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ABSTRACT

Removal of copper ions (Cu(II)) from synthetic electroplating rinse water (SEPRW) by using
modified ion-exchange resin was investigated. Modification of the cationic exchange resin
was carried out by impregnating polyethyleneimine (PEI). Impregnation was confirmed by
scanning electron microscopy–energy dispersive X-ray analysis and Fourier transform
infrared spectroscopy analyses. Batch studies were conducted to optimize the various
experimental parameters such as contact time, pH, and dosage. The influence of other
process parameters including the presence of chelating agent ethylene diamine tetra acetic
acid (EDTA) and co-ions were examined. A maximum adsorption capacity (Qmax) of
667.5 mg g−1 was observed at the optimum conditions. Cu(II) removal efficiency of the
polyethyleneimine modified ion-exchange resin (PMR) was compared with the unmodified
resin (UMR). After the impregnation of PEI, adsorption capacity of the resin varied and the
removal rate of Cu(II) removal became fast. Continuous column experiments were
conducted in a glass column of desired dimensions. The maximum Cu(II) uptake was
obtained at the bed height of 1.65 dm and flow rate of 0.015 L min−1. The breakeven point
of the column was obtained after the treatment of 19.5 L of SEPRW. Adam–Bohart and
Yoon Nelson models were applied to the column data and desorption studies were
conducted in batch mode using hydrochloric acid (HCl), nitric acid (HNO3) and sulphuric
acid (H2SO4) as eluant.

Keywords: Polyethyleneimine modified ion-exchange resin; Copper; Electroplating rinse
water; Batch study; Column study

1. Introduction

Metal finishing industrial processes emit consider-
able volume of residual water contaminated with
heavy metals such as copper, cadmium, zinc, nickel
and chromium. These metal ions cause a serious

problem to the environment and public health when
they contaminate superficial and groundwater. The
heavy metal ions are not biodegradable and tend
to accumulate in living organisms leading to
several types of diseases and disturbances [1]. Copper
is widely employed in most of the industrial pro-
cesses. Excessive levels of copper may damage liver
and kidney, and may be responsible for anaemia,*Corresponding author.
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immunotoxicity and developmental toxicity. The co-
carcinogenic character of copper is also implicated in
stomach and lung cancers [2]. Electroplating and
printed circuit board industries are the major sources
of copper pollution. The rinse water usually employed
after plating process having the metal ions is known
to be the major source for waste pollution and the loss
of useful chemicals. Removal of copper ions (Cu(II))
from aqueous systems is therefore an important area
of study. This can be achieved by transfer of the metal
ions from the aqueous phase to a solid phase by the
process of adsorption. The solid phase should have
strong affinity for the target metal ions, binding them
irreversibly under ambient conditions, and simultane-
ously possessing the ability to release the same under
different conditions such that it can be regenerated for
further use [3]. Several different solid phases have
been found useful in the removal of Cu(II) from solu-
tion including bacteria [4], algae [5], yeast [6], fungi
[7], cabbage and cauliflower wastes [8], Algerian ben-
tonite [9], saw dust [10], tire rubber [11], tea leaves
[12], pomegranate peel [13] and zeolite [14], etc.

In recent years, the greater attention was focused
on the development of nanoparticles and their applica-
tion for the removal of heavy metal ions from the
wastewater. Different forms of iron oxide nanoparti-
cles like maghemite [15], goethite and haematite [16]
were prepared and experimented for the removal of
Cu(II) ions from the aqueous solutions. The surface of
the Fe3O4 magnetic nanoparticles were modified with
chelating diamines [17], amino propyl triethoxy silane
(APTES) and glutaraldehyde (GA) [18], their Cu(II)
adsorption behaviour from aqueous solution was
determined. Thiol functionalized super paramagnetic
nanoparticles [19], magnetic chitosan nanocomposites
[20] were also tried as sorbents for heavy metal
removal.

Rengaraj et al. studied and found that ion-
exchange resins Amberjet 254H and Ambersep 1500H
as good adsorbents for the removal of Cu(II) ions [21].
Verbych et al. experimented and stated that some
universal cation exchangers were found as good
adsorbents for the removal of Cu(II) and Ni(II) ions
[22]. Removal of Ni(II) and Zn(II) ions were studied
using Dowex HCR S/S resins by Alyuz and Veli [23].

The introduction of nanoparticle into the resin
matrix for the improved removal of heavy metals
becomes more interesting topic nowadays. Several
studies were conducted to improve the adsorption
capacity of ion-exchange resin and the selectivity of
trace metal ions. The porous resin impregnated with
nanoparticles offered many advantages over the other
sorbents, due to characteristics of the solid phase.
These advantages include, selectivity, mechanical

stability, size controllable nanoparticles, easy regenera-
tion for multiple sorption–desorption cycles and good
reproducibility of the sorption characteristics. The
sorption of precious metals on a macro porous resin
impregnated with magnetite nanoparticles [24],
Amberlite XAD-4 modified with nonionic surfactant—
trioctylamine (TOA) [25], D001 impregnated with PEI
[26], Amberlite-200 composite with PEI, TBAI, TMAH
solutions [27] have been reported.

Among these polyethyleneimine (PEI) is a
polymeric nanocluster used for a wide variety of
applications. These include electrochemical biosensors,
cell flocculating agents, permeabilization of bacterial
cell walls, retention of nicotinamide adenine dinu-
cleotide (NADH) in membrane reactors, adsorption of
biomass and microencapsulation of silicone oils. The
immobilization of PEI in a suitable matrix can provide
an attractive alternative to membrane processes.
Chanda and Rempel applied PEI-containing granular
sorbents for the selective removal of Cr(III) in a mix-
ture of Cr(III), Cu(II), Ni(II) and Fe(III). This sorbent
was found to be superior to the commercial resin
Chelex-100 [28].

In this present study, attempts were made to pre-
pare a PEI-impregnated Ceralite IR 120 ion-exchange
resin using nonhazardous PEI solution for the selec-
tive separation of Cu(II) from synthetic electroplating
rinse water (SEPRW) solutions. The presence of PEI in
the resin was characterized by scanning electron
microscopy–energy dispersive X-ray analysis (SEM-
EDX), Fourier transform infrared spectroscopy (FTIR)
measurements. The effect of various experimental
parameters on Cu(II) removal from SEPRW by PMR
was studied with the help of batch shaking experi-
ments. In addition, the presence of chelating agent
EDTA and co-existing cation on metal removal effi-
ciency were examined. Experimental results obtained
with the optimum conditions were used to fit
isotherm models, namely Langmuir and Freundlich
isotherms. Experimental data were fitted with pseudo-
first- and second-order kinetic models. Column stud-
ies were performed in batch recirculation mode by
varying initial concentration of Cu(II) ions, the flow
rate of inlet metal solutions and bed height. The con-
tinuous breakthrough analysis was carried out at the
highest bed height, optimum flow rate for an initial
Cu(II) concentration of 500 mg L−1. The dynamic beha-
viour of the column was analysed by Adams–Bohart,
Yoon and Nelson and bed depth service time (BDST)
models. Desorption of the loaded heavy metal ions
from the resin column was studied by using sulphuric
acid as an eluant. The results obtained with the PMR
were compared with data reported in the literature
with the unmodified resin, UMR [29].

M. Revathi et al. / Desalination and Water Treatment 57 (2016) 20350–20367 20351



2. Materials and methods

All the reagents and chemicals used were of
analytical grade. SEPRW samples having different
Cu(II) ions concentration (Cu(II) = 200, 300,400 and
500 mg L−1) were prepared by diluting the copper
electrolytic bath of the following composition:
200 g L−1 of CuSO4, 75 g L−1 of H2SO4. Table 1 shows
the physical properties of cation-exchange resin
Ceralite IR 120. The resin is a strongly acidic cationic
exchange resin. It has fairy good capacity and unusual
stability at elevated temperatures. All the solutions
were made with double distilled water. The Ceralite
IR120 cation-exchange resin was purchased from
CDH, New Delhi. Before using them, the resin was
soaked in double distilled water for 12 h and then
they were also washed several times with double dis-
tilled water. Polyethyleneimine (PEI) is an Aldrich
product (Mn—60,000, Mw—7, 50,000, 50% aqueous
solution) purchased from Sigma Aldrich Chem. Co.
(USA).

2.1. Modification of Ceralite IR 120

Five grams of resin was immersed in 0.02 L of
0.05 Molar (M) (2/5 water, 3/5 alcohol) PEI solution
and agitated constantly using a glass agitator con-
nected with an electric driving force for 7 d at con-
stant room temperature (32˚C) [30]. The hydrophobic
property of the resin increased after introducing these
amorphous branched structure with a distribution of
primary, secondary and tertiary amino groups in the
ratio 1:2:1 [31], adsorbed and/or ion exchanged with
H+ counter-ion on the surface. Therefore, the resin
obtained had the following principal characteristics:

UMR has a low distribution coefficient. PMR has a
preferential selectivity towards heavy metals and
particularly for the Cu(II). However, the PEI molecules
would desorb from the resin surface during
subsequent sorption and regeneration processes. To
fix the PEI onto the surface permanently, the modified
ion-exchange resin was soaked in 1% glutaraldehyde
in isoproponal as the cross linking agent for 20 min
[32]. PMR was washed with distilled water and
soaked in 0.5 Normal (N) NaOH solutions for 3 h to
change them to Na+ form (Fig. 1).

2.1.1. Characterization of modified resin

The change in surface morphology of the parent
resin was analysed by SEM–EDX. The magnified
image of the surface of the ion-exchange resin was
captured in scanning electron microscopy (SEM)
Hitachi S-3400N Magnification 5× 300,000× type of
instrument. The FTIR Spectra of UMR, PMR were
taken in Perkin Elmer-Spectrum RX1 FTIR.

2.2. Batch adsorption studies

The adsorption capability of PMR and UMR
towards Cu(II) ions at room temperature (35˚C) was
investigated using SEPRW having copper concentra-
tion of 200 mg L−1. The extent of Cu(II) ion removal
was calculated from the residual concentration of sor-
bate in equilibrated solution. The effect of pH of the
medium on the adsorption process was studied at the
pH values where no chemical precipitation of Cu
(OH)2 occurs (i.e. 2–8). The optimum pH value
obtained from this study was fixed for further experi-
ments. The minimum contact time, adsorbent dosage
required for maximum Cu(II) uptake was studied by
varying the contact time from 1 to 60 min and adsor-
bent dosage from 0.125 to 2.0 g L−1. In addition, the
influence of other experimental parameters such as
presence of additive (EDTA), co-ions (Ni, Zn) on the
adsorption process were also studied. The concentra-
tion of Cu(II) present in the rinse water samples was
determined using Varian model Spectraa 220 Atomic
Absorption spectrophotometer (AAS). Cu(II) uptake
(mg g−1 resin) at equilibrium conditions was
calculated from:

qe ¼
ðC0 � CeÞV

m
(1)

where V is the volume of sample in litres. C0 and Ce

are concentration of Cu(II) in mg L−1 and W is amount
of resin in grams.

Table 1
Physical properties of cation exchange resin Ceralite IR 120

Parameter Ceralite IR 120

Manufacturer CDH, New Delhi
Ionic group H+ strongly cation exchange

resin
Particle size 0.45–0.6 (effective size)mm
Physical form Yellow brown spherical beads
Density 770 kg m−3

Exchange capacity
(fresh)

4.5 mequiv. g−1

Moisture content 45–50 wt.%
Maximum temperature 120˚C
pH range 0–14
Cross linking 8% DVB
Porosity 0.42
Nominal diameter 0.5 mm
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2.2.1. Regeneration of modified Ceralite IR 120

An amount of 0.1 g of Cu(II) saturated PMR was
immersed in 0.1 L of different acid solutions (0.5 M
HNO3, 0.5 M HCl and 0.5 M H2SO4), and the systems
were agitated for 2 h, then filtered. The filtrate was
analysed for Cu(II) by AAS and the percentage of
elution (E %) was calculated from the equation:

E % ¼ Mnþð Þeluted
Mnþð Þfixed

� 100 (2)

2.3. Adsorption column study

The experimental arrangement consists of a glass
column of 0.2 dm inner diameter and 2.0 dm height.
The column was equipped with a bottom filtration
device to prevent the escape of fine resin beads during
processing. The column was then loaded with 40 g
(1.65 dm height) of PMR. The initial pH of the SEPRW
having 500 mg L−1 of Cu(II) ions was adjusted to the
pH range of 4–6 and allowed to pass through the

column in batch recirculation and continuous mode
using peristaltic pump. The concentration of Cu(II) ion
gradually depleted in the reservoir. Experiments were
conducted at different initial Cu(II) concentration (200,
300, 400 and 500 mg L−1), different flow rates (0.005,
0.010, 0.015 L min−1) and at different bed heights (0.55,
1.1 and 1.65 dm). Samples were collected at regular
time intervals and were analysed for Cu(II) using
AAS.

2.3.1. Column regeneration study

Adsorption process was carried out with initial
concentration of 500 mg L−1 at the flow rate of
0.015 L min−1, about 19.5 L of rinse water treated
effectively and then the column exhausted. After
exhaustion the rinse water present in the voids of
resin beads was pumped out from the column.
Desorption was carried out by passing 0.5 L of differ-
ent molarities (0.5, 0.75, 1.0 and 1.5 M) of H2SO4 as
eluant at constant flow rate (0.015 L min−1) through
the bed in batch recirculation mode. The concentration

Fig. 1. Schematic diagram of preparation of PEI modified resin (PMR).
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of Cu(II) in the reservoir was monitored at different
time intervals. It was observed that desorption cycle
of the loaded resin took 50 min with 1.0 M H2SO4,
after which further desorption was negligible. The
desorbed column was washed with 1.0 L distilled
water. The regenerated resin column performance was
studied for second and more adsorption–desorption
cycles.

2.4. Theoretical description

2.4.1. Modelling of batch ion exchange—isotherm
studies

Ion-exchange isotherms are expressed in terms of
relationship between the concentration of adsorbate in
the liquid and the amount of adsorbate adsorbed by
the unit mass of adsorbent at a constant temperature.
Langmuir [33], Freundlich [34] isotherm models which
are available in the literature were used to describe
the equilibrium data.

2.4.2. Modelling of batch ion exchange—kinetic studies

The design of most equipment requires data on the
amount of ions exchanged between solid phase and
liquid phase in a given contact time. The ion-exchange
kinetic studies describe the solute uptake rate which
in turn governs residence time of an ion-exchange
reaction. It is one of the important characteristics for
defining the efficiency. The sorption kinetics of a sor-
bent depends mainly on the property of the sorbate.
Hence, in this part of the present study, the kinetics
for Cu(II) ions removal by PMR has been verified by
pseudo-first [35] and second-order kinetics [36,37] to
understand the behaviour of the resin.

2.4.3. Modelling of column ion exchange

The dynamic behaviour of the column can be pre-
dicted by various simple mathematical models. In this
study, Adams–Bohart and Yoon–Nelson models were
used to predict the performance of the column ion-ex-
change studies. The effect of flow rate on Cu(II) ions
removal in column operation was investigated.

2.4.3.1. Adams–Bohart model. Bohart and Adams [38,39]
established the fundamental equations that described
the relationship between C/C0 and t in a flowing sys-
tem for the adsorption of chlorine on charcoal. The
model proposed assumes that the adsorption rate is
proportional to the residual capacity of the activated
carbon and to the concentration of the sorbing species.
The Adams–Bohart model provides a simple and

comprehensive approach to running and evaluating
sorption-column tests and valid to the range of condi-
tions used. The model expression is given by:

C

C0
¼ exp KabC0t� KabN0

Z

U0

� �
(3)

where Kab is the kinetic constant (L mg−1 min−1), U0 is
the superficial velocity calculated by dividing the flow
rate by the column section area (cm min−1) and Z is
the bed depth of column (cm). C0 is the influent con-
centration (mg L−1); C is the effluent concentration
(mg L−1) at time t. Values describing the characteristic
operational parameters of the column can be deter-
mined from the plot of ln C/C0 vs. t at a given bed
height and flow rate.

2.4.3.2. Yoon–Nelson model. Yoon and Nelson [40]
developed a model based on the assumption that the
rate of decrease in the probability of adsorption of
adsorbate molecule is proportional to the probability
of the adsorbate adsorption and the adsorbate break-
through on the adsorbent. The linearized Yoon–Nelson
model for a single component system is expressed as:

C

C0 � C
¼ exp kYNt� skYNð Þ (4)

where kYN (min−1) is the rate velocity constant, τ (min)
is the time required for 50% adsorbate breakthrough.
From a linear plot of ln[C/(C0 − C)] against sampling
time (t), values of kYN and τ were determined from the
intercept and slope of the plot ln(C/C0 − C) vs. t.

2.4.3.3. BDST model. The BDST model is based on
physically measuring the capacity of the bed at differ-
ent breakthrough values. The BDST model works well
and provides useful modelling equations for the
changes of system parameters [41]. BDST column
model is the simplest model which gives the useful
information about the relationship between bed height
(Z) and service time (t) of a column.

A modified form of the equation is given below
[42]:

t ¼ N0Z

C0m
� 1

KaC0
ln

C0

Cb
� 1

� �
(5)

where Cb is the breakthrough metal ion concentration
(mg L−1); N0 the sorption capacity of bed per unit
volume; υ the linear velocity (cm h−1) and Ka the rate
constant (mg−1 h−1).
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Z ¼ t
KaN0

ln
C0

Cb
� 1

� �
(6)

A simplified form of the BDST model is: t = aZ + (−b).
where,

a ¼ N0

C0F
b ¼ � 1

KaC0
ln

C0

Ct
� 1

� �

3. Results and discussion

3.1. Results of characterization

3.1.1. SEM–EDX analysis

The SEM equipped with EDX was used to analyse
the components and morphology of cationic exchange
resin surface. SEM–EDX analysis was done for UMR
and PMR to understand the morphological changes
and elemental changes. Fig. 2(a) and (b) shows that
the surface morphology of the resin changed after PEI
modification. The very smooth surface of UMR can be
observed in Fig. 2(a) when compared to the agglomer-
ated surface of PMR resin (Fig. 2(b)). The attachment
of PEI on resin surface was confirmed by the SEM
analysis. EDX results of UMR and PMR prove that the
amount of carbon was increased by the impregnation
of PEI. Through EDX analysis we could tell that the
raw ion-exchange resin mainly comprises carbon, oxy-
gen along with high content of silica. The peaks corre-
sponding to carbon, oxygen, sulphur and silica were
recorded in the EDX spectrum. These are all the ele-
ments present in the ion-exchange resin as main con-
stituents. Through EDX analysis (Fig. 2), peaks of
carbon increased gently in the PMR sample along with
all other components identified in control ion-ex-
change resin sample. This confirms the addition of PEI
in the resin matrix.

3.1.2. FTIR analysis

FTIR was used for functional group analysis of the
resins, before and after PEI modification. The FTIR
Spectra of UMR (a), PMR (b), is shown in Fig. 3. The
spectrum of the pure ion-exchange resin is complex
(Fig. 3(a)) due to the numerous functional groups.
FTIR peaks prediction is given in Table 2. The peaks
at 3,453, 2,924, 2,179, 1,643, 1,203 and 1,039 cm−1 were
observed in the original resin. The broad and strong
band at 3,453 cm−1 may be due to the overlapping of
OH and N–H stretching. The strong peak at
1,643 cm−1 was assigned to secondary amine, N–H
bending vibration. The peak at 2,924 cm−1 was

attributed to CH stretching of CH2 group [43]. The
presence of C–N (aliphatic amines) was verified by
the bands ranging from 1,020 to 1,250 cm−1. After PEI
cross linking, the spectrum exhibits some changes
(Fig. 3(b)). The broad overlapping peak shifted to
3,467 cm−1 because a large number of amine groups in
PEI were introduced into the resin matrix. Imine
group introduction was confirmed by the characteris-
tics broad peak at 1,638 cm−1 [44].

3.2. Effect of pH

To study the effect of pH on the removal efficiency
of Cu(II) ions constant PMR resin dosage (1 g L−1) was
added to 0.1 L SEPRW which has 200 mg L−1 of Cu(II)
ions and agitated for 1 h at 150 rpm.

The effect of pH on the removal efficiency of Cu
(II) ions by PMR and its comparison with UMR per-
formance is shown in Fig. 4(a). For unmodified ion-ex-
change resin, the Cu(II) uptake increased gradually as
the pH increased from 2 and reached the maximum at
pH 5–6 with the adsorption capacity of 164.3 mg g−1

whereas PMR shows maximum Cu(II) uptake of
200 mg g−1 at the same pH range. From pH 5 to 6 the
adsorption capacity was found almost constant. In
both instances, the adsorption as a function of solution
pH showed a similar profile; the adsorption capacity
increased sharply over the pH range from 2 to 5 after
that a plateau was observed.

It is well known that solution pH is an important
parameter affecting sorption of metal ions on adsor-
bents as it not only affects metal species in solution,
but also influences the surface properties of the adsor-
bents [45,46]. As the protonation of sulphonic group
in UMR and amine group in PMR occurs, the surface
should be positively charged at pH below 5.0. There-
fore, the electrostatic interactions between the resin
and the metal ions of interest to be adsorbed were
repulsive. Fewer uptakes at low pH values indicated
that the hydrogen ion competition and hydrophobic
behaviour of sorbate [47]. At alkaline pH range, the
removal efficiency by both the resins decreases,
whereas the metal ions get precipitated due to the for-
mation of metal hydroxides. The OH− ions available
in the solution reacted with Cu(II) ions and formed
Cu(OH)2 precipitate [48]. Therefore, for better removal
of Cu(II) ions the optimum pH range was selected as
5–6.

3.3. Effect of agitation time

The effect of agitation time on metal removal was
studied by keeping other variables (pH 5 to 6 and
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resin dosage as 1 g L−1) as constant. Fig. 4(b) shows
the effect of contact time on metal ions removal. Cu(II)
ions removal efficiency increases rapidly with increase
in time from 1 to 15 min later that it increased slowly
and attained a maximum at 50 min for UMR, 20 min
for PMR. The optimum contact time for Cu(II) ions
removal by PMR was observed as 20 min (Fig. 4(b))
which is about 50% less than that of contact time

taken by UMR. This study proves that, to get maxi-
mum Cu(II) ion uptake the PMR takes comparatively
shorter time than the UMR.

3.4. Effect of resin dosage

The effect of resin dosage on Cu(II) ion removal
was studied by varying the amount of PMR from

Fig. 2. SEM–EDX analysis of (a) UMR, (b) PMR, (c) Cu(II) adsorbed UMR and (d) Cu(II) adsorbed PMR.
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0.125 to 2.5 g for one litre of SEPRW. For this, the con-
centration of the Cu(II) ion (200 mg L−1), solution pH
(5–6), contact time (20 min) and the agitation speed
(150 rpm) were kept constant. Fig. 4(c) shows the
effect of resin dosage on the removal efficiency of
Cu(II) ions by PMR. The percentage removal of metal

ions increases sharply with increase in resin dosage
and attained maximum of 99.9% at 0.5 g L−1. There
was no remarkable change in percentage removal with
further increase in dosage. When the adsorbent dose
increases, greater surface area or an adsorption site
was provided for adsorption [49], which increases the

Fig. 3. FTIR spectra analysis (a) UMR, (b) PMR, (c) Cu(II) adsorbed UMR and (d) Cu(II) adsorbed PMR.
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percentage removal gradually and attains the maxi-
mum. Hence, for further experiments resin dosage
will be fixed as 0.5 g L−1.

This study proved that the amount of PMR resin
dosage required to remove 200 mg L−1 of Cu(II) has
been reduced to half the amount utilized by UMR.
The reason behind is that the presence of imine group
in the PMR offered both ion exchange and chelation
for the removal of Cu(II) ion.

3.5. Effect of initial concentration of Cu(II)

Cu(II) ions uptake with respect to increase of initial
concentration in the SEPRW samples was studied by
varying the concentration from 100 to 500 mg L−1 for
the constant dosage of 1 g L−1 of ion-exchange resin.
UMR showed increased metal uptake from 100 to
200 mg L−1, after that the profile was unaltered with
further increase of initial Cu(II) concentration. The rate
of percentage removal of metal ions was higher in the

Table 2
Prediction of FTIR peaks

Frequency (cm−1) Functional groups

3,453–3,362 Aromatic primary amine
2,924–2,917 C–H stretching vibration
2,179–2,096 C�C vibration
2,589 OH stretching
2,179–2,096 C=C vibration
1,643–1,633 Secondary amine, NH bend
1,190–1,203 Secondary amine C–N stretching
1,039–1,127 C–N stretch aliphatic amines
1,009 C–O bond stretch

Fig. 4. Effect of experimental parameters on removal efficiency of Cu(II) by UMR and PMR. (a) Effect of pH, (b) effect of
contact time, (c) effect of dose and (d) effect of initial concentration of Cu(II).
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beginning due to the availability of larger surface area
for adsorption. Adsorbed material formed a thick
layer around the resin surface at once, then the capac-
ity of the adsorbent got exhausted and further uptake
rate was controlled by the rate of sorbate is trans-
ported from the exterior to the interior sites of the
adsorbent.

Whereas the PMR showed the sharp increase in
Cu(II) ion uptake with the increase of initial concen-
tration of Cu(II) from 100 to 500 mg L−1 (Fig. 4(d)).
This study reveals that the PMR provides additional
space for freshly coming Cu(II) ions. This may due to
the presence of long polymeric PEI matrix present in
the resin which acts as a strong chelating agent for Cu
(II) ions as well as it provides number of branched
adsorption sites to the upcoming Cu(II) ions.

3.6. Effect of co-ions

The effect of two co-ions such as Ni(II) and Zn(II)
ion on Cu(II) ion removal by PMR was studied with
co-ion concentration of 250 mg L−1 and keeping the
other variables as constant and the behaviour was
compared with UMR. Fig. 5(a) and (b) shows the
effect of co-ions Ni(II), Zn(II) on Cu(II) removal by
both UMR and PMR. For UMR the rate of Cu(II)
uptake was decreased by the presence of competing
ions in the following order Zn(II) > Ni(II) ion. Whereas
the Cu(II) metal ion uptake by PMR was not affected
by the presence of Zn(II), Ni(II) (Fig. 5(b)). This may
be because the sorbent showed more chelating prop-
erty towards Cu(II) ions instead of other ions.

Moreover, the separation factor (α) played an
important role in the selective removal of metal ions
of interest. The α (Cu2+–Ni2+) and α (Cu2+–Zn2+) have
been calculated by the quotient of the equivalent ionic
fraction ratios, Xi, of two cations was studied. It was
calculated from the following equation where the over
bars indicate values within resin:

a ðCu2þ �Ni2þÞ ¼ XNi2þ � XCu2þ

XCu2þ � XNi2þ
;

aðCu2þ � Zn2þÞ ¼ XZn2þ � XCu2þ

XCu2þ � XZn2þ

The separation factor obtained by this calculation
was α(Cu2+–Ni2+) = 8.53, α(Cu2+–Zn2+) = 9.78. This
separation factor played an important role in the
selective ion exchange of Cu(II) ions by PMR. The α
value greater than unity showed that Cu(II) ions
got adsorbed predominantly than Ni(II) and Zn(II)
ions [50].

Thus, the effect of co-ions proved that PEI modi-
fied Ceralite IR 120 has more capability to remove Cu
(II) ions even in presence of common competing
cations. This study reveals that the PMR can be appli-
cable to the industrial effluent treatment processes
also.

3.7. Effect of concentration of chelating agent EDTA

The effect of chelating agent (EDTA) on the
performance of PMR should be studied to know the
industrial application of PMR. EDTA is added to
the plating bath to increase the solubility of metal
ions by forming strong complexes. In addition to
metal ions, an electroplating industrial effluent also
contains certain concentrations of strong chelating
agents like EDTA [51]. This chelating agent formed
a stable complex with the Cu(II) ion in treatment
processes. Investigation of such effect on metal
ion removal was important in industrial point
of view. A study was conducted by varying
EDTA concentration in the rinse water from 50 to
250 mg L−1. In the case of UMR increasing
concentration of EDTA in the solution caused very
tremendous decrease in copper removal (Fig. 5(b)).
Nevertheless, Cu(II) ion uptake was not affected
while treating the EDTA-rinse water with PMR
ion-exchange resin, because the PEI itself is a strong
chelating agent that has more attraction towards Cu
(II) ions than EDTA.

3.8. Application of isotherm models

The maximum adsorption capacity of the PMR for
Cu(II) ions was investigated over a range of metal
concentrations of SEPRW from 50 to 250 mg L−1.

Fig. 6(a) presents a plot of the equilibrium adsorption
amount (qe, mg g−1) vs. the equilibrium metal concen-
tration in the solution (Ce, mg L−1). Equilibrium data
were fitted using the Langmuir and Freundlich
adsorption isotherm. The Langmuir model served to
estimate the maximum metal uptake values which
could not be reached in the experiments. The con-
stants evaluated are summarized in Table 3. A higher
value of Qmax obtained from Langmuir model indi-
cated the desirable affinity between the adsorbent and
adsorbate molecules [52].

The Freundlich constant K1, which denotes the
binding capacity, was observed maximum for Cu(II)
ions at optimum experimental conditions. The value
of n obtained from Freundlich isotherm was >1
showed favourable nature of adsorption [52].
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3.9. Application of kinetic models

In order to understand the kinetics of Cu(II) ions
removal by PMR, pseudo-first-order and second-order
models were fitted with experimental data that was
obtained from batch experiments with the different
initial metal ion concentrations and it is shown in
Fig. 6(b). The rate constants, qe(cal) and correlation
coefficients were calculated and summarized in
Table 4. It revealed that the correlation coefficient of
both first-order and second-order kinetic model is
0.99. Likewise, the theoretical (qe(cal)) values calculated
using both kinetic models were in good agreement
with the experimental equilibrium uptake values
(qe(exp)). This shows that kinetics of Cu(II) ions
removal by PMR is better described with pseudo-first-
order and pseudo-second-order [36,37] indicating that
the rate limiting steps was both physical and chemical
adsorption process between metal ion and resin.

3.10. Results of column experiments

3.10.1. Effect of concentration—batch recirculation

The sorption performance of PMR Ceralite IR 120
was examined at different inlet Cu(II) concentrations
of 300 to 500 mg L−1 at the flow rate of 0.005 L min−1,
1.65 dm bed height. The trend of depletion of
Cu(II) concentration in the reservoir is shown in
Fig. 7(a). The time taken for 300 mg L−1 of Cu(II) is
larger when compared to 500 mg L−1, since the lower
concentration gradient caused a slower transport
due to decreased diffusion coefficient at lower
concentration [53].

At the highest Cu(II) concentration (500 mg L−1)
the resin bed attracts the metal ions quickly due to
concentration gradient. Thus high driving force due to
high Cu(II) concentration resulted in better column
performance.

Fig. 5. (a) Effect of co-ions on Cu(II) removal by UMR, (b) effect of co-ions on Cu(II) removal by PMR and (c) effect of
chelating agent EDTA on metal removal.
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3.10.2. Effect of flow rate—batch recirculation

The effect of flow rate on the adsorption of Cu(II)
ions was studied in batch recirculation mode by vary-
ing the flow rates from 0.005 to 0.015 L min−1, at fixed
bed height (0.55 dm), pH (5.0) and at fixed inlet
concentration of 500 mg L−1. The depletion of Cu(II)
concentration in the reservoir with time at different
flow rate is shown in Fig. 7(b). In general, the increase
of treatment time decreased the value of C/C0 and
reached the minimum of zero at particular time.
Lower flow rate of 0.005 L min−1 took longer time
(10 h) to reduce the Cu(II) content in the rinse water

to permissible discharge limit of 2 mg L−1. While the
higher flow rate studied treats the rinse water in
shorter period (2.5 h) with the removal efficiency of
99.0%. This behaviour may be due to insufficient input
of Cu(II) for the resin column at lower flow rate. For
further experiments the flow rate was fixed at
0.015 L min−1.

3.10.3. Effect of bed height—continuous

In the column continuous experiments, the bed
height was varied from 0.55 to 1.65 dm. In order to

Fig. 6. Langmuir and Freundlich isotherm fit for the removal of Cu(II) by (a) PMR and (b) pseudo-first-order and second-
order kinetics fit of PMR for Cu(II) removal.

Table 3
Adsorption isotherm parameters for Cu(II) removal by PMR and UMR comparison

Isotherm model Constants Unmodified resin (UMR) PEI modified resin (PMR)

Langmuir Qmax (mg g−1) 164.4 667.5
b1 (L g−1) 0.678 1.50
R2 0.9717 0.996

Freundlich K1 (L g−1) 78.53 381.8
n 5.442 0.536
R2 0.8691 0.983

Table 4
Comparison of adsorption rate constants for the pseudo-first and second-order reaction kinetics of removal of Cu(II) ions
by PMR

Metal ion qe(exp) (mg g−1)

Pseudo-first-order Pseudo-second-order

kf (min−1) qe(cal) (mg g−1) R2 kS (g mg−1 min−1) qe(cal) (mg g−1) R2

Copper 39.66 0.1304 40.06 0.994 0.0038 46.05 0.9858
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yield different bed heights, 10, 20 and 40 g of PMR
were added in the column to produce 0.55, 1.10 and
1.65 dm, respectively. The inlet Cu(II) concentration
(500 mg L−1) and the flow rate (0.015 L min−1) were
kept constant. As shown in Fig. 7(c), both the break-
through and exhaustion time increased with increas-
ing bed height. The reason behind increase in the
uptake capacity of Cu(II) ions as bed height increases
is availability of more binding sites for sorption,
which also resulted in a broadened mass transfer
zone.

3.11. Application of ion-exchange column models

3.11.1. Adams–Bohart model

The model developed by Bohart and Adams was
applied to investigate the initial part of the break-
through behaviour of PMR resin studied. This
approach was focused on the estimation of characteris-
tic parameters, such as maximum adsorption capacity
(N0) and kinetic constant (Kab). After applying Eq. (3)
to the experimental data, the parameters were
obtained for the relative concentration region (50%
breakthrough). The values of Kab (the kinetic constant)
and N0 (the maximum amount of metal exchanged)
are determined from plots of ln(C/C0) against t at dif-
ferent bed height and presented in Table 5. It was
observed that both Kab and N0 increased with
increased in bed height for a given flow rate. It is clear
from Fig. 7(c) that there is a good agreement between
the experimental and predicted breakthrough values,
suggesting that the Adams–Bohart model will be valid
for this concentration region.

3.11.2. Yoon–Nelson model

The Yoon and Nelson model is based on the
assumption that the rate of decrease in the probability
of adsorption for each sorbate molecule is propor-
tional to the probability of sorbate sorption and to the
probability of sorbate breakthrough. The Yoon and
Nelson model is straightforward than the other mod-
els [54]. This model was applied according to Eq. (4)
to describe the breakthrough behaviour of PMR Cer-
alite IR 120. The values of kYN and τ were determined
from ln[C/(C0 − C)] against t plots at different bed
heights (0.55, 1.1 and 1.65 dm) (Fig. 7(d)) and the val-
ues are listed in Table 5. The values for the kinetic
constant (kYN) have the same order of magnitude for
all the three bed heights. It is expected that the value
of τ increases with the increase of bed height, because
the higher the resin surface the higher the saturation
period. This is verified in the experimental assays

described here. The theoretical curves are compared
with the corresponding experimental data in Fig. 7(d)
and it could be concluded that the experimental
breakthrough curves were followed very closely by
the Yoon–Nelson model, for all the bed heights tested.

3.11.3. BDST model

The simplicity of the BDST model is that it can
predict the slope for any unknown bed height varia-
tion of the column with a known slope. The break-
through time against the bed height is shown in
Fig. 7(e).

The nature of the plot was very linear (R2 = 0.990)
indicating the validity of the BDST model for PMR
resin towards Cu(II) ions removal. The slope and inter-
cept value was calculated using straight line equation
and used for the model parameter calculations. The
parameters thus found are N0 = 277.95 mg L−1,
ν = 0.051 cm h−1, Ka = 0.0277 mg−1 h−1. The estimated
parameter of the BDST model (N0, the adsorption
capacity; rate constant Kb; the linear velocity ν) for Cu
(II) ions removal by PMR system. These BDST model
parameters can be useful in scaling up the process [55].

3.12. Comparison of breakeven point

An experimental study was carried out to deter-
mine the breakthrough point of the UMR and PMR in a
column reactor. It is very important to study the opera-
tional capacity of the UMR and PMR. The same weight
(40 g) of the UMR and PMR were packed in different
glass columns, and the test solutions taken in different
reservoir containing 500 mg L−1 of Cu(II) were made to
run through the columns separately and continuously.
Fig. 8(a) shows the comparison of break point of the
columns packed with unmodified, PMR ion-exchange
resin. The break-through curve showed that at the out-
let the concentration of Cu(II) is zero up to a certain
point of discharge of volume collected and then the
concentration of Cu(II) ion increased and reached its
initial value as if the bed has attained saturation.

The break point for the PMR column is quite
higher (19.5 L) than that of the unmodified (4.5 L) one.
Therefore, the break-even analysis proved the PEI
modification of Ceralite IR 120 increased the capacity
of the parent considerably.

3.13. Regeneration, recovery

3.13.1. Batch mode

An amount of 0.1 g of Cu(II) saturated PMR was
immersed in 0.1 L of different acid solutions (0.5 M
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Fig. 7. Concentration–time behaviour of recirculating ion-exchange adsorption column (a) at constant bed
height = 1.65 dm, flow rate = 0.005 L min−1 at different initial Cu(II) concentration, (b) at constant Cu(II) concentra-
tion = 500 mg L−1, at different flow rate, (c) Adams–Bohart experimental and predicted breakthrough curves of Cu(II)
adsorption by PEI modified resin column at different flow rates at constant bed height of 16.5 cm, (d) Yoon and Nelson
model breakthrough curves at different bed heights, constant flow rate and (e) BDST model fit for PMR.
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HNO3, 0.5 M HCl and 0.5 M H2SO4), and the systems
were agitated for 2 h, then filtered. The filtrate was
analysed for copper by AAS and the per cent of elu-
tion (E %) was calculated and plotted in Fig. 8(b) and

(c) for UMR and PMR. It was observed that the 0.5 M
H2SO4 solution eluted maximum percentage of Cu(II)
for both the resins (UMR and PMR) investigated. The
percentage of elution of Cu(II) ions from PMR was

Table 5
Comparison of continuous column model constants

Bed height (dm) wt. (g) Break point (h)

Adam−Bohart model Yoon−Nelson model

Kab N0 (mg L−1) R2 kYN (min−1) t (min) R2

0.55 10 7 0.000212 52,735.6 0.944 0.724 11.51 0.964
1.10 20 12 0.000502 119,124.6 0.958 0.650 17.88 0.954
1.65 40 19 0.000562 227,723.7 0.963 0.610 27.57 0.954

Fig. 8. (a) Comparison of breakeven point of the UMR and PMR, (b) desorption of copper loaded UMR by different acids
as eluant, (c) desorption of copper loaded PMR by different acids as eluant and (d) desorption of copper loaded resin
column with different molarity of sulphuric acid as eluant at a constant flow rate of 0.015 L min−1.
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found to be higher with H2SO4. The percentage elu-
tion from PMR was found to be higher than the UMR
with H2SO4 because each molecule of H2SO4 provides
2 hydrogen ions and the H2SO4 was selected as
suitable eluant.

3.13.2. Column mode

One litre SEPRW having 500 mg L−1 of Cu(II) was
recirculated through 16.5 cm resin column (40 g) until
all the Cu(II) ions removed. Adsorbed Cu(II) ions
were desorbed by different molarity of H2SO4 (0.5,
0.75, 1.0 and 1.25 M) in smallest possible volume
(0.2 L) of the reservoir in batch recirculation mode.
The results of desorption process is shown in
Fig. 8(d). As the concentration of H2SO4 increased the
percentage of elution also increased and with a con-
centration of 1.25 M maximum elution was achieved.

3.14. FTIR analysis

The FTIR Spectra of UMR (a), PMR (b), Cu(II)
exchanged UMR (c) and Cu(II) exchanged PMR (d)
are shown in Fig. 3. The spectrum of the pristine ion-
exchange resin is complex due to the numerous func-
tional groups. The peaks at 3,453, 2,924, 2,179, 1,643,
1,203 and 1,039 cm−1 are observed in the original
resin. The peaks interpretation is given in Table 2. The
broad and strong band at 3,453 cm−1 may be due to
the overlapping of OH and N–H stretching. The string
peak at 1,643 cm−1 assigned to secondary amine, N–H
bending vibration. The peak at 2,924 cm−1 is attributed
to CH stretching. The presence of C–N (aliphatic ami-
nes) is verified by the bands ranging from 1,020 to
1,250 cm−1 [56]. For fresh ion-exchange resin the peaks
observed at 1,164 cm−1 and 1,036 cm−1 corresponds to
the functional sulphonic acid group (–SO3H) and the
other peak (836 cm−1) corresponds to para-di-placed
benzene. After PEI was cross linked with the resin,
the spectrum exhibits some changes (Fig. 3). The
broad overlapping peak shifts to 3,467 cm−1 because a
large number of amine groups in PEI were introduced
into the resin matrix. Imine group introduction was
confirmed by the characteristics broad peak at
1,638 cm−1 [43].

The changes in the FTIR peaks of the UMR, PMR
after copper uptake were noted from Fig. 3(c) and (d).
The peak at 3,467 cm−1 attributed to N–H bending
shifts to the lower peak at 3,362 cm−1 after copper
uptake. Similarly, the characteristics peak of
1,194 cm−1 shifts to 1,117 cm−1. The broad overlap
region 3,467 cm−1 split into number of peaks showed
that in PMR the N–H groups and C–N groups were
the responsible for adsorption.

3.15. SEM–EDX analysis

SEM–EDX measurements were taken for UMR and
PMR before and after adsorption of Cu(II) ions at
9.6 mm × 120 SE, 15.0 kV from 0 to 500 μm. After sorp-
tion, considerable changes in surface morphology of
ion-exchange resins were observed. Surface protuber-
ances decreased and thin layer of deposition was
observed (Fig. 2(c) and (d)). Through EDX analysis
peaks of the Cu(II) ions examined were observed in
the sample along with all other components identified
in control sample. In that the unmodified ion-ex-
change resin shows lower Cu(II) peak when compared
to PMR ion-exchange resin.

4. Conclusions

PEI modified Ceralite IR 120 ion-exchange resin
(PMR) have been used as adsorbent the removal of
Cu(II) ions from SEPRW electroplating rinse water
solutions at room temperature (35˚C). The following
results were obtained. The PMR was found to be a
better sorbent for the removal of Cu(II) ions from
SEPRW than the UMR. The optimum time for maxi-
mum Cu(II) ions uptake was 20 min. The effective
adsorbent dosage was found to be 0.5 g L−1 for Cu(II)
which is half of the UMR amount required. The opti-
mum pH range for effective metal removal was
found to be pH 5–6. The isotherm studies fits well
with Langmuir, Freundlich models. The maximum
adsorption capacity (Qmax) was in the order:
PMR > UMR. A SEM EDX analysis confirms the
impregnation of PEI into the resin matrix and the
improvement of uptake capacity of the Ceralite IR
120 by PEI modification. FTIR study confirms N–H
and C–N groups of PMR were the main functional
groups responsible for metal binding. Column studies
fit well to Adam–Bohart, Yoon–Nelson and BDST
models. In the continuous column process, break
point obtained after the treatment of several litres
(19.5 L) of rinse water for an inlet concentration of
500 mg L−1 of metal ions. Most of the copper metal
sorbed in the resin was successfully eluted from the
column by 1.0 M H2SO4. This treated rinse water
could be reused in the rinsing tanks, and the resin
regenerated at the end can be recycled in the subse-
quent treatment processes.
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