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Abstract: Removal performances of Cd(II) and Cu(II) from water was investigated
using agglomerated nanoparticle of hydrous titanium(IV) oxide (NTO) packed fixed
bed. The parameters varied were the bed depth, flow rate and feed solution
concentrations. Comparison of breakthrough volumes indicated that at pH 5.0, the
removal performances of Cd(II) was better than Cu(II) and the maximum
adsorption capacity are 44.12 and 41.96 mg.g-1 for Cd(II) and Cu(II), respectively.
The breakthrough data described the Thomas, Yoon and the Bed Depth Service
Time (BDST) models better than the Adams –Bohart model. The Thomas model
column capacity (q0) for the Cd(II) was greater than the Cu(II) at any condition. The
breakthrough time (tb) of BDST model increased with increasing bed depth of NTO
columns. A fixed bed of NTO column treated the Cd(II) and Cu(II) contaminated
industrial wastewater successfully. The metals were recovered as their oxides from
the column regeneration effluent solution.
Keywords: Removal; Cadmium(II); Copper(II); Fixed bed column; Titanium(IV)
oxide; Wastewater

1 INTRODUCTION
Unplanned industrialization and urbanization had
led to an increase in different types of pollutants in

the environment. The aquatic environment is the
most affected one due to this pollutions and
restoring the health of aquatic environment is of

mailto:sushanta.debnath@yahoo.com
mailto:ucghosh@yahoo.co.in
http://www.aspbs.com/aiem/


Sushanta Debnath et al., Advances in Industrial Engineering and Management, Vol.3, No.3(2014), 63-78

64

great concern for the scientists around the globe.
There are several methods available to
decontaminate the polluted water among which the
methods based on adsorption are the most
practicable one. Recently, metal oxides are widely
used in purifying contaminated water by employing
the adsorption property of the oxides [1-4]. These
metal oxides not only remove the toxic heavy metal
ions from water, but also remove different organic
contaminants, as well as some toxic dyes and
pigments [5-7]. Adsorption from aqueous solutions
might be carried out by the batch adsorption or
fixed bed column adsorption technique. Batch
studies provide the insight of the adsorption
process but for practical approach the continuous
mode of operation is required which could be met
up by fixed bed column adsorption [8, 9].
Adsorption in batch mode is not appropriate for
industrial applications due to its requirement of
large space and mechanics, need for continuous
flow of wastewater and the large volume involved.
Fixed-bed columns for adsorption are simple, easy
to operate and regenerate, and essentially sludge-
free operation.

Different workers working on removal of toxic
metals from aqueous solutions have developed
various adsorbents. These include many bio and
low cost adsorbents. Despite their low cost the bio
adsorbents are difficult to regenerate and reuse. To
cope up with this practical problem, many
adsorbents of inorganic origin were developed,
which can be regenerated and reused for a number
of times. These includes iron oxide coated cement
[10], granular ferric hydroxide [11], zirconium
oxide [12], ferric oxide [12], nickel oxide [12],
titanium oxide [13-16] etc. Unlike the experiments
based on batch experiments, a limited number of
works have been reported on the works reporting
the column mode of application [17-19].

In this communication, we have reported removal
of Cd(II) and Cu(II) from their aqueous solutions/
industrial waste effluents using agglomerated nano-
particles of titanium(IV) oxide (NTO) fixed-bed
column with regeneration of the bed in column and
also recovery of the metals as their oxide
compounds from the regeneration effluents.

2 MATERIALS AND METHODS
2.1 Reagents and chemicals
The stock solutions for Cd(II) and Cu(II) were
prepared by dissolving 2.0 g of each pure metal
(A.R., BDH, England) separately in 50 mL
concentrated HNO3, and made up their volume to

1000 mL. The stock metal ion solutions were
diluted, as required, by distilled water. All other
reagents used were G.R. (E. Merck, Mumbai,
India).

2.2 Preparation of NTO
Method used for the preparation of NTO was
reported in our previous work [20]. In brief, it was
prepared by slow injection of titanium(IV) chloride
into the distilled water. The milk white precipitate
including mother liquid was treated with 0.1M
ammonium hydroxide solution to raise pH to 7.5 (
0.1). The filtered precipitate was washed with
distilled water, and dried at ~ 80ºC to obtain the
agglomerated NTO particles. The dried mass was
ground, and sieved to obtain appropriate size
(140 – 280 μm) of NTO agglomerates for using in
the experiments.

2.3 Instruments
An Elico made pH meter (model: LI-127, India)
was used for the pH analysis of samples. Atomic
absorption spectrophotometer (model: AAnalyst
200, Perkin Elmer, USA) was used for Cd(II) and
Cu(II) concentrations analysis in the solutions at
wave length 228.80 and 324.75 nm, respectively.

2.4 Fixed bed column experiment
Fixed bed column experiments were carried out by
carefully packing the glass columns (i.d: 0.7 cm,
height 25 cm) with required amount of NTO
particles after degassing the adsorbent. Degassing
is required to make the column free from cracks,
channels and void spaces. Each NTO packed tube
was fitted with a cap at the top (as reservoirs for
feed solution to prevent drying of bed) and a
peristaltic pump was used to regulate the flow rate
of effluent. The schematic diagram of the NTO-
packed column is shown in Figure 1.

The feed solutions were passed down through the
columns (regulating the peristaltic pump) fixed up
vertically using stand and clamp as mentioned in
the materials and methods section. Each NTO
packed column was washed five times with
distilled water adjusting at pH 5.0 ± 0.1 to
equilibrate the column at the working pH before
adding feed solution. Cd(II) and Cu(II) solutions
(pH 5.0 ± 0.1) [14] were passed through the
column at the required flow-rate. The outlet from
each column was collected after definite time
intervals and, the concentration of the metal ion in
each effluent was determined using the atomic
absorption spectrophotometer.
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Fig. 1. Diagram of a fixed bed adsorber

The effect of bed depth on the breakthrough curves
was investigated using beds with heights of 4.0, 8.0,
and 12.0 cm corresponding to bed volumes (BVs)
of 1.54, 3.08 and 4.62 cm3, respectively made by
uniform packing of 2.0, 4.0, and 6.0 g, respectively,
of NTO. The feed concentration (C0) of metal ions
in solution was 20.0 mg·L-1, which was allowed to
flow through the beds with an effluent rate of 1.0
(± 0.1) mL· min-1 that maintained empty bed
contact times (EBCTs) of about 1.54, 3.08 and 4.62
min, respectively.

The effect of (C0) (10.0, 20.0, and 40.0 mg·L-1) on
the breakthrough curves was investigated using
columns with a fixed NTO bed of depth 8.0 cm
(BV = 3.08 cm3) and an effluent flow rate of 1.0
(±0.1) mL· min-1 (EBCT ≈ 3.08 min-1).

The effect of effluent flow rate (1.0, 2.0, and 4.0
mL· min-1, with a maximum fluctuation of ± 0.1,
corresponding to EBCT ≈ 3.08, 1.58, and 0.77 min,
respectively) on the breakthrough curves was
investigated using columns with a fixed NTO bed
of depth 8.0 cm (BV = 3.08 cm3) and metal ion
feed concentration (C0) 20.0 mg·L-1. The
breakthrough volume (Vb, mL/BV) was noted
when the outlet concentration (mg ·L-1) of Cd(II)
or Cu(II) in the effluent reached to 0.005 or 2.0,
respectively.

2.5 Analytical models to analyze the fixed bed
column adsorption data
2.5.1 Thomas model
The data obtained in column in continuous mode
studies was used to calculate maximum solid phase
concentration of the metal ions on NTO and the
adsorption rate constant using the kinetic model
developed by Thomas [21]. The Thomas model

(Eq. 1) is one of the most general and widely used
models in column performance theory. The
expression developed by Thomas for an adsorption
column is given as follows

)exp(1
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Where, kTh is the Thomas rate constant
(mL.min−1.mg−1); q0 is the equilibrium uptake of
solute per ‘g’ of the adsorbent (mg.g−1); x is the
amount of adsorbent in the column (g); C0 is the
influent solute concentration (mg.L−1); Ct is the
effluent concentration at time t (mg.L−1); v is the
flow rate (mL.min−1). The value of Ct /C0 is the
ratio of effluent and influent MB concentrations.
The value of t is the flow time (min, t = Veff/v, Veff
is effluent volume at time (t).

2.5.2 Adams- Bohart model
Adams and Bohart established a fundamental
equation describing the relationship between Ct /C0
and t [22]. It was derived on the basis of the
assumption that the adsorption rate is proportional
to both the residual adsorbent and the concentration
of adsorbate; therefore, the rate of the sorption is
proportional to the fraction of sorption capacity still
remains on the sorbent [23, 24]. Although the
original work of Adams and Bohart dealt with gas-
charcoal adsorption, its overall approach can be
applied for the quantitative description of other
systems as well. This model (Eq. 2) describes the
initial part of the breakthrough curve well. The
model equation is
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where, kAB is the kinetic constant (L·mg-1·min-1), F
is the linear flow rate calculated by dividing the
flow rate by the column cross-sectional area
(cm·min-1), Z is the bed depth (cm) of the column,
and NAB is the saturation concentration (mg·L-1).
The other parameters have their usual meanings as
described for the Thomas model.

2.5.3 Yoon-Nelson Model
The Yoon and Nelson model is based on the
assumption that the rate of decrease in the
probability of adsorption for each adsorbate
molecule is proportional to the probability of
adsorbate adsorption and the probability of
adsorbate breakthrough on the adsorbent [25]. The
model for a single component system is expressed
as

1))(exp(
1




tkC
C

YNo

t


(3)

where kYN is the rate constant (min−1) and τ is the
time required for 50% adsorbate breakthrough
(min). The calculation of theoretical breakthrough
curves for a single-component system requires the
determination of the parameters kYN and τ for the
adsorbate according to Eq. 3.

2.5.4 Bed Depth Service Time (BDST) model
Hutchins originally developed this model [26]
based on physically measuring the capacity of the
bed at different breakthrough values. The
simplified model equation (Eq. 4) was developed
assuming that the intraparticle mass-transfer
resistance and external film resistance are
negligible. That is, the adsorbate is adsorbed only
on the surface of the adsorbent. This equation is
given as
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where, tb is the service time at breakthrough point,
NBD is the adsorption capacity per unit volume of
bed (mg·cm-3), and Z is the depth of the adsorbent
bed (cm). C0 and Cb are the concentrations (mg·L-1)
of adsorbate in the feed solution and at the

breakthrough point, respectively; ν is the flow rate
(mL·min-1) of effluent; and kBD (L·mg-1·min-1) is
the rate constant of the adsorption reaction. Eq. 4
can be rewritten in the form (Eq. 5) where, m is the
slope of the BDST line (m ) NBD/C0ν) and K is the
intercept of this equation Thus, NBD and kBD can be
evaluated from the slope (m) and intercept (K),
respectively, of a plot of tb versus Z.

2.6 Column experiment with wastewater
Rinse water from a copper plating unit of a local
industrial establishment was collected which
contains 4.18 mg.L-1 copper in its divalent state.
This wastewater was spiked with 4.43 mg. L-1
Cd(II) solution and, the simulated industrial
wastewater containing Cd(II) and Cu(II) was
prepared.

4.0 g NTO was packed in NTO the column
specified earlier and equilibrated by passing
distilled water through the column adjusted at pH
5.0 ± 0.1. Aliquots were collected at selected
interval and the metal concentration was
determined using the atomic absorption
spectrophotometer.

2.7 Regeneration of the column
The column which was used to remove Cd(II) and
Cu(II) from aqueous or industrial wastewater was
reactivated by regeneration using 0.1M HCl. A
mean effluent flow rate of 1.0 (± 0.1) mL.min-1
(EBCT ≈ 2.31 min) was maintained for the
regeneration of the beds in the columns. The
effluents from each column was collected in 10.0
mL fractions and analyzed for the metal ions until
the concentration went down the detection limit.
Then the NTO bed in column was washed with
distilled water until free of acid. Thereafter, the
each bed in the column was equilibrated with
distilled water adjusted at pH 5.0. The reactivated
bed was used again for the treatment of the
wastewater.

2.8 Recovery of the metals as oxide
The metal ion appeared in effluent obtained by
elution from the NTO-bed was evaporated to
reduce the volume to half of the original value.
Hydrogen sulphide gas was passed through that
concentrated solution to collect the metals as
sulphide precipitates, which was ignited at high
temperature to convert them to oxides. The oxides
prepared were washed with distilled water for three
times to remove any soluble impurities, and dried
to constant weight. Finally the weight of the oxides
was taken and calculated the recovery percentage
of each metal.

3 RESULTS AND DISCUSSION
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3.1 Characterization of NTO
The characterization of NTO had been reported
[20]. Some details of characterizations are shown
in Table 1.

It was found that the material was crystalline and
nanoparticle (diameter: 11- 13 nm) agglomerates,
and hydrated (water content: 20.4-20.8%). Table 1

summarizes the estimated physicochemical
parameters of the material.

3.2 Effect of bed depth on Cd(II) and Cu(II)
removal by NTO
Fig. 2 demonstrates the breakthrough curves of (A)
Cd(II) and Cu(II) at pH 5.0 (± 0.1) and (b) Cu(II) at
pH 5.0 (± 0.1) that obtained by varying the depth of
NTO beds in column.

Table 1. Some parameters analyzed for the characterization of the synthetic oxide

Physicochemical parameters Values

Nature Crystalline
Titanium content (%) 53.4 (± 0.2)

Thermal water loss (%) 20.6 (± 0.2)

Bulk density (g cm-3) 1.21 (± 0.05)

Dimension (nm) of particle (TEM) 11-13

Surface area (m2 g-1) 663 (± 5.5)

pHzpc 6.5 (± 0.3)

Optimum pH for Cd(II) adsorption 5.0 [16]

Optimum pH for Cu(II) adsorption 5.0 [16]

Fig. 2. Effect of variation of bed-depth on (A) Cd(II) and (B) Cu(II) removal by NTO at pH 5.0
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It was found that the shapes and gradient of the
breakthrough curves were somewhat different with
increasing bed depth from 4.0 to 12.0 cm (BV =
1.54 to 4.62 cm3).

Increase of the slope was slow at initial portions of
the breakthrough curves, and that continued up to
the breakthrough points. Once the breakthrough
point reached, the increase of metal ions
concentration in effluent was rapid which indicated
from the sharp increase of slope in each of the
curves. In general, it was seen that the NTO bed of
lower depth saturated faster than the higher one.
Values of the breakthrough volume (Vb) obtained
for the Cd(II) were 120, 400 and 760 mL (104, 162,
206 BV) (A in Fig. 2), while that for the Cu(II)
were 220, 610 and 1060 mL (179, 221, 251 BV) (B
in Fig. 2) for bed depths 2.0, 4.0 and 6.0 cm (BV =
1.54, 3.08 and 4.62 cm3), respectively. The increase
of Vb with increasing bed depth (or BV) from 4.0
to 12.0 cm (1.54 to 4.62 cm3), and consequently the
breakthrough time (tb) (A & B in Fig. 2) was due to

the increase of EBCT from ~ 1.54 to 4.62 min,
which permitted to diffuse solute more NTO the
interior of solid in beds. It could also be suggested
that the mass transfer zone, which should be
formed would move down the bed spending more
time with adsorbent in column with increasing bed
depth/EBCT. Thus, there is the increase of Vb (or tb)
and metal ion uptake capacity. The results obtained
were found to be similar with the other workers [9,
10]. The value of Vb (or tb) at breakthrough point
was found to be smaller for Cd(II) than that for
Cu(II) for a given bed depth experiment. This has
been presumed due to the differences of
breakthrough point concentration (mg. L-1) of Cd(II)
(0.005) and Cu(II) (2.0).

3.3 Effect of influent metal ion concentration (C0)
on removal of Cd(II) and Cu(II).
Fig. 3 demonstrates the effect of C0 in feed
solutions on the breakthrough curves in removing
(A) Cd(II) and (B) Cu(II) at pH 5.0 (± 0.1).

Fig. 3. Effect of variation of initial concentration on (A) Cd(II) and (B) Cu(II) removal by NTO at pH 5.0
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It was found that the slope of breakthrough curves
increased slowly up to the point of Vb (or tb), and
that increased sharply after that point. Values of the
Vb were 570, 400 and 240 mL (454, 162 and 52 BV)
for the Cd(II) (A in Fig. 3); and 1410, 610 and 240
mL (481, 221 and 91 BV) for the Cu(II) (B in Fig.
3) for C0 = 10.0, 20.0 and 40.0 mg.L-1, respectively.
Early appearance of breakthrough point for either
of the metal ions with increasing C0 in solution is
due to the arrival of high mass of solute per unit
area on the adsorbent surface when the fresh feed
solution appeared over the bed from the reservoir,
and the primary adsorption zone (PAZ) mobilized

fast across the bed. Late arrival of breakthrough
point for the feed solution C0 = 10.0 mg. L-1 was
due to the appearance of less solute mass per unit
area from the reservoir on the bed surface,
indicating slow mobilization of PAZ across the bed

3.4 Effect of effluent flow rate
Fig. 4 demonstrates the effect of effluent flow rate
on the breakthrough curves in removing (A) Cd(II)
at pH 5.0 (± 0.1) and (B) Cu(II) at pH 5.0 (± 0.1)
by NTO bed of a fixed depth 8.0 cm (BV = 3.08
cm3).

Fig. 4. Effect of variation of flow rate on (A) Cd(II) and (B) Cu(II) removal by NTO at pH 5.0
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It was found that the values of Vb (Fig. 4) obtained
for mean flow rates (± 0.1) of effluent equals to 1.0,
2.0 and 4.0 mL.min-1 (EBCT ~ 3.08, 1.54 and
0.77min) were 400, 120 and 60 mL (162, 97 and 78
BV) for the Cd(II) (A in Fig. 4) and 610, 250 and
60 mL (221, 208 and 169 BV) for the Cu(II) (B in
Fig. 4), respectively.

The results indicated that the values of Vb
decreased with lowering of EBCT/increasing flow
rate, which is due to the decrease of solute
penetration (diffusion) from the mobile phase NTO
the bulk of the solid matrix. In other words, the
adsorbent did not have enough time to bind the
metal ions effectively from the mobile phase at low
EBCT [27]. Thus, the PAZ mobilized fast across
the bed in column, and the plateau of the
breakthrough curves arrived early. In contrast, the
solute in mobile phase spent greater time with
lowering of flow rate/increasing EBCT with the
solid surface of stationary phase, and the PAZ
mobilized slow across the bed in column; and the
plateau of the breakthrough curves arrived late.

3.5 Analysis of column data with analytical
models
The data obtained from the fixed bed columns were
analysed using four commonly used models viz.
Thomas model (Eq. 1), Adams-Bohart model (Eq.

2), Yoon-Nelson model (Eq. 3) and BDST model
(Eq. 4).

3.5.1 Thomas Model Fit
Fig. 2 demonstrates the Thomas model (Eq. 1) fits
of data that obtained by varying bed depth (or BV)
of column. The model parameters those estimated
from the fits of the data are shown in table 2.

The regression coefficient (R2) values indicated
that the model described the column performance
data very well for the adsorption of Cd(II) (0.995-
0.999) and Cu(II) (0.997-0.999). It was found that
the experimental and the model predicted
normalized concentration values at experimental
conditions were very close. It is seen (table 2) that
the model rate constant (kTh) decreased while the
equilibrium adsorption capacity (qo) increased with
increasing bed depth (i.e. adsorbent mass) or BV.
The decrease of kTh is due to the increase of mass
transport resistance with increasing bed depth in
columns. Again, the mass transport resistance is
proportional to the axial dispersion and the
thickness of the liquid film on the particle surface
[28]. Thus, the solute in mobile phase when comes
across with available more adsorption site with
increasing bed depth (i.e. adsorbent mass) binds
with the fresh active sites increasing qo value.

Table 2. Thomas model parameters for Cd(II) and Cu(II) adsorption by NTO column

kTH qo (mg/g) R2

Parameters Cd(II) Cu(II) Cd(II) Cu(II) Cd(II) Cu(II)

NTO mass (g)/bed depth (cm)

2.0/4.0 0.097 0.098 38.54 34.48 0.997 0.997

4.0/8.0 0.095 0.093 41.11 37.92 0.999 0.999

6.0/12.0 0.071 0.073 44.12 41.96 0.995 0.997

Input metal solution concentration ( mg.L-1 )

10.0 0.119 0.122 46.16 40.54 0.998 0.997

20.0 0.095 0.093 41.11 37.92 0.999 0.999

40.0 0.039 0.046 45.39 41.42 0.998 0.997

Effluent flow rate (mL.min-1)

1.0 0.095 0.093 41.11 37.92 0.999 0.999

2.0 0.119 0.107 39.91 36.16 0.999 0.997

4.0 0.149 0.137 36.56 33.86 0.992 0.994
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Fig. 3 demonstrates the fits of breakthrough data
with the Thomas model (Eq. 1) that obtained at
different input concentrations of the metal ions. It
was found that the fits of data with this model were
very well (R2 for Cd(II) = 0.998-0.999 and R2 for
Cu(II) = 0.997-0.999). Table 2 shows the estimated
model parameters. It had indicated that the values
of kTh for Cd(II) increased, while that for Cu(II)
decreased with increasing C0 from 10.0 to 40.0
mg.L-1. The decrease of mass transport resistance
with increasing C0 of the adsorbate species may be
due to precipitation as Cd(OH)2 or Cu(OH)2 in bed.
The highest kTh at lowest C0 of both the metal ions
studied indicated that the column adsorption of the
species is kinetically favorable at lower level of
contamination. The obvious increase of qo noted is
due to the decrease of liquid film thickness at the
solid- liquid interface with increasing C0 of the
solutes in solution.

Fig. 4 demonstrates the model (Eq. 1) fit of column
performance data with increasing effluent flow
rate/reducing EBCT. Table 2 shows the estimated
model constant values. It had been seen that the
model (Eq. 1) fitting with the adsorption data was
too well (R2 for Cd(II) = 0.992 – 0.999, R2 for Cu(II)
= 0.994-0.999). The agreement between the
experimental and the model predicted normalized

concentration was very good. It was found that the
values of kTh (mL.min-1.mg-1) for the Cd(II) were
0.095, 0.119 and 0.149, and that for Cu(II) were
0.093, 0.107 and 0.139 with increasing flow-rate (±
0.1) of effluent from 1.0 to 4.0 mL.min-1 reducing
EBCT from 3.08 to 0.77 min. Again, the values of
q0 (mg.g-1) for the removal of Cd(II) and Cu(II)
reduced with increasing flow rate/reducing EBCT.
The increase of kTh and the decrease of q0 are due
to the decrease of mass transport resistance and
EBCT of solute with the available active sites on
NTO surface. In the present study, the flow rates
were small enough, and their effects on the increase
of axial dispersion were negligible, which is
confirmed from increase of the rate constant (kTH)
values. Therefore, it can be assumed that the
increase of flow rate/decrease of EBCT increases
the driving force of mass transfer in the liquid film.
The results obtained were found to be similar with
that had been reported by Suksabye et al., [9].

3.5.2 Adams-Bohart Model Fit
Figures (2 to 4) demonstrate the nonlinear fits with
the Adams-Bohart model (Eq. 2) of breakthrough
data obtained by varying (i) column bed depth (or
BV), (ii) effluent flow-rate (or EBCT) and (iii) C0
for Cd(II) and Cu(II) removal.

Table 3. Adams-Bohart model parameters for Cd(II) and Cu(II) adsorption by NTO column

kAB x 104 qo x 102 R2

Parameters Cd(II) Cu(II) Cd(II) Cu(II) Cd(II) Cu(II)

NTO mass (g)/bed depth (cm)

2.0/4.0 2.18 2.65 96.14 67.22 0.874 0.894

4.0/8.0 1.95 2.00 69.02 17.05 0.881 0.883

6.0/12.0 1.89 1.99 67.32 3.87 0.922 0.926

Input metal solution concentration ( mg.L-1 )

10.0 3.22 3.40 68.84 31.62 0.927 0.936

20.0 1.95 2.00 69.02 17.05 0.881 0.883

40.0 0.79 1.15 116.97 8.17 0.893 0.880

Effluent flow rate (mL.min-1)

1.0 1.95 2.00 69.02 17.05 0.881 0.883

2.0 2.51 2.25 124.10 8.91 0.923 0.886

4.0 2.75 4.69 160.47 7.53 0.914 0.929
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Table 3 shows the estimated kinetic model rate
constant (kAB, L.mg-1.min-1) and the saturation
concentration (NAB, mg.L-1) values.

It was found that the data fits were fairly good with
the present model for Cd(II) (R2 = 0.874 - 0.927)
and Cu(II) (R2 = 0.883 - 0.936), but poor compared
to that with Thomas model. The values of kAB
obtained were in the order around 10-4 for both
Cd(II) and Cu(II) (table 3). It was also found that
the saturation concentration (NAB) values were in
general high, and those for the Cd(II) were much
higher than Cu(II). Despite this model fit with the
present data was weak over the whole range of the
breakthrough curves, the removal efficiency of
NTO for Cd(II) was found higher than that for
Cu(II). It was also seen from the figures (2- 4) that

the Adams-Bohart model prediction obeyed well at
the initial portion of the breakthrough curve. The
figures (2 – 4) show that there was fair agreement
between observed and predicted values even up to
Ct/C0 range 0.5 while large discrepancies were
found between observed and predicted values
above the specified range. Thus, the Adams-Bohart
model could be used to describe the initial portion
of the breakthrough curves fairly, which is limited
to the range of the conditions used.

3.5.3 Yoon Nelson Model Fit
Figures (2 to 4) demonstrate the nonlinear fits with
the Yoon – Nelson model (Eq. 3) of breakthrough
data obtained by varying (i) column bed depth (or
BV), (ii) effluent flow-rate (or EBCT) and (iii) C0
for Cd(II) and Cu(II) removal.

Table 4. Yoon-Nelson model parameters for Cd(II) and Cu(II) adsorption by NTO column

kYN 103 τ R2

Parameters Cd(II) Cu(II) Cd(II) Cu(II) Cd(II) Cu(II)

NTO mass (g)/bed depth (cm)

2.0/4.0 19.43 19.68 384.65 343.29 0.997 0.997

4.0/8.0 18.89 18.51 824.43 756.93 0.999 0.999

6.0/12.0 14.13 14.48 1319.89 1261.57 0.995 0.997

Input metal solution concentration ( mg.L-1 )

10.0 11.95 11.66 1838.63 1619.36 0.998 0.997

20.0 18.89 18.51 824.43 756.93 0.999 0.999

40.0 15.86 18.46 446.39 411.78 0.998 0.997

Effluent flow rate (mL.min-1)

1.0 18.89 18.51 824.43 756.93 0.998 0.999

2.0 23.97 21.45 396.15 359.94 0.999 0.997

4.0 29.83 27.91 182.52 166.22 0.992 0.993

Table 4 shows the estimated kinetic model rate
constant (kAB, L.mg-1.min-1) and the saturation
concentration (NAB, mg.L-1) values.

It was found that the data fits were very good with
the present model for Cd(II) (R2 = 0.996 - 0.999)
and Cu(II) (R2 = 0.997 - 0.999), and is also
comparable with Thomas model. The values of kYN
obtained were between (11.95 to 29.83)  10-3 for
Cd(II) while those were about (11.66 to 27.91)
10-3 for Cu(II) (Table 4). It was also found that
the Yoon Nelson constant (kYN) values for Cu(II)
were in general higher than for the Cd(II). The
values of τ increased as the bed height of the

column increased and the values of τ decreased as
the influent concentration and the flow rate
increased for both the metal ions. The value of τ is
higher for Cd(II) than Cu(II) for all the bed depth,
concentration of influent metal ions and flow-rates
studied. This may be inferred that Cd(II) has better
affinity for NTO surface than Cu(II) which
increased the τ value of the column experiments.
Namely, the proportionality constant kYN slightly
increases with the flow rate which means that the
mass transport resistance decreases. The value of τ
decreases, due to faster saturation of the fixed bed
with the increased flow rate of the feed solution.
The mass transport resistance is proportional to
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axial dispersion and thickness of the liquid film on
the particle surface. In our case the flow rates are
small enough and their effect on the increase of
axial dispersion is negligible, which is confirmed
by the increase of the proportionality constant.
Therefore, we assume that the increase of the flow
rate increases the driving force of mass transfer in
the liquid film. A similar dependence of the
proportionality constant on the flow rate has been
observed in literature, and its increase explained by

the change of experimental conditions [29-32].

3.5.4 BDST model fit
The BDST model (Eq. 4) works well to provide
useful equation for modeling the change of system
parameters [33]. This model was applied for
calculating the tb (min) at different bed depths for
the removal of Cd(II) and Cu(II) by NTO. Fig. 5
presents the plot of breakthrough time versus bed
depth.

Fig. 5. The BDST model fit for Cd(II) and Cu(II) adsorption on fixed NTO bed at pH 5.0

The adsorption capacity per unit volume of bed
(NBD, mg.cm-3) and the rate constant (kBD, L.mg-
1.min-1) values were calculated from the values of

slopes and intercepts of plots (Fig. 5), and the
calculated BDST model parameters are presented
in table 5.

Table 5. Bed Depth Service Time (BDST) model analyzed parameters for Cd(II) and Cu(II) removal by NTO in fixed bed column

Metal ion Bed depth
(cm)

Break through
time (min)

NBD x102 KBD x103 R2

Cd(II)
4.0 120

22.50 1.07 0.9978.0 400

12.0 760

Cu(II)
4.0 220

21.86 3.26 0.9958.0 610

12.0 1060

The value of NBD for adsorption of Cd(II) was
found a slight higher than the Cu(II) adsorption
data. This small increase in NBD value may be
justified due to the little higher value of ionic
radius of Cu(II) (0.96 Å) than that of Cd(II) (0.92
Å). But almost similar and identical aqueous
chemistry of Cd(II) and Cu(II) results the closer
values of NBD of Cd(II) and Cu(II).

3.6 Removal of cadmium and copper from
industrial waste effluent using NTO fixed bed
and regeneration of the column
The collected rinse water from a copper plating unit
of a local industrial establishment contains 4.18
mgL-1 copper in its divalent state. This effluent was
spiked with Cd(II) solution so that the final
concentration of cadmium in the effluent becomes
4.43 mgL-1. Different parameters for the industrial
wastewater were estimated using standard methods
and tabulated in table 6.
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Table 6. Different parameters of the industrial waste effluent of electroplating unit and NTO fixed bed column treated wastewater

(mg.L-1, except pH)

Parameters analyzed Parameters of wastewater
sample (mg.L-1)

Parameters of treated wastewater by
NTO columna (mg.L-1)

pH* 3.46 (± 0.05) 5.46 (± 0.02)

Suspended solids 87.61 (± 1.56) 23.06 (± 0.75)

Dissolved solids 1376 (± 10.87) 467.26 (± 5.87)

Volatile solids 128.00 (± 2.34) 247.81 (± 1.54)

Oil and grease 66.67 (± 0.67) 8.67 (± 0.98)

COD 46.20 (± 0.71) Not analysed

Hardness 858.45 (± 3.87) 135.34 (± 1.56)

Cu(II) 4.18 (± 0.53) 0.002 (± 0.09)

Cd(II) 4.43 (± 0.53) 0.005 (± 0.09)

Cr(VI) 1.67 (± 0.61) 1.13 (± 0.06)

Ni(II) 1.75 (± 0.51) 0.10 (± 0.05)

Fe(III) 19.54 (± 0.48) 0.06 (±0.06)**

Mn(II) 1.06 (± 0.05) 0.003 (± 0.06)

Chloride 759.45 (± 1.23) 752.89 (± 0.56)

Sulphate 92.72 (± 5.89) 43.83 (± 1.54)

Nitrate 195.45 (± 1.78) 45.56 (± 1.53)

Turbidity 136.58 (± 2.86) 0.67 (± 0.04)

a After passing 1675 mL wastewater through the fresh column.

*pH of the influent solution was adjusted to 4.5 (±0.1) before feeding the column

** Most of the Fe(III) was removed from the solution as hydroxide when the pH was adjusted to 4.5

Table 7. Regeneration and reusable efficiency of NTO columns after treatment of waste effluent through the column

Regeneration
number

Volume treated
(mL)

BV Efficiency
percentage

Fresh column 1650 535.7 100

First cycle 1400 454 85

Second cycle 1175 381 71

It was found from table 7 that the volume of treated
water from the fresh column was ~ 1650 mL (535.7
BV).

The volume of treated water obtained from
subsequent columns after first and second
regeneration were 1400 mL (454 BV) and 1175 mL
(381 BV) respectively (Fig. 6).
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Fig. 6. NTO column efficiency on Cd(II) and Cu(II) removal from industrial waste effluent

Table 8. Comparison of some reported adsorbents for removal of Cd(II) and Cu(II) from aqueous solution

Ion Adsorbent Initial metal
ion conc.
(mg.L-1)

Flow rate
(ml.min-1)

Bed depth
(cm)

Maximum
adsorption capacity

(mg.g-1)

Reference

Cd(II)

Mollusk shell 209.0 3.4 10.0 1.62 [34]

Sphagnum moss peat 209.0 3.4 10.0 5.33 [34]

sunflower waste carbon

calcium–alginate beads

10.0 1.0 30.0 23.6 [35]

Xanthated chitosan 10.0 3.0 9.0 132.3 [36]

Chitosan flakes 10.0 3.0 9.0 40.1 [36]

Syzygium cumini L leaf 100.0 40.0 5.0 29.08 [37]

NTO 20.0 1.0 12.0 44.12 Present study

Cu(II)

Purolite C100-MB

cation exchange resin

200.0 1.76 1.6 120.33 [38]

Konjac glucomannan 100.0 10.0 14.0 19.8 [39]

Kenaf fibre 6.0 20.0 45.12 [40]

iron oxide-coated

zeolite

60 11 15 13.5 [41]

Palm shell activated

carbon

63.55 15.0 6.0 6.73 [42]

NTO 20.0 1.0 12.0 41.96 Present study
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The efficiency of the columns after first and second
cycle of regeneration was 85 % and 71 %,
respectively. Important feature encountered in the
observation was the appreciably lower treated
volumes than the pure systems when compared the
data of a fixed EBCT, indicating adverse influence
of other solutes present in wastewater matrix in
removing both Cd(II) and Cu(II). This is due to the
competitive effect of (i) anions like SO42- and (ii)
metal ions like Ni(II), Mn(II), Fe(III) etc with both
Cd(II) and Cu(II) for the active sites of solid matrix
packed in columns. Closeness in chemistry and
optimum pH values for adsorption of specified ions
are presumed to be responsible for the said
observations. The results indicated that the
efficiency of each bed reduced significantly with
regeneration. This may be due to blocking of active
sites for solute uptake by the organic moieties to be

present in wastewater. Despite efficiency
improvement was not examined, it could be
possible if the surface adsorbed organic moieties be
removed. However, the NTO fixed beds in column
can be used by a number of times as an effective
material for the treatment of Cd(II) and Cu(II)
contaminated wastewater. The performance of the
present adsorbent is compared with the adsorbents
reported by other researchers in table 8.

It is seen from the table that NTO is comparable
with respect to their adsorption capacities with
other reported adsorbents.

3.7 Recovery of Cd(II) and Cu(II) as their oxides
The recovery percentage of copper as oxide was
better than that of cadmium. This may be due to
lower s

olubility product of CuS than CdS. Table 9 shows
the results of recovery of the metal ions as their
oxides.

Table 9. Recovery of Cd(II) and Cu(II) as their solid oxides

Metal ion Total metal ion
eluted (g)

Weight of recovered
oxide (g)

Weight of metal ion
recovered (g)

Percentage of
recovery

Cd(II) 0.244 0.211 0.168 71.25

Cu(II) 0.265 0.251 0.201 75.56

The recovery percentage was close to 75%.
Relatively lower percentage of recovery may be
due to stepwise conversion of the metal ion to its
oxide. The recovery may be enhanced by direct
conversion of the metal ion to its oxide by some
favourable route.

4 CONCLUSION
Column performance investigations for the removal
of Cd(II) and Cu(II) by NTO packed fixed beds
indicate that the removal efficiency of Cd(II) is
greater than Cu(II) from the pure systems.
Modeling of breakthrough data shows that the
Thomas, Yoon Nelson and the bed depth service
time (BDST) models describe the data very well.
Increase of breakthrough volume with decreasing
effluent flow rate and bed depth is for the increase
of EBCT. Treatment of Cd(II) spiked wastewater
of an copper electroplating unit by NTO fixed bed
columns shows fairly good performances for Cd(II)
and Cu(II) removal, which is, in general, poor than
the pure systems. But, the removal efficiency for
Cd(II) and Cu(II) are comparable. However, the
beds of NTO in column could be used as an
efficient filtration medium for the said two metal
ions from their contaminated wastewater. Further,
it is predicted from the present study that NTO can

be used for reducing high level of anions like NO3-
and SO42- and cations like Ni2+ and Mn2+ from their
contaminated aqueous solutions.
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