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a b s t r a c t
The ability of date seed-derived biochar (DSB) to remove cadmium(II) and lead(II) from single and 
multi-solute solutions in packed column have been investigated. These column trials were con-
ducted to understand the effects of column parameters such as bed depths, initial Cd(II)/Pb(II) 
concentrations and flow rates. The results indicated that the metal uptake of DSB decreased with 
increase in flow rate, and decrease in initial metal concentration and bed depth values. At a flow 
rate of 0.3  L/h, bed height of 25  cm, and initial metal concentration of 1  mmol/L, DSB recorded 
maximum Cd(II) and Pb(II) uptake values of 0.525 and 0.462 mmol/g, respectively. The continuous 
adsorption data models such as Yoon–Nelson, Thomas, and modified dose-response equations were 
utilized. Multi-component column studies were also performed and the results indicated decreased 
uptake of Cd(II) and Pb(II) by DSB due to competition. At optimized conditions, DSB recorded 
0.447 and 0.449  mmol/g for Cd(II) and Pb(II), respectively, in multi-solute system. The column 
elution and subsequent reuse of DSB for next cycle was possible with 0.01 M HCl as elutant. The 
column regeneration was attempted for three cycles and the results indicated that DSB produced 
consistently high Cd(II) and Pb(II) removal efficiencies and uptakes.
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1. Introduction

Due to increased urbanization and industrialization, 
heavy metal pollution is a major environmental problem. 
Industries such as iron and steel, battery manufacture, 
metallurgy, electroplating, electrolysis, mining, tanneries, 
petroleum refining and pesticides release heavy metals into 
discharge waters [1–3]. Heavy metals are non-degradable 
as well as persistent substances that accumulate in human 
body through food chain thereby cause risk to human 

health [4,5]. Lead and cadmium are important heavy met-
als often employed in many industries and thus present in 
industrial discharge. In particular, lead has been widely 
used in the manufacture of storage batteries, automo-
biles, smelting, and electroplating [6]. Effluent waters dis-
charged from these industries are generally comprised of 
high lead concentration. Currently, the discharge limit for 
lead is set at 0.1 mg/L according to National Environmental 
Agency, Singapore [7]. Lead is very toxic to living beings 
and lead poisoning in humans affects the nervous system 
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and gastrointestinal track [8,9]. On the other hand, cad-
mium also poses severe hazard owing to its severe risks 
in humans including bone lesions, renal disturbances 
and cancer [6]. Thus, there is a definite need to develop 
cheap and efficient techniques for the treatment of Cd and 
Pb-bearing industrial effluents.

For removal of metals from industrial effluents, sev-
eral conventional techniques were proposed and practiced, 
which includes ion-exchange, reverse osmosis, membrane 
filtration, activated carbon adsorption and biosorption 
[10–13]. However, most of these techniques present practi-
cal problems including high cost and energy requirement, 
high chemical usage, poor effectiveness and less selectivity 
[14]. Owing to these demerits, the research community is still 
looking for a cheap, environmentally benign, and practical 
technique for metal removal.

Our previous study has highlighted that date seed-de-
rived biochar as an effective adsorbent for sequestration of 
Cd and Pb-bearing wastewaters in batch mode of operation 
[15]. However, it should be emphasized that batch experi-
mental results offer only preliminary information regard-
ing the sorption performance of material. These batch data 
may not be useful for industrial/large operations where 
residence time may not be adequate to achieve equilibrium 
[16]. Therefore, to gather evidence for applicability of the 
date-seed derived biochar in real applications, it is very 
important to further conduct continuous flow experiments. 
Several researchers have pointed out that continuous flow 
adsorption experiments can be effectively conducted using 
packed bed column as it offers practical use of concentration 
gradient as the driving force for adsorption [17–19]. In addi-
tion, the packed column is economically feasible and simple 
in operation, and could be scale-up easily to real wastewater 
schemes with good accuracy [20].

In addition, most industrial effluents contain multi-
ple metal ions and exhibit complexity. However, very few 
research focused on multi-solute adsorption systems [21]. 
Several factors limit the multi-solute adsorption studies, 
the important being the assessment of competition between 
metal ions during sorption onto functional groups on the 
adsorbent surface [22]. During column operation, multi-sol-
ute solutions may cause uneven concentration gradient due 
to solute competition thereby overshooting specific metal 
ions. This is seldom studied; however, very important to 
translate laboratory studies to real applications. Therefore, 
the present study employed date seed-derived biochar 
(DSB)-loaded packed column for the sorption of Cd and Pb 
from single and multi-component systems.

2. Materials and methods

2.1. Biochar preparation and chemicals

Phoenix dactylifera (date fruit) was procured locally and 
the seeds were removed manually. The seeds were subse-
quently rinsed with deionized water. The washed seeds 
were then dried in an oven at 100°C for 12 h. After drying, 
the samples were grounded using ball mill to desired sizes. 
For pyrolysis, about 100 g of dried grounded date seeds was 
kept in a crucible covered with aluminium foil with two 
small holes. The crucible then placed in an electrical muf-
fle furnace which was initially supplied with N2 to facilitate 

low-O2 environment. The muffle furnace was heated to 
350°C and maintained at the same condition for 2  h [23]. 
Once the pyrolysis process was completed after 2 h, the fur-
nace was allowed to cool down to room temperature. The 
biochar formed was then stored in a desiccator and used for 
adsorption trials.

The stock Cd and Pb solutions were prepared using 
cadmium nitrate tetrahydrate and lead nitrate salts, respec-
tively. All chemicals were of analytical grade and were pro-
cured from Sigma-Aldrich.

2.2. Column experiments

Continuous-flow adsorption experimental trials were 
performed using a 35  cm (height) and 2  cm (ID) glass col-
umn. The column was attached with an adjustable plunger 
with a 0.5 mm stainless sieve at the top. On the other hand, 
glass wool was placed along with a 0.5  mm stainless sieve 
at the bottom. To maintain uniform solution flow inside the 
column, glass beads (1.5  mm in diameter) was placed at 
column base up to height of 2 cm.

The column was initially loaded with required quan-
tity of DSB to achieve preferred bed height. After sorbent 
loading, a known initial metal concentration solution was 
pumped upward using a peristaltic pump at the required 
flow rate. Once the solution flow through the column, the 
samples coming from the exit (column top) were collected 
at different time periods and subsequently measured for 
Cd or Pb ions. Once the exit metal concentration reached 
0.97  times of the initial concentration, the column was 
assumed to be exhausted and operation was ceased. The 
column experimental conditions were optimized by chang-
ing flow rate (0.3–0.6 L/h), bed height (15–25 cm) and initial 
metal concentration (0.5–1.0 mmol/L).

Once the column exhausted, the Cd/Pb-loaded DSB was 
rejuvenated using 0.01 M hydrochloric acid. The desorbent 
flow rate was maintained at 0.6 L/h and the sample exiting 
the column was analyzed using inductively coupled plas-
ma-optical emission spectroscopy at different time periods. 
Once the column was completely eluted, the DSB column 
bed was washed using DI water until the pH of the exit 
solution was stabilized near 7.0. After washing, the column 
was operated again by feeding fresh solutions and these 
cycles of adsorption and desorption were repeated thrice to 
assess DSB adsorption potential.

2.3. Analyses of column results

The breakthrough curve was plotted with column oper-
ational time on the x-axis and outlet Cd/Pb concentration 
on the y-axis. The total quantity of metal ions adsorbed by 
DSB (mad) was determined by multiplying the area above 
the breakthrough curve with the influent flow rate (F). The 
metal uptake by the DSB column bed (Qcol) was estimated by 
dividing mad by amount of DSB loaded inside column.

The other column parameters were determined through 
following equations [16]:

Volume of the treated wastewater:

V F teeff � � 	 (1)
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Total quantity of metal sent to column:

m
C F te

total �
� �0

1 000,
	 (2)

Total metal removal (%):

Removal ad

total

%� � � �
m

m
100 	 (3)

where C0 (mmol/L) is initial Cd/Pb concentration and te (h) 
is exhaustion time.

The total amount of metal desorbed (md) can be quanti-
fied by multiplying the area below the elution curve (time 
vs. outlet Cd/Pb concentrations) with the flow rate. Thus, the 
elution efficiency can be estimated using:

E
m
m
d%� � � �
ad

100 	 (4)

To describe column adsorption data obtained at different 
column parameters, several non-linear column model equa-
tions were utilized as below:

Thomas model [24]:
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Yoon–Nelson model [25]:
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Modified dose-response model [26]:
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where Q0 (mmol/g) is the maximum adsorption potential 
of DSB; kTH (L/mmol h) is the Thomas model rate constant; 
Veff (L) is the volume of metal solution supplied to column; 
t (min) is the Yoon–Nelson constant, which is used to quan-
tify the time required to reach 50% adsorbate breakthrough; 
kYN (1/min) is the Yoon–Nelson model rate constant; amdr and 
bmdr are the modified dose-response model constants. The 
model equations were solved through non-linear regression 
using SigmaPlot software.

3. Results and discussion

3.1. Impact of bed depth on metal adsorption

Bed depth is a crucial column parameter that affects 
the adsorption performance of material towards the sol-
ute [27]. In the present study, the DSB bed depth was var-
ied inside the column from 15 to 25  cm, whereas the flow 

rate and initial metal concentrations were kept constant at 
0.3  L/h flow rate and 1  mmol/L, respectively. Fig. 1 shows 
the column sorption curves at different bed depths during 
removal of Cd and Pb by DSB. The results confirmed that 
DSB sorption performance improved with increase in bed 
depths. This is owing to existence of relatively high binding 
sites at higher bed depths. Also, as shown in Table 1, both 
breakthrough, exhaustion times as well as mass transfer zone 
surged with increase in bed depth. The presence of addi-
tional DSB at higher bed depths also improved the Cd and 
Pb sorptional uptakes. For instance, 0.432  mmol  Cd/g and 
0.396 mmol Pb/g observed at 15 cm bed height increased to 
0.525 mmol Cd/g and 0.462 mmol Pb/g at 25 cm.

3.2. Influence of flow rate on metal adsorption

Flow rate is also a crucial factor as it decides the con-
tact time of metal ions inside the column and therefore 
influences the potential of sorbent during industrial waste-
water schemes [28]. In order to utilize complete adsorption 
potential of adsorbent, it is vital to determine optimum flow 
rate. In the present study, the flow rate was varied from 0.3 
to 0.6 L/h, whereas the bed depth and initial metal concen-
trations were kept constant at 25 cm and 1 mmol/L, respec-
tively. The breakthrough curves obtained for DSB bed at 
different flow rates during sorption of Cd and Pb are pre-
sented in Fig. 2. Upon increasing the flow rates, DSB exhib-
ited sharp breakthrough curve and shortened mass trans-
fer zone due to premature exhaustion and breakthrough 
times. The sorptional capacity of DSB got hindered due to 
elevated flow rates as 0.525, 0.445 and 0.349 mmol/g for Cd; 
and 0.462, 0.421 and 0.337 mmol/g for Pb were observed at 
0.3, 0.45 and 0.6 L/h, respectively. The reason that minimal 
flow rate resulted in maximum adsorption capacity is that 
low flow rate gave adequate contact time for solute to inter-
act with functional groups of DSB bed [16]. On comparing 
the results as presented in Table 1, 0.3  L/h was identified 
as an optimal flow rate for Cd and Pb by DSB bed.

3.3. Impact of initial solute concentration on metal sorption

Next, the influence of initial concentration of metal 
ions was studied as the concentration difference acts as a 
driving force for adsorption [29]. The initial Cd/Pb con-
centrations were varied from 0.5 to 1 mmol/L, whereas the 
bed depth and flow rate were kept constant at 25 cm and 
0.3 L/h, respectively. Table 1 shows the findings of column 
parameters and Fig. 3 shows the breakthrough curves of 
Cd/Pb sorption by DSB. The minimal influent metal con-
centration resulted in extended breakthrough owing to the 
presence of excess binding sites compared to the magni-
tude of metals (minor concentration gradient). In general, 
lower initial concentration resulted in delayed break-
through and exhaustion time, widened sorption zone, 
decreased metal uptake, and reduced % metal removal 
(Table 1). However, the column sorption potential of DSB 
enhanced with surge in initial metal concentrations. At 
inlet metal concentration of 0.5, 0.75 and 1  mmol/L, DSB 
produced metal Cd sorptional uptakes of 0.450, 0.452 and 
0.525  mmol/g; and Pb uptake capacities of 0.420, 0.439 
and 0.462 mmol/g, respectively.
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3.4. Column data modeling

In order to successfully design and operate sorption 
column in large scale, it is important to predict the sorp-
tion breakthrough curves [30]. Several models were utilized 
to describe Cd/Pb-DSB column adsorption data, including 
the Thomas, Yoon–Nelson, and modified dose-response 
models [16,31]. The Thomas model is one of most widely 
used and effective adsorption model to describe continu-
ous adsorption process. The model assumes the Langmuir 
adsorption–desorption kinetics and non-existence of axial 
dispersion [24]. As indicated in Figs. 1–3, the Thomas model 
provided good accuracy and representation of experi-
mental Cd/Pb continuous data at all conditions examined. 
Table 2 illustrates the Thomas model constants (kTH and Q0) 
determined at various conditions. The Thomas model rate 
constant (kTH) refers to the rate at which the metal ions are 
transported from solution to sorbent. As the initial metal 

concentrations and bed depth increases, the magnitude of 
kTH reduced whereas increases with surge in flow rates. On 
the other hand, the maximum metal sorption capacity (Q0) 
increased with increase in bed depths and initial metal con-
centrations whereas decreased with increase in flow rate. 
These opposite trends are as expected, as higher rate con-
stants generally under exploit the full sorption capacity of 
DSB. The model produced very satisfactory predictions at 
all conditions examined (Table 2). The Yoon–Nelson model 
is formulated on the assumption that the rate of decline in 
the probability of sorption for each metal ion is propor-
tional to the probability of metal ion adsorption and the 
probability of metal ion breakthrough on the adsorbent 
[32]. Figs. 1–3 show the Cd/Pb breakthrough curve pre-
diction by the Yoon–Nelson model and the results (Table 
2) also indicated that the model provided satisfactory pre-
dictions. Yan and Viraraghavan [26] developed a modified 
dose–response model, which reduces the error that results 

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20

C
/C

0

Column operated time (h)

25 cm bed height
20 cm bed height
15 cm bed height
Modified-dose response model
Thomas model
Yoon-Nelson model

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 14 16 18

C
/C

0

Column operated time (h)

25 cm bed height
20 cm bed height
15 cm bed height
Modified-dose response model
Thomas model
Yoon_Nelson model

(a)

(b)

Fig. 1. Effects of bed height during column sorption of (a) Cd and (b) Pb by DSB.
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from use of the Thomas model, specifically during low or 
high time stages of breakthrough curve. Table 2 illustrates 
the modified dose-response constants (bmdr and amdr) deter-
mined at various conditions. Figs. 1–3 show the Cd/Pb  

breakthrough curve prediction by the modified dose-respo
nse model and the results suggested that predictions were 
relatively good in line with the Thomas and Yoon–Nelson  
models.

Table 1
Continuous flow results during adsorption of Cd and Pb onto DSB

Bed depths 
(cm)

Initial metal 
concentrations 
(mmol/L)

Flow rates 
(L/h)

Volume of waste-
water treated (L)

Total 
removal (%)

tb (h) te (h) Δt (h) Column uptake 
(mmol/g)

Cd Pb Cd Pb Cd Pb Cd Pb Cd Pb Cd Pb

15 1.0 0.30 3.72 3.63 68.3 62.7 5.1 4.4 12.4 12.1 7.3 7.7 0.432 0.396
20 1.0 0.30 4.38 4.23 66.5 63.4 6.4 5.3 14.6 14.1 8.2 8.8 0.452 0.416
25 1.0 0.30 5.16 4.95 71.7 65.9 7.3 6.5 17.2 16.5 9.9 10 0.525 0.462
25 0.75 0.30 6.36 6.24 65.4 65.6 8.8 7.9 21.2 20.8 12.4 12.9 0.452 0.439
25 0.50 0.30 9.84 9.48 64.4 62.5 12.3 10.8 32.8 31.6 20.5 20.8 0.450 0.420
25 1.0 0.48 4.22 4.13 74.2 71.9 4.5 3.9 8.8 8.6 4.3 4.7 0.445 0.421
25 1.0 0.60 3.75 3.66 65.6 64.9 2.5 2.1 6.3 6.1 3.8 4 0.349 0.337
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Fig. 2. Effects of flow rate during column sorption of (a) Cd and (b) Pb by DSB.
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Fig. 3. Effects of initial concentration during column adsorption of (a) Cd and (b) Pb by DSB.

Table 2
Thomas, modified dose-response and Yoon–Nelson model parameters obtained for adsorption of Cd and Pb onto DSB

Metal Bed 
depths 
(cm)

Initial con-
centrations 
(mmol/L)

Flow 
rates 
(L/h)

Thomas model Modified dose-response model Yoon–Nelson model

kTH Q0 % 
error

R2 amdr bmdr Q0 % 
error

R2 kYN t % 
error

R2

Cd 15 1.0 0.30 0.880 0.429 0.245 0.994 7.26 2.49 0.423 0.238 0.995 0.881 8.40 0.251 0.996
20 1.0 0.30 0.865 0.453 0.321 0.997 8.21 2.89 0.449 0.198 0.997 0.865 9.73 0.304 0.997
25 1.0 0.30 0.764 0.504 0.145 0.999 8.99 3.52 0.500 0.545 0.998 0.764 11.85 0.135 0.999
25 1.0 0.48 1.50 0.442 0.441 0.996 9.66 3.09 0.438 0.487 0.996 1.50 6.48 0468 0.996
25 1.0 0.60 1.67 0.347 0.712 0.995 6.73 2.41 0.341 0.641 0.996 1.67 4.08 0.754 0.995
25 0.75 0.30 0.728 0.433 0.387 0.997 7.27 4.02 0.427 0.294 0.998 0.546 13.6 0.364 0.997
25 0.50 0.30 0.685 0.417 0.614 0.995 6.33 5.75 0.408 0.541 0.996 0.342 19.6 0.587 0.995

Pb 15 1.0 0.30 0.813 0.409 0.371 0.996 6.30 2.36 0.401 0.398 0.996 0.813 8.01 0.354 0.996
20 1.0 0.30 0.801 0.442 0.224 0.998 7.42 2.82 0.437 0.289 0.997 0.801 9.49 0.221 0.998
25 1.0 0.30 0.715 0.471 0.174 0.998 7.74 3.27 0.464 0.258 0.997 0.715 11.1 0.187 0.998
25 1.0 0.48 1.28 0.434 0.487 0.994 8.02 3.02 0.429 0.852 0.992 1.28 6.37 0.448 0.994
25 1.0 0.60 1.65 0.350 0.355 0.996 6.72 2.43 0.345 0.454 0.995 1.65 4.11 0.384 0.996
25 0.75 0.30 0.762 0.449 0.085 0.999 7.95 4.17 0.444 0.198 0.998 0.571 14.1 0.097 0.999
25 0.50 0.30 0.729 0.412 0.311 0.997 6.73 5.71 0.405 0.241 0.998 0.364 13.4 0.322 0.997
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3.5. Column multicomponent studies

As noted in previous sections, DSB exhibited sin-
gle-component Cd and Pb sorptional capacities of 0.525 and 
0.462 mmol/g, respectively. However, comparing the Cd and 
Pb ions on weight basis, DSB adsorbed more Pb (95.7 mg/g) 
than Cd (59.0  mg/g). The affinity of an adsorbent towards 
a particular metal ion can be correlated with its ionic radii 
and electronegativity. Of the two ions investigated, Pb exhib-
ited better affinity towards DSB functional groups as the 
electronegativity of Pb (2.33) is more than that of Cd (1.69). 
Metal ions with higher ionic radius have smaller hydrated 
radius and lesser hydration energy. The metal ions with 
smaller hydrated radius sorbs effectively to the adsorbent 
compared to metal ions with larger radius [33]. Considering 
that Pb(II) possess larger ionic radius (119 pm), it would be 
expected to better bind the DSB surface compared to Cd(II) 
(109 pm). Similarly, electronegativity of Pb(II) (2.33) is higher 

than Cd(II) (1.69). Therefore, DSB favored Pb(II) compared 
to Cd(II) during sorption due to high ionic radius and elec-
tronegativity. Nevertheless, opposite trend was obtained 
when DSB sorptional uptake was considered in molar basis. 
This is basically due to higher atomic mass of Pb (207.2), 
compared to Cd (112.41).

When the influent contained both Cd and Pb ions 
(Figs. 4 and 5), DSB exhibited affinity towards Pb. It was 
evident that DSB sorption performance towards Pb was rel-
atively unaltered as both single- and binary solute systems 
generated relatively similar breakthrough curves. This con-
firms that competition of Cd in binary solute system was 
minimal. In multi-solute system, the Pb breakthrough time 
was recorded as 6.2 h and the exhaustion time was 17.6 h. 
Whereas, Cd recorded a relatively premature breakthrough 
time of 5.1  h and exhaustion time of 15.4  h. This confirms 
that Pb negatively influences the sorption of Cd and pref-
erentially occupies the functional groups of DSB. The Cd 
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and Pb column sorption capacities were recorded as 0.447 
and 0.449 mmol/g, respectively.

3.6. Regeneration of DSB bed for sorption of Cd and Pb 
from multi-component solutions

The industrial adsorption-based wastewater treatment 
often requires adsorbent to be regenerated and reused for 
number of cycles to decrease process cost and dependabil-
ity on the sorbent supply [34]. For the current study, DSB 
was desorbed and recycled for Cd/Pb adsorption for three 
adsorption–desorption cycles. The column was initially 
loaded with DSB to produce a bed depth and volume of and 
25  cm and 78.5  mL, respectively. Table 3 shows the break-
through and exhaustion times of Cd and Pb as well as metal 
sorptional uptake and % metal removal of three cycles exam-
ined. Figs. 4 and 5 show Cd and Pb breakthrough curves, 
respectively, obtained from three cycles. With the progress 

of each regeneration (sorption–desorption) cycle, break-
through time decreased whereas exhaustion time surged, 
which caused widened mass transfer zone. These results 
clearly indicates that DSB deteriorated due to continuous use 
in repeated cycles. In addition, the DSB bed height decreased 
with the progression of regeneration cycles. However, the 
sorption capacity remained relatively constant in all cycles 
investigated (Table 3). These results clearly denote that 
change in column parameters during adsorption of Cd 
and Pb was not primarily due to physical damage of DSB, 
but owing to sorption binding sites, whose access to metal 
ions became tedious as the cycles progressed [35,36].

Desorption is important for overall accomplishment of 
sorbent recycle process. The desorbent should be efficient 
to remove all adsorbed solutes from the binding sites and 
non-damaging to DSB [37]. Figs. 4 and 5 display the Cd and Pb 
desorption curves, respectively, in all cycles investigated. The 
column desorption was performed at an average 1.9 h cycles 
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and stopped once the outlet metal reaches 0.024 mmol Pb/L 
or 0.044  mmol  Cd/L. The elution curves exhibited a gen-
eral trend with a sharp increase in metal concentrations in 
the initial time periods followed by a sharp concentration 
decline and final stationary stage. During the initial elu-
tion stage, the exit metal concentrations were very high. For 
example, at t  =  10  min in cycle 1, 12.14  mmol/L of Cd and 
11.67 mmol/L of Pb were present in the exit solutions.

The elutant, 0.01  M HCl, provided metal elution effi-
ciencies greater than 99.5%. During 3 cycles, total volume of 
the Cd/Pb solution (1 mmol Cd/L and 1 mmol Pb/L) reme-
diated by DSB bed was 15.66 L and total 0.01 M HCl solu-
tion used during desorption was 3.39  L. This corresponds 
to a concentration factor of 4.60. At the end of third cycle, 
DSB exhibited a comparatively high metal uptakes of 0.394 
and 0.399 mmol/g for Cd and Pb, respectively, thereby por-
traying the competence of DSB to persist under extreme 
conditions as well as providing good Cd and Pb uptakes.

4. Conclusions

Thus, the current research indicated that the DSB is a 
practical and efficient adsorbent for continuous remedia-
tion of Cd and Pb from single and multi-solute systems. The 
experimental data obtained from an up-flow packed column 
were used to evaluate the impact of flow rate, initial sol-
ute concentration and bed depth on Cd and Pb removal by 
DSB. The results confirmed that minimal flow rate favored 
sorption, while higher bed depth and initial solute concen-
tration produced better column remediation efficiency. At 
25 cm bed depth, 1 mmol/L initial solute concentration and 
0.3  L/h flow rate, DSB-loaded column portrayed 0.525 and 
0.462  mmol/g sorptional capacities for Cd and Pb, respec-
tively. The examined column models (modified dose-re-
sponse, Thomas, Yoon–Nelson) provided good description 
of the experimental Cd and Pb data. With the aid of 0.01 M 
HCl as desorbing medium, the desorption and subsequent 
reuse of DSB column was possible. Only a minimal decrease 
in sorption uptake was observed as the sorption–desorp-
tion cycles progressed. Nevertheless, the DSB shown capac-
ity to maintain high Cd and Pb uptakes greater than 0.394 
and 0.399 mmol/g, respectively, in all three cycles examined. 
Thus, the current study recommends DSB as an efficient 
and practical sorbent for Cd and Pb. Future research should 
focus on performance of DSB for real industrial effluents.
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