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Abstract
A new sorbent based on Sepia shells (cuttlefish bones) has been synthesized (SSBC) and tested for the sorption of cationic dye
(crystal violet, CV) and an anionic dye (congo red, CR). SSBC was produced by reaction of sepia shells powder with urea in the
presence of formaldehyde. In the first part of the work, the sorbent was characterized using scanning electron microscopy, energy
dispersive X-ray analysis, Fourier-transform infra-red spectrometry and titration (for determining pHPZC). In a second step,
sorption properties were tested on the two dyes through the study of pH effect, sorbent dosage, temperature and ionic strength;
the sorption isotherms and uptake kinetics were analyzed at the optimum pH: Langmuir equation fits isotherm profiles while the
kinetic profile can be described by the pseudo-second order rate equation. Maximum sorption capacities reach up to
0.536 mmol g−1 for CV and 0.359 mmol g−1 for CR, at pH 10.6 and 2.4, respectively. The comparison of sorption properties
at different temperatures shows that the sorption is endothermic. Processing to the sorption under microwave irradiation
(microwaved enforced sorption, MES) increases mass transfer and a contact time as low as 1 min is sufficient under optimized
conditions (exposure time and power) reaching the equilibrium, while 2–3 h were necessary for “simple” sorption. Dye desorp-
tion was successfully tested using 0.5M solutions of NaOH and HCl for the removal of CR and CV, respectively. The sorbent can
be re-used for a minimum of four cycles of sorption/desorption. Finally, the sorbent was successfully tested on spiked tap water
and real industrial wastewater.
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Introduction

The development of industry is strongly impacting the quality
of water bodies. Uncontrolled discharge of domestic and in-
dustrial wastewaters into the environment is dramatically

contaminating water resources [1]. Metallurgy, machinery,
textile, printing, mining, rubber, paper and pharmaceutical
industries are strong producers of contaminated water flows
that may contain a great diversity of pollutants such as: dyes,
heavy metals, phenols, pesticides, insecticide and drugs [2–8].
The presence of these pollutants in these water bodies above
their allowable levels set by World Health Organization
(WHO) and Environmental Agencies may have tremendous
effects on human and animal health (neural toxicity, carcino-
genicity, reproduction capabilities etc.), biotope quality (eu-
trophic effects, photosynthesis inhibition, etc.) due to poor
degradability and/or highly accumulating effects [9–13].

Dye industry gives emblematic examples of the potential
impact of uncontrolled management of contaminated flows.
Dyes are used in a great diversity of sectors: textile, paper,
leather, dyestuff, printing, plastic, cosmetics and coatings
which are widely disseminated because of low cost produc-
tion, brightness and high resistance against environmental
conditions [14, 15]. Even at low concentration, dyes are opti-
cally active and detectable; their impact on water bodies is
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then very acute. Indeed, the dispersion of dyes in water assets
disturbs gas solubility, which, in turn, affects the tills of aquat-
ic organisms and disrupting their spawning sites and refuges.
While hindering light penetration in water, the dyes also limits
photosynthesis. Apart of these secondary effects, the dyes
have frequently specific toxicity due to carcinogenic and mu-
tagenic effects (associated to the presence of benzidines, and
naphtalenes derivatives) [16–19].

Dyes can be classified into three categories: (a) anionic
(acid, direct and reactive dyes) with negative charge mainly
due to (SO3

−) group, (b) cationic (basic dyes) due to proton-
ated amine group and (c) nonionic (disperse dyes) according
to their dissociation behavior in aqueous solutions [20]. Azo
dyes either cationic or anionic bear one or more azoic bonds
(N=N). Beside its stability against light, heat and aerobic di-
gestion, it can cause acute diseases as genetic mutation, aller-
gic problems, vomiting and cyanosis [21]. Crystal violet (CV)
and Congo red (CR) dyes are two common examples of cat-
ionic and anionic dyes, respectively. They were chosen to be
studied in this work as they are frequently used in a wide range
of different industries. They have been also frequently inves-
tigated for testing sorbents; these two emblematic dyes have
been also used in the present study for evaluating the sorption
properties of the sorbent obtained by functionalization of sepia
shells.

Congo red (CR) is the sodium salt of 3,3′-([1,1′-biphenyl]-
4,4′-diyl)bis(4-aminonaphtalene-1-sulfonic acid); its chemical
structure corresponds to [C32H22N6Na2O6S2] [22]. It is a
benzidine-based anionic biazo dye, which is water soluble
and yields a red colloidal solution. It is one of the most widely
anionic dyes used in many field such as biology, biochemistry
and textile industry [23]. It has many negative effects on hu-
man public health including vomiting, nausea, diarrhea, aller-
gic problems and difficulty in breathing. In addition, it is eas-
ily metabolized to benzidine, which is identified as having
possible carcinogenic effects for humans [24, 25]. Crystal vi-
olet (CV) (or gentian violet) is a triaminoarylmethane dye with
the chemical structure [C25H30N3Cl]. It is classified among
the cationic dyes. It is extensively used in different industries
such as pharmaceutical, paper, textile and printing ink [26,
27]. Despite its many medical benefits while using as a bio-
logical stain, a bacteriostatic agent in veterinary medicine and
a skin disinfectant [28–30], it is harmful, depending on con-
centration, by different ways of exposure (inhalation, inges-
tion and skin contact). It is carcinogenic and can cause diges-
tive tract, skin and eye irritation to human [31].

These harmful impacts of dyes clearly demonstrate that the
removal of dyes from water bodies is an important issue for
industry, environment and health. Numerous processes have
been designed for the removal of hazardous dyes from aque-
ous media: coagulation/flocculation [32], photo oxidation
[33], membrane separation [34], biological degradation
[35–38], and irradiation [39]. Most of these methods have

many drawbacks in their application, for example, high cost,
production of toxic sludge, poor efficiency in low concentra-
tions and in some cases the degradation of the dye may pro-
duce even more harmful sub-products. Consequently, explor-
ing an efficient and straightforward route for dyes elimination
remains a great challenge as a bottleneck for preserving water
resources. Sorption and biosorption represent a promising al-
ternative to conventional processes for reaching the levels of
abatement of dye content endorsed by international or national
regulations and theWHO [40, 41]. Biosorption consists of the
use of materials of biological origin for sorbate binding ac-
cording mechanisms similar to those use ion-exchange and
complexation resins . It has many advantages such as simplic-
ity, easy operation, low cost and high efficiency. Various sor-
bents like biochar [42], modified clay [43], chitosan [44],
graphene [45], agriculture wastes [46–48], nanocomposites
[49] and hydrogels [50] were used for dyes removal.

Sepia shells or cuttlefish bones (SS) are sub-products of
fisheries. Despite being rich in calcium, they are usually dis-
posed without any commercial valorization. This may cause
locally some environmental nuisances; this is especially the
case in the Port-Said area and using this by-product for appli-
cation in dye removal would make a double benefit. A litera-
ture survey showed that very few work was performed on dye
removal using cuttlefish bones [51, 52]. So the present work is
focused on the use of this eco-friendly safe natural waste for
assessing, after chemical modification, its capacity for dye
removal. The sepia shells, collected from the fishing market
of Port Said city (Egypt) and were chemically modified to
prepare a new sorbent: sepia shells based composite (SSBC).
The sorbent was physico-chemically characterized prior being
tested for sorption of CR and CV from synthetic solutions: the
effect of pH, temperature, ionic strength, and sorbent dosage
were investigated before studying sorption isotherms and up-
take kinetics. After testing dye desorption and sorbent
recycling, the new sorbent was tested for the treatment for
complex effluents (spiked tap water and real industrial efflu-
ent). The microwave irradiation strongly enhances uptake
kinetics.

Materials and methods

Materials

Shells of Sepia pharaonis, urea, formaldehyde (solution 37%
w/w) and acetic acid were supplied by Merck (Germany) as
analytical grade reagents. All chemicals used were of analyt-
ical grade and distilled water was used for the preparation of
all aqueous solutions. Congo red (CR) and Crystal violet (CV)
dyes were supplied by Sigma-Aldrich (Switzerland). HCl
(0.1–1.0 M) and NaOH (0.1–1.0 M) solutions were used to
control pH of dye solutions.
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Sepia shells powder (SS) preparation

Sepia shells (SS) were collected from fishing market, Port
Said city, Egypt. Initially, they were washed three times with
tap water to remove dirt and surface adhered particles. This is
followed by rinsing in double-distilled water to remove any
impurities until washing water became clear. They were dried
naturally in the air for 4 days, followed by oven drying at
40 °C for 24 h until they reached constant weight. Pestle and
mortar instruments were used for the shell powder prepara-
tion. Firstly, shells were smashed into small pieces by using
pestle and then the obtained small pieces were further grinded
using mortar. The product was finally sieved and stored in a
desiccator until further use.

Synthesis of Sepia shells based composite (SSBC)

In order to enhance the removal efficiency of SS powder to-
wards CV and CR dyes, the raw material was chemically
modified to produce Sepia shells based composite (SSBC).
Briefly, 15.2 g (0.2 mol) of urea were mixed with 40 mL of
distilled water in a 250-mL two- necked flask equipped with a
stirrer and condenser. The flask was heated until urea was
dissolved. Then 15.2 g of the dried SS powder was added to
the flask. Twenty five mL of formaldehyde (37% aqueous
solution, containing 0.2 mol of formaldehyde) was added to
the reaction mixture and the solution pH was adjusted to 3
with acetic acid. The reaction was carried out for 8 h under
heating (95 °C) and stirring. The product was washed with
dilute NaOH solution, distilled water, ethanol, and acetone.
The product was sieved under open laboratory conditions
using standard mesh (125 mm) sieve, dried in an oven at
100 °C for 4 h and stored in a polypropylene container in a
desiccator.

Characterization of the sorbent

FT-IR of SSBC sorbent was examined in dried KBr powder
by recording the infrared spectra over the range of 400–
4000 cm−1 using a Fourier transform infrared (FTIR) spectro-
photometer (FT/IR4100 Jasco-Japan).

The morphology of SSBC sorbent before and after binding
to both CVand CR dyes was analyzed with Scanning Electron
Microscope coupled with an Energy Dispersive X-ray analy-
sis system (Jeol; JSM-6510LV). BET surface area, pore vol-
ume and pore size of SSBC sorbent was analyzed by
Quantachrome NovaWin (Quantachrome Instruments).

The pHPZC of the sorbent was determined using the pH-
drift method. A fixed amount of the sorbent was mixed for
24 h with a given volume of 0.1 MNaCl (or Na2SO4) solution
with initial pH (pHi) varying between 1 and 10. The final pH
(pHf) was recorded and compared to initial value the pHPZC

corresponds to pHi = pHf.

Preparation of solutions

Stock single solutions (1000mg L−1) of CVand CR dyes were
separately prepared in distilled water. The working solutions
were obtained by dilution of the stock solutions with distilled
water just before experiments. HCl (0.01–0.5 M) and NaOH
(0.01–0.5 M) were used to change the acidity of the medium.
CV and CR concentrations of all samples were analyzed by
the spectrophotometry method at 590 and 497 nm, respective-
ly, using photometer 7100, Palintest, USA.

Sorption experiments

To study the effect of solution pH, 20 mL of 20 mg L−1 of CV
and CR solutions at different initial pH values (2.4–10.6) were
individually blended with 0.03 g of SSBC sorbent for 90 min,
and the stirring speed was maintained at 150 rpm using a
reciprocal agitator, Rota bit, J.P. Selecta (Spain). PH values
were adjusted by addition of 0.01–0.5 M HCl and 0.01–0.5 M
NaOH solutions and measured by using a pH meter
(Aqualytic AL15). Four mL of each test sample was with-
drawn for centrifugation to avoid a risk of dyes sorption in
case of cellulose filters usage for filtration purpose. The resul-
tant supernatants were analyzed after centrifugation for resid-
ual CV and CR concentrations. The pH was not controlled
during the sorption but the final pH was systematically
recorded.

The effect of sorbent dose on CV and CR removal was
performed by changing amount of SSBC sorbent from
(0.01–0.1 g) mixed with 20 mL of dyes solutions separately
(C0: 20 mg L−1) at 25 ± 1 °C for 90 min.

For sorption isotherms, 0.03 g of SSBC sorbent was sepa-
rately mixed with 20 mL of CVand CR solutions at different
initial concentrations (C0, ranging between 10 and
1000 mg L−1) at 150 rpm for 90 min. After solid/liquid sepa-
ration, the residual concentrations of CV and CR were deter-
mined. Sorption capacity (qe, mmol g−1) and removal % were
determined by the following mass balance equations, respec-
tively:

qeq ¼
C0−Ceð ÞV

m
ð1Þ

%Removal ¼ C0−Ce

C0
� 100 ð2Þ

Where C0 and Ce is the initial and equilibrium concentra-
tion of dye in solution (M), respectively, V is the volume of
solution (L) and m the mass of sorbent (g).

Langmuir [53], Freundlich [54], Dubinin−Radushkevich
(DR) [55], and Temkin [56] sorption isotherm are applied to
clearly explain both CV and CR dyes sorption equilibrium
data on SSBC composite. Different important data related to
the aforementioned mathematical models could be derived
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from experimental points. The mentioned isothermmodels are
displayed in the Table S2 (see Supplementary Information).

The dimensionless constant separation factor, RL, is essen-
tial characteristics of Langmuir isotherm model and can be
calculated using the following equations:

RL ¼ 1

1þ KLC0
ð3Þ

Where KL is the Langmuir equilibrium constant and C0 is
the initial concentration of dye. Values of 0 < RL < 1 indicates
the suitability of the process.

Another important parameter is the mean energy of sorption
(Ea, kJ mol

−1) which can be calculated by applying Dubinin and
Radushkevich isotherm model equation. Generally the value of
(Ea) is the limit energy for distinguishing between physical and
chemical sorption. If it lies below 8 kJmol−1, this means physical
sorption, while in range (8–16) kJ mol−1 is ion exchange and
above 16 kJ mol−1 indicates chemical sorption. It can be denoted
from the following equations:

ε ¼ RT ln 1þ 1

Ceq

� �
ð4Þ

Ea ¼ 1

2KDRð Þ0:5 ð5Þ

Where ε is the Polanyi potential, R is the universal gas
constant (8.314 J mol−1 K−1) and T is the absolute temperature
(K).

For sorption kinetics, 0.3 g of SSBC sorbent was separately
placed in contact with 200 mL of CV and CR solutions for
180 min (C0: 20 mg L−1). Samples (5 mL) were collected at
fixed times and the residual concentrations were determined.
The agitation speed was set at 150 rpm while the temperature
was maintained at 25 ± 1 °C. The sorbed amount of CV and
CR per unit weight of the sorbent at time t (q(t), mmol g−1)
was calculated from the following mass balance equation (tak-
ing into account the decrement in the volume of the solution).

q tð Þ ¼ ∑
n

i¼1

C tð Þ i−1ð Þ−C tð Þ ið Þ
� �

� V tð Þ i−1ð Þ
m

ð6Þ

where C(t)(i) (M) is the CV and CR concentrations of the
withdrawn sample number i at time t. C(t)(0) = C0, V(t)(i)
(mL) is the volume of the solution in the flask at sample
number i and time t, and m is the mass of the sorbent in the
flask. The sample volume V(t)(i)-V(t)(i-1) equals 5 mL. An error
analysis (sum of squared errors of prediction; SSE) was also
established to compare the validity of kinetic and isotherm
models using the following equation:

SSE ¼ ∑
n

n¼1
qcal−qexp

� �2
ð7Þ

Where qcal and qexp are the calculated and experimental
adsorption capacities.

In order to analyze sorption kinetics of both CV and CR
dyes on SSBC sorbent, simple models based on different the-
oretical foundations were used, including pseudo first order
(PFORE) [57], pseudo second order (PSORE) [58], Weber
and Morris model [59] and Elovich model [60] are applied
to model the obtained experimental data and therefore facili-
tate interpretation of process. The models equations forms are
reported in Table S3 (see Supplementary Information).

The influence of temperature on the sorption of CVand CR
was carried out by mixing 20 mL of both dyes solutions (C0:
20 mg L−1) individually with 0.03 g of SSBC sorbent for
90 min at various temperatures (298, 308, 318 and 328 K).
Thermodynamic parameters such as Gibbs free energy change
(ΔGo), standard enthalpy change (ΔHo) and standard entropy
change (ΔSo) are used to interpret the sorption thermodynamic
through providing information about spontaneity, feasibility
and nature of sorption process whether it is exothermic or
endothermic reaction. They can be estimated as follow:

Kc ¼ CS

Ce
ð8Þ

where Kc is equilibrium constant. Cs and Ce are equilibrium
concentrations of sorbate onto the sorbent surface and in aque-
ous solution, respectively.

Classic van’t Hoff reaction isotherm equation correlates
between free energy change (ΔG), standard free energy
change (ΔGo) and equilibrium constant (Kc) at constant tem-
perature (T) as:

ΔG ¼ ΔGo þ RTlnKc ð9Þ

At equilibrium, ΔG = zero; hence Eq. 9 is reduced as fol-
low:

ΔGo ¼ −RTlnKc ð10Þ

This is the most important equation used in sorption ther-
modynamics to predict the feasibility of sorption process. To
predict ΔHo and ΔSo, Eq. 10 rearranged in the form of:

lnKc ¼ ΔG∘

−RT
ð11Þ

ΔGo is also related to ΔHo and ΔSo at constant temperature
by the following equation:

ΔGo ¼ ΔHo−TΔSo ð12Þ

Therefore van’t Hoff equation becomes:

ln Kc ¼ −ΔH∘

RT
þ ΔS∘

R
ð13Þ
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Effect of ionic strength on CVand CR sorption was exam-
ined by addition of ascending concentrations of NaCl from 5
to 45 g L−1 to 20 mL CV and CR solutions for 90 min (C0:
20 mg L−1, sorbent dosage: 0.03 g).

The methodology relied on potential implementation of
microwave-enforced sorption (MES) technique was evaluated
by using microwave apparatus which is a household oven
(CLATRONIC MWG 756 E) model operates with rated pow-
er output of 800 watt, frequency of 2.45 GHz and cavity vol-
ume of 20 L. Preliminary experiment related to individual
effect of microwave radiation on both CVand CR degradation
reaction in the absence of SSBC composite was performed. It
was carried out by introducing 20 mL of both dyes solutions
(C0: 20 mg L−1) separately to microwave radiation without
addition of SSBC sorbent at adjusted varied time interval (5,
10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 s) at 800 watt. The
degradation efficiency (%) of dye can be determined through
the following equation:

Degradation efficiency %ð Þ ¼ Co−Ceð Þ
Co

� 100 ð14Þ

Where C0 and Ce are the initial and final concentrations of
the studied dye.

MES technique feasibility was appraised through two key
factors; microwave radiation time and microwave power in-
tensity. Studying effect of microwave radiation time is very
necessary to evaluate the influence of radiation exposure time
on sorption process. Microwave heating time was examined
by mixing of 0.03 g of SSBC sorbent with 20 mL of CVand
CR single solutions (C0: 20 mg L−1) at different time intervals
(5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 s). The
microwave power is one of the main parameters influencing
on the sorption capacity yield. For microwave power intensity
experiment, 0.03 g of SSBC sorbent was separately mixed
with 20mL of CVor CR solutions (C0: 20mg L−1) at different
microwave power intensities (ranging from 144 to 800 watt)
for only 1 min to avoid water evaporation. Two aforemen-
tioned tests related to microwave radiation effect were carried
out with maximum exposure time of 1 min to avoid boiling
of the solution.

Reusability studies were executed after completion of
sorption process by separately contacting 0.03 g of SSBC
composite with 20 mL of CV and CR solutions (C0:
100 mg L−1) at 25 ± 1 °C for 90 min. Sorption capacity
and removal efficiency were determined by using two
equations (Eq. 1, 2) respectively. The loaded sorbent was
collected from two dyes solutions by centrifugation and
washed by distilled water. Then it was separately mixed
with 10 mL of 0.5 M of HCl and 0.5 M of NaOH at 25 ±
1 °C for 30 min in order to desorb CV and CR, respective-
ly. The regenerated sorbent was carefully washed by dis-
tilled water for reuse in the next cycle. The procedure was

repeated for 4 cycles. Regeneration efficiency (RE, %) was
calculated according to the following equation:

RE% ¼ Amount of dye sorbed mmolð Þat run nþ 1ð Þ
Amount of dye sorbed mmolð Þat run 1ð Þ

� 100 ð15Þ

Where n is the number of regeneration cycle.
All experiments were always performed thrice. The limit of

experimental errors of triplicates was ±5%.

Test of dyes sorption capacity from complex solutions

Applicability of SSBC sorbent to be used as color remov-
ing material for CV and CR dyes from two real water sam-
ples was evaluated. The first sample was tap water and the
second was wastewater collected from petrochemical plant
discharge, Port Said, Egypt. Eight different concentrations
of CV and CR (5, 10, 15, and 20 mg L−1) were spiked into
the selected water samples from the two mentioned
sources. A mass of 0.03 g of SSBC sorbent was individu-
ally mixed with 20 mL of CV and CR samples at different
concentrations, 150 rpm for 90 min. The samples were
centrifuged and supernatants were analyzed for residual
CV and CR concentrations.

Results and discussions

Sorbent characterization

A detailed characterization of the sorbent was already pub-
lished [61]. Complementary information is presented in the
supplementary Material Section (Section I).

Cationic and anionic dyes sorption properties

Influence of pH

Influence of solution pH on sorption process is a critical pa-
rameter to be studied as it simultaneously effects on the sur-
face charge of the sorbent in addition to the ionization degree
and chemical structure of organic dyes under study. So the
effect of pH was examined by varying initial pH of dyes
solutions in the range between 2.4–10.6 and observing its
effect followed by detecting the optimum pH values at which
sorbent reached to maximum grade for dyes removal percent-
ages (Fig. 1). The removal efficiency of SSBC is depended on
the solution pH and chemical ionization of the studied dyes.
For the sorption of CV dye (cationic dye), it can be noted that
the uptake value was 0.022 mmol g−1 at pHi = 2.4 (the remov-
al (%) = 66.5%). Then it elevated with increasing pH reaching
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to 0.031 mmol g−1 equal (the removal (%) = 95.05%) at pHi =
10.6. Contrarily, in case of anionic dye, CR, a quite opposite
sorption behavior was noticed. It can be noted that the highest
uptake value was 0.019 mmol g−1 (the removal (%) = 97.4%)
at pHi = 2.4 then decreased to 0.013 mmol g−1 nearly (the
removal (%) = 67.9%) at pHi = 10.6. Figure 2 shows that the
point of zero charge (pHPZC) for SSBC was at pH 7.6 which
means that below it, the sorbent surface is positively charged
while above it, sorbent surface is negatively charged. As cat-
ionic dye, CV, is positively charged, its sorption on SSBC
surface was lower in acidic region due to electrostatic repel-
ling forces and competition between H+ and CV+ to be
adsorbed on SSBC surface. Whilst elevation of sorption in
basic region is related to electrostatic attraction forces between
negatively charged sorbent surface and positively charged dye
molecules [62–64]. In the alkaline medium, addition of base
leads to the presence of more OH− ions and consequently
deprotonation of –NH3

+ on the sorbent surface and hence
sorbent possess negative charge. On the contrary, as anionic
dye, CR, is negatively charged, its sorption on SSBC sorbent
was favorable in acidic medium because of electrostatic attrac-
tion forces between protonated amino groups on sorbent

surface with sulphonate (SO3
−) groups from dye molecules.

The reduction of CR sorption in basic medium due to electro-
static repulsion forces as well as competition between OH−

and CR− to be sorbed on SSBC surface. Moreover the HSO3
−

in CR molecule will convert into –SO3Na
+ radical which will

dilute negative charge of CR and increase OH− concentration
[65–67]. In general, it can be noted that the lowest removal %
values for CV and CR dyes in unfavorable conditions were
66.5% and 67.9%, respectively. This reflects the high aptitude
of SSBC sorbent to be applied as substitute adsorbent for
different organic dyes in a wide range of pH values.

Effect of sorbent dosage (SD)

The effect of sorbent dose (SD) on both CV and CR dyes
sorption was investigated by changing solid to liquid ratio as
sorption efficiency mainly depends on surface area and avail-
ability of more binding sites on sorbent surface. Equilibrium
sorption capacities of SSBC exhibit a significant decline
(about 9 times from 0.086 mmol g−1 to 0.009 mmol g−1 and
from 0.051 mmol g−1 to 0.005 mmol g−1 for CV and CR,
respectively) (Fig. S4(a), see Supplementary Material).
While Fig. S4(b) (see Supplementary Material) display an
increase in the removal % from 87.85% to 94% and from
89.9% to 95.85% for CVand CR, respectively, with increasing
SSBC dosage from 0.5 to 5 g L−1. It is evident that by intro-
ducing more amount of sorbent, the removal % enhanced due
to increasing of overall surface area. Alternatively, more ac-
tive sites became available for binding with dyes molecules
[68]. Meanwhile with further increasing of sorbent dose, con-
stant or slightly reduction of removal % was observed. This
may be interpreted due to the blocking of some sorption sites
via partial aggregation or overlapping of sorbent particles at
high sorbent doses (known as screen effect on sorbent sur-
face). This phenomenon resulted from unsaturation of vacant
sites on sorbent surface due to constant concentration of dyes
molecules compared with high amount of sorbent. It is known
that dyes molecules can be sorbed by only a certain number of
active sites, so any additional increase in the amount of sor-
bent will not be useful for total dye molecules sorption [69].

Sorption kinetic

Sorption kinetic is a very crucial factor for providing full
knowledge about sorption dynamic and its rate controlling
step. It is one of the basic requirements in modeling any in-
dustrial application. As shown in Fig. 3a, b, the sorption ca-
pacities of SBCC towards CVand CR dyes rapidly increased
in the initial phase. This obviously appeared through the high
removal % of both dyes that exceeded 90% after only 10 min,
then sorption rate for both dyes gradually slow down till
reaching equilibrium after 180 min. The very fast sorption rate
in the initial stage can be attributed to great number of free
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sorption sites available on sorbent surface that could be easily
occupied by dyes molecules due to high concentration gradi-
ent between sorbent and dyesmolecules. It is then followed by
a slower rate reaching to a plateau condition “equilibrium
phase”. The saturation of sorbent active sites with dyes mole-
cules leads to difficulty of unsaturated sites to be accessed
with dyes molecules as a result of repulsion forces between
the dyes molecules sorbed on the sorbent surface and in bulk
phase [70].

As batch technique is customarily used as a preliminary
step to evaluate sorbent efficiency for removing pollutants
from their matrices, so effect of different assistant methodol-
ogies was tested. Heating is one of the most assisted factors to
sorption because it can provide solute with adequate energy
required for its migration from its medium to sorbent surface.
Among the traditional heating methods, microwave radiation
as a novel technique and high energy input source represents a
promising and fast approach for reduction of sorption equilib-
rium time [71]. It is a superfast methodology used in different
synthesis, separation and extraction process through intensi-
fying the rate of chemical reaction on multi-fold [72–75].
Table 1 illustrated the sorption kinetics data of both dyes onto
SSBC sorbent. While Table 2 reports the influence of micro-
wave radiation on these kinetic parameters. As shown in
Fig. 4a, b, the increase of SSBC uptake values (mmol g−1)

as well as the very fast sorption rate of the studied dyes upon
increasing the microwave heating time can be explained by
the effect of microwave radiation which accelerate and en-
force solute molecules to migrate from solution matrix to sor-
bent surface and thus being sorbed on sorbent surface in a
short period [76]. As a result of interaction between micro-
wave radiation and bulk of aqueous medium through photo-
catalytic reaction assisted with microwave irradiation, the ori-
entation of molecules changes and simultaneously increases
the dipolar rotations of the polar groups molecules found in
aqueous medium. Finally it leads to generation significant
amount of heat occurs [77]. Different forms of heat including
thermal, specific excitation and non-thermal effects are pro-
duced as outputs of microwave radiation usage. The thermal
and specific excitations are effective for different pollutants
degradation through contribution of hydroxyl radicals which
are formed and being very effective in contaminants degrada-
tion [77]. The non-thermal energy also plays an important role
by increase vibrational and rotational levels of molecules,
therefore saturation time are shortened to only few seconds.
Similar findings were obtained by other [76–78]. As any sorp-
tion process can be described as a mass transfer process, the
microwave radiation represents a sustainable and superfast
technique because it characterizes by attaining high operation
performance in only few seconds compared with normal sorp-
tion case [79–81].

Assumption of pseudo first order (PFORE) is built on that
rate change of solute ion removal with time is directly propor-
tional to the difference in saturation concentrations [82], while
pseudo second order (PSORE) is usually associated with the
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Fig. 3 Uptake kinetics of (a) CV dye (b) CR dye sorption onto SSBC (C0:
20 mg L−1; T: 25 ± 1 °C; volume: 200 mL; sorbent mass 0.3 g) at normal
sorption

Table 1 Kinetic parameters of CVand CR sorption

Kinetic models Parameter CV CR

PFORE k1(min−1) 0.026 0.0207

qe (mmol g−1) 0.0046 0.0015

R2 0.966 0.980

SSE 0.013 0.005

PSORE k2
(g mmol−1 min−1)

15.60 40.10

qe (mmol g−1) 0.0306 0.0180

R2 0.999 0.999

SSE 3.46× 10−5 8.24 × 10−06

Intraparticle
diffusion

Ki (mmolg−1 min0.5) 0.0003 0.0001

X (mmol g−1) 0.0268 0.0167

R2 0.954 0.975

SSE 8.27 × 10−07 5.71 × 10−08

Elovich equation α (mmol g−1 min−1) 7.31× 107 1.52 × 1016

β (g mmol−1) 994.07 2806.55

R2 0.992 0.978

SSE 1.43 × 10−07 4.98 × 10−08
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situation when the rate of direct sorption/desorption process
controls the overall sorption kinetics [83]. The agreement be-
tween experimental data and applied models was checked by
determination coefficient (R2) as well as sum of squared errors

of prediction (SSE) to evaluate the best models describes CV
and CR sorption on SSBC sorbent. By comparing the calcu-
lated R2 and SSE of the two dyes sorption, it can be noted that
the best coefficients of determination and the smallest SSE
value agreed with the PSORE for both normal sorption (NS)
and microwave enforced sorption (MES). This reflected the
involvement of chemical reaction during sorption process.

Utilization of intraparticle diffusion and Elovich models
paves away for more attesting about sorption mechanism
and its rate controlling step. In any solid-liquid sorption sys-
tem, mass transport can be ascribed by three consecutive
steps: i) external mass transfer from bulk solution to sorbent
surface, ii) inward diffusion stage and iii) adsorption onto
sorbent surface binding site [84]. The plots of experimental
data of dyes sorption at NS and MES (Fig. S7, see
Supplementary Material) show that linear plots didn’t pass
through the origin for both dyes suggesting that sorption in-
volved intraparticle diffusion but it isn’t the rate controlling
step may be other effects such as a boundary layer effect [85].
However, X parameter gives an idea about the thickness of the
boundary layer surrounding sorbent surface [86]. X values
were 0.0268, 0.0167 at NS and 0.0265, 0.0164 (mmol g−1)
at MES for CV and CR, respectively. This clearly shows the
influence ofmicrowave radiation onminimizing of the bound-
ary layer effect through sorption process.

Finally, the kinetic model proposed by Elovich was ap-
plied. The Elovich equation assumes that the sorbent active
sites are heterogeneous and therefore possess different sorp-
tion energies [87]. The parameters obtained from Elovich
equation a long with the corresponding R2 and SSE are re-
ported in Tables 1 and 2 for NS and ME, respectively. The
values of α and β related to both dyes sorption were

Table 2 Kinetic parameters of the
microwave enforced sorption of
CVand CR

Kinetic models Parameter CV CR

PFORE k1(min
−1) 4.072 2.92

qe (mmol g−1) 0.0058 0.0020

R2 0.935 0.947

SSE 0.007 0.003

PSORE k2 (g mmol−1 min−1) 1616.78 3711.60

qe (mmol g−1) 0.0313 0.0184

R2 0.999 0.999

SSE 4.52 × 10−06 1.47 × 10−06

Intraparticle diffusion Ki (mmol g−1 min0.5) 0.0046 0.0019

X (mmol g−1) 0.0265 0.0164

R2 0.960 0.970

SSE 4.9 × 10−07 6.17 × 10−08

Elovich equation α (mmol g−1 min−1) 5.0 × 1006 4.35 × 1010

β (g mmol−1) 713.40 1759.48

R2 0.995 0.978

SSE 6.00 × 10−08 4.64 × 10−08
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Fig. 4 Uptake kinetics of (a) CV dye (b) CR dye sorption onto SSBC (C0:
20 mg L−1; T: 25 ± 1 °C; volume: 20 mL; sorbent mass 0.03 g) at micro-
wave enforced sorption
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determined from the intercept and slope, respectively, of the
linear plot of qt against lnt. The values of α which represents

ini t ial sorpt ion rate were 7.31× 107, 1.52 × 1016

(mmol g−1 min−1) for NS and 5.0 × 1006, 4.35 × 1010

(mmol g−1 min−1) for MES for CVand CR dyes, respectively.
This reflects the availability of many binding sites on SSBC
surface for fast occupation by both CV and CR dyes
molecules.

By applying the studied kinetics models on the microwave
assist sorption process, it was found that sorption kinetic be-
havior of both CV and CR on SSBC sorbent at MES follow
the same behavior of kinetic models at NS. As reported in
Table 2, the MES sorption of both CV and CR dyes on
SSBC sorbent showed the highest R2 and lowest SSE in case
of PSORE. The values of k2 increased from 15.60, 40.10 to
1616.78, 3711.60 g mmol−1 min−1 for CV and CR dyes, re-
spectively. This clarify that microwave radiation significantly
increased the sorption rate.

Degradation reaction of CV and CR dyes under microwave
radiation

The comparison between both CV and CR dyes degradation
rates and removal efficiencies under individual microwave
radiation and in the presence of SSBC composite is very im-
portant to determine the sorption characteristics of SSBC ac-
curately. Generally, degradation efficiency % can be detected
by observing the difference between initial and final dyes
concentrations before and after being exposed to microwave
radiation respectively. Highest percents for dyes degradation
under microwave radiation were 5.15% and 5.5% after 1 min
for CVand CR dyes, respectively. Extent of dyes degradation
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Fig. 5 Effect of dyes concentrations on the sorption process for (a) CV
dye, (b) CR dye, (sorption time 90 min, sorbent dosage 1.5 g L−1 and at
20 °C)

Table 3 Isothermal parameters of
CVand CR sorption Isothermal models Parameter CV CR

Langmuir KL(L mmol−1) 8.24 13.03

qm (mmol g−1) 0.536 0.359

R2 0.975 0.965

SSE 0.042 0.022

Freundlich n 2.18 2.11

Kf (mmol g−1) (L mmol−1)1/n 0.495 0.426

R2 0.940 0.947

SSE 0.023 0.007

Temkin A (L g−1) 0.2355 0.4038

B (kJ mol−1) 30.456 46.2807

R2 0.9587 0.9401

SSE 4.32 × 10−02 1.94 × 10−02

Dubinin-Radushkevich qDR (mmol g−1) 0.443 0.305

KDR (J2 mol−2) 1.49 × 10−8 1.24 × 10−8

Ea (kJ mol−1) 5.80 6.34

R2 0.984 0.981

SSE 0.026 0.017
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depends mainly on the interaction between formed hydroxyl
radicals and target dyes molecules. While the removal effi-
ciencies of SSBC towards CV and CR dyes were 93.7% and
95.5%, respectively. The obtained results revealed the superi-
or ability of SSBC to sequester both CV and CR dyes from
water system under microwave radiation. Similar results were
recorded by other [88, 89].

Sorption isotherm

Sorption isotherm is essential to be studied through different
mathematical models. This is to obtain basic information that
accurately describes sorbent – sorbate interaction and the sub-
sequent utilization for design and optimization purpose
[90].The rate of both CV and CR sorption on SSBC sorbent
increased with increase of initial dyes concentration. This may
be attributed to the concentration gradient acting as a driving
force that accelerates sorption process to achieve the equilib-
rium stage. Different sorption isotherm models: Langmuir,
Freundlich, Dubinin−Radushkevich (DR) and Temkin are im-
plemented to clarify both CVand CR dyes sorption equilibri-
um data and hence determining their sorption capacities
(Fig. 5). Parameters that derived from these isotherm models
are shown in Table 3. Langmuir isotherm model assumes that
sorption takes place at the specific homogeneous sites within
the sorbent. Once a sorbate molecule occupies a site, no fur-
ther sorption can take place meaning monolayer sorption.

Also, all sorption sites are identical and energetically equiva-
lent [91]. While Freundlich isotherm model based on the as-
sumption of a heterogeneous distribution of the sorption sites
(basically corresponding to different affinities of sorbent to
sorbate) as well as possible multilayer accumulation [92]. A
comparison of R2 and SSE calculated from the experimental
values (Figs. S9, Supplementary Information) of the previous
models related to two dyes sorption was tabulated in Table 3.
Sorption data of both CV and CR dyes on SSBC sorbent
promotes better agreement with Langmuir model than
Freundlich model through highest R2 and lowest SSE values
derived from experimental data.

In the present study, RL values of SSBC that calculated
from Eq. 3 lie between 0.05 and 0.98 for all concentrations
of CV and CR dyes at 25 °C. These values are less than 1.0,
therefore the sorption is very favorable whatever the concen-
trations range.

Temkin’s isotherm based on hypothesis that decline in the
heat of sorption of all molecules is linear, rather than logarith-
mic with coverage (Fig. S9 (c), see Supplementary
Information) [93]. The Temkin constant B values were 30.45
and 46.28 kJ mol−1 for CVand CR, respectively, these values
refer to the physical nature of the sorption process.

Dubinin and Radushkevich (D-R) isothermwas developed,
taking into account the effect of the porous structure of the
sorbent, and the energy involved in the sorption process. The
slop of plot of ln qeq vs.ε

2 (Fig. S9 (d), see Supplementary
Information) gives KDR and the intercept yields QDR. The D–
R constant (KDR) derived from Eq. 5 can give valuable infor-
mation regarding the mean energy of sorption (Ea, kJ mol−1).
The results of D–R isotherm for both dyes are reported in
Table 3. Their values are 5.801 and 6.342 kJ mol−1 for CV
and CR, respectively. This is in consistent with the proposed
mechanism of physical sorption.

Influence of temperature

Studying influence of temperature change on sorption process
is very important for getting insights about its nature. It was
observed that the increase in sorption capacity of SSBCwas in
direct proportion to the increase in temperature. This can be
explained by the decline in solution viscosity with raising
temperature. This leads to increase in dyes molecules mobility
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Fig. 6 van’t Hoff plots for CVand CR dyes sorption

Table 4 Thermodynamic parameters of CVand CR sorption

Dye ΔHo (kJ mol−1) ΔSo (kJ mol−1 K−1) R2 TΔSo (kJ mol−1) ΔGo (kJ mol−1)

298 K 308 K 318 K 328 K 298 K 308 K 318 K 328 K

CV 13.17 0.061 0.948 18.27 18.88 19.50 20.11 −5.10 −5.71 −6.33 −6.94
CR 9.81 0.052 0.981 15.59 16.12 16.64 17.16 −5.78 −6.30 −6.83 −7.35
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followed by their feasible penetration through sorbent pores,
reaching to available sorbent active sites and hence increase in
chemical interaction between sorbate molecules and different
active sites on sorbent surface [94]. The values of ΔHo, ΔSo,
ΔGo and TΔSo for the sorption of both CV and CR dyes on
SSBC sorbent are determined from the linear plot of lnK ver-
sus 1/T according to Eq. 13 (Fig. 6) and reported in Table 4.
The calculated free Gibbs energy change values from CVand
CR sorption suggest the spontaneous nature of both sorption
processes. The decline in ΔGo values with temperature eleva-
tion for both dyes sorption affirms the increase in spontaneity
degree as well as the favourability of the process at high tem-
perature [95]. As literature reports that if values of ΔGo lie in
the range − 20 to 0 kJ/mol, means physical sorption and in
between −400 and − 80 kJ mol−1 indicates chemical sorption
[96]. Accordingly, based on the obtained results from the pres-
ent study, sorption process of both dyes may be physisorption.
Both enthalpy change ΔHo and entropy change ΔSo values for
two dyes sorption were calculated from slope and intercept of
the linear plot of Eq. (13) and listed in Table 4. This table also
elucidate that the positive values of ΔHo for both dyes confirm
the endothermic nature of sorption process. Besides, the pos-
itive ΔSo values for both dyes indicate increase in randomness
at the solid/liquid interface during sorption process [97].

Effect of microwave power on sorption (MES)

Evaluation the influence of different microwave power inten-
sities on sorption process behavior is very necessary. It was
observed that there is a direct relationship between sorbent
removal % and microwave power intensity. As microwave
power intensity increased from 144 to 800 watt, the sorbent
removal % increased in only 1 min from 88.75% to 93.7% and
from 90.3% to 95.55% for CV and CR respectively (Fig. 7).
The obtained results depicted the positive effect of augmenta-
tion of microwave power intensity on raising removal % of
SSBC against both dyes. The enhancement of SSBC sorption
capacities towards both CVand CR can be ascribed by sorbent
structure expansion and enlargement of sorbent surface area
with the formation of new pores. This may be due to the
combination effect of internal and volumetric heating that
triggered dyes molecules migration rate from solution to the
sorbent surface [98]. This is in agreement with endothermic
nature of the sorption behavior. Although raising microwave
power nearly 5 fold, slight increase in SSBC sorption capac-
ities was achieved. This was endorsed with similar findings
about the implementation of microwave technique during
some extraction process [99, 100].

Effect of ionic strength

Consumption of several salts in the dying process with dif-
ferent concentrations depending mainly on the source and
type of the industrial effluents. So, competitive sorption
study is necessary to infer the effect of interfering ions
coexistence on the ability of SSBC to sorb CVand CR dyes
as natural water and wastewaters containing different ele-
ments in their solutions. The presence of these elements
may lead to interaction or competition between them from
hand and dyes molecules from the other hand for being
sorbed on sorbent active sites. This may inhibit or raise
removal % of sorbent toward both CV and CR dyes. So,
SSBC sorbent efficiency was tested by adding ascending
concentrations of NaCl. It was observed that sorption
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Fig. 7 Effect of different microwave power intensities on CV and CR
removal % (C0: 20 mg L−1; T: 25 ± 1 °C; volume; 20 mL; sorbent mass:
0.03 g)

Table 5 Sorption, Removal (%)
and regeneration efficiency (RE,
%) of CVand CR

Sorption/
desorption cycle

(CV) (CR)

Amount sorbet
(mmol g−1)

Removal
(%)

RE
(%)

Amount sorbet
(mmol g−1)

Removal
(%)

RE
(%)

First sorption
operation

0.147 90 – 0.088 91.68 –

Cycle 1 0.145 88.88 98.75 0.087 90.72 98.95

Cycle 2 0.144 88.19 97.98 0.087 90.21 98.39

Cycle 3 0.143 87.75 97.50 0.086 89.85 98.00

Cycle 4 0.142 87.22 96.91 0.086 89.55 97.67
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capacities of SSBC declined from 0.029 to 0.022 mmol g−1

and from 0.017 to 0.013 mmol g−1 for CV and CR, respec-
tively, with increasing initial concentrations of NaCl from
5 g L− 1 to 45 g L− 1 (F ig . S10 , Supplementa ry
Information).This may be due to the shield effect or “salting
out effect” phenomena as a result of the presence of NaCl.
This may influence on the interaction between solid sorbent
surface and dye molecules and lead to decline in the
adsorbed dyes molecules [94]. Another reason for the de-
cline in removal % of SSBC in high NaCl concentrations
may be due to the probability of increasing ionic strength
that effect on the activity coefficient of dyes and sorbent
active sites. In addition to the competition effects between
Na+ and Cl− ions against CV+ and CR− respectively [101].

Reusability study

The ability of exhausted sorbent to be regenerated and then
reused is very crucial from both economic and ecological
aspects. It determines the feasibility of sorbent for using in
repeated cycles. Based on the results, its potential to be used
in large scale will be supported, becoming a green, superior
and alternative approach for traditional scenarios for dyes re-
moval [102]. Selected desorbing agents should be available,
effective, safe and low cost. Two different medium were used
in order to maximize desorption of opposite charged dyes
from SSBC surface. Both HCl and NaOH can be used as
effective desorbing agents for CV and CR, respectively.
Table 5 shows sorption, removal % and regeneration efficien-
cy (RE, %) for CV and CR dyes. When SSBC was saturated
with CV, its immersion in acidic medium by using 0.5 M HCl
promoted CV dye molecules desorption and it’s RE, % de-
creased from 98.75% to 96.91% in the fourth cycle. While, in
case of SSBC saturation with CR dye molecules, it’s RE, %
declined from 98.95% to 97.67% in the fourth cycle, by using
0.5 M NaOH. Our results elucidated that in the first cycle,
SSBC composite sorbed above 60 mg g−1 of both CV and
CR dyes , i . e . abou t 27% i t s so rp t ion capac i ty
(Qmax>218 mg g−1). So, there was a remarkable chance for
further usage of SSBC in subsequent cycles because it still had
a lot of free available active sites after the first sorption (cycle
1). It was evident that regeneration of the sorbent from the two
oppositely charged dyes had a negligible decline which was
confirmed by the high removal % of SSBC sorbent exceeded
87% up to the fourth cycle for both dyes sorption process. So
SSBC can be considered as a promising and excellent sorbent
for CVand CR dyes removal.

Comparison the sorption of cationic and anionic dyes
with different sorbents

Sorption performance of different sorbents depends on many
factors such as chemical composition, porosity, surface area
and total surface charge. Several sorbents were investigated
for dyes removal. A direct comparison of sorption perfor-
mance is difficult because of different experimental condi-
tions; however, this is a useful criterion for judging the poten-
tial of synthesized sorbent to have the priority for using.
Tables S4 and S5 (see Supplementary Material) shows a
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Fig. 8 Removal (%) of SSBC towards CV and CR dyes from different
concentrations of spiked water samples for (a) CV dye, (b) CR dye,
(sorption time 90 min, sorbent dosage 1.5 g L−1 and at 20 °C)

Table 6 Removal (%) of CVand
CR dyes from spiked tap and
wastewater samples using SSBC
sorbent

Spiked samples Spiked tap water Spiked Wastewater

Dyes concentration (mg L−1) 5 10 15 20 5 10 15 20

CV Removal (%) 90.4 88.8 87.8 86.1 88.2 87.3 86.4 85.2

Sorption capacity (mmol g−1) 0.007 0.014 0.021 0.028 0.007 0.014 0.021 0.027

CR Removal (%) 93.6 92.5 89.3 87.5 90.4 88.8 87.1 86.6

Sorption capacity (mmol g−1) 0.004 0.008 0.012 0.016 0.004 0.008 0.012 0.016
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comparison of maximum sorption capacities values
established for CV and CR dyes removal by using SSBC
and other sorbents. It is noteworthy that SSBC had superior
ability compared with other as it had a very fast sorption rate
with high sorption capacities towards both CV and CR dyes.
Therefore, the SSBC could be used as a promising sorbent in a
practical application for CVand CR dyes removal.

Application of SSBC for cationic and anionic dyes extraction
from spiked water samples

Real evaluation for the possible use of SSBC as a color
removing material from real wastewater samples was per-
formed to confirm sorbent applicability for industrial ap-
plication (Fig. 8). Table S6 (see Supplementary Material)
shows the chemical analysis for wastewater sample col-
lected from petrochemical plant discharge, Port Said,
Egypt. In spite of the high conductivity, TDS and total
hardness that characterize of wastewater sample, admira-
ble sorption character of SSBC for both CV and CR was
recorded. Its removal % exceeded 85% from eight spiked
real water samples (Table 6). Accordingly, SSBC sorbent
is considered as an efficient sorbent for removing differ-
ent organic dyes – laden wastewater.

Conclusion

The overarching target of the present work was the prep-
aration of ecofriendly sorbent based on neglected
biowastes. On the perspective, wastes as wealth, SSBC
was synthesized based on useless available Sepia
pharaonis shells. Prepared sorbent was characterized by
FT-IR, SEM, EDX, pHPZC and BET surface area analy-
ses. Effect of different parameters such as pH, sorbent
dose, initial concentration, temperature, contact time,
ionic strength and microwave radiation on sorption pro-
cess was carried out. The results showed that SSBC had
maximum sorption capacities reached to 0.536 mmol g−1

(218.67 mg g−1) and 0.359 mmol g−1 (250.10 mg g−1)
for CV and CR dyes, respectively. The sorption is mono-
layer, endothermic controlled PSORE. The microwaved
enforced sorption increases mass transfer and reduces
saturation time to less than 1 min. The recyclability of
SSBC was successfully achieved after four repeated cy-
cles. Applicability of SSBC to be used as a sorbent for
CV and CR dyes removal from spiked tap water and
wastewater samples was successfully achieved with re-
moval % exceeded 85%. Accordingly, the present study
provides a model for recycling untapped sepia shells to
be exploited as a cleaning tool for amputation of cationic
and anionic dyes.
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