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ABSTRACT

The effect of pH on the equilibrium ion exchange capacity of nickel using an imino diacetate
ion exchange resin has been studied to determine the pH for optimum metal uptake. A
series of fixed bed ion exchange studies have been carried out using the resin to remove
nickel from water and the effect of a number of process variables, including initial nickel ion
concentration, resin particle size and effluent solution flowrate, have been studied. The Bed
Depth Service Time (BDST) model has been applied to the experimental date with only
limited predictive success and subsequently a modified “BDST” model has been successfully
applied to the data to model the system.

Keywords: Ion exchange; Fixed beds; Nickel ions; Imino diacetate chelating resin; Column
design model

1. Introduction

Industries, like microelectronics, printed circuit
board manufacturing, batteries and metal finishing,
discharge large quantities of metal-bearing waste efflu-
ents, which become a major environmental problem.
Toxic metals, like cadmium, copper, lead, nickel and
zinc, are most commonly found in the waste effluents.
Many governments have been aware of this pollution
source and continue to tighten the environmental regu-
lations [1,2].

Nickel is the metal which has received the least
attention in terms of its removal from aqueous
effluents. Techniques such as flotation [3], electro-
coagulation [4] and liquid–liquid extraction [5] have

been used. Adsorption of nickel on several materials
[6] in batch processes has been investigated including
biomass [7] and other biomaterial derivatives includ-
ing palm fibres [8], walnut activated carbon [9] and
bone char [10,11], which has sorption and ion
exchange properties. For most part the adsorption
capacities for nickel are low.

Ion exchange is known to be a technique that can
remove dissolved ions from the wastewater [12] and
ion exchange has been used for the production of high
purity water since the 1940s. Beside purification, ion
exchange is also popular for the removal and recovery
of materials such as radioactive wastes, toxic heavy
metals and expensive metals [13].

Since ion exchange resins have a very strong affinity
for dissolved ions, including heavy metals, ion exchange
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is highly suitable in purifying microelectronics waste
effluents to comply with the most stringent discharge
standards. The most studied natural ion exchange mate-
rial for nickel removal is peat [14–19] but a modest
capacity and its friability render it not very suitable for
large-scale columnar operations. Nevertheless, not until
the emergence of chelating ion exchange resins, purifica-
tion of electroplating effluents using common ion
exchange resins was still found not economical due to
the rapid saturation of the ion exchange resins. The
emergence of chelating resins made metal ion removal
very feasible on a large scale. Chelating resins has
allowed metal ions to be recovered both in single
component systems and also selectively in mixed metal
ion wastewaters. Some studies for batch systems have
been reported. This has made the application of ion
exchange in wastewater treatment increasingly popular
[20–23]. Thermodynamics [24,25], mechanisms [26,27]
and batch kinetics [28–30] have received considerable
attention, but fixed bed column design procedures in
the case of nickel have received very few studies.

In the present research, the effect of pH on the
equilibrium exchange capacity for nickel has been
determined using an imino diacetate chelating ion
exchange resin. In addition, the application and modi-
fication of the “Bed Depth Service Time (BDST)
model” to a series of fixed bed studies for the removal
of nickel from water has been investigated.

2. Experimental

2.1. Chelating ion exchange resin

The iminodiacetate chelating resin sample is
Suqing D401 (D401 in short) which is produced by the
Jiang Yin Organic Chemical Company, Beijing, China.
The resins have the iminodiacetate functional group
and their initial ionic forms are di-sodium. The struc-
ture and physical characteristics of the chelating resin
is shown in Fig. 1 and Table 1, respectively.

2.2. Pre-treatment of resins

According to the resin manufacturer’s information,
the resin sample supplied would be in fully sodium

form. In order to ensure consistent resin condition, the
resins were treated with the standard regeneration
procedures as recommended by the resin manufac-
turer before use for experiment. To pre-treat the resins,
each resin sample was first immersed in 8% HCl (the
amount of HCl would be based on a dosage of 180 g
HCl per liter wet resin) for 45min with stirring. The
resin was then rinsed with deionized water to remove
the residual of HCl. After that, the resin was immersed
in 4% NaOH for another 45min. Finally, the resin was
rinsed with deionized water, dried and sieved to
within the range of 1,000–450lm after cooling.

2.3. Metal ion solutions

Nickel(II) chloride (NiCl2) (98%) was supplied by
Aldrich Chemicals, UK, and stock metal solutions
were prepared by ultra pure deionized water. Metal
ion solutions of varied concentrations were made up
by diluting the stock solution with different amounts
of ultra pure deionized water. Both equilibrium
isotherms and a single column run were performed
for copper(II) chloride and zinc(II) chloride (also from
Aldrich Chemicals, UK) at a common flowrate of
180ml/min and a common initial metal ion concentra-
tion of 1.5mM metal ion.

With the resins prepared, the equilibrium experi-
ments were conducted as follows: 50ml solution of
various concentrations of NiCl2 was added into each
of the 10 test bottles and a 5ml sample was taken
from the stock solution so as to measure the initial pH
and initial concentration of Ni. A mass of 0.1 g D401
resin was added to each of the bottles which were
then placed into the shaker bath at an agitation speed
(200 rpm) and a constant temperature (22–24˚C). After
agitation for 72 h until equilibrium was reached, a
5ml sample was taken and the final concentrations ofFig. 1. Structure of iminodiacetate chelating resin.

Table 1
Physical properties of iminodiacetate resin D401

Functional group Iminodiacetate

Ionic form Sodium

Appearance Opaque spheres

Bulk density, g/l 700–800

Particle density, g/l 1,150–1,250

Water retention, % 50–60

Particle size, mm 0.4–1.25 (>=95%)

Maximum operating temperature, ˚C 100

Total exchange capacity (Na-form), min 1.95mmol Cu/g

Expected operating capacity (Na-form) 1.49mmol Cu/g

*The values are copied from the technical data sheets provided by
the manufacturers and are available online: http://www.suqing.
com/Engpage/production/Cation3.htm.
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the solutions were measured using ICP-AES. The final
pH of each test bottle was measured.

The amount of metal ion sorbed, qe, was calculated
based on the following formula:

qe ¼ ðCo � CeÞV
m

ð1Þ

2.4. Effect of equilibrium ph on ion exchange capacity

To investigate the pH effect on the ion exchange
capacity, similar experiments were performed using
different pH values.

2.5. Equilibrium isotherms

The nickel adsorption process of the iminodiace-
tate chelating resin is actually an equilibrium system
among Na+, H+ and nickel ions. Hydrolysis and
protonation will take place as well during the metal
ion exchange process. Thus, the solution pH will shift
when the nickel ions are exchanged by the resin.
When the solution pH shifts up too much, metal
hydroxide precipitation will also occur. Whereas, if
the solution pH shifts downward, the protonation
effect becomes significant thus reducing the nickel
uptake. Both metal precipitation and protonation will
interfere the determination of the resin’s true ion
exchange capacity, and in turn distort the equilibrium
isotherms. In this regard, when batch tests are used to
determine equilibrium isotherms, special care should
be taken to make sure that the equilibrium isotherms
are not distorted by the pH shift.

2.6. Fixed bed column studies

A pilot-scale ion exchange system was built to
conduct the column runs. The schematic diagram of
the set-up is shown in Fig. 2. The ion exchange
columns were made of Perspex tubes with an internal
diameter of 2.08 cm and a height of 150 cm. The
column diameter to the particle diameter ratio for this
experiment ranged between 21 and 46, which was
considered to be adequate such that the effects of
channeling at the wall and random variations in the
interstitial velocity within the bed became negligible.
A retaining sieve of 65 mesh size was fixed at the
bottom of the column using a special adhesive. Ballo-
tini balls of 2mm diameter were placed at the column
bottom before putting in the resin. points of five
samples were located at 0, 20, 40, 60 and 80 from the
column bottom along the straight height of the

column. Each point was sealed using Suba-seals. five
syringes of 5 cm3 were used to collect samples from
these sampling points for analysis.

The nickel ion solution was delivered to the hold-
ing tank where the solution was pumped to each
column via a rotameter. The rotameters would be
used to monitor the flowrate which should be main-
tained constant throughout the experiment.

To start the experiment, the nickel ion solution in
the holding tank would be pumped at constant
flowrate to the ion exchange columns. Samples were
taken along the column at time intervals ranging from
30min to half an hour until the metal ion concentra-
tion of the effluent coming out from the column
bottom reached the breakthrough point.

2.7. Analytical techniques

The concentrations of nickel and sodium ion solu-
tions were measured by inductively coupled plasma-
atomic emission spectrophotometer (ICP-AES). Three
calibration standards and blank solution were used to
form four points to establish the calibration curve for
the equipment. The calibration standards were
prepared using the standard solutions which were
certified by the supplier. The samples were automati-
cally measured three times in one aspiration. If the
standard deviation of test results was greater than 1%,
the samples were measured again until the test results
fulfilled the analysis requirement.

3. Modelling

3.1. BDST design model

The BDST model has been developed from the
work of Bohart and Adams [31]. In their study on the
adsorption of chlorine and hydrogen chloride on
charcoal, the diminishing rate of the absorbent’s
adsorption capacity is given by:

@N

@t
¼ �kNC ð2Þ

while the solute concentration diminishes at a rate
given by:

@C

@Z
¼ �k

u
NC ð3Þ

By integrating Eqs. (2) and (3), the relationship
between bed depth and the time taken for break-
through to occur is derived as follows:
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ln
C0

Cb

� 1

� �
¼ ln ekN0Z=u � 1

� �� kC0ts ð4Þ

Hutchins [32] modified the BDST model by
neglecting the unity term within the brackets on the
right-hand side of Eq. (4) because ekN0Z=u is usually �
1. He proposed a linear relationship between the bed
depth and service time:

ts ¼ N0Z

C0u
� 1

kC0

ln
C0

Cb
� 1

� �
ð5Þ

Eq. (5) correlates the service time, ts and the bed
depth, Z0 with the process parameters, including the
operating flowrate, initial feed concentration, the
resin exchange capacity and the sorption rate constant.
Eq. (5) has the form of a straight line and can be
represented by:

ts ¼ mZþ c ð6Þ

where the slope and y-intercept are:

m ¼ N0

C0u
ð7Þ

c ¼ � 1

kC0

ln
C0

Cb
� 1

� �
ð8Þ

The “best-fit” values of m and c can be determined
by minimizing the sum of error squares (SSE) between
experimental data and calculated values of ts using
the built-in function “Solver” of Microsoft Excel.

The critical bed depth (Z0) is the theoretical depth
of resin column sufficient to prevent the effluent metal
ion concentration from exceeding Cb at ts= 0. By putt-
ing ts= 0 in Eq. (6), Z0 is obtained from Eq. (6):

Z0 ¼ � c

m
¼ u

kN0

ln
C0

Cb

� 1

� �
ð9Þ

3.2. Modification of BDST model

The original BDST model assumes irreversible
equilibrium isotherm and ignores any mass transfer

Fig. 2. Schematic diagram of the experimental system.
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resistance during the adsorption process. So, the
adsorption zone is assumed to move at a constant
speed along the column and the bed adsorption capac-
ity, N0, will be a constant throughout the bed. However
in reality, mass transfer may play an important role in
the adsorption process and the BDST plot may show a
non-linear relationship. In this case, Eq. (5) may not
work well. It is particularly true for those sorption
cases that require long time to reach equilibrium.

In the original linear correlation between bed depth
and service time, the slope of the BDST plot is equal to
N0/C0u which has to be constant throughout the
column. If the BDST plot now becomes non-linear, it
should be the bed loading N0 that has changed since
both of the feed concentration, C0 and the linear veloc-
ity, u remain constant during the course. Ko et al. [33]
assumed a square-root time dependence of the bed
loading and proposed the following correlation:

Nt ¼ N0 1� exp �a
ffiffiffiffi
ts

p� �� � ð10Þ

where a is an empirical rate parameter depending on
the mass transfer resistances.

The constant bed loading term, N0 in the original
BDST model, Eq. (5) is substituted by the variable, Nt

as expressed in Eq. (10). The modified BDST model
becomes:

ts ¼
N0 1� exp �a

ffiffiffiffi
ts

p� �� �
C0u

Z� 1

kC0

ln
C0

Cb
� 1

� �
ð11Þ

Eq. (11) can be rearranged into the form of:

ts ¼ m0 1� exp �a
ffiffiffiffi
ts

p� �� �
Zþ c0 ð12Þ

where

m0 ¼ N0

C0u
ð13Þ

c0 ¼ � 1

kC0

ln
C0

Cb
� 1

� �
ð14Þ

The “best-fit” values of m´, a and c´ can be deter-
mined by minimizing the SSE between experimental
data and calculated values of ts using the built-in
function “Solver” of Microsoft Excel.

The critical bed depth (Z0) now becomes:

Z0 ¼ �c0

m0 1� exp �a
ffiffiffiffi
ts

p� �� � ð15Þ

4. Discussion

4.1. Equilibrium studies

The effect of pH on the exchange capacity of the
resin was carried out for nickel ions and the results
are shown in Fig. 3. Exchange capacities are shown in
Table 2. Because of the weak acidity of the functional
group, the resin shows high affinity toward hydrogen
ions, i.e. protonation. As a result, as illustrated from
Fig. 4, the metal ion uptake by the fully sodium form
resin is drastically reduced when the equilibrium pH
drops below 4.5 for the exchange of Ni ions.

Fig. 3 shows that the chelating resin has different
affinity for the nickel ions at various pH values. This
effect depends on the general selectivity sequence of
the IDA chelating resins for different metal ions and
the stability constants of the metal-iminodiacetate
complexes [34–36]. The resin’s metal-ion selectivity
will also be governed by a number of factors, such as
the steric property of the functional group, cross-link-
ing, hydrophobicity of the polymer matrix and extent
of hydrogen bonding [22].

4.2. Equilibrium isotherm modeling

Several theoretical and empirical equations, includ-
ing Langmuir, Freundlich, Langmuir–Freundlich (LF)
and Redlich–Peterson (RP) isotherms were tested to fit
into the experimental equilibrium data for each metal
ion. The isotherm equations have been presented
previously [22]. Fig. 3 shows the equilibrium isotherm
for Ni and the constants of all the equilibrium iso-
therms are summarized in Table 3. Both the Langmuir
isotherm and RP isotherm give the minimum SSE
between the experimental and theoretical data with
the RP giving the slightly better fit to the data. The
bRP of RP isotherm is equal to 0.97, which means that
RP isotherm is basically very similar to the Langmuir
isotherm, in which case bRP is equal to unity.

4.3. BDST model bed performance with different metal ions

4.3.1. Original model

BDST plots for Ni, Cu and Zn in Fig. 5 shows very
similar characteristics, which means that the bed

Table 2
Exchange capacities of nickel ions with different pH

pH Exchange capacity q (mmol/g)

2.0 2.8 3.5 4.0 4.55 4.75

q 0.08 1.05 1.90 2.10 2.18 2.22
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performance for the three metal ions will be quite
similar. From the slope, m, and the y-intercept, c, of
the three lines (Table 4), volumetric bed capacity, No,

and critical bed depth, Zo, are calculated according to
Eqs. (9) and (10), respectively. The total error of the
experimental points is +/�8% decreasing to +/�5%
with increasing time, based on a +/�2% accuracy of
concentration measurements, a +/�2% accuracy of
diluting samples and +/�4% decreasing to +/�1%
accuracy of time in taking samples.

No for the nickel BDST system is 34.0 g/l and may
be compared with the saturation exchange capacity
derived from the equilibrium isotherm of 1.9mmol/g.
If the volumetric bed capacity, No, is converted to
capacity based on resin dry weight by dividing No

with the bed density, there is a discrepancy in the
range of 15% between the BDST capacities and the
equilibrium saturation capacities. This is consistent to
many previous studies that demonstrated such a
discrepancy of sorption capacities between batch and
fixed-bed studies [37–39]. The discrepancy can be
explained by the fact that unlike batch equilibrium
studies, the residence time in the column is not long
enough for the resin to reach equilibrium. Factors
affecting the degree of equilibrium attained in the
columns include the flowrate, initial concentration,
particle size and bed depth. These factors will be
discussed in detail in the following sections.

4.3.2. Modified model

Using the modified BDST model of Eq. (14), it is
found that there is an improvement of 7–13% in the
SSE, which implies a better fit of the model plot to the
experimental data. Comparing Tables 4 and 5, both
models show consistent trends in the model parame-
ters, including the slope, y-intercept, Zo, No and k. In
the modified BDST model, the constant, a, is
introduced to take into account the increase of bed
capacity with the increase in the bed service time.
Thus, the constant, a, is a rate parameter depending
on the mass transfer resistance.

Fig. 3. Effect of equilibrium pH on the sorption of Ni by
the fully sodium form of resin.

Table 3
Equilibrium isotherms for Ni on resin

Langmuir isotherm

Metal ion KL aL SSE

Ni 483 220 0.035

Freundlich isotherm

Metal ion aF bF SSE

Ni 2.17 0.02 0.069

LF isotherm

Metal ion KLF aLF bLF SSE

Ni 404 243 0.95 0.035

RP isotherm

Metal ion KRP aRP bRP SSE

Ni 482 220 0.97 0.033
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Fig. 4. Equilibrium isotherms for Ni and the fully sodium
form of resin.
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Fig. 5. BDST plot for Ni (Co= 1.5mM, mean dp=725 lm,
flowrate = 180ml/min, 10% breakthrough).
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4.3.3. Effects of changing system variables on the BDST
model

4.3.3.1. Change of flowrate. The effect of changing
the flowrate on the bed performance for the three
metal ions is analysed using both the original and
modified BDST models. The results are shown in
Tables 6 and 7, respectively. In general, there is an
improvement in the SSE which can be up to 54%
improvement when using the modified BDST model
of Eq. (10). That means a better fit of the model plot
to the experimental data. Comparing Tables 6 and 7,
both models show consistent trends in the model
parameters, including the slope, y-intercept, Zo and
No. As the modified BDST model gives a better data
correlation, the analysis of bed performance with dif-
ferent flowrates will be based on the modified BDST
model. The modified BDST plot for Ni ion exchange
with different flowrates is shown in Fig. 6 to illustrate
the effect on bed performance.

Eq. (11) shows that the BDST slope parameter, m´,
is inversely proportional to the linear velocity of the
liquid flow inside the fixed bed. Therefore, for a fixed
Co, if the bed capacity, No, is similar for columns with
various flowrates, the ratios of the slope parameters
will basically follow the inverse proportional relation-
ship:

m0
1

m0
2

¼ u2

u1

ð16Þ

Using the BDST plot of 180ml/min as the refer-
ence case, it is found that the prediction of the slope
parameters for other flowrates by means of the above
equation works quite well due to the fact that No is
fairly constant for different flowrates.

The rate constant, a, is related to the mass transfer
resistances which are basically the external mass
transfer resistance and the intraparticle mass transfer
resistance. For external mass transfer resistance,
according to the correlation of Wilson and Geankoplis
[39],

JD ¼ 1:09

e
Re�2=3 ð17Þ

for 0.0016<Re< 55 where JD is the external mass trans-
fer coefficient.

Thus, a / ½Re�2=3. As Re ¼ qvdP
l ,

a1
a2

¼ u1

u2

� �2=3

ð18Þ

For intraparticle mass transfer, McKay [40,41] sug-
gested that a could be generally correlated with the
square-root of the residence time, i.e. a / ½t0�0:5. Since
the residence time, t, is inversely proportional to the
flowrate,

a1
a2

¼ t01
t02

� �0:5

¼ u2

u1

� �0:5

ð19Þ

Combining the two effects, the correlation of a to
the flowrate will be:

a1
a2

¼ u2

u1

� �0:5
" #p

u2

u1

� ��2=3
" #q

¼ u2

u1

� �r
ð20Þ

where
pþ q ¼ 1

0:5p� 2=3q ¼ r

	

Based on the a values in Table 7, r=�0.667. Thus,
p and q are 0 and 1, respectively. This suggests that

Table 4
BDST analysis for different metal ions (Co= 1.5mM, mean dp= 725 lm, flowrate = 180ml/min, 10% breakthrough)

Metal ion Slope, m (h/m) Y-intercept, c (h) X-intercept, Zo (m) No (g/l) k (l/mg/h) BDST capacity
(mmol/g)

SSE (�10�3)

Ni 10.7 �0.60 0.06 34.0 0.04 1.7 2.68

Cu 11.6 �1.30 0.11 36.0 0.02 1.5 0.86

Zn 10.2 �0.23 0.02 32.4 0.10 1.4 1.22

Table 5
Modified BDST analysis for different metal ions (Co= 1.5mM, mean dp= 725lm, flowrate = 180ml/min, 10%
breakthrough)

Metal ion m´ (h/m) c´ (h) a (h�0.5) Zo (m) No (g/l) k (l/mg/h) SSE (x10�3) New SSE/old SSE

Ni 8.6 �0.23 1.54 0.02 33.0 0.10 2.46 0.92
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the change of bed capacity with the flowrate variation
is basically due to the change of the external mass
transfer resistance. As an example, the effect of a on
the bed capacity for the nickel ion exchange is shown
in Fig. 7.

The critical bed depth, Zo, is found to be
directly proportional to the flowrate as indicated in
Eq. (13). For large flowrates, the residence time
available for an ion exchange process to take place
is less and thus, greater minimum bed depth is
required to keep effluent concentration to below the
10% breakthrough limit. Some systems show
negative Zo such as the exchange of Ni ions with
liquid flowrate of 120ml/min. This can be inter-
preted as the case that at t= 0, the bed depth, Z, is

always above the minimum bed depth required to
keep the effluent concentration to below the 10%
breakthrough limit.

Change of flowrate will affect the rate constant, k,
which will in turn influence the y-intercept. On one
hand, an increase in fluid velocity can help reduce the
external film diffusion resistance (i.e. increasing k). On
the other hand, a high flowrate reduces residence
time, which hinders the attainment of equilibrium (i.e.
decreasing k). Thus, due to opposing effects of various
factors, it becomes complicated to predict the
variation of k and the y-intercept.

Table 6
BDST analysis for different volumetric flowrates (Co= 1.5mM, mean dp= 725 lm, 10% breakthrough)

Metal ion Volumetric flowrate
(ml/min)

Slope, m (h/m) Y-intercept, c (h) X-intercept, Zo (m) No (g/l) SSE (�10�3)

Ni 120 16.6 �0.02 0.00 35.0 0.32

Ni 140 14.1 �0.12 0.01 34.8 1.36

Ni 180 10.7 �0.60 0.06 34.0 2.68

Ni 220 8.8 �0.97 0.11 34.2 0.71

Table 7
Modified BDST analysis for different volumetric flowrates (Co= 1.5mM, mean dp= 725 lm, 10% breakthrough)

Metal ion Volumetric flowrate
(ml/min)

m´ (h/m) c´ (h) a (h�0.5) Zo (m) No (g/l) SSE (�10�3) New SSE/old SSE

Ni 120 16.4 0.35 1.23 �0.02 34.5 0.27 0.83

Ni 140 13.9 0.20 1.32 �0.02 34.3 1.25 0.92

Ni 180 10.5 �0.30 1.54 0.03 33.3 2.46 0.92

Ni 220 8.6 �0.61 1.55 0.07 33.3 0.55 0.78
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4.3.3.2. Change of feed concentration. Tables 8 and 9
show the bed performance with different feed concen-
trations for the three metal ions based on original and
modified BDST models, respectively. In general, there
is an improvement in the SSE of up to 54% when
using the modified BDST model. That means a better
fit of the model plot to the experimental data. As the
modified BDST model gives a better data correlation,
the analysis of bed performance with different feed
concentrations will be based on the modified BDST
model. Fig. 8 shows the modified BDST plot for Ni
ion exchange with different feed concentrations.
Modified BDST plots for the other two metal ions also
give a very similar shape.

From Eq (11), it can be seen that change of Co will
alter the slope parameter of the modified BDST plots.
With a fixed flowrate, if No is assumed to be constant
for columns with different feed concentrations, the
slope parameter, m´, of BDST plots will be inversely
proportional to Co:

m0
1

m0
2

¼ Co2

Co1
ð21Þ

From Table 9, it is found that the above equation
gives quite a good prediction of the slopes for differ-
ent Co due to the fact that No is fairly constant for all
the columns. However, it is hard to predict the
y-intercept from the variation of Co because the rate
constant, k, is not always constant and will influence
the y-intercept.

As shown in Table 9, the rate constant, a, increases
with increase in feed concentration. Since the mass
transfer depends on the mass transfer coefficient and
the concentration gradient, a higher feed concentration
will provide a greater concentration gradient and in
turn enhance mass transfer.

The empirical relationship between the rate
constant, a, and the feed concentration is found to be:

a1
a2

¼ Co1

Co2

� �1=2

ð22Þ

4.3.3.3. Change of percentage breakthrough. Tables 10
and 11 show the bed performance with different per-
centage breakthrough for the three metal ions based
on original and modified BDST models, respectively.
In general, the modified BDST model can result in an
improvement of up to 14% in the SSE. Fig. 9 shows
the modified BDST plot for Ni ion exchange with
different percentage breakthroughs to illustrate the
effect on the bed performance.

As the breakthrough curves for the three metal ion
exchange systems are rather steep and show basically
constant-pattern behaviour, it implies that the mass
transfer zone is short. As shown in Tables 10 and 11,
the slopes and in turn the bed capacities, No, of both

Table 9
Modified BDST analysis for different feed concentrations (flowrate = 180ml/min, mean dp= 725lm, 10% breakthrough)

Metal ion Co (mM) m´ (h/m) c´ (h) a (h�0.5) Zo (m) No (g/l) SSE (�10�3) New SSE/Old SSE

Ni 1.0 14.3 0.17 1.44 �0.01 27.8 1.29 0.93

Ni 1.7 10.1 0.10 1.45 �0.01 32.0 2.91 0.94

Ni 2.1 8.8 �0.05 1.90 0.01 34.5 0.98 0.94

1.0mM 1.7mM 2.1mM
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Fig. 8. Modified BDST plot for Ni ion exchange with
different feed concentrations (flowrate = 180ml/min, mean
dp= 725 lm, 10% breakthrough).

Table 8
BDST analysis for different feed concentrations (flowrate = 180ml/min, mean dp=725 lm, 10% breakthrough)

Metal ion Co (mM) Slope, m (h/m) Y-intercept, c (h) X-intercept, Zo (m) No (g/l) SSE (�10�3)

Ni 1.0 14.4 �0.02 0.01 28.0 1.39

Ni 1.7 10.3 �0.18 0.02 32.5 3.11

Ni 2.1 8.9 �0.20 0.02 34.8 1.05
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the BDST plots and modified BDST plots are fairly
constant regardless of the percentage breakthrough.
This concurs well with the Bohart–Adam’s equation in
which the percentage breakthrough, i.e. Cb/Co, should
not affect the slope of the BDST plots.

Table 11 reveals that when the percentage
breakthrough is high, the rate constant, a, increases to
a very high value and the term 1�expð�a

ffiffi
t

p Þ� �
of the

modified BDST diminishes to 1. That means Nt is
always No at high percentage breakthrough and the
modified BDST model reduces to the original BDST
model. The reason for this is because the original
BDST model equation assumes a rectangular isotherm
and No is assumed to be constant. Whereas, in reality,
the isotherms for the three metal ions are a bit curved.
Therefore, if the selected breakthrough solute
concentration, Cb, is rather small, the corresponding
exchange capacity will be less than qmax at the
horizontal part of the isotherm. This is reflected from
a small value of a. However, if the percentage break-
through is higher, the original BDST model’s assump-

tion is valid and thus the term 1�expð�a
ffiffi
t

p ÞÞ�
becomes insignificant.

The critical bed depth, Zo, decreases with the
increase in the percentage breakthrough as indicated
in Eq. (13). A higher percentage breakthrough would
mean that a higher solute concentration in the effluent

is allowed and thus, a smaller minimum bed depth is
required to keep the effluent concentration to below
the breakthrough limit. Table 11 shows that when the
percentage breakthrough is 30% or above, the critical
bed depth, Zo, is negative, which implies that at t= 0,
the bed depth, Z, is always above the minimum bed
depth required to keep effluent concentration to below
the breakthrough limit.

4.3.3.4. Change of particle size. Normally, the resin
size is fixed by the resin manufacturer. Thus, the par-
ticle size, unlike system flowrate or feed concentra-
tion, is not a system parameter that can be changed
easily. Nevertheless, it is worthwhile to have a look at
the effect of particle size on the ion exchange process.
Tables 12 and 13 show the bed performance with
three different particle sizes for the Ni ion exchange
based on original and modified BDST models, respec-
tively. Again, the modified BDST model, can result in
an improvement of up to 17% in the SSE. Fig. 10
illustrates the effect of particle size on the bed perfor-
mance of Ni ion exchange.

As shown in Table 13, the rate constant, a, is found
to be inversely proportional to the mean particle size:

a1
a2

¼ dp2
dp1

ð23Þ

The increase of the rate constant, a, with the
decrease in mean particle size suggests an improve-
ment in the mass transfer in the finer resin particles.
Smaller particles have narrower void space which
results in higher Reynold’s number, reducing the film
resistance. Smaller particles also provide more specific
external surface area which reduces the external mass
transfer resistance. Moreover, a shorter diffusion path
in smaller particles results in faster penetration of the
metal ions into the interior of the resin particles.

Theoretically, resin particle size should have very
little effect on the slope of the BDST plots as well as
the saturation capacity. However, Tables 12 and 13
reveal that smaller particle sizes have a slightly higher
saturation capacity. This may be because large resins
have more functional sites that are difficult to be

Table 10
BDST analysis for different percentage breakthrough (Co= 1.5mM, mean dp= 725 lm, flowrate = 180ml/min)

Metal ion Percentage breakthrough Slope, m (h/m) Y-intercept, c (h) X-intercept, Zo (m) No (g/l) SSE (�10�3)

Ni 10 10.6 �0.49 0.05 33.6 2.63

Ni 30 10.5 0.15 �0.01 33.3 0.35

Ni 60 10.8 0.78 �0.07 34.3 1.20

10%BT 30%BT 60%BT
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Fig. 9. Modified BDST plot for Ni ion exchange with
different percentage breakthrough (Co= 1.5mM, flowrate
= 180ml/min, mean dp= 725lm).
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accessed by metal ions due to greater steric hindrance
effect and the diffusion of ions in the resin phase may
be hindered by the chemical reactions, like the dissoci-
ation–ssociation and complexation of the fixed
exchange sites of the resin [42–44]. Helfferich (1965)
describes eleven different ion exchange processes
which are accompanied by chemical reactions between
fixed-, counter- and co-ions and inhibit the diffusion
process of the metal ions to the resin sites [45].

5. Conclusion

The ion exchange of nickel ions from water has
been studied in a series of fixed bed experiments. The
breakthrough characteristics of the breakthrough
curves have been successfully correlated using a
modified BDST equation. The original BDST equation
did not correlate the data very well as the original
Bohart-Adams BDST model was based on surface
adsorption reaction only. Our modified BDST model
incorporates a time-dependent adsorption capacity
term, Nt, as opposed to an independent capacity term,
N0. The modified BDST model gave excellent correla-
tion to the experimental results.
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