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713-CEP: 60455-900, Fortaleza, Ceará, Brazil, emails: sarahbreu@yahoo.com.br (S.A. Moreira),
ari072000@yahoo.com.br (A.C.A. de Lima), fr.wagner@gmail.com (F.W. Sousa)
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titogadelha@yahoo.com.br (A.G. Oliveira), andrehbo@yahoo.com.br (A.H.B. Oliveira), ronaldo@ufc.br (R.F. Nascimento)

Received 6 August 2014; Accepted 25 March 2015

ABSTRACT

In this study, the adsorption efficiency of cashew peduncle bagasse (CPB) is reported
for the removal of single-(mono-) and multi-metal ions (Cd2+; Cu2+; Ni2+; Pb2+; and Zn2+)
from synthetic and natural effluents using fixed-bed columns. The percentage of
saturation realised in this study using a mono-elemental system was as follows:
Pb2+ > Cd2+ > Zn2+ > Ni2+ > Cu2+. The metal ion recovery rate was determined by column
elution; we demonstrated 100% metal ion recovery using 40 mL of HCl or HNO3

(0.1 mol L−1) as the eluent, with the exception of Pb2+. The adsorbent regeneration process
decreased the removal efficiencies to 90% (Pb2+), 44% (Cu2+), 99% (Ni2+), 81% (Cd2+) and
74% (Zn2+) after the first cycle. The breakthrough curves and kinetic adsorption factors con-
trolling the adsorption process were also studied. The Thomas model has produced the best
fit with the experimental data.

Keywords: Cashew peduncle bagasse; Multi-metal adsorption; Column adsorption;
Biosorbent regeneration

1. Introduction

In recent years, increased industrial activities have
intensified environmental hazards related to metal
pollution and ecosystems are known to have deterio-
rated due to the accumulation of dangerous heavy
metal pollutants [1]. Heavy metals have been used in
various industrial processes due to their technological

importance. In addition, inefficient treatment of
wastewaters from these industries may introduce a
greater human and environmental exposure. Tradi-
tional technologies, such as chemical precipitation, ion
exchange, activated carbon adsorption and membrane
separation processes have been applied widely for the
removal of heavy metals from contaminated waters
[2,3]. However, these processes involve high operation
and capital costs [4].
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Adsorption, particularly, is one of the most
promising techniques used to remove metal ions from
water. Among the adsorbents used for water decon-
tamination, lignocellulose-derived materials are often
selected, due to their low cost and simplicity, unlike
activated carbon. Moreover, there is a growing world-
wide interest in the use of natural fibres [5–7] as
adsorbents, including banana [8,9], coconut green
bagasse [10–13], sugar cane bagasse [14–16] and
cashew peduncle bagasse (CPB) [17,18].

The last adsorbent deserves particular mention, as
the production of cashew peduncle is concentrated in
the north-east region of Brazil and amounts to approxi-
mately 1.5 million tons per year, with 90–94% of the
final product unused. The peduncle-processing indus-
try has applications in the manufacture of drinks,
sweets, jams, nectar, flour, fermented products and
food ration production, but less than 6% of the available
peduncle product is used [19]. There are several major
advantages in using natural fibres as adsorbents,
including the ready availability of renewable sources in
nature, low cost associated with its generation,
biodegradability and excellent mechanical properties.

Wastewaters usually contain multiple metal ions,
which may cause interference and competition effects,
depending on the concentration of metals competing
for binding sites in an adsorbent. However, most stud-
ies on low-cost adsorbents have been conducted using
either a single or binary solution of metal ions [20–23].

Therefore, studies assessing the competitive
adsorption of metal ions from solutions are necessary
for improving the design of wastewater treatment sys-
tems, which may be outdated. Single- and multi-metal
ion adsorption have been investigated with low-cost
adsorbents using a batched system [24,25] but few
applications have been developed using fixed-bed
column operations [26].

In this study, the adsorption efficiency of CPB was
investigated for removal and recovery of toxic ions
(Cd2+, Cu2+, Ni2+, Pb2+ and Zn2+) from synthetic and
industrial effluent through continuous system. The
effects of different parameters, such as column bed
depth and flow rate were investigated using a
laboratory scale fixed-bed column. Thomas model was
analysed to study the dynamic behaviour of the
column.

2. Material and methods

2.1. Biosorbent characterisation

2.1.1. SEM analysis

Surface morphology was studied by scanning elec-
tron microscopy (SEM) using a model DSM 960/Zeiss

with a 20 kV electron beam. The sample was coated
with gold (sputter coater) in argon plasma (model
BAL.ZERS 5CD50).

2.1.2. Infrared spectroscopy (FTIR)

Infrared spectroscopy (FTIR Prestige apparatus of
Shimadzu) was performed to identify the main func-
tional groups present on the adsorbent surface [27,28].
The samples were prepared by mixing 1 mg of mate-
rial with 99 mg of spectroscopy grade KBr (Merck,
São Paulo).

2.1.3. X-ray fluorescence

X-ray fluorescence (XRF) measurements were
performed on cashew peduncle bagasse using a wave-
length-dispersive X-ray fluorescence spectrometer
(Rigaku ZSX Mini II) equipped with a Pd anode X-ray
tube and operated at 40 kV and 1.2 mA.

2.2. Reagent and solutions

Analytical grade reagents (Merck) were used for
preparing different concentrations of synthetic
solutions. Standard stock solutions of each metal ion,
i.e. Pb2+, Cu2+, Ni2+, Zn2+ and Cd2+, were prepared in
distilled water at pH 5.0 and a concentration of
1,000 mg L−1. A multi-element solution was also
prepared in distilled water at pH 5.0 by dissolving Pb
(NO3)2·H2O, Cu(NO3)2·6H2O, Ni(NO3)2·6H2O, Zn
(NO3)2·6H2O and Cd(NO3)2·6H2O.

Acetate buffer was prepared with sodium acetate
(CH3COONa) and glacial acetic acid (CH3COOH)
(VETEC, São Paulo, Brazil). NaOH (0.10 mol L−1) and
HCl (0.10 mol L−1) solutions were used for pH
adjustments.

2.3. Preparation of the cashew peduncle bagasse adsorbent

The cashew peduncle bagasse was supplied by
Embrapa Tropical Agro-industry, (EMBRAPA-CE-
BRAZIL). The CPB was treated with a 0.1 mol L−1

NaOH solution for 3 h at room temperature (28 ± 2˚C).
Afterwards, the CPB was washed with deionised
water and acetate buffer solution (pH 5.0) and dried
at room temperature. The particle size used in this
study was in the range of 60 to 99 mesh.

2.4. Experimental adsorption

2.4.1. Column studies

Column adsorption experiments were conducted
using active CPB (pretreated with an alkaline solution).
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Fixed-bed biosorption studies were performed in
polyethylene columns with a 1.1 cm internal diameter
and a 30.0 cm height. For the continuous flow
experiments, a synthetic multi-metal ion solution
(approximately 100.0 mg L−1) was pumped downwards
through the CPB-packed column using a peristaltic
pump (model MINIPULS 3, GILSON). The flow rates
tested were 3.0 and 6.0 mL min−1. The effect of the
adsorbent height was also evaluated for heights of
8.0 and 12.0 cm. The breakthrough curves for the
single-(mono-) and multi-metal ion solutions were
obtained by plotting C/C0 vs. volume. Column effluent
aliquots of 10.0 mL were collected, and the ion concen-
trations were determined.

The metal residual concentration was determined
by an atomic absorption spectrophotometer, model
GBC 933 plus, Australia. All experiments were carried
out twice.

2.4.2. Column data analysis

To determine the performance of adsorption
column, time for breakthrough appearance and the
shape of the breakthrough curve are important factors.
Breakthrough curves were determined as the relation-
ship between the concentration of the sample that had
passed through the adsorbent and the initial concentra-
tion. For an ideal breakthrough curve, C0 is the effluent
adsorbate concentration, and Vx is the effluent volume
that percolated through the column. The breakpoint
(Cb) occurs when the effluent concentration reaches 5%
of the initial concentration (C0). The column reaches
complete saturation when the concentration, Cx,
approaches the initial concentration, C0. The total efflu-
ent volume, Vb, is equal to the volume eluted through
the column until the breakpoint is established. The part
between Cx (exhaustion point) and Cb (breakpoint) is
called the primary adsorption zone (PAZ), and the
time (tx) is PAZ (min), is calculated by Eq. (1) [29,30]:

tx ¼ Vx

Fm
(1)

where Fm is the flow rate (mL min−1) and Vx is the
exhaustion volume (mL).

The time (tδ) required for the movement of PAZ
downwards in the column given by Eq. (2) [30]:

td ¼ Vx � Vb

Fm

� �
(2)

where Vb is the breakthrough volume (mL), Vx is the
exhaustion volume (mL) and Fm is the flow rate
(mL min−1).

The time required to achieve PAZ is given by
Eq. (3) [29,30]:

tf ¼ 1� fð Þtd (3)

where tf is the time of PAZ formation and f is the
fractional capacity of adsorbent in the adsorption
zone, which is characterised by removal of the solute
from the solution under limiting conditions.

The adsorbent fractional capacity (f) is given by
Eq. (4) [29,30]:

f ¼
R vx
vb

C0 � Cð Þ
C0 Vx � Vbð Þdv (4)

Thus, for depth, D, of the adsorbent, the depth and
time ratios are given by Eq. (5):

d
D

¼ td
tx � tf
� � (5)

where δ is the PAZ length (cm), and D is the
adsorbent depth (cm).

The column saturation percentage is obtained by
Eq. (6):

% saturation ¼ 1� dðf � 1Þ
D

� �
� 100 (6)

The maximum capacity of toxic metal ion removal by
the column is given by Eq. (7) [30]:

Q ¼ C0xV

ms

Z t¼x

t¼0

1� C

C0

� �
dt (7)

where Q is the maximum adsorption capacity
(mg g−1), C0 and C are the initial concentrations of
the solution and the metal ion in a determined
volume (mg L−1), respectively, ms is the adsorbent
mass (g), V is the flow rate (L min−1) and t is the
time (min).

2.4.3. Thomas model

The Thomas model is one of the most general and
widely used methods in column performance theory.
This model determines the maximum solid-phase
concentration, where external and internal diffusion
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are limiting steps. The Thomas model is expressed by
Eq. (8) [31]:

C

C0
¼ 1

1þ exp Kt q0mc�C0Veð Þ
Fm

h i (8)

where C is the adsorbate concentration in a specific
volume, C0 is the initial solution concentration
(mg L−1), Kt is the kinetic adsorption rate constant
(L min−1 mg−1), q0 is the maximum solid-phase concen-
tration (mg g−1) at the maximum adsorption capacity,
ms is the amount of biosorbent (g), Fm is the volumetric
flow rate (L min−1), and Ve is the effluent volume (L).

The adsorption capacity of the bed, q0, and the
Thomas constant, Kt, can be obtained from the inter-
cept and slope, respectively, of a curve obtained by
plotting ln(C/C0 − 1) as a function of Ve/Fm = t or as a
function of Ve from the breakthrough point, Cb, until
exhaustion point, Cx. These constants can be obtained
using non-linear regression analysis. The Thomas
model can be linearised as Eq. (9):

ln
C0

C
� 1

� �
¼ Ktq0ms

Fm
� KtC0Ve

Fm
(9)

2.4.4. Column regeneration and experiments with
effluent from the electroplating industry

Sample volumes of 250 mL containing 100.0 mg L−1

of Pb2+, Cu2+, Ni2+, Zn2+ and Cd2+ were applied to the
CPB-packed column using a previously described
methodology. After application of the sample to the
column, the column was eluted with 50 mL of
1.0 mol L−1 HCl and 1.0 mol L−1 HNO3. Aliquots of
10.0 mL were collected and the ion concentrations were
determined before and after the adsorption process.

Samples were applied to the column five times,
and for each cycle, 50 mL of water, 250 mL of
multi-metal solution and 50 mL hydrochloric acid
(1.0 mol L−1) were used for metal ion desorption.

A natural effluent obtained from the electroplating
industry (Fortaleza, CE, Brazil) was studied to deter-
mine the best conditions for the fixed-bed biosorption
process.

3. Results and discussion

3.1. Biosorbent characterisation

The adsorbent studied is a natural polymer com-
posed mainly of cellulose, hemicellulose and lignin in

different proportions. Alkali treatment causes the
change in configuration of cellulose which causes an
increased availability of active sites for adsorption.
Therefore, the main functional groups were observable
by absorption spectra in the infrared region, as shown
in Fig. 1(a). It can observe an absorption range of
polysaccharides in a broad band between 3,100 and
3,500 cm−1. The bands at 3,535 and 3,371 cm−1 are
indicative of stretching due to the presence of –OH
and –NH functional groups, whereas the bands at
2,921 and 2,928 cm−1 are characteristic of C–H func-
tional groups that result in the stretching apparent in
fibres including cellulose, hemicellulose and lignin.
The absorption band at 1,650 to 1,736 cm−1 was
assigned to C=O groups found in carboxylic acid,
ketones, aldehydes, esters and carbonyl [32]. The band
observed at 1,557 cm−1 can be attributed to amines
and amides groups, and the bands at 1,036 and

Fig. 1. Infrared spectra of the cashew peduncle bagasse
before and after treatment with NaOH 0.1 mol L−1 (a).
X-ray fluorescence spectra of the metals adsorbed onto the
cashew peduncle bagasse that had been treated with an
alkaline solution (b).
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1,072 cm−1 are characteristic of C–O alcohol groups.
The bands of the C=O groups were more intense than
those of the C–O groups, likely due to the presence of
a greater number of C=O groups in the biosorbent.
The vibrational modes after chemical treatment have
not significantly changed, and the main bands
appeared approximately in the same range as the
wave numbers. The functional groups observed in the
treated and untreated materials were primarily
responsible for metal adsorption from the tested
solution.

XRF measurements were performed to obtain
information about the metal ions present on the adsor-
bent surface fibres (Fig. 1(b)). Raw CPB was analysed
for adsorbed metal ions after chemical treatment
(Table 1). Pb2+, Cd2+ and Ni2+ ions were not observed
in this sample. Following treatment with the multi-
metal ion solution, analysis of the fibre demonstrated
increased Cu2+ (from 1.78 to 29.21%) and Zn2+ (1.84 to
10.69%) ion retention. These results suggest that the
fibre adsorbed these ions from solution in the presence
of Pb2+ (37.40%), Cd2+ (7.55%) and Ni2+ (10.51%) ions
at a range of concentrations, as shown in Fig. 2(b) and
the data presented in Table 1. Additionally, all the
other ions present in the raw CPB (without chemical
modification) had their quantities reduced after chemi-
cal treatment. The K+ (35.42%) and Ca2+ (27.19%) ions
comprised the majority of the ions present in the raw
fibre, and these values changed to 1.63 and 0.83%,
respectively, after treatment. This suggests that one
type of metal is removed by ion-exchange mechanism.

To obtain more information about the surface
structure of these samples, SEM micrographs of the

CPB before and after chemical treatment were
obtained with a magnification of 500× and a particle
size within the range of a 20–59 mesh (see Fig. 2).
Both samples demonstrated a heterogeneous surface
with variable pore sizes, and the particles in the raw
sample were more highly aggregated than in the trea-
ted fibre. Fig. 3 shows two cashew samples following
the partial removal of the lignin with an alkaline solu-
tion. This treatment increased the surface area and
improved the ion retention by the cashew matrix.

3.2. Column adsorption

3.2.1. Adsorbent characterisation and flow rate and bed
height effects

The physical properties of the column containing
the adsorbent are shown in Table 2. The data indicate

Table 1
Percentages in mass (% m/m) of the elements found in
BPC before and after adsorption process (obtained by
XRF)

Element BPC
BPC-
adsorption

K 35.42 1.63
Ca 27.19 0.83
S 11.32 0.93
Fe 6.96 0.26
Si 5.07 0.52
Al 4.82 –
P 4.50 0.40
Zn 1.84 10.69
Cu 1.78 29.21
Cl 1.11 0.10
Pb – 37.40
Cd – 7.55
Ni – 10.51

Fig. 2. SEM image of the cashew peduncle bagasse with
particle sizes in the range of a 20–59 mesh (500×). Both
untreated (a) and treated (b) with NaOH 0.1 mol L−1 are
shown.
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that the packing density was less than 8.8% and that
the porosity was greater than 85%. Normally, a
lower packing density leads to a greater porosity of
the bed.

The effect of bed height (mass of adsorbent) on the
adsorption of metal ions was investigated at an
approximate ion concentration of 100.0 mg L−1. Bed
heights of 8.0 and 12.0 cm, representing a mass of 1.50
and 2.50 g of the treated CPB, respectively, were
tested. The breakthrough curves plotted for each bed
height are shown in Fig. 3(a)–(d).

An increased bed height corresponds to a greater
column adsorption capacity. According to the

literature, a greater bed height correlates with a longer
service time in the column due to the increased
superficial area and the amount of active sites avail-
able for binding in the adsorbent [33]. Accordingly, as
the bed height increased, the maximum adsorption
capacity of the column increased. Thus, a bed height
of 12.0 cm was selected for further analysis of the
breakthrough curves.

Tests were performed to determine the optimal
flow rate for the removal of metal ions using flow
rates of 3.0 and 6.0 mL min−1 at a constant bed
height of 12.0 cm (equivalent mass of 2.50 g CPB
treated). The breakthrough curves obtained from a
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Fig. 3. Breakthrough curves for metal ions on cashew peduncle bagasse with a fixed bed height and flow rate for the
adsorption of Pb2+, Cu2+, Ni2+, Cd2+ and Zn2+. (a) Flow rate of 3.0 mL min−1 and a bed height of 8.0 cm; (b) flow rate of
6.0 mL min−1 and a bed height of 8.0 cm; (c) Flow rate of 3.0 mL min−1 and a bed height of 12.0 cm; (d) flow rate of
6.0 mL min−1 and a bed height of 12.0 cm. A multi-element model solution with a concentration of 100.0 mg L−1 and a
pH of 5.0 was evaluated at room temperature (28 ± 2˚C).
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multi-element solution are shown in Fig. 3. It should
be noted that both the volume and the volume of
rupture saturation decreased significantly when the
flow rate was increased from 3.0 to 6.0 mL min−1. This
behaviour is because the increased flow rate caused a
decrease in the residence time of the metal ions in the
adsorbent bed, which consequently decreased
the removal efficiency of metal ions present in the
solution. Thus, decreasing the flow volume effectively
increased the time of column breakthrough and the
treatment time of the bed, as anticipated [34]. This
was especially the case for the removal of Pb2+,
indicating that a larger solution volume could be
treated. This observation was also noted for Cu2+, as
shown in Fig. 3. The results presented in Table 2
revealed that the hydraulic detention time (HDT)
increased from 83.3 to 366.6 min, thereby decreasing
the time required to achieve column breakthrough. It
is important to note that a greater hydraulic loading is
associated with decreased adsorption due to the
reduced contact time between the adsorbent and the
adsorbate [29].

3.2.2. Breakthrough curves for single- and multi-
element solutions

With the operating conditions optimised for the
column (bed height of 12.0 cm and a flow rate of
3.0 mL min−1), experiments were conducted to deter-
mine the column adsorption performance with a solu-
tion having an initial concentration of 100.0 mg L−1.

The breakthrough curves for single solutions of the
each metallic ion, treated with CPB, are shown in
Fig. 4. The values of Cb, Cx, Vb and Vx for single- and

multi-metal systems are given in Table 3. These values
were then used to calculate tx, tδ, tf, f and per cent
saturation at the breakpoint (Table 3).

In a single-element system, the time to move the
PAZ (tx) was the longest for Pb2+ (500 min) and the
shortest for Ni2+ (170 min); Cu2+, Cd2+ and Zn2+

demonstrated intermediate tx values. The time
required to move the adsorption zone down in the
column (tδ) ranged from 95 to 195 min. The time
required for the initial formation of the PAZ (tf) ran-
ged from 51 to 98 min. The fractional capacities of the

Table 2
Physical parameters of the column bed containing the adsorbent. Hydraulic detention time (HDT), observed in the
system of the column, in different flows (Initial concentration: 100.0 mg L−1 of multi-component model solution; pH 5.0;
bed height 12.0 cm)

Properties Cashew peduncle bagasse

Column diameter (dL) (cm) 1.10
Bed height (cm) 8.0;12.0
Total area of the column (cm2) 105.5
Volume of the empty column (VL) (cm

3) 28.50
Mass of adsorbent in the column (g) 2.50
Bulk density (g cm3) 0.596
Packing density (g cm3) 0.087
Particle volume (Vap) (cm

3) 4.19
Porosity of the bed (%) 0.853
Flow (mL min−1) 3.0; 6.0
Hydraulic load (mL min−1 cm−2) 3.16; 6.31
HDT (min) 366.6; 83.33
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Fig. 4. Breakthrough curves for Pb2+, Cu2+, Ni2+, Cd2+ and
Zn2+ using cashew peduncle bagasse on the column (sin-
gle-element system). The initial solution concentration was
100 mg L−1 at a pH of 5.0. The experiment was conducted
with a flow rate of 3.0 mL min−1 and a bed height of
12.0 cm at room temperature (28 ± 2˚C).

10468 S.A. Moreira et al. / Desalination and Water Treatment 57 (2016) 10462–10475



column (f) in the adsorption zone at the breakpoint
were 0.496, 0.484, 0.448, 0.480 and 0.491 for Pb2+, Cu2+,
Ni2+, Cd2+ and Zn2+, respectively. The per cent satura-
tion observed from highest to lowest was:
Pb2+ > Cd2+ > Zn2+ > Ni2+ > Cu2+.

In a multi-metal system, Fig. 3(c), the saturation
volumes were lower than those for single ions. The
time to establish the PAZ (tx) was the longest for
Pb2+ (353 min) and the shortest for Cd2+ (47 min);
Cu2+, Ni2+ and Zn2+ demonstrated intermediate tx
values. The time required to shift the adsorption
zone down the column (tδ) ranged from 17 to
273 min. The time required for the initial formation
of the PAZ (tf) ranged from 8 to 74 min. The

fractional capacities of the column (f) in the adsorp-
tion zone at the breakpoint were 0.728, 0.517, 0.500,
0.507 and 0.452 for Pb2+, Cu2+, Ni2+, Cd2+ and Zn2+,
respectively (Table 3).

The per cent saturations for the metal ions on the
column were observed in the following order:
Cd2+ > Pb2+ > Ni2+ > Zn2+ > Cu2+. The results demon-
strated that the greatest percentage of saturation was
obtained for Cd2+ using a short adsorption zone
length, whereas for the other ions, the presence of a
longer adsorption zone increased the per cent satura-
tion. The literature has reported that a smaller adsorp-
tion zone (δ) and high fractional rate (f) corresponded
to the most efficient removal.

Table 3
Parameters obtained from breakthrough curves. Condition: 3 mL min−1 flow rate, bed height 12.0 cm, pH 5.0 at ambient
temperature (28 ± 2˚C)

Metal ion Cb (mg L−1) Cx (mg L−1) Vb (mL) Vx (mL) Fm (mL min−1) tx (min) tδ (min) tf (min) f δ (cm) Saturation (%)

Single-element (synthetic effluent)
Pb2+ 4.47 79.65 915 1,500 3.0 500 195 98 0.496 5.8 75.52
Cu2+ 4.67 73.54 300 855 3.0 285 185 96 0.484 11.7 49.64
Ni2+ 5.01 77.72 225 510 3.0 170 95 52 0.448 9.7 55.46
Cd2+ 4.89 98.95 450 750 3.0 250 100 52 0.480 6.1 73.76
Zn2+ 4.40 84.90 255 555 3.0 185 100 51 0.491 9.0 62.07
Multi-element (synthetic effluent)
Pb2+ 3.22 62.21 240 1,060 3.0 353 273 74 0.728 11.8 73.41
Cu2+ 2.74 58.97 150 400 3.0 133 83 40 0.517 10.7 56.75
Ni2+ 2.55 70.59 80 160 3.0 53 27 13 0.500 8.0 66.75
Cd2+ 3.16 51.33 90 140 3.0 47 17 8 0.507 5.2 78.71
Zn2+ 2.20 74.07 80 150 3.0 50 23 13 0.452 7.5 65.66
Multi-element (real effluent)
Cu2+ 18.03 53.10 10 30 3.0 10 7 2 0.695 10.13 50.1
Ni2+ 1.500 3.500 10 30 3.0 10 7 3 0.500 12 50.1
Zn2+ 2.200 49.30 170 650 3.0 217 160 57 0.647 12 64.7

Table 4
Comparison of adsorption capacity of Pb2+, Cu2+, Ni2+, Cd2+ and Zn2+ with several biosorbents to system of fixed bed

Adsorbent

Q (mg g−1)

pH
Flow
(mL min−1)

Bed
height (cm) ReferencesPb2+ Cu2+ Ni2+ Cd2+ Zn2+

Cashew peduncle (metal single) 49.71 25.83 16.86 28.58 19.43 5 3 12 This work
Cashew peduncle (metal multi) 29.83 10.63 4.74 3.59 4.10 5 3 12 This work
Green coconut shell (metal single) 54.62 41.36 16.34 37.78 17.08 5 2 10 [35]
Green coconut shell (metal multi) 17.90 20.26 3.12 11.96 7.32 5 2 10 [35]
Sphagnum peat moss – – 5.41 8.15 – 3.9 1.5 15 [36]
Tea waste 65.00 48.00 – – – 5–6 20 10 [37]
Paenibacillus polymyxa – 69.02 62.80 – – 5 1.5 6 [38]
SWC Calcium–alginate beads – – – 23.6 – 6 1 30 [39]
Tamarindus – 110.472 – – – 6 10 12 [40]
Expanding rice husk – 5.838 – – – 5.45 10 9 [41]
Tururi Fibers 6.30 16.30 6.40 18.20 – 5.5 1 9.5 [42]
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The adsorption capacity results obtained for the
adsorption of toxic metal ions from single- and multi-
metal ion solutions on CPB for fixed-bed column sys-
tems are compared with other types of waste biomass
used for the adsorption treatment of aqueous solutions
containing toxic metals in Table 4 [35–42]. As illustrated
in Table 4, the CPB demonstrated good adsorption
capacity when compared to other adsorbents. This
result may be related to the experimental conditions
employed as well as to the affinity of the metal ions for
the functional groups present on the adsorbent surface.

In this study, we verified the feasibility and poten-
tial use of treated cashew bagasse as an inexpensive,
effective and readily available material that can be

used in place of commercially available conventional
adsorbents for the treatment of industrial effluents.
However, a direct comparison between the adsorbents
is difficult due to the use of different experimental
conditions across studies.

3.2.3. Thomas model

A successful design of a column ion-exchange
process requires prediction of the concentration–time
profile for the effluent. The maximum adsorption
capacity of an adsorbent is also required for design of
this process. The Thomas model was applied to the
experimental data obtained for synthetic multi-metal

Table 5
Predicted parameters from Thomas model for multi-metal ions adsorption on cashew peduncle bagasse

Flow rate
(mL min−1)

Bed height Bed height
(8.0 cm) (12.0 cm)

Non linear Linear Non linear Linear

Pb2+ 3.0 Kt 1.79 × 10−4 1.85 × 10−4 3.17 × 10−4 3.19 × 10−4

q0 1.77 1.61 1.69 1.84
SSE 8.46 × 10−14 6.15 0.00 26.88

6.0 Kt 3.32 × 10−4 3.67 × 10−4 2.29 × 10−4 2.28 × 10−4

q0 1.31 1.07 2.55 2.82
SSE 3.75 × 10−17 10.02 0.00 29.79

Cu2+ 3.0 Kt 4.68 × 10−4 4.77 × 10−4 1.31 × 10−3 1.31 × 10−3

q0 8.63 7.75 7.18 7.37
SSE 1.91 × 10−14 2.14 7.70 × 10−30 0.518

6.0 Kt 5.24 × 10−4 5.06 × 10−4 9.08 × 10−4 9.07 × 10−4

q0 5.91 5.63 9.03 9.09
SSE 6.94 × 10−2 0.0767 1.28 × 10−13 17.59

Ni2+ 3.0 Kt 1.77 × 10−3 1.79 × 10−4 3.10 × 10−3 3.10 × 10−3

q0 3.09 2.90 3.49 3.85
SSE 8.51 × 10−14 0.108 1.97 × 10−31 1.41

6.0 Kt 5.24 × 10−3 5.06 × 10−4 5.19 × 10−3 5.32 × 10−3

q0 5.91 5.63 3.44 1.86
SSE 2.03 1.08 7.40 × 10−31 15.42

Cd2+ 3.0 Kt 1.50 × 10−4 1.50 × 10−4 3.67 × 10−3 3.67 × 10−3

q0 4.62 4.74 3.13 3.23
SSE 3.32 × 10−15 0.040 1.97 × 10−31 1.41

6.0 Kt 5.24 × 10−3 5.06 × 10−4 4.13 × 10−3 4.19 × 10−3

q0 5.91 5.63 4.36 2.36
SSE 4.02 × 10−1 13.03 3.70 × 10−13 17.39

Zn2+ 3.0 Kt 1.89 × 10−3 1.89 × 10−3 3.37 × 10−3 3.37 × 10−3

q0 4.09 4.18 3.13 3.48
SSE 1.82 × 10−16 0.03 1.2310−32 0.01

6.0 Kt 1.81 × 10−3 1.81 × 10−3 5.48 × 10−3 5.48 × 10−3

q0 6.73 7.25 3.45 3.59
SSE 1.48 × 10−16 0.54 8.39 × 10−31 0.10
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ion solutions percolated through the column at a flow
rate of 3 to 6 mL min−1 and a bed height of 8 to 12 cm.

Nonlinear regression analysis was performed using
the sum of squared errors (SSE) for every experimen-
tal data-set. The values of Kt and q0 were determined
using the lowest error values in each case, by adjust-
ing and optimising the functions themselves using the
solver add-in for Microsoft Excel®. The values of Kt

and q0 obtained using the lowest error values are
shown in Table 5. The SSE is given by Eq. 10 [43]:

SSE ¼
Xp
i¼1

qe � qcalð Þ2 (10)

where qe is the adsorption capacity determined from
the column data, qcal is the estimated adsorption
capacity and p is the number of parameters in the

regression model. A smaller function value indicates
the best curve-fitting.

Application of the Thomas model revealed that it
did not fit the experimental data well, except for
experiments with a bed height of 12.0 cm and a flow
rate of 3.0 mL min−1, as observed for Cu2+ (Fig. 5). For
these optimal conditions, the experimental data were
well-described by the Thomas model for all of the
metal ions studied.

The nonlinear regression (NL) analysis represents
the theoretical data more accurately than the linear
regression analysis (L). As reported in Table 5, the
model errors for NL were lower than for L, demon-
strating a better model fit.

According to the data presented in Table 5,
increasing the flow rate from 3 to 6 mL min−1

increased the Thomas rate constant (Kt) by 1.1, 1.9, 2.9
and 3.5-fold-control for Cu2+, Pb2+, Ni2+ and Cd2+,
respectively, likely because the adsorption rate of
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Fig. 5. Experimental and predicted data from Thomas model (nonlinear) for Cu2+ adsorption in a fixed bed and flow rate
on cashew peduncle bagasse: (a) 6 mL min−1 flow rate, bed height 12.0 cm, (b) 3 mL min−1 flow rate, bed height 12.0 cm,
(c) 6 mL min−1 flow rate, bed height 8.0 cm, and (d) 3 mL min−1 flow rate, bed height 8.0 cm.
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metal ion transfer from the solution to the fixed-bed
column was primarily driven by flow rate [44].

It should also be noted that adsorption capacity for
some metal ions decreased with increased bed height
(Table 5). Copper and lead ion adsorption increased
with increased flow, whereas for nickel, cadmium and
zinc ions the adsorption capacity decreased. Kt repre-
sents the rate mass transfer of metal ions from the
solution to the CPB and was observed for the ions in
the following order: Cd > Zn > Ni > Cu > Pb. In con-
trast, the rate of mass transfer for multi-metal solu-
tions followed the order of adsorption capacity:
Pb > Cu > Ni > Zn > Cd, highlighting both the effects
of metal ion competition and the affinities of Pb and
Cu for adsorbent sites.

3.2.4. Breakthrough curves for an electroplating
industry effluent

The same tests performed to characterise the
breakthrough curves of multi-metal systems were also
performed using an effluent sample from the electro-
plating industry that contained Cu2+ (61.16 mg L−1),
Ni2+ (3.97 mg L−1) and Zn2+ (47.70 mg L−1). The
experimental conditions were optimised for fixed-bed
biosorption, and the results are reported in Table 3.
When the pH was changed to 5.0, saturation occurred
at volumes of 30 mL for Cu2+ and 650 mL for Zn2+.
The behaviour of the breakthrough event was different
when compared to the synthetic effluent samples, and
this may have resulted from competition with others

metal ions, e.g. Pb2+. The saturation volume of Ni2+

was not changed. The values of Cb, Cx, Vb and Vx as
interpolated from the data presented in Fig. 6, were
used to calculate tx, tδ, tf, f and the per cent saturation
at the breakthrough event.

The total time to establish the PAZ (tx) ranged
from 10 to 217 min. The time required to move the
adsorption zone down the column (tδ) and the time
required for the initial formation of the PAZ (tf) ran-
ged from 7 to 160 and 2 to 57 min, respectively. The
adsorption capacities increased to 0.132, 5.96 and
42.50 mg g−1 for Ni2+, Zn2+ and Cu2+, respectively.
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Fig. 6. Breakthrough curves of a real effluent sample
using cashew peduncle bagasse at a pH of 5. Experiments
were conducted with a flow rate of 3.0 mL min−1, bed
height of 12.0 cm and at room temperature (28 ± 2˚C).
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Fig. 7. Percent desorption of metal ions from the column
using acid eluents HCl (mol L−1) (a) and HNO3 (mol L−1)
(b). A model multi-element solution with an initial concen-
tration of 100 mg L−1 at a pH of 5.0 was used with a flow
rate of 3.0 mL min−1 and a bed height of 12.0 cm at room
temperature (28 ± 2˚C).
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The percentage of saturation at pH of 1.14 was
approximately 50% for all metal ions, whereas at pH
of 5, 83.42% saturation was observed for Ni2+, 71.45%
for Zn2+ and 56.40% for Cu2+. It may be concluded
that at a pH of 5 the competitive effects of protons for
active sites on the adsorbent were diminished.

3.2.5. Column regeneration and recycling of the column

A column bed depth of 12.0 cm and a flow rate of
3.0 mL·min−1 were selected for this study. Desorption
flow experiments were conducted after column satura-
tion with a multi-metal ion solution, and the results
are shown in Fig. 7.

Metal ion desorption was carried out by an acid
elution method using HCl (1.0 mol L−1) and HNO3

(1.0 mol L−1) as shown in Fig. 7. An optimal eluent
would elute all of the ions using a low volume [35].
Our results demonstrated that both acids removed all
metal ions using 50 mL of acid solution. However,
due to the low cost of HCl, it was chosen for studies
of column regeneration.

After the adsorption and desorption experiments,
tests were conducted to evaluate whether the column
could be recycled. The results following five regenera-
tion cycles are shown in Fig. 8. It was observed that
reuse of the adsorbent decreased the removal effi-
ciency for all metal ions when compared to the first
cycle. The removal capacities were reduced more than
90% for Pb2+, 44% for Cu2+, 99% for Ni2+, 81% for
Cd2+and 74% for Zn2+.

4. Conclusions

Single- and multi-metal ion removal was improved
by batch processing of column adsorption. The break-
through capacities using cashew peduncle bagasse for
the adsorption of single- and multi-metal ion solutions
containing Pb2+, Cu2+, Ni2+, Cd2+ and Zn2+ were 49.71,
35.83, 16.86, 39.58 and 29.43 mg g−1, and 29.83, 14.63,
6.740, 4.590 and 5.100 mg g−1, respectively.

The maximal adsorption efficiency of cashew
peduncle bagasse was demonstrated by eluting Pb2+,
Cu2+, Ni2+, Cd2+ and Zn2+ from exhausted columns.
We observed that 100% of the metal ions, except for
Pb2+, could be recovered when 40 mL of 0.1 mol L−1

HCl or HNO3 were used as the eluent.
Adsorbent regeneration decreased the removal

efficiency for all of the metal ions in the first cycle;
however, the recovery of metal ions from small
effluent volumes suggests that CPB is an economical
adsorbent for a simple disposal method of preconcen-
trated metal ions.
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[32] Á.G. Paulino, A.J. da Cunha, R.V.S. da Silva Alfaya,
A.A.S. da Silva Alfaya, Chemically modified natural
cotton fiber: A low-cost biosorbent for the removal of
the Cu(II), Zn(II), Cd(II), and Pb(II) from natural
water, Desalin. Water Treat. 52 (2014) 4223–4233.

[33] R. Han, W. Zou, H. Li, Y. Li, J. Shi, Copper(II) and
lead(II) removal from aqueous solution in fixed-bed
columns by manganese oxide coated zeolite, J.
Hazard. Mater. 137 (2006) 934–942.

[34] G. Xiao, X. Zhang, H. Su, T. Tan, Plate column
biosorption of Cu(II) on membrane-type biosorbent
(MBS) of Penicillium biomass: Optimization using
statistical design methods, Bioresour. Technol. 143
(2013) 490–498.

[35] F.W. Sousa, M.J.B. Silva, I.R.N. Oliveira, A.G. Oliveira,
R.M. Cavalcante, P.B.A. Fechine, V.O. Sousa Neto, D.
Keukeleire, R. F. Nascimento, Evaluation of a low cost
adsorbent for removal of toxic metal ions from
wastewater of an electroplating factory, J. Environ.
Manage. 1 (2009) 1–5.

10474 S.A. Moreira et al. / Desalination and Water Treatment 57 (2016) 10462–10475

http://dx.doi.org/10.1002/app.40744
http://dx.doi.org/10.1002/app.40744


[36] P. Champagne, C. Li, Use of Sphagnum peat moss
and crushed mollusk shells in fixed-bed columns for
the treatment of synthetic landfill leachate, J. Mater.
Cycles Waste Manage. 11 (2009) 339–347.

[37] B.M.W.P.K. Amarasinghe, R.A. Williams, Tea waste as
a low cost adsorbent for the removal of Cu and Pb
from wastewater, Chem. Eng. J. 132 (2007) 299–309.
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