
R

P
a

b

a

A
R
R
A
A

K
R
N
W
I
A

1

a
h
v
s
a
f
c
l
r
i
p
i
s
r
s
n
w
fl
t
e
p
o

0
d

Journal of Hazardous Materials 163 (2009) 899–909

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

ecovery and reuse of Ni(II) from rinsewater of electroplating industries

. Gomathi Priyaa, C. Ahmed Bashab,∗, V. Ramamurthia, S. Nathira Begumb

Department of Chemical Engineering, A.C. College of Technology, Anna University, Chennai 600025, India
Central Electro Chemical Research Institute (CSIR), Karaikudi 630006, India

r t i c l e i n f o

rticle history:
eceived 23 May 2008
eceived in revised form 9 July 2008
ccepted 9 July 2008

a b s t r a c t

Discharge of nickel compounds, which may occur in both liquid and solid phases, can cause severe envi-
ronmental problems. In this work, ‘point of source’ treatment strategy is followed and reduced the nickel
content of rinsewater to about less than 1 mg L−1 by ion-exchange method using a packed column involv-
ing batch recirculation mode of operation and to recovered Ni(II) content by desorption. The treated water
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could be recycled for rinsing operation.
The nickel from resin is first precipitated as nickel hydroxide to synthesize positive active material and

that was used in Nickel/Metal hydride cell. The performances in terms of electrochemical utilization of
nickel hydroxide, specific capacity as a function of discharge current density and cycle life were examined
and the nickel hydroxide electrode with 5% CaCO3 addition, having 200 mAh g−1 specific capacity, could
be subjected to charge/discharge cycles at C/5 rate for more than 200 cycles without the capacity fading.

© 2008 Elsevier B.V. All rights reserved.

. Introduction

Many plating and battery industries release heavy metals such
s cadmium, lead, chromium and nickel in wastewaters. These
eavy metals that find many useful applications in our life are
ery harmful if discharged into natural water resources and pose a
erious health hazard [1–8]. The Ni(II) concentration in wastew-
ter from mine drainage, tableware plating, metal finishing and
orging has been reported up to 130 mg L−1 [9]. The higher con-
entration of Ni(II) in ingested water may cause severe damage to
ungs, kidneys, gastrointestinal distress, e.g., nausea, vomiting, diar-
hea, pulmonary fibrosis, renal edema, and skin dermatitis [3]. It
s also a known carcinogen [4]. The rinsewater [10], from Nickel
lating industries having nickel concentrations of 2–900 mg L−1

s known to be one of the major toxic pollutants, which neces-
itates the development of effective and inexpensive methods to
ecover heavy metal and purify rinse water in a closed-recycle
ystem for water reuse (to achieve a so-called effluent-free tech-
ology). Conventional methods for the removal of Ni(II) from
astewaters include chemical precipitation, chemical reduction,
occulation, filtration, evaporation, solvent extraction, biosorp-
ion, activated carbon adsorption, ion-exchange, reverse osmosis,
lectrodialysis, membrane separation processes, etc. The chemical
recipitation [11], is the most cost-effective treatment technol-
gy. The possibility to precipitate metals in the form of insoluble

∗ Corresponding author. Tel.: +91 4565 227550; fax: +91 4565 227713.
E-mail addresses: cab 50@yahoo.co.in, basha@cecri.res.in (C.A. Basha).

compounds, mostly metal hydroxides, in solutions containing com-
plexing agents depends on the complex stability constant and the
hydroxide solubility product. Adsorption by activated carbon is
widely used for the removal of toxic metal and has been studied
extensively. In addition to conventional activated carbons, some
low cost waste materials such as coir pith [12], hazelnut shell [13],
almond husk [14], are also utilized for preparation of activated car-
bon and applied for nickel removal. The removal Ni(II) by clays
[15,16], was used in the fabrication of common products like wall or
floor tiles, where nickel ions remain firmly attached and inertized.
Higher cation-exchange capacity and development of surface neg-
ative charge on clay particles in contact with water also contribute
to this promising performance, despite the lower available specific
surface area in comparison with granular activated carbon. These
methods have several disadvantages of high operating cost, incom-
plete removal, low selectivity, high energy consumption, and they
generate hazardous solid waste that are difficult to eliminate.

A broad range of biomass types including bacteria, algae, yeast,
fungi, activated sludge, anaerobic sludge, digested sludge, peat have
been used as biosorbents to remove Ni(II) metals from aqueous
solution [17–40]. The nickel ion, compared with other heavy metal
ions, was a more recalcitrant pollutant and many metal tolerant
micro-algae had a relatively low Ni-binding capacity. The removal
of nickel ions from electroplating effluent was far from satisfactory.
The biosorption of nickel by different strains of microorganisms
was less than that of other metal ions. This was probably due to
the intrinsic chemical properties of nickel ions leading to steric
hindrance of biosorption. Studies focusing specifically on nickel
removal are rare. There is still no satisfactory precedent of employ-
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ing biosorbent in the removal of nickel ions and the feasibility of
employing micro-algae to remove Ni from electroplating wastew-
ater is uncertain.

Ion exchange has been widely applied for removal of heavy
metal ions from electroplating effluent because it is effective
and easy to operate. Recovery and removal of nickel ions from
wastewater using ion-exchange method [41–46], was used. How-
ever, ion-exchange resins must be regenerated by additive chemical
reagents (acid and alkali) when they are saturated and this causes
serious secondary pollution. As an alternative technique, electro-
dialysis is not economical for treating dilute solution because of
its high electrical resistance and the development of concentra-
tion polarization phenomena. The combination of electrodialysis
and ion-exchange methods (electro-deionization) can be applied
to the removal of Ni(II) ions [47–55], from diluted solutions.
Electrodeionization includes two processes, which are carried
out simultaneously: concentration of ions in the ion exchanger
(sorption) and transport of ions through the ion exchanger and
membrane system caused by a potential gradient and presence
of oxidizing impurities in the solution to be purified results in
destruction of the resin. The possibilities of electrochemical tech-
nology to remove nickel from dilute industrial solutions were
reviewed critically [56]. It is inefficient to first deposit nickel and
then dissolve. It may be more efficient to make a concentrated solu-
tion of nickel using a hybrid ion-exchange/electrodialysis system.
Recently, the development of new technologies as alternatives to
traditional methods is required to treat wastewaters, the Mg(OH)2-
nanotubes/Al2O3 composite membranes [57], oxidized multi-wall
carbon nanotubes [58], can be reused to remove Ni2+ from water
repeatedly with still high effectiveness. The superior performances
of metal ions removal are preliminary interpreted and are presum-
ably ascribed decisively to the nanostructures.

The objective this paper is to develop an efficient effluent-free
technology to reduce the nickel content of rinse water to about less
than 1 mg L−1 so that the treated water could be recycled for rins-
ing and subsequently to workout methodology to recover Ni(II) by
ion exchange using a packed column involving batch recirculation
mode of operation. The recovered Ni(II) from resin could used either
for making up the plating bath or alternatively the recovered Ni(II)
from the resin could be precipitated as nickel hydroxide to syn-
thesize positive active material that can be used in Nickel/Metal
hydride cell.

The active material in the nickel electrode has a theoretical spe-
cific capacity 289 mAh g−1 according to the equation

Ni(OH)2 + OH− → NiOOH + H2O + e−

E◦ = 0.395 VversusHg/HgO (1)

The performances in terms of electrochemical utilization of
nickel hydroxide, specific capacity as a function of discharge current
density and cycle life were analyzed and reported.

2. Materials and methods

All the reagents and chemicals used were of analytical grade.
For adjusting the pH of the medium 0.1N solutions of NaOH and
HCl were used. Based on the practical data collected from dif-
ferent plating industries, the synthetic rinsewater of Ni(II) ion of
appropriate concentrations were prepared by diluting the nickel
electrolytic plating bath of the following composition: 200 g L−1 of
NiSO4, 40 g L−1 of NiCl2 and 40 g L−1 of boric acid in water. The solu-
tion prepared in this method resembles the rinsewater that found
in the actual rinse tank. All the solutions were made with double
distilled water. The Amberlite IR-120 cation-exchange resin (den-
sity: 0.8 g mL−1, effective particle size: 0.45–0.6 mm) was used for

all the experiments. Before using them, the resins were soaked in
double distilled water for 12 h and then they were rinsed several
times also with double distilled water.

2.1. Batch mode adsorption equilibrium studies

The adsorption capability of Amberlite IR-120 cation-exchange
resin towards Ni(II) ions was investigated using the synthetic rin-
sewater. Adsorption experiments were carried out at pH values
where no chemical precipitation of Ni(OH)2 occurs. Accordingly
the initial pH value of 5.8 for rinsewater was fixed for the adsorp-
tion of Ni(II) ions on cation-exchange resin. Adsorption of Ni(II)
ions of 440 mg L−1 was conducted by contacting different weighed
amounts of exchange resin (7.8, 4.3, 3.2, 2.6, 2.3, 2, 1.9, 1.8, 1.7,
1.6, 1.5 g) with working volume of 100 mL in 250 mL Erlenmeyer
flasks under fixed pre-established conditions. Equilibrium was
thoroughly verified for the systems from preliminary experiments
performed for different prolonged contact times. The flasks con-
taining the resins were kept in a shaker (with the agitation speed of
160 rpm) at controlled temperature (30 ◦C) for a period of 12 h. The
pH of the slurries was recorded at the start and at the end of each
experiment to check for any significant pH drift during the adsorp-
tion tests. For the higher resin doses, the marginal drift was noticed
in the maintained pH values (within 0.8 units). Once equilibrium
was attained, the slurries were filtered and equilibrium concen-
trations were determined. Nickel analysis was performed using a
VARIAN Model SPECTRAA 220, atomic absorption spectrophotome-
ter.

Ni(II) uptake, qe (mg g−1 resin), in equilibrium condition was
calculated from qe = (Co − Ce)V/W, where V is the volume sample (in
liters), Co and Ce are the initial and final equilibrium concentrations
(mg L−1) of Ni(II) and W is the amount of resin (in grams).

2.2. Adsorption column breakthrough studies

The experimental arrangement is shown in Fig. 1a and it con-
sists of column of graduated Perspex of 2.25 cm inner diameter and
30 cm height. The Perspex column was equipped with a bottom
filtration device to prevent the escape of fine resin beads during
processing. In each column test, the ion-exchange resin was first
soaked in deionized water for at least 12 h to ensure that the resin
was fully swelled prior to use. The column was then loaded with
50 g (15 cm) of the resin. The synthetic rinse water of Ni(II) ion
of appropriate concentration was passed downward through the
column by a peristaltic pump at a fixed flow rate at the room tem-
perature of (30 ◦C and initial pH of 5.8). A series of experiments
were conducted with various influent concentrations (160 mg L−1,
210 mg L−1 and 440 mg L−1) and keeping the column height as
15 cm (50 g). The flow rate of the solution was kept at 20 mL min−1.
The samples were collected at certain time intervals and were
analyzed for Ni(II) using atomic absorption spectrophotometer
(VARIAN Model SPECTRAA 220). The above set experiments were
repeated by keeping the flow rate of the solution at 30 mL min−1.
The column data obtained are breakthrough curves for analysis.

2.3. Adsorption column batch recirculation mode studies

One possible mode of operation of IX column is that involves the
continuous recirculation of the rinse water. Due to this, there is a
gradual depletion of the concentration of Ni(II) ion in the reservoir
of rinse water. The operation is shown in Fig. 1a to conduct exper-
iments under batch continuous recirculation mode. The effluent
was taken in the reservoir, which was allowed to flow from the
reservoir and was recirculated through the packed column using
a peristaltic pump and back to the reservoir itself. The experi-
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Fig. 1. Experimental setup for IX dynamic column studies: (a) adsorption column for breakthrough analysis and for batch recirculation mode of operations. (b) Desorption
column for batch recirculation mode of operations.

ments were conducted at a constant bed height of 15 cm and with
an initial concentration of 350 mg L−1 for five different flow rates,
viz. 10, 15, 20, 25, 30 mL min−1. The samples were drawn periodi-
cally from the reservoir and analyzed. The experiments were also
repeated at constant flow rate of 30 mL min−1 for different con-
centrations (150, 250, 350, 450, 550 mg L−1). The holdup of the
packed reactor is 25 mL where as the reservoir capacity is 3 L. The
concentration–time behaviour of the reservoir in a recirculation
mode IX system is depicted by normalized concentration versus
time plots.

2.4. Column regeneration and reuse studies

Fixed bed ion-exchange column with bed depth of 15 cm and
diameter of 2.25 cm was selected for this study for which the
adsorption breakthrough curve has been shown. When adsorption
process was carried out with initial concentration of 440 mg L−1

and flow rate as 30 mL min−1, it was observed that at about 2 h, the
column was exhausted. The extra Ni(II) rinse solution inside the
column was pumped out leaving only resin loaded with Ni(II) ion.
Desorption was carried out slightly at higher temperature 40 ◦C by
2 mol L−1 HCl solution (containing 200 mg L−1 Ni(II) ion initially) at
a flow rate of 30 mL min−1 through the bed in the upward direction
to reservoir under recirculation mode. The reservoir volume fixed
for this mode of operation was 500 mL. The concentration of Ni(II)
in the reservoir was monitored at different time interval. It was
observed that desorption cycle took one hour, after which further
desorption was negligible.

The performance of IX column was also studied for second
adsorption–desorption cycles. The desorbed column was washed
with 500 mL distilled water at a flow rate of 35 mL min−1 fol-
lowed by reactivation with 0.01 mg L−1 NaOH with a flow rate of
10 mL min−1 and finally washing it again with 500 mL distilled
water at a flow rate of 35 mL min−1, all in upflow direction of the
column. The reactivated and regenerated column was reused for
second cycle of adsorption–desorption of Ni(II) keeping the param-
eters same as above, for first cycle.

2.4.1. Preparation of nickel hydroxide
The chlorides of nickel obtained by desorption processes were

precipitated by KOH. The supernatant solution was tested for its
minimum concentration of nickel and it was found to be 1 mg L−1.
The filtrate was to be recycled through IX column for recovery.

A solution of KOH was added to chlorides of nickel (obtained
by desorption) by dripping at a flow rate of 10 mL min−1 with
constant stirring. The addition of the reagent was terminated
when the pH of the suspension reaches 13. Then the mixture
was allowed to stand for 24 h for digestion of the precipitate.
The separation of the precipitate from the excess reagent was
done by centrifugation at 1500 rpm for one hour. The precipi-
tate was washed thoroughly with distilled water. AgNO3 in excess
was added to wash water, causing precipitation of silver chloride.
The washing of the precipitate was concluded when the white
precipitate of silver chloride was no more found in the wash
water. This nickel hydroxide precipitate was dried at 90 ◦C for
72 h. Finally the precipitate was pulverized and sieved. The mate-
rial with a particle size of the 50 �m was chosen for electrode
preparation.

2.4.2. Preparation of Nickel hydroxide electrodes
Because of the poor electric conductivity of the nickel hydroxide

powder alone could not be used for electrode fabrication. Certain
amount of conductive material, e.g. acetylene black is added to the
electrode material. Because of its chain structure, low density and
good water absorption characteristics, acetylene black can increase
the void and electrode surface per unit volume, and thus improve
the contact of the active material with the electrolyte solution.
Therefore, increasing the content of acetylene black will improve
the utilization. On the other hand, when the Ni(OH)2 content is
too high the electrode resistance becomes excessive and thus uti-
lization goes down. So a mere increase in Ni(OH)2 content will not
improve the utilization efficiency. If the Ni(OH)2 is increased above
the optimum amount, the utilization decreases by virtue of the
simultaneous decrease in the void ratio. Conductance decrease with
increase in the Ni(OH)2 content, which hinders the electron trans-
fer between Ni(OH)2 particles, i.e. the internal resistance becomes
more and thus the capacity decreases [59]. The electrodes are pre-
pared using certain amount of binder, poly tetra fluoro ethylene
(PTFE) solution, to bind the particles effectively. Increasing PTFE
solution content enhances the utilization. Although it increases
the electrode intensity, further increase will decrease the capacity
because of the increase in internal resistance. An optimum amount
of PTFE solution produces a fibrous structure that holds the active
material powder [60]. After considering all the above factors, the
following composition of the electrode material was arrived at: 80%
Ni(OH)2 powder, 12% nickel powder, 7% acetylene black and 2–5%



902 P.G. Priya et al. / Journal of Hazardous Materials 163 (2009) 899–909

PTFE solution. Similar compositions have been suggested by others
[61].

The test electrode was made by first mixing the prepared sample
nickel hydroxide powder with acetylene black and PTFE solution in
the form of slurry. The resulting slurry was packed into a sponge like
nickel porous body support (INCO Nickel FOAM) which has a poros-
ity of 95%. The resulting electrode was dried at 65 ◦C and pressed
under 25 mPa to a thickness of 1 mm to have the dimensions:
2 cm × 2 cm × 0.1 cm. Studies were carried out using the following
types of electrodes: Nickel hydroxide with no additives and Nickel
hydroxide and 5% calcium carbonate incorporated directly in to the
slurry.

2.4.3. Test procedure
For all experimental measurements, a three compartment glass

cell was used. A hydrogen storage alloy electrode, with a capac-
ity well in excess of the nickel electrode was used as a counter
electrode. A single nickel test electrode was sandwiched between
two metal hydride electrodes with a thin film of cel-gard sepa-
rator (Hoechst Celanese Corporation, USA) and the assembly was
immersed in 30% aqueous KOH solution. Hg/HgO/KOH electrode
was employed as a reference electrode. Constant current charge
discharge experiments were performed by using an automatic life
cycle tester LCN Bitrode model 2-10-12. The test cell was charged
for 14 h at C/10 rate and kept for 30 min at open circuit condition and
then discharged at the C/10 rate to 1.000 V versus a metal hydride
electrode [61]. The same procedure was adopted for three cycles
until the discharge capacity became constant. Charge/discharge
experiments were conducted only after the test cell reached a stable
condition.

3. Theoretical description

The monolayer Langmuir and the empirical Freundlich
isotherms that can be used to explain the equilibrium adsorption
characteristics are the most commonly used models.

3.1. Langmuir isotherm

The Langmuir equation, which is, valid for monolayer sorption
on to a surface a finite number of identical sites and is given by Eq.
(2).

Ce

qe
= 1

Q ob
+ Ce

Q o (2)

where Qo is the maximum amount of the Ni(II) ion adsorbed per
unit weight of cation-exchange resin to form a complete monolayer
(on the surface bound at high Ce), a practical limiting adsorption
capacity when the surface is fully covered with Ni(II) ion; and b is
a constant related to the affinity of the binding sites. Qo and b can
be determined from the linear plot of Ce/qe versus Ce.

3.2. Freundlich Isotherm

The empirical Freundlich equation based on sorption on a het-
erogeneous surface is given below by Eq. (3).

qe = KFC1/n
e (3)

where KF and n are the Freundlich constants characteristic on
the system. KF and n are indicators of adsorption capacity and
adsorption intensity, respectively. According to the Freundlich
equation, the amount adsorbed increases infinitely with increas-
ing concentration. This equation is, therefore, satisfactory for low
concentrations. The Freundlich isotherm is also more widely used

but provides no information on the monolayer adsorption capacity,
in contrast to the Langmuir model.

The adsorption capacity parameter obtained from a batch exper-
iment is useful in providing information about the effectiveness
of Ni(II) ion-resin exchange system. However, the data obtained
under batch conditions are generally not applicable to most treat-
ment systems (such as column operations). Hence, there is a need to
perform dynamic studies as breakthrough analysis using columns.
The general position of the breakthrough curve along the volume
axis depends on the capacity of the column with respect to the
feed concentration and flow rate. The breakthrough curve would
be a step function for favorable separations, i.e. there would be an
instantaneous jump in the effluent concentration from zero to the
feed concentration at the moment the column capacity is reached.
The breakthrough curves show the loading behaviour of Ni(II) to
be removed from solution in a fixed bed and is usually expressed
in terms of adsorbed Ni(II) concentration or normalized concentra-
tion defined as the ratio of effluent Ni(II) concentration to inlet Ni(II)
concentration (C/Co) as a function of time or volume of effluent for
a given bed height.

Concentration and flow rate on Ni(II) ion adsorption by
ion-exchange column were investigated. Thomas model and
Adams–Bohart model were used to predict the performance.

3.3. Thomas model

The expression of Thomas model for an adsorption column is
given as follows [62,63]:

C

Co
= 1

1 + exp((kTh/Q )(qoX − CoVeff))
(4)

where kTh is the Thomas rate constant (mL min−1 mg−1); qo is the
equilibrium Ni(II) uptake per g of the adsorbent (mg g−1). X is the
amount of adsorbent in the column (g); Veff is effluent volume (mL);
Co is the influent Ni(II) concentration (mg L−1); C is the effluent
concentration (mg L−1) at time t; Q is flow rate (mL min−1). The
value of t is time (min, t = Veff/Q). The kinetic coefficient kTh and
the adsorption capacity of the column qo can be determined from
a plot of ln(Co/C − 1) against t at a given flow rate using the linear
regression method.

3.4. The Adams–Bohart model

The Adams–Bohart model is used for the description of the ini-
tial part of the breakthrough curve. The expression is the following
[62,63]:

C

Co
= exp

(
kABCot − kABNo

Z

Uo

)
(5)

where kAB is the kinetic constant (L mg−1 min−1), Uo is the super-
ficial velocity calculated by dividing the flow rate by the column
section area (cm min−1), Z is the bed depth of column and No is
the saturation concentration (mg L−1). From this equation, values
describing the characteristic operational parameters of the column
can be determined from a plot of ln C/Co against t at a given bed
height and flow rate using the linear regression method.

3.5. Column with Batch recirculation system

In order to design the plant for IX processes, development of
the models is essential which explains variation of concentration of
Ni(II) ion with time in the reservoir which is assumed to be perfectly
back-mix system. Plug flow exists in IX column. Hence the con-
centration of Ni(II) changes in the column axially. The transport of
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the reactive ions in the exchange column occurs under convective-
diffusion control which is a good approximation. The particle size,
dp of ion-exchange resin does not change during the process. The
mass transfer coefficient kp is constant throughout the bed. Rinse-
water temperature and hence physical properties is constant both
in space and time. Referring to Fig. 1a which also depicts an element
of reactor length �x and in this problem the concentration C is a
function of both position x and time t, a differential mass balance
at plane x gives the following partial differential equation

−A �x
∂C

∂t
= Q

(
∂C

∂x

)
�x + A �x

6(1 − ε)
dp

kpC (6)

Left hand side (LHS) represents rate of change of mass of Ni(II) in
the pore volume of the ion-exchange column, where vR is the void
volume of the column, ε is the bed porosity. The first term of the
right hand side (RHS) rate of mass of Ni(II) ion entering and leaving
the differential element where Q is the volumetric flow rate. The
next term represents the rate of disappearance of mass of nickel
ions in the solution due to sorption of nickel ions in resins phase.
As a matter of fact for dilute solutions, sorption of nickel ion in
resins is usually diffusion-controlled and, it is generally admitted
that external transfer is the rate-controlling process [64]. The driv-
ing force being the concentration difference through the diffusion
film and the expression should be [6(1 − ε)/dp]kp(C − C*) here kp is
the mass transfer coefficient to the particle surface dp the particle
diameter, and C* the concentration at the interface particle–film.
Owing to the high exchange capacity of the resin, to the weak con-
centration in solution and to the relatively long duration of the
experiments, the amount of nickel ion on the resin is always little
significant. Thus, the concentration near the resin surface remains
zero during the experiments. Assuming phase equilibrium, the con-
centration in the solution near the interface, C* is zero, which leads
to [6(1 − ε)/dp]kpC.

The reservoir (rinse water tank) is always a perfectly back-mix
system. Hence the mass balance equation for the rinse water reser-
voir tank is,

Vrw

(
dC

dt

)
= QCo − QC (7)

where Vrw is the volume of the rinse water reservoir tank.
Since there is no accumulation of the nickel ion in liquid phase

IX bed, it can also be assumed that the reactor is under steady state
condition as dC/dt = 0. The concentration variation of Ni(II) ion in
the ion-exchange compartment is written as

−
(

dC

dx

)
=

(
6(1 − ε)A

Q

)
kp

dp
C (8)

Co

C
= exp

(
− [6(1 − ε)/dp]vRkp

Q

)
= exp(−kpa�R) (9)

where a is specific surface area [6(1−ε)/dp] of ion-exchange resin,
and �R is the residence time of nickel ion (vR/Q ) in the ion-exchange
column. The mass balance Eq. (7) is solved after substitution of the
expression for Co from Eq. (9), knowing the initial concentration of
nickel ion, C = Co at t = 0 in reservoir. Then the following resultant

F
4
F

e
r

w
t

a
t
c

e
e

V

w

Table 1
Thomas and Adams–Bohart model parameters at different conditions of influent concent

Co (mg L−1) Q (mL min−1) kTh (L mg−1 min) qo (mg L−1)

160 20 0.169 21505.7
160 30 0.231 16978.6
210 20 0.195 20316.1
210 30 0.277 23986.1
440 20 0.216 23726.9
440 30 0.346 25192.9
ig. 2. Isotherm plots for adsorption of Ni(II) ion to resin Co = 440 mg L−1, W = [7.8,
.3, 3.2, 2.6, 2.3, 2, 1.9, 1.8, 1.7, 1.6, 1.5 g], batch volume = 0.1 L. (a) Langmuir and (b)
reundlich.

quation gives the variation of concentration of Ni(II) in the effluent
eservoir.

C

Co = exp
[
− t

�

{
1 − exp(−kpa�R)

}]
(10)

here Co is the initial concentration of nickel and � is the residence
ime of nickel ion (Vrw/Q) in the effluent reservoir, respectively.

It is to be noted that C/Co decreases exponentially with time. In
ccordance with Eq. (10), the slope of the plot of ln(C/Co) versus
is [1 − exp(−kpa�R)]/� from which the value of kpa, the transfer
oefficient is computed.

When the reservoir of regeneration tank (see Fig. 1b) is consid-
red, which is also a perfectly back-mix system, the mass balance
quation for the regeneration reservoir tank is,
rg

(
dCo

dt

)
= QCo − QC (11)

here Vrg is the volume of the regeneration reservoir tank.

ration and flow rate using linear regression analysis

R2 kAB (L mg−1 min) No (mg L−1) R2

0.99531 0.00015 18562.6 0.99688
0.97482 0.0002 22037.2 0.98357
0.99286 0.00017 17877.3 0.99429
0.99836 0.00025 20341.9 0.997
0.97785 0.00023 18970.5 0.99919
1 0.00032 20953.3 0.99887
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Since there is no accumulation of the nickel ion in liquid phase of
ion-exchange desorption column, it can be assumed that the reactor
to be under steady state condition as dC/dt = 0. The concentration
variation of Ni(II) ion in the ion-exchange column is written as(

dC

dx

)
=

(
6(1 − ε)A

Q

)
kp

dp
C (12)

C

Co
= exp

(
[6(1 − ε)/dp]vRkp

Q

)
= exp(kpa�R) (13)

where a is specific surface area [6(1 − ε)/dp] of ion-exchange resin,
and �R is the residence time of nickel ion (vR/Q ) in the ion-exchange
column. The mass balance Eq. (9) is solved after substitution of the
expression for Co from Eq. (10), knowing the initial concentration
of nickel ion, C = Co at t = 0 in reservoir. Then the following resul-
tant equation gives the variation of concentration of Ni(II) in the
regeneration reservoir.

C

Co = exp

[
t

�rg

{
exp(kpa�R) − 1

}]
(14)

where Co is the initial concentration of nickel and �rg is the res-
idence time of nickel ion (Vrg/Q) in the regeneration reservoir,
respectively.

3.6. Error analysis

The least sum of the squares, SS, of the differences between the
experimental data and the data obtained from the models (by cal-
culation), could be computed. If data from the model are similar to
the experimental data, SS will be a small number; if they are dif-
ferent, SS will be a large number. In order to confirm the best fit
isotherm for the column adsorption system, it is necessary to ana-
lyze the data using the values of SS, combined with the values of
the determined coefficient (R2).

4. Results and discussion

The results of the experiments carried out are presented in
Figs. 1–8 and Tables 1–3.

4.1. Ni(II) equilibrium adsorption isotherms

Linear plots (Fig. 2a and b) of Ce/qe versus Ce and ln(qe) versus
ln Ce show that the adsorption obeys both Langmuir and Freundlich
isotherm models. The high values of coefficient of regression (R2)
for both the models indicate good agreement between experi-
mental and predicted data. The applicability of both the isotherm

Fig. 3. The experimental and predicted breakthrough curves at different flow rates and feed concentration at constant bed height of 0.15 m according to the Thomas model:
(a) 160 mg L−1, (b) 210 mg L−1 and (c) 440 mg L−1.
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Fig. 4. The experimental and predicted breakthrough curves at different flow rates and feed concentration at constant bed height of 0.15 m according to the Adams–Bohart
model: (a) 160 mg L−1, (b) 210 mg L−1 and (c) 440 mg L−1.

Table 2
Effect of mass transfer coefficient of packed ion-exchange adsorption column at constant bed height: (a) Co = 350 mg L−1 and different flow rates and (b) Q = 30 mL/min and
different initial concentration

Q (mL min−1) Co = 350 mg L−1 Co (mg L−1) Q = 30 mL min−1

kpa (×10−2 s−1) kp (×10−4 cm s−1) kpa (×10−2 s−1) kp (×10−4 cm s−1)

10 1.4419 2.07 150 2.8834 4.14
15 1.0788 1.55 250 1.8501 2.66
20 1.0796 1.55 350 1.4685 2.11
25 1.4941 2.15 450 1.0388 1.49
30 1.4679 2.11 550 0.7963 1.14

models to the Ni(II)-cation-exchange resin system implies that
both monolayer sorption and heterogeneous surface conditions
exit under the experimental conditions used. The sorption of
Ni(II) ions on the resin is thus complex, involving more than one
mechanism.

In case of Langmuir model, maximum adsorption capacity, Qo

(mg g−1), was found to be 49.75 mg of Ni(II) per g of resin where as
the affinity constant, b (L g−1) is 0.2354 L g−1. The essential charac-
teristics of Langmuir isotherm model can be explained in term of a
dimensionless constant separation factor or equilibrium parameter
RL, which is defined by RL = 1/(1 + bCo) and the RL value is between
0 and 1 indicate favorable adsorption of Ni onto resin.

Table 3
Specific discharge capacity of active materials with and without CaCO3

Discharge rate Specific capacity (mAh g−1)

With no additives With additives CaCO3

C/10 210 225
C/5 190 230
1 C 150 215
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Fig. 5. Concentration–time behaviour of the reservoir in a recirculating ion-
exchange adsorption column at constant bed height: (a) Co = 350 mg L−1 and
different flow rates and (b) Q = 30 mL/min and different initial concentration.

Fig. 6. Concentration–time behaviour of the reservoir in a recirculating ion-
exchange desorption column at constant bed height: Co = 200 mg L−1 and
Q = 30 mL/min.
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ig. 7. The characteristics of nickel electrodes with and without addition of CaCO3

a) at C/5 rate charging and (b) at C/5 rate discharging.

The constants of Freundlich isotherm KF and n which relate
o sorption capacity and sorption intensity are 9.33 and 1.4565,
espectively. According to Treyball [65], it has been shown using
athematical calculations that n values between 1 and 10 repre-

ents beneficial adsorption.

.2. Adsorption column breakthrough analysis

Successful design of a column adsorption process requires pre-

iction of the concentration–time profile or breakthrough curve for
he effluent. The time for breakthrough appearance and the shape of
he breakthrough curve are very important characteristics for deter-

ining the operation and the dynamic response of an adsorption
olumn.

ig. 8. The cycle life performance of the two types of electrodes under study at C/5
ate.
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The experimental and the predicted breakthrough curves at dif-
ferent flow rates and feed concentrations at constant bed height of
15 cm are shown according to the Thomas model in Fig. 3a–c; and
to the Adams–Bohart model in Fig. 4a–c.

The column data were fitted to the Thomas model to determine
the Thomas rate constant (kTh) and maximum solid-phase con-
centration (qo). The determined coefficients and relative constants
were obtained using linear regression analysis (ln(Co/C − 1) against
t), a modified form of Eq. (4) and the results are listed in Table 1.
From Table 1, it is seen that values of determined coefficients (R2) is
higher than 0.97. Hence it is clear from Fig. 3 and Table 1 there was a
good agreement between the experimental and predicted normal-
ized concentration values at experimental conditions. So the data
obtained fits Eq. (4) well.

It is to be observed from Table 1 that as the influent concen-
tration increased the value of qo and kTh increased. The reason is
that the driving force for sorption is the concentration difference
between the Ni(II) ion on the resin and the Ni(II) ion in the solution.
Thus the high driving force due to the higher Ni(II) ion concentra-
tion resulted in better column performance. The bed capacity qo

and kTh increased with the flow rate increasing at the influent Ni(II)
ion concentration of 440 mg L−1 and 210 mg L−1 and on other hand
at the influent at 160 mg L−1 the bed capacity qo decreased while
kTh increased with the flow rate increasing. The Thomas model is
suitable for adsorption processes when the external and internal
diffusions will not be the limiting step.

The Adams–Bohart adsorption model was applied to exper-
imental data for the description of the initial part of the
breakthrough curve. This approach was focused on the estima-
tion of characteristic parameters, such as maximum adsorption
capacity (No) and kinetic constant (kAB) from Adams–Bohart model.
After applying Eq. (5) to the experimental data, the parameters
were obtained for the relative concentration region upto 50%
breakthrough. Using linear regression analysis for all breakthrough
curves, respective values of No, and kAB were calculated and pre-
sented in Table 1 (together with the regression coefficients, R2).
From Table 1 it is seen that the values of No at all conditions have
no significant difference. It is clear from Fig. 4 and Table 1 that there
is a good agreement between the experimental and predicted val-
ues, suggesting that the Adams–Bohart model will be valid for the
relative concentration region up to 0.5 where large discrepancies
can be found between the experimental and predicted curves above
this level for the Ni(II) ion adsorption column. The Adams–Bohart
model provides a simple and comprehensive approach to running
and evaluating sorption-column tests and valid to the range of con-
ditions used.

4.3. Batch recirculation mode operation

To develop an efficient effluent-free technology to reduce the
nickel content of rinse water to about less than 1 mg L−1 so that
the treated water could be recycled for rinsing and subsequently
to workout methodology to recover Ni(II) by ion exchange using
a packed column involving batch recirculation mode of operation
and the results of experiments are shown in Fig. 6a and b.

The slope of the plot of ln(C/Co) versus t is [1 − exp(−kpa�R)]/�
which was obtained from Eq. (10) by linear regression. The value of
kpa, kp, the mass transfer coefficient is computed and presented in
Table 2. The goodness of fit is more than 0.98, which is the evidence
for the model to fit well.

From Table 2, as the influent concentration increased, the value
of mass transfer coefficient k is decreased slightly. The driving force
for sorption is the concentration difference between the Ni(II) ion
on the resin and the Ni(II) ion in the solution diminishes on recir-
culation but due to the higher Ni(II) ion concentration resulted in

better column performance in a single pass because of high driv-
ing force on the other hand the mass transfer coefficient k changes
insignificantly with increase of flow rate at the influent concentra-
tion of 350 mg L−1.

The transfer coefficient kpa can be estimated using the available
dimensional relationship [66], between the dimensionless num-
bers.

kpa = 10.9U(1 − ε)
dp

(
UD

dp

)0.51(
D�

�

)0.16
(15)

where U is the superficial velocity (volumetric flow rate of fluid per
unit area of the bed cross section), D is the fluid-phase diffusivity,
� is density; and � is viscosity, in consistent units. With the above
relationship, the obtained value of kpa is 0.14464 for the flow rate
10 mL/min while the experimental value is 0.014419. The calculated
value is around 10 times higher than the experimental value. The
difference probably indicates that the treatment process functions
not via the whole bed but through a smaller length of it, an “absorp-
tion front”. Initially, this front concerns the initial input region, and
with time this region is inactive and the adsorption front proceeds
toward the output region.

4.4. Column regeneration, recovery and reuse

The loaded metal from the column is desorbed in the smallest
possible volume of in the reservoir in the batch recirculation mode.
Regeneration must produce small volume of metal concentrates
suitable for metal-recovery process, without damaging the capacity
of the resin, making it reusable in several adsorptions and desorp-
tion cycles. The result of desorption process carried out by 2 mol L−1

HCl solution (containing 200 mg L−1 Ni(II) ion initially) at a flow rate
of 30 mL min−1 through the bed in the upward direction to reservoir
under recirculation mode is shown in Fig. 6. The reservoir volume
fixed for this mode of operation was 500 mL. The performance of
the reactivated and regenerated column (with 0.01 mol/l NaOH and
distilled water) was highly efficient in adsorption and desorption.
Regeneration of the adsorbent material is of crucial importance
in the development of effluent-free technology as desorbed metal
concentrates can be added to plating bath for making up the plat-
ing bath or alternatively the recovered Ni(II) from the resin could
be precipitated as nickel hydroxide to synthesize positive active
material to be used in Nickel/Metal hydride cell. The result of the
experiments conducted shown in Table 3. The specific capacities of
electrodes with no additive and with calcium carbonate prepared
under same conditions are listed.

The specific capacity of the active materials with calcium com-
pound is higher than that of the active material without additive,
particularly at higher discharge rates. From Table 3 it is found that
the capacities of the nickel electrode containing calcium increase
gradually with discharge rate and the decrease is very slowly at
higher rate.

The charge/discharge characteristics of nickel electrodes, with-
out addition and with CaCO3 at C/5 rate are shown in Fig. 7a and
b. The redox reaction of the nickel electrode is expressed as given
in Eq. (1). But here it should be noted that the oxygen evolution
occurs at an electrode potential above +0.400 V versus Hg/HgO
which is slightly above the open circuit potential of nickel hydrox-
ide electrodes. Thus the oxygen evolution cannot be avoided during
charging process according to the reaction

4OH− → 2H2O + O2 + 4e− (16)

For an electrode with no additive, the oxygen evolution reac-
tion takes place easily and this will lower the charging efficiency.
With addition of calcium compound, however, the oxygen evolu-
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tion overpotential increased markedly (Fig. 7a). This effect hinders
the oxygen evolution reaction and increases greatly the charging
efficiency and thus more utilization of active materials.

The structure of nickel hydroxide is dependent not only on the
history of the electrode material but also on additives like calcium
compounds. Fig. 7b shows the discharge characteristics of nickel
electrodes with and without additives. Fig. 8 shows the cycle life
performance of the two types of electrodes the charge efficiency
and the discharge efficiency is increased. Calcium has been found to
raise the oxygen evolution over potential hence effects increase the
charge acceptance and the discharge depth of the nickel electrodes.

5. Conclusions

Adsorption of Ni(II) ion from simulated rinsewater on Amber-
lite IR-120 cation-exchange resin followed both Langmuir and
Freundlich adsorption isotherm models. The Thomas and the
Adams–Bohart models were applied to experimental data obtained
from dynamic studies performed on fixed column to predict the
breakthrough curves and to determine the column kinetic param-
eters. The initial region of breakthrough curve was defined by the
Adams–Bohart model at all flow rates and inlet Ni(II) ion concen-
trations studied while the full description of breakthrough could
be accomplished by the Thomas models at higher flow rates and
higher inlet Ni(II) ion concentrations. The model constants belong-
ing to each model were determined by linear regression technique
and these parameters could be uses for in column design over a
range of feasible flow rates and concentrations.

In the packed IX column involving batch recirculation mode of
operation, there is a gradual depletion of Ni(II) ion concentration
in reservoir and when its concentration attains less than 1 mg L−1

then the treated water could be recycled for rinsing so as to con-
serve water. The adsorbed Ni(II) ion was effectively desorbed with
the use of mineral acid with high the regeneration efficiency under
batch recirculation mode of operation. The recovered Ni(II) from
resin is used for making up the plating bath so that the total pro-
cess is made sustainable. Alternatively the recovered Ni(II) from the
resin could be precipitated as nickel hydroxide to synthesize posi-
tive active material to be used in Nickel/Metal hydride cell so as to
make a value added byproduct. The experimental results showed
that incorporation of calcium compound into the electrode invoked
excellent charge–discharge behaviour.

Based on the above concept further work is under progress with
two packed IX columns in series involving batch recirculation mode
of operation with the cascade of reservoirs rinse tank. When the
first column exhausted it will be replaced by the second column and
the second column will be replaced by a new one. The exhausted
column is taken for regeneration.
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