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ABSTRACT

Locally affordable, eco-friendly and non-toxic biomaterial, sea urchin test (Paracentrotus lividus) as
a precursor was converted in this investigation by simple and viable way into an efficient adsor-
bent for nickel ions and Supranol yellow dye removal from simulated wastewater. Powered urchin
shell sea urchin test (SUT) and diammonium phosphate as sources of calcium and potassium,
respectively, were used for hydroxyapatite synthesis by chemical precipitation route followed by
calcination at 800°C. The resulting calcium phosphate based-adsorbent: hydroxyapatite urchin
test (HAP-UT) was characterized by Fourier-transform infrared spectroscopy, X-ray diffraction,
Brunauer-Emmett-Teller and pH__ to appraise its physicochemical characteristics as well as the
mechanism of both pollutants adsorpt1on Effect of conventional parameters on both pollutants
uptakes such as equilibrium time, adsorbent dose, pH and temperature were also performed. Well
known adsorption isotherms, namely Langmuir and Freundlich were used for data fitting to describe
the adsorption equilibrium of both pollutants The raw material conversion to HAP-UT enhances
the removal capacities from 58.48 to 666.67 mg g at pH 2-3 and from 1.49 to 29.50 mg g at pH
5-5.4 for Yellow supranol and nickel ions respectively. From the perspective of higher R* values
and the lower root mean square error values as an error indicator, Langmuir model is more rep-
resentative for the experimental data predicting homogeneous surface coverage of the adsorbents.
Thermodynamic analysis of the adsorption processes of both pollutants confirms their spontaneity
and endothermicity. Adsorption mechanism found to obey to pseudo-second-order kinetic model.
Obtained results showed that the synthetized hydroxyapatite from urchin shell as an adsorbent
could prove to be very useful and efficient in removing toxic pollutants from industrial effluents.
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1. Introduction main source of the environment pollution leading to nega-
tive impact on human lives, public health and soil contam-
ination [1].

Firstly, it has been an increasing ecological and public
health concern associated with environmental contamination

Nowadays, significant amounts of dyes and heavy met-
als compounds-laden wastewater are produced by many
industries from which effluent discharge constitutes the
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by heavy metals. Even at lower concentrations, they are not
easily biodegraded, they can persist in the environment
for a long period of time and become harmful by develop-
ing their toxicity by bioaccumulation. Human exposure
has risen dramatically as a result of their increase use in
several industrial, agricultural and technological applica-
tions and other point source areas such as mining, smelters
and other metal-based industrial operations [2,3]. Nickel
among heavy metals, occurs naturally in the environment
at low levels and can be found in food (mainly in plants)
non-food sources (coins, glasses frame and various house-
hold appliances) [4]. The major sources of nickel contam-
ination in soils, groundwater and surface water are metal
plating industries, fossil fuels combustion, nickel mining,
alloy products and electroplating, in which nickel occurs
at higher levels becoming then a toxic element and causing
chronic effects such as dermatitis, eczema, asthma, lungs and
immune system from inhalation and exposure.

Secondly, a variety of dyestuffs is extensively used in
many industrial branches such as textile, printing and paints
[5]. Most of them are resistant to environmental conditions
and hardly biodegradable in conventional wastewater
treatment plants due to their complex aromatic structures.
Among them, Supranol yellow which is an acid dye of the
disazo series. Its industrial uses include the dyeing of paper
and leather as well as the colouring of cellulose acetate in
injection moulding. Both types of pollutants considered in
this study and many others can degrade into highly carcino-
genic toxic products and can be harmful. So, their removal
from wastewater before their release to the environment
is extremely important.

Therefore, a variety of methods have been developed for
removing dyes and heavy metals compounds from waste-
waters; among them adsorption on solid adsorbents become
one of the most effective method [6,7] and has received
increasing attention by scientists in recent years as for
removing a wide range of pollutant-laden effluents.

Among a large variety of materials-based adsorbents
that have been developed for these purposes such as mont-
morillonite, algal species and all types of agro wastes [8-11],
hydroxyapatite and its derivative forms have emerged as
excellent biomaterials that recently gained attention as effi-
cient adsorbents. It is also characterized by its high chemi-
cal and thermal stability, its great power of ion exchange
and the disponibility of raw materials that can be used for
its synthesis [12].

Hydroxyapatite can be produced by different ways such
as hydrothermal, solvo-thermal and chemical precipitation

Table 1

methods [13]. The chemical precipitation route was cho-
sen in this study as a suitable method for hydroxyapatite
synthetizes from sea urchin test, a raw and costless mate-
rial largely available used as a potential source of calcium
[Ca], and (NH,),PO, (diammonium phosphate) as a source
of phosphorus [P]. The obtained hydroxyapatite-based
sea urchin shell adsorbent was used for nickel ions and
Supranol yellow removal from simulated wastewater. As
reported in the literature, many studies reported the use of
this material for heavy metals and dyes removal [14-20].

2. Materials and methods
2.1. Chemicals and reagents

All chemicals used in this study were of analytical grade.
Supranol yellow was used in this study as received, nickel
chloride hexahydrate (99.9%), diammonium hydrogen phos-
phate ((NH,),HPO,) 98% and dimethylglyoxime (DMG),
>99% (Sigma-Aldrich, Germany). Stock solutions were pre-
pared according to standard procedure. A 10° M, solution
of nickel by dissolving 0.2377 g of NiCL,-6H,O in 1 L of dou-
bly distilled water (corresponding to 0.0587 g of Ni**/L) and
1.0 g L™ of Supranol yellow solution. Working solutions of
the desired concentrations were obtained by successive
dilutions. Some major characteristics of the main chemicals
used in this study are summarized in Table 1.

Widely used for the spectrophotometric determination
of microamounts of nickel in solution, DMG gives with
nickel a distinct coloured complex solution. A 2.5% solu-
tion was prepared by dissolving 2.5 g of DMG in 100 mL
of ethanol. Buffer solutions were prepared by mixing suit-
able amounts of 1 M acetic acid and 1 M ammonium acetate
solution at pH 3-6, or 1 M ammonia water and 1 M ammo-
nium acetate solution at pH 8-11. To 15 mL of the solution
in 0.5 M HCI medium containing a certain amount of Ni(II),
were added 2 mL of DMG (2.5%), 1 mL of 10 M sodium
hydroxide and 0.3 mL of ammonium persulfate (10% in
water). After 10 min, the volume was completed to 25 mL
and measures were taken at 460 nm for nickel concentra-
tion determination [21,22]. In order to validate this analyt-
ical method, two important and commonly terms are used
to describe the smallest concentration of an analyte that
can be reliably measured by an analytical procedure: They
are the limit of detection (LoD) given by: LoD = [3.3 x (o/s)]
estimated from replicates of large number of blanks and the
limit of quantification (LoQ) given by: LoQ = [10 x (o/s)],
where (0) is the standard deviation of the response and

Chemical structure and characteristics of reagents used in this study

Diammonium phosphate Nickel Supranol yellow
CAS number 7783-28-0 7791-20-0 8005-52-5
Chemical formula (NH,),HPO, NiClL,-6H,O C,H,)N,O,S,Na,
Provided by Panreac Montplet & Esteban, SA-Spain ~ Riedel-deHaén, Germany  Ciba Society, Switzerland

Molecular weight (g mol™)
Max. wavelength A
Solubility (g L™)

max

(nm)

132.07

/!
106.7 g/100 mL (100°C)

237.69
465
Highly soluble

452.0
405
120 (@90°C)
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(s) is the slope of the calibration curve. The coefficients 3.3
and 10 in the above equations are called expansion factors
and are obtained assuming a 95% confidence level. Both
limits were evaluated from the calibration curves of nickel
and Yellow supranol obtained from the absorbance vs.
concentration plots represented by straight lines, validat-
ing then the Lambert-Beer’s law (A = €LC) in the chosen
concentration range using Excel software.

2.2. Adsorbents preparation

Due to its abundance on the Mostaganem area-Algeria
(South Mediterranean coast), sea urchin test (Paracentrotus
lividus) as a raw material with a high content of calcium
carbonate was selected and converted into hydroxylamine
by precipitation method followed by calcination at 800°C.
The obtained material was used as an adsorbent for nickel
ions and Supranol yellow dye removal from aqueous solu-
tions. The raw material was first washed with tap water
to remove dust and other impurities then with distilled
water and dried at 70°C overnight, grinded, sieved through
0.071 mm using a jar mill (Vierzen grinder) before pollut-
ants removal tests. A amount of 20 g of the sea urchin test
material (calcium source) were introduced into a beaker
containing 14 g of (NH,),HPO, initially dissolved in 50 mL
of distilled water. The mixture was vigorously stirred at
ambient for 72 h, then stabilized and adjusted to pH 12
by adding NH,OH solution, filtered and rinsed with dis-
tilled water to neutral, oven dried overnight at 60°C, then
grinded and sieved. The resulting material is then pyro-
lyzed at 800°C for 3 h in tubular furnace (Nabertherm
MORETHAN HEAT 30-3,000°C). The obtained fine powder
is again washed with distilled water, in order to dissolve
the CaO content, until neutral pH then oven died for 24 h
at 60°C and kept in desiccators before adsorption tests.

2.3. Adsorbent characterization
2.3.1. Surface area

Nitrogen at 77 K was used for surface area determination
using an automated adsorption apparatus (Micromeritics
apparatus ASAP 2020). Prior to analysis, prepared adsor-
bents were degassed at 150°C in a vacuum system at low
pressure (10 torr). The specific surface area (S,,,) was deter-
mined using the Brunauer-Emmett-Teller (BET) isotherm
model in the region of relative pressures near completed
monolayers (0.05 < P/P, < 0.3), with N, cross-sectional area
equals to 16.2:10%° m?2

2.3.2. Zero point of charge (pH_ ) determination

Depending of the adsorbent surface charge (adsorption
at low pH means net positive charge due to H* presence and
its liberation at high pH means net negative charge). The
absence of both charges implying that the net charge is zero
also called zero point of charge (pH, ) is a key parameter
in adsorbent surface [23].

In other words, if pH < pH, , the surface charge of
adsorbent would be positive so that the anionic spe-
cies are favorably adsorbed, and the cationic species are
favorably adsorbed at pH > pH, . The pH, is generally

determined from (ApH = pH, - pH)) vs. (pH)) plot as reported
in previous work [24].

2.3.3. Identification of crystalline phases

In order to identify the phase composition of the pre-
pared samples and to highlight their equidistance, crystalline
phases identification was performed examined by means of
X-ray diffraction (XRD: Bruker P8 Advance technique) with
a 2 h range of 20-60 in 0.02 steps and powder diffraction
files was used for patterns identification.

2.3.4. Fourier-transform infrared spectroscopy

Fourier-transform infrared (FT-IR) spectrometer Perkin
Elmer employing KBr pellet method in the range of 4,000
400 cm™ was used for samples surface functional groups
identification. Samples of 1 mg of dried and finely grinded
activated carbon were thoroughly mixed with 100 mg of
KBr and compressed in order to make a thin film disk for
spectra analysis.

2.4. Batch uptakes studies of Supranol yellow and nickel ions

The batch adsorption studies of both pollutants on
hydroxyapatite urchin test (HAP-UT) and sea urchin test
(SUT) samples were carried out at different parameters
affecting adsorption rate such as pH in the range of 2-12,
initial concentration ranging from 100 to 1,000 mg L™ for
Supranol yellow (4GL) and from 0.5869 to 5.869 mg L™ for
Ni*, contact time ranging from 30 to 280 min, adsorbent
dose ranging from 2-20 g L™ and three different tempera-
tures of 293, 298 and 303 K. Experiments were performed by
mixing an optimum dose of 0.4 g L™ of adsorbent (initially
chosen on the basis that it was the dosage giving a high
removal % in parameters affecting adsorption rate section)
and 25 mL of chosen pollutant solutions of known concen-
tration in 200 mL stoppered conical flasks. The resulting sus-
pension was then agitated magnetically at a constant speed
of 150 rpm at ambient till equilibrium then centrifuged
at 4,000 rpm for 15 min. The supernatants were analyzed
by spectrophotometry at A__ = 405 nm for the remaining
Supranol yellow concentrations determination. DMG (2.5%)
at A_ =465 nm was adopted to measure Ni** concentra-
tions remaining in solutions. Experiments were repeated in
triplicate and the average values were reported for further
calculations. According to mass balance relationship repre-
sented by Eq. (1), the adsorbed amount (g,) was evaluated:

5.=-(C,-C.,) 0

where C; and C_ are the initial and the equilibrium nickel
or Yellow supranol concentrations (mg L) respectively,
V is the volume of the solution (L) and m is the mass of the
adsorbent (mg).

2.5. Modeling of adsorption isotherms

Solid-liquid phase concentrations plots were used to
describe the equilibrium adsorption isotherm of Ni* ions
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and Supranol yellow onto (HAP-UT and SUT). Two most
commonly used adsorption isotherms equations have been
tested in the present work to fit the experimental data,
namely:

Langmuir model which assumes that the adsorption
takes place at specific homogeneous sites within the adsor-
bent with no further adsorption taking place at the same
site once filled is given by Eq. (2).

bK,C
== @)
1+K,C,

where g, is amount of solute adsorbed per unit weight
of adsorbent (mg g”), C, is the concentration of solute
remaining in solution at equilibrium (mg L), b (mg g™) is
the maximum adsorption capacity corresponding to com-
plete monolayer coverage and K| is a constant related to the
energy or net enthalpy.

Freundlich model usually used to describe adsorp-
tion experiments taking place on heterogeneous adsorbent
surface is given by Eq. (3),

1/n
qe = KFCeq (3)
where K, and n are the Freundlich constants related to
adsorption capacity and adsorption intensity respectively.

2.6. Thermodynamic study
2.6.1. Van’t Hoff equation

The characteristics of the adsorption process of both
pollutants such as spontaneity, nature and the adsorbent
applicability, were determined using thermodynamic func-
tions such as changes in the standard free energy (AG®), the
enthalpy (AH°) and entropy (AS°) were evaluated graph-
ically from vant Hoff equation as functions of tempera-
ture and the adsorption distribution coefficient (K,) using
the following equations [25]:

_qe : -1

Kd_a in (Lg") (4)
AS°  AH°
InK,=—~ 5
Ky =07 Q)
AG®=-RTInK, = TAS®~ AH® (6)
-k

S =(1-0)err @)
1ns*:1n(1—e)—i 8)

RT

where C, and C, are respectively the residual and the ini-
tial concentrations of Ni* or 4GL in the aqueous solutions
(mg L.

2.6.2. Modified Arrhenius-type equation

Activation energy (E ) and sticking probability (5*) are
two other parameters of important utility that can be esti-
mated from the experimental data to support the adsorp-
tion mechanism predominance [26]. The relationships
between the above-mentioned parameters and the surface
coverage: 0 = (1-C/C) are given by the modified Arrhenius-
type Egs. (7) and its linearized form (8).

3. Results and discussion
3.1. Sample characterization
3.1.1. Surface area

The pore structure characterization of both adsor-
bents (SUT and HAP-UT) was carried out using the BET
method (N, adsorption isotherms at 77 K). Their textural
characteristics are shown in Table 1 and their N, adsorp-
tion/desorption isotherms as a function of specified relative
pressure (P/P)) are shown in Fig. 1. The N, adsorption-
desorption isotherm of HAP-UT sample exhibits type IV
isotherm, which is typical of mesoporous materials, with
H3 type hysteresis loop associated to capillary conden-
sation defined by IUPAC [27]. As illustrated in Fig. 1, the
adsorption amount increases quiet rapidly in the rela-
tively low-pressure region (P/P, < 0.03), which indicates
the presence of micropores. After the filling of the later, a
gradual increase of N, adsorption reflecting monolayer to
multilayer adsorption process is observed. At P/P, > 0.98,
slight capillary condensation of N, occurs in larger meso-
pores and macropores indicated by the large mesoposous
volume of 0.227 cm’g™ compared to the total volume of
0.235 cm® g (Table 2). HAP-UT sample shows also broader
hysteresis loop covering the range from P/P = 0.30 to 0.99.

As expected, the untreated material (SUT) has very low
specific area of 0.1836 m? g (Table 1), this is due to pores
clogging by the presence of minerals and organics. In con-
trast, hydroxyapatite-based adsorbent (HAP-UT) synthe-
sized by the adopted simultaneous treatment has enhanced
significantly the surface area of up to 87.36 m? g! by evac-
uating all the impurities and organics, thus creating more
internal porous space.
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Fig. 1. Adsorption-desorption isotherms of N, at 77 K onto
HAP-UT sample.
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Table 2
Textural characteristics of HAP-UT and SUT samples obtained
by N, adsorption—desorption analysis

Properties Adsorbants

SUT HAP-UT
BET specific surface area (m* g™') 0.184 87.36
Total volume (cm?® g™) // 0.235
Mesoporous volume (cm?® g™) // 0.227
Mean pore diameter (nm) // 8.10
pH,,. 8.0 8.2

3.1.2. pH of zero point charge (pH_,)

Being an important parameter to predict the affinity of
the adsorbent-adsorbate, pH value at which an adsorbent
surface is globally neutral called the point of zero charge
(pH,,) has been determined for both considered samples.
At pH < pH, : the adsorbent surface is positively charged
attracting anionic substances, while it is negatively charged
attracting then cationic substances at pH > pH__. The
obtained pH, values for both HAP-UT and SUT were 8.2
and 8.0 respectively determined graphically by the inter-
section point of pH,_, vs. pH, . plots (figure not shown).

Yellow supranol as an anionic dye was removal at the
rate of 666.67 and 58.48 mg g™ respectively by a positively
charged HAP-UT and SUT in the acidic media (pH range
of 2.0-3.0) in conformity with the obtained pH, value
(pH < pH,_: attraction between dye molecule and the adsor-
bent surface). In the other hand, nickel ions were removed
effectively at the rate of 29.50 mg g™ by HAP-UT (pH = 5.4)
and 1.49 mg g by SUT (pH = 5.0). For lower pH values the
Ni(Il) removal rate decreases to the presence of H'. At pH
values above 8.0, nickel mainly precipitated as Ni(OH),.
Therefore, the observed removal in the later case was
attributed not to adsorption but to precipitation.

3.1.3. Fourier-transform infrared spectroscopy

Asaninterferometric method, FT-IR spectroscopy is used
in this study for samples surface functional groups iden-
tification. (Fig. 2) displays three main spectral regions for
SUT and HAP-UT samples (hydoxyl: 3,800-3,200 cm™, car-
bonates: 1,600-1,200 cm™ and phosphates 1,100-500 cm™).
(NH4),HPO, application to sea urchin raw material induces
the appearance of new functional groups, such as peaks
detected at 1,093 and 1,047 cm™ which may be ascribed to
the doubly degenerate, v3 asymmetric vibration modes of
the P=O of the PO} group and P-O-C which are respon-
sible for the surface structure transformation of the syn-
thesized sample. The bands at 607 and 560 cm™ and also
1,093 cm™ are generated by fundamental vibrational modes
of PO4 species. Bands at 1,474 and 1,417 cm™ appeared in
both samples, that can be attributed to carbonate groups
replacing PO} groups. However, heat treatment causes the
disappearance of many functional groups ranging from
3,463 to 1,474 cm™ creating then more space into HAP-UT
sample. In summary, the measured IR spectra analysis
shows a variety of spectra of a broad and medium bond
and other fine and medium one.
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Fig. 2. FT-IR spectra of SUT and HAP-UT samples.

3.1.4. Crystalline phases identification

The diffractograms of calcite (SUT) and hydroxyapatite
(HAP-UT) are shown in (Fig. 3). Their XRD data was pro-
cessed X'Pert HighScore for miller indices and elemental
mesh parameters determination of each material. According
to XRD data, all characteristic peaks of SUT and HAP-UT
are present. The decrease in their signal intensities or dis-
appearance of some SUT peaks after conversion to HAP-UT
are clearly shown in the same (Fig. 3).

The changes of SUT sample miller index’ characteristic
peaks are due to the change of the crystal system or cal-
cite which is a represented by a Rhombohedron one with
a="b=499%, c =17.081 and a space group R-3C, while
HAP-UT sample is represented by a hexagonal system
with a=b=9.49, ¢ = 6.85 and a space group P63/m obtained
from the referenced peaks of ICSD PAH 01-086-0740 data-
base [28]. The low crystallinity rate of the synthesized
material (HAP-UT) can be explained by the difference of
peaks intensities. Moreover the substitution in carbonated
B-type site induces a reduction of the crystallinity and the
size of the obtained HAP-UT particles. Same findings were
reported in the literature [29].

Also shown in Fig. 3, that the most intense and sharp-
est peaks are observed in the 20 angle range between 25
and 509, coinciding with the XRD reference lines, which
corresponds to HAP-UT crystals that are in good agreement
with the JCPDS Card 09-0432 data (hydroxyapatite stan-
dard) [30,31].

3.2. Effect of conventional parameters on adsorption

Considered to affect considerably adsorption pro-
cesses, the adsorbent dosage, equilibrium time, solution
pH and temperature were studied prior to both pollutants
uptakes onto SUT and HAP-UT for their optimal values
determination.

3.2.1. Effect of adsorbent dose

Used for the treatment cost prediction of solid per unit
of pollutant solution, the adsorbent dosage is an important
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parameter in the sorbent-sorbate equilibrium determina-
tion. The dependence of both pollutants uptakes on the
amount of SUT and HAP-UT was studied within the range
of 2-20 g L7, maintaining all other parameters constant.
As shown in (Fig. 4a), removal rate increases for 4GL dye
with increasing dosage over the range 0-20 g L™ due the
available sites. As shown in (Fig. 4a), maximum uptakes
occurred for 4GL dye onto HAP-UT and SUT adsorbents
respectively at the dose of 6 and 10 g L'. The same phe-
nomena happened with Ni* ions and maximum amount
removed occurred at dosage of 20 g L for HAP-UT and SUT
respectively for solution concentration of 14 mg L.

3.2.2. Effect of solution pH

External solution pH greatly affects the adsorption pro-
cess of the 4GL and Ni*, either by changing the adsorbents

~
(o)
-
A\
~

353

surface charge or by changing the dyes or the metal behav-
ior for a special application, while controlling pollutants
removal from liquid phase. In order to determine the opti-
mum pH conditions for the both pollutants onto SUT and
HAP-UT adsorbents, initial pH of the solution of known
volume and concentration was placed in a beaker and was
adjusted from 2 to 12 by adding either dilute NaOH or HCl
(0.1 N) solutions. Then a certain volume of this solution was
placed in a flask to which a certain amount of adsorbent
(20 g L): dose determined previously) was added and the
mixture, shaken then filtered and the equilibrium concen-
tration was determined by spectrophotometry for 4GL at
A,.. =405 and Ni* ions at A___ = 465. It can be seen from
(Fig. 4b) that the adsorption of 4GL dye decreased from
when the pH was increased from acidic media (pH = 2) to
basic media (pH = 12). This fact could be explained that
at lower pH, the overall surface area of the charge of both

HAP-UT

2Theta (degree)

Fig. 3. XRD patterns of synthetic hydroxyapatite (HAP-UT) and raw material (SUT).
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Fig. 4. Effect of conventional parameters on 4GL adsorption: (a) adsorbent dosage, (b) pH and (c) equilibrium time

(conditions: T =25°C +0.1°C, C; =100 mg L).
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materials (SUT) and (HAP-UT) is positive (pH,, ~ 82),
which favors the adsorption of 4GL as an anionic dye by
attraction (electrostatic forces), otherwise the adsorption of
anionic species is favored at pH <pH | [8,32].

In the other hand, Ni*" uptake was favoured at pH 5-6,
where removal rates were reached by HAP-UT and SUT
respectively (Figure not shown). At lower pH values (2-4),
higher [H'] exist in the solution (strong acid environment)
protonating then to adsorbents surface functional groups
resulting in lower Ni*" uptake. By increasing pH values,
deprotonation takes place by decreasing [H'] (week acid
environment) implying less competition between H' and
Ni*, favouring the adsorption of the later. At higher pH >7.5,
Ni** ions will precipitate into nickel hydroxide dropping
then the removal rate. The pH optimal value of 5.4 for all
experiments was chosen as it corresponds to the maximum
uptakes of both pollutants by both samples. The same phe-
nomena was reported for nickel ions uptake using different
adsorbents [33-35].

3.2.3. Effect of contact time

The effect of equilibrium time of 4GL adsorption capac-
ities onto HAP-UT and SUT samples is shown in Fig. 4c. It
was found that the percentage removal of both pollutants
increases rapidly with increasing time up to 40 min then
slow down and finally stabilize when equilibrium is reached
corresponding to 60 min for 4GL dye and 180 min for Ni*
ions adsorption. As a consequence, subsequent adsorption
experiments were allowed to equilibrium for time periods
in excess of these values, which were assumed to be largely
ample for performing all experiments.

3.3. Adsorption isotherms

Both adsorption isotherms onto the investigated adsor-
bents at working conditions determined previously such as
pH, adsorbent dosage, equilibrium time and temperature

35
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shown in Fig. 5 in their linear forms were fitted to experi-
mental data and to describe the adsorption of Ni** ions and
4GL dye at the solid-liquid interface. As it can be seen from
Fig. 5a and b that the uptake rates increase rapidly due to
the availability of sites for low concentrations in solution
then attenuates to reach a plateau (saturation sites) cor-
responding to maximum adsorption capacities values of
both pollutants evaluated from Langmuir isotherm and
presented in Table 3.

The Langmuir equilibrium parameter R, indicate that
adsorption processes were carried out favorably since
all values are 0 < R, <1 values for all samples which is
in agreement with the adsorption intensity factor n > 1
derived from Freundlich model which states that the mag-
nitude of n depicts the adsorption process favorability,
with 2 < n <10 (very favorable), 1 <n <2 (moderately dif-
ficult) and n < 1 (poor adsorption potential). The n values
obtained from Fig. 6a and reported in Table 3 are >2 mean-
ing that the adsorption processes for 4GL dye by HAP-T

Table 3
Langmuir and Freundlich parameters for 4GL and Ni** removal
onto the prepared adsorbents

Pollutants
Pollutants ~ Nickel ions Yellow supranol
Model Parameters SUT HAP-UT SUT  HAP-UT
Langmuir R? 0.9886 0.9956 0.9807 0.9894
b(mgg') 1489 29.50 58.479 666.67
KL(ng*]) 0.102 0.244 0.043 0.026
RMSE 0.664 0.094 0.122  1.549
Freundlich R? 0.9748 0.9025 0.9731 0.9339
n 0.221  1.002 2.729 2.057
K. (mgg') 198 5247 8.623  50.249
RMSE 18.678 1.990 0.0778 0.132
600
(b)
500
400
-
N
2 300
£ ® 4GLonto SUT
o
) O 4GLonto HAP-UT
200
100
. .'_’_‘__A—l—.‘——.
0 50 100 150 200 250
Ceq (mg/L)

Fig. 5. Adsorption isotherms (a) nickel ion and (b) Supranol yellow (4GL) onto HAP-UT and SUT.
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and SUT adsorbents are all favorable except for Ni ions
which are poorly adsorbed (n < 1). From the perspective
of the coefficient of determination, Langmuir model is
more representative for the experimental data predicting
homogeneous surface coverage of the adsorbent as pol-
lutants concentration approaches saturation since their
R? are higher compared to Freundlich isotherms in its lin-
ear form with lower root mean square error (RMSE) val-
ues. Maximum capacities obtained from linear Langmuir
isotherms plots (Fig. 6b) are 666.67 and 58.48 mg g™ for
4GL dye and 29.50 and 1.49 mg g™ for Ni*" onto respec-
tively HAP-UT and SUT. Maximum uptake values are
lower for Ni* especially onto the raw material, suggest-
ing that electrostatic interaction and consequent bond
between this metal and both adsorbents adsorption sites
are weaker; the same finding has been reported in the lit-
erature [33-38]. Compared to other adsorbents reported
in the literature and summarized in Table 4, implying
that the hydroxyapatite obtained from sea urchin test
(Paracentrotus lividus) as a waste can be efficiently used
in removing dyes and metal ions as pollutants from
wastewater.

0 4GLonto HAP-UT ® AGLonto SUT

(a) .

Lng.
w B
°

0 1 2 3 4 5
Ln Ceq

3.4. Modeling of adsorption kinetics

In general, diffusion-controlled and adsorption-
controlled models are mainly used to evaluate the equi-
librium time and to describe the kinetic mechanism of
adsorption process. In particular, the Lagergren pseudo-
first-order, pseudo-second-order and intraparticle diffusion
models in their linear forms were used in this study to the
experimental data of Ni** and Supranol yellow dye uptakes
onto Paracentrotus lividus.

3.4.1. Lagergren’s equation

The original adsorption-controlled model of Lagergren
also known as the pseudo-first-order model given by
Eq. (9) is one of the most widely used for the adsorption of
solute from a liquid solution.

by ©)

log(q, —q,)=logq,, - 5303

where g, and g, (mg g™') are the amount of pollutant adsorbed
at equilibrium and at time ¢ (min), respectively, k, (min™)

© 4GLpar HAP-UT

(b)

® 4GLonto SUT

Ceq/(x/m)

0 50 100 150 200 250
Ceq(mg/L)

Fig. 6. (a) Freundlich and (b) Langmuir isotherm for Supranol yellow (4GL) onto HAP-UT and SUT adsorbents.

Table 4

Maximum adsorption capacities of various adsorbents for 4GL and Ni** removal from liquid effluents

Pollutants Adsorbents Maximum uptake (mg g™) References
Ni* Algal species based activated carbon 64.51 [11]
Aldrich activated carbon 11.60 [11]
Nano-bentonite 26.005 [39]
Olive stones waste 39.06 [40]
Nanocrystallite hydroxyapatite 18.6 [36]
Urchin test based-hydroxyapatite 29.50 This study
4GL dye Algal species based activated carbon 625.00 [9]
Merck activated carbon 84.03 [9]
Cr-intercalated montmorillonite 58.47 [8]
Urchin test based-hydroxyapatite 666.67 This study
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is the pseudo-first-order adsorption rate constant, { (min)
is the contact time. Values of g, and k, determined from the
intercept and slope of log(q, — q,) vs. t plots are summarized
in Table 5.

Adsorption of both pollutants data do not obey the
pseudo-first-order model in its linear form since R? val-
ues are lower and also there is disagreement between the

Table 5
Kinetic parameters for the adsorption of Ni*" and 4GL dye onto
prepared samples

Pollutants Nickel ions Supranol yellow
Adsorbents HAP-UT SUT HAP-UT SUT
Initial concentration 50 30 600 660
(mg L)
Pseudo-first-order
Dorp) (mg g™ 3.587 1.666  148.82 5.79
ocaley (M8 g™ 0.530 0978 0.933 0.978
k, (min™) 0.636 0.020 0.069 0.023
R? 0.832 0966 0.873 0.963
RMSE 0.724 22.933 0.554 0.238
Pseudo-second-order
Qa0 (MG &) 3.604 17182 149254  5.903
Dorp) (mg g™ 3.587 1.6656 148.82 5.79
k2 (g mg™' min™) 0.402 0.098 0.0112 0.428
h (mg g min™) 5.219 0.289  250.00 1.491
R? 0.9999 0.9986 1.000 0.9997
RMSE 0.132 1.008  0.001 0.173
Intraparticle diffusion
k.. (mg g™ min™%) 0.0339 0.046 0.451 0.0742
C(mgg™ 3.2594 1.159 144.17 4.8562
R? 0.9140 0.9636 0.9674 0.9666
80 a Nionto HAP-UT a Nionto SUT
70 + (a)
. 60
£
£ 50
3 40
E
s 30
>
20
10
0
0 50 100 150

Time (mn)
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experimental (4, inen) €quilibrium adsorption capacities
and the calculated ones (4, catcutnied)- Hence, adsorption might
not be diffusion-controlled phenomena.

3.4.2. Pseudo-second-order equation

Actually, the pseudo-second-order equation, developed
by Ho and Mckay given by Eq. (10), is probably the most
popular model used to describe adsorption kinetics, espe-
cially for new and novel sorbent materials [41,42].

i: 1 +lt

9, k4., 4.

(10)

where k, (g mg™ min™) is the rate constant of the second-
order equation. g, and k, determined from the intercept and
slope t/q, vs. t plots.

As shown in Fig. 7a and b, and in contrast to the pseu-
do-first-order, the pseudo-second-order model is very rep-
resentative for all Supranol yellow and Ni** adsorption data
in their linear forms since ¢, and g, match closely and
R? values are close to unity.

Same finding were reported in the literature using
different adsorbents [9,11,40], which indicated that the
rate-limiting step of adsorption process might be the
chemisorption, involving valence forces through sharing
or exchange or of electrons between HAP-UT and Ni*.

e(calc)

3.4.3. Intraparticle diffusion

The intraparticle diffusion model proposed by Weber—
Morris given by Eq. (11) widely applied for the analysis of
adsorption kinetics, is used in this study to interpret exper-
imental kinetics data, from a mechanistic viewpoint. The
q, vs. t* plots may theoretically present one straight line
in which the intraparticle diffusion is alone the rate lim-
iting step or multi-linearity indicating then; the overall
adsorption process may be controlled either by more than
one step, such as film or external diffusion, pore diffusion,

35 © 4GLonto HAP-UT e 4GLonto SUT
30 (b)
25
o 20
o
ey
15
10
5
0 a0 0o O Q —0
0 50 100 150 200
Time (min)

Fig. 7. Pseudo-second-order adsorption kinetics of (a) Ni*" and (b) 4GL, onto HAP-UT and SUT samples.
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surface diffusion and adsorption on the pore surface, or a
combination of at least two steps.

.\/;+C

q,=k,, (11)
where k, (mg g min™?) is the intraparticle diffusion rate
constant, and C (mg g™) is a constant related to the thick-
ness of the boundary layer. C is the intercept, it determines
the boundary layer effect (higher values, the greater the
effect) and k, is the slope determined from Weber-Morris
plots (g, vs. t°%).

From results presented in Table 5 and plotted in
Fig. 8a and b, we can see that there are one straight lines
with good fitting (higher R* values) for considered cases
which do not pass through the origin, which means that the
intraparticle diffusion does not control the adsorption pro-
cess in accordance with the positive C values. The C values
which give an idea on the thickness of the boundary layer
are all positive (C # 0) for all considered systems implying
that the intraparticle diffusion mechanism does not solely
limit the overall adsorption process, but it is involved
since ¢, vs. t°° plots gave Straight lines.

3.5. Errors analysis

In addition to R? values, an error function is to be defined
as an optimization procedure requirement for evaluating

4 (a)
3
= a Nionto HAP-UT & Nionto SUT
£ 2
& /‘
1
0
0 5 10 15
tO.S(minO.S)
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the single-component isotherm and kinetics studies to the
experimental equilibrium data. In this study, the residual
RMSE given by Eq. (12) was used for this purpose.

(12)

1 N
RMSE = \/(N - 2} 3 (1 )

The small the RMSE value, the better the curve fit-
ting. In general low values of errors function means more
there is an agreement between the experimental and cal-
culate data and more the model converge and becomes
favourable which is the case of the presented isotherm and
kinetics values in Tables 3 and 5 respectively

3.6. Thermodynamic study
3.6.1. Van’t Hoff equation

The distribution coefficient method using Eq. (4) is
widely used for calculating thermodynamic parameters.
The main concern is the units of K, in this equation are
L g It is not appropriate to use K, values directly for AG®,
AH® and AS° calculations. Thus, K, should be dimension-
less coefficient. To do so, we use the molecular weight of
adsorbate (g mol™) and the number of moles of pure water
per litter (mol L) as multiplying factor of K, in L g™'. The
obtained values are presented in Table 6. Fig. 9a shows

160 (b)
o~ o . o o
140
120
<100 —o— 4GL onto HAP-UT
—
£ 80 ® 4GL onto SUT
()
T 60
40
20
0
0 5 10 15
t0,5 (minO.S)

Fig. 8. Intraparticle diffusion for (a) Ni** and (b) 4GL, onto HAP-UT and SUT samples.

Table 6

Comparison of distribution coefficient K, (dimension and dimensionless values)

Temperature (K) K,(Lg" K, (dimensionless)
298 303 313 298 303 313
HAP-UT Ni(II) 0.30756 0.55322 1.12576 1,001.928 1,802.097 3,667.154
4GL 3.93169 6.114740 9.30303 98,630.475 153,394.377 233,375.818
SUT Ni(II) 0.1149 0.1386 0.1881 374.214 451.538 612.764
4GL 0.18375 0.253783 0.48717 4,394.349 6,468.036 12,221.173
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plots of InK, ;. . cioniesyy VS- T from which AS® and AH® are
obtained from the intercept and the slope respectively
using Egs. (5) and (6).

Thermodynamic functions values are summarized in
Table 7. Negative values of AG® indicate that nature of 4GL
Ni ions adsorption onto HAP-UT and SUT samples at dif-
ferent temperatures is spontaneous. Also, the negative
values of AH® and their magnitude in all cases are both
indications that adsorption processes were taken place
via physisorption associated with exothermicity. The pos-
itive values of AS° indicate the increased randomness at
the adsorbent-adsorbate interface during the adsorption
process and as good affinity of nickel ions and Supranol
yellow dye toward HAP-UT and SUT adsorbents.

3.6.2. Modified Arrhenius-type equation

The activation energy and the sticking coefficient values
are evaluated from the slope and the intercept of In(1-0)
vs. (1/T) plots represented by Fig. 9b. The estimated acti-
vation energies, from the plots with good fitting are shown
in Table 7.

Comparable with AH°, the positive values of E and
their magnitudes confirm the endothermicity and the
physical nature of Ni* and 4GL removal by HAP-UT and
SUT. Defined as a measure of the potential of a sorbate to
remain on the sorbent indefinitely and depending on the

A. Medjdoub et al. / Desalination and Water Treatment 252 (2022) 348-360

system temperature, S* values were estimated in the range
of 25°C—45°C based on the surface coverage at this range of
temperature as shown in Table 7. These results suggest that
the probability of both pollutants to stick very well to the
HAP-UT and SUT surfaces since S* << 1, confirming that the
adsorption processes are effectively physical ones (mecha-
nism of physisorption is dominant) as explained below:

The same finding was reported in the literature [43].

4. Conclusion

This research confirmed that Paracentrotus lividus
based-hydroxyapatite can be efficiently used as an adsor-
bent to remove nickel ions and Yellow supranol dye for
up to respectively 29.50 and 666.67 mg g from simulated
water at quick equilibrium time of about 40 min. The con-
version of sea urchin test (SUT), an affordable biomaterial
into hydroxyapatite-based adsorbent (HAP-UT) using
simultaneous action (chemical and heat) enhances con-
siderably the specific surface area of about 80% relative
to its inactivated state. Pseudo-second-order kinetics was
confirmed for both pollutants adsorption and Langmuir
model was found to better describe them. Thermodynamic
study indicated that the adsorption processes were endo-
thermic and spontaneous. The physical mechanism is the
dominant adsorption process. Obtained results suggest
that the probability of both pollutants to stick very well

Sticking Mechanism
coefficient
5*>1 Sorbate unsticking to sorbent: weak adsorption exist
§*=1 Linear sorbate-sorbent relation of sticking exists: existence of both chemisorption and physisorption mechanisms
5*=0 Indefinite sticking of sorbate to sorbent: chemisorption mechanism is dominant
0<S*<1 Favourable sticking of sorbate to sorbent: physisorption mechanism is dominant
A Nionto HAP-UT A Nionto SUT (a) & Nifll) onto HAP-UT 4 Ni(l) onto SUT ()
® 4GLonto SUT O 4GLonto HAP-UT
O 4GLonto HAP-UT ® 4GLonto SUT
0 iyt
14 3.15 3.2 3.25 33 3.35 3.4
12 O\O\O -1
10
—-2 &
‘\0-\. 3
o 8 ‘\‘\‘ =
x c
5 6 ‘\‘\‘ --3
4 -4
2
-5
0
316 3.2 324 328 332 336 34
103/T(K?)

Fig. 9. (a) Van't Hoff and (b) modified Arrhenius plots for Ni(II) and 4GL adsorption.
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Table 7
Thermodynamic parameters of Ni** and Supranol yellow adsorption
Adsorbents  Pollutants  R? —AH°® (k] mol™")  AS° (k] mol™) —AG® (k] mol™) E, (KJmol")  S*
298K 303K 313K
HAP-UT Ni(II) 0.9850  65.6846 0.3357 17.128  18.895 21.369  59.48 4.87 x 107"
4GL 0.9634  43.0610 0.2979 28504 30.095 32.181 41.95 1.75 x 107
SUT Ni(II) 0.9983  25.3328 0.1917 14.687 15405 16.709 23.35 7.90 x 10
4GL 1.000 50.2007 0.2972 20903 22115 24.502  49.48 1.01 x 10

to the HAP-UT and SUT surfaces (5* << 1), supported by
the activation energy (E ), they confirm that the mecha-
nism of physisorption is dominant. It may be concluded
that HAP-UT as a synthesized adsorbent from sea urchin
test (SUT), can be used as an alternative to the costly
commercial adsorbents in recovering dyestuff and heavy
metals from industrial wastewater.
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