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ABSTRACT

In this work, olive stone (OS) was utilized to investigate its capacity as biosorbent for
methylene blue (MB) and Cr(III), which are usually present in textile industry effluents.
Equilibrium and kinetic experiments were performed in batch experiments. The biosorption
process followed pseudo-second-order kinetics. The equilibrium data were fitted with sev-
eral models, but Langmuir and Sips models best reproduced the experimental results. Maxi-
mum biosorption capacities were 3.296 mg/g (0.0116 mmol/g) and 4.990 mg/g
(0.0960 mmol/g) for MB and Cr(III), respectively. Several operation variables, such as
biosorbent mass, flow rate, and initial concentration on the removal of dye and metal, were
evaluated in column system. The removal efficiency improved as OS mass increased and
decreased when flow rate and initial concentration increased. Also, MB uptake was substan-
tially decreased by increasing the initial concentration of Cr(III), ranging from 6.09 to
2.75 mg/g. These results show that the presence of Cr(III) significantly modifies the biosorp-
tion capacity of MB by the OS. These results suggest that OS is a potential low-cost food
industry waste for textile industry wastewater treatment.
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1. Introduction

Industrial activities produce effluents with a wide
range of chemicals. For example, tannery effluents not
only contain organic compounds but also inorganic
compounds, like dyes and heavy metals [1]. Both
pollutants are nonbiodegradable and tend to accumu-
late in living organisms, provoking several disorders

[2] and high environmental problems. Moreover, these
compounds present difficulties to treat them. Dyes
have a complex molecular structure which makes
them difficult to biodegrade [3], while heavy metals
are known to be highly toxic at very low concentra-
tions [4]. Conventional technologies seem to be less
effective in the removal of these compounds, espe-
cially in the case of dyes, so biosorption emerged as a
promising treatment with the advantages of its
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operational simplicity, availability of biomass, no
nutrients requirements, low cost, and minimization of
chemicals and sludges [5,6]. Biosorption has been
proved to be a good tool to remove dyes and heavy
metals [7,8]. There are numerous studies which use
different biosorbent from agricultural wastes, [9] such
as orange peel, date pits, or tea waste [10,11], to
remove both pollutants. Most of these studies are
focused on the treatment of one pollutant or two
chemicals in a multicomponent system but of the
same type (two heavy metals or two dyes). However,
there are few works that deal with the treatment of
two different chemicals which has real industrial
application, as most of effluents contain dyes and
heavy metals [12].

This work evaluates the removal of two typical
pollutants of wastewaters from textile industry, such
as methylene blue (MB) and trivalent chromium, by
olive stone (OS). OS has been demonstrated to be a
good biosorbent in the removal of several heavy met-
als [13–16]. However, its usefulness has not been
proved with both pollutants in a binary system. There-
fore, the capacity of OS to remove both compounds
and the effects of each chemical in the biosorption
process are examined in the present study.

2. Materials and methods

2.1. Preparation of biomaterial (OS)

OS was provided by an oil extraction plant
“Cooperativa Nuestra Señora del Castillo” located in
Vilches, province of Jaen (Spain). The stones were
obtained from the separation process of the olive cake
with an industrial pitting machine. The solid was
milled with an analytical mill (IKA MF-10) and
<1.000 mm fraction was chosen for the characteriza-
tion and biosorption tests without any pretreatment.
The particle size for the experiments was 1–0.355 mm.
Results of physical–chemical characterization of OS
are presented in Table 1.

2.2. Preparation of solutions

Synthetic dye solution was prepared by dissolving
weighed amount of MB (C16H18N3SCl) in deionized
water and diluted to required concentrations. Cr(III)
solutions were prepared by dissolving chromium chlo-
ride hexahydrate (Cl3Cr·6H2O) in deionized water that
was further diluted to obtain desired concentrations of
the metal. The main properties of both molecules are
presented in Table 2. The pH of the solutions was
adjusted with 0.1 N solutions of NaOH and HNO3.

Cr(III) was analyzed by a flame atomic absorption
(AA) spectrophotometer (Perkin Elmer, Model A
Analyst 200) and MB was measured by UV spec-
trophotometry (λ = 664 nm).

2.3. Batch biosorption studies

2.3.1. pH effect

Before discussing the effect of pH on binary dye–
metal solution biosorption onto OS, experiments in
absence of biosorbent were performed to test the
behavior of the binary solution vs. pH of the medium.
A mixture of MB–Cr(III) in the ratio 1:1 (100 mg/L
MB + 100 mg/L Cr(III)) was prepared and the pH was
varied from 3 to 6 (pH values higher than 6 were not
studied to avoid the precipitation of metal). The opti-
mal operational conditions and maximal biosorption
capacity for both components separately (Table 3),
were obtained from previous studies for MB (data not
reported) and for Cr(III) [13]. To determine the effect
of pH on the removal of the binary aqueous system,
biosorption process was studied varying the pH range
of 3.0–6.0. According to the results obtained from the
experiments of single component, the following
experimental conditions were selected: contact time,
120 min; biosorbent concentration, 10 g/L; and
temperature, 25˚C.

Table 1
Physical–chemical characterization of OS [15]

Characteristics of OS

C % 52.34
H % 7.11
N % 0.03
S % <0.10
O % 40.47
HW % 12.16
EEB % 0.76
Lignin % 25.68
Holocellulose % 54.70
TC, mgC/L 36.84
TIC, mgC/L 0.02
TOC, mgC/L 36.82
BET surface area, m2/g 0.163
Internal surface, m2/g 0.140
External surface, m2/g 0.022
Total porous volume, cm3/g 1.84 × 10−3

Pore diameter, Å 453.02

Notes: HW: hot water extractable compounds; EEB: ethanol–ben-

zene extractable compounds; TC: total carbon; TIC: total inorganic

carbon; TOC: total organic carbon.
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2.3.2. Equilibrium and kinetic biosorption

To study the biosorption of binary dye–metal solu-
tion onto OS, the following experimental conditions
were taken for equilibrium and kinetic experiments:
1st set of experiments: Cr(III) initial concentra-
tion = 100 mg/L and MB initial concentration = 10, 20,
50, and 100 mg/L; 2nd set of experiments: MB initial
concentration = 100 mg/L and Cr(III) initial concentra-
tion = 10, 20, 50, and 100 mg/L, time = 120 min, and
pH 4–5. Samples at fixed time intervals were taken
during the kinetic experiment. Although all the experi-
ments have been performed using mass concentration,
(as it is worked in industry and expressed in environ-
mental legislation), biosorption capacity results in
equilibrium for each pollutants were expressed in
molar concentration in order to compare the real
uptake.

Cr(III) and MB uptake (q) and percentage of
removal (Removal %) were calculated according to
Eqs. (1) and (2), respectively:

q ¼ Ci � Ce

M

� �
� V (1)

Removal ð%Þ ¼ 1� Ce

Ci

� �
� 100 (2)

where Ci and Ce are the initial and equilibrium con-
centration of Cr(VI) in mg/L, respectively, M is the
amount of dry biomass in g, and V is the volume of
the Cr(III)/MB solution in L.

2.4. Column biosorption studies

2.4.1. Comparison of single and binary biosorption

Similar to batch experiments, biosorption tests of
binary aqueous systems were carried out but in fixed-
bed column. The performance of the two components
was studied in single and binary solutions. Three
experiments were set up with the following condi-
tions: MB initial concentration = 100 mg/L without Cr
(III); Cr(III) initial concentration = 100 mg/L without
MB; MB and Cr(III) initial concentration = 100 mg/L.
The rest of the variables were fixed constant for the
three experiments: pH 4, temperature = 25˚C, flow
rate = 4 mL/min, and mass of biosorbent = 7.5 g.
Effluent samples were collected at various time inter-
vals and analyzed.

2.4.2. Effect of different parameters in binary
biosorption

Continuous biosorption experiments of binary solu-
tions in fixed-bed column were performed in order to
assess the effect of biosorbent mass, initial concentra-
tion, and flow rate. The effect of biosorbent mass was
investigated with various biosorbent masses of 5.0, 7.5,
and 10.0 g. Columns of 22.5 cm of length and an inter-
nal diameter of 1.5 cm were used for different bed

Table 2
Properties of MB molecule and Cr(III) ion

MB Cr(III)

Molecular size 13.82 × 5.91 Å Ionic radius 0.69 Å

Formula C16H18N3SCl Formula Cl3Cr6H2O
Structure in aqueous solution Species dissolved in aqueous solution

(pH > 4)
Cr3+

Molecular weight in aqueous
solution

284.26 Atomic weight in aqueous solution 51.996

Charge +1 Charge +3

Table 3
Optimal values of operating parameters and maximum
biosorption capacity of MB and Cr(III) onto OS

MB Cr(III)

pH 7–8 4
Biosorbent (g/L) 5 10
Particle size (mm) <1.00 <1.00
Contact time (min) >60 >50
qmax Langmuir (mg/g) 9.35 5.19
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depths: 3.7 cm (weight of 5 g), 5.5 cm (weight of 7.5 g),
and 8 cm (weight of 10 g). The inlet concentration was
100 mg/L and flow rate was 4 mL/m, in all the cases.
The effect of initial concentration was studied using dif-
ferent concentrations of 50, 100, and 150 mg/L. Biosor-
bent mass and flow rate were held constant at 7.5 g and
4 mL/min, respectively. The influence of flow rate on
the removal process was investigated at three different
values: 2, 4, and 6 mL/min, at 100 mg/L initial concen-
tration and 7.5 g biosorbent mass. A peristaltic pump
was used to pump the solution through the fixed-bed
column at room temperature. Samples were collected at
regular intervals and the breakthrough curves were
obtained at different conditions.

3. Results and discussion

3.1. Batch experiments

3.1.1. Effect of solution pH

Table 3 shows the optimal pH for each single
component. For MB dye, the removal was maximum at
pH around 7–8. At basic pH, the surface of the biosor-
bent is negatively charged, thus, strong interactions
between cationic dye and the biosorbent take place.
According to previous studies, the zero point charge
(pHzpc) for OS is around 5 [14]. Thus, the biosorbent
carries a negative charge at pH above this value and
cationic dyes are best adsorbed beyond this pHzpc [8].
For Cr(III), maximum removal of metal was obtained
at pH 4. The retention of trivalent chromium by the OS
is mainly due to the ionic attraction between metal
ions and the biosorbent carboxylic groups [14,17,18].
For many biosorption systems, it is reasonable to
assume that, within a certain pH range, predominantly
only one binding site is responsible for sequestering
the metal ion. Titrations revealed the predominance of
carboxylic groups in the solid samples and they were
considered as the only groups responsible for remov-
ing lead, as these groups can be negatively charged at
pH 4 (pH value of the present study) [14].

The results of the pH effect experiment with the
binary solution of dye and metal without any biosor-
bent are shown in Fig. 1(a). It is observed that from
pH value of 4, there are no significant changes in the
case of MB. However, with increasing the pH, Cr(III)
concentration decreases slightly. This is evident as
Cr(III) precipitates at pH values above 6 [19].

Fig. 1(b) shows the results of the biosorption of
binary aqueous system onto OS, varying pH. The fig-
ure indicates a maximum uptake of the MB at pH 7.0,
as it occurs in the single biosorption experiment for
component MB (see Table 3). The maximum removal

of Cr(III) by OS takes place at pH above 6. As men-
tioned above, at pH values above 6 Cr(III) precipitates.
That explains the high removal levels of Cr(III) in
basic medium. Therefore, the optimal pH for the bin-
ary biosorption was around 4–5, close to the optimal
pH to remove MB, thus preventing the precipitation
of Cr(III).

3.1.2. Equilibrium biosorption

Two sets of experiments were performed to assess
the influence of the metal on MB biosorption onto OS
and vice versa.

Fig. 2 shows that MB uptake increased from 0.638
to 2.75 mg/g, when MB initial concentration varied
from 10 to 100 mg/L. However, biosorption capacity
of Cr(III) decreased slightly, ranging between 2.78 and
2.24 mg/g.
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Fig. 1. (a) Effect of pH on MB and Cr(III) without presence
of biosorbent and (b) Effect of pH on biosorption of MB
and Cr(III) onto OS for binary MB–Cr(III) solutions.
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In the second series of experiments, the biosorption
capacity of Cr(III) increased from 0.338 to 2.20 mg/g,
when the initial concentration of Cr(III) is raised from
10 to 100 mg/L. However, MB uptake is materially
decreased by increasing the initial concentration of Cr
(III), ranging from 6.09 to 2.75 mg/g. These results
showed that the presence of Cr(III) significantly modi-
fies the biosorption capacity of MB by the OS. Results
are shown in Fig. 3.

The equilibrium of the process is represented in
Fig. 4 through MB and Cr(III) isotherms for each of
the two series of experiments performed. Biosorption
capacity in equilibrium (qe) has been represented
versus equilibrium concentration (Ce).

In this study, the Sips (Eq. (3)) [20], Langmuir (Eq.
(4)) [21], and Freundlich (Eq. (5)) [22] isotherms have
been applied in the following nonlinear forms:

qe ¼ qmax
KsC

ns
e

1þ KsC
ns
e

� �
(3)

qe ¼ qmax
bCe

1þ bCe

� �
(4)

qe ¼ KFC
1=n
e (5)

where qe (mg/g) is the amount of solute adsorbed per
unit weight of biosorbent; Ce (mg/L) is the equilibrium
concentration of adsorbate in solution; qmax (mg/g) is a
constant related to maximum biosorption capacity for
a monolayer; b (L/mg) is a constant related to affinity
between biosorbent and adsorbate; KF ((mg/g)
(L/mg)1/n) and n are the (dimensionless) constants
related to the extent of the biosorption, Ks ((L/mg)1/ns)
is the equilibrium constant for a heterogeneous solid,
and ns is the Sips isotherm exponent (dimensionless).

The parameter values obtained for the three
models used are shown in Table 4.

Langmuir model best reproduces the experimental
results in all cases confirmed by Sips model, since in
this model the value of ns is practically 1, and there-
fore is equivalent to the model of Langmuir.

The maximum biosorption capacity values for MB
and Cr(III) are 3.296 and 4.990 mg/g, respectively.
This result shows that, in all cases, qe values for Cr(III)
are higher than qe for MB.

Comparing these results with qmax values obtained
for both pollutants in single experiments (Table 3),
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Fig. 2. Biosorption equilibrium capacity of Cr(III) and MB
vs. initial concentration of MB.
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Fig. 3. Biosorption equilibrium capacity of Cr(III) and MB
vs. initial concentration of Cr(III).
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Fig. 4. Isotherms of binary MB–Cr(III) solutions.
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9.35 and 5.19 mg/g for MB and Cr(III), respectively, it
is observed that the result for MB in the presence of
Cr(III) is significantly lower than qmax for single
experiments, while for Cr(III) the difference is not as
significant. This suggests that although OS presents a
higher biosorption capacity for MB than Cr(III), the
influence of Cr(III) over MB is important.

These results indicate that Cr(III) is first bound to
OS, avoiding that MB occupies the binding sites.
There is a competition between both molecules for the
binding sites. On the other hand, MB molecule size is
higher than Cr(III), which considerably reduces its
possibility of occupying OS pores, favoring the
occupation of the pores by Cr(III).

In order to compare these values properly, maxi-
mum biosorption capacity of MB and Cr(III) have
been expressed in mmol/g, obtaining values for MB
and Cr(III) as 0.0116 and 0.0960 mmol/g, respectively.
As mentioned previously, for the case of binary solu-
tion, biosorption capacity is higher for Cr(III) but
when expressing this value in mmol/g, this difference
is more marked.

3.1.3. Kinetic biosorption

Figs. 5 and 6 show the biosorption capacity for
each period of time (qt), vs. contact time, for each of
the different concentrations of MB and Cr(III) tested.

Comparing the kinetics for both pollutants, it is
observed that the biosorption process occurs faster for
Cr(III) than MB, since equilibrium is reached prior to
chromium. However, increasing the initial concentra-
tion, this difference becomes less marked. In fact, at
concentration of 100 mg/L no equilibrium is reached
(neither for MB neither for Cr(III)) being needed a
contact time higher to 120 min.

In order to investigate the mechanism of biosorp-
tion, the pseudo-second-order kinetic model was cho-
sen to test dynamic experimental data. This model is
used to predict the process behavior in a wide range
of operation conditions and it is expressed by the
following equation [23]:

dqt
dt

¼ ks2 ðqe � qtÞ2 (6)

where qe (mg/g) is the equilibrium biosorption
capacity; qt (mg/g) is the biosorption capacity at time
t; ks2 is the pseudo-second-order rate constant of
biosorption (g/mg min).

The integral form of above expression is:

Table 4
Langmuir, Freundlich, and Sips models parameters of equilibrium biosorption for binary dye–metal solutions

Langmuir
qmax (mg/g) b (L/mg) r2

P
qexp � qcal
� �2

MB 3.296 0.0823 1.00 0.0379
Cr(III) 4.990 0.0106 0.999 0.0312

Freundlich
KF (mg/g) (L/mg)1/n n r2

P
qexp � qcal
� �2

MB 0.679 3.10 0.904 0.436
Cr(III) 0.133 1.56 0.994 0.0465

Sips
qmax (mg/g) KS (L/mg) ns ((L/mg)1/ns) r2

P
qexp � qcal
� �2

MB 3.271 0.0798 0.98 1.00 0.0335
Cr(III) 5.105 0.0116 1.03 0.999 0.0295
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Fig. 5. Biosorption capacity of OS for MB vs. time, in
binary solutions.
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qt ¼ t
1
h þ t

qe

(7)

where h = ks2 q
2
e (mg/g min) is the initial sorption rate.

Table 5 shows the values of the pseudo-second-
order model parameters for each experiment. Accord-
ing to h, for an initial concentration of 10 mg/L the
biosorption process is faster for Cr(III) than MB. How-
ever, when increasing the initial concentration of the
pollutants the process is reversed, getting an h value
of 0.2 and 0.1 mg/g min, for MB and Cr(III),
respectively.

However, the pseudo-second-order kinetic constant
values indicate that equilibrium is reached faster for
Cr(III), for all different concentrations.

As expected, biosorption capacity values increase
when increasing initial concentration of the pollutant
in both cases, and these values are higher for MB.

3.2. Column experiments

3.2.1. Breakthrough curves

As it can be observed in Fig. 7, breakthrough
curves show similar trend when comparing single
component solutions with binary solutions. However,
breakthrough time was reached sooner in binary aque-
ous systems. For the case of single-component MB
solution, the breakthrough time was attained at
50 min, while for binary solution, it was accomplished
around 20 min. Regarding Cr(III), there is no signifi-
cant difference between single and binary solution as
in both cases the breakthrough time was reached in
the first ten minutes. However, the exhaustion time
was reached faster for the binary system case. As
batch experiments indicated, there is a negative influ-
ence of the metal on dye biosorption.

Characteristic parameters of the breakthrough
curves were obtained according to the following equa-
tions proposed in previous works [18,24].

The volume of the effluent at total flow time, can
be calculated through the following equation:

Veff ¼ Q ti (8)

where Veff is the volume of effluent (mL), ti is the total
flow time (min), and Q is the volumetric flow rate,
(mL/min).

The total mass of solute adsorbed is calculated by
Eq. (9):

qtotal ¼
Q

1000

Z t¼ti

t¼0

CR dt (9)

where qtotal is the total mass of solute adsorbed (mg)
and CR is the concentration of solute removed (mg/L).

The total amount of solute sent to the column until
total flow time, can be calculated by Eq. (10),

t, min
0 20 40 60 80 100 120 140

q t, m
g/

g

0.0

0.5

1.0

1.5

2.0

2.5

10 
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50
100

Ci MB = 100 mg/L

Ci Cr (III), mg/L pseudo-second-order model

Fig. 6. Biosorption capacity of OS for Cr(III) vs. time, in
binary solutions.

Table 5
Pseudo-second-order model parameters for binary dye–metal solutions biosorption

Ci (mg/L) qe (mg/g) h (mg/g min) ks2 (g/mg min) r2

MB 10 0.674 0.121 0.267 0.999
20 1.330 0.217 0.123 0.998
50 2.607 0.194 0.0285 0.983
100 2.841 0.227 0.0282 0.994

Cr(III) 10 0.342 0.204 1.742 0.999
20 0.615 0.114 0.301 0.997
50 1.480 0.102 0.0466 0.994
100 2.229 0.135 0.0272 0.945
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mtotal ¼ Ci Q ti
1000

(10)

where mtotal is the total amount of solute sent to the
column (mg) and Ci is the inlet solute concentration
(mg/L).

The total solute removal (%R) at total flow time
can be calculated from the ratio of total mass of solute
adsorbed (qtotal) to the total amount of solute sent to
the column (mtotal) as follows:

%R ¼ qtotal
mtotal

� 100 (11)

The adsorption capacity, qe (mg of solute adsorbed by
gram of adsorbent), and the average solute concentra-
tion which remains in the effluent solution, Ce (mg/L)
can be determined by Eqs. (12) and (13):

qe ¼ qtotal
m

(12)

Ce ¼ mtotal � qtotal
Veff

� 1000 (13)

where m represents the mass of the adsorbent (g).
Table 6 shows the results obtained for break-

through curves of Fig. 7. From a practical point of
view, the exhausted time, tex, is established when the
concentration in the effluent is higher than 90–95% of
the inlet concentration. The breakthrough time tb, is
established when the metal concentration in the efflu-
ent reaches a determined value (related to the permit-
ted disposal limit for each contaminant). Also, the
biosorption capacity in mmol/g has been included.

Biosorption capacity (qe, mmol/g), is very similar
when contaminants are single in solution or a mixture
of both. However, the removal (%) decreases signifi-
cantly. Thus, for the MB, the removal percentage is
57.03% when it is the only contaminant present in
solution and 31.70% in the MB–Cr(III) mixture. Some-
thing similar happens for Cr(III). If the capacity values
for the MB biosorption and Cr(III) are compared, it
appears that the values are superior for the Cr(III),
both when it is alone in solution and when a mixture
of both contaminants are present in solution. Never-
theless, the removal percentage is higher for the MB
in both cases. This can be explained if the values of
breakthrough and exhaustion times are observed. For
example, for biosorption test of mixtures of MB/Cr
(III), the exhaustion time is 200 min for MB and
60 min for Cr(III).

3.2.2. Effect of initial concentration

The effect of influent concentration of MB and Cr
(III) is shown in Fig. 8. It is illustrated that the
breakthrough time decreased with the increase in dye
concentration. Considering a breakthrough time at
C/Ci = 0.05, it was reached at 40, 20, and 5 min, at MB
concentration 50, 100, and 150 mg/L, respectively. At
lower influent dye concentrations, breakthrough
curves were dispersed and breakthrough occurred

t, min
0 50 100 150 200 250 300

C
/C

i

0.0

0.2

0.4

0.6

0.8

1.0

MB (100/0)
Cr (III) (0/100)
MB (100/100)
Cr (III) (100/100)

Ci MB/Cr mg/L

Fig. 7. MB and Cr(III) breakthrough curves in single and
binary solutions.

Table 6
Characteristic parameters of breakthrough curve for MB and Cr(III) biosorption onto OS

Ci MB/Cr(III)
(mg/L)

Q
(mL/min)

Vef

(mL)
qtotal
(mg)

mtotal

(mg)
Ce

(mg/L)
qe
(mg/g)

qe
(mmol/g)

R
(%)

tb
(min)

tex
(min)

100/0 4 800 45.62 80.0 42.97 6.082 0.0214 57.03 40 180
0/100 4 800 19.58 80.0 75.52 2.611 0.0502 24.48 0–5 180
100/

100
MB 4 1,040 32.97 104.0 68.3 4.395 0.0155 31.70 5 200
Cr
(III)

4 1,040 18.94 104.0 81.78 2.526 0.0486 18.21 – 60
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slower. As initial concentration increased, sharper
breakthrough curve was acquired. These results can
be due to the fact that more biosorption sites were
being covered with the increase in dye concentration.
The larger the influent concentration is, the sharper is
the slope of the breakthrough curve, and the smaller
is the breakthrough time. Higher concentrations pro-
duce a higher driving force, which brings on the
biosorption process. At lower dye concentrations, flat
breakthrough curves were obtained, which means
longer mass transfer zone and lower biosorption rates.
These results suggest that the fluctuation of concentra-
tion gradient affects the saturation rate and break-
through time [25]. Regarding Cr(III), similar behavior
was observed although the breakthrough and satura-
tion time were reached sooner. Steeper breakthrough
curves were obtained in the first few minutes, keeping
flat until the end of the experiment.

3.2.3. Effect of mass of biosorbent

Experiments were conducted to investigate the
effect of biosorbent mass on biosorption capacity. The
breakthrough curves, for MB and Cr(III), at different
biosorbent mass are shown in Fig. 9. A notable
increase in the MB biosorption was observed at higher
biosorbent mass (10 g). Considering C/Ci = 0.05, the
breakthrough times were 10, 20, and 30 min at biosor-
bent masses of 5, 7.5, and 10 g, respectively. With
respect to Cr(III), although the breakthrough time is
reached in the first few minutes of operation for all
biosorbent masses, the saturation time is attained
more slowly as biosorbent mass is increased. As the
mass increased, dye and metal molecules have more
time to contact with biosorbent, promoting a more
efficient removal. The breakthrough curve becomes
flatter with increase in biosorbent mass as a result of
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Fig. 8. MB and Cr(III) breakthrough curves at various
initial concentrations in binary solutions.
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wider solution movement zone. It was found that
higher biosorbent mass results in an increase in the
biosorption capacity due to a rise in the surface area
of the biosorbent which enhances the availability of
biosorption sites [25].

3.2.4. Effect of flow rate

The study of the effect of flow rate suggests that
biosorption increases with the decrease in flow rate.
Fig. 10 shows the breakthrough curves for MB and
Cr(III) at different flow rates. It was observed that, as
the flow rate decreased, the breakthrough curve
became flatter and the breakthrough time was reached
earlier at higher flow rates. Considering C/Ci = 0.05,
the breakthrough times for MB were 35, 20, and
10 min at flow rates of 2, 4, and 6 mL/min, respec-
tively. In the case of Cr(III), the saturation time is
attained in the first ten minutes at flow rates of 4 and
6 mL/min, while it is reached at 70 min at 2 mL/min

flow rate. At lower flow rates, diffusion effects are
greater as a result of the relative sufficient residence
time of the adsorbates in the column which makes
them have more time to contact with the biosorbent,
favouring the biosorption process. Moreover, the
higher turbulence at higher feed flow rate may lead to
a weaker interaction and intraparticle mass transfer
between the adsorbates and biosorbent [26].

4. Conclusions

The results of this study showed that the optimal
pH for biosorption of MB and Cr(III) onto OS, was 8
and 4, respectively. Experimental data were accurately
represented by Langmuir, Freundlich, and Sips mod-
els, and OS biosorption capacity was found to be
higher for the dye than metal. However, Cr(III) inter-
fered in the biosorption of MB, according to batch and
column experiments, as a competition for the binding
sites occurred between both molecules. Biosorption
mechanism was studied by a pseudo-second-order
kinetic model, indicating that the process was faster
for Cr(III) than for MB. The column experiments
showed that the operation variables had an effect in
the biosorption and the optimal conditions for the
removal of MB and Cr(III) were lower solute initial
concentrations, higher bed depth and lower flow rate.
The more important variable, in addition to pH, seems
to be the initial concentration for MB and flow rate for
Cr(III). Therefore, it can be concluded that OS is a
potential biosorbent for the treatment of effluents from
textile industry.
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