal ions as well
as of iron(III) in the presence of IDS calculated using a ‘NIST Criti-
cally Selected Stability Constants of Metal Complexes’ the computer
program by Motekaitis show that for Cu(II) the effective complexa-
tion region was at the pH values 3–12, Zn(II) 5–11 and Mn(II) 7–11.
For Fe(III) the conditions are limited to the acidic region 3–6. The
competitive hydrolysis of Fe(III) overcomes the complex formation
between Fe(III) and IDS. The exemplary percentage distribution of
copper(II) complexes with IDS as a function of pH is presented in
Fig. 2a. As follows from Fig. 2b for low pH conditions (less than 3),
the tendency for M(II)/M(III) ions to form complexes with IDS may
be assumed as: Cu(II) > Fe(III) > Zn(II) > Mn(II), whereas for pH > 7 it
can be as follows: Cu(II) > Zn(II) > Mn(II) > Fe(III).

3.2. Selection of anion exchangers

As follows from the previous studies strongly basic anion
exchangers proved to be effective for the removal of metal ions in
the presence of IDS. In this group, the anion exchangers, gel Lewatit
MonoPlus M 500, Lewatit MonoPlus M 600 and macroporous
Lewatit MonoPlus MP 500 were investigated [35]. In the pre-
sented studies attempts were made to investigate mainly medium
and weakly basic anion exchangers. For comparison strongly basic
Amberlite IRA 402 was also used.

Weakly basic anion exchangers have been extensively studied
for many years. It is well known that they possess primary, sec-
ondary and/or tertiary amino groups. A mechanism of ion exchange
involving dissociation reactions was first postulated by Helfferich
[41] according to whom the free-base form of, e.g. a primary amino
group in neutral and alkaline pH can be characterized by the disso-
ciation equilibrium:

RNH2 + H2O � RNH3
+OH− (17)
On the other hand, weakly basic anion exchangers bind the tran-
sition metal ions through the formation of coordinating bonds. As
follows from the literature data, metal ions linking depends on the
concentration and kind of heavy metal ion, the matrix flexibility
of anion exchangers as well as the kind of functional groups. For
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ig. 2. (a) The percentage of individual forms of Cu(II) complexes with IDS. (b) The
onditional stability constants for the M(ids)n–m complexes depending on the pH
alue.

nion exchangers with highly flexible functional groups, coordina-
ion by more than two nitrogen atoms is likely, whereas for those
ith poorly flexible groups that is primary amine groups coordi-
ation by only one nitrogen atom can be assumed [42,43]. In the
resented paper this possibility was also taken into account due to
ossible decomposition of metal complexes with IDS.

.3. Column studies results

Because majority of industrial and processing waters and
astewaters contain organic substances besides to heavy metals,

t is very important to know the behaviour of heavy metals in the
resence of organic ligands toward their sorption on anion exchang-
rs. For this reason, the sorption of Cu(II), Co(II), Ni(II) and Fe(III) in
he presence of IDS was studied on the medium and weakly basic
nion exchangers Lewatit MonoPlus MP 64 and Lewatit MP 62 as
ell as on the strongly basic anion exchanger Amberlite IRA 402.

he obtained breakthrough curves are presented in Fig. 3. The anal-
gous breakthrough curves on Lewatit MonoPlus MP 64 and Lewatit
P 62 in the acetate and iminodisuccinate forms are presented in

igs. 4 and 5. To establish possible sorption of heavy metal ions
nbound into complexes, strongly acidic cation exchanger was also
sed. The breakthrough curve for Cu(II) in the presence of IDS on
ewatit MonoPlus SP 112 is presented in Fig. 6. If the concentration
f metal ion in the effluent from the column is plotted as a function
f the total volume of effluent collected, a characteristic ‘S’ curve is
btained. Evidently, when the effluent metal concentration reaches

% of its value in the influent, the exchange zone reaches the bot-
om of the bed. This point may be designated as the breakthrough
oint. As operation of the column is continued, the concentration
f metal ion in the effluent rises until it reaches the value of the
nfluent. At this point, the exchange zone has moved out of the bed,
Fig. 3. The breakthrough curves of Cu(II), Co(II), Ni(II) and Fe(III) in the presence of
IDS on (a) Amberlit IRA 402, (b) Lewatit MonoPlus MP 64, and (c) Lewatit MP 62.

and the ion exchanger is exhausted. From the breakthrough curves
the distribution coefficients as well as the ion exchange capaci-
ties towards M(II)/M(III) complexes with IDS were calculated. The
obtained results are presented in Tables 3 and 4.

As follows from the determined breakthrough curves and
comparison of calculated sorption parameters, the macroporous
medium and weakly basic anion exchangers Lewatit MonoPlus
MP 64 and Lewatit MP 62 were more effective for sorption
of the above mentioned complexes (Fig. 3, Tables 3 and 4)
than the gel strongly basic anion exchanger Amberlite IRA 402.
For this anion exchanger, for example, the D values obtained
g

from the breakthrough curves for Cu(II), Ni(II), Co(II) and Fe(III)
were 1183, 1134, 996, 1090, respectively and were lower than those
for Lewatit MonoPlus MP 64 (1949, 1808, 1047, 1630) and Lewatit
MP 62 (1935, 1573, 1012, 1344). In the case of the cation exchanger
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Fig. 4. The breakthrough curves of Cu(II), Co(II), Ni(II) and Fe(III) in the presence of
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Fig. 5. The breakthrough curves of Cu(II), Co(II), Ni(II) and Fe(III) in the presence of
IDS on Lewatit MP 62 in the (a) Ac and (b) IDS forms.

and Lewatit MP 62 the moving rates of the exchange zone (vex) are
almost similar to Amberlite IRA 402 with simultaneous increase
DS on Lewatit MonoPlus MP 64 in the (a) Ac and (b) IDS forms.

ewatit MonoPlus SP 112 in the H+ form complexes decomposition
oes not occur in the ion exchanger phase (Fig. 6), as sorption of
u(II) cations was not observed.

Based on the obtained results, the studied anion exchangers
an be arranged in the order: Lewatit MonoPlus MP 64 > Lewatit
P 62 > Amberlite IRA 402. For Lewatit MonoPlus MP 64 and

ewatit MP 62 the affinity series of metal complexes in the
.001 M M(II)/M(III)-0.001 M IDS system was found to be as fol-

ows: Cu(II) > Ni(II) > Fe(III) > Co(II). The analogous affinity series
as found also for Amberlite IRA 402. The highest affinity is exhib-

ted by both Cu(II) and Ni(II) complexes with IDS, which creates
ossibility of their selective separation from Co(II) and Fe(III) ones.

The results show significant effects of the form of the anion
xchangers under investigation on effectiveness of individual metal
omplexes with IDS sorption. The chloride/free base form of Lewatit
onoPlus MP 64 and free base form of Lewatit MP 62 seem to

e the most effective. However, in the case of Amberlite IRA 402
or chloride form, the first fractions of the purified solution should
e redirected on the column for their further purification, as com-
lexes of smaller affinity for the anion exchanger presumably of the
M(H2ids)] or [M(Hids)]− type are formed in the first stage of the
rocess (as indicated by the shape of the obtained breakthrough
urves). The distribution coefficients for the acetate and iminodis-
ccinate forms of Lewatit MonoPlus MP 64 and Lewatit MP 62 are

ower compared to those for the commercial forms. In the case of
minodisuccinate form, complete sorption of Cu(II), Co(II), Ni(II) and
e(III) complexes is found. Taking into account applicability of the

nion exchangers in question in the sorption process, they can be
rranged as follows:
Fig. 6. The breakthrough curves of Cu(II) in the presence of IDS on Lewatit MonoPlus
SP 112.

Lewatit MonoPlus MP 64 in the chloride/free base form ≈ Lewatit
MP 62 in the free base form > Lewatit MonoPlus MP 62 in
the acetate form > Lewatit MonoPlus MP 64 in the acetate
form > Lewatit MonoPlus MP 64 in the IDS form > Lewatit MP 62
in the IDS form.

As follows from the sorption parameters presented in Table 4
for the M(II)/M(III)–IDS complexes on Lewatit MonoPlus MP 64
of the height of the exchange zone (hex). Also, the times of the
exchange zones formation (tF) as well as their moving to the points
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Table 3
The mass (Dg) and volume (Dv) distribution coefficients as well as the working
(Cw) and total (Cr) ion exchange capacities (g/mL) for Cu(II), Co(II), Ni(II) and Fe(III)
complexes with IDS on Lewatit MonoPlus MP 64 and Lewatit MP 62.

M(II)–IDS system Dg Dv Cw Cr

Lewatit MonoPlus MP 64
Cu(II)–IDS = 1:1 1949.09 454.06 0.0159 0.0297
Cu(II)–IDS = 1:2 671.35 156.40 0.0025 0.0095
Co(II)–IDS = 1:1 1047.95 244.13 0.0027 0.0153
Ni(II)–IDS = 1:1 1808.98 421.42 0.0029 0.0243
Fe(III)–IDS = 1:1 1630.24 379.78 0.0084 0.0214

Lewatit MonoPlus MP 64 in the Ac form
Cu(II)–IDS = 1:1 939.05 218.76 0.0029 0.0138
Co(II)–IDS = 1:1 700.91 163.28 0.0028 0.0098
Ni(II)–IDS = 1:1 799.89 186.34 0.0029 0.0053
Fe(II)–IDS = 1:1 829.46 193.23 0.0017 0.0109

Lewatit MonoPlus MP 64 in the IDS form
Cu(II)–IDS = 1:1 883.45 205.81 0.0031 0.0137
Co(II)–IDS = 1:1 339.67 79.13 0.0024 0.0055
Ni(II)–IDS = 1:1 610.89 142.31 0.0026 0.0086
Fe(III)–IDS = 1:1 830.74 193.53 0.0050 0.0122

Lewatit MP 62
Cu(II)–IDS = 1:1 1935.34 555.56 0.0203 0.0352
Cu(II)–IDS = 1:2 903.68 259.41 0.0057 0.0183
Co(II)–IDS = 1:1 1012.18 290.56 0.0059 0.0176
Ni(II)–IDS = 1:1 1573.42 451.67 0.0088 0.0256
Fe(III)–IDS = 1:1 1344.96 386.08 0.0078 0.0226

Lewatit MP 62 in the Ac form
Cu(II)–IDS = 1:1 1722.59 494.49 0.0222 0.0321
Co(II)–IDS = 1:1 654.36 187.84 0.0024 0.0121
Ni(II)–IDS = 1:1 795.19 228.27 0.0018 0.0155
Fe(III)–IDS = 1:1 1320.91 379.18 0.0084 0.0224

Lewatit MP 62 in the IDS form
Cu(II)–IDS = 1:1 317.40 91.11 0.0025 0.0064

o
e
i
b
e
s
I
i
i
c

T
T
p
4

M

L

L
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Co(II)–IDS = 1:1 161.05 46.23 0.0018 0.0028
Ni(II)–IDS = 1:1 217.24 62.36 0.0023 0.0038
Fe(III)–IDS = 1:1 180.90 51.93 0.0003 0.0035

f the bed exhaustion (tT) are also the highest for the above anion
xchanger. However, relative sorption capacity in the exchange zone
s the largest for Amberlite IRA 402, as indicated by the value of the
ed symmetry coefficient larger than 0.6. In the case of the anion
xchangers Lewatit MonoPlus MP 64 and Lewatit MP 62 the bed
ymmetry coefficients are slightly lower than those on Amberlite

RA 402 (values in the range 0.29–0.52), with significant increase
n the height of the exchange zone for them (reaching even 100%
n some cases, e.g. for the Co(II)–IDS complexes). The total sorption
apacity of the resin (Ct) is the largest for the Cu(II)–IDS complexes

able 4
he sorption parameters (tz , tT , tF , vex , hex , F) for Cu(II), Co(II), Ni(II) and Fe(III) com-
lexes with IDS on Lewatit MonoPlus MP 64, Lewatit MP 62 and Amberlite IRA
02.

(II)–IDS system tz tT tF vex hex F

ewatit Mono Plus MP 64
Cu(II)–IDS = 1:1 4918 7747 3493 0.0050 14.73 0.290
Co(II)–IDS = 1:1 4535 5164 2193 0.0023 19.44 0.517
Ni(II)–IDS = 1:1 6484 7230 2640 0.0038 17.99 0.593
Fe(III)–IDS = 1:1 4451 6197 2720 0.0037 16.31 0.389

ewatit MP 62
Cu(II)–IDS = 1:1 5195 8780 3647 0.0045 12.9 0.298
Co(II)–IDS = 1:1 4467 5681 2855 0.0035 20.1 0.361
Ni(II)–IDS = 1:1 5451 7119 3228 0.0037 17.3 0.408
Fe(III)–IDS = 1:1 5554 6245 3531 0.0034 19.1 0.364

mberlite IRA 402
Cu(II)–IDS = 1:1 4597 4855 544 0.0038 13.58 0.882
Co(II)–IDS = 1:1 3851 4545 918 0.0035 10.01 0.678
Ni(II)–IDS = 1:1 3467 4648 1160 0.0037 12.66 0.666
Fe(III)–IDS = 1:1 2867 4028 386 0.0035 10.03 0.865
Fig. 7. The breakthrough curves of Cu(II) in the presence of IDS on Lewatit MonoPlus
MP 64 (close points) and Lewatit MP 62 (open points).

(Table 3). The moving rates (vex) of the exchange zone are larger for
copper(II) and nickel(II) than cobalt(II) and iron(III).

It is interesting to note that the sorption of metal complexes
with IDS on anion exchangers increases with the increasing cations
tendency to form anionic complexes. Moreover, according to the lit-
erature data [39] the stability constants of Cu(II) complexes (log ˇ)
of [CuH2(ids)], [CuH(ids)]− and [Cu(ids)]2− types in the M(II)–L = 1:1
system are as follows: 5.09, 6.7, 12.74 while in the M(II)–L = 1:2 sys-
tem are: 5.19, 6.63, 12.43 [38]. Therefore, taking into account the
effect of the equivalents ratio, the affinity for the studied anion
exchangers Lewatit MonoPlus MP 64 and Lewatit MP 62 for the
Cu(II)–IDS = 1:2 system is lower than in the case of Cu(II)–IDS = 1:1
complexes (Fig. 7).

One of the most important ways of minimizing costs of ion
exchange process is to obtain the regeneration effluent at the high-
est concentration possible. As proved previously, in this paper
sodium chloride was the most effective and cheap regenerating
agent used. Regeneration of the anion exchangers by means of 1 M
NaCl is quick and almost complete as follows from the mass balance.
In the case of Cu(II)–IDS complexes 98% desorption was achieved.
The slightly lower values were obtained for Co(II)–IDS, Ni(II)–IDS
and Fe(III)–IDS (95%, 94% and 91%).

3.4. Effect of agitation in batch experiments

In the preliminary studies the effect of the agitation speed was
examined. The obtained results show that the sorption process can
be constant for agitation speed in excess of 180 rpm. Therefore
180 rpm was used in batch experiments.

3.5. Effect of contact time

Sorption of metal–ligand complexes by ion exchangers consists
of three steps: the charge species migrate to the surface of anion
exchangers. Then attraction or repulsion (depending on the ion
exchanger matrix charge and the type of functional groups) takes
places. If there are metal–ligand complexes of the same charge
as the ion exchange matrix with attached functional groups, lim-
ited mass transport will occur across the surface of ion exchange
particle. Furthermore, surface reactions may occur if the complex
has any interacting groups, which can associate with the surface
functional groups of the ion exchanger. The second step consists

of diffusion of the complexed molecules through the pores of the
ion exchanger to the functional groups and finally, the sorption
reaction takes place. The variety of rate determining mechanisms
namely: film diffusion, particle diffusion and chemical reaction
may be involved depending on the metal ion under consider-
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ig. 8. Comparison of the recovery factor (%R) values and the pseudo-second-order k
P 64, (c and d) Lewatit MP 62 and (e and f) Amberlite IRA 402, depending on the p

tion, resin form and the hydrodynamic conditions employed.
ther factors affecting this process are the rate of change of
omplex formation or destruction in solution phase and the com-
etition for soluble ligands or exchange sites among various metal

ons.
The obtained results depending on the phase contact time for the

.001 M M(II)/M(III)–0.001 M IDS system confirmed the research
arried out by means of the dynamic method. The values of recovery

actors (%R) of the studied heavy metal complexes with IDS deter-

ined for Amberlite IRA 402, Lewatit MonoPlus MP 64 and Lewatit
P 62 are presented in Fig. 8. As shown, the rate of sorption of stud-

ed complexes by the anion exchangers was quite rapid. The metal
omplexes removal in the first 30 min was in the range of 83–95%
for Cu(II), Co(II), Ni(II) and Fe(III) complexes with IDS on (a and b) Lewatit MonoPlus
contact time (0.5 g of the anion exchanger, initial concentration 1 × 10−3 M).

in the case of Lewatit MonoPlus MP 64, 86–96% and 55–99% in the
case of Lewatit MP 62 and Amberlite IRA 402, respectively. Equilib-
ria were reached within 2 h. At equilibrium, for Lewatit MonoPlus
MP 64 99.4% of the Cu(II) complexes, 98.6% of the Ni(II) complexes,
97.6% of the Fe(III) complexes and 92.2% of the cobalt(II) complexes
were removed from the solution.

The rate constants for sorption of the above-mentioned com-
plexes on Lewatit MonoPlus MP 64, Lewatit MP 62 and Amberlite

IRA 402 were determined using the pseudo-first-order as well as the
pseudo-second-order models, which have linear forms as [43,44]:

log(qe − q) = log(qe) − k1t

2.303
(18)
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ig. 9. Comparison of the recovery factor (%R) values for Cu(II) complexes with IDS
n Amberlite IRA 402, Lewatit MonoPlus MP 64 and Lewatit MP 62 depending on
he pH value of the solution.

t

q
= t

qe
+ 1

k2q2
e

(19)

here qe the amount of metal complexes sorbed at equilibrium
mg/g), q the amount of metal complexes sorbed at time t (mg/g),
nd k1, k2 the equilibrium rate constant (min−1).

The initial adsorption rate (h) is equal to k1qe and k2q2
e

mg/g min) for pseudo-first- and the pseudo-second-order models,
espectively. Fig. 8(b, d and f) shows that the data are well described
y the pseudo-second-order equation (R2 values were in the range
.979–1.000). For Lewatit MonoPlus MP 64 the qe values obtained
ere 6.45 for Cu(II)–IDS, 5.88 for Ni(II)–IDS, 5.64 for Fe(III)–IDS and
.58 for Co(II)–IDS whereas for Lewatit MP 62 they were slightly
igher that is 6.88, 6.43, 6.54 and 5.23, respectively. The k2 values
btained by regression were for the above-mentioned complexes
.0562, 0.0554, 0.0534, 0.0479 for Lewatit MonoPlus MP 64 and
.0117, 0.0100, 0.089, 0.057 for Lewatit MP 62, respectively. These
alues indicate that the sorption of copper was the most rapid.

.6. Effect of pH and temperature

As mentioned earlier in the sorption process on anion exchang-
rs the negative complexed ions take part. Their structure, charge
s well as concentration affect the sorption process. Occurrences
f individual, negative forms of metal complexes and free ligands
epend on pH value of the solution. Thus determination of pH
anges in which heavy metals occur in the form of anion com-
lexes allows for preliminary determination of sorption system in
hich removal of heavy metal complexes can take place. Addition-

lly, the pH of the solution determines the degree of ionization of
he functional groups especially in the case of weakly basic anion
xchangers.

The exemplary data for experiments to establish the pH effect
n sorption of Cu(II) in the presence of IDS are given in Fig. 9. For
he medium basic anion exchanger Lewatit MonoPlus MP 64 the
btained data indicate that in the sorption process of Cu(II)–IDS
omplexes quaternary ammonium groups take part. In contact with
n alkaline solution, the tertiary amine groups become dissociated
nd the quaternary ammonium salts are the only ionic groups. This

ype of resin can be considered to be strongly basic resin with a
ow ionic density (number of ionic group per unit volume). In the
ase of Amberlite IRA 402 sorption increases with the increasing
H, reaching a saturation value at around pH 5.0. At all studied
H values, i.e. 2.0–9.0 Amberlite IRA 402 exhibits higher sorption
Fig. 10. The Langmuir sorption isotherms of Cu(II) in the presence of IDS on (a)
Lewatit MonoPlus MP 64, (b) Lewatit MP 62, and (c) Amberlite IRA 402.

values for Cu(II) complexes than for the other heavy metal ions,
i.e. Co(II) and Ni(II) in the presence of IDS. At low pH values only

weakly basic Lewatit MP 62 possesses higher sorption capacity for
these species, which is in agreement with the nature of the anion
exchanger of this type.

As follows from the effect of temperature, no significant
improvement of the sorption process was observed under the effect
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f temperature increase from 25 ◦C to 55 ◦C (data not presented).

.7. Effect of Cu(II) complex with IDS concentration—sorption
sotherm

The heavy metal complexes sorption capacities of the studied
nion exchangers were determined under non-competitive condi-
ions (i.e. sorption from single metal ions-solutions) at constant pH
alues (Fig. 10). The medium basic anion exchanger Lewatit Mono-
lus MP 64 possesses comparable affinity for the studied complexes
ith strongly basic anion exchanger Amberlite IRA 402, maybe due

o the ionic density effect. The experimental data were fitted to
he Langmuir and Freundlich isotherms. The well-known Langmuir
quation was represented as

1
qe

= 1
bq0ce

+ 1
q0

(20)

here qe the equilibrium M(II)/(III) ions concentration on the ion
xchanger (mg/g), ce the equilibrium M(II)/(III) ions concentration
n solution (mg/L), q0 the monolayer capacity of ion exchanger
mg/g), and b the Langmuir adsorption constant (L/g) related to the
ree energy of adsorption.

The values of q0 and b were calculated from the slope and the
ntercept of the linear plots ce/qe versus ce. On the other hand, the
reundlich equation was represented as

e = KF cbF
e (21)

here KF and bF = 1/n are the Freundlich constants corresponding
o the adsorption capacity and the adsorption intensity.

The plot of ln qe versus ln ce was employed to generate the inter-
ept KF and the slope 1/n. The isotherm constants as well as the
egression coefficients indicate that those values are also high for
eakly basic Lewatit MP 62 (Fig. 10). Low values of R2 for the Fre-
ndlich isotherm indicate the inadequacy of this model to explain
he sorption process. Taking into account the values of the Langmuir
onstants (q0), the anion exchangers can be arranged as follows:

Lewatit MonoPlus MP 62 > Amberlite IRA 402 > Lewatit MonoPlus
MP 64

. Conclusions

1. In the presented paper the polystyrene anion exchangers with
different basicity of functional groups were assessed in terms of
their applicability for removal heavy metal ions(II) and iron(III)
in the presence of the readily biodegradable complexing agent
N-(1,2-dicarboxyethyl)-d,l-aspartic acid (IDS). As the traditional
complexing agents do not comply with ready-biodegrability
criteria and with increasing legislation there is a pressing
requirement to replace them with biodegradable alternatives.
IDS satisfies these conditions, additionally is an effective com-
plexing agent which can be applied in removal of heavy metal
ions.

. In general, resin basicity has a significant impact on sorption
equilibria. The medium and weakly basic anion exchangers
Lewatit MonoPlus MP 64 and Lewatit MP 62 were found to
have a good total capacity toward all considered metal ions.
Satisfactory results were also obtained using the strongly basic
anion exchanger Amberlite IRA 402. For this anion exchanger, the
results are comparable with those obtained for Lewatit MonoPlus
M 500 [35].
. Equilibrium sorption data were well fitted by the Langmuir
model. The maximum sorption capacity was obtained for Lewatit
MonoPlus MP 64.

. For all anion exchangers applied the pseudo-second-order equa-
tion gives the best fit to the equilibrium data. For Lewatit

[

[
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MonoPlus MP 64 the qe values obtained were 6.45 mg/g for
Cu(II)–IDS, 5.88 mg/g for Ni(II)–IDS, 5.64 mg/g for Fe(III)–IDS and
5.58 for Co(II)–IDS.

5. The sorption process depends on the pH of the solution of
M(II)/(III)–IDS complexes.

6. The anion exchange process seems to be the most suitable for
removal of such contamination because of its simplicity, effec-
tiveness, recovery and relatively low cost.
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