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Dyes used by the textile, tannery, and food industries tend to pollute water bodies and must be removed to get clean water.
Hydroxyapatite (HAP) was synthesized from eggshells using the wet precipitation process. The as-synthesized HAP was
characterized using Fourier Transform Infrared (FTIR) and X-ray powder diffraction (XRD). The synthesized HAP was mixed
with three different clays: halloysite (HNT), kaolinite (KAO), and bentonite (BENT). The removal efficiency values of methylene
blue (MB) from the data showed that HAP-BENT adsorbents had higher values, followed by HAP-HNT and then HAP-KAO
adsorbents. The combined masses of 24 mg, 34.5mg, and 33 mg (representing 20%, 15%, and 10% of HAP-BENT mass) had
average adsorption capacity values of 20.7 mg/g, 17.2 mg/g, and 17.9 mg/g, respectively. For each mass percentage, the adsorption
capacity values were found to decrease with adsorbent dosage. The HAP-BENT composites had removal efficiency values of 98.4,
91.9%, and 91.9%, respectively. Adsorption data for the HAP-BENT adsorbents were found to be well described by the Langmuir
isotherm model and pseudo-second-order kinetic model. The effect of temperature on adsorption capacity was evaluated and
thermodynamical modeling was undertaken. The thermodynamical modeling predicts that based on the value of the change in
enthalpy and Gibbs free energy the process was exothermic and spontaneous. This work confirms the potential of HAP-clay
composites in removing MB from water.

1. Introduction

The textile, tannery, and food industries utilize dyes in most
of their production processes. The majority of these dyes
tend to generate toxins and carcinogens when they are not
treated before being discharged into the environment [1].
Since most dyes do not degrade biologically, measures have
to be put in place in order to contain and control them to
prevent pollution problems [2]. Dyes and other pollutants
found in water sources do not only pose a threat to aquatic
life but also endanger human health when found in drinking
water sources [3, 4]. For most people, the water quality is

greatly affected by how the water looks, as such color is the
first contaminant to be observed in wastewater. Even a very
small quantity of dyes (less than 1 ppm) in water is easily
visible, undesirable, and harmful [5-7]. Methylene blue
(MB) is a commonly used dye for dying textiles such as
cotton, wool, and silk. It can cause eye burns leading to a
permanent eye injury in humans and animals. Besides eye
burns, when inhaled, it can cause short rapid breaths or even
difficulty in breathing [8].

Researchers have shown that several conventional
methods and remediation methods to treat these polluted
water sources are often not effective in dye removal [9]. The
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use of adsorbents to remove pollutants from water has been
proven to be efficient and reliable especially when the ad-
sorbent is abundant and economical [10]. Activated carbon
is an adsorbent frequently used despite its relatively high
price. Activated carbon has a well-developed pore structure,
large surface area, and high degree of surface reactivity and
so is mostly used to remove water pollutants [11].

In recent years, clay minerals have been used for their
potential to adsorb both inorganic ions and organic molecules.
Studies have been carried out on interactions between MB and
clay particles [12-14], and it has been established that clay
minerals show a strong affinity for MB. Bagane and Guiza [15]
showed that clay is able to remove MB due to its high surface
area as it showed an adsorption capacity of 300 mg/g. Almeida
et al. [16] used montmorillonite to remove MB from synthetic
wastewater. It was reported that as an effective adsorbent,
equilibrium was attained in less than 30 minutes. Kaolin as a
dye adsorbent was also studied by Ghosh and Bhattacharyya
[14] who showed that NaOH was able to improve its ad-
sorption capacity through purification and treatment.

Also, hydroxyapatite (HAP; Ca;o(PO,)(OH)) is ex-
plored in the removal of MB from aqueous suspension [17].
HAP is classified as a bioceramic that has a chemical re-
semblance to the inorganic mineral composition of hard
tissues like teeth and bones in mammals. HAP can be
synthesized using methods such as hydrolysis, hydrother-
mal, or precipitation methods, dry process, and sol-gel
technique. The wet precipitation method is preferred be-
cause only water is produced as a by-product. Also, the risk
of contamination during processing is low, leading to the
formation of high purity crystals, and it is cheap [18]. This
research adopts the wet precipitation method for the HAP
synthesis (considering the advantages: affordability, high
chemical and thermal stability, ionic exchange capacity, and
adsorption affinity) and, consequently, forms composites
with clay minerals for the MB removal from water [19-21].

Recently, the use of HAP composites for some envi-
ronmental pollutant removal has also been reported [22-24],
but the efficacy of HAP-clay adsorption of dyes has been
rarely reported [21, 25, 26]. In this research, HAP powder is
synthesized from chicken eggshells, mixed with clay min-
erals, and then used to explore their removal efficiencies in
the removal of MB dye from water.

2. Materials and Methods

Analytical grade chemicals used were obtained from Sigma-
Aldrich, United Kingdom. The clays were acquired from
Sigma-Aldrich and used in their form without any modi-
fication except where stated. These clays are halloysite
(particle size 1-3 um), bentonite clay (particle size <25 ym),
and kaolinite (particle size <25um). HAP was synthesized
from chicken eggshells which were collected from the
Madina market in Accra, Ghana.

2.1. Preparation of Hydroxyapatite. Distilled water was used
to wash the eggshells which ensured the removal of all fecal
matter and other foreign materials were removed. The
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cuticle layer inside each eggshell was then removed and
washed again with distilled water. The eggshells were
mechanically crushed by hand into smaller fragments to
facilitate sun-drying for a week. The sun-dried eggshells were
further dried in an oven for one hour at a temperature of
105°C to ensure thorough removal of water and then pul-
verized into a fine powder using a mortar and pestle after
which sieving was done with a 180 ym sieve. The eggshell
powder was then calcined in a muffle furnace for two hours
at a temperature of 900°C. This process converted the pri-
mary constituent in the eggshell powder which was CaCO;
into CaO. Figure 1 shows the main steps in the preparation
of the eggshells to calcined egg powder.

0.5M Ca(OH), solution was measured into a 250 ml
beaker and stirred intensely at 600 rpm on a hot plate for an
hour at 90°C, after which 100 ml of 0.3 M H3;PQO, solution
was added dropwise to the Ca(OH), solution at 90°C. The
stirring continued for another one hour, after which the
resulting mixture was allowed to cool. The pH of the mixture
was adjusted to 10 by adding few drops of 1 M ammonium
hydroxide (NH,OH). The mixture was covered with alu-
minum foil and allowed to age for 48 hours. The pH was
checked periodically to ensure it remained at 10. After the
aging process, the precipitate was filtered using a conical
flask, funnel, and filter paper. The precipitate was then oven-
dried at 110°C for an hour and then calcined at 900°C for two
hours to produce the HAP powder. Figure 2 shows the
processes described.

2.2. Preparation of Adsorbents. The adsorbents were in
powdered form. The synthesized HAP was mixed with
various clay types—halloysite, kaolin. and bentonite. The
masses of the clay types were 20%, 15%. and 10% of the
weight of the HAP in the respective experiments. The HAP-
clay mineral was mixed thoroughly and further heated to
110°C in an oven to remove all moisture prior to the ad-
sorption experiment. Table 1 presents details of the batches
undertaken for HAP-clay mineral composites.

2.3. Characterization of Adsorbents. Fourier Transform In-
frared (FTIR) and X-ray powder diffraction (XRD) were used to
characterize the synthesized HAP sample. FTIR analysis was
performed with Bruker (PerkinElmer, Frontier, Perkin Elmer,
Ohio, USA), and the XRD was carried out using a PANalytical
Empyrean (Series 2) powder diffractometer (PANalytical B.V.,,
Lelyweg 1, 7602 EA, Almelo, The Netherlands). The XRD was
equipped with a copper-target tube and was operated at 45kV
and 40 mA to give the Cu-Ka line at a wavelength of 15.406 nm.
The Kj line was removed with a nickel filter. The analysis of the
XRD patterns was carried out on the Panalytical HighScore Plus
software (v. 4.8) and with the ICDD PDF-4/Organics 2020
database.

2.4. Batch Adsorption Experiments. The adsorption experi-
ment was performed in a beaker using a 5mg/L MB dye
solution. Initially, the experiment was undertaken using
mixtures of HAP and HNT (mass is equivalent to 20% of
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FIGURre 1: Powder preparation steps of calcined eggshells. (a) Eggshell. (b) Sun-drying. (c¢) Grinding. (d) Sieving. (e) Calcination.
(f) Filtration.

(e)

FIGURE 2: Steps in the preparation of HAP from calcined powdered eggshells. (a) Heating and stirring. (b) Acid addition. (c) pH
measurement. (d) Aging. (e) Calcination. (f) Filtration.

HAP). This was followed by other mixtures (for HAP-BENT  pore size of 11 ym was used to filter the solution. The ab-
and HAP-KAO) as given in Table 1. The beaker containing  sorbance of the resulting solution was analyzed using a UV-
the solution and adsorbent was placed on a magnetic stirrer ~ VIS spectrophotometer (ThermoScientific Genesys) at
plate to ensure continuous mixing for the allowed time 668 nm wavelength to determine the absorbance of the MB
stated in Figure 1. After that, Whatman 1 filter paper witha  dye in the filtrate. The concentration of the remaining MB
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TaBLE 1: Experimental batches for HAP-clay mixtures.

Mass of HAP (mg)
1st set: 20% HAP mass

Mass of each clay mineral (mg)

2nd set: 15% HAP mass 3rd set: 10% HAP mass

20.0 4
30.0 6
40.0 8
50.0 10
60.0 12
70.0 14
80.0 16
90.0 18
100.0 20

3
4.5
6
7.5
9
10.5
12
13.5
15

O CO NI QN Ul o W

—_
(=]

was calculated from the measured absorbance. The exper-
iment was repeated with HNT with masses equivalent to 15%
and 10% of HAP in combination with HAP (Table 1). The
different adsorption dosages (20%, 15%, and 10% of the
HAP-given masses for clay masses) were repeated for KAO
and BENT.

To further investigate kinetics and isotherm models, the
repetition of the adsorption experiments was done for
different adsorption times, every 30 minutes for the mass
combinations that resulted in the highest adsorption ca-
pacity. HAP:BENT composite mass combinations were
turther investigated ((20 mg: 4 mg) and (30 mg: 4.5 mg) and
(30mg:3mg)). Each combined mass of adsorbent was to
remove MB (5mg/L concentration solution) allowing 30
minutes of contact time. This was undertaken every 30
minutes till the 300 minutes ((5th) hour) of contact time for
adsorbent and measured MB solution. The adsorption data
was analyzed to understand the mechanisms via fitting to the
two main isotherm models: Freundlich and Langmuir iso-
therm models. The initial pH in the range 5.5-7.5 was used
for the experiments and at a constant temperature of
(25£1)°C. The basic Freundlich and Langmuir isotherms
model fittings were done, and the key parameters were
computed. The adsorption capacity, g, which was the
amount of dye adsorbed was calculated using

v
q9=(Co=C)- (1)

where ¢ is the dye adsorbed (mg/g), Cy is the initial con-
centration of dye (mg/L), C, is the concentration of dye in
solution at a given time (mg/L), V is the solution volume (L),
and m is the adsorbent dosage (g). The percentage removal is
given by

Co-C
A% = (Ot> x 100, (2)
CO

where A% is the percentage of MB dye removed, and the
remaining parameters are defined.

2.5. Isotherm and Kinetic Modeling of Adsorption Data.
The two widely used models to describe isotherm processes
in adsorption are Freundlich and Langmuir models. The
Langmuir equation assumes that the maximum adsorption
takes place when the surface is covered by adsorbate in a

monolayer while the Freundlich model is empirical [11, 27].
Again, the Langmuir model assumes that the point of val-
ance exists on the surface of the adsorbent and that each of
these sites is capable of adsorbing one molecule. Further-
more, it is assumed that the adsorption sites have equal
affinities for molecules of adsorbate and that the presence of
adsorbed molecules at one site will not affect the adsorption
of molecules at an adjacent site [28, 29].

The original and linear forms of the Langmuir and
Freundlich equations are given in equations (3) and (4),
respectively.

K, «C
original form : g, = M,
1+K; =C,
C 1 1 )
linear form : —£ = +— xC,,
9. KLqm dm
original form : g, = K, * C,"",
(4)

1
linear form : Log g, = logK + . LogC,,

where K; and g, are Langmuir constant and maximum
adsorption capacity (mg/g), respectively, g, is the equilib-
rium adsorption capacity (mg/g), Kr and (1/n) are the
Freundlich constant, respectively, and C, is the equilibrium
concentration (mg/L).

The process kinetics described the solute uptake rate
thereby allowing the estimated residence time required to
achieve a definite extent of MB removal [29, 30]. The ad-
sorption kinetic models used in this work are the pseudo-
first-order (PFO) and the pseudo-second-order (PSO) rate
equations and were both fitted to the experimental data. The
pseudo-first-order equation assumes that the rate of change
in solute adsorption over time is directly proportional to the
difference in saturation concentration and the amount of
adsorptive solid uptake over time [31]. The two models as
used in this work are found in

k
Log(q. - q,) = Logq, — mt, (5)
t 1 +t
LI .
o (od) 4 (6)

where g, and ¢, are the amount of MB adsorbed (mg/g) at
equilibrium and any time t, respectively, and k; (min~") and
k, (min~") are rate constants of adsorption for PFO and PSO,
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respectively. From equation (3), a plot of log (g,—q;) versus
time, f, results in a negative slope with gradient being (k;)/
2.303 and log (g.) intercept on the vertical axis. Also, to
deduce the parameters of adsorption in equation (4), t/q, is
plotted against ¢ with slope (1/q.) and intercept (1/k,q?) on
the vertical (t) axis.

2.6. Thermodynamical Modeling. Thermodynamic parame-
ters, including Gibbs free energy change (AG®), enthalpy
change (AH"), and entropy change (AS’), serve to evaluate
the effect of temperature on the adsorption of MB onto
adsorbents and provide in-depth information regarding the
inherent energy changes associated with the adsorption
process [32]. These parameters are calculated from equations

(7)-09):
AG° = -RTLnK,°, (7)
where R is the universal gas constant (8.314 J/mol-K), T the

temperature (K), and K;’ the (dimensionless) ‘thermody-
namic’ Langmuir constant for the adsorption process.

AS®\ /AH®
LnK,° = _ , 8
e (R) (RT) ®
AG® = AH® — T - ASe. 9)

3. Results and Discussion

3.1. Characterization of Adsorbents. The results of the FTIR
analysis of synthesized HAP samples are plotted in
Figure 3(a) for the calcined hydroxyapatite (cHAP) and
crushed or powdered eggshell (EggS) samples. The carbonate
functional group showed wup within the range
1395-1600cm™" (v3; asymmetric stretch vibration) and
873-889 cm™' (v2; out-of-plane bend vibration). The
crushed eggshell showed this carbonate functional group at
1026 cm™'. In the cHAP spectrum, there was a peak of the
PO,’” functional group at 1065 cm ™" vibrational frequency
[33]. The spectrum also showed the presence of CO;>~ peaks
at 895cm™! and 1361 cm™' for cHAP, and the respective
carbonate functional groups for the EggS were observed at
874 cm™* and 1065 cm ™! [34]. There was a clear reduction in
intensity for the carbonate functional group after calcina-
tion, and an increase in intensity for the phosphate func-
tional group (at 1026 cm™') was observed. The presence of
the OH functional group observed at 3642 cm™" for EggS
disappeared after calcination.

The FTIR spectra for the clays are plotted in Figure 3(b).
The bands 3550 to 4000 cm ™" were the structural hydroxyl
groups in addition to the water molecules in the interlayer
space of the raw bentonite. The FTIR spectrum in the lower
region showed bands at 1631, 1002, 900, 817, 720, and
538 cm ™, and these bands were due to the vibrational modes
of the SiO, tetrahedron of bentonite. The O-H stretching
band was at 3622cm ™', and the intralayer H-bonded and
O-H stretching was seen at broadband centered at
3381cm™". The 1631 cm™" band was the H-O-H bending
vibration of water, while the 1416cm™ band could be

attributed to the siloxane (-Si-O-Si-) group stretching. This
indicated the possibility of the hydroxyl linkage between
octahedral and tetrahedral layers. Another sharp and intense
1631cm™" band observed was due to 2 asymmetric OH
stretch (deformation mode) of water and was a structural
part of the mineral.

Furthermore, the FTIR spectrum for kaolinites is shown
in Figure 3(b). The 3622 cm™! band observed can be at-
tributed to the inner hydroxyls (crystalline hydroxyl), and
the bands observed around the other three characteristic
bands were generally ascribed to vibrations of the external
hydroxyls. The three 3693 cm ™', 3645cm™’, and 3622 cm™
bands were the kaolinite. The 1000 cm™" to 500 cm ™" bands
were dominated by the functional groups of Si-O and Al-
OH. The bands at 817 cm ™" and 720 cm ™" were said to be Si-
quartz whereas 1002cm™" and 900 cm™ were the OH vi-
brations usually linked to 2A1>*. The main bands of the HNT
were 3622 cm_l, 1631 cm™, 1002 cm_l, and 900 cm™. The
3622cm™ " is for the O-H stretching of inner hydroxyl
groups, 1631 cm™' shows O-H deformation of water, and
900 cm ™" was interpreted as the O-H bending of inner
hydroxyl groups 1002 cm™" for Si-O stretching [35].

Figure 4 shows the XRD pattern obtained for the as-
synthesized HAP for the (a) crushed eggshells and (b)
calcined samples. Most XRD patterns showed HAP dif-
fraction peaks observed in standards and literature. The
major phase in the calcined sample, as expected, was HAP,
when compared with the data obtained from the ICDD
reference code 01-074-4172 using the search and match
protocol in HighScore Plus. From Figure 4(b), the peaks with
high intensities at 2© equaling to 31.7681°, 32.1784°, 32.906°,
and 25.8571° were confirmed as HAP. The respective Miller
indices (hkl) values for these peaks were (211), (112), (300),
and (002) [34, 36]. There were also peaks corresponding to
calcium phosphate, Ca3(PO,), (ICDD reference code 00-
009-0169), indicating the presence of this compound as well.
The ICDD reference codes 01-089-5969, 98-015-4315, 00-
011-0293, and 01-009-0169 showed that these patterns
corresponded to calcium hydrogen phosphate, apatite,
calcium phosphate hydroxide hydrate, and calcium phos-
phate [36]. The effect of the calcination could be seen in the
removal of some of these compounds resulting in the main
hydroxyapatite phase.

3.2. Adsorbent Dose Effect. The adsorbent dose effect on the
efficient removal of the MB dye by the HAP-clay was
studied. Figures 5(b), 5(d), and 5(f) show the outcome of the
effect of dosage on MB dye removal for HAP-HNT, HAP-
KAO, and HAP-BENT. The maximum removal efficiency of
MB dye for HAP-HNT mixtures was found to be 95% for a
combined mass of 120 mg. It was seen that the efficient
removal for combined masses of 84 mg and or more was at
least 80%. Also, the average removal efficiency for 20% mass
of HAP used as HNT mass was found to be higher values
than the 15 and 10 percentages. The maximum removal
efficiencies obtained for 15% and 10% masses (for HNT
mass) used were 80.7% and 52.7%, respectively. The HAP-
KAO mixtures were found to have low removal efficiency
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values (maximum value was 38.4% for 120 mg combined
mass) in comparison with the other two.

The efficiency values obtained for HAP-BENT combi-
nations were higher in all batches in comparison with HAP-
HNT and HAP-KAO mixtures. For instance, in the case of
120 mg combined mass, 98.9% removal efficiency maximum
value was obtained. The calculation of average removal
efficiency values for 115mg and 110 mg combined masses
also resulted in 95.6% for both. The average removal effi-
ciency value for 120 mg combined mass of HAP-BENT was

97.7%. The minimum removal efficiency value was found to
be 95.3% for HAP-BENT combined mass of 96 mg. The
remaining percentages 15% and 10% of HAP-BENT both
had average removal efficiency values of 91.3%.

Two main trends were noted in the removal efficiency
data. The first was that, for all mixtures, the increase in
adsorbent dosage increases the value of the removal effi-
ciency and that the incremental changes are not significant
after the third hour of contact time. This is because, at the
initial stage of adsorption, the surface of the adsorbent is
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bare resulting in faster sorption kinetics of the adsorbate
onto the surface of the adsorbent (usually through diffusion
kinetics). At the later stage of the adsorption process, the
main kinetics changes from a diffusion process to more of an
attachment-controlled process [37].

The second trend observed was that the removal effi-
ciency values for HAP-BENT adsorbents were higher than
HAP-KAO and HAP-HNT composites in adsorption pro-
cesses. Also, the adsorption capacity values were found to be
the highest with the HAP-BENT combinations. The com-
bined adsorbent masses of 24 mg, 23 mg, and 22 mg (which
represents 20%, 15%, and 10% of HAP mass) had adsorption
capacity values of 20.2mg/g, 17.2mg/g, and 17.9 mg/g, re-
spectively. For each percentage, the adsorption capacity
values were found to be decreasing with adsorbent dosage.
Considering the values of the removal efficiency and the
adsorption capacities, the best adsorbent for each category of
adsorbent HAP: BENT was selected. The adsorption capacity
values 20.17 mg/g, 13.32 mg/g, and 13.92 mg/g for 20%, 15%,
and 10% (of HAP mass used as bentonite mass), respectively,
were found to be associated with removal efficiency values
97%, 92%, and 92% for the respective percentages. This
proposes that the best performance in terms of the ad-
sorptive capacity and removal efficiency was 24 mg com-
bined mass (HAP mass=20mg and BENT mass=4mg)
which was associated with 20% HAP-BENT adsorbent
composite. The combined masses of 34.5mg (HAP
mass =30mg and BENT mass=4.5mg) and 33 mg (HAP
mass = 30 mg and BENT mass = 3 mg) representing 15% and
10% HAP -BENT composites were the best performers in
their respective adsorption processes.

The adsorption capacity values for all combinations are
also plotted in Figures 5(a), 5(c), and 5(e). A similar trend
was observed for all combinations. There is a decrease in
adsorption capacity values as the adsorbent dosage increases.
This observation which was the decrease in adsorption ca-
pacity values could be described by two reasons. These were
as follows: (1) the available active sites are utilized at low
adsorbent dose compared to high adsorbent dose in which
too many sites are available for a limited quantity of ad-
sorbate, and (2) high adsorbent dose causes low equilibrium
MB concentration as a reduced driving force for adsorption
occurs. The same trends were reported by Salvestrini et al.
[32] for laterite and Wu et al. [33] for pyrophyllite [38,39].
Wou et al. [33] said the possible aggregation, overlapping, and
overcrowding of adsorbent contributed to the reduction to a
decrease in adsorption capacity due to the decreased
available surface area [39].

3.3. Effect of Contact Time. The effect of contact time is
crucial to understand the binding processes of MB dye and
the equilibrium time which strongly depends on factors like
pore structure of adsorbent, adsorbent particle size or
surface area, and adsorbent concentration. The efficient
removal of MB results obtained as a function of contact time
for 24mg combined adsorbent mass (20 mg HAP:4mg
BENT) is presented in Figure 6. The average removal effi-
ciency for the 24 mg combined adsorbent mass (20 mg HAP:

Journal of Chemistry

4mg BENT) was 98.1% with a maximum value of 99.4% (at
the 5th hour of contact time). The minimum removal ef-
ficiency value for the 24 mg combined mass HAP-BENT was
96.2% (at 30 minutes of contact time).

Generally, for all adsorbents of HAP-BENT, removal
efficiency values increased with increasing contact time with
marginal increases from the third hour of contact time. The
best performer in terms of both removal efficiency and
adsorptive capacity for HAP-BENT adsorbents with com-
bined masses of 24 mg, 34.5mg, and 33 mg was 98.7% (at
90 minutes of contact time), 98.7% (at 210 minutes of contact
time), and 99.2% (at 90 minutes of contact time), respec-
tively. The minimum removal efficiency values for HAP-
BENT adsorbents with 24 mg, 34.5mg, and 33 mg were
96.2% (at 20 minutes of contact time), 96.5.0% (at 180
minutes of contact time), and 84.6% (at 300 minutes of
contact time). This observation suggests that the adsorption
of MB dye under this study is time-dependent and that the
significant increase from 20 minutes of contact time to 150
minutes for all adsorbents could be due to the initial vacant
absorbent sites and the concentration gradient of the solute
was high [40].

Ion-exchange processes dominate the adsorption of MB
on clay minerals. Thus, the sorption capacity can vary
strongly with pH [41]. Al-Ghouti et al. [41] showed that the
mechanism of adsorption of dye onto diatomite was due to
physiosorption (depending on the particle size) and elec-
trostatic interactions (depending on the pH used) [41]. The
adsorption of dyes unto HAP adsorbent was also noted to be
highly dependent on ion exchanges and strongly dependent
on pH. According to Allam et al. [20], the adsorption of MB
as a cationic dye on the adsorbent microwave-HAP could be
explained as follows: the electrostatic attraction between the
negatively charged surface of the microwave-HAP and the
positively charged group of the dye was more important at
pH above 7.2 [20]. On the contrary, electrostatic repulsions
in an acidic medium occurred between positively charged
surface sites on microwave-HAP and MB cations, and this
does not favor the adsorption of MB. Indeed, there was a
competition between excess protons (H") and MB cations
for active adsorption sites in microwave-HAP when the
solution was acidic and resulted in lower adsorption [20]. A
similar observation has been reported elsewhere [42]. The
adsorption capacity of microwave-HAP was reported as
33.3 mg/g while raw HAP was 0.7 mg/g [20]. Table 2 shows
the summary of related adsorbents and their respective
adsorption capacity. The effect of time on adsorption ca-
pacity and removal efficiency for a combined optimum mass
of the composites varied is shown in Figure 6. In this in-
vestigation, the pH of the composite was not altered and
stayed within 5.5-7.0. It is, therefore, proposed that the
mechanism for the composite adsorbent will be dominated
by clay adsorption of MB.

3.4. Adsorption Isotherm and Kinetic Models. The best per-
formers in the three sets of weight percentages have their
data fitted to the Langmuir model in Figures 7(a)-7(c) and
the Freundlich in Figures 8(a)-8(c). The key parameters of
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FiGure 6: Effect of contact time on adsorption capacity for (a) 24 mg combined adsorbent mass, (b) 34.5 mg combined adsorbent mass, and

(c) 33 mg combined adsorbent mass.

TaBLE 2: Adsorption capacities for some related adsorbents.

Adsorbent Ads.orpt1on Reference
capacity (mg/g)

Raw kaolin 8.8 [14]
Raw kaolin 7.59 [14]
NaOH treated pure kaolin 20.49 [14]
NaOH treated raw kaolin 16.34 [14]
Clay 6.3 [12]
Bentonite 151-175 [14]
HAP 14.3 [43]
HAP:Bentonite mix 20.70 This research

the two models were computed and presented in Table 3. The
R-square values for HAP-BENT composites 24 mg, 34.5 mg,
and 33 mg were found to be 0.99, 1.00, and 0.99, respectively,
for the Langmuir model fit. These values were greater than
the R-square values from the Freundlich isotherm model

fitting. This implies that the adsorption data for the HAP-
BENT-24 mg, 34.5mg, and 33 mg combined masses can be
described with the Langmuir isotherm model.

The values obtained for the separation factor, R;, con-
firm this deduction. The expression for the dimensionless
quantity, separation factor, Ry, is defined as

1
RL_1+KL*CO’ (10)
where C,, refers to the initial concentration of the adsorbate
in (mg/L) and K is the Langmuir constant which is related
to the adsorption capacity in (mg/g). It is worthy to note that
a variation of the suitable area and the porosity of the ad-
sorbent can be correlated with K;, implying the fact that
higher adsorption capacity can be because of large surface
area and pore volume. The R; values for all HAP-BENT
adsorbents (24 mg, 34.5 mg, and 33 mg combined masses)
were found to be 0.264, 0.356, and 0.801 (which were all
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TaBLE 3: Isotherm model parameters for HAP-BENT best adsorbents.
Langmuir model Freundlich model
Adsorbent mass (mg)
K; (L/mg) Gmax (mg/L) R-Square Kr (mg/g) n R-Square
24.0 557.77 19.92 0.99 19.55 56.5 0.93
34.5 362.00 13.81 1.00 13.47 44.4 0.97
33.0 49.62 12.59 1.00 12.92 17.86 0.84
TaBLE 4: Kinetic model parameters for adsorption of MB.
) Pseudo-first-order (PFO) Pseudo-second-order (PSO)
Adsorbent HAP: BENT mass (mg)  Experiment g. (mg/g) 1 > . 5
K; (min"") g, (mg/g) R K, (g/mg/min) ¢, (mg/g) R
24.0 20.70 0.049 12.189 0.48 0.002 20.75 1
34.5 14.23 0.007 0.001 0.33 0.005 14.25 1
33.0 12.81 0.051 952.581 0.63 0.006 12.59 0.99
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Figure 10: HAP:BENT adsorbent (24 mg) adsorption data analysis at 60 min of contact time and pH = 5.8 regarding (a) the influence of

temperature and (b) Van’t Hoff plot for thermodynamical studies.

between 0 and 1). According to Tchomgui-Kamga et al. [40],
the adsorption nature can be described using the separation
factor and that it can be indicated to be either linear (R; = 1),
irreversible (R;=0), unfavorable (R; >1), or favorable
(0<R;<1) [44]. The values from this current research
support the conclusion that the adsorption favors the
Langmuir isotherm model and is supported by other re-
searchers [45,46].

The kinetics of the adsorption process which is critical to
process efficiency was also investigated and the under-
standing of mechanism(s) was involved. This was done by
fitting adsorption data to equations (5) and (6) for PFO and
PSO, respectively. The PFO and PSO key parameters for best
adsorbent masses of 24.0mg, 33.0mg, and 34.5mg are
presented in Table 4. The R-square values from fitting as
indicated in Table 4 and Figure 9 show that the Kkinetic
process is best described by PSO. In addition, the adsorption
capacity values for the PSO in all cases can be found to be
comparable to the experimental value to the PFO adsorption
capacity values. This research output with regard to the
kinetics being best described with PSO was supported by
other studies [45-48].

3.5. Effect of Temperature and Thermodynamical Modeling.
The effect of temperature studies for HAP:BENT composites
on MB adsorption was explored on the best adsorbent mass,
24.00 mg HAP:BENT composite only. The temperatures at
which the adsorption was undertaken were 308.15K,
318.15K, and 328.15K. The adsorption capacities of the
HAP: BENT (24 mg mass) for MB decrease slightly with an
increase in temperature (Figure 10(a)). The decrease of
adsorption capacity with increasing temperature indicates
that the adsorption is an exothermic process [48]. The in-
creasing temperature may decrease the adsorptive forces
between the dye species and the active sites on the adsorbent
surface as a result of decreasing adsorption capacity [49].

The enthalpy (AH") and entropy (AS’) parameters were
estimated from the classical equations (8) and (9). The plot of
LnK;® versus 1/T from equation (8) yielded a straight line
(Figure 10(b)), and the values of AH’ (kJ/mol) and AS’ (J/mol
K) were calculated from the intercept and slope of the plots,
respectively. The values of AG" (kJ/mol) were calculated
from AH’ and AS’ (Table 5) using equation (9). The Van’t
Hoft (equation (9)) plot indicates an exothermic adsorption
process. The negative AG” values confirmed the feasibility
and spontaneity of the adsorption process.

3.6. Proposed Mechanism of MB Removal. The adsorption
mechanism channels are known to depend on the composi-
tions of the composite and their subsequent availability of
suitable sites. HAP adsorption potency for MB as well as clay
minerals has been documented to be dependent on pH. Re-
garding MB adsorption on HAP, lower adsorption has been
reported at lower pH compared to adsorption between high
values pH of 8-12. The most identified mechanisms involve
hydrogen bonding, electrostatic attraction, and acid interaction.

Clays are hydrous aluminum phyllosilicate generally
made up of an octahedral arrangement of silicate sheets
sandwiched between two tetrahedral aluminas with various
cations. Hydroxyl groups located on the lateral cleavages of
clay crystallites are capable of protonation-deprotonation
reactions depending on the pH of the surrounding solution
[41]. The presence of the ‘hidden’ OH and water molecules is
confirmed by the FTIR plots presented in Figure 3(b). The
broken bonds and M(cations)-OH bonds along the surfaces
of the clay crystals result in hydrolysis [27].

Figure 11 is a schematic representation of the adsorption
of MB by the HAP-clay composite. This was drawn after
considering the mechanism of MB adsorption by HAP and
clay separately via literature by Vezentsev et al. [50] and
others [45-47, 50]. The composite adsorbent within the basic
media protons dissociates resulting in HAP-clay negative
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TaBLE 5: Thermodynamical parameters for MB adsorption onto HAP:BENT (24 mg) adsorbent.

Temperature, T (K) K; (L/mg) K;° (dimensionless) Ln K;° AG® (kJ/mol) AH® (kJ/mol) AS° (J/K/mol)
308.15 297.80 95240.36 11.46 -29.37 -31.76 8.30
318.15 163.84 52405.53 10.87 -28.74 — —
328.15 140.51 44941.89 10.71 -29.23 — —
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FIGURE 11: Schematic representation of proposed MB adsorption mechanism on HAP:clay composite.

charge which promotes adsorption of MB cations. As a result,
the positively charged surface cannot absorb MB cations
effectively because of electrostatic repulsion [50]. Despite low
pH, electrostatic repulsion, and competitive adsorption of H*
ions, a reasonable amount of MB is absorbed. The high re-
moval efficiency also associated with HAP:BENT is mainly
due to the presence of the bentonite which is smectite clay
(three-layer type) as compared to kaolin and halloysite which
are two layers. Bentonites are noted for a high degree of
chemical substitution within their smectite structure, the
nature of the exchangeable cations present, and the type and
amount of impurities present [51, 52].

4. Conclusion

HAP was successfully synthesized from chicken eggshells
and characterized. The FTIR characterization compares well
with scholarly literature. This was confirmed via XRD
analysis. The adsorption capacity of the class of HAP-BENT
adsorbents was found to have higher values, followed by
HAP-HNT and then HAP-KAO adsorbents. Similar trends
were observed for the removal efficiency parameter for the
composites. The combined mass of 24 mg of HAP-BENT
resulted in 20.2 mg/g and was the highest in all composite
adsorptions. The combined masses of 24 mg, 23 mg, and
22 mg (representing 20, 15, and 10 percentages of HAP mass
used as a mass of bentonite) had adsorption capacity values
of 20.7mg/g, 17.2mg/g, and 17.9 mg/g, respectively. The

HAP-BENT adsorbents with combined masses of 24 mg,
34.5mg, and 33 mg were found to show the best perfor-
mances in terms of removal efficiency and adsorptive ca-
pacity. Generally, for all adsorbents HAP-BENT, removal
efficiency values increased with increasing contact time with
marginal increases from the third hour of contact time. The
adsorption capacity values were found to decrease as the
adsorbent dosage increases. The adsorption process for the
HAP-BENT can be described with the Langmuir isotherm
adsorption model and PSO kinetic modeling. Regarding the
thermodynamical modeling, the negative values of the en-
thalpy change and Gibbs free energy indicate the exothermic
and spontaneous process. This research confirms the use of
natural materials for water treatment and the ease of use.
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