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Abstract

In recent years, a number of scientific studies have focused on the prepa-
ration and use of grafted HAp. In this context, we have prepared HAp grafted
with AMP molecules at different grafting rates in order to precisely improve cer-
tain physico-chemical properties to increase the adsorbed amount of methylene
blue dye. These materials were synthesized by wet process according to the pre-
cipitation method which is carried out by the neutralization of various reagents
of calcium ions Ca(OH), and phosphate NH,H PO, at 25 °C in an aqueous
medium. The prepared materials HAp and HAp-AMP were characterized by
XRD, FTIR, and BET to determine their physicochemical properties. Adsorp-
tion of MB dye by apatite matrices was monitored by a factorial design method
using Design-Expert software to study the influence of variation and efficiency
of different MB concentrations, pH and stirring time between adsorbent and ad-
sorbate to determine optimal conditions for maximum adsorbate retention. The
highest removal of MB (328.78 mg.g™) was obtained for an initial concentration
of 460 mg.L", and a contact period of 135.5 min at 298 K.
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Abbreviations

HAp: Hydroxyapatite; AMP: Aminotrimethylene phosphonic acid; HAp-
AMP: Hydroxyapatite grafted by aminotrimethylene phosphonic acid; MB:
Methylene blue; pH: Potential of hydrogen; XRD: X-ray diffraction; FTIR: Fou-
rier-transform infrared spectroscopy; BET: Brunauer, Emett and Teller; UV-Vis:
Ultraviolet-Visible spectroscopy; q_ : Adsorption capacity; ANOVA: Analysis
of variance; df: Degrees of freedom; Std Dev: Standard deviation; Root MSE:
Root-mean-square error; CV: Coeflicient of variation.

Introduction

Because of the improper release of industrial effluents into the environment
in recent years, water body contamination has become one of the biggest issues
on a global scale [1], containing chemical pollutants, specifically minerals and
organic compounds [2]. Specifically, pesticides, heavy metals, organic solvents,
pharmaceuticals, and dyes [3, 4]. It takes a variety of environmental abilities to
intervene in the process of waste of industrial, pharmaceutical, or agricultural
origin existing in ecosystems [5].

We shall only discuss dyes in this paper, specifically MB. This is due to the
fact that MB, due to its use in industry, is one of the non-biodegradable pollut-
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ants that is discharged into the environment the most, specifi-
cally into water resources [6]. During printing and dyeing, the
textile industry rejects a significant amount of dyes. As a result
of the rising demand for efficient and affordable treatment,
creative and inexpensive alternatives to adsorbents have been
created [7].

'The creation of efficient methods for decontaminating pol-
luted locations, which are frequently found in natural or waste
waterways, has become crucial in recent years [8]. Examples
include chemical precipitation, liquid-liquid extraction, ion
exchange, and adsorption onto artificial or natural supports [9,
10]. The latter has a number of benefits, including the ability
to economically utilize porous substrates, the recovery of dyes
with high added value, and compatibility with policies aimed
at environmental preservation [11].

The substance that will serve as the adsorbent in the cur-
rent investigation is HAp, which has the chemical formula
Ca, (PO,),(OH),. HAp has several uses in the sectors of in-
dustry, environmental sanitation, and medicine. It is one of the
most novel and promising materials in the biomedical area, as
well as a bone or dental substitute, due to its chemical make-
up and crystalline structure [12]. Additionally, it is employed
in the creation of medication delivery systems for specialized
medical care [13, 14]. The preparation of HAp can be done in
a number of ways. The best technique should be picked based
on the apatite’s constituent ions and how they will be used
[15]. Wet and dry adsorption are typically the two primary
techniques used [16]. The porosity of the supports employed,
and the surface chemistry of the produced materials are just
two factors that affect adsorption efficiency [5]. In fact, many
organic or inorganic chemicals have chemically altered the hy-
droxyapatite surface [17] to make a more effective composite
material and boost the surface’s reactivity in order to attain a
high adsorption capacity for the elimination of contaminating
substances.

In this context, we grafted the N(-CH,-PO(OH),), (AMP)
invariable proportions onto the apatitic matrix Ca, (PO,) (OH),
in order to improve the physicochemical properties of our mate-
rial. In particular adsorption efficiency [18].

Materials and Method
Materials

'The synthesis of reference HAp is based on the neutral-
ization route which contains the two reagents Ca(OH), and
NH4H2PO in aqueous medium. According to the stoichiom-
etry of the following reaction equation with the atomic ratio
Ca/P =10/6 = 1.67. according to the procedure already report-
ed [19].

10 Cal(OH)2 +6 NH4H2PO4 - Calo(POA‘)&(OH)2 +6 NH OH
+12 H20

On the other hand, the synthesis of HAp-AMP is sub-
jected to the same precipitation method that described in the
case of the reference apatite HAp. However, during the prepa-
ration of solution B, the optimal amount for the different pro-
portions of AMP 2.5%, 5%, and 10% is incorporated to that of
NH, H PO,. Furthermore, the pH of the solution is always ba-

sic (pH >10) regardless of the grafting ratio of AMP, as shown
in figure 1. All used materials are nanoscale materials.

Characterization of HAp and HAp-AMP

'The porous materials are characterized by the reactivity of
their surface considering thesubstances adjacent to it. At this
point, the obtained products were characterized by different
suitable physicochemical techniques [8], namely, XRD which
was carried out under ambient conditions of temperature and
pressure using a Philips PW131 apparatus equipped with a
copper anticathode (A = 1.5454 A).

FTIR via a VERTEX 70 apparatus (UATRS-CN-
RTS-Rabat) with a resolution of 2 cm, knowing that the
studied spectral range goes from 400 cm™ to 4000 cm™ and
also measurement of the specific surface according to the the-
ory of BET with a Micromeritics ASAP2010 apparatus at 77
K and which uses the process of adsorption in multilayers of
nitrogen gas at 77 K [18].

Preparation of the MB solution

The preparation is on the one hand the mother solution
of adsorbate by diluting a mass of 100mg in 1 L of aqueous
solution and on the other hand, the daughter solutions that
had by successive dilutions of the mother solution in a volume
of 100 ml of solutions include 5 mg.L! to 100 mg.L™. The
preparation of standards of different concentrations ranging
from 5 to 20 mg.L™" in MB to define their absorption range,
the concentrations of the prepared solutions were obtained
by spectrophotometry UV-Vis, UV-3100pc according to the
Beer-Lambert law A = €eC [20] With: A: absorbance of
the solution; €: molar absorption coeflicient of the substance
(L.mg'.cm™); €: optical path length (cm), and C: concentra-
tion of the substance (mg.L?).

Adsorption experiment

'The adsorption of MB on crude HAp and HAp-AMP
composites may have been controlled by both physisorption
and chemisorption processes, taking into account initial dye
concentration, pH, and adsorption kinetics. The adsorption
process is done by direct contact of a reasonable amount of 0.2
g of our material with 100 ml of the solution of pollutant MB,

Solution B

V

14.82 g of Ca(OH), + 200

ml water. The reaction 13.80 g NH,H,PO, +

100 ml water
\

Optimal amount of AMP

mixture is stirred for 90
min at room temperature

Agitation for 48 h

l

Vacuum filtration + drying at

100 °C overnight

|
e

Figure 1: Synthesis of HAp composite and HAp-AMP.
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then leaving under agitation at 350 rpm at room temperature
which will be analyzed later via UV-Vis spectroscopy to de-
duce the adsorbed quantities (q ) by a simple calculation that
carries the difference between the initial (C) and final (C)
concentrations according to the following equation [9].

CO — Ce
m
Where q,: amount of MB adsorbed per unit mass of adsor-
bent (mg.g?); C: initial concentration of the dye (mg.L™);
C,: residual concentration of MB at equilibrium (mg.L"); V:
volume of the solution (L); and m: mass of the adsorbent (g).

Vv

a

Study of the parameters

Software developed by some researchers was used to an-
alyze the impacts of various experimental factors (Initial dye
concentration studied, pH, and contact time) on the basic ad-
sorptionof MB. All experimental tests were performed accord-
ing to Design-Expert 11 design matrix. Each factor has three
levels, indicated by -1 for lowest, 0 for medium, and +1 for
highest (Table 1).The matrix used in this study had 20 runs.
All experiments were performed at room temperature. Table
2 shows when the test samples were removed from the shaker.

Table 1: Variable levels for Design-Expert 11 software.
Factors Symbol Levels
-1 +1
Initial concentration (mg/L) A 20 500
Contact time (min) B 2 180
pH C 3 11

Results and Discussion
XRD analysis

The lines in the XRD diagram were all indexed in the hex-
agonal systemaof the P6,, space group with crystal parameters
of a=9.432 A and ¢ = 6.882 A [22]. XRD analysis showed
that the grafted apatites were poorly crystallized, however, the
crystallite size of HAp by AMP is significantly smaller than
that found for HAp [22], confirming the decrease in line in-
tensity with increasing grafting ratio (Figure 2). We also note
that all the products prepared have a single apatitic phase, so
we can conclude that modification of the HAp surface by
AMP leads to no change in the HAp crystalline phase.

FTIR spectroscopy examination

FTIR spectra of the apatites obtained (Figure 3) show the
appearance of absorption bands for PO,* ions, distinguished
by two absorption ranges 1100 - 900 cm™ and 600 - 500 cm™,
which is due to the structural disorder and the nature of the
P-O bond, which originates from both inorganic phospho-
rus (O-P-O) and organic phosphorus (C-P-O). In reality, the
assignment of bands linked to PO,* phosphonate vibrators
in the structure of hybrid apatite are very complicated, due
to their overlap with those of PO, vibrators. Weak intensi-
ties are also observed at 1540, 1480, 1450, 1416, and 875 cm™
1, corresponding to the vibrational frequencies of carbonate

ions CO32’ and other carbonyl groups. The absorption bands

Table 2: Plan matrix used in the present study.

Factor 1: A | Factor 2: Response: R Quanti
Run (mg.L") B(min) Factor3:C a;ll)sorbed (ncllg.g") v

1 15.2 140.368 7.59096 8
2 15.2 140.368 |  7.59096 8
3 153 9.9 7.6 53
4 153 9.9 7.6 53
5 10 5 12 5
6 185.5 174.05 6.6 58
7 153 140.551 11.84 56
8 153 9.9 7.6 53
9 90.6 250 8.56 57
10 153 140.551 11.84 56
11 270 5 12 62
12 153 140.551 11.84 56
13 90.6 115.25 4 56.5
14 10 5 4 5
15 10 250 12 6.9
16 270 96.875 4 65
17 270 85.85 8.52 65
18 107.5 250 4 50
19 270 250 4 65
20 270 250 9 62

L8%AMP-HAR

HAp (rétérance)

[ T ¥ 1

20 25 a0 a5 40 45 50 59

2 Théta {degré)
Figure 2: XRD patterns of products HAp-AMP products baked at 100 °C.

10%AMP-HApP

5% AMP-HAp

2.5% AMP-HAp

HAp référence
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Fréguence {cm™)

Figure 3: FTIR absorption spectra of HAp-AMP apatites.

characterizing OH" ions in our apatitic material are located at

3560 and 630 cm™.
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BET method

The specific surface area of the synthesized products was
determined using nitrogen gas adsorption to measure the pore
depth profile. It is clear from the results obtained (Table 3)
that the modification of HAp by AMP leads to an increase in
specific surface area, and when the specific surface area value
of a product is higher, the surface becomes more reactive. This
physical property is often one of the key factors in the adsorp-
tion process to achieve maximum retention of pollutants [23].
Specific surface areas, volumes, and pore diameters of hybrid
apatites compared with reference apatite.

Table 3: Specific surface areas, volumes, and pore diameters of hybrid ap-
atites compared with reference apatite.

HAp-AMP
0% 2.5% 5% 10%
SBET (m’g") | 120 159 122 92
Dp (nm) 11 2.2and 9.5 | 2.0and 10.3 | 1.8 and 9.5

Optimization of the adsorption process
Final equation in terms of coded factors

We can establish the respective effects of the parameters
by comparing their coefficients. Thecoded mathematical mod-
el with 20 factor levels is described as follows:

Quantity Adsorbed = 45.9403 + 0.206685 * A + 2.66004 *
B +11.5183 * C + 0.000875206 * A * B + 0.0318046 * A * C
-0.0754479 * B * C = 0.00057646 * A2 — 0.00863727 * B2 —
1.14255 * C2.

ANOVA

Interactive factors affecting MB dye removal were deter-
mined by ANOVA, as presented in table 3.

Fixed effects

The number of degrees of freedom for each source
is shown in the “df” column. The total degrees of freedom,
according to the surface methodology, is equal to the number
of model coeflicients added sequentially row by row, as shown
in table 4.

P-values less than 0.0005 indicate that the model terms
are significant [24]. Inthis case, A, C, AB, BC, B? and C? are

significant model terms. Values greater than 0.1000 mean that
themodel term is not significant.

Fit statistics

Based on the statistical modeling, the following criteria
will be calculated, as shown in table 5:

e Std Dev and the square root of the residual mean square

(Root MSE).

e Mean: Over all mean of all response data.

e C.V: CV, representing the ratio of the Std Dev to the

mean.

¢ R-squared: A measure of the amount of variation of the
mean from the mean explained by the model.

e Adjusted R-squared: It is a measure of the amount
of variation around the mean explained by the model,
adjusted for the number of terms in the model.

Table 5: Modeling statistics.

Std Dev 37.31 R? 0.9034
Mean 217.40
C.V.% 17.16

Optimization

Optimization of the various factors involved in the
adsorption process, namely initial dye concentration, pH,
and contact time has been presented in figure 4, following
the HAp desirability function rule. To achieve a maximum
adsorbed dye quantity of 328.78 mg.g™, it is necessary to
operate under optimum conditions for the parameters applied,
with an initial dye concentration of 460 mg.L™! and a contact
time of 135.5 min. This adsorption process is carried out by
dissolution-precipitation of the prepared apatites.

Comparison of the apatite with other reported adsorbents

HAp-AMP was compared with other adsorption
materials to assess adsorption performance. Table 6 shows
the q__and percentage removal (%) of MB dye from various
adsorption materials. As the table shows, the adsorption q__
of the MB dye by our products were higher than those of the

majority of known adsorbents.

Table 4: Results of variance analysis (ANOVA).
Source Sum of squares df Mean square F-value p-value
Model 1.302E+05 9 14468.63 10.39 0.0005
A-A 26568.47 1 26568.47 19.09 0.0014
B-B 51670.83 1 51670.83 37.12 0.0001
C-C 1318.77 1 1318.77 0.9475 0.3533
AB 2307.45 1 2307.45 1.66 0.2269 Significant
AC 4667.69 1 4667.69 3.35 0.0970
BC 3537.53 1 3537.53 2.54 0.1420
A? 4303.36 1 4303.36 3.09 0.1092
B? 18276.76 1 18276.76 13.13 0.0047
C? 1300.33 1 1300.33 0.9342 0.3566
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Quantity Adsarbed (ma/g)
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Figure 4: Optimized response.
N

Conclusion

This study shows how MB dye may be removed from
wastewater using nano-HAp and its composites through
adsorption. As stated in this article, the composite materials
were created by synthesizing an inorganic HAp component
while an organic AMP molecule was present. The reference
material is pure HAp, which was produced using a
stoichiometry of the reaction equation with the atomic ratio
Ca/P = 10/6 = 1.67. In line with the precipitation approach.
The findings of the characterization using FTIR, XRD, and
BET analysis demonstrate that it is possible to modify the
apatite surface by grafting AMP to make it more reactive
without changing its crystalline structure and thus diminishing
the crystallinity of the powder. The main goal of this study is to
determine the optimal conditions for maximum IMB retention.
Design-Expert 11 software was used to achieve this goal. The
results show that in order to achieve a maximum amount
of adsorption of nearly 328.78 mg.g™, we must work under
the experimental conditions of the various parameters used,
namely 460 mg.L! and a stirring time of 135.5 min, while
pH does not have a frequent impact on adsorption. Future

N
Table 6: Previous studies on the removal of MB dye from water.
)
Adsorbent Optimum condition Percentz}ge remov‘al (%) or Ref.
adsorption capacity (q,,,)
Bentonite clay/activated charcoal pH=8 4
composites T = 40°C 230.30 mg.g [25]
pH-10 99.97%
Cashew nutshell Adsorbent dose 2.1846 g.L! TR [26]
Initial dye concentration 50 mg.L*
Contact time 63 min
um ferri pH - 11 781 mg.g”
1mgg [27]
Magnesium ferrite Adsorbent dose 1.0 g.L™!
Contact time 120 min
H=6.38
Activated carbon Tp —60°C 165.17 mg.g™! [28]
Savdust M pH =10
awdust B
Adsorbate concentration = 20 mg.L! 7.84 mg.g [29]
Adsorbent concentration = 2 g.L!
Our study (HAp) Initial dye concentration 460 mg.L™! 328.78 mg.g™! Present study
N J
s 2

study on creating useful uses for these intriguing HAp-based
materials is strongly advised. These materials could be used, for
example, as effective adsorbents for other non-biodegradable
contaminants. And secondly, to create novel delivery systems
to enhance the quality of life for patients.
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