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ABSTRACT

In this study, the adsorption of Acid Blue 121 (AB 121) on fish (Dicentrarchus labrax) scales
(FS), extracted hydroxyapatite from FS (FHAp), low-cost, and environment-friendly adsor-
bent, and commercial hydroxyapatite (CHAp) was investigated in a batch system as a func-
tion of contact time, initial dye concentration, initial pH, adsorbent concentration, and
temperature. The Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich isotherm
models were applied to the experimental equilibrium data and it was found that the experi-
mental equilibrium data of AB 121 adsorption fitted well to the Langmuir isotherm model.
The monolayer coverage capacities of FS and CHAp for AB 121 adsorption were found as
300.7 and 291.5 mg/g, respectively. It was observed that the pseudo-second-order kinetic
model could be used for the prediction of studied adsorption processes kinetics. Both film
diffusion and intraparticle diffusion contribute to the rate-limiting mechanism. The thermo-
dynamic parameters showed that AB 121 adsorption on FS and CHAp was exothermic in
nature. The Fourier transform infrared spectrometer, X-ray diffraction and scanning electron
microscopy, energy dispersive X-ray analyzer and Brunauer, Emmet and Teller surface area
analyzer were used for adsorbent characterization studies before and after dye treatment.
And also, the reusability of FS was determined by desorption studies.

Keywords: Acid Blue 121; Adsorption; Fish scales; Hydroxyapatite; Waste management

1. Introduction

Nowadays, the public has become more sensitive
toward the protection of the environment and general
awareness has now increased about the potential
adverse effects of industrial effluents contaminate with
various pollutants, including dyes on the environment
[1]. Many industries like textiles, leather, cosmetics,
paper, printing, plastics, etc. use many synthetic dyes
to color their products. Thus, effluents from these

*Corresponding author.

industries contain various kinds of synthetic dye
stuffs. Colored wastewaters from these industries, par-
ticularly textile industry, cause serious environmental
problems. The presence of very small amounts of dyes
in water (less than 1 ppm for some dyes) is highly
visible and undesirable [2]. There are many structure
varieties such as acidic, basic, disperse, azo, diazo,
anthroquinone based, and metal complex dyes [3]. In
sequence of their importance, acid dyes are mostly
used with certain fiber types such as polyamide, wool,
silk, modified acrylic, and polypropylene fibers, and
so on [4].
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The colored wastewater affects aesthetics, water
transparency, and gas solubility in water bodies and
can be toxic to aquatic flora and fauna, and this causes
severe environmental problems worldwide. Further-
more, most dyes and their metabolites are toxic, car-
cinogenic, and mutagenic, posing a potential hazard
to human health. Hence, for protecting both the envi-
ronment and the human health, and to respect the
government law, many researchers try to find an effec-
tive and economical way of dye-containing wastewa-
ter treatment. However, removal of dyes from the
wastewater is not as easy as it seems because dyes
generally have complex aromatic molecular structure
with synthetic origin, as aforementioned, which make
them more stable and difficult to biodegrade. There-
fore, the removal of such colored agents from aqueous
effluents is of significant environmental, technical, and
commercial importance. Different physical, chemical,
and biological methods for the removal of dyes from
aqueous solutions, such as coagulation and floccula-
tion, electro-flotation, reverse osmosis, irradiation,
membrane filtration, ozonation, adsorption, have been
investigated [5]. Recent literature reveals that the
adsorption has proven to be an effective and attractive
process for the removal of the dye-containing effluents
among all the dye removal techniques. Activated car-
bon has been the most versatile adsorbent for the
removal of dyes due to its high removal capacity and
ease of operation at large scale. However, high cost of
activated carbon restricts its application. This case
prompts an increased research interest into the low-
cost adsorbents to the commonly used activated car-
bon [6]. A number of researchers have recently used
variety of low-cost adsorbents such as spent cotton
seed hull, bio-char, sawdust, and industrial and
agricultural byproducts for adsorption of different
pollutants from wastewater [7-10].

An alternative inexpensive adsorbent able to reduce
the cost of an adsorption system has always been
searched. A low-cost adsorbent is defined as one which
is abundant in nature, or is a byproduct or waste mate-
rial from another industry [11]. In this study, we
attempt to use fish scales (FS), which are discarded as
waste material from the fish industry, as an alternative
low-cost adsorbent in the adsorption of acidic dye from
aqueous solutions. Generally, FS are considered worth-
less and inapplicable as a waste. However, FS contain
numerous valuable organic and inorganic components,
mainly collagen and hydroxyapatite. Moreover, extrac-
tion of hydroxyapatite (HAp) from natural resources is
promising as an alternative choice for obtainment of
HAp and reduces cost from usage of CHAp [12]. HAp
is a mineral form of calcium apatite with the formula
Cas(PO4);(OH), but is usually written with the formula
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Ca19(PO4)6(OH), to suggest that the crystal unit cell
comprises two entities. HAp can be used in various
applications such as column packing material for chro-
matography to separate proteins and enzymes, adsor-
bent material, medical and dental substances because it
is an important inorganic material in biology and
chemistry due to its availability structure, ion exchange
property, adsorption affinity; hence, they have
best owed to this material more attention in the recent
times [13].

Moreover, the reusability of adsorbent is very
important in terms of the process economy and envi-
ronmental health. As the dye-loaded natural adsor-
bents cause disposal problem in the environment due
to their hazardous nature. Such problem may over-
come with desorption. Both making the process more
economical and recycling the adsorbent and adsorbate,
desorption of dyes and regeneration of adsorbent
should be performed [14].

Considering all of these, in this study, the adsorp-
tion of Acid Blue 121 (AB 121) onto scales of Dicentrar-
chus labrax (FS), commercial hydroxyapatite (CHAp)
and the extracted hydroxyapatite (FHAp) from FS was
investigated in a batch system. The desorption studies
of dye-loaded FS were also carried out. Before and
after the adsorption, the characterization of the stud-
ied adsorbents was performed using Fourier transform
infrared spectrometer (FT-IR), X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy disper-
sive X-ray analyzer (EDX) and Brunauer, Emmett, and
Teller (BET) surface area analyzer.

2. Material and method
2.1. Preparation of FS

Fish (D. labrax) scales (FS) were collected from the
fisherman’s market located in Mersin, Turkey. Mature
FS were washed repeatedly with tap water to remove
adhering dust and soluble impurities from their sur-
face. FS were allowed to dry in shade for 48 h. FS
were then kept in a drying oven at 110°C till the mois-
ture evaporated. The prepared FS were used directly
as an adsorbent without grinding.

2.2. Determination of the point of zero charge of adsorbent

The pH where the net surface charge is zero is
called the point of zero charge (pHpyzc) or isoelectric
point. Several techniques have been used for the
determination of pHpzc such as solid addition
method, mass titration method, fast titration method,
potential method, and so on. The solid addition
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method was selected in this study because of its
reasonableness and easy enforceability.

The points of zero charge of the FS and CHAp
were determined by the solid addition method [15].
Initially, 0.1 M KNO; solution was prepared and
45 mL of the solution was transferred to 100 mL-coni-
cal flasks. Then, the pH values of the solutions were
roughly adjusted from 2.0 to 12 by adding 0.1 M HCl
and/or 0.1 M NaOH. The total volume of the solu-
tion in each flask was made exactly to 50 mL by add-
ing 0.1 M KNOj solution. After the initial pH (pHj;)
values of the prepared solutions were then accurately
noted, 1.0 g of adsorbent was added to each flask,
which were securely capped. The suspensions were
then manually shaken and allowed to equilibrate for
48 h with intermittent manual shaking. Afterwards,
the final pH values (pHy) of the supernatants were
noted. The differences between the initial and final
pH values (pH = pH; — pHy) were plotted vs. the pH;
values. The points of zero charge for the studied
adsorbents were determined from the point
intersected x-axis.

2.3. Extraction of hydroxyapatite from FS

The hydroxyapatite from fish (D. labrax) scales
was extracted by alkaline heat treatment method [16].
Initially, FS were deproteinized through external
washing with 0.1 M HCI and washed several times
with distilled water. Then, FS were treated with 5%
(w/v) NaOH, heated and stirred magnetically at
70°C for 3 h. The fine white precipitate was obtained,
washed with distilled water and dried at 60°C in an
oven. For the next step of alkaline heat treatment,
50% (w/v) NaOH was added into the treated pow-
der, heated up to 100°C and stirred magnetically for
1.0 h. The obtained FHAp powders were washed
thoroughly with distilled water until the washing
solution became neutral and then dried at 60°C in an
oven.

2.4. Characterization of adsorbents

Perkin ~ Elmer Fourier transform infrared
spectrometer (FT-IR) was used for the determination of
functional groups in the adsorbent before and after
adsorption. Crystal structure of the adsorbent was
assessed by XRD analysis, using nickel-filtered Cu Ka
radiation in a Philips XPert MPD apparatus operated at
40 kV and 30 mA, in the 26 range of 10°-80°. The mor-
phology of the adsorbent was analyzed by Zeiss/Supra
55 SEM analysis. An energy dispersive X-ray analyzer
(EDX) was also used to provide elemental identification
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and quantitative compositional information of the
adsorbent. The surface area of the adsorbent was
determined by N, adsorption at 76.256 K using
Micromeritics ASAP 2020V 3.00 G Brunauer, Emmett,
and Teller (BET) surface area analyzer.

2.5. Preparation of dye solutions

Acid Blue 121 (AB 121) supplied by Dye Star
with commercial name Telon Blue AGLF, (Color
Index (CI): 50310; molecular weight (MW): 735.85;
molecular formula (MF): C3;H3sN5NaOgSy,  Amax:
610 nm) was of commercial quality and was used
without further purification. Dye stock solution
(1,000 mg/L) was prepared by dissolving exact quan-
tity of AB 121 in distilled water. Necessary dilutions
were made to prepare solutions in the range of ini-
tial dye concentrations 25-500 mg/L. The initial pH
of each solution was adjusted with 0.1 M HCI and
0.1M NaOH solutions before mixing with the
adsorbents.

2.6. Batch adsorption studies

0.1g of the adsorbent (FS, CHAp, and FHAp),
except for adsorbent concentration experiments, was
mixed with 100 mL of the desired initial dye concen-
tration and initial pH in Erlenmeyer flasks. The flasks
were agitated on a shaker at constant temperature for
120 min to reach adsorption equilibrium. Samples
(3 mL) of adsorption medium were taken before mix-
ing the adsorbent and dye-bearing solution, then at
predetermined time intervals (in the range of
0.5-120 min) for the residual dye concentration in the
solution. Samples were centrifuged at 3,500 rev/min
for 5.0 min and the unadsorbed AB 121 dye concentra-
tion in supernatant was analyzed at 610 nm wave-
lenght with Chebios UV-vis spectrophotometer.
Experiments were repeated for different initial pH,
initial dye concentration, temperature and adsorbent
concentration values.

The adsorbed amount at equilibrium, g. (mg/g),
and the percentage of adsorption (%) were computed
as follows:

7.= (Co—Ce)/Xo ¢))
Percent adsorption (%)= ((Co—Ce) / Co) x 100)  (2)
where C, and C, are the initial and equilibrium dye

concentration (mg/L), respectively, and X, is the
adsorbent concentration in solution (g/L).
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2.7. Desorption studies from FS

After the adsorption reaches to the equilibrium, the
adsorption solution was centrifuged at 3,500 rev/min
for 5.0 min and the residual AB 121 concentration in
supernatant was analyzed at 610 nm wavelength with
spectrophotometer. The dye-loaded FS were dried at
60°C in an oven for 24 h. The pH values of solutions
were adjusted from 2.0 to 12 with 0.1 M HCl and/or
0.1 M NaOH solutions. Then 0.1 g of the dye-loaded FS
were added into 100 mL of prepared solutions. The
flasks were agitated on a shaker at 30°C temperature for
120 min. At the end of desorption time, desorption
solutions were centrifuged and the dye concentration
in desorption solution was determined by
spectrophotometer at 610 nm wavelength. These
adsorption/desorption processes were repeated for 8.0
times, to further determine the desorption capability of
FS [17].

3. Results and discussion
3.1. Characterization of adsorbents
3.1.1. FT-IR analysis

The FT-IR analysis was performed to identify the
possible interactions between the functional groups of
adsorbents and dye anions. The FT-IR spectrums of
FS, CHAp, and FHAp before dye treatment were
shown in Fig. 1, and the characteristic absorption
peaks were explained in details in Table 1. FT-IR
studies were carried out in the range of

(a)

= (b)

Fig. 1. FTIR spectra of (a) FS, (b) FHAp, and (c) CHAp.
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Table 1
FTIR analysis results and comparison of FS, CHAp, and
FHAp before adsorption

Peak assignments  FS CHAp FHAp
C=0 1,646.21 - -

N-H 1,541.75 - -

C-H 1,242.03 - -
Carbonate 3 1,650-1,300 1,650-1,300 1,650-1,300
(m) 1,452.80 - 1,466.20
(m) 1,420.19 - 1,420.08
Phosphate 3 1,193-976 1,193-976 1,193-976
(vs) - 1,091.28 -

(vs) 1,043.60 1,031.44 1,034.92
Phosphate ; (m) - 963.17 962.6
Carbonate , (ms) - - 873.61
Phosphate 4 700-520 700-520 700-520
(m) 675.07 631.17 674.84
(vs) 604.93 601.92 603.89
(vs) 561.84 563.65 566.11

400-4,000 cm™' to have knowledge about chemical
structure of the studied adsorbents.

Basically, FS are composed of organic and inor-
ganic compounds. Whether the amounts of these com-
pounds vary by the types of FS, they contain
approximately 41-84% organic-based protein, collagen,
and the remainder is inorganic-based part, hydroxyap-
atite. Fig. 1(a), the FTIR spectrum of FS, showed
characteristic peaks corresponding to the organic
components of the FS, namely amide I, II, and III
bands of collagen at the absorption peaks at 1,646,
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1,541, and 1,242 cm ™}, respectively. The amide I peak
is associated with the C=O stretching vibrations, the
amide II peak is due to the N-H bending vibration
and the C-N stretching vibrations, the amide III peak
is related to C-N stretching. The inorganic content of
FS mainly comes from the hydroxyapatite, so the
hydroxyapatite peaks correspond to phosphate and
carbonate groups [18]. According to Fig. 1(b) and (o),
the perceptible peak at 963 and 962 cm ™' was derived
from the P-O stretching of PO, group for CHAp and
FHAp, respectively. The three sharp peaks between
700 and 520 cm™' corresponded to the triple bending
vibrations of phosphate in FS, CHAp, and FHAp. The
distinguishable peaks at 1,043, 1,031, and 1,034 cm™!
represented the phosphate groups in FS, CHAp, and
FHAp, respectively. The bands at 1,466, 1,420, and
873 cm ! for FHAp; 1,452 and 1,420 cm ! for FS were
derived from carbonate groups [13,19].

According to Fig. 1 and Table 1; the main func-
tional groups present on surface of FS were collagen
and hydroxyapatite (phosphate and carbonate groups).
On the other hand, both CHAp and FHAp exhibit the
same characteristic peaks, which is confirming suc-
cessful extraction operation. Nevertheless, the FTIR
analysis detected strong peaks at the wavenumbers of
the B-type hydroxyapatite, carbonated hydroxyapatite,
(873, 1,420 and 1,466 cm™!) while the typical peaks of
the A-type hydroxyapatite (880, 1,450, and 1,540 cm™")
were not evident [20]. This case resulted from
carbonate groups found in the structure of FS.

The FT-IR spectrums of FS, CHAp, and FHAp after
dye treatment were shown in Fig. 2. Comparison of
FTIR spectra of dye-loaded adsorbent with FTIR spec-
tra of pure adsorbent did not display significant
changes. According to Fig. 2, any bond breaking or
formation was not observed after adsorption, but just
it was seen that the characteristic FT-IR peaks of FS,
CHAp and FHAp were shifted to a little right. This
case was evidence that the adsorption of AB 121 onto
FS, CHAp, and FHAp were physical processes. Also,
the responsible groups for AB 121 adsorption onto FS
were not only collagen structure but also hydroxyap-
atite (phosphate and carbonate groups) while the
responsible groups for AB 121 adsorption onto CHAp
were only phosphate groups and the responsible
groups for AB 121 adsorption onto FHAp were
phosphate and carbonate groups [21].

3.1.2. XRD analysis

The XRD patterns of CHAp and FHAp were
shown in Fig. 3 in order to determine the crystallini-
ties and phases of the adsorbents before adsorption.
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All data were picked up over the 20 range, from 10°
to 90°, but the characteristic peaks of the adsorbents
were obtained between 20° and 60°. The characteristic
peak of the highest intensity for CHAp and FHAp
was obtained at a 26 value of 25.98 corresponding to
211 plane in all the cases. The presence of broad
diffraction peaks suggests that the crystals are small
or structurally disordered or both; but no broad
diffraction peak was obtained as can be seen from
Fig. 3. Meanwhile, the XRD pattern of FHAp was very
similar to CHAp, and also both of them fitted well
with standard pattern, proving that the main struc-
tural features of CHAp could be obtained by extrac-
tion from FS. Also, any other phases such as monetite
or brushite were not established, suggesting the adsor-
bents were in pure phases. The shape of the diffrac-
tion peaks also indicated that the CHAp and FHAp
were well crystallized [22].

The comparisons of XRD patterns of CHAp and
FHAp before and after adsorption were shown in
Fig. 4 in order to determine the crystallinities and
phases of the adsorbents. According to Fig. 4, there
were not much significant differences before and
after adsorption from XRD patterns of CHAp and
FHAp, but AB 121 dye-loaded CHAp and FHAp
samples presented higher intensity of diffraction
peaks. This suggested that AB 121 anions diffused
into the pores and adsorbed mostly by physisorption
without altering the structure of the adsorbent [23].
It was another proof that the adsorption of AB 121
onto CHAp and FHAp was physical process, as
designated by  Dubinin—-Radushkevich  isotherm
model and FT-IR analysis.

3.1.3. SEM and EDX analysis

Information about elemental identifications and
quantitative compositions of the adsorbents were
obtained by EDX. The results of elemental analysis
were given in Table 2. According to Table 2, FS con-
tain all elements of CHAp (C, Ca, O, P) as well as
0.54% mole ratio of N. This case results from amine
groups (N-H, amide II peak) in FS as shown in FTIR
spectrum. Also, FHAp and CHAp have same elements
indicating the content of hydroxyapatite in FS. On the
other hand, although the compositions of CHAp and
FHAp were expected to be similar with each other,
the results were not as expected due to heterogeneous
structures of adsorbents. Accordingly, it was
determined with the elemental analyses performed at
various parts of the surfaces that the same elements
but different percentages of the elements were found
in different parts of the surfaces.
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Fig. 2. FTIR spectra before and after (A) adsorption (a) FS, (b)

SEM analyses were carried out to investigate the
morphologies of the adsorbents before and after AB
121 adsorption. SEM images of FS, CHAp, and FHAp
before and after adsorption were shown in Fig. 5. As
seen from Fig. 5, any differences between before and
after adsorption were not observed. It demonstrated
that AB 121 anions were bound to active sites of the
adsorbents physically, and any chemical bond forma-
tion or breaking did not occur during the adsorption
process. This case verified the results of FTIR analyses.

3.1.4. BET analysis

The specific surface areas (Spgr), average pore
volumes (Vqr), average pore widths (Dpore), and

CHAp, and (c) FHAp.

average particle widths (Dparicie) of FS, CHAp, and
FHAp were obtained using the Brunauer, Emmett,
and Teller (BET) method and were given in Table 3.
Also the average pore diameter was calculated from
Dparticte = 6/(p Sper), where p is the particle density
(316 g/ m® for CHAp, 3.03 g/ m® for FHAp). Accord-
ing to Table 3, the average pore width of FHAp is
smaller than CHAp, so it has larger specific surface
area resulting in high adsorption capacity than CHAp.
In addition, International Union of Pure and Applied
Chemistry (IUPAC) classifies porous materials into
three categories—micropores of less than 2.0 nm in
diameter, mesopores between 2.0 and 50 nm, and
macropores of greater than 50 nm. In this study, the
surface areas originating from macropores (>50 nm)
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Fig. 3. XRD patterns (a) CHAp and (b) FHAp.

and mesopores (2.0-50 nm) which were estimated by
the BJH adsorption pore distribution method. Accord-
ing to pore distribution report, the mesopores com-
posed 38.09, 62.72, and 69.35% of the total volumes of
FS, CHAp, and FHAp, respectively. Accordingly, it is
clear that a low-cost adsorbent with improved proper-
ties (FHAp) was obtained by hydroxyapatite extrac-
tion from FS. On the other hand, in descending order
of the adsorption capacities are FS, FHAp, and CHAp
while this sequence is FHAp > CHAp > FS for specific
surface areas. This case could be explained with bind-
ing mechanism of dye anions to active sites on the
adsorbent surface. Also, the literature review about
specific surface areas of the various adsorbents has
been done and the specific surface areas of several
adsorbents were summarized in Table 4. According to
Table 4, the hydroxyapatite extracted from FS in this
study has wide surface area than the other adsorbents
except for activated carbons. Generally, activated
carbons have wide specific surface areas, but their
expensive obtainment and difficult regeneration
limit their usage as adsorbent. Consequently, the
hydroxyapatite extracted from FS is an effective

(=]

Zameta @geg)

adsorbent, which has low-cost and high specific
surface area, for the dye adsorption.

3.2. Optimization studies

Analysis of adsorption data is important for
developing equilibrium, kinetic, and thermodynamic
parameters that can be used for design purposes. The
adsorption of AB 121 onto FS and CHAp was investi-
gated as a function of contact time, initial pH, tem-
perature, initial dye concentration, and adsorbent
concentration.

3.2.1. The Effect of initial pH

The pH is one of the most important parameters
affecting the adsorption process. The effects of initial
pH on adsorption capacities of FS and CHAp were
studied in the range of 2.0-5.0 at 100 + 10 mg/L initial
AB 121 concentration, 1.0 g/L adsorbent concentration
and 25°C temperature for 120 min contact time. Fig. 6
presents the effect of initial pH on adsorption of AB
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Table 2
EDX elemental analysis results of FS, CHAp, and FHAp
Mole (%)

Element FS CHAp FHAp
Ca 9.6 40.3 25.5
C 40.1 2.07 8.88
(@] 24.0 27.2 35.0

P 8.47 16.9 7.61
N 0.54 0.35 3.81

121 onto FS and CHAp. As can be seen from Fig. 6,
the adsorption capacities of FS and CHAp decreased
from 103.2 to 85.6 mg/g and 104.8 to 96 mg/g with
increasing initial pH from 2.0 to 5.0, respectively. Also,
it was observed that the adsorption percentages
decreased from 98 to 77% for FS and from 95 to 87%
for CHAp with increasing initial pH from 2.0 to 5.0.
The decrease in adsorption with increasing initial pH
can be explained on the basis of the pHpyc, which is
the point at which the net charge of the adsorbent is
Zero.

The pHpyzc values for FS and CHAp were found as
7.25 and 5.72, respectively. At initial pH < 7.25 for FS
and initial pH < 5.72 for CHAp, the surface active sites
of the adsorbent may acquire a positive charge leading
to increase in anionic dye uptake due to the electro-
static force of attraction. At initial pH 2.0, there is a sig-
nificantly high electrostatic attraction between the
positively charged surface of the adsorbent and dye
anions. Therefore, the optimum initial pH was deter-
mined as 2.0 for the adsorption of AB 121 onto FS and
CHAp. At the pH values > pHpyc, the number of nega-
tively charged sites increases and that of positively
charged sites decreases. A negatively charged surface
site on adsorbent does not favor the adsorption of dye
anions due to the electrostatic repulsion [31].

3.2.2. Effect of initial dye concentration

The effects of initial dye concentration on the AB
121 adsorption by FS and CHAp were investigated in
the range of 25-500 mg/L initial AB 121 concentra-
tions at 1.0 g/L adsorbent concentration and 25°C
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Fig. 5. SEM images of FS (a and b), CHAp (c and d) and FHAp (e and f) before and after adsorption.

temperature for 120 min contact time. The plot of the
equilibrium uptake values (mg AB121/g adsorbent)
of AB 121 on FS and CHAp vs. the initial dye
concentration was presented in Fig. 7. As seen from
Fig. 7, the equilibrium uptakes for the studied adsor-
bents increased with increasing the initial AB 121

concentrations up to 300 mg/L and then did not
change with further increase of initial AB 121 concen-
tration. While the initial AB 121 concentration was
increased from 25 to 500 mg/L, the uptake amounts
increased from 21.6 to 298.4 mg/g for FS, from 20.8
to 277.6 mg/g for CHAp. This is a result of the
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Table 3

BET analysis results of FS, CHAp, and FHAp

Parameter FS CHAp FHAp
Sper (M?/g) 0.83 51.3 94.9
Vpore (cm®/g) 0.0044 0.25 0.28
Vimeso (cm>/g) 0.0017 0.15 0.19
Vimacro (cm®/g) 0.0027 0.092 0.084
Dpore (nm) 16.4 17.0 10.7
Dparticle (nm) - 37.0 20.0
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increase in the driving force, the concentration
gradient, as the initial dye concentration increase.
However, the adsorption yields of AB 121 on FS and
CHAp decreased from 93.1 to 58.4% and from 92.9 to
57.8%, respectively, as the initial dye concentration
was increased from 25 to 500 mg/L. At lower concen-
trations, all AB 121 dye anions presenting in solution
could interact with the binding sites on adsorbent sur-
face and thus the adsorption yields were higher than
those at higher initial AB 121 concentrations. At
higher concentrations, lower adsorption yield was due

Table 4

The comparison of BET surface areas

Adsorbent Sper (M2/ g) Refs.
Sintered UltraCap hydroxyapatite 0.26 [24]
Yttrium-doped nanocrystalline hydroxyapatite 0.29

Fish (Dicentrarchus labrax) scales 0.83 This study
Sintered hydroxyapatite 1.15 [25]
Non-sintered hydroxyapatite 133

Rod-like synthesized hydroxyapatite 29.0 [26]
Spherical synthesized hydroxyapatite 39.0

Ruthenium/hydroxyapatite catalysts 48.0 [27]
Commercial hydroxyapatite 51.4 This study
Gold /hydroxyapatite catalysts 54.0 [27]
Commercial hydroxyapatite 56.0

Hydroxyapatite synthesized by wet chemical methods 60.8 [24]
Nanocrystal hydroxyapatite 62.2 [28]
Hydroxyapatite synthesized as mechanochemical 76.1

Hydroxyapatite extracted from fish (Dicentrarchus labrax) scales 94.9 This study
Activated carbon prepared from waste rubber tire 562.0 [29]
Commercial activated carbon 1,168.0

Activated carbon prepared from mangosteen peel 1,099.0 [30]

120
L [ ]
100 . ] -
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80
L0
%‘3 60 ¢ FS W CHAp
= 40 A
20 A
0
1 2 3 4 5 6
initial pH

Fig. 6. Effect of initial pH (initial dye concentration: 100
+ 10 mg/L; temperature: 25°C; adsorbent concentration:
1.0 g/L; contact time: 120 min).
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Fig. 7. Effect of initial dye concentration (initial pH 2.0;
temperature: 25°C; adsorbent concentration: 1.0 g/L;
contact time: 120 min).
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to the saturation of adsorption sites. As a result, the
purification yield can be increased by diluting the
wastewaters containing high dye concentrations [32].

3.2.3. Effect of temperature

The effect of temperature on the AB 121 adsorption
by FS and CHAp was investigated in the range of 20—
40°C at 100 = 10 mg/L initial AB 121 concentration,
1.0 g/L adsorbent concentration and initial pH 2.0 for
120 min contact time and the results were given in
Fig. 8. As seen from Fig. 8, the adsorption capacities
of the studied adsorbents for AB 121 did not present
any remarkable changes in the range of 20-30°C tem-
peratures, but decreased with further increasing tem-
perature. The adsorption percentages of FS and CHAp
for AB 121 dye decreased from 98.4 to 93.7% and 98.4
to 93.6%, respectively, with increasing temperature
from 25 to 40°C. The further increase of temperature
may alter the surface activities of FS and CHAp result-
ing in decrease in adsorption capacities between 30
and 40°C which means that adsorption processes of
AB 121 by FS and CHAp are exothermic in nature.
Temperature could influence desorption steps and the
reversibility of adsorption equilibrium. This may
be due to a tendency of dye molecule transport from
the solid phase of adsorbent to the liquid phase of the
dye wastewater with increasing temperature [33].

3.2.4. Effect of adsorbent concentration

The adsorbent concentration in aqueous solution
plays a substantial role in the adsorption nature. The
effect of adsorbent concentration on adsorption of AB
121 by FS and CHAp was investigated in the range of
0.5-3.0 g/L adsorbent concentration at 30°C, 100
+ 10 mg/L initial AB 121 concentration and initial pH

120
A FS
—#%= CHAp
& 100 k*’_*\x
)
g
F 50
60
15 20 25 30 35 40 45

temperature (°C)

Fig. 8. Effect of temperature (initial pH 2.0; initial dye
concentration: 100 + 10 mg/L; adsorbent concentration:
1.0 g/L; contact time: 120 min).
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2.0. The variation of uptake values (mg/g) and the
adsorbed AB 121 concentrations (mg/L) with adsor-
bent concentration were given in Fig. 9. The adsorbed
AB 121 amounts per unit mass of adsorbent decreased
from 134.4 to 35.2 mg/g for FS, 121.6 to 34.4 mg/g for
CHAp with the increase in adsorbent concentration
from 0.5 to 3.0 g/L. There are many factors which can
contribute to this adsorbent concentration effect. The
first and most important factor is that adsorption sites
remain unsaturated during the adsorption reaction.
This is due to the fact that as the concentration of
adsorbent is increased, there is less commensurate
increase in adsorption resulting from the lower
adsorptive capacity utilization of the adsorbent. The
second cause may be the aggregation/agglomeration
of sorbent particles at higher concentrations, which
would lead to a decrease in the surface area and an
increase in the diffusional path length. The particle
interaction at higher adsorbent concentration may also
help to desorb some of the loosely bound dye anions
from the sorbent surface [34]. As can be seen from
Fig. 9, it is readily understood that the number of
available adsorption sites increased with an increase
in adsorbent concentration, therefore, resulted in an
increase in adsorbed dye concentration. In this study,
further increment in adsorbent concentration from
3.0g/L did not cause significant improvement in
adsorption. This is due to the binding of almost all
dye anions to the studied adsorbent and the establish-
ment of equilibrium between dye anions bound to
the adsorbent and those remaining unadsorbed in
solution.

The adsorption in a batch stirred reactor can be
considered as single stage equilibrium. The removal of
a given amount of solute can be accomplished with
greater economy of adsorbent if the solution is treated
with separate small batches of adsorbent rather than
in single batch, with filtration between each stage.

140 120

100

) 80 &
?IJ (=%
g 60 g
b @
& 40 =
-+- FS
20
201 —— cHap
0 0
0 0.5 1 15 2 25 3 35

adsorbent concentration (g/L)

Fig. 9. Effect of adsorbent concentration (initial pH 2.0;
temperature: 25°C; initial dye concentration: 100 + 10 mg/L;
contact time: 120 min).



14120

This method of operation, sometimes called split feed
treatment depends on two basic constraints, that of
equilibrium and that of a mass balance. The same
quantity of solution (V) is treated at the single stage
by a given amount of adsorbent (X,) to reduce the
dye concentration of solution from C, to C. (Fig. 10).
The mass balance in the first stage is given by:

VoCo + Xoq, = VoCe1+Xoq,, 3)

Eqg. (3) can be rearranged;

~(Vo/X,) = (91—9,)/(Ce1—Co) @

In the same way, for the nth stage:

- (VO/XO) = (qen_qo)/(ce“_ce(”*”) (5)

The amount (g,) of dye adsorbed per unit mass of
adsorbent at the beginning in each reactor is equal to
zero. Eqgs. (4) and (5) will provide the operating lines
passing through (C,, q,) and (C.;, ge1) for the first
stage and (Cer-1), fetr-1)) and (Cen, fen) for the nth
stage, respectively. Each slope is =V, /X,, i.e. the nega-
tive of the ratio of adsorbent quantity to wastewater
volume. If the amounts of adsorbent used in each
stage are equal the operating lines are parallel [35].
The equilibrium AB 121 concentrations can also be
obtained using the experimental equilibrium curve
and operating line. The experimental equilibrium
curves (Ce, go) and operating lines for the adsorption
of AB 121 onto FS and CHAp at 30°C and initial pH
2.0 were given in Fig. 11(a) and (b), respectively. To
determine the equilibrium AB 121 concentration, Ce;
in solution leaving the first stage, the initial dye con-
centrations, C,, (C, =312 mg/L for FS and 280 mg/L
for CHAp) located at the proper point on the x-axis
(Co, 4o = 0); then the operation lines passing through
(Co, go) with a slope of —V,/X,=1.0 are drawn. The
intersection of coordinates of the operating line and
equilibrium curve gives the abscissa (C.) and ordinate

Je e
Gy e 93

Fig. 10. The adsorption in batch stirred reactors in series.
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(ge) values. As seen from Fig. 11, the operation lines of
each stage were parallel because the amount of adsor-
bent used in each stage was same. The Ministry of
Environment and Urbanization of Turkish Republic
revised the water pollution control regulation and a
water discharge standard related to color parameter
has been introduced in 2011. The discharge standard
says that the color of wastewater must be below 280
Pt-Co corresponding 35.8 mg/L for AB 121. The
desired purification, even values below the standard,
could be achieved by two stages in this study as seen
from Fig. 11. According to Fig. 11(a) and (b); unad-
sorbed dye concentrations in solution at the end of the
first stage are 36.8 and 36.0 mg/L, at the end of the
second stage are 3.0 and 3.2 mg/L for FS and CHAp,
respectively. This case is a quite good advantage for a
wastewater treatment plant.

3.3. Equilibrium modeling

Equilibrium data, commonly known as adsorption
isotherms, describe how adsorbate interacts with
adsorbent and so are critical in optimizing the use of
adsorbents and provide information on the capacity of
the adsorbent [36].

The Langmuir isotherm theory assumes monolayer
coverage of adsorbate over a homogenous adsorbent
surface. The well-known expression of the Langmuir
model is given by Eq. (6) [37];

9. = (Q°bC.)/(1 + bCe) (6)

where g. (mg/g) and C, (mg/L) are the amount of
adsorbed solute per unit mass of adsorbent and unad-
sorbed solute concentration in solution at equilibrium,
respectively. Q° is the maximum monolayer coverage
capacity (mg/g) and b is a constant related to the
affinity of the binding sites (L/mg). Q° represents a
practical limiting adsorption capacity when the surface
is fully covered with dye molecules and it assists in
the comparison of adsorption performance, particu-
larly in cases where the adsorbent did not reach its
full saturation in experiments.

The Freundlich expression is an exponential equa-
tion and therefore assumes that as the adsorbate con-
centration increases, the concentration of adsorbate on
the adsorbent surface also increases. According to
Freundlich model, the amount of adsorbate bound per
unit mass of adsorbent at constant temperature is
expressed by [38];

g, = KeCl/" @)
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Fig. 11. The equilibrium curves and operation lines with V,/X, = —1.0 slopes for AB 121 adsorption in the multistage
batch reactors (a) FS (initial dye concentration: 312 mg/L; initial pH 2.0; temperature: 25°C; FS concentration: 1.0 g/L;
contact time: 120 min) and (b) CHAp (initial dye concentration: 280 mg/L; initial pH 2.0; temperature: 25°C; CHAp

concentration: 1.0 g/L; contact time: 120 min).

In this equation, Kg and 1/n are the Freundlich
constants characteristic on the system, indicating
adsorption capacity and intensity, respectively.

Temkin isotherm model explains the effects of
some indirect adsorbate/adsorbate interactions on
adsorption isotherms and suggests that the heat of
adsorption of all the molecules in the layer would
decrease linearly with coverage due to these interac-
tions. The equation and its linear form are as follows,
respectively [39]:

q.= KiIn(AC.) @®
.= Kiln A+ K;In C, ©)

where K; and A are constants about adsorption heat
and maximum binding energy constant, respectively.
According to Eq. (9), the Temkin isotherm constants,
A and K;, are determined from slope and intercept of
the linear plot of g, vs. In C..

Dubinin-Radushkevich isotherm model (D-R) is
used to paraphrase whether the sorption mechanism
is physisorption or chemisorption. It is generally
applied to express the adsorption mechanism with a
Gaussian energy distribution onto a heterogeneous
surface. The non-linear form of the D-R isotherm
equation is expressed by [40]:

G =™ (10)

where g, is the maximum adsorption -capacity
(mg/g), B is the activity coefficient related to adsorp-
tion mean free energy (mole?/J%), and ¢ is the Polanyi
potential [¢ = RT In(1+1/C.)]. The adsorption mean
free energy is obtained from

E=1/(V2B) (11)
The E (kJ/mole) value gives information about
adsorption mechanism, and more specially its physical
or chemical nature. If it lies between 8 and
16 kJ/mole, the adsorption process is controlled by a
chemical mechanism, while for E <8 kJ/mole, the
adsorption process proceeds through a physical
mechanism [41].

In this study, four famous isotherm models,
namely Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich isotherms, were used to correlate
experimental equilibrium data for AB 121 adsorption
on FS and CHAp at the temperature values of 20, 25,
30, and 40°C, and initial pH 2.0, adsorbent concentra-
tion 1.0 g/L, which are the optimum environmental
conditions. The corresponding model constants and
the regression coefficients were listed in Table 5. The
values of regression coefficients (R?) obtained from the
studied models were used as the fitting criteria for
comparing these isotherms. As shown from Table 5,
the monolayer coverage capacities for AB 121 adsorp-
tion were found as 300.7 mg/g for FS and 291.5 mg/g
for CHAp from Langmuir isotherm model, at 30°C
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which is the optimum temperature. The comparison
with the literature of the studied adsorbents was given
in Table 6. The results showed that the FS and
hydroxyapatite used in this study exhibited higher
maximum monolayer adsorption capacity than the
others. FS have a higher maximum monolayer cover-
age capacity than that of CHAp for AB 121 adsorp-
tion. This type of behavior can be explained by
structural differences of these adsorbents. Also, this
case was explained in details in FTIR and BET analy-
sis section. On the other hand, the calculated b values
decreased with increasing temperature indicating
exothermic nature of the adsorption process.

The mean free adsorption energies from D-R iso-
therm model (Eq. (11)) for the adsorption processes
were calculated to be 227.7 and 442.2 J/mole at 30°C
for FS and CHAp, respectively. These results showed
that AB 121 adsorption on FS and CHAp proceeds
through a physical mechanism due to the free adsorp-
tion energies lower than 8.0 kJ/mole. This case veri-
fied the results of SEM and FTIR analyses. Vu et al.
[52] determined that the free adsorption energy of

Table 5
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adsorption of Cu(Il) from aqueous solution by anatase
mesoporous TiO, nanofibers prepared via electrospin-
ning to be 816 + 376 J/mole, and they concluded that
the adsorption process was based on the physical
adsorption principles.

The experimental equilibrium data of AB 121
adsorption on FS and CHAp were also evaluated
according to Temkin isotherm model equation and the
isotherm constants calculated at different temperatures
were also presented in Table 5. As can be seen from
Table 5, the constant B values, relating to the heat of
adsorption, increased with increasing temperature,
indicating exothermic adsorption.

The comparison of the experimental and calculated
equilibrium data for AB 121 adsorption on FS and
CHAp were presented in Fig. 12 along with their error
values. An error function is defined to enable the opti-
mization process and to evaluate the fit of the iso-
therm equation to the experimental data. In this study,
the average relative error (ARE) function was
examined. ARE function minimizes the fractional error
distribution across the entire concentration range [53]:

The isotherm model constants (initial pH 2.0; adsorbent concentration: 1.0 g/L; contact time: 120 min)

Fish scales

Commercial hydroxyapatite

Adsorbent

Langmuir isotherm
Temperature (°C) Q° b R? Q° b R?
20 279.9 0.043 0.998 264.5 0.033 0.996
25 289.1 0.031 0.993 280.1 0.023 0.994
30 300.7 0.018 0.993 291.5 0.013 0.999
40 274.7 0.015 0.995 263.9 0.026 0.998

Freundlich isotherm

1/n Kg R? 1/n Kg R?
20 0.94 8.9 0.993 0.77 10.8 0.973
25 0.86 94 0.989 0.79 8.3 0.960
30 0.65 10.9 0.992 0.66 7.6 0.984
40 0.77 6.1 0.990 0.81 8.1 0.980

Temkin isotherm

A B R? A B R?
20 0.39 103.3 0.978 0.53 46.8 0.990
25 0.36 105.1 0.986 0.77 47.9 0.980
30 0.24 108.1 0.996 0.59 48.2 0.991
40 0.32 113.7 0.959 0.65 62.9 0.983

Dubinin—-Radushkevich Isotherm

Gm E R? Gm E R?
20 170.2 310.4 0.989 97.9 376.9 0.988
25 172.1 320.8 0.988 98.6 563.4 0.991
30 171.8 227.7 0.999 96.7 4422 0.989
40 168.9 318.2 0.995 94.3 597.7 0.999

Notes: Q° (mg/g), b (L/mg), Kr (mg/g)/(L/mg)l/"), A(L/g), B (mole? J?), K, (J/mole), gm (mg/g), E (kJ]/mole).
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Table 6
The comparison of the studied adsorbents with adsorbents in the literature
Adsorbent Adsorbate Q° (mg/g) Ref.
Synthesized poorly crystalline hydroxyapatite Disperse Blue SBL 434.78 [42]
Fish (Dicentrarchus labrax) scales Acid Blue 121 300.66 This study
Commercial hydroxyapatite Acid Blue 121 291.46 This study
Fish (Labeo rohita) scales Pb(ID) 196.80 [43]
Fish (Gadus morhua) scales Pb(II) 80.00 [44]
Fish (Oreochromis niloticus) scales Cu(Il) 58.00 [45]
Hydroxyapatite Reactive Yellow 84 50.25 [46]
Poly (glutaraldehyde)-stabilized fish (Micropogonias furnieri) scales Cr(VD) 39.00 [47]
Fish (Labeo rohita) scales Malachite Green 38.46 [48]
Chemically modified fish (Corvina) scales Cr(VD) 22.00 [49]
Hydroxyapatite Phenol 10.33 [50]
Nanocrystalline hydroxyapatite from fish (Tilapia nilotica) scales Se 1.94 [51]
Hydroxyapatite 1.76
Fish (Tilapia nilotica) scales 1.02

i=P

ARE = (100/P) -

[(qml - qe.exp) /qe,exp} (12)

=1

where P indicates the number of measurements. As
seen in Fig. 12, the error values (ARE) obtained from
the Langmuir isotherm model are lower than Fre-
undlich isotherm model. In addition, the regression
coefficients (R®) obtained from the Langmuir isotherm
model are better than those of the other studied iso-
therm models as seen from Table 5. As a result, the
Langmuir isotherm model fitted well to the adsorption
data of AB 121 on FS and CHAp.

3.4. Kinetic modeling

Adsorption kinetics models are used to explain the
adsorption mechanism and characteristic and rate-
controlling step. In this study, the kinetics of the
studied adsorption processes were examined using the
pseudo-first-order kinetic model (PFOKM), pseudo-
second-order kinetic model (PSOKM), intraparticle
diffusion model, and Boyd model.

The PFOKM equation was proposed by Lagergren
and was the first kinetic equation for the adsorption
process [54]. The linear form of the PFOKM equation
can be expressed as follows:

log(q,~4;) = log(g,) — (k1 /2303)t (13)
where g, (mg/g) are the amount of adsorbed solute
per unit mass of adsorbent at any time f, k; is the
pseudo-first-order kinetic rate constant (1/min).

The PFOKM rate constant values (k;) for AB 121
adsorption on FS and CHAp were determined from
the plot of log(g.—q,) vs. t at different initial AB 121
dye concentrations (not shown figure) and were given
in Table 7.

The PSOKM equation was proposed by Ho and
McKay [54] and it was derived on the basis of the
sorption capacity of the solid phase. The linear
form of the PSOKM equation can be expressed as
follows:

[t/a,]=[1/kac]+[t/q.] 14
where k; is the PSOKM constant (g/(mg min)).

The PSOKM rate constant values (k) for AB 121
adsorption on FS and CHAp were determined from
the plot of t/q, vs. t at different initial AB 121 dye
concentrations (not shown figure) and were given in
Table 7. The comparison of the experimental and
calculated g; values was presented in Table 7 and
Fig. 13. As can be seen from Table 7 and Fig. 13,
the R? values of the PSOKM exceed 0.99 and the g,
values calculated from PSOKM were more consistent
with the experimental g, values than those calculated
from the PFOKM. Hence, the PSOKM could be used
for the prediction of the kinetics of adsorption of
AB 121 on FS and CHAp. Considering the effect of
contact time, the uptake amounts increased with
increasing the contact time up to 30 min and then
remained nearly constant with further increase in
contact time for all initial dye concentrations as seen
from Fig. 13.
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Table 7
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The kinetic and intraparticle model constants and regression coefficients (initial pH 2.0; temperature: 25°C; adsorbent

concentration: 1.0 g/L; contact time: 120 min)

Pseudo-first-order
model constants

Pseudo-second-order
model constants

Intraparticle diffusion
model constants

Adsorbent  Coexp (Mg/L)  feexp (MG/8)  fecar ki R? Jecal k2 R? K; Intercept ~ R?

FS 24 19.2 179 0.023 0.856 183 0.0088 0.990 1.3 54 0.996
52 48.0 46.8 0.044 0835 477 0.0072 0998 4.9 17.5 0.993
78 75.2 74.2 0.053 0.867 75.1 0.0084 0999 5.1 45.1 0.992
102 94.4 93.1 0058 0.799 943 0.0062 0999 52 62.9 0.994

CHAp 32 30.4 29.7 0.051 0921 303 0.012 0.99% 3.2 7.9 0.999
50 48.4 45.2 0.048 0.833 473 0.0070 0998 6.9 8.1 0.990
79 78.4 77.3 0.039 0.697 777 0.0074 0998 11.1 109 0.992
99 98.4 93.1 0.037 0952 972 0.0015 0991 114 233 0.994

Notes: ge,ca1 (Mg/g); ki (1/min); k; (g/mg min); K; (mg/g min’®).

The evaluation of the diffusion mechanism is not 05
possible with the pseudo-first-order and the PSOKM ;= Ki - #7741 (15)

because the adsorbate molecules are most probably
transported from the bulk of the solution into the solid
phase through intraparticle diffusion in many adsorp-
tion processes. Weber and Morris [55] developed a
widely accepted kinetic-based model. It is used to
evaluate the intraparticle diffusion and to determine the
rate-determining step in adsorption process. The
equation representing the Weber—-Morris model is as
follows:

If the adsorption process follows the intraparticle
diffusion model, a plot of g; vs. %% should be linear
and pass through the origin. On the other hand, the
slope will be linear but will not pass through the
origin when an initial external mass transfer prevails.
In this regard, the plot is multilinear for many
adsorption systems in the literature like for this study
[56,57].

L g Co=25 mg/L
X Co=75 mg/L
Pseudo second order kinetic model

A Co=50 mg/L
+ Co=100 mg/L
Pseudo first order kinetic model

@) 19,

80 1
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O T T T T T
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Fig. 13. The comparison of the kinetic models (initial pH 2.0; temperature: 30°C; adsorbent concentration: 1.0 g/L; contact

time: 120 min) (a) FS and (b) CHAp.
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The effects of intraparticle diffusion on the AB 121
adsorption by FS and CHAp were investigated at dif-
ferent initial dye concentrations and the results were
given in Fig. 14(a) and (b) for FS and CHAp, respec-
tively, and Table 7. It was observed from Fig. 14 that
there are three linear portions. The initial portion
relates to the boundary layer diffusion (film diffusion);
the second portion describes the gradual adsorption
step, where intraparticle diffusion control is rate limit-
ing; and the last portion represents the adsorption
equilibrium, where the intraparticle diffusion starts to
decrease due to the exceedingly low concentrations of
adsorbate left in the solutions as well as less active
adsorption sites. Consequently, the observed multilin-
earity also suggests that intraparticle diffusion was not
only rate-limiting mechanism; both also film diffusion
and intraparticle diffusion processes were controlling
AB 121 adsorption onto FS and CHAp.

It is necessary to distinguish the rate-limiting step
between film diffusion and particle diffusion of adsor-
bate molecules. Boyd kinetic equation was applied in
order to determine the slowest step in the studied
adsorption processes. The Boyd model is originally
proposed for intraparticle diffusion in ion exchangers
and is expressed as [58]:
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where F is the fractional attainment of equilibrium, at
different times, ¢, and Bt is a function of F = 4;/qe.

Eq. (16) can be rearranged by taking the natural

logarithm:
Bt = —0.4977— In(1 — F) (17)
According to Egs. (16) and (17); if the plot of Bt vs. t
is linear and passes through the origin, then the slow-
est or rate-limiting step in the adsorption process is
intraparticle diffusion; if the plot is non-linear or lin-
ear but does not pass through the origin, then the
adsorption process is controlled by film diffusion.

The plots of Bt vs. t for AB 121 adsorption on FS
and CHAp (figure not shown) were employed to dis-
tinguish between adsorption controlled by film diffu-
sion and by intraparticle diffusion. The plots were
neither linear nor passed through the origin at differ-
ent initial AB 121 concentrations indicating the film
diffusion controlled mechanism.

3.5. Thermodynamic studies

In order to describe the thermodynamic behavior
of the adsorption of AB 121 dye anions on FS and
CHAp, thermodynamic parameters such as Gibb’s free
energy change (AG), enthalpy change (AH) and
entropy change (AS) were determined using the

F=1-(6/ 7752)3(7&) (16) following equations:
@ Co=25mg. W Co=50mgl. A Co=75mgl. XK Co=100 mg/L
(a) 100 (b) 00
x— X
x x_‘-/_,—x
80 4 )k(x/ 80 -
A—A A/A
_ 601 A/‘/‘A 60 - /
c c
[=T] oo
) ..-/'. =
S 40 B 40 | .y ./.
N M’ «—* 7 ’/‘/.
0 T T 0 T T
0 4 8 12 0 4 8 12

t0.5 (miHO.S)

t0.5 (min(].S)

Fig. 14. Plots of intraparticle diffusion model (initial pH 2.0; temperature: 30°C; adsorbent concentration: 1.0 g/L; contact

time: 120 min) (a) FS and (b) CHAp.
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AG = —RT InK, = AH — TAS (18)

In K; = [AS/R] — [AH/RT] (19)
where R is ideal gas constant (8.314 J/mol.K), T is
temperature (K) and K. (Caqe/Ce) is the equilibrium
constant at temperature T. Where C,q . is the adsorbed
dye concentration at equilibrium (mg/L), C. is the
unadsorbed dye concentration at equilibrium (mg/L).
If adsorbent concentration is 1.0 g/L, C,q e is equal to ge
at a given temperature. The Gibb’s free energy change
values (AG) for adsorption of AB 121 on FS and CHAp
were calculated from Eq. (18) at different temperatures
and were listed in Table 8. According to Eq. (19), the
entropy and enthalpy change values can be calculated
from the intercept and slope of the plot of In K. vs. 1/T,
respectively. The enthalpy (AH) and entropy (AS)
values obtained from the plots (y=17,932x —56.2,
R*=0988 for FS; y=13,281x-39.7, R*=0.999 for
CHAp) were also tabulated in Table 8.

According to Table 8, the values of AG were negative
at all temperatures and the feasibility of the process and
the spontaneous nature of AB 121 adsorption onto FS
and CHAp were confirmed with the negative values of
AG. It was also noted that the AG values decreased with
increasing temperature. This may also asserted that a
better adsorption occurred at lower temperatures due to
less available active sites on the surface of adsorbents at
higher temperatures. The negative values of AH revealed
that the adsorption was an exothermic process as
expected from the results of temperature optimization
studies. The negative AS value corresponds to a decrease
in randomness at the solid/liquid interface during the
sorption of dye on adsorbent while low value of AS indi-
cates that no remarkable change on entropy occurs [59].
Chowdhury et al. [48] determined that the malachite
green adsorption onto fish (Labeo rohita) scales was
spontaneous due to the negative values of Gibbs free
energies. Also, Vieira et al. [60] evaluated the thermody-
namic parameters such as Gibb’s free energy (AG),
entropy (AS) and enthalpy (AH); and they stated that the

Table 8
Thermodynamic parameters
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adsorption of anionic dyes by fish (Leporinus elongatus)
scales was spontaneous (AG < 0), exothermic (AH < 0)
and the decreased randomness at the solid/solution
interface during the adsorption process (AS < 0).

3.6. AB 121 desorption from FS

The regeneration and reuse of the adsorbent are
important for the process economy. Regenerations of
the dye-loaded adsorbents are evaluated via sequential
adsorption—desorption cycles [61]. In this study, before
the investigation of the reuse, desorption experiments
were carried out to find the optimum desorption pH
and desorption yields were calculated. Desorption
yields (desorption yield, % = (C./C,) x 100) for 2.0, 4.0,
6.0, 8.0, 10, and 12 values of initial pH at initial AB 121
concentration 100 + 10 mg/L were found as 2.21, 2.21,
4.42,13.3, 33.2, and 55.3%, respectively. The results sta-
ted that desorption yields positively correlated with
initial pH values. The number of negatively charged
sites scale up at high pH value, which supported
desorption of anionic dye molecules due to electro-
static repulsion. After the optimum initial desorption
pH was determined as 12, successive batch adsorp-
tion—-desorption experiments were conducted for 8.0
cycles. The adsorbed—-desorbed yields of each cycle
were given in Fig. 15. The data demonstrated that
the adsorption capacity decreased as reusing the

120
< Desorption yield
100 @ o Adsorption yield
o 80 * .
& 6 ¢} * .
E O .
= 40 © e 9
20
0 1 2 3 4 5 6 7 8 9
Reuse

Fig. 15. Adsorption and desorption yields after reuse of FS.

Adsorbent Temperature (°C) AG (J/mole) AH (J/mole) AS (J/mole K)
FS 298 —2,438.9 —35,630.9 -111.6

303 -1,700.7

313 -733.0
CHAp 298 —2,8494 —26,389.3 -78.9

303 -2,475.0

313 —1,668.5
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adsorbent. While the adsorbed AB 121 amount by FS
in the first adsorption cycle was determined as
98.5 mg/g, the adsorbed AB 121 amount at the end of
8.0 adsorption cycle was found as 39.9 mg/g. Conse-
quently, FS displayed high structural stability even
after multi-cycles use, hence it is considered that FS
can be repeatedly used as an adsorbent to remove the
dye anions.

4. Conclusion

In this study, the adsorption of AB 121 on FS,
scales of D. labrax, CHAp and extracted hydroxyap-
atite form FS (FHAp) were investigated in a batch
system and the results were given as follows:

(1) Optimum initial pH, initial dye concentration,
temperature, and adsorbent concentration for
AB 121 adsorption on FS and CHAp were
determined to be 2.0, 100 mg/L, 30°C, and
1.0 g/L, respectively. The pHpzc values were
found as 7.25 for FS and 5.72 for CHAp. At the
optimum environmental conditions, the uptake
values of FS and CHAp for AB 121 were found
as 298.4 and 267.2 mg/g, respectively.

(2) The adsorption equilibrium data of AB 121 by
FS and CHAp fitted well to the Langmuir iso-
therm model. The monolayer coverage capaci-
ties calculated from Langmuir isotherm model
of FS and CHAp for AB 121 adsorption were
found to be 300.7 and 291.5 mg/g, respectively.

(3) It was observed that adsorption kinetics of AB
121 on FS and CHAp can be defined by the
PSOKM.

(4) The mechanism of AB 121 adsorption on FS
and CHAp is complex and both the surface
adsorption as well as intraparticle diffusion
contributes to the rate-limiting step. Analysis
of adsorption data using Boyd kinetic model
confirmed that external mass transfer was the
main rate-limiting step in adsorption process.

(5) The thermodynamic parameters such as AG,
AH, and AS were determined as negative and
showed that the studied adsorption processes
were exothermic and spontaneous.

(6) Desorption studies were carried out to evaluate
the reusability of FS. The results showed that
FS can be repeatedly used as an adsorbent to
remove acidic dyes from wastewaters.

(7) The hydroxyapatite extraction from FS was
performed using alkaline treatment method
and AB 121 adsorption was also studied onto
FHAp. At optimum adsorption conditions
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(initial pH 2.0, initial dye concentration: 100
+ 10 mg/L, temperature: 30°C and adsorbent
concentration: 1.0 g/L), the adsorption capacity
of FHAp for AB 121 was determined to be
268.8 mg/g.

(8) The characterization of adsorbents was per-
formed with FTIR, XRD, and SEM analysis
methods. It was observed that FTIR spectrums,
XRD patterns, and SEM images of the studied
adsorbents before and after adsorption did not
exhibit any differences, which is indicating
physical adsorption processes. Moreover,
according to FTIR, XRD, and EDX analyses of
FS before adsorption, FS contain hydroxyap-
atite and collagen.

(9) BET analysis results for the studied adsorbents,
FS, CHAp, and FHAp, showed that they were
porous materials having meso- and macropores
with pore volumes of 0.0044, 0.25, and
0.28 cm®/g, respectively. The specific BET
surface areas of FS, CHAp, and FHAp were
determined as 0.83, 514, and 94.9 m?/ g,
respectively.

(10) Consequently, FS and CHAp could be utilized
as adsorbent effectively for AB 121 adsorp-
tion. Also, hydroxyapatite extracted from FS
(FHAp) is a low-cost, effective, environment-
friendly, and alternative adsorbent for dye
adsorption systems in view of the literature.
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Nomenclature

A — Temkin constant about binding energy (L/g)

b — a constant related to the affinity of the
binding sites (L/mg)

B — activity coefficient related to adsorption
mean free energy (mole” J%)

Bt — a function of F = gq;/4.

Cad,e — adsorbed dye concentration at equilibrium
(mg/L)

Ce — unadsorbed concentration at equilibrium
(mg/L)

CHAp — commercial hydroxyapatite

Co — initial dye concentration (mg/L)

Co,exp experimental initial dye concentration
(mg/L)

Dparticle average particle width (nm)

Dpore average pore width (nm)
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E — adsorption energy (kJ/mole)

F — fractional attainment of equilibrium

FHAp — hydroxyapatite extracted from Dicentrarchus
labrax scales

FS — fish (Dicentrarchus labrax) scales

K. — (Caq,e/Co), the adsorption equilibrium
constant at temperature T

Kg — Freundlich constant indicating adsorption
capacity (mg/g)/(L/mg)"/")

K — Temkin constant about adsorption heat
(J/mole)

kq — pseudo-first-order kinetic rate constant
(1/min)

ka — pseudo-second-order kinetic rate constant
(g /(mg min))

P — number of measurements

R — ideal gas constant (J/mol K)

SgET — specific BET surface area (m?/g)

T — temperature (°C, K)

Vpore ~ — average pore volume (m*/g)

Je — the adsorbed amount per unit mass of
adsorbent (mg/g)

e cal — the calculated adsorbed amount per unit
mass of adsorbent (mg/g)

Je,exp — the experimental adsorbed amount per unit
mass of adsorbent (mg/g)

Gm — maximum adsorption capacity (mg/g)

Q° — maximum monolayer coverage capacity of
adsorbent (mg/g)

Xo — adsorbent concentration (g/L)

€ — Polanyi potential (J/mole)

1/n — Freundlich constant indicating adsorption
intensity

AG — Gibb's free energy change (J/mole)

AH — enthalpy change (J/mole)

AS — entropy change (J/mole K)
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