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ABSTRACT

The biosorption of cobalt from aqueous solution onto a spent coffee (5C) was carried out to
assess the effectiveness of the adsorbent used in the removal of Co(Il) from aqueous solution
by batch tests. Adsorption of Co(Il) as a function of contact time, pH, and temperature was
investigated. The kinetic study revealed that adsorption followed better a second-order type
reaction with high correlation coefficient (R* = 0.999). Adsorption data were described using
Freundlich and Langmuir models. The thermodynamic study for the Co(Il) adsorption onto
SC showed that the process was spontaneous with a raised affinity for Co(Il) (AG°<0 and
AS°>0), exothermic (AH"<0), and occurred with physical adsorption mechanism

(E, = 10.922 k] mol ™).
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1. Introduction

The development of industrial activities using either
radioactive or stable materials led to the release of a
number of pollutants in the environment. Co(Il) is a
very toxic element affecting the environment and
human health. Cobalt is used in many important indus-
trial applications (for example, in metallurgy, dyes, and
electronics industries), it is also a relatively abundant
product in the nuclear reactors and it constitutes a
source of radioactive waste from these installations [1].
Moreover, the presence of cobalt-60 in the environment
resulting from these operations was a question of con-

*Corresponding author.

cern because of its radiotoxicity, its long half-life
(10 years), and its high solubility in water. Therefore, it
remains a radionuclide which can penetrate durably in
the biogeochemical cycle of the living organisms.

As a conventional method for pollutant removal,
adsorption has been developed as an efficient and
economical method for the removal of trace metals
from wastewaters and water supplies [2]. That is why
a variety of adsorbents, including clays, zeolites,
agricultural waste biomass [3]1, Mentha arvensis [1],
agro-wastes [4], and mushroom [5].

Numerous techniques have been developed for the
removal of heavy metals ions from the contaminated
sites. Phytoremediation is a growing field of research
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in environmental studies. The major advantages of
phytoremediation ~over conventional treatments
include cost-effectiveness and environmental-friendli-
ness [5]. Biosorption is one of the possible innovative
techniques involved in the remediation of heavy met-
als and radionuclides from wastewaters and the sub-
surface environment. Compared with conventional
treatment methods, biosorption is seen as a low-cost,
energy-saving alternative, which has high efficiency
and selectivity for absorbing metals in low concentra-
tions and operates over broad ranges of pH and
temperature [4].

Selection of an appropriate adsorbent is often
based on price, raw material availability, and its easy
use [6]. The spent coffee (SC) can play a key role in
wastewater treatment processes; it would be useful in
decontamination of wastewater and allows an alterna-
tive usage of unused waste. Columns tests can also be
investigated using this kind of materials because of
their rigidity and permeability [7].

In the present study, a SC was used as a
biosorbent to explore its potential for the removal and
recovery of cobalt from aqueous solutions.

2. Materials and methods

All chemicals were of analytical grade (HCI,
NaOH, and Co(NO3),.6H,0). Solutions were prepared
by dissolving a known quantity in deionized water
(North Star ULTRA system: resistivity 1 MQ cm).

The SC used in this study was coming from cafete-
rias and washed with deionized water to remove dust
and other materials. The washed materials were then
completely dried at ambient air for 1d and then at
80°C during 24 h, crushed using a crusher (RETSCH,
type RM100), and sieved to 200400 pm with strainer
(RETSCH AS200 Digit). Finally, the obtained material
was stored in desiccators until use. The principal
characteristics of the prepared biosorbent are given in
Table 1.

Sorption experiments were carried out in batch
method where 0.1 g of SC was contacted with 50 mL
of Co®* solution (10 mg L™') in 100 mL-Erlenmeyer

Table 1

Principal characteristics of SC

Ash content (%) 0.712
Water holding capacity (%) 262.35
Humidity (%) 5.88
Swelling ratio (%) 133.33
Apparent density (g/cm?) 0.52
Real density (g/cm”) 2.154
PZC 5.65
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flasks, preequilibrated at temperature 20°C, and initial
pH was 5.8 (adjusted by HCl or NaOH). The flasks
were sealed with para-film to avoid evaporation then
shaken for required time at 250 rpm. After that, sus-
pensions were filtrated through a 0.45 um cellulose
nitrate filter (Sartorius). The residual concentration of
Co®* was measured using an A-Analyst 400 atomic
absorption spectrometer from PerkinElmer Inc.

Adsorption capacity (4.) at equilibrium (mgg™")
and the uptake percentage of Co>* were determined
using the following equations:

ge— (Co—Ce) xv D

m

Ce x 100 )

uptake (%) = COC_O

where m is the mass of adsorbent (g), V is the volume
of the solution (L), Cy is the initial concentration of
metal (mg L"), and C. is the equilibrium metal con-
centration (mg L ™).

3. Results and discussion
3.1. Characterization

FTIR spectra obtained before and after biosorption
are very similar (Fig. 1). The broad adsorption peak at
around 3,473 cm™' originating from the presence of
carboxylic acid and amino groups were supported by
the emergence of the peaks at 1,088, 1,641, and
1,543 cm™ ! allocated to ~OH, C=0, and amine groups,
respectively [7,8]. The peaks 2,925 and 2,854 cm™'
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Fig. 1. FTIR spectra of SC before and after biosorption 199
mm % 139 mm (300 x 300 DPI).
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could be allotted to the vibration of aliphatic groups
CH. The peaks at 1,741 and 1,641 cm ! could be
ascribed to the C=O stretching in the carboxylic acids,
anhydrides, and lactones. The bands at 1,462 and
1,246 cm™! are assigned to the symmetric bending of
CHj;. The peak located at 1,165 cm ™! is characteristic
of the C-O-C vibration. The infrared bands are
slightly shifted from the bands 3,473, 1,641, 1,543,
1,377, 1,088, and 613 cm ™! to 3,465, 1,635, 1,520, 1,379,
1,068, and to 609, respectively, demonstrating that the
groups —OH, C=0, and the amino groups played a
role in the Co®* biosorption [7,9].

3.2. Effect of contact time

The effect of contact time was examined in the
range of 0-120 min. Fig. 2 showed a fast biosorption
process with three disparate phases. The higher rate
of the first period advises that the biosorption was
physical in nature and limited by the available sites
on the biosorbent; easily accessible by the Co**
[10,11]. At the second period, the rate was slowed
down because the Co®" ions met a higher resistance
to penetrate deeper in the remaining intraparticulate
active sites [12]. And so the plateau obtained by the
extension of the reaction to 120 min did not lead to
an improvement in the uptake percentage corre-
sponding to the equilibrium state. The weak desorp-
tion is associated with the dispersion of Co** part,
which did not reach inaccessible adsorbent surfaces
and/or repulsed by the adsorbed ions, in aqueous
solution [13].
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Fig. 2. Effect of contact time 202 mm x141 mm

(300 x 300 DPI).
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3.3. Effect of solution initial pH

The pH is one of the most important parameter
affecting adsorption process in aqueous solutions.
Because the speciation of metals in solution depends
on the pH, and at the same time the surface charge
changes with the variation of the solution pH [14]. In
order to determine the optimal pH value, the evolu-
tion of biosorption yield was examined over a range
from 3.1 to 7.3.

The results presented on Fig. 3 showed that the
uptake percentage of adsorbed Co>* increased with
the increase in the pH value up to 4, and then
remained practically constant until pH 6.6, and then a
second jump of the yield started. At lower pH, the
solution concentrates in H* ions which will enter in
competition with cobalt cations and will occupy most
of the available biosorbent surface. Moreover the func-
tional groups undergo a strong protonation, which
confers on the biosorbent a positive total charge from
which a repulsion force was established with the
cobalt ions having a same charge [15,16]. The increase
in the pH makes that the solution concentrated with
free hydroxyls anions supporting the deprotonation of
the biosorbent particles and increases by the fact that
cobalt fixed by a phenomenon of electrostatic attrac-
tion [17,18]. Moreover, these OH™ ions could play the
role of bonds between the surface functions as posi-
tively charged and cobalt. Also, the surface charge can
be supported by the value of PZC of SC (5.65). The
surface charge of SC is positive at pH < 5.65, is neutral
at pH 5.65, and is negative at pH>5.65. At pH,
greater than 5.65, SC becomes negatively charged [19].
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Fig. 3. Effect of solution initial pH 202 mm x 141 mm
(300 x 300 DPI).
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After, the yield jump at pH > 6.6 is probably due to
the beginning of precipitation of the Co** ions [3].

3.4. Effect of temperature

To understand the temperature effect on the cobalt
biosorption, experiments were also conducted at 10,
20, 30, 40, and 50°C. The uptake percentages at equi-
librium are given in Fig. 4. Biosorption of Co®" ions
onto SC biomass were not considerably affected by
temperature. Maximum yield (71.88%) was obtained
with 10°C. Increase 10°C in temperature causes an
average reduction in uptake percentage of 2.2%. This
behavior may signify that adsorption occurred with
electrostatic interactions, where the weakest bond can
be broken with the increase in the temperature [1].
This indicates that the process was exothermic and of
physical nature.

3.5. Kinetics modeling

The modeling of the kinetics experimental data
allows a description of the uptake mechanisms and
phenomena which control the biosorption process. In
this work, three kinetic models were used to describe
the Co®" biosorption: the linearized forms of the
pseudo-first-order, the pseudo-second-order, and the

diffusion in liquid film given by Egs. (3)-(5),
respectively.
In (qe —q0) = In (qe) — kat )
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Fig. 4. Effect of temperature 202 mm x141 mm

(300 x 300 DPI).
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t1 ¢

R 4+ 4
q kg qe @
In (1 —(q:/q¢)) = keat (5)

where g, is the quantity of Co** adsorbed at time ¢
(mg g ). ki, ko, and k¢q are the equations constants of
the pseudo-first-order (mn 1Y), the pseudo-second-order
(gmg 'min"'), and the diffusion in liquid film,
respectively.

The initial rate of uptake (H) was calculated as
follows:

H = qug (6)

The application of the pseudo-first-order kinetic model
(Fig. 5) gave a satisfactory correlation coefficient
(R% = 0.992); experimental and calculated g. values
were 3.459 and 3.741 mg g, respectively.

The adsorption followed the second-order model
(Fig. 6) with a correlation coefficient (R* = 0.999) and
g value of 3.623 mg g™ .

In fact, many of authors indicated that the kinetics
of metals adsorption on different biosorbents is in con-
formity with the assumptions of the model of the
pseudo-second-order [7]. The initial ~ rate
(H=1.761 mg g 'min™") indicated that the cobalt
biosorption occurred promptly. According to Fig. 7, it
is clear that the diffusion model in film is also valid
for the cobalt retention where the correlation coeffi-
cient is R? = 0.922. This indicates that the mass transfer
through film constitutes a limiting factor confirming

Ln(a.-q,)
L

T v T v T v T v T v T v T
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Fig. 5. pseudo-first-order kinetic model plot of Co**
biosorption onto SC 209 mm x 148 mm (300 x 300 DPI).
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Fig. 6. Pseudo-second-order kinetic model plot of Co**
biosorption onto SC 203 mm x 147 mm (300 x 300 DPI).
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Fig. 7. Diffusion in liquid film model plot of
Co2 + biosorption onto SC 210 mm x 148 mm (300 x 300
DPD).
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the lower activation energy as shown (see activation
energy section). Obtained results are presented in
Table 2.

3.6. Thermodynamic study

The goal of this study is to explain or predict
macroscopic phenomena and to calculate the thermo-
dynamic parameters of this system. Thus, while being
helped by the isotherms modeling adsorption, the cal-
culation of these parameters is made possible by Egs.
(7) and (8).

AS°®  AH°
In Kd = R - RT (7)
AG® = AH® — TAS® (8)
Kd = kzqg (9)

where Ky is the distribution coefficient, AH® is the
standard enthalpy (k] mol™), AS° is the standard
entropy (J mol ' K™'), R is the gas constant, T the tem-
perature (K), and AG’ is the standard Gibbs free
energy (k] mol™") (see Fig. 8).

The enthalpy and entropy values were obtained
from the slope and intercepts of linear regression of In
K4 vs. 1/T and the standard Gibbs free energy values
AG® were calculated from Eq. (8).

The negative values of AG® and AH" (Table 3) indi-
cate that the Co”* biosorption reaction was sponta-
neous and exothermic. Moreover the reaction was
favored in spite of the fact that exothermic process
supported by the decrease of AG* proportionally at the
temperature. AS°>0 showed the increase in the disor-
der at the solid-solution interface. Also, the negative
changes of the free energy and the enthalpy together
with positive change of the entropy indicated that the

Table 2
Kinetic parameters for Co?* biosorption on SC
Model Parameters ge (mg g™ Experimental
Pseudo-first-order K; (min™Y) 0.141 3.459
ge (mg g™") 3.741
R? 0.992
Pseudo-second-order K, (g mg ' min™") 0.134
ge (mgg ") 3.623
H (gmg ' min™) 1.761
R? 0.999
Diffusion in liquid film Ky 0.141
R? 0.922
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Fig. 8. Variation of the In (Ky) according to the reverse of
the temperature 203 mm x 147 mm (300 x 300 DPI).

biosorption reaction of cobalt on SC occurred with a
raised affinity [7,20].

3.7. Activation energy

The activation energy of sorption was evaluated
using the values of the pseudo-second-order rate con-
stants k, at different temperatures (Fig. 9) by the
Arrhenius equation (Eq. (10)).

In == (10)

ko (T1) R

ka(T:)  Ea (1 1)

where R is the perfect gas constant (8.314 ] mol ' K™)
and T is the temperature (K). The activation energy
can be conceived as the minimum kinetic energy
required for a given reaction to occur. The E, value
obtained (10.922 k] mol™") is much below the energies
corresponding to chemisorptions barriers (usu-
ally > 18 kJ mol ™), suggesting that physical adsorption
is operating where the attractive forces are of Van der
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Fig. 9. Model of pseudo-second-order at different tempera-
tures 210 mm x 148 mm (300 x 300 DPI).

Waals-type in addition to weak electrostatic forces,
these assumptions made us to assume that the process
is governed by the diffusion through the film layer
around the particle [9].

3.8. Isotherm modeling

Isotherm studies were conducted at pH 6 using
different initial concentrations of Co(Il) with a fixed
amount of SC. Freundlich and Langmuir isotherm
models have been used to describe the equilibrium
characteristics of adsorption. These isotherms are
represented in the following equations:

q = KgC/" (11)
_ quLC
1=1+k.C (12)

where g is the amount of solute adsorbed per unit
weight of solid (mg g "), g is the maximum adsorp-
tion capacity of adsorbent per unit weight (mg g™,
Kg and 1/n are Freundlich constants related to capac-
ity and intensity of adsorption, respectively. Ky, is the

Table 3

Thermodynamic parameters for the biosorption of cobalt onto SC

T (K) K4 (mL g™ AG® (k] mol™) AH"° (k] mol ™) AS° (k] mol 1K) R?
283 1278.094 -16.822

293 1122.850 —-17.101

303 887.347 —-17.072 —-10.129 0.024 0.941
313 815.443 —17.437

323 773.561 —17.852
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Langmuir constant related to maximum monolayer
adsorption capacity (see Fig. 10).

Adsorption isotherms for the adsorption of Co(II)
onto SC are shown in Fig. 11. All constants obtained
from nonlinear fit of the adsorption data to these iso-
therms are presented in Table 4 together with the
correlation coefficients and normalized standard
deviation (SD) which allow us to compare the validity
of the isotherm equations more definitely.

S [(q€ — g2) /]

N_1 (13)

SD(%) = 100 x \/

where superscripts “exp” and “cal” are the experi-
mental and calculated values with the fitted parame-
ters and N is the number of measurements.

The Freundlich isotherm parameter (1/n) that mea-
sures the adsorption intensity of Co** ions was less
than unity (0.131). This implies that a significant
adsorption may occur even at high Co”* ion concen-
trations. The deviation of (1/n) from unity indicates a
nonlinear adsorption that takes place on the heteroge-
neous surfaces. This behavior implies that the adsorp-
tion energy barrier increases exponentially as the
fraction of filled sites on adsorbent increases [21]. Kg
value provides quantitative information on the relative
adsorption affinity towards the adsorbed cobalt
cations.

Langmuir isotherm model was chosen to estimate
the maximum adsorption capacity corresponding to
complete monolayer coverage on the adsorbent. The
cobalt adsorption capacity on SC at 293 K was

5.2
5.1
5.0

4.9 -

Ln (k,)

4.8 -

4.7 - L

4.6 -

T T T T T T T T T T 1
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036

1T (K")

Fig. 10. Ln (kp) against reciprocal temperature 203 mm X
147 mm (300 x 300 DPI).
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Table 4
Isotherm models parameters for the adsorption of Co(Il)
onto SC

Isotherm Parameters Magnitude
Freundlich 1/n 0.131

Kg (mg" /™) LV g7 3.03

R? 0.884

SD (%) 1.86
Langmuir Gmax (mg/g ") 5.37

Kp (L/mg ™) 0.465

R? 0.998

SD (%) 0.716
Table 5
Biosorption of Co(Il) by different biosorbents
Adsorbent Im (Mg g_l) References
Foam (Rhytidiadelphus) 7.38 [2]
Chitosan 2.98 [22]
Arca shell 11.53 [23]
Green algae (spirulina) 0.01 [24]
SC 537 This study

5.37 mg g . This rate of adsorption capacity was com-
pared in Table 5 with other adsorbents reported in the

literature [22-24].

4. Conclusion

The aim of this study was to synthesize a low-cost,
nontoxic, and effective biosorbent constituted by SC
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and evaluate its adsorptive properties towards cobalt
cations. The adsorption capacity of SC was found to
be 537 mg g~

Obtained results for Co®" adsorption revealed that
SC can be used as alternative adsorbent for removal of
Co®" in wastewater and also be suitable for the
removal of other pollutants. The texture and rigidity of
this material would allow us to test their feasibility in
dynamic mode and therefore be able to handle large
quantities of radioactive and/or stable liquid wastes.
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