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Abstract: The importance of the effect of phosphate rock depends on the chemical form of phosphorus
in which this element is combined. ApH=f(pH) curves of the phosphate system measured for different
hydration durations have a common intersection point that corresponds to the IEPs. The point of zero
charges (PZC) and isoelectric point (IEP) were defined using the derivative method, examining the
variations at lower contact times. The various parameters, such as pH, coexisting ions, concentrations
of suspensions, and contact time, which govern the interfacial chemistry and interaction pathways, are
discussed to understand the adsorption process. The experimental shift in PZC observed at a short
hydration is controlled by a surface dipole moment of this structure induced by the charge
redistributions of adsorbed water molecules. During hydration, strong columbic interactions of
water are occurring with the calcium and the phosphate ions of the apatite surface.
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1. Introduction

The phosphate ore minerals are of a complex mineralogy, containing impurities that
affect their surface chemistry. As a result, the surface chemistry of this phosphate ore is focused
on the presence of Ca?* and Mg?* and on the mechanism of AI** and Fe** ions, which remains
to be defined [1-4]. In general, the phosphate ore is a calcio-phosphate concentrate with around
35-38% P»0s and 3-4% fluorine. The main sources of phosphate rock are fluorapatite with the
general formula Ca10(PO4)sF2 [5-7]. The changes in the Ca/P ratio have a significant impact on
the physical and chemical properties of HAP. This results in irregular structures and alters the
organization of atoms within the crystal matrix [8,9]. There f core, these defects are associated
with surface chemistry exchange that is crucial for the behavior of hydroxyapatite suspensions.
The apatite (Cas(PO4)3(X), X=0H, F), HAP, crystallizes in the hexagonal structure, and is
usually expressed as Cai10(POa)s(X)2, suggesting that the crystal unit encloses two molecular
units. In these unit cells, there are 10 Ca?* ions located in two distinct sites, denoted Ca(l) (four
sites) and Ca (1) (six sites). The framework of HAP is described as a group of tetrahedral PO4
ions, in which each tetrahedron is shared by one column and defines two kinds of unconnected
channels. The first channel with a diameter of 2.5 A is surrounded by Ca(l) sites. The second
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type of channel, having 3.5 A in diameter, is delimited by oxygen and Ca (l) ions. These
channels are hosting hydroxyl/fluoride groups along the c-axis to balance the positive charge
of the matrix. The hydroxyl anions are located in columns perpendicular to the unit cell surface,
at the center of the hexagon made with coplanar Ca (II) groups. The oxygen atoms of the
phosphate groups are labeled O(1), O(2), and O(3), and one of the hydroxyl groups is O(4).
Two and four non-equivalent calcium and oxygen sites are shown in HAP, respectively. The
Ca (I11)?>* columns are surrounded by O(1) and O(2) from PO4*> groups, while mirror-symmetric
O(3) sites and Ca(ll) cations are arranged in a hexagonal channel lodging the OH anions. The
columnar Ca(l) cation is coordinated to six oxygen atoms of six different (PO4)*groups, and
to three oxygen atoms at a larger distance. The Ca(ll) is found in cavities in the walls of the
channels shaped between the calcium and oxygen atoms. This calcium is surrounded by six
oxygen atoms of five different (PO4)*and one OH group. The different HAP phases result in
several alignments of OH in the hydroxyl channels. The hexagonal disordered phase is
characterized by random orientations of OH ions, while in the hexagonal ordered phase, OH
groups are all oriented along the same direction. Phosphate anions are the skeleton of the unit
cell, arranged in two channels A and B along the c-axis. In the two channels A, the oxygen
atoms from the phosphate groups and the Ca(ll) ions are located at heights of 1/4 and 3/4,
respectively. The two channels B contain Ca(l) cations, each at heights 0 and 1/2. So, the HAP
molecular unit cell is rearranged as Ca(l)sCa(ll)(PO4)s(X), characterized by a three-
dimensional network of hexagonally packed PO4* tetrahedral, and one hydroxyl anion. These
weakly bonded Ca sites are the main host sites of divalent impurities. Phosphate tetrahedra (six
in total) are arranged in helices from heights z=0.25 to z=0.75. The six strongly bonded PO4
anions and the half-occupied OH channel are aligned along the c-axis. The Ca(l) is relatively
symmetric compared to the Ca(ll). The distribution of impurity ions between these two calcium
sites results in important variation in their physical characters [10]. The two channels along the
c unit-cell axis, dispossessed of PO4 ions, are filled by two Ca(l) ions at levels z=0and z =
0.5. Furthermore, it seems that the interaction between Ca(l) atoms is very low or does not
exist, and this interaction is mostly prevailing between Ca(ll) atoms and hydroxyl oxygen. The
interaction, including oxygen from PO4 groups via Ca(l1)-O(3)-Ca(l) channel, is also found to
be insignificant. In this structure, calcium ions are in two different sites: four Ca(1) coordinated
to nine oxygen atoms of six different (PO4)*groups and six Ca(2) coordinated to six oxygen
atoms of five different (PO4)* groups. Oxygen atoms of (POs)*groups are in three non-
equivalent groups, and six Ca(2) coordinated to six oxygen atoms of five different (PO4)*
groups. Oxygen atoms of (PO4)3™ groups are in three non-equivalent positions. The six Ca(ll)
atoms form a double triangle, placed between Ca(l) triangles, one set to z = 0.25 and the other
to 0.75, leading to a hexagonal-axis tunnel (tunnel Il). These calcium atoms are seven-fold
coordinated to six oxygen atoms of the phosphate groups O(3) and one oxygen of the hydroxyl
groups, O(4), located at the center of the vertical tunnel (in the center of each triangle formed
by Ca(ll) ions) [11]. The HAP in the hexagonal structure shows two channels along the ¢ unit-
cell axis deprived of PO4 ions, which are filled by two Ca(l) ions at level z=0 and z = 0.5.
These calcium cations are nine-fold coordinated to the oxygen anions, O(3), of the phosphate
anions, which allow the ion exchange of Ca?*, H*, and O". Two oxygen atoms of the PO4
tetrahedra are located above and below mirror planes at heights of 0.25 and 0.75. The non-
equivalent Ca?* ions are located at two different positions: Cal at z = 0 and z = 1,2 along the
three-fold axes ai (Wyckoff position 4f), and Ca(ll) at z=1/4 and z = 3/4 along the hexagonal
screw axis parallel [00.1] (Wyckoff position 6h). Hence, considering the two non-equivalent
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Ca positions, a more accurate formula of hydroxylapatite is [(Cal)s(Call)s] (PO4)s(OH)2. The
X anions are located at z = 1 /4 and z = 3 /4. Their exact positions depend on their size: the
smaller F~ anion in fluorapatite is positioned exactly at the center of the triangles formed by
the three Call cations, the larger OH™ anion in hydroxylapatite is off-center by an increment &
=0.36 A [12]. The first two tunnels (tunnels 1) are each filled by two calcium ions (at level z
=0 and z = 0.5), called Ca(1), which are nine-fold coordinated (D3h point group symmetry,
3+3+3) to the oxygen atoms of the phosphate groups called O(3). The six other calcium atoms
form two triangles at levels z = 0.25 and 0.75, leading to a hexagonal-axis tunnel (tunnel I1).
These calcium atoms, called Ca(2), are seven-fold coordinated to six oxygen atoms of the
phosphate groups O(3) and one oxygen of the hydroxyl groups, named O(4), located at the
centre of the tunnel vertical axis, i.e. in the centre of each triangle formed by the calcium ions
[13]. The geometric form of the unit cell is defined by three parallel hexagons with columnar
Ca(l) on their corners, located at the two basal planes at z = 0 and z = 1, and at the equatorial
mirror plane at z = %. The hexagonal Ca(ll) atoms are forming a pair of inner triangles at z =
Yaand z = ¥4, and at ©t/3 with respect to each other [14]. The six phosphate anions are distributed
between two Ca?* triangles in the interior of the unit cell. Three of the POy tetrahedra are lying
in Ca(ll) triangles plane at z = 1/4, and three others are located at z = %. The calcium sites with
different local environments are suggested to be the most favored for insertion of some metallic
cations, such as Mg?*. So, the HAP molecular unit cell is rearranged as Ca(1)4Ca(ll)s(PO4)s(X),
characterized by a three-dimensional network of hexagonally packed PO,* tetrahedral, and one
hydroxyl anion. The OH" is surrounding Ca?* at the corners of the unit cell, whereas each of
the PO4* is shared by one column and delimits two types of channels. The columnar Ca(l)
channel with a diameter of around 2.5 A is surrounded by calcium cations coordinated with
nine oxygen atoms and crosses the HAP matrix. Ca(l) atoms are occupying the six corners of
the two basal planes and of the intermediate equatorial mirror plane, and each of the six calcium
atoms is common with two adjacent cells. The screw-axis of the Ca(ll) channel, having a
diameter ranging from 3.0 to 4.5 A, is surrounded by Ca?* in coordination with seven oxygen
atoms. The hexagonal Ca(ll) is a contouring hexagon when projected on the basal plane. To
balance the positive charge of the matrix, OH™ groups are hosted along the c-axis [15]. The OH"
groups are free to move along the Ca(ll) channel which diameter is varying across the unit cell
from about 2.85 A in the center and on the basal plane (z = 0, z = ), to around 2.73 A at the
two points between the basal planes and the center of the unit cell, lying in plane with the Ca(ll)
triangles (z = 1/4, z = 3/4). The inner hexagon-shaped overlapping these Ca(ll) triangles(z =
1/4, z = 3/4) is located in the basal plane at ©t/3 with respect to each other. For this reason, the
channel is considered a continuous ovoid cavity rather than a deep cylinder. The hydroxyl
anions are arranged in an ordered column as OH™ OH" ...etc. The successive ordering and
disordering effect is observed for OH" lying in the channel, prolonged down the rotational
symmetry axis of Ca(ll) hexagons. The distortion of the phosphate network is, then, more
required for the conservation of structural order in hydroxyapatite. The F and OH atoms exist
in [001/4] and [00%2] anion columns at the edges of the unit cell. The anion column intersects
each mirror plane in the center of an equilateral triangle of the three Ca(ll) atoms. The adjacent
calcium triangles at ¥ unit cell above or below are rotated by =/3 around the screw axis. The
F, Ca(ll), P, and two O atoms are located in the mirror planes at (0,0, ¥4) and (0,0, %4). The six
POs*tetrahedra inside the hexagonal unit cell are found between the pairs of Ca?" in the outer
hexagon. Three of these cations are lying on the Ca(ll) triangle plane at z = 1/4, and the other
three are on this triangle at z = % [14]. Generally, the OH shows a disorder in the orientation
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of the hexagonal form of HAP. One distinctive characteristic of this phosphate, in addition to
inner channels, is the existence of proton exchange along the c-axis. Then, OH™ exchange is
recognized to be faster than the exchange of surface calcium cations or phosphate anions. In
addition to hexagonal and monoclinic structures, HAP exhibits an amorphous structure with
no symmetry or long-range order. The interaction of OH, Ca, and PO4>" tetrahedra is governed
by ionic interaction. The covalent interactions prevail between atoms within the phosphate
anions and the O and H groups. Therefore, HAP is considered as repeating units of POs>
tetrahedra linked by ionic interactions with Ca and OH groups [16]. In inorganic compounds,
water often exhibits solid hydrates as isolated, channel, and metal-ion-associated sites [17-20].
No interaction is shown between water molecules in isolated hydrates, while in channel
hydrates, H-O molecules are interacting with each other, normally in one-dimensional channels
or two-dimensional planes. In metal-ion associated hydrates, strong interactions of water are
observed with transition or alkali metals. However, in apatite, H2O is logging in several sites,
including the ionic layer, hydroxyl, and calcium site vacancies. The adsorbed and inserted
water molecules are located on the HAP surface, forming a “non-apatitic”” hydrated ionic layer
[21]. The surface area of apatite is then affected by diffusion rate, and as this surface increases,
the rate of diffusion also increases, since there is more space for molecules to diffuse [22]. The
theoretical investigations on dynamical processes at apatite surfaces show that an anisotropic
diffusion inside particles is occurring within pore sizes ranging from 20-240 A Consequently,
the surface porosity is governing the rate of diffusion, which is faster in the horizontal direction
than in the orthogonal direction. Hydroxyapatite, whose pkps is around 59 at 25°C, is
characterized by water insolubility, especially in alkaline medium. Due to the highly
functionalized surface, this phosphate has excellent adsorption properties [23]. This sorbent is
structured in two planes with different active sites, which are positively charged and consist of
positively charged Ca-cations. One can note these sites are characterized by excellent sorbent
properties toward acid molecules, whereas c-planes exhibit negatively charged phosphate and
hydroxyl groups, supported with basic molecules [24]. The isoelectric point of the pure apatite
(HAP) particles occurs at pH 6.5. Due to the presence of impurities, HAP exhibits diverse
electrokinetic behaviors with isoelectric point (IEP) varying from 2.0 to 8.7. For dolomite
(CaMg(CO3)2), the IEP is around 3.0-6.0 [25-27]. Apatite is a slightly soluble mineral, which
can release the dissolved Ca?* and Mg?* to affect the surface electrical behaviors of minerals.
The dissolved Ca?* content in acid solutions is relatively high due to the carbonate and
phosphate minerals reacting with hydrogen ions. But it decreases in an alkaline environment,
which is due to the precipitation of Ca(OH)2. The obtained point of zero charge (PZC) is around
3.3 for fluoroapatite. The quartz is the most electrostatically charged among the three ores.
Generally, the dissolved Ca?* and Mg?* will affect the surface electrical behavior of minerals
in solution [28]. This review will help researchers to document knowledge gaps and provide a
reference for the efficient and green beneficiation of phosphate ores in the future.

2. Materials and Methods

2.1. Materials.

Dissimilar solutions of sodium hydroxide (NaOH) and nitric acid (HNO3) were used
for the potentiometric characterization of phosphate surface. Chemicals and reagents were of
analytical grade from Sigma Aldrich and used without further purification. The stock 0.1M
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solutions of NaOH and HNOz with 99.9% purity were diluted to employed solutions with
concentrations of 0.05 M in 1000 mL of deionized water.

2.2. Methods.

The hydrated and activated Phosphate mineral samples were characterized by several
techniques in order to examine the physical and chemical properties linked to the hydration
behavior. Images, microstructure, and elemental spectra of the apatite samples were obtained
from an energy dispersive X-ray spectrometer with a scanning electron microscope (EDX-
SEM) (Jeol JSM-IT100 InTouchScope™) [16]. The surface characterization of apatite was
performed by the batch equilibration technique applied to determine the Point of Zero Charge
(PZC) and the Isoelectric Point (IEP). To achieve this purpose, monitoring the pH of
suspension media of HNO3z or NaOH (0.05 M)- phosphate systems was achieved at room
temperature. Surface characterization against hydration and activation times was explored in
20-25 mL for HAP suspensions of 0.1 g/L.

3. Results and Discussion

One approximation of the PZC is the measurement of the IEP [30], which is determined
by measuring the pH where the mineral particles do not move in an electric field
(electrophoresis measurement) or coagulate in a suspension (flocculation measurement). If the
PZC is determined by measuring the pH where the difference between H" and OH" adsorbed
on the mineral surface is zero, it is called the point of zero net proton charge (PZNPC).
Adsorption of cations leads to a decrease in the PZNPC and to an increase in the IEP Table 1.
Conversely, adsorption of anions leads to the opposite effect.

Table 1. The isoelectric point (IEP) is only representative of the external surface charges of particles in solution,
whereas the point of zero charge (PZC) varies in response to the net total (external and internal) surface charge
of the particles.

Temps IEP or PZC
2h <4h 4.9,56,7.2,8.6,
<28h 4.7,56,7.2,86,9.9,
<48h 4.7,64,69,74,8999
6h, 4h IEP: 6.3, 8.1, 8.9, 10.3.
28h 41,45, 6.65,9.3, 10.5.
56h 3.7,4.9,6.0,8.2,10.75
72h IEP 4.0; PZC (6.4-7.3)
2.5-3h IEP (8.1)
0-3h IEP 8.85
72h PZC 4.3,4.4,4.5 IEP 6.45-6.80
25-28h (PZC) 8.6, 10.9
47-50h IEP 3.55, 5.9, 7.4, 8.15-8.5, 9.95-10.0
6h, <4h IEP49,54,7.2 8.6,10,11,
<28h IEP 4.3-4.66, 5.7, 8.6, 9.9,
<58h IEP 4.66, 6.4-6.9, 7.4, 8.9,9.9

3.1. Variations of the atomic % Y=f(Ca), Y=Mg, Al, Si, P, F.

The atomic percentages of some metallic elements present in apatite are shown in the
following figure. Phosphate mineral is hydrated for 24 hours and activated for durations
varying between 10 min and 24 h Figure 1.
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Figure 1. Variations of the atomic% Y=f(Ca), Y=Mg, Al, Si, P, F. m=0.1g/L, hydration 24 h, activation of 10
min to 3 days (a) Y=f(Ca), Y=Mg, Al, Si, P, F, hydration 0.1g/L, activation 24h; (b) Ca (%) =f(%P), 0.1g/L,
hydration 24h, activation 10min-2 days; (c) M (%) =f(%P), M= Ca, Mg, Si, Al, 0.1g/L, hydration 24h,
activation 10min-3 days.

Surface properties of apatite are governed by its composition, characterized by the
calcium ratio to different impurities including Mg, Al, Si, P, and F. Phosphate mineral
dispersion is characterized by a deficiency in calcium, characterized by a Ca/P atomic ratio of
1.17, which is lower than that of stoichiometric (1.67) HAP.

Ca (%) = f(%P) = 1.17x - 1.30,R? = 0.98 (1D
Si (%) = f(%P) = —1.10x + 11.61,R* = 0.99
P = f(Ca) =1.17x - 1.30,R* = 0.98
P = f(Ca) = 0.84x + 1.20,R* = 0.98
Si = f(Ca) = —0.84x + 9.93,R? = 0.99
F = f(Ca) = 0.20x + 1.27,R* = 0.69

3.2. Morphology of phosphate mineral — energy dispersive X-ray spectrometer (EDS).

The morphology of the apatite powder particles hydrated for 2,24,72 hours and
activated at 10 min to 3.5 h is observed using a scanning electron microscope (Figure 2)
attached with an energy dispersive X-ray spectrometer (EDS) (Table 2 — Table 3).

The morphology of the phosphate mineral observed in the image reveals a granular
structure with individual particles and a rough surface, indicating aggregates of crystals or
nonhomogeneous grains. The particle sizes, on the order of a few micrometers, show a size
distribution that could influence the physicochemical properties of the phosphate. The numbers
present in the image indicate points of interest, suggesting a targeted analysis of specific areas
within the sample (Tables 2, 3, and Figure 3).
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Figure 2. The morphology of the apatite m=0.1g/L powder particles hydrated for (a,b) hydration 2 hours;
(c,d) hydration 24 hours, activation of 10 min to 3 days; (e,f) hydration 72 hours.

Table 2. m=0.1g/L, 2 hours of hydration.

Formula | edsl eds2 eds3 eds4 eds3

0 57.04 | 45.16 42.71 39.04 34.18

F 2.71 0.69 0.77 2,40 0.59
Mg 0.39 0.55 0.27 - -
Al* 0.43 0.95 0.40 0.18 -

Si 1.86 2.46 0.57 0.88 0.48

P 16.02 | 20.02 15,16 19.87 24.35

Ca 21.38 | 26.98 37,38 37.63 37.62
Fe* 0.17 - - - -

Table 3. m=0.1g/L, 24 hours of hydration.

Formula | Atom% | Eds4(13) Eds1(23) Eds2(14) Eds3
0 57.4(1) | 74.51(2) 76.93(5) 77.31(4) 74.65(3)
F 1.83 2.60 2.28 2.25 3.08

Mg* 0.61 0.61 1.98 0.79 0.64
Al* 1.13 1.21 2.78 1.80 1.47
Si 2.76 3.94 7.21 4.78 3.35
P 4.36 7.34 4.23 6.17 7.78
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Formula |Atom% | Eds4(13) | Eds1(23) Eds2(14) Eds3
Ca 4.14 7.11 3.40 5.79 8.01
Ti 0.23 01 0 0 0
Fe* 0.21 0.21 0 0 0

Energy Dispersive Spectroscopy (EDS) is a technique used to determine the elemental
composition of materials. It operates by detecting X-rays emitted from a sample when excited
by an electron beam in a scanning electron microscope (SEM) (Figure 3).

00

1
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Ca o) 57.04
., B | F 2.71
4L os Mg* 0.39
= i Al* 0.43
5 i Si 1.86
2 —gs— p 16.02
Ca 21.38
Fe* 0.17
Total 100.00

(a) (b)

001
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(e) (f)

Figure 3. EDS spectrum of the apatite powder, hydration 2h, activation 0-3.5h. (a,b) Hydration 2 h; (c,d)
Hydration 24 h; (e,f) Hydration 72 h.

The EDS analysis (Figure 3) shows the presence of the four main peaks corresponding
to Ca, P, O, and Si. The phosphate-hosted impurities correspond to magnesium, aluminum, and
iron metals. The Ca/P ratio is examined in relation to the time of hydration as an important
parameter for the charge equilibrium in the range of 0 to 51 hours.

3.3. Variations of ApH=f(pH).

The intersection points of ApH=f (pH) curves are the IEP. As found, IEPs are constant
and do not depend on time, suggesting, therefore, a physisorption phenomenon in external
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surfaces. There is a point of zero charge where ApH=0, and this point differs from the IEP if
any specific adsorption of electrolyte ions occurs. As shown, the factor (PZC-I1EP) is not zero
when equilibrium is not reached. The IEPs found are correlated to several processes of surface
protonation and charge development at the apatite-water interface [31].

Figures 4-9 show the curves of ApH vs. final pH obtained using the fit method of
pH=f(t). As shown, the phosphate surface exhibits strong pH dependence.

oos 5 ApH=f(pH), m=0,1g, t=2h ; days 1 for activation 0; ApH=f(pH), t=2h 25h<activation<28h %

[\

0.3
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001 + &
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- -t i
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_—

(c)
Figure 4. Variations of ApH=f(pH) obtained at hydration of 2 h, for natural apatite at m=0.1g/L, and
activation time of 0 to 50.5h.(a) ApH=f(pH), m=0.1g/L, t=2h; days 1 for activation; (b) ApH=f(pH), t=2h
25h<activation<28h; (c) ApH=f(pH), m=0.1 g/L, t=2h, 48h<activation<51h.

The phosphate mineral doesn’t have a single defined isoelectric point, making it
difficult to infer these points to various oxides present in the phosphate matrix. Figures 4-9
indicate that activation of 1 to 2 days leads to similar values of IEP and PZC. In contrast, slight
activation, less than 4 h, results in a significant shift in PZC that decreases as activation duration
increases. Accordingly, the lack of correspondence between the isoelectric point and point of
zero charge of the solid suggests that different equilibria govern the sorption. The change in
point of zero charge is due to the Kkinetic alteration of surface phosphate material. Thus,
chemisorption of electrolyte ions is the main factor associated with the protonation equilibrium
of the surface sorbent. Hence, the similarity of PZC and IEP is valid only if there is no
adsorption of ions other than H* and OH" occurring. The following values of IEP of 4.9, 5.6,
7.2, and 8.6 are obtained for activation of about 4h, 4.7, 5.6, 7.2, 8.6, and 9.9 for 22h, and 4.7,
6.4, 6.9, 7.4, 8.9, and 9.9 for 40h. As found, the lower value of PZC compared to that of IEP
indicates the specific adsorption of anion electrolyte [24]. At hydration of 3.5 h, there are
various crossing points of ApH=f(pH) occurring in the range 5.7-6.0. Specific adsorption of the
background electrolyte (Na*, CI") is occurring in these conditions [23].
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Figure 5. Variations of ApH=f(pHs) obtained at hydration of 6 h, for natural apatite at m=0.1g/L, and
activation time of 0 to 50.5h. (a) O.1g/L, hydration 6h Oh<t<3h; (b) 0.1g/L, hydration 6h, 21h<t<23h; (c)
0.1g/L, hydration 6h, 48h<t<51h.
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Figure 6. Variations of ApH=f(pHs) obtained at hydration of 12 h, for natural apatite at m=0.1g/L, and
activation time of 0 to 50.5h. (a) 0.1g/L,hydratation 12h, Oh<t<4h; (b) 0.1g/L, hydratation 12h, 23<t(h)<25; (c)
m=0.1 g/L, hydratation 12h, 48<t(h)<51.
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It is assumed that near the PZC, three types of active sites are contributing to ion
adsorption: -OH,", -OH, and -O". For synthetic phosphates, a high PZC (>7.0) is generally
associated with the prevailing of (> CaOH sites, whereas decreasing PZC values reveal a
predominance of (>POH) sites [17]. The mass titration and isoelectric point techniques are used
to estimate the PZC of simple oxides. For this purpose, the point of zero charge must be fairly
constant. Extensive shifts reported in PZC are assumed to be owing to the nature of the used
electrolyte, solid-to-liquid ratio, and aging [18].

0.04 _ A~
ApH 0.1g/L, activation 24h, 0<t(h)<3 02 [ApH  0-1g/L, activation 24h, 22<t(h)<27
0.03 I
0.02 01 4
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—0—1=35min = t=45min #—t=1h I 1= min
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Figure 7. Variations of ApH=f(pHs) obtained at hydration of 24h, for natural apatite at m=0.1g/L, and
activation time of 0 to 50.5h.(a) 0.1¢/L, activation 24h, 0<t(h)<3; (b) 0.1g/L, activation 24h, 22<t(h)<27; (c)
0.1g/L, activation 24h, 44<t(h)<48.

It is then suggested that the differences in the PZC and IEP are not fully understood,
and more investigations are required for this purpose. Hence, the outstanding results are
suggested to be due to material impurities rather than to the sorbent surface properties.
Irregular isoelectric point for the same solid is usually attributed to the hydration and
crystallographic structure. As observed, H*/OH" physisorption is accomplished at the pH of
the isoelectric point, while chemisorption is occurring at the point of zero charge.
Consequently, PZC values are a function of hydration time [32-34]. The discrepancies
between IEP and PZC values are a function of the specific adsorption of the electrolyte salt
ions (Na+, CI") onto the apatite surface. At short hydration time less than 4h, the downward
shift in the PZC is due to specific adsorption of Na* onto the apatite surface, whereas the
specific adsorption of NOz™ or CI” shifts PZC towards higher values. From the literature, the
IEP is observed to shift in the opposite direction of PZC [35]. As found, the specific
adsorption of electrolyte cation in a Stern-type layer makes the H* adsorption more difficult,
leads to the release of protons (ApH<0), and shifts the PZC to lower values. Similar adsorption
of anion is associated with proton uptake that results in ApH>0 and a higher PZC.
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Figure 8. Variations of ApH=f(pHy) obtained at hydration of 40 h, for natural apatite at m=0.1g/L, and
activation time of 0 to 50.5h.(a) 0.1g/L, Hydration 40h, 0<t(h)<3; (b) 0.1g/L, hydration 40h, activation
22<t(h)<25; (c) 0.1g/L, hydration 40h, activation 48<t(h)<52.

The change in PZC stipulates that the amounts of H and OH™~ exchanged with the
surface site are not equal. It is important to note that the isoelectric point, which characterizes
the external surface charges of phosphate mineral particles in solution, remains unchanged with
activation time. This is a result of physisorption at the external surface. The point of zero charge
fluctuates in response to the variation of the internal surface charge of the particle suspensions.
The difference (PZC - IEP) symbolizes the measure of surface charge distribution of porous
phosphate. Values higher than zero correspond to more negatively charged external than
internal particle surfaces, while values near zero characterize a more homogeneous distribution
of the surface charges [36]. The IEP of these minerals can range from ~2 for amorphous SiO>
to 9.3 for y-Al,0O3 and 11.6 for MgO [37]. Activation of phosphate suspension for a duration
lower than 4 hours results in IEPs that are equal to 4.9.0, 5.6, and 8.6. Equal values of PZC and
IEP are obtained during ApH experiments undertaken for 24 and 48 h on activated samples.
The physisorption is then prevailing in these conditions. Asymptotic behavior is observed for
activation at 25 h at pH around 9.9. As shown, the PZC value lies in these conditions within
the range 6.0-7.1, for a minimal activation duration of about 1h. At equilibration ranging from
2 to 3.5h, PZC and IEP move to 9.2. From the EDS results, the shift and disappearance in
isoelectric points of 4.9 and 5.6 for hydration higher than 3.5 h is due to the total solubility of
ferric oxyhydroxides present in apatite, for which IEP is prevailing at pH 6.4. The
disappearance of the EDS peak of this hydroxide occurring at activation higher than 4 hours
supports the total dissolution of hematite and goethite, whose IEPs are 4.9 and 5.6. The
IEP/PZC of rutile under the same conditions is also located at pH 5.6 [38-42]. Accordingly, a
similar IEP (PZC) value of 6.3 + 0.2 is obtained at different ionic strengths, for the synthetic
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apatite and fluoroapatite from titration curves, potentiometric mass, time, and surface charge
titration techniques [24,43]. The dispersion interaction between the apatite and interface
molecules forming is a short-distance interfacial structure [14,44]. The value difference
observed between IEP and PZC suggests that electrolyte ions are exchanged between the
apatite surface and the first water layer [45]. The dispersion interaction of the sorbent with
interface molecules forms a short-distance interfacial structure. As a result, the experimental
shift in PZC observed at a short hydration is controlled by a surface dipole moment of this
structure induced by the charge redistributions of adsorbed water molecules. During hydration,
strong columbic interactions of water are occurring with the calcium and the phosphate ions of
the apatite surface. These interactions are found to prohibit hydrogen bonds of interfacial water
with the hydroxide ions [46-48].

Generally, phosphate rocks are associated with gangue minerals that affect surface
chemistry. As obtained, this gangue consists of the silicate in addition to iron, magnesium, and
aluminum oxides [6,49,50]. Consequently, the surface charge of this mineral depends on the
extent of these oxide impurities, which are the main constituents of apatite. The aluminosilicate
contains hydrated exchangeable cations, primarily Ca** and Mg?*, in the interlayer. The
reported isoelectric points of calcite and apatite are about 10.5 and 7.4, respectively. In the
presence of apatite as supernatant, the IEP of calcite is reduced from 10.5 to 6.5 [51]. The pH
value of the isoelectric point of Fe;Os is found to be 7.2, which is shown to shift to 9.2 at
activation of 3.0 and 3.5 h. This oxide is totally dissociated after 24 h. The IEP values of the
aluminosilicate (Al>SiOs) and magnesium silicate (MgSi2) mixtures are found to increase from
1.4 for silica to 7.1 and 10.1 for pure alumina and magnesia, respectively [52,53]. The IEP of
the apatite minerals is reported at variant pH of 3.5, 4.2, 5.5, 6.7, and 7.5 [54]. The IEP values
of apatite are related to the ratio(R) of Fe, Mg, and Al to SiO, which varies due to dissolution
effects. The shift of this ratio results in a move of surface properties that influence the
isoelectric point. The higher this ratio, the higher the isoelectric point. Taking into account
these results, the IEPs of 4.9, 4.7, and 5.6 must be associated with Hematite (Fe20s3), silico-
aluminophosphate or Kaolinite (Al203 2SiO2+2H20), hydrated molybdenium silicate, and
calcium phosphates. According to previous studies, the IEP of 7.2, not observed for 40 h of
hydration, is attributed to hematite (Fe203)/SiO2 (1%). The surface charge of aluminosilicates
depends on the amount of SiO2, MgO, Al2Os, and Fe2Os3 in the sample, which are the main
constituents of natural phosphates. The average isoelectric point of this silicate is observed in
the range between 9.4 and 9.8 [55-57]. The IEP observed at pH 6.9 and 9.8 are previously
attributed to the outer bottom and pore wall of alumina, respectively. As discussed, the surface
of aluminum oxide appears more like Al (OH)z or Al>-OH, than Al>Os, with IEPs of 8.9 and
9.9, respectively, in Table 4. The formation and co-occurrence of gibbsite (AI(OH)3), boehmite
(AIOOH), and alumina (Al203) are concomitant [58]. Reported values for the isoelectric points
of magnesium oxide, not observed at hydration of 3.5 to 50 hours, range from 10.5to 12.5. For
pH lower than 10.5, the surface is positively charged in the form of MgO-OH," [59-61]. The
surface hydroxyl groups involved in this exchange result from the activation process carried
out in the dissociation of chemisorbed water.

Table 4. IEPs and PZCs at hydration of 72 h.

IEP at hydration of 72 h PZC at hydration of 72 h
IEP 4.0 (1.5-3h), (8.1 (0-2h)), 8.85(0-3h) PZC 6.4-7.3 (2.5-3h)
IEP 4.3,4.4,4.5, 8.6, 10.9 (25-28h) PZC 6.45-6.80 (25-28h)
IEP 3.55, 5.9, 7.4, 8.15-8.5, 9.95-10.0 (47-50h) -
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Figure 9. Variations of ApH=f(pHs) obtained at hydration of 72 h, for natural apatite at m=0.1g/L, and
activation time of 0 to 50.5h, (a) Stage-1: activation 0<t(h)<3; (b) Stage-2: activation 25<t(h)<28; (c) Stage-
3: activation 47<t(h)<51.
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of 72 h, for natural apatite at m=0.1g/L.Table 4. (a) nsi(mol)=f(ng), 72 h; (b) nca(mol) = f (e, £, £ +p), 72 h; (C)
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From these results, the variation in the PZC values obtained at low activation time and
the specifically adsorbed ions are due to the failure to achieve equilibrium activation in terms
of mineral protonation/deprotonation. At higher activation, calcium and phosphate ions
resulting from apatite dissolution are co-adsorbed on alumina and strongly affect the surface
potential, whereas hematite (Fe2O3) is dissolved in these conditions [62]. It is shown previously
that the shift in IEP with the time of equilibration is attributed to the zeta-potential measuring
[63]. From these results, Figures 9 and 10 show that the hydration time of 72 hours and
activation of 4 hours are insufficient to reach solubility equilibrium. Dissimilarity in PZC and
IEP values is correlated with the stability of hydroxyapatite. The change of PZC associated
with a defined IEP is governed by the acid-base properties of various > SOH groups. Apatite
rock dissolution rises continually, and the PZC fluctuates until an equilibrium state is reached
at activation of 24 hours. The difference in apatite surface properties is most associated with
the activation rather than the hydration process. As shown in Fig. 9, the deprotonation
pH(ApH<O0), which initially varies from 8.0 to 9.5, moves slowly from 6.8 to 8.6 and 7.6, within
activation times (tac) of about 26 and 49 h, respectively. Also, important alkaline behavior is
observed at high ~" tac~ for pH ranging from 8.6 to 10.0, with a maximum at pH 9.5.

A buffering effect is occurring at low activation in the pH range of 5.6-7.0, which
corresponds to (pKa-1, pKat+1) =6.6. Based on the obtained data, values of surface ionization

of Fe,03-SiO, obtained at ™ ti" ranging from 1.5 to 3.5h are pKa(> FeOH},> FeOH)=6.6.
The isoelectric points of 3.5 and 4.5 obtained at “'tac” higher than 24 h are linked to Kaolinite
(Al203-2S102:2H,0), which, under similar conditions, reveals various behaviors, due to the
Al/Si ratio(R) variation, which defines the surface properties. At activation durations ranging
from 25 to 50 h, a significant difference in the IEP values is observed for the Al203-SiO;
composite. At low R values, this oxide surface is covered with a SiO; layer with isoelectric
points of 4.0, 4.4, and 4.6. Also, the IEP of serpentine (MgsSi2Os(OH)a) is found to be 4.0
[63,64]. As found previously, the IEP of the apatite at * tac~ around 25 h is found to be about
6.4-6.8. The higher IEP=PZC value of 6.8 results from the slight protonation of the external
surface occurring for pH ranging from 4.8 to 6.7. Previous results show that the synthesized
hydroxyapatite has a point of zero charge of 6.5 and an isoelectric point less than 5, due to
adsorption reaction. Such a mild surface acidity effect is responsible for the scatter in the point
of zero charge [63]. For PZC greater than IEP, this adsorption is associated with positively
charged surfaces [24]. As can be seen from {-potential measurements of HAP, IEP is increasing
from pH 6 to about pH 8, when the aging time is increasing from 10 min to 7 days. An
isoelectric point ranging approximately from 6.0 to 6.4 is achieved for 2 days. Owing to the
hydration phenomenon, protonation/deprotonation is suggested to influence the particle charge
[14]. It is also proposed that the increase in IEP PZC values must be attributed to the interaction
of electrolyte cation (K*) with mineral surface [64].

4. Conclusions

Phosphate ore is the dominating natural resource for the production of fertilizers and
phosphorus chemical products. Because of the presence of several ions in its formula, apatite
is a very suitable host for various substituents. Moreover, apatite finds many applications in
various areas, and its biological properties are not the least important ones. Properties of apatite
depend on its composition, including the Ca/P ratio. Phosphate mineral dispersion is
characterized by a deficiency in calcium, characterized by a Ca/P atomic ratio of 1.17, which
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is lower than that of stoichiometric (1.67) HAP. The zero charges (PZC) and isoelectric point
(IEP) of phosphate were determined by the derivative potentiometric titration technique. The
discrepancy between PZC and IEP is then important for the characterization of the chemical
nature of the activation process. The phosphate mineral doesn’t have a single defined
isoelectric point, making it difficult to infer these points to various oxides present in the
phosphate matrix. The change in point of zero charge is due to the kinetic alteration of surface
phosphate material. The mass titration and isoelectric point techniques are used to estimate the
PZC of simple oxides. The outer surfaces of apatite are rapidly protonated/deprotonated and
remain unchanged due to the physisorption, while the internal surface results in a variable PZC
at low activation time.
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