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Removal of Congo Red from Aqueous Solution Using Cuttlefish Bone Powder
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Adsorption experiments were carried out as a part of the removal of Congo red (CR), a textile dye, from aqueous solutions using the
powder of cuttlefish bone (Sepia) as a new potential adsorbent. The prepared powder was characterized by FTIR, XRD, SEM and
elemental analysis. The effects of solution pH, adsorbent amount, CR concentration, temperature and contact time on the CR adsorption
were investigated. The experimental results showed that maximum pH was about 2 for efficient uptake of CR. The equilibrium was
attained in 60 min. The adsorption of Congo red was found to be exothermic in nature (4H° = 841 kI mol "), while the positive value of
entropy 20.85 J mol" K indicated an increased randomness at the solid/liquid interface. The experimental data were analyzed using

Langmuir and Freundlich isothermal models. The best fit was obtained by Langmuir model with a maximum monolayer adsorption

capacity of 69.9 mg g”'. Adsorption kinetics data were properly fitted with the pseudo second-order kinetic model.
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INTRODUCTION

The elimination of dyes from textile industry effluents
is one of the most important environmental problems in the
framework of environmental protection [1]. Dyes are widely
used in modern industrial units [2]. Due to their synthetic
origin and their complex aromatic molecular structures,
which make them inert and not easy to biodegrade when
discharged into the environment system [3], generally,
people overlook their undesirable nature. Some dyes are
harmful to aquatic life where they are discharged as well as
to human life [4].

Permanent exposure in the industrial environment of
workers in the textile industries is linked to a higher risk of
different types of cancer [5]. The use of hair coloring
products is one of the causes of breast cancer [6]. Therefore,
several documents and research programs have been
*Corresponding authors. E-mail: youness.achour@gmail.
com; elhaddad71@gmail.com

developed using different methods to remove dye species
from wastewater. There are several varieties of dyes due to
their structures, such as acid, basic, azo, diazo, disperse,
anthraquinone and metal complex dyes. Currently known
treatment methods can be physical, chemical and biological
in nature [7], namely adsorption [8], advanced oxidation
processes [9], coagulation and flocculation [10], ozonation
[11], electroflotation [12], electrokinetic coagulation [13],
membrane filtration [14], irradiation [15], electrochemical
destruction [16], ion exchange [17], precipitation and
biological treatment [18]. It should be noted that most of
these processes have significant weaknesses, including
partial elimination of dyes, the need to use high quantities of
reagents and energy, poor selectivity, high capital and
operating costs, and the production of secondary waste or
high toxicity by-products that are difficult to eliminate or
degrade [19]. However, the adsorption technique represents
a powerful alternative for the removal of dyes as well as
other contained

pollutants including heavy metals

in industrial wastewater [20]. In principle, adsorption isa
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process in which a solid adsorbent attracts a component in
an aqueous solution to its surface and subsequently form a
bond of a physical or chemical nature, to remove pollutants
from liquid solutions. The use of low-cost adsorbents has
proven to be an efficient and economical method of treating
effluents by adsorption, which offers additional advantages
over conventional processes, particularly from an
environmental point of view [21]. However, the low cost
and high adsorption capacity of adsorbents are still being
studied and developed to reduce the amount of adsorbent
and at the same time minimizing experimental problems in
term of removal efficiency. A great deal of attention has
recently been paid by various researchers using various
adsorbent materials that are low cost, easy to obtain and
biodegradable, namely animal bones [22] and shellfish
waste [23], which can be collected in large quantities and
are harmless to nature. Several adsorbent materials have
been tested for their ability to remove dyes from aqueous
solutions.

The present study highlights the adsorption of Congo
red from aqueous solutions using cuttlebone powder (CFB)
as a new ecological and potentially alternative adsorbent in
terms of valuing this marine waste, with the aim of
eliminating chemical pollutants as well as opening other
perspectives. The adsorption process of Congo red has been
studied to optimize experimental conditions for the best
adsorption of CR, such as the effect of the amount of
adsorbent, initial dye concentration, contact time, pH and
temperature. The study describes the adsorption equilibrium
of Congo red and the presentation of kinetic and isothermal
models of the experimental data, which collaborated with its
thermodynamic properties. Finally, the new adsorbent was
characterized by FT-IR, SEM, DRX and elemental analysis
of the powder.

MATERIALS AND METHODS

Reagents

Congo
(Molecular Weight: 696.66 g/mol; molecular formula of
C3,H5NgNayO4S,; Color Index Number: 22120) with high
quality. NaOH and HCIl were used to adjust the pH of
aqueous solutions. The preparation of 100 mg 1’ of

red was purchased from Sigma-Aldrich

the stock solution was carried out by dissolving a known
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amount of CR in a 1000 ml volumetric flask and then
diluting with bi-distilled water for the further use.

Equipments

The adsorption procedure was performed using a
multiple magnetic stirrer (MIXdrive 15, Germany). A
UV-Vis spectrophotometer (JENWAY 6300) and a pH
meter (HANA HI 4222) were used to determine the dye
concentration during the adsorption process and pH
adjustment of aqueous solutions, respectively. The surface
morphology was analyzed through a scanning electron
microscope (TESCAN VEGA 3) at high voltage 20 kV.
FT-IR spectra (4000-400 cm™ range) were recorded by a
VERTEX 70 FT-IR. The XRD analysis was performed
at laboratory temperature using a Rigaku SmartLab
1.5418°4]). The
diffractograms were recorded in the range (26 = 5-90°) with

diffractometer (copper anode [Ko
a step size of 0.02°.

Adsorbent Preparation

Cuttlefish bone (Sepia), a sea product available in
seaside areas, was collected from the Safi Sea. Before being
used, the bones were washed several times with bi-distilled
water, dried at 103-105° for 24 h and then left to cool in a
desiccator. These bones were ground and reduced to a fine
powder using a planetary mill equipped with ZrO2 balls.
Finally, the product was stored in a glass bottle.

Adsorption Process

The adsorption of Congo red was carried out in a batch
process using the new prepared Cuttlefish bone (CFB). For
this reason, a known amount of CFB was added to a 50 ml
volume of dye solution (containing 40 mg 1" CR). The pH
of the dye solution was adjusted with 0.1 M HCl and NaOH
solution. The mixture was then stirred magnetically at 20 °C
for 60 min. After centrifugation, the supernatant solution
containing the unadsorbed dye was introduced into the
UV-Vis the
concentration of CR remaining in the supernatant.

spectrophotometer to measure actual

The amount of adsorbed dye at equilibrium ¢, (mg g') was
calculated through the following relation:

c -C

<y (1)
w

q.=
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Fig. 1. FTIR spectrum of CFB.

C. and C) are the concentration of dye remained in solution
at equilibrium and the initial concentration of dye solution,
respectively. V is the volume of the dye solution and W is
the mass of the adsorbent used.

The removal efficiency was calculated using the following
equation:

)

O_Ce

%Adsorption= x 100

0

Cy and C, are the initial dye concentration and the
concentration at equilibrium, their unit is mg 1",

RESULTS AND DISCUSSION

Characterization of Cuttlefish Bone (Sepia)
Figure 1 shows the FTIR spectra for CFB as follows: A

567

wide band at 3425 cm™ has been assigned to the O-H
stretching vibration mode of the hydroxyl functional group.
Peaks in the range of 2519 cm™ indicate the presence of
-NHj stretching. A wideband at 1475 cm™ was attributed
to C-0, 1079 cm™ corresponding to -C-NH,, and the bands
at wave numbers 854 and 706 cm’ were assigned to
CH,=C- and -CH=CH, respectively.

Examination of the textural structure of internal
cuttlefish, and cuttlefish bone can be seen through the SEM
images in Fig. 2. In Fig. 2b, the cuttlefish bone shows a very
porous structure with a non-homogeneous and non-smooth
surface that can easily adsorb dye molecules. The elemental
analysis were done by EDAX (Fig. 3) which reveals the
presence of elements like C, O, Fe and a high content of
Ca.

As shown in Fig. 4, the X-ray diffraction pattern (XRD)
shows that CFB has a well-crystallized shape with a low
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Fig. 2. Internal cuttlefish (a) and SEM image of CFB (b).
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Fig. 3. EDX spectra of CFB.
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Fig. 4. XRD pattern of cuttlefish bones.

peak at 27°, which is representative of the aragonite variety.
Besides, the numerous CaCOs peaks on the right side of the
spectrum are moderately dominant, indicating the presence
of a CaCOs.

Effect of Adsorbent Ddose

The effect of the CFB dosage on the uptake (mg g') is
shown in Fig. 5. The adsorbent dosage was varied from 50
to 150 mg using ¥ = 50 ml of CR (100 mg I'") at room
temperature. Adsorption capacities increase with time and
the response becomes constant for all quantities studied
beyond 60 min. Maximum absorption (¢, = 23.71 mg g™)
was observed with the 50 mg dose. The adsorption capacity
decreased slightly while increasing the adsorbent dose. This
may be due to inter-particle interactions, namely the
aggregation, a result of an increase in the adsorbent dose.
Aggregation may refer to a decrease in the total surface area
of the adsorbent and certainly an increase in the length of
the diffusion path [24,25].

Effect of Initial Dye Concentration and Contact
Time
The effect of initial concentration of dye ranged from
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(50-150 mg 1) at room temperature on CR removal was
studied by adsorption onto CFB in different interval times
(0-90 min). Figure 6 depicts these results. It was observed
that the amount of adsorbed CR increases with the evolution
of contact time in all initial dye concentrations.
Furthermore, the adsorption capacity of CR increases with
the increase of initial dye concentration. At a higher
concentration, the ratio between the available surface area
and the initial number of dye molecules is high; therefore,
fractional adsorption becomes dependent on the initial
concentration. Otherwise, at low concentrations, fewer
adsorption sites are available and the amount of CR
adsorbed depends on the concentration. Based on these
results, it appears that during the first 60 min, the amount of
adsorbed CR was rapid, then it continues at a slower rate of
adsorption and finally reaches saturation within 60 min

[26,27].

Effect of pH on the Removal of CR on to Cuttlefish
Bone

It is recognized that the pH of the solution remarkably
affects the adsorption capacity of the dye using adsorbents,
since hydrogen ions affect the surface charge of the



Achour ef al./Phys. Chem. Res., Vol. 9, No. 4, 565-577, December 2021.

25
-
=
20
15 —o— 350 mg
—e=—T75 mg
10 100 mg
——125mg
——150mg
5
0 T T T T T T T 1

T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Time (min)

Fig. 5. Effect of CFB dose on the removal of CR: [CR] =100 mg "}, V=50 ml and T =20 °C.
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Fig. 6. Effect of initial concentration and contact time on the removal of CR from aqueous solution: [CB] = 75 mg;
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adsorbent [28,29]. In order to study the effect of pH on the
absorption of CR by the CFB adsorbent, we determined the
adsorption capacity as a function of pH in a range of 2-12.
The results of this investigation is given in Fig. 7. The
calculated pH zero point charge (pHzpc) was found to be 8.5
as shown in Fig. 8. The pHzpc of CFB shows that the
adsorbent surface is positively charged at pH values below
8.5 and negatively charged at pH values above 8.5. Congo
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red absorption decreases from 61.6 to 9.3 mg g when the
pH decreases from 2 to 12. At a lower pH, the overall
surface charge of CFB is positive, which will promote
adsorption interactions with Congo red as an anionic dye by
the electrostatic attractive forces that could be the main
mechanism for adsorption of Congo red molecules to the
surface of CFB. Namely, since Congo red species carry a
negative charge due to the presence of sulfonate groups, the
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electrostatic attractions should have an important

contribution to the overall interactions [30,31].

Kinetics Study

Several models are used to explain the adsorption
mechanism of dyes. The speed and the mechanism of
adsorption of dyes are both controlled by various factors,
namely the physical and chemical properties of the
adsorbent and the mass transfer process. These kinetic
models are intended for the design and optimization of the
dye treatment process. In order to study the mechanism of
CR adsorption by CFB, two kinetic models, pseudo-first-
order and pseudo-second-order were considered. Lagrange
proposed that the pseudo first-order model is used to test the
fit of the experimental results obtained [32], and the model
is presented by the following equation:

ky t (3)
2.303

log(q, —g,) =1log(q,) -

where, ¢. is the adsorbed amount of CR at equilibrium
(mg g, q is the adsorbed amount of CR at a known time ¢
(mg g"), ki is the rate constant of the first-order model
(min) and t is time (min). A linear fit is expected by
plotting log(q. - g, as a function of ¢, provided that the
adsorption process follows first-order kinetics by adjusting
the equilibrium data. The values of k; and q. are calculated
from the slope and intercept of the model equation. The
results of the logarithmic curve (g, - ¢,) vs. time at initial
CR concentrations (50 to 150 mg 1) are presented in
Table 1. The calculated values of the equilibrium adsorption
capacities ¢, (cal) and ¢, (exp) clearly showed an important
difference between these two capacities. The pseudo-first-
order model failed to fit the experimental data of CR
adsorption onto CFB.

The pseudo-second-order kinetic model is also used to
describe the adsorption process [33], in case the first-order
kinetic model does not fit well with the experimental data.
The pseudo-second-order model is presented through the
following equation:

1
+—t
q€

the

t

—= 2

q, k,q.
where k;

4)

is pseudo-second-order rate constant
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(g mg' min™). The plot of (#/g,) in function of () should
give a linear curve if the model fits the experimental data.
The values of q. and £, are calculated from the slope and
intercept of the linear curve. The results are gathered in
Table 1.

The values of the equilibrium adsorption capacity ¢,
(cal) and ¢. (exp) are in close agreement with a small
difference between these capacities for all the studied
concentrations. The linear curves of (#/g,) as a function of (?)
in different concentrations of CR are fitted in Fig. 9. The
experimental data for the adsorption of CR by CFB are well
fitted by the pseudo-second order kinetic model with very
high R’ coefficients as well as the CR adsorption rate;
chemical adsorption is specific and involves much stronger
forces (chemical bonds) than physical adsorption. Thus, the
activation energy of chemical adsorption is of the same
order of magnitude as the heat of chemical reactions,
meaning that the rate varies with temperature as a function
of finite activation energy. This indicates that the adsorption
phenomenon could be chemisorption in nature [34,35].

Adsorption Isotherm

Isothermal equilibrium models are used to process and
describe experimental CR adsorption data, with relative
parameters obtained from the different established models
(Table 2). The equilibrium data of the CR adsorption
process were analyzed using Langmuir and Freundlich
isothermal models. Linear regression is used to determine
the most appropriate model and compares the models by
judging the R’ correlation coefficient. The Langmuir
isotherm is notionally based on the assumption that the
adsorption energy is constant and independent of the
coverage of the adsorbent surface where adsorption occurs
at localized sites without interaction between the molecules
of the pollutant, the model equation is given as follows [36]:

c, 1

9. 9, K,;

e

D

)

+

where g, (mg g") is the adsorbed amount of CR at the
equilibrium stage, C, (mg 1) is the concentration of CR at
equilibrium. ¢, (mg g') and K; (I mg") are Langmuir
model constants related to adsorption capacity and
adsorption rate, respectively. A straight curve with a slope
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Pseudo-first-order

Pseudo-second-order

Concentration ki qe(cal) qe(exp) R’ k, qe(cal) R’
(min™) x 107 (g mg"' min™) x 10
50 7.139 14.791 19.921 0.853 5.787 21.276 0.994
75 5.066 15.523 24.705 0.935 3.783 26.315 0.993
100 5.987 24.322 30.946 0.843 2.203 34.482 0.989
125 5.757 25.644 36.196 0.897 1.637 40 0.988
150 5.757 28.183 41.254 0.903 1.268 45.454 0.988
Table 2. Isotherm Data for CR Uptake
Temperature Langmuir Freundlich
(K) Qmax K. R? Kr n R’
298 62.5 0.019 0.9973 4.27 2 0.9812
308 66.8 0.173 0.9951 6.02 1.29 0.9827
318 69.9 0.384 0.9929 12.94 1.13 0.9874
35 * 50 mg/L
g m 75 mg/L
R 100 mg/L.
3 125 mg/L.
#150 mg/L

)
th

[§S]

10

30

40

Time (min)

50 60

Fig. 9. Plot for the equation of pseudo-second-order model of CR.
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of (I1/gms) and an intersection point of (1/qm. Ki) is
obtained when the ratio C,/g, is plotted as a function of C.,.
The essential characteristics of the Langmuir equation can
be expressed by calculating the dimensionless separation
factor R; obtained from the following equation:

1
C1+K,C,

(©6)

L

where Cj is the initial CR concentration. R; is considered to
be a reliable indicator of the adsorption phenomenon. There
are four cases for R; values:

Unfavorable R, > 1
Linear R; =1
Favorable 0 < R; <1
Irreversible R; =0

The linearized Langmuir isotherm explains well the
experimental equilibrium data of CR adsorption over the
studied temperature range of 298-318 K and the correlation
coefficients are presented in Table 2. The values of g,
and K; are also presented in Table 2. The correlation
coefficients are high (R’ > 0.99). The adsorption capacities
of CR range from 62.5-69.9 mg g, with a temperature
range of 298-318 K. The results show that the R; values are
between 0 and 1 for the different temperatures, indicating
that CFB is a suitable adsorbent for CR contained in
aqueous solutions and the adsorption phenomenon is
favorable. According to the results, the Langmuir isotherm
fits well with the experimental data of the adsorption
process of CR on CFB. This may be related to the
homogeneous distribution of active sites on the surface of
the CFB powder.

In addition,
equation based on the principle that adsorption takes place

Freundlich's isothermal model is an
on a heterogeneous adsorbent surface or sites of various
affinities [37]. The Freundlich isotherm is expressed

through the following equation:
1
log(g,) = log(K ) +log(C.) )

where ¢, (mg g) is the adsorbed amount of CR on the CFB
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at equilibrium stage, C, (mg I"") is the concentration of CR
in solution at equilibrium, n is the heterogeneity factor, and
Kr(mg g') 1 g")"" is the Freundlich constant related to the
adsorption capacity. The constants Ky and 1/n of the
Freundlich isotherm are obtained from the intercept and
slope of the linear curve of log(q.) versus log(C,). The
Freundlich constants are presented in Table 2. Values of n
between 1 and 10 represent a favorable adsorption. By
comparing the linear correlation coefficients of the two
isotherms presented in Table 2, it can be concluded that the
Langmuir isotherm fits well with that of the adsorption of
CR on CFB in the selected temperature range. The
adjustment of the experimental adsorption data to the
Langmuir isotherm implies that the binding energy over the
entire surface of the adsorbent is uniform. Finally, the
adsorbed CR molecules form a monolayer on the surface of
the CFB.

Effect of Temperature
Functions
In order to test the ability of the removal efficiency of

and Thermodynamic

CR from aqueous solutions onto CFB, we conducted a
temperature evaluation. Equilibrium data were collected at
different temperatures: 298 K, 308 K, 318 K and 328 K.
Some thermodynamic functions such as free energy change
AG°, enthalpy 4H® and entropy 4S° were also used in order
to describe the behavior of CR removal efficiency onto CFB
and were calculated using the following equations:

K, = Coota )
C[iquid
AG® =—RTIn K, )
0 0
K, =25 g AH pr (10)
2.303 2.303

where K| is the constant of equilibrium, C,,;; (mg 17) is the
concentration of CR in the solid phase at equilibrium, Cj;gig
(mg 1) is the concentration of CR in the liquid phase
at equilibrium, 7 is the temperature in Kelvin, and R
(8.314 J mol K™). Table 3 shows the values of 4H° and 4S°
calculated from the slope and intercept of the Van’t Hoff
plot. The positive calculated value of AH° was found to be
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Table 3. Thermodynamic Properties of CR Adsorption onto CFB

T AG AH AS
(K°) (kJ mol™) (kJ mol™) (kJ mol™)
298 2.19920265 8.4154308 20.859826
308 1.99060439
318 1.78200613
328 1.57340787

equal to 8.41 kJ mol”, which leads to conclude that the
adsorption was endothermic. Additionally, the binding
between the CR dye molecules and the surface of CFB is
very weak [38]. The positive calculated values of AS°
(20.85 J mol™ K" (Table 3) indicate an increase in disorder
with the randomness at the interface film of the solid
solution of the dye with the CFB, resulting in some
structural changes in the CFB and CR dye, also the
irreversibility and stability of the biosorption process, and
the affinity of CFB to CR. The increase in the adsorption
capacity of CR with increasing temperatures has been
probably attributed to enlarged pore size and possibly liquid
penetration into the inner pores [39]. The decreased values
of AG° from 2.19 to 1.57 kJ mol” with the increase of the
temperature from 298 to 328 K shows simultaneously an
increase in feasibility of the adsorption phenomenon at high
temperatures.

CONCLUSIONS

In this study, the powder of cuttlefish bone (Sepia) was
investigated as a new low-cost and efficient adsorbent for
the removal of CR dye from aqueous solutions. The
prepared powder was characterized by FTIR, XRD, SEM
and elemental analysis. The experimental factors such as
CFB dose, contact time, Congo red concentrations, pH,
adsorption kinetic, isotherm models and thermodynamic
functions were investigated to study the adsorption
phenomenon. The kinetics study of Congo red indicates that
the adsorption phenomenon could be chemisorption in

nature. The adsorption equilibrium data of CFB on CFB
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was well adapted to the Langmuir isotherm and the
adsorbed dye molecules formed a monolayer. With an
increase in the temperature from 298 to 318 K, the increase
in the adsorption capacity was obtained as 62.5 to
69.9 mg g, respectively.
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