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ABSTRACT

Breakthrough curves for the removal of Ni(II), Zn(II), and Pb(II) from aqueous solutions
using cation exchange resin (Dowex 50W) were determined at dynamic conditions in a
fixed-bed column under ambient temperature. The experiments and data obtained were
designed and analyzed using response surface methodology, respectively. Three operating
parameters: flow rate (15–25 mL min−1), pH (3–9), and bed height (3–5 cm) were investi-
gated. Fixed-bed adsorption models namely Thomas model and Bohart–Adam model were
adopted to describe the dynamics of metal adsorption in the column. The obtained experi-
mental data were fitted to these models based on the kinetic constant kBA (mg min cm−3),
kTH (cm3 mg−1 min), the maximum amount of metal exchange N0 (mg cm−3), and the maxi-
mum adsorption capacities qtm (mg), accordingly. The Thomas model was found to best fit
all the experimental conditions studied with correlation coefficients of 0.91, 0.97, and 0.92
for Ni(II), Zn(II), and Pb(II), respectively.

Keywords: Cation exchange resins; Heavy metal; Bohart–Adam model; Thomas model

1. Introduction

The increasing amount of metals and chemicals
used in various industrial processes, such as metal
plating, mining, fertilizer production, tanning, battery
manufacturing, and paper making have generated
large volume of effluents containing high levels of

heavy metals. These contaminated effluents cause
environmental problems in terms of their disposal
owing to their non-biodegradability and tendency to
accumulate in living organisms [1]. Furthermore, the
leaking of heavy metals into the soil can lead to
groundwater and surface water contamination. Conse-
quently, these can adversely affect human, animal,
and aquatic lives.
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Wastewater from the battery industries contains
large amount of heavy metals, such as Cd(II), Hg(II),
Cu(II), Pb(II), Ni(II), and Zn(II), that must be treated
prior to safe disposal into the environment. According
to the Malaysian-Environmental Quality Act 1974
(Sewage and Industrial Effluents) [2], the maximum
discharge limits for Ni(II) and Zn(II) under standard B
is 1.0 mg L−1, while Pb(II) amount is limited to
0.5 mg L−1. A number of researchers studied the
removal of various types of metal ions from aqueous
solution using natural, synthetic, and chelating ion
exchange [3–12]. It was discovered that the removal of
metal ions using ion-exchange resins has high poten-
tial for industrial wastewater treatment. Among heavy
metals, Pb(II), Zn(II), and Ni(II) are of particular inter-
est because of their toxicity and widespread presence
in many of industrial applications.

The ion exchange is an effective technique for the
removal of heavy metal ions from water and wastewa-
ter [13]. The possibility of ion exchange or chelating
process to remove heavy metals ion from aqueous
solution has been explored extensively [14–16]. The
removal of lead, zinc, and nickel in batch column was
successfully demonstrated by Pehlivan and Altun [13].
The maximum sorption of strontium from aqueous
solution was successfully determined by Hafizi et al.
[17] using Dowex 50W. Previous studies reported that
Dowex 50W was several times more efficient than the
conventional resins and other natural adsorbents in
removing toxic and harmful transition metal ions from
aqueous solutions. Dowex resins are robust, insoluble,
and compatible with various treatment conditions.
Resins in the form of sodium impart both stability and
long shelf life: hence, it can withstand longer period
in high concentration heavy metals absorption [13]. In
addition, their operation cost is shown to be cheaper
as compared to other synthetic resins [18].

Selection of the most appropriate resin for a partic-
ular situation requires a careful balance of physical
and chemical properties of the resins as well as of the
solution, in which to be treated significantly [13,18].
Two main ion-exchange systems: batch continuous
stirred reactor and fixed-bed column reactor are avail-
able for evaluating effective resin utilization. Batch
system is used to provide a simpler method for estab-
lishing the effects of various experimental parameters,
such as pH, temperature, and initial concentration on
the removal efficiency. It is also used to determine the
optimum amount of resins needed for a column mode
operation or to determine the kinetics of a certain
resin [19]. However, batch column experiments were
less convenient to use on industrial scale, where large
volumes of wastewater are continuously generated. In
order to understand the characteristic behavior of

resin (DOWEX) in a real heavy metal sorption, the
study conducted in continuous sorption system is
required. Therefore, in this work, a number of experi-
ments were conducted using continuously fixed-bed
column reactor. This study focuses on establishing the
shape of breakthrough curve and its velocity through
the fixed-bed system. An experimental design with
response surface analysis is used to evaluate the sig-
nificance of operating parameters, such as the flow
rate, pH, and bed height (BH) on the column perfor-
mance. This statistical approach allows systematic and
more appropriate variation of the experimental condi-
tions in a way leading to reduce the number of experi-
ments, optimize treatment conditions, and to
demonstrate/propose/project the model of the system
performance. The breakthrough curves for the adsorp-
tion of three types of metal ions were analyzed using
Bohart–Adam and Thomas models. Further, modeling
on the adsorption dynamics of the fixed bed was pre-
sented, and finally the correlation between the model
and the experimental data was established.

2. Experimental

2.1. Materials

Dowex 50W was obtained from Fluka Co (St.
Loius, MO, USA). The properties of the resins are pre-
sented in Table 1. Prior to use, the resin was washed
with deionized water and then dried in a vacuum
oven at 50˚C overnight. A known quantity of (Zn
(NO3)2·6H2O) from ChemPur (Karlsruhe, Germany)
(Mw = 297.47 g mol−1), lead ions, lead(II) nitrate from
HmbG (Mw = 331.20 g mol−1), and nickel ions, nickel
(II) nitrate (Ni(NO3)2·6H2O) from QRec
(Mw = 290.81 g mol−1) were weighed before adding to
the deionized water. All chemicals and reagents used
were of analytical grade. Solutions of 0.1 M NaOH
and 0.1 M HNO3 were used for pH adjustment,
respectively.

2.2. Fixed-bed adsorption studies

Breakthrough curves experiments were planned
using a response surface design at different operating
parameters, such as feed flow rate (Q, mL min−1), pH,
and bed height (cm). Each factor was changed to dif-
ferent levels according to the experimental design
given in Table 2, resulting in a total of 20 experiments.

These experiments were carried out at room tem-
perature (27˚C) in a clear perspex column with an
internal diameter of 2 cm and length of 20 cm. The
up-flow ion-exchange column was fed by a peristaltic
pump. The samples in the outlet were taken at

M. Hamdzah et al. / Desalination and Water Treatment 57 (2016) 18770–18781 18771



predetermined time intervals until the resin reached
saturation point; the saturation was monitored by ana-
lyzing the concentration of each ion in the collected
samples. A new batch of cationic resin was used in
each experimental run. According to the literature, the
effects of near-wall disturbances and preferential chan-
nels in the column were neglected if the ratio of the
internal column diameter to the resin particle diameter
is higher than 10 (approximately 14.5) [20].

2.3. Breakthrough analysis

The time and shape of the breakthrough appear-
ance are very important characteristics for determining
the operation and the dynamic response of fixed-bed
column. Therefore, breakthrough curves (C/Co vs.
time) were plotted, where C is the effluent concentra-
tion (mg L−1), and Co is the inlet metal ion solutions
(mg L−1). The breakthrough time (tbr) and saturation
time (tend) also were used to evaluate the break-
through curve. The efficiency of solute removal, εr,
and the efficiency of resin utilization, εf, defined by
Eqs. (1) and (2), respectively. A statistical analysis of
the results was developed using these values to allow
the evaluation of the process performance.

er ¼
QCo tbr �

R tbr
0

C
Co

� �
dt

� �
QCotbr

(1)

ef ¼
QCo tbr �

R tbr
0

C
Co

� �
dt

� �

QCo tend �
R tend
0

C
Co

� �
dt

� � (2)

where Q is the volumetric flow rate (mL min−1). The
following response function (RF), (Eq. (3)) is suggested
in order to use the experimental breakthrough curves
for process optimization. This RF takes into account
both efficiencies. The formulation also considers the

breakthrough time. In process productivity, it is
important that the time period for maximum solute
removal is minimized. This RF seems to be the opti-
mal term to represent the process performance
because it combines both resin utilization and solute
removal (i.e. the period before breakthrough time).

Response function ðRFÞ ¼ eref
tbr

(3)

2.4. Bohart–Adams model

Prediction of the breakthrough curve and exchange
capacity under specific operating conditions is
required for the design of a column exchange process.
The Bohart–Adams model assumes/considers that the
adsorption rate is proportional to both the residual
capacity of the resins and the concentration of the
sorbing species as represented by the following
equation:

ln
Co

C
� 1

� �
¼ KBANoZ

Uo
� KBACot (4)

where C is the effluent concentration (mg cm−3), Co is
the influent concentration (mg cm−3), KBA is the rate
coefficient (cm3 mg−1 min−1), No is the exchange
capacity (mg cm−3), Z is the BH (cm), Uo is the linear
velocity (cm min−1), and t is the time (min). The
model constants KBA and No can be determined from
a plot of ln[(C/Co) − 1] against t (Fig. 4(a)) for a given
flow rate and BH. The details of Bohart–Adams Model
can be found elsewhere [21,22].

2.5. Thomas model

Thomas model, which describes the relation
between the adsorption capacity and feed concentra-
tion, is expressed by the following equation:

Table 1
Properties of Dowex 50W

Type Strong acid cation exchanger Dowex 50W-X8
Active group Sulfonic acid
Matrix Gel(microporous)-styrene divinylbenzene
Ionic forms as shipped H+

Physical form Spherical beads
Standard mesh sizes (wet) 20–50
Mean particle size (μm) 560
Effective pH range 0–14
Total exchange capacity H+ form
meq g−1 dry resin 4.8
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ln
Co

C
� 1

� �
¼ KTHqTm

Q
� KTHCot (5)

where KTH is the rate coefficient (cm3 mg−1 min−1), qTm
is the maximum adsorption capacity with total mass of
the adsorbent (mg). The model constants KTH and qTm
can be determined from a plot of ln[(Co/C) − 1] against
t for a given flow rate [22].

3. Results and discussion

3.1. Breakthrough curves for heavy metal removal

3.1.1. Effect of flow rate

The column studies were carried out at five
different flow rates (11.6, 15.0, 20.0, 25.0, and
28.4 mL min−1). The efficiencies were calculated
according to Eqs. (2) and (3) and the corresponding
experimental conditions are given in Table 2. The
highest value of resin utilization is 0.77 at a flow rate
of 12 mL min−1, saturation time 240 min, and the low-
est value is 0.36 at flow rate 28 mL min−1, saturation
time 150 min at the same BH (4 cm). As expected, the
results indicate that for higher flow rates, the break-
through time (tbr) and saturation time (tend) occur
sooner due to the resin property. The efficiency of
resin utilization for metal ions removal increases as
the flow rate decreases. This behavior can be
explained in terms of the residence time of the metal
in the column in which the increase in the flow rate
reduces the volume treated efficiently until the break-
through point. This is because of the insufficient con-
tact time between the metal ions and the cation
exchange resin (Dowex 50W), which limits the number
of available sites, thus reducing the volume of metal
ions solution to be treated. In addition, high flow rate
could lead to the detachment of the weak ionic bonds
between the metal ions and the binding sites of the
resins. Similar remarks were made upon experimental
investigation of breakthrough curves for the uptake of
oleic acid from azeotropic ethanol solutions using
Amberlyst-26A anion exchange resin as a function of
operational conditions using response surface
methodology [23]. It was reported that when the flow
rate decreases, the contact time or the time for mass
transfer in the column gets longer, and the resin uti-
lization becomes more effective [20,24]. Hence, the
metal ions could have better affinity to diffuse to the
active sites within the cation exchange resins, which
were not easily reached under normal condition. This
could lead to the better sorption efficiency and
increased the saturation time of the system [6].

3.1.2. Effect of BH

One of other factors that have great effect on metal
ions removal efficiency in a fixed-bed column is the
height of resins in the column. Table 2 shows that the
breakthrough volume varies with different BH (2.0,
2.8., 4.0, 5.2, and 6.0 cm). The highest value of resin
utilization is 0.92 at BH 6 cm, and 0.42 at BH 2 cm at
the same flow rate. This trend can be attributed to the
nature of mass transfer phenomena taking place dur-
ing the process. In particular, the reduction in BH
leads to predominance of mass transfer by an axial
dispersion phenomenon, which in turn reduces the
diffusion of metal ions. Thus, the metal ions do not
have sufficient time to diffuse into the whole sector of
the packed resin bed. This trend is going a long with
adsorption time for lead(II) on Pinus sylvestris sawdust
and adsorption of Cd(II) on coir pith column in a
continuous flow removal [25,26].

Response surface 3D plots representing the rela-
tionship between efficiency of solute removal, pH
value, and BH are shown in Fig. 1. It shows that the
efficiency of solute removal increases with increase in
the BH for the types of metal ions. As the height of
the bed increases, the time required to reach break-
through and saturation phase increases significantly.
This was reported to be due to the availability of
increasing number of sorption sites [27]. The mass of
the cation exchange resin is proportional to the BH,
thus, a higher BH lead to a larger exchange capacity
and higher efficiency of solute removal. This behavior
is shown in Fig. 2 for all three types of the metals
studied. In this figure, response surface 3D plots
representing relationship between efficiency of resin
utilization, flow rate, and BH. This means that the vol-
ume of aqueous solution that can be treated was effec-
tively increased. Similar behavior was reported for
dynamic removal of copper by Na-form of Purolite
C100-MB cation exchange resin in packed bed col-
umns under batch conditions with varying BHs and
flow rates [20].

In Fig. 2, there are different trends shown for each
metal ions. The average trend was viewed for resin
utilization for Pb(II) removal. This may be due to the
effect of ion selectivity. From this figure, it can be con-
cluded that the resins are most utilized for Pb(II)
removal for each level of operating parameters. For Ni
(II), the efficiency of resin utilization increased with
the increase BH. At a lower flow rate, higher BH
increased the efficiency of resin utilization for Zn(II)
removal. Similar explanation is due to the availability
of an increasing number of sorption sites and contact
time.

18774 M. Hamdzah et al. / Desalination and Water Treatment 57 (2016) 18770–18781



3.1.3. Effect of pH

The value of pH is one of the important parame-
ter influencing the exchange capacity. The initial
solution pH could influence the mechanism of ion-
exchange process in terms of metal ions adsorption
which is known as selectivity. The explanation and
interactions of these metals with Dowex 50W resins
are complex. This is most likely due to simultaneous
processes of both adsorption and ion exchange.
Dowex 50W is a sulfonic acid group resin, which is
able to function well at all pH ranges [13]. There-
fore, the investigation of the effect of pH was per-
formed in the range 3.0–9.0. Fig. 1 shows that the
efficiency of Zn(II) removal increased with increasing
the pH value, and the lowest efficiency is at pH 2.
The lowest value of adsorption capacity for Ni(II),
Zn(II), and Pb(II) at lower pH conditions are 0.88,

0.76, and 1.02 meq g−1 of dry resin, respectively. The
efficiency of both metals (Ni(II) and Pb(II)) removal
was increased before and after pH 6.5 at lower BH.
However, the efficiency of all metal removal is
higher (Ni(II) (0.96–1.00); Zn(II) (0.98–1.01); Pb(II)
(0.99–1.02)) with increasing the BH at all pH ranges.
The value of efficiencies for metal removals show
the selectivity increases in the series: Pb(II) > Zn(II)
> Ni(II). The average amount of sorbed metal ion
per gram dry resin was calculated as 1.43, 2.94, and
2.95 meq g−1 dry resin for Ni(II), Zn(II), and Pb(II),
respectively. However, the ion-exchange capacity for
Dowex 50W resins was reported to be 4.8 meq g−1

dry resin as compared to the adsorption capacities
for the experimental Ni(II), Zn(II), and Pb(II). The
presence of other metal ions may have contributed
to the lower adsorption capacity besides the concur-

Fig. 1. Response surface 3D plot representing the relationship between efficiency of metal removal, BH (cm), and the pH
value: (a) Ni(II), (b) Zn(II), and (c) Pb(II).

Fig. 2. Response surface 3D plot representing the relationship between efficiency of resin utilization, flow rate (mL min−1),
and the pH value: (a) Ni(II), (b) Zn(II), and (c) Pb(II).
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rent effects of charge valence, increasing atomic
number, and degree of ionization of the exchanged
metal [28].

As for metal ions species, the degree of its
adsorption onto the adsorbent surface is influenced
by the ionic charge on the surface of the adsorbent.
This sorption trend can be described as the effect of
competitive binding between three types of metals
and hydrogen ions for the binding sites on the sur-
face of the resins. The competition between both
active adsorption sites has resulted in a lower effi-
ciency of solute removal at pH 6.5. As the pH
increases, the adsorption zones tend to attain less
positive charges, leading to an increase in electro-
static attraction between the metal ions and sulfonic
acid groups. The adsorption capacity increases with
the decreasing of radius size of hydrated metal ions.
These findings are in good agreement with litera-
tures [29–31].

3.2. Response surface analysis

The formulation of RF considered the efficiencies
of solute removal, resin utilizations, and break-
through time. This RF seems to be suitable for
representing the process performance because it
combines both efficiencies and the required time
interval in terms of metal ions removal. The statisti-
cal analysis generated the formulated model as pre-
sented in Eq. (6), which describes the RF in terms of
two operating parameters i.e. flow rate (mL min−1)
and BH (cm). It shows that lower efficiency of resin
utilization (εf) can be compensated by decreasing the
breakthrough time (tbr). The increase in the flow rate

led to a decrease in the efficiency of resin utilization.
This is due to the lower residence time of the
solution in the resin bed.

This formulated model supports the explanation
for the RF in terms of the investigated parameters
with a significance level of 99%. Based on summary of
the p-value in Table 3, the R2 value of the model is
acceptable (91.4%) and the p-value of the lack-of-fit
(0.241) indicates it was significant, which implies that
the predictive knowledge of the model was statisti-
cally correct.

RF ¼ 0:003� 0:0003Qþ 0:002BH (6)
Table 3
Summary of p-value for the response surface modeling
analysis for RF

Term
Full quadratic
p-valuea

Flow rate (Q) 0.000
pH 0.264
Bed height (BH) 0.003
Q × Q 0.003
pH × pH 0.129
BH × BH 0.038
Q × pH 0.043
Q × BH 0.003
pH × BH 0.003
R2 value, %; LOFT value 91.4; 0.241

a0.01–0.04: highly significant; 0.05–0.1: significant; 0.1–0.2: less sig-

nificant; <0.2: insignificant.

Fig. 3. Response surface 3D plot representing the relation-
ship between RF (average value for three metal ions), flow
rate (mL min−1) and BH (cm).

Table 4
Value of the Bohart–Adams model parameters

Parameter

Type of metals

Ni(II) Zn(II) Pb(II)

Q (cm3 min−1) 12.0 15.2 20.0
Z (cm) 4.0 4.0 4.0
u (cm min−1) 3.8 4.8 6.4
Co (mg cm−3) 0.001 0.0009 0.002
kBA (mg min cm−3) 0.19 0.12 0.06
No (mg cm−3) 34.3 62.0 204.3
tbr (min) 150 150 210
R2 0.90 0.96 0.91
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Fig. 3 shows the 3D plot presenting the relationship
between RF, flow rate, and BH, which illustrates the
response surface obtained for Eq. (6). A very high

efficiency of metal removal was obtained for all
experiments (average 97.5%). The average efficiency of
resin utilization (εf) varied in the range 40–95% for all

Fig. 4. Linear plot of (a) Bohart–Adam model and (b) Thomas model with experimental data for different metal ions.

Fig. 5. Comparison of the experimental and theoretical breakthrough curves obtained at different flow rates and BHs for
Bohart–Adam and Thomas Model for metal removal by the cation-exchange resin for experimental run 5 (Zn(II)).
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metals. This shows that the potential capacity of the
resin bed was utilized efficiently. These results also
indicate that a decrease in the solution flow rate
increases the efficiency of resin utilization.

3.3. Bohart–Adams model

The calculation of the theoretical breakthrough
curves and the determination of the parameters KBA

and No for the solute of interest are listed in Table 4.

Fig. 6. Comparison of the experimental and theoretical breakthrough curves obtained at different flow rates and BHs for
Bohart–Adam and Thomas Model for metal removal by the cation-exchange resin for experimental run 9 (Ni(II)).

Fig. 7. Comparison of the experimental and theoretical breakthrough curves obtained at different flow rates and BHs for
Bohart–Adam and Thomas Model for metal removal by the cation-exchange resin for experimental run 19 (Pb(II)).
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The approach involves a plot of ln[(C/Co) − 1] vs. time
according to Eq. (5) [20,21]. The Bohart–Adams model
is applied to investigate the breakthrough behavior of
metal (Ni(II), Zn(II), and Pb(II)) removal by the ion-ex-
change resin. The values of the kinetic constant and
the maximum amount of metal exchange are deter-
mined from the ln(C/Co) vs. t plots at different BHs
and different flow rates with higher value of R2 for
each metals. These values are then used to determine
the breakthrough curve.

From Table 4, it can be seen that the higher molec-
ular weight of the metals resulted in higher exchange
capacities (No). The values of the exchange capacities
(No) were influenced by the changes in flow rates. The
constant value of Bohart–Adam model increased by
decreasing the flow rate. It is to be noted that the
value of R2 for Ni(II), Zn(II), and Pb(II) ions is 0.90,
0.96, and 0.91, respectively.

Bohart–Adams model is one of the simplest mod-
els for the breakthrough curve representation. The
main assumption of this model is that the intraparticle
diffusion and external resistance for mass transfer are
negligible. The kinetics of adsorption was controlled
by chemical reaction on the surface between the resins
and the metal ions [32]. The consideration in this
model is the adsorption as a reversible second-order
reaction [33]. The theoretical curves are compared
with the corresponding experimental data as shown in
Figs. 5–7 for the removal of Zn(II), Ni(II), and Pb(II),
respectively. It is shown that the experimental break-
through curves are very closely related to those pre-
dicted by this model at the initial study. However, the
model predicted curves and the corresponding experi-
mental data did not perfectly match in the second part
of the breakthrough curve. The possible explanation of
this deviation may be due to the hydrodynamic phe-
nomena, such as axial dispersion and the velocity gra-
dients onto the column. Similar observation was
reported upon applying Thomas and Bohart–Adams
models for representing the removal of copper(II) ions

with biosorption by Sargassum sp. biomass in a
fixed-bed column at 30˚C and pH 3.5 [33].

In these three figures (Figs. 5–7), it was seen that
the removal ratio (C/Co) is less than 1.0. This may be
due to the different affinity potential of metal ions into
the resin. As the sorption proceeds, these metal ions
(Ni(II), Zn(II), and Pb(II)) are competing against each
other. In this ion-exchange process, it is seen that the
presence of these three metal ions suppressed each
other’s uptake due to affinity towards the exchanging
sites in Dowex 50W resins [34].

3.4. Thomas model

A theoretical model known as Thomas model was
further applied to investigate the breakthrough behav-
ior of the metals adsorption. The constants Thomas
rate coefficients (KTH) and maximum adsorption
capacity (qt) were calculated from the slope and inter-
cepts of the plot between ln(Co/Ct − 1) vs. t (Fig. 4(b)).
The calculated values of KTH and qt along the regres-
sion coefficients are presented in Table 5. From Table 5,
it can be observed that as the flow rate increased, the
Thomas rates constant (KTH) decreased, while the
adsorption capacity (qt) increased in series: Pb(II) > Zn
(II) > Ni(II). Similar trends with Bohart–Adam model,
the results also show that the higher the molecular
weight of the metals, the higher the adsorption capaci-
ties (qt). This observation was similar with Shahbazi
et al. [10] which reported a removal of Pb(II), Cu(II),
and Cd(II) by functionalized SBA-15 mesoporous silica
by melamine-based dendrimer amines in batch and
fixed-bed column. However, the qt value increased
and so is the Thomas rate constant for these three
types of metal ions. Chowdhury and Saha [35] also
made similar remarks for the adsorption of malachite
green by modified rice husk in a fixed-bed column. It
is to be noted that the relatively high R2 (0.91, 0.97,
and 0.92) of Ni(II), Zn(II), and Pb(II) ions, respectively.
Therefore, this model provides a good fit to the exper-
imental data compared with the Bohart–Adam model.

4. Conclusions

Experiments were conducted to study the break-
through curves of Ni(II), Zn(II), and Pb(II) ions from
aqueous solution using cation-exchange resins. The
effects of the flow rate, pH, and BH on the RF of the
column were considered for the determination of ion-
exchange efficiency. The efficiency of solute removal
was between 96 and 99%, and the values obtained for
the efficiency of resin utilization were, in most cases,
above 40%. The obtained results indicated that both

Table 5
Value of the Thomas model parameters

Parameter

Type of metals

Ni(II) Zn(II) Pb(II)

Q (mL min−1) 12.0 15.2 20.0
qt (mg mg−1) 21.2 31.2 99.6
Co (mg L−1) 0.001 0.0009 0.002
KTH (mL mg min−1) 0.11 0.07 0.04
V (mL) 2,880 4,104 4,800
R2 0.91 0.97 0.92
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the breakthrough and saturation times increases at
lower value of flow rates and higher resin BHs. This
is because at a lower flow rate and higher BH, longer
contact time is achieved, with a greater number of
available binding sites, and the interaction between
the metal and the resin is stronger. The exchange
capacities (No, mg cm−3) and adsorption capacities (qt)
increased in the sequence of Ni(II) < Zn(II) < Pb(II).
The response surface analysis and the application of
both models (Bohart–Adam and Thomas) gave good
approximations of the observed experimental behav-
ior. The Thomas model was found to be more appro-
priate model for describing the column adsorption
data of these metal ions by Dowex 50W.
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