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Abstract

The removal of various heavy metal ions such as Cu2+, Co2+, Zn2+, Ni2+ and Pb2+ from aqueous solutions by precipitation with polyelectrolyte
complex of PPEI and PEI was conducted. Heavy metal binding with PPEI was initially allowed to occur and then upon equilibration, PEI was
a fective for
h n
m ore effective
t
©

K

1

i
p
t
o
S
s
a
u
r
i
t
m

c

on-
with
p-

rged
use
then
lyte
king
ence
dded
the

ating
is ap-

using
rs in

for
om-
tain
tively

0
d

dded to initiate precipitation of the polyelectrolyte complex together with the heavy metal ion. The PPEI–PEI system was found ef
eavy metal scavenging purposes even in the presence of high concentrations of non-transition metal ions like Na+. Heavy metal concentratio
ay be reduced beyond emission standards for industrial wastewaters. The PPEI–PEI polyelectrolyte complex was found to be m

han traditional precipitation methods for the treatment of a representative electroless Ni plating waste solution.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In this research, the use of polyethyleneimine (PEI) and
ts phosphonomethylated derivative (PPEI) for heavy metal
recipitation was evaluated. With their strong metal affinity,

hese chelating polymers have been employed in various unit
perations for heavy metal removal from aqueous systems.
pecifically, PEI has been incorporated in matrices for the
ynthesis of heavy metal adsorbents[1–3]. It has been utilized
s metal complexing polymer for polyelectrolyte enhanced
ltrafiltration (PEUF) process[4,5]. Recently, we have also
eported a novel approach for utilizing PPEI for the precip-
tation of heavy metals. In this method Ca2+ ion are added
o the system to induce the precipitation of the PPEI–heavy
etal complex[6,7].
As a continuation of such work, this research hopes to

ontribute yet another approach in utilizing PEI for heavy

∗ Corresponding author. Tel.: +81 298 61 8325; fax: +81 298 61 8325.
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metal removal by precipitation. Specifically, precipitati
based heavy metal removal using PPEI in combination
PEI by polyelectrolyte complex (PEC) formation will be a
plied. In this method, interaction between oppositely cha
functional groups in the two polyelectrolytes would ca
them to be drawn together to form larger molecules and
consequently precipitate. In the process of polyelectro
interaction, heavy metals, which may serve as crosslin
agent for the two polymers, are trapped in the flocs and h
are also separated from the bulk solution. Since the a
polymers are generally precipitated out together with
heavy metal ion, this process provides a non-contamin
approach to heavy metal removal. Past researches on th
proach to heavy metal precipitation has been reported
anionic xanthate as well as carboxyl-containing polyme
combination with cationic polymers such as PEI[8–11]. This
work is the first time that such process would be applied
PPEI as the anionic component of the polyelectrolyte c
plex. PPEI is actually a polyampholyte, which can con
both negatively charged phosphonate groups and posi
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.03.048
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charged imino groups depending on solution pH. The use of
both nitrogen-containing anionic and cationic polymer may
contribute to the enhancement of heavy metal affinity and
selectivity by virtue of its strict coordination type interaction
for metal binding[12].

2. Materials and methods

2.1. Materials

Polyethyleneimine (PEI MW 70000) was purchased from
Wako Pure Chemicals Co., Japan. Phosphonomethylated-
polyethyleneimine was synthesized following our previous
papers[6,7]. All reagents unless otherwise specified were
purchased from Wako Pure Chemical Co., Japan.

2.2. Preliminary precipitation experiments with PPEI

Different amounts of 1% PPEI solution were added into a
25 ml of 100 mg l−1 Cu2+, Zn2+, Pb2+, Co2+ and Hg2+ solu-
tions. The metal removal at different concentrations of PPEI
was obtained. At the end of each run, the precipitate was
separated by a cellulose acetate filter paper and the equilib-
rium metal and phosphorus concentrations in the filtrate were
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2.5. Analytical methods

Heavy metal and phosphorus concentrations were deter-
mined using a Seiko Inductively Coupled Argon Plasma
Atomic Emission Spectrophotometer (Model 757 V). Mer-
cury concentrations were measured by the use of Cold Vapor
Atomic Absorption Spectrophotometer.

3. Results and discussion

3.1. Heavy metal precipitation by PPEI

Among the different anion functional groups, such as
phosphates, acetates and sulfates, phosphate-containing com-
pounds have been considered to exhibit a high flocculation
tendency[13]. For example, 10–100 times smaller concen-
trations of Pb2+, Cd2+, Cu2+ and Zn2+ are necessary for the
coagulation of phosphate colloids than for coagulation of car-
boxyl colloids of similar charge density. For the coagulation
of sulfate colloids, 5–10 times larger concentrations of the
same bivalent metals are needed than for coagulation of car-
boxyl colloids. Such a sequence finds its analogy in the rela-
tive solubilities of the metal phosphates, acetates and sulfates.
Close to the structure phosphates are phosphonates, which are
also known to form relatively insoluble metal salts. As an ex-
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ssayed. Precipitation experiment at different initial pH c
itions was also conducted using Zn2+ as a model system.

.3. Heavy metal removal and scavenging with
PEI–PEI polyelectrolyte complex

Different amounts of 1% PPEI solution were added
25 ml of 100 mg l−1 Co2+ and Hg2+ solutions. PEI solu

ion (0.5%) was added in small amounts until flocs sta
evelop. For metal scavenging purposes, different am
f 1% PPEI solution were added into a 100 ml of 5 mg−1

u2+, Zn2+, Pb2+ and Hg2+ solutions and then PEI was add
o initiate floc formation. The precipitate was separated
he equilibrium metal concentrations in the filtrate were
ayed.

The effect of a non-transition metal ion on the performa
f the process was also evaluated by conducting precipit
xperiments with Zn2+ and Cu2+ solutions containing varyin
mounts of Na+ ions.

.4. Treatment of actual waste streams

Different amounts of 1% PPEI solution were added
25 ml of actual heavy metal-containing wastewater f

n electroless Ni2+ plating factory. PEI solution (0.5%) w
dded in small amounts until flocs start to develop. The
ipitate was separated and the equilibrium metal conce
ions in the filtrate were assayed. A check on the res
PEI in the solution was also made by analyzing the TO

he filtrate.
mple, solubility product constant in the order of 10−50 had
een reported for calcium methylene phosphonate salts[14].
reliminary analysis in this research has also confirme
bility of phosphonate to precipitate out other toxic me
uch as Cu2+, Pb2+ and Zn2+ in aqueous solutions. It was o

nitial hope that by its incorporation into a strong chela
olymer such as PEI, a polymer (PPEI), which is capab
emoving heavy metals by chelation and subsequent pr
tation, would be developed.

Indeed results from the precipitation of Cu2+, Zn2+, Pb2+

y PPEI have shown positive results. Upon the additio
PEI in Pb2+, Cu2+ and Zn2+ solutions, formation of sma
nd non-gelatinous flocs that readily settled was obse
etal–complex formation has been especially visible
u2+ by the formation of deep-blue colored flocs. White fl

ormed in Pb2+ and Zn2+. After filtration, the metal concen
ration of the filtrate had been reduced. Up to a certain P
imit, a direct relationship existed between the amoun
PEI added and Cu2+, Zn2+ and Pb2+ removed. Howeve
pon increasing the PPEI concentration beyond the ce

imit for each heavy metal, a reversal in heavy metal c
entrations to a higher value occurred (Fig. 1). Among the
hree heavy metals evaluated, a much lower residual
entration for Pb2+ of approximately 1.5 mg l−1 had been
ttained. In the case of Cu2+ and Zn2+, higher values fo
inimum heavy metal concentration (>15 mg l−1) was at-

ained. For all the three metals evaluated, however, a na
ange for the amount of PPEI necessary for maximum m
emoval was evident. With this result, it would be quite d
ult to optimize PPEI amount in order to come up with m
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Fig. 1. Precipitation of heavy metals at different PPEI concentration: (©)
Pb2+; (�) Zn2+; (�) Cu2+.

lower heavy metal concentrations. Furthermore, a check on
the residual phosphorous in Zn2+ system beyond the rever-
sal point showed that a considerable amount PPEI now re-
mained in the filtrate suggesting possible re-dissolution of
the PPEI–heavy metal complex at these conditions (Fig. 2).

To describe the precipitation of these metals by PPEI,
clearly three regions of polymer concentration may be vi-
sualized: a region at low concentration, an optimum region
and a region of re-stabilization at high concentration, which
results to the disappearance of flocs. At the third region the
polymer–metal complex has become soluble so that flocs did
not appear despite the formation of metal-polymer complex
as qualitatively confirmed by color changes particularly in
the Cu2+ solution as well as by ultrafiltration runs.

In parallel experiments regarding the precipitation of Cu2+

with phosphonate ions, however, further reduction of Cu2+

beyond the observed limit (>15 mg l−1) upon the addition of
more phosphonate ions was observed. For example, at abou
85 mg l−1 phosphonate (as sodium phosphonate) concentra-
tion the residual Cu2+ content is approximately 6.9 mg l−1.
However, at similar phosphonate concentration from PPEI,
no significant precipitation occurred so that the Cu2+ content
of the final solution remained the same as the initial. This
observation indicates that the solubility product principle,
which governs the precipitation of phosphonate-metal com-

F s dur-
i

plex, does not apply exclusively in the precipitation of metal
with phosphonate containing polymer. It has been suggested
that for heavy metal–polyelectrolyte systems where the
metal exhibits high solubility product constant (Ksp) with an
anionic polymer section, charge neutralization is responsible
for the observed formation of flocs. Now in the case of
PPEI–heavy metal complex, the reversal in metal seques-
tration at higher doses beyond the optimum precipitation
condition seem to indicate also the significance of charge
neutralization in the precipitation of the heavy metal-polymer
complex. Re-dissolution of heavy metal-polymer complex
at high polymer dose could be attributed to the net negative
charge prevailing in the metal-polyelectrolyte complex
due to unreacted phosphonate sections in PEI that hinders
particle aggregation. This behavior has also been observed
for other heavy metal-polyelectrolyte systems particularly in
cadmium and starch xanthate interactions. Xanthate groups
are known to form highly insoluble heavy metal complexes,
yet at excessive amounts of starch xanthates, redissolution
of starch xanthate–cadmium complexes occurs. The mech-
anism can be compared to a colloid–cationic polyelectrolyte
system, where the positively charged metal species resemble
the colloid and the PPEI as the polyelectrolyte[15].

Based on the practical point of view, the use of PPEI as a
sole precipitant would seem inapplicable for metal scaveng-
ing as the concentration of toxic metals would be difficult to
r rther
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ng Zn2+ precipitation.
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educe beyond the strict background levels. This is fu
omplicated by technical difficulties with regards to the c
rol of optimum precipitation conditions. Furthermore, it
lso been observed that other transition metals such as2+

nd Co2+ also does not readily form flocs with PPEI.
As the above observations clearly indicate, aside from

bility characteristics of introduced functional groups in
EI polymer with heavy metals cations, the residual char

he polymer after metal binding also influences the efficie
f metal precipitation. This residual charge may hinder p
le aggregation. With regards to this parameter, the pos
nfluence of the coordination requirement of the metal
harge neutralization along the polymer is also being
idered. In order for the flocs with the polymer to deve
e believe it important that the nature of metal coordina
ould be such that charge neutralization along the poly
ould be maintained. It would be very interesting to elucid
ow this factor would actually contribute to the precipitat
roperties of the different heavy metals by PPEI. At this po
owever, our primary concern has been to develop a p
al approach for metal precipitation utilizing PPEI so
e do not intend to explore on basic mechanisms yet. I
ucceeding discussions, an alternative method of capita
n the chelating and flocculating property of PPEI for he
etal removal will be presented.

.2. Heavy metal precipitation by PPEI–PEI complex

As discussed in the previous section, the presence of
al charge during heavy metal sequestration limits the a
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of the process to reduce metal concentrations beyond accept-
able levels. To counter this problem, the addition of other
cationic species, which does not displace the adsorbed metal
species from the PPEI polymer in the solution, was consid-
ered. Following the principle of PEC formation for heavy
metal precipitation, the use of additional cationic polymer,
particularly PEI, was specifically evaluated in this work.
Aside from charge neutralization mechanism, addition of
such coordinating cationic polymer may have the additional
function of enhancing floc characteristics through polymer
bridging.

To evaluate the feasibility of such process, initial studies
with Hg2+ and Co2+ removal were conducted. From prelimi-
nary precipitation experiments with PPEI, floc formation was
not observed with Hg2+ while longer incubation time before
flocs appear was observed in the case of Co2+. In these sys-
tems, therefore, the immediate effect of the addition of PEI on
the development of flocs would be seen. Results confirmed
the possibility of employing PEI to quickly precipitate out
the soluble PPEI–Hg2+ and PPEI–Co2+ from the solution.
By careful addition of PEI to the PPEI–heavy metal com-
plex, readily separable flocs can be formed and a dramatic
reduction in the final concentration filtrate may be achieved.
The amount of Hg2+ and Co2+ removed was dependent on the
amount of incorporated PPEI. It must also be emphasized that
the concentration ratio of [PPEI]/[PEI] also affects the extent
o um
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Fig. 3. Isotherms for the removal of Hg2+ and Co2+ by PPEI–PEI polyelec-
trolyte complex: (�) Hg2+; (�) Co2+.

are 0.1 and 0.005 mg l−1, respectively, were targeted. Tra-
ditional treatment processes involving alkaline precipitation
though economical and simple in operation has numerous set-
backs in terms of insufficiency of metal removal to acceptable
standards particularly for wastewater-types containing other
complexing species.

Results showed the ability of the process to reduce the
concentrations of Hg2+ and Pb2+ to values lower than their
existing discharge limits. For example, from an initial concen-
tration of approximately 5 mg l−1, the concentrations of Hg2+

and Pb2+ had been reduced to about 0.002 and 0.025 mg l−1,
respectively, based from the limit of our experimental con-
ditions. Analysis of isotherms indicated a PPEI capacity of
above 412 mg Hg2+/g PPEI and 350 mg Pb2+/g PPEI at these
conditions (Fig. 4). In the case of Cu2+, Zn2+ and Ni2+, con-
centrations have been reduced up to 0.015, 0.009 mg l−1 and
below the detection limit, respectively, which are also way
below the emission standards for these heavy metals. These
results correspond to capacities above 150, 110 and 100 mg/g
PPEI for Cu2+, Zn2+ and Ni2+, respectively.

F rolyte
c

f removal so that individual tests to determine the optim
mount of PEI at a given amount of PPEI was found im

ant. Interestingly, the optimum [PPEI]/[PEI] concentrat
atio was also found to vary depending on the heavy m
eing removed. This is postulated to be a consequence
ifferent coordination requirements of each metal, which

ermines the resulting charge speciation of PPEI–heavy
omplex. In these runs involving simulated waste stre
PPEI]/[PEI] concentration ratio ranging from 6–10 was
erved. Based on the obtained data, Hg2+ concentrations ha
een reduced up to approximately 1.5 mg l−1 from an initial
alue of about 101 at 200 mg l−1 PPEI concentration. A c
acity above 490 mg Hg/g PPEI had been obtained at this
ition. In the case of Co2+, concentration was reduced up
pproximately 3.2 mg l−1 at about 715 mg l−1 PPEI concen

ration and this corresponds to a capacity of approxim
33 mg Co2+/g PPEI (Fig. 3). For Cu2+ and Zn2+, further
eductions in concentrations have been reached beyon
imits observed inFig. 1. Specifically, concentrations low
han 3 mg l−1 and 0.1 mg l−1 were achieved above 550 a
40 mg l−1 PPEI for Cu2+ and Zn2+, respectively. In order t
valuate the merits of the above process for metal sca

ng, studies on the precipitation of these heavy metals
olutions of low initial concentrations were also made.

The employment of the above process for advanced
ent of metal contaminated waste streams is among the
pplication being considered. As a polishing step, its ab

o remove metal concentrations way below existing emis
tandards needs to be confirmed. For this evaluation, Ja
tandards for industrial effluents for Pb2+ and Hg2+, which
ig. 4. Isotherms for heavy metal scavenging by PPEI–PEI polyelect
omplex: (©) Pb2+; (�) Zn2+; (�) Cu2+; (�) Hg2+; (�) Ni2+.
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Fig. 5. Effect of pH on the removal of Zn2+ by PPEI–PEI polyelectrolyte
complex.

3.3. Effect of pH and mechanism for heavy metal
precipitation by PPEI–PEI polyelectrolyte complex

The influence of pH on metal precipitation using Zn2+

model metal ion was also studied. Qualitative evaluation
of flocculation initially revealed the insignificant effect of
pH on the quantity of flocs that were formed. However, floc
characteristics were found to vary with pH. At very acidic pH
conditions (e.g. pH 2–3), flocs were more compact and rather
sticky. At higher pH, flocs were more dispersed. In terms
of Zn2+ sequestration, considerable differences at various
pH conditions were also observed. Expectedly, less removal
was attained at lower pH due to extensive competition
with hydronium ions for imino and phosphonate groups.
At pH higher than neutral, a considerable enhancement in
capacity was observed due to the formation of insoluble
metal hydroxides in addition to precipitation with PPEI
(Fig. 5).

The above observations indicate that at low pH, floc for-
mation may not directly translate to Zn2+ sequestration since
considerable generation of floc was still observed at low
pH despite the low removal of Zn2+. It is well known that
PPEI polyampholyte precipitates at acidic pH. Hence, ob-
served floc formation at this condition may not be directly
attributed to PEC formation. Furthermore, PEC formation
between PPEI and PEI would be minimal at low pH since
m arge)
t ino
g PEI
c e de
p Zn
a
w ugh
a

In the above reactions, PEC complex between PPEI and PEI
may be due to binding between (a) protonated imino groups of
PEI with unprotonated phosphonate, (b) unprotonated imino
groups of PEI with Zn2+ ions that are complexed with phos-
phonate groups of PPEI and (c) unprotonated imino groups of
PEI with Zn2+ that are complexed with imino groups in PPEI.
The imino groups in PEI may also coordinate with Zn2+ ions
that are already attached with PPEI provided that coordina-
tion requirements of the heavy metal is not yet completely
satisfied by the PPEI polymer.

3.4. Heavy metal selectivity of PPEI–PEI
polyelectrolyte complex

As mentioned earlier, one of the main factors why we
particularly selected nitrogen-type chelating compounds for
heavy metal sequestration is their high preference for heavy
metals over alkali and alkaline earth metals. This unique prop-
erty is inherent to the strict coordination type of binding that
forms between the electron pair of nitrogen donor and the
heavy metal ion. In the field of wastewater treatment, this
property is especially advantageous for the reason that non-
transition metals as well as other cationic species that may
be present in the solution would not compete with the tar-
get heavy metals for binding sites in the polymer. Previous
researches have in even confirmed that even at low concen-
t was
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ost phosphonate groups are protonated (neutral ch
hus preventing its ionic interaction with protonated im
roups of PEI. Upon the increase of solution pH, PPEI–
omplex starts to develop as phosphonate groups becom
rotonated. Now, in the presence of a heavy metal like2+

nd depending on the relative amounts of PPEI and Zn2+ as
ell as solution pH, PPEI–PEI complexes may form thro
ny of the following mechanisms:

PPEI· · · Zn2+ + PEI

→ Zn2+ · · · PPEI· · · PEI· · · PPEI· · · Zn2+ (1)

PPEI· · · Zn2+ + PEI

→ PPEI· · · Zn2+ · · · PEI· · · Zn2+ · · · PPEI (2)
,

-

ration of the heavy metals, the heavy metal preference
ardly influenced despite high concentration of the com

ng non-transition metal cations[8,12].
To confirm whether the PPEI–PEI polyelectrolyte co

lex also exhibits such property, evaluations on the prefer
f the synthesized adsorbent for heavy metals over alk
nd alkaline-earth metals were conducted. Evaluations o
articular characteristic were based on Cu2+ and Zn2+ pre-
ipitation in the presence of Na+ ions (as NaCl). As expecte
u2+ removal by PPEI–PEI complex was not reduced eve

he presence of high concentrations of Na+ ions. Equilibrium
u2+ concentration at different Na+ content remained almo
niform in all the runs (Table 1). Though slight reductions
u2+ precipitation was observed at high Na+ concentration
valuated, such reductions do not seem to correlate wel
he considerable increases in Na+ concentrations. Furthe
ore, for some data, an enhancement of Cu2+ sequestratio
as even observed at higher Na+ content. We have som

nteresting data at higher initial heavy metal concentra
hat show that the addition of Na+ do really improved meta
emoval. Specifically in the case of Zn2+ precipitation by
PEI, relatively lower equilibrium Zn2+ concentration wa
bserved at higher Na+ concentrations (Table 2). This prop-
rty conforms well with our previous work on heavy me
equestration by nitrogen-type chelating adsorbent whe
ddition of alkali and alkaline earth metal salts even resu

o better metal removal[12]. This seemingly anomalous pro
rty can well be explained in terms of the enhancing e
f anionic species (Cl− in this case) that was also added

ogether with the Na+ ion. In any case, however, the abo
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Table 1
Precipitation of Cu2+ and Zn2+ by PPEI–PEI complex in the presence of different amounts of Na+

Metal [PPEI] (mg l−1) [PEI] (mg l−1) Na+ (mg l−1) Equilibrium [Cu2+] and [Zn2+] (mg l−1)

Cu2+ 20 2.50 0 0.841
Cu2+ 20 2.50 325 0.735
Cu2+ 20 2.50 1300 0.765
Cu2+ 20 2.50 3250 0.949
Zn2+ 29 4.75 0 0.046
Zn2+ 29 4.75 325 0.022
Zn2+ 29 4.75 1300 0.071
Zn2+ 29 4.75 3250 0.136

Initial Cu2+ and Zn2+ concentration were approximately 5 mg l−1.

Table 2
Precipitation of Zn2+ by PPEI in the presence of different amounts of Na+

Na+ (mg l−1) Equilibrium Zn2+ (mg l−1)

0 35.44
325 33.28

1300 32.59
3250 31.11

Initial PPEI and Zn2+ concentration were 400 and 97.89 mg l−1, respectively.

data do establish another useful property of the PPEI–PEI
complex for heavy metal sequestration.

3.5. Treatment of actual wastewater with PPEI–PEI
system

As a chelating flocculant system, the performance of the
PPEI–PEI polyelectrolyte complex may be best evaluated
by its application to wastewaters known to exhibit some
treatment difficulty. In this case, an electroless Ni2+ plat-
ing rinse solution was considered. This wastewater contains
Ni2+ ions that are strongly complexed with organic ligands.
These compounds are generally added to the solution in or-
der to stabilize Ni2+ concentration in the plating solution.
Unfortunately during the treatment process, the presence of
these compounds makes it rather difficult to completely re-
move Ni2+ ions by traditional hydroxide precipitation. As
confirmed by preliminary precipitation runs, the adjustment
of solution to pH 12 by the addition of Ca(OH)2 still results

Table 3
Treatment of electroless Ni-plating rinse solution with PPEI–PEI polyelec-
trolyte complex

[PPEI]
(mg l−1)

[PEI]
(mg l−1)

Final [Ni2+]
(mg l−1)

TOC (mg l−1)

Initial Final

1
2
2
2
3
3
3
C

I

to a relatively high residual Ni2+ content of approximately
25.68 mg l−1. By employing the PPEI–PEI flocculant system,
however, Ni2+ concentration can be easily reduced quite con-
siderably (Table 3). Nickel concentration has been reduced
up to 0.30 mg l−1. Further reduction of Ni2+ is expected by
corresponding increases in PPEI and PEI concentrations. The
almost constant TOC before and after treatment at the highest
amount of PPEI used, confirms the almost complete removal
of added PPEI and PEI. These results do confirm the poten-
tial application of the PPEI–PEI system actual wastewater
treatment.

4. Conclusions

In this work, the ability of PPEI for heavy metal pre-
cipitation was initially studied. Heavy metals such as Pb2+,
Cu2+and Zn2+ were found to readily form precipitate with
PPEI alone. Other heavy metals such as Hg2+ and Co2+ did
not readily form flocs with PPEI. Furthermore, the existence
of optimum PPEI dosage which when exceeded, results to the
dissolution of the heavy metal-PPEI complex. This property
indicates that heavy metal removal by PPEI may follow the
behavior of colloid–polyelectrolyte system.

To counter the limitation of the above system for heavy
metal scavenging, the use of polyelectrolyte complex of PPEI
i s in-
d cipi-
t o that
r n of
p
C ion
s ce of
t ition
m eal
a riety
o pro-
c nt of
a elec-
t ults.
T an-
d n the
w

95 39 15.82
32 50 6.44
69 63 3.90
87 71 2.74
23 84 1.09
41 91 0.55
77 94 0.30 403 409
a(OH)2 to pH 12 25.68

nitial Ni2+ concentration was 57.54 mg l−1.
n combination with PEI was therefore evaluated. Result
icated that by this approach heavy metals may be pre

ated, hence their concentrations reduced even further s
e-stabilization of flocs beyond a particular concentratio
olymer was not observed. Concentrations of Hg2+, Pb2+,
u2+, Zn2+ and Ni2+ were reduced beyond their emiss
tandards for industrial wastewaters. The high preferen
he PEI–PPEI system for heavy metals over non-trans
etal ions such as Na+ was also observed suggesting its id
pplication to actual wastewaters that contain a wide va
f organic and inorganic ions that may compete with the
ess. Indeed, application of the process for the treatme
ctual heavy metal containing wastewaters such as an

roless Ni plating rinse solution also yielded positive res
he concentration of Ni2+ was reduced beyond target st
ard limits despite the presence of complexing agents i
aste stream.
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