¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2023.29175

282 (2023) 276-289
January

Eco-friendly design of alginate-coated hydroxyapatites for the effective
removal of Rhodamine B dye from water: equilibrium, kinetics and

thermodynamic study

Sonia Jebri®*, Salsabil Idoudi®, José Maria da Fonte Ferreira®, Ismail Khattech®

“Laboratory of Desalination and Valorization of Natural Water, Water Researches and Technologies Center, Technologic Park of
BorjCedria, B.P. 273, Soliman 8020, Tunisia, email: sonia.jebri@gmail.com

"Materials Cristal Chemistry and Applied Thermodynamics Laboratory, Chemistry Department, LR15SE01, Université de Tunis EI
Manar, Faculty of Science, Tunis 2092, Tunisia, emails: idoudisalsabil@gmail.com (S. Idoudi), ismail khattech@fst.utm.tn (1. Khattech)
‘Department of Materials and Ceramics Engineering, CICECO-Aveiro Institute of Materials, University of Aveiro, 3810-193 Awveiro,

email: jmf@ua.pt
Received 15 July 2022; Accepted 28 November 2022

ABSTRACT

Hydroxyapatite-alginate composites with different biopolymer contents (0%, 10%, 25% and 50%)
were prepared according to an eco-friendly process using low-cost precursors. The prepared mate-
rials were firstly subjected to characterizations by Fourier-transform infrared spectroscopy, X-ray
diffraction, scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy and
physisorption of N, techniques. The composites were then tested as sorbents for Rhodamine B
dye under different sets of experimental conditions, including initial pH, contact time, initial dye
concentration and temperature. The aim was to investigate the effects of these parameters on the
extent of dye removal and to understand the adsorption behaviour of the composites under vari-
ous conditions. The dye adsorption equilibrium is reached after 20 min of contact for the unmod-
ified hydroxyapatite, being attained within a few minutes for the composite samples. Moreover,
the pseudo-second-order kinetics model was found to be suitable to describe the adsorption of dye
onto the uncoated product, contrarily to the modified compounds for which the kinetic data could
be better predicted by the pseudo-first-order model. The equilibrium data were analysed by dif-
ferent isotherm models, with the Freundlich model providing the best fit. The maximum adsorp-
tion capacity increased from 225.2 to 289.5 mg/g by the grafting effect, suggestion the potential use
of these materials in wastewater treatment.
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1. Introduction

Pigments and dyes are widely applied in textile, plas-
tics, paper, cosmetic, food, and pharmaceutical industries.
However, a huge amount of water is needed for the cleaning
and washing processes in the different dye-related activi-
ties. Discharged into the water systems, these coloured
effluents may prevent the sunlight to cross the lower layers
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and hence threatening the aquatic life and inducing an eco-
toxic hazard related to bioaccumulation, which may even-
tually affect the human life via food chain. Most of these
compounds contain aromatic rings in their structures,
which make them non-biodegradable, carcinogenic, muta-
genic for aquatic life and very harmful for human health
[1-3]. Therefore, various remediation techniques have been
investigated to treat the coloured wastewater effluents.
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These methods included membrane filtration, photocata-
lytic degradation, electrocoagulation, biological treatment
and adsorption process [4-8]. Among them, adsorption was
found to be the most appropriate for the remediation of
dyes in wastewaters. Besides, different kinds of adsorbents
were employed for this purpose such as activated carbon,
clays and agricultural solid waste [2,3].

Recently, many research studies highlighted the great
ability of apatitic calcium phosphates for toxic metal neu-
tralization in aqueous systems [9-11]. However, there is
a lack of literature survey dealing with the possible appli-
cation of these compounds as sorbents for dyes.

Calcium hydroxyapatite, with the general chemical
formula Ca,(PO,)(OH), labelled thereafter CaHAp, is a
multi-function material involved in different fields includ-
ing biomaterials, catalysis and environmental applications
[12—-14]. This mineral has the advantages of being very stable,
non-toxic, and able to exchange positive or negative-charged
ion species in aqueous systems [15-18]. Adsorption of
complex molecules, such as proteins and dyes, has also
been evoked in numerous research papers [19,20].

On the other hand, one of the most important challenges
of material science is the manufacture of low-cost materials
with high performances and through eco-friendly synthe-
sis procedures. Indeed, for the viability of a given process,
mainly for environmental purposes, costs must be mini-
mized. From this point of view, our present study is devoted
on the elaboration of CaHAp coated with alginate-bio-
polymer for environmental applications through a green
synthesis process. The prepared samples were subjected
to characterisations by X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FI-IR), physisorption of
N, and scanning electron microscopy coupled with ener-
gy-dispersive X-ray spectroscopy (SEM-EDS) techniques.

The Rhodamine B (RhB) was selected to evaluate the
ability of the prepared materials to trap cationic dyes in
water. RhB is often used as a fluorescent tracer within
water to decide the rate and bearing of stream and trans-
port, as a staining fluorescent in biotechnology applications
and it is also extensively used as textile dye. According to
a recent study, RhB exerts toxic effects on living organisms
when its concentration exceeds 140 pg/L in freshwaters [21].

The adsorption was investigated in batch equilibrium
process; experimental data were subjected to kinetics
and isotherm modelling, whereas temperature-depen-
dent adsorption data were analysed for thermodynamic
parameters.

2. Materials and methods
2.1. Chemical products

Cationic RhB dye having the chemical formula
C,H, CIN,O, was purchased from Loba Chemie. A stock
solution of RhB was prepared by dissolving the corre-
sponding quantity of the dye in distilled water. Calcium
carbonate CaCO, (99%) and orthophosphoric acid H,PO,
(85 wt.%) were supplied from Fluka and were used as start-
ing reactants for the synthesis of CaHAp powder. All the
chemicals used in this study are of analytical grade and
they were used as received without any further purification.

2.2. Materials preparation
2.2.1. Hydroxyapatite

Calcium hydroxyapatite labelled as CaHAp was pre-
pared in open glass reactor. For a given synthesis, 10 mL of
H,PO, (0.15 mol) was pumped, at the rate of 2 mL/min, into
100 mL of calcium carbonate suspension CaCO, (0.25 mol).
The mixture was kept under stirring for 24 h at constant
temperature (80°C) [22]. The expected reaction can be
described as follows:

10CaCO, +6H,PO, — Ca,, (PO, ) (OH), +10CO, +8H,0 (I)

The precipitate was separated from the mother liquor
by vacuum filtration, and then dried for 12 h at 100°C.

2.2.2. Alginate-modified hydroxyapatites

The modified samples of hydroxyapatite with various
alginate (Alg) amounts were obtained by reacting 4.0 g of
CaHAp powder with 0.4, 1.0 and 2.0 g of sodium alginate
in aqueous medium. The mixture was stirred for 1 h at 50°C
and thereafter dried at 100°C. The prepared samples were
labelled as CaHAp-nAlg where ‘n’ is the mass ratio of algi-
nate biopolymer in the prepared composite (1 = 10, 25 and
50 wt.%). The possible modes of interaction between (Alg)
molecules and CaHAp surface are schematized in Fig. 1,
and thereby cationic dye could interact with COO" func-
tional groups of the bio-polymer through electrostatic
forces [23]:

2.3. Characterization techniques

X-ray diffraction (XRD) analysis was carried out on D8
ADVANCE Bruker diffractometer (Germany) equipped with
copper anticathode tube, with the voltage and current set-
ting at 40 kV and 40 mA, respectively. Data were collected
within the 20 range between 10° to 60° with a 20-scan step
width of 0.01947° 268/s. The FT-IR were recorded on Thermo
Scientific-IR200 (USA) spectrophotometer within the wave-
number range from 400-4,000 cm™. Morphological studies
and semi quantitative elemental analysis were undertaken
by scanning electron microscopy coupled with energy-dis-
persive X-ray spectroscopy (SEM-EDX) using ultra-high-res-
olution analytical electron microscope HR-FESEM Hitachi
SU-70 apparatus (Japan). Surface characteristics were
determined through the adsorption—-desorption of nitrogen
(N,) at 77 K on the material surface by referring to BET-
method, using Gemini V2.00 equipment (Micromeritics
Instrument Corp) (USA). In the liquid phase, the changes in
RhB dye concentrations were measured using UV-Vis spec-
trophotometer (UV-1800 Shimadzu, Japan) calibrated at
A__ =554 nm, in the dye concentration range of 0-6 mg/L

max

with a correlation coefficient R?> = 0.9981.

2.4. Experimental protocol

The adsorption essays were carried out through a batch
equilibrium technique with an adsorbent dose of 1 g/L.
The experiments consist in reacting 25 mg of the adsorbent
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Fig. 1. Grafting of alginate biopolymer onto the CaHAp surface.

with 25 mL of the dye solution under various concentra-
tions. The mixture was stirred for 1 h at 300 rpm and then
sampled through vacuum filtration using a sintered glass.
To study the effect of the acidity/alkalinity of the medium,
the pH was varied within the range of 3-10 by dropwise
additions of 0.1 M aqueous solutions of HCl or NaOH. The
removal efficiency of dye (%) and the adsorption capac-
ity g, at any time ¢ (mg/g) of the modified hydroxyapatites
were calculated using Egs. (1) and (2), respectively.

Dye removal(%) = (C“C;C) %100 1)
0
1%
9,=(Co=C)x— @)

where C; and C, are the dye concentrations (mg/L) in the lig-
uid phase, initially and after the equilibration time, respec-
tively. V is the solution volume (L), and m is the mass of the
adsorbent powder (g). The experiments were carried out
in duplicate and the performed data showed a standard
deviation of less than 2%.

For the equilibrium and the kinetic studies, the non-lin-
ear regression analysis was applied using Microsoft Excel
Solver [24]. The best fit for the experimental data was deter-
mined from the Chi-square test (x?) and the coefficient
of determination (R?). These functions are, respectively
defined as:

2
XZ — i(qcal;qe”’) (3)
i cal

. > (s =g )

re= 4)
3 (9o~ menp ) (et~ o)

In these equations, g, and g, , are respectively the cal-
culated and the experimental data. g, is the mean aver-
age values of the observed experimental data, and p is the
number of experiments performed [24].

To evaluate the feasibility of using CaHAp-nAlg for suc-
cessive adsorption-desorption cycles, the solid was stirred
in alkaline medium using NaOH solution for 1 h after each
cycle. The regenerated adsorbent was washed with deion-
ized water several times to achieve neutral pH, dried at
70°C, and used for the next cycle.

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

The FT-IR spectra of the grafted and the uncoated
CaHAp samples are shown in Fig. 2. They exhibit the fea-
tures of PO}— containing functional groups, which are
located at 561, 577, 957 and 1,030 cm™, while the IR-band
centred at 3,740 cm™ is characteristic of the hydroxyl groups
of the apatite structure [15]. Moreover, the broad bands
observed towards 1,420 and 860 cm™ are assigned to COZ-
groups. This may be explained by the incorporation of a few
amounts of CO;* group in the lattice due to the interaction
between the formed free CaHAp and the carbon dioxide
CO, resulted from the acid attack of the calcite during the
synthesis step [22]. After surface modification, the intensity
of the hydroxyl band decreases progressively with increas-
ing Alg-grafting rate. This can be explained by the decrease
in CaHAp fraction in the prepared composite. According to
Fig. 1 (section 2.2.2), grafting of alginate biopolymer onto
CaHAp surface can be made also through weak intermo-
lecular interactions involving hydroxyl groups, and this is
likely to contribute to a decreased intensity of the hydroxyl
band. The spectra exhibit new vibration bands appear-
ing at 1,410 and 1,600 cm™ which are attributed to COO~
groups of Alg [23]. However, the intensity of these bands
increases by the grafting rate. The grafting of alginate bio-
polymer onto CaHAp’s surface through Ca* ions and the
COO- groups of Alg is, therefore, likely to contribute to
this increasing intensity. Furthermore, the shift in the band
position of COO™ groups present in the modified samples
referring to their position in pure sodium alginate biopoly-
mer could be explained by the establishment of =CaOH
bonds with active sites of CaHAp [23].
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Fig. 2. Infrared spectra of: (a) initial CaHAp, (b) CaHAp-10%Alg, (c) CaHAp-25%Alg, (d) CaHAp-50%Alg and (e) alginate.

3.1.2. X-ray diffraction

XRD analysis was performed on the resulting products
in order to identify the crystalline phases. The recorded pat-
terns of the modified and the unmodified CaHAp samples
are provided in Fig. 3. Thus, CaHAp is the main mineral
calcium phosphate formed (JCPDS standard N°. 01-072-
1243). On the other hand, the diffraction pick appearing at
20 = 29.4° is related to calcium carbonate CaCO, (JCPDS
standard N°. 00-047-1743). Indeed, the detection of this
phase is not surprising and reveals the incomplete conver-
sion of the initial calcite precursor to CaHAp during the
precipitation process [22]. For all these samples, the crys-
tallite sizes (D) were estimated from the Debye—Scherrer’s
equation [25]:

kA

= S 5
Bhkl COSthl ( )
where D is the crystallite size (nm); k is the shape factor, set to
0.9 for the apatite structure; A is wavelength (A =0.15406 nm
for Cu Ka radiation); 0,,, is the Bragg diffraction angle (in
degrees) and P, represents the broadening of the (ki)
diffraction peak measured at half of its maximum inten-
sity (in radian). In this study, reflections (002) and (310)
were selected to calculate the crystallite sizes D, and D,
along the ‘c’ and ‘a’ axis, respectively. The calculated data
reported in Table 1, suggest that the interaction between
CaHAp and Alg-biopolymer has contributed to an apparent

decrease in crystallite size. This was unexpected, consid-
ering that the same starting CaHAp powder was used to
prepare all the composite samples. Thus, an open question
remains unanswered: is this just an apparent effect derived
from the lower fraction of the CaHAp in the composites,
or does the adsorption of Alg induces any real decrease in
the crystallite size, or both? For nanometric particles, with
a relatively high surface to volume ratio, the adsorption
through crystalline forming ions is likely to enhance the
apparent structural disorder.

The crystallinity degree of CaHAp (x) has been eval-
uated with respect to the alginate grafting level using to
the following relationship [26]:

P 3
=| -4 6
B |:B002:| ©

where k, is a constant parameter set to 0.24 and B, is the
full width at half maximum (FWHM) of the (002) reflec-
tion. The estimated values of x_ are listed in Table 1. Thus,
increasing the grafted amount of the biopolymer onto the

CaHAp surface reduced its crystallinity degree.

3.1.3. Textural properties

The surface features of CaHAp, both before and after
modification with Alg-biopolymer, were determined
though the BET method and the obtained data are collected



280

S. Jebri et al. / Desalination and Water Treatment 282 (2023) 276289

S CaHApP-50%Alg

CaHAp-25%Alg

CaHAp-10%Alg

20 25 30 35

40
26 (°)

45 50 55 60

Fig. 3. XRD patterns of raw and modified hydroxyapatites; filled triangles calcite (JCPDS standard n° 00-47-1743); the other peaks

CaHAp (JCPDS standard n° 01-072-1243).

Table 1
Crystallite sizes and crystallinity of CaHAp powders before
and after alginate grafting

Table 2
Textural properties of CaHAp before and after Alg-biopolymer
grafting

Sample Boo Dy, (mm) B, D, (nm) x, Sample Sppr (M?/g) v, (cm®/g) D, A)

CaHAp 0.266 32.1 0.855 17.6 0.734 CaHAp 41.5 1.036 x 10! 1.052 x 10?
CaHAp-10%Alg 0.285 29.2 1.045 123 0.597 CaHAp-10%Alg 39.6 1.157 x 10! 1.174 x 10?
CaHAp-25%Alg 0.342 249 1.308 114 0.345 CaHAp-25%Alg 28.4 8.835 x 102 1.232 x 10?
CaHAp-50%Alg 0.342 249 1.349 11.0 0.345 CaHAp-50%Alg 28.3 7.849 x 102 1.084 x 10?

in Table 2. Accordingly, the treatment of hydroxyapatite
with alginate biopolymer promotes concomitant decreases
in the surface area (S,;;) and in the total pore volume V)
These tendencies may be due to the filling of the inter-
nal and surface pores of initial hydroxyapatite with the
biopolymer.

3.1.4. Morphological studies and elemental analysis

The morphological changes, induced on the surface of
CaHAp after interaction with Alg-biopolymer, are shown
in Fig. 4. The naked CaHAp particles exhibit irregular
and poorly defined shapes with a low tendency to aggre-
gate. The powder samples became strongly agglomerated
upon alginate grafting, suggesting that the biopolymeric
species adsorb onto the surfaces of neighbouring particles.

Based on EDS analysis (Fig. 4), Ca, P, O and C are the
main elements of the grafted and the non-grafted samples.
It is somewhat strange that the sample without Alg is the
one with the most intense carbon peak. This is likely related
to the presence of CaCO, in the final product as evinced
by XRD studies and evoked in section 3.1.2.

3.2. Evaluation of the performances of CaHAp-Alg composites for
the adsorption of RhB

3.2.1. pH dependence

Fig. 5 highlights the effect of acidity/alkalinity on the
removal efficiency of RhB dye using CaHAp-Alg hybrid
compounds at 298 K when the initial dye concentration is
set to 5 mg/L. It is evident that the modified CaHAp sam-
ples exhibit higher efficiency in the removal of Rd-B dye
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Fig. 4. SEM images and EDS spectra of: (a) initial CaHAp, (b) CaHAp-10%Alg, (c) CaHAp-25%Alg and (d) CaHAp-50%Alg.
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Fig. 5. Effect of the initial pH on the adsorption of RhB dye
by CaHAp-nAlg compounds (n = 0%, 10%, 25% and 50%).
Conditions: adsorbent dosage = 1 g/L, initial dye concentra-
tion =5 mg/L, temperature = 297 K, contact time = 60 min.

compared to uncoated CaHAp. Indeed, the interaction
between -COO~ groups of alginate and the cationic dye
enhanced the adsorption process. Furthermore, for the
grafted samples, the results indicate that the adsorption is
not pH-dependent when this parameter is set between 3 and
7. Otherwise, it is slightly reduced for higher pH values.
This is not the case for the raw CaHAp, where the adsorp-
tion of dye is clearly affected by the pH. The maximum
removal efficiency is observed at pH~5.5. Subsequently,
no pH-adjustments were made for the grafted samples.
However, this parameter was set to 5.5 for all experiments
involving the unmodified CaHAp.

3.2.2. Effect of contact time

Fig. 6 shows the time-dependent evolution of the adsorp-
tion capacity of CaHAp-nAlg (with n = 0%, 10% and 50%) at
298 K when the initial dye concentration is set to 100 mg/L.
It could be seen that the adsorption process was rapid in
the first minute of contact, due to the availability of the
high number of surface-active sites at the beginning of the
phenomenon and then slowed down as time progresses.
Hence, for CaHAp-0%Alg, the equilibrium extraction
was approximatively established after 20 min of contact,
whereas, it could be reached within a few minutes for the
grafted samples (CaHAp-10%Alg and CaHAp-50%Alg).

3.2.3. Effect of initial dye concentration

The effect of the initial dye concentration on removal
of RhB dye using HAp-Alg hybrid compounds was inves-
tigated in the concentration range of 5-300 mg/L at 298 K.
The results depicted in Fig. 7 indicate that, for all sam-
ples, near-complete recovery is observed when the initial
dye concentration ranges from 5 to 50 mg/L. However, a
decrease in the removal efficiency could be occurred for
initial dye concentration exceeding 50 mg/L, especially for
the materials with alginate ratio of 0%—-10%. For the highly
grafted samples (25% and 50%Alg), the reactivity with the
cationic dye is slightly affected within the investigated
concentration range.

100
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Fig. 6. Effect of the contact time on RhB adsorption by
CaHAp-nAlg compounds with n = 0%, 10% and 50% (adsor-
bent dosage = 1 g/L, initial dye concentration = 100 mg/L,
temperature = 298 K, pH~5.5).

Dey removal (%)
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Fig. 7. Effect of initial RhB concentration on the removal efficiency
of CaHAp-Alg hybrid compounds (adsorbent dosage = 1 g/L,
temperature = 298 K, contact time = 60 min, pH~5.5).

In general, declining trends in the removal capacity
may be related to the saturation of the active sites on the
adsorbent surface that can occur in a highly concentrated
medium.

3.2.4. Effect of temperature

The impact of temperature on the adsorption capacity
of CaHAp-Alg compounds was investigated in the tem-
perature range of 298-323 K. The experiments were car-
ried out with an initial dye concentration of 100 mg/L. As
shown in Fig. 8, the adsorption process was slightly affected
by the increase of temperature for the highly grafted com-
pounds (CaHAp-25%Alg and CaHAp-50%Alg), whereas,
a significant decrease in the uptake capacity was observed
for CaHAp and CaHAp-10%Alg. Meanwhile, the adsorp-
tion of RhB dye onto these samples is controlled by an
exothermic process. This result agrees with a similar study
devoted on the adsorption of Methylene blue dye onto
hydroxyapatite-sodium alginate high-cost materials [23].
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Fig. 8. Effect of temperature on the uptake of RhB dye by
CaHAp-nAlg compounds (adsorbent dosage =1 g/L, initial dye
concentration = 100 mg/L, pH~5.5).

3.3. Adsorption kinetic modelling

The kinetic adsorption data were analysed using the
Lagergren pseudo-first-order kinetic model, the pseudo-
second-order, the Elovich and the intraparticule diffusion
models.

The non-linear form of the pseudo-first-order and the

pseudo-second-order kinetic models are, respectively,
represented by the following equations [27,28]:
g,=q,(1-¢™) %)
kyq:t
g, = 24, 8)
1+k,q,t

where g, and g, are the amounts of dye sorbed at the equi-
librium adsorption and at the contact time t, respectively
(both in mg/g). k, and k, are the pseudo-first-order and
pseudo-second-order sorption constants in (min) and
g (mg/min), respectively.

The applicability of the Elovich model for sorption
kinetics was also examined using the non-linear form given
by the following equation [29]:

q, =%1n(1+aﬁt) )

where a [mg(g:min)?] is the initial adsorption rate and
B (g/mg) a constant related to the extent of surface coverage
and activation energy for chemisorption reactions.

Intraparticle diffusion was also explored. According
to this model, the adsorbate species could be transported
from the bulk of the solution into the solid phase through
the intraparticle diffusion-transport process, which is
often the rate-limiting step especially in a rapidly stirred
batch reactor [30]. The non-linear form of the diffusion
model is expressed as:

g =kt +C (10)

where k is the intraparticle rate constant in (mg(g-min®®)™)
and C is a constant that provides an idea about the thick-
ness of the boundary layer. According to this model, if the
regression of g, vs. t*2 is linear, but the plot does not pass
through the origin, then the adsorption process involves
intra-particle diffusion, but that is not the rate-limiting
step.

The plot relative to the non-linear fits of pseudo-
first-order, pseudo-second-order, Elovich and intrapar-
ticle diffusion kinetic models for the adsorption of RhB
onto the selected CaHAp-Alg samples are presented in
Fig. 9. The corresponding kinetic parameters are gathered
in Table 3.

From Table 3, it can be seen that for the uncoated
CaHAp, the non-linear form of the pseudo-second-order
kinetic model seems to be more appropriate in adequately
describing the adsorption process than the pseudo-sec-
ond-order since it presents simultaneously a lower value of
Chi-square (x*) and a very good coefficient of determina-
tion (R?* > 0.99). Meanwhile, the adsorption phenomenon is
well described by the pseudo-second-order kinetics model
which is related to the chemical bonding reactions [28]. In
this case, the initial adsorption rate h, [mg(g-min)™'] can be
expressed as h, = k,g* (Table 3). Increasing the grafting rate,
the lowest Chi-square X values were observed for the pseu-
do-first kinetic model, suggesting a best prediction of the
adsorption of RhB onto CaHAp-Alg compounds.

On the other hand, the data derived from the Elovich
kinetic model were obtained with a good coefficient of
determination R? and low Chi-square factor x%. The results
indicate a rise of the initial adsorption rate constant a. with
alginate grafting rate which supports the chemisorption
interaction between the heterogeneous adsorbing and the
molecules of RhB dye.

The plots of g, vs. t*2 for the diffusion model show a
relatively high correlation coefficient for the three selected
adsorbents (0.8955 < R? < 0.9487) (results not shown), how-
ever, the straight lines did not intercept the origin, and
thus intraparticle diffusion was assumed as not the only
rate limiting step. The estimated value of the thickness of
the boundary layer C increased with Alg-grafting rate.

3.4. Adsorption isotherms

The adsorption isotherms were applied to predict the
type of interactions between adsorbent/adsorbate and to
evaluate the maximum adsorption capacity at the equi-
librium extraction. In this study, the equilibrium data
were analysed with Langmuir, Freundlich, and Dubinin-
Radushkevich isotherms models which are, respectively,
expressed by Egs. (11)—(13):

q,.k.C
= it 11
=1k ()
q,=kC" (12)

C.4 =7, 0xp(—p¢%) (13)
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Fig. 9. Non-linear fits of pseudo-first-order, pseudo-second-order and Elovich kinetics for adsorption of RhB onto: (a) CaHAp,
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Table 3

Kinetic data obtained by the non-linear fitting analysis of the adsorption of RhB onto CaHAp-Alg compounds

CaHAp CaHAp-10%Alg CaHAp-50%Alg
yexp (mg/g) 97.2 98.8 99.8
Pseudo-first-order
q,ca (M8/8) 91.8 98.9 99.9
k, (min™) 2.299 3.064 4.998
X2 1.7862 0.0311 0.0004
R? 0.9838 0.9997 0.9999
Pseudo-second-order
q,ca (M8/8) 93.6 100.0 100.0
k, [g(mg-min)7] 0.068 0.100 1.670
h, [mg(g-min)~'] 596.2 1,000 1.67 x 10*
X2 0.9876 0.2762 0.0009
R? 0.9911 0.9974 0.9999
Elovich model
o [mg(g-min)~] 1.38 x 101 1.67 x 10% 9 x 103
B (g/mg) 0.297 1.158 3.333
X2 0.1675 0.0859 0.0541
R? 0.9985 0.9991 0.9994
Intraparticle model
kp 1.7 0.75 0.05
C 83.9 95.0 99.6
X2 0.3049 0.1990 0.0023
R? 0.9971 0.9980 0.9999

In Eq. (11), g, (mg/g) and k, (L/mg) are the Langmuir
isotherm parameters related to the adsorption capacity
and energy of adsorption, respectively. The separation fac-
tor R, deduced from this model and expressed as R, =1/
(1 + k,C,) gives important information about the nature of
the adsorption process. Thus, values of R, indicate whether
the adsorption is reversible (R, = 0), favourable (0 < R, < 1),
linear (R, = 1), or unfavourable (R, > 1). In Eq. (12), kf and
n are the Freundlich isotherm parameters related to the
adsorption capacity and intensity, respectively. In Egs. (13),
C,,. (mol/g) is the number of dye molecules adsorbed per
unit mass of adsorbent and g, (mol/g) is the theoretical sat-
uration capacity. B (mol*/J?) is a coefficient related to the
mean free energy of adsorption per mole of the adsorbate,
and & (J/mol) is the Polanyi potential expressed as: € = RT
In(1 + 1/C), in which, R (J/molK) is the gas constant, and
T (K) is the absolute temperature at the equilibrium exper-
iment. The value of B constant provides an idea about
the mean free energy E (kJ/mol), expressed as: E = (23)°°.
The magnitude of apparent energy E is useful to estimate
the type of adsorption. Thus, values of E < 8 kJ/mol sug-
gest physical sorption, whereas values of E between 8 and
16 kJ/mol indicate that the adsorption process is described
by ion exchange. For E values exceeding 16 kJ/mol,
the adsorption occurs according to chemisorption process.

The Langmuir model assumes: (i) the formation of a
monolayer onto the surface of the adsorbent with only one

being bonded adsorbate species on each adsorption site;
(ii) the adsorbent surface is homogeneous in character, and
the adsorption sites are identical and energetically equiv-
alent. The Freundlich isotherm considers heterogeneous
surfaces with a multilayer adsorption, whereas Dubinin—
Radushkevich model is applicable to adsorption processes
occurring on homogeneous and heterogeneous surfaces.

The adsorption isothermal studies were carried out at
25°C within the concentration range of 5-100 mg/L. The
non-linear fits of the Langmuir, Freundlich and Dubinin-
Radushkevich isotherm models for the adsorption of
RhB dye onto CaHAp-Alg compounds are depicted in
Fig. 10. The equilibrium parameters obtained by using the
non-linear fits for the three selected models are given in
Table 4.

Based on the results of Table 4, the estimated sorption
capacity, g, derived from the Langmuir model increased
from ~240 to ~310 mg/g with the grafting rate. Besides,
the R, values are situated within the range of 0-1 for
all samples, suggesting favourable adsorption of RhB
dye onto HAp-Alg hybrid compounds under the cur-
rent experimental conditions. The 1/n factor determined
from the Freundlich isotherm model is within the range
of 0.1-1, also confirming favourable conditions for the
occurrence of the adsorption process. The values of mean
free energy, E, derived from the Dubinin—-Radushkevich
isotherm model exceed 16 kJ/mol for the highly grafted
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Table 4
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Isotherm constants for the adsorption of RhB dye by CaHAp and CaHAp-Alg composites at T = 298 K, obtained by using the

non-linear fits

Isotherm model Adsorption Adsorbent

constant CaHAp CaHAp-10%Alg CaHAp-25%Alg CaHAp-50%Alg

Torp (mg/g) 225.2 263.4 285.2 289.5

q, (mg/g) 239.8 240.0 283.0 310.0

. k, (L/mg) 0.091 0.100 0.757 0.965

Langmuir

R, 0.444-0.013 0.411-0.011 0.104-0.002 0.102-0.002

X 332.7 2225 146.0 247.2

R? 0.9403 0.9574 0.9812 0.9615

k, 51.7 60.00 133.7 143.0
Freundlich n2 2.89 2.79 3.50 3.52

X 16.0 37.4 3.2 37.3

R? 0.9608 0.9661 0.9868 0.9760

q, (mg/g) 5282 772.4 879.6 816.3

B (mol¥/J?) -1.99 x 10°° -2.40 x 10710 -1.73 x 1010 -1.68 x 1071
Dubinin-Radushkevich E (kJ/mol) 15.8 14.4 17.1 17.2

X 222 49.6 5.6 50.5

R? 0.8884 0.8635 0.9848 0.8985

compounds suggesting a chemisorption reaction involv-  Table 5

ing the establishment of chemical bonds between the
modified adsorbent’s surface and the adsorbate.

The overall comparison of the three isotherms indicates
that the Freundlich isotherm remains the most appropri-
ate in adequately describing the adsorption of RhB dye
onto CaHAp-Alg compounds as evinced by the R*> and x>
reliability factors. This isotherm does not predict any satu-
ration of the sorbate, and thereby infinite surface coverage
including multilayer adsorption is likely to occur.

Based on these findings, CaHAp’s surface coating
with alginate biopolymer improves its ability to trap dye
molecules in water. The maximum absorption capacity
(9., = 289.5 mg/g) was determined for the sample with 50%
in Alg-content. This value has been compared to recently
published data and the results are shown in Table 5.
Accordingly, CaHAp-50%Alg exhibits the highest removal
efficiency and therefore, was found to be suitable for reme-
diating RhB dye from polluted waters.

3.5. Thermodynamic study on RhB dye sorption

The thermodynamic parameters relative to the adsorp-
tion of RhB dye onto CaHAp-Alg composites, such as
standard Gibbs free energy (AG°), enthalpy change (AH®)
and entropy change (AS°) were estimated by considering
the following equations:

AG® = —RTInk, (14)
AG® = AH® —TAS? (15)
ink, = A0 AS (16)

Literature data relative to the adsorption of RhB onto calcium
phosphates and other adsorbents

Adsorbent qe (mg/g) Ref
CaHAp low-cost material 225.2 This work
CaHAp-Alg low-cost material 289.5 This work
CaHAp derived from animal 64.9 [31]

bone meal

Commercial activated carbon 83-100 [32]
Beidellite-rich clay 268 [33]

where R is the gas constant (8.314 J/mol'K) and k, is the
distribution ratio of dye between the solid and the liquid
phase expressed as: k,=q,/C..

The plot of In(k,) against 1/T for three selected samples
CaHAp, CaHAp-10%Alg and CaHAp-50%Alg was linear
in the range of the tested temperatures (Fig. 11). Thereby,
the values of AH° and AS® were determined from the slope
and the intercept of the plot and gathered in Table 6. The
negative value of AS° indicated the decrease in random-
ness of the on-going process. Moreover, the absolute value
of AH® is less than 40 kJ/mol in the case of the uncoated
CaHAp, exceeding this quantity for the modified sam-
ples. These results indicate that physisorption is proba-
bly the dominating mechanism for the adsorption of RhB
dye onto CaHAp, whereas the adsorption process is of
chemical nature involving strong attraction forces for the
functionalized samples.

3.6. Regeneration

CaHAp-50%Alg was selected for the regeneration
essays since it was the most suitable one for the adsorption
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onto: (a) CaHAp, (b) CaHAp-10%Alg, (c) CaHAp-25%Alg and (d) CaHAp-50%Alg (adsorbent dosage = 1 g/L, temperature = 298 K,

pH~5.5).
7
6 -
° ]
5 -
o
o °
C
-
3 -
5]
2 o
b2 O CaHAp-50%Alg
1 O CaHAp-10%Alg
© CaHAp-0%Alg
0 T T T T T T
3.05 3.1 3.15 3.2 3.25 3.3 3.35 3.4

[1/T] x 1073 (K?)

Fig. 11. Plot of Ink, vs. 1/T for adsorption of RhB dye onto
CaHAp-nAlg.

of RhB dye. The spent adsorbent was regenerated at 298 K,
using NaOH solution at pH of 11.5 and then tested as
a fresh adsorbent. For four cycles, the regeneration was
achieved by batch desorption, and the results indicate that

the dye removal changed insignificantly after four regen-
erations. The RhB adsorption was still higher than 98%,
indicating that CaHAp-50%Alg is highly reusable and
exhibits high performance in RhB removal.

4. Conclusions

In this study, CaHAp was prepared at moderate condi-
tions using calcium carbonate and ortophosphoric acid as
convenient and low-cost starting precursors, and then, it
was modified with different amounts of alginate biopoly-
mer. These hybrid materials were designed to be conform
to the actual tendency of green chemistry and synthesized
at lab scale. However, considering the large volumes of
wastewater needing remediation, it is critical to develop a
cost-effective synthesis procedure capable to producing a
large quantity of this high-quality powder for wastewater
treatment on an industrial scale.

The characterizations of the hybrid compounds by
FT-IR, XRD, physisorption of N, and SEM analysis confirm
that the alginate was successfully grafted onto the CaHAp
surface. The adsorption behaviour of these compounds
towards RhB dye was investigated with respect to different
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Table 6
Thermodynamic parameters for the adsorption of RhB onto CaHAp-Alg composites
Sample AH° AS° AG® (kJ/mol)
(kJ/mol) (J/K-mol) 298 K 303K 308 K 313K 318K 323K
CaHAp -16.6 -38.7 -5.0 4.8 —4.6 —4.5 —4.3 —4.1
CaHAp-10%Alg —65.8 -192.6 -84 74 —6.5 -5.5 —4.5 -3.6
CaHAp-50%Alg -72.6 -191.0 -15.7 -14.7 -13.8 -12.8 -11.8 -10.9

parameters. Accordingly, the equilibrium adsorption was
rapidly established suggesting their potential use as effec-
tive sorbent for this dye. On the other hand, the Freundlich
model describes satisfactorily the adsorption process.
This later does not predict any saturation of the adsorbent
surface, and thereby infinite surface coverage including
multilayer adsorption is likely to occur.

The adsorption capacities of CaHAp, CaHAp-10%Alg,
CaHAp-25%Alg and CaHAp-50%Alg at equilibrium are
respectively 225.2, 263.4, 285.2 and 289.5 mg/g. Meanwhile,
such surface modification improved the reactivity of
CaHAp towards the cationic dye. Based on the thermo-
dynamic study, the dye adsorption process by hydroxy-
apatite hybrid compounds is exothermic in nature and
driven by chemical interactions.

CaHAp-50%Alg’s recoverability investigation, showed
that about 98% of the removal rate can be retained after
four regeneration cycles, suggesting its excellent recy-
clability and sustainability. Hence, CaHAp-50%Alg offers
broad application prospects in the field of environmental
restoration.
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