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Abstract

Due to the growing pollution of the environment, water purification methods have to be improved. One of the most
effective solutions is the removal of heavy metal ions by porous materials, including hydroxyapatite. Lao Cai Province
in Vietnam has a tremendous reservoir of apatite ore that can be a precursor for nanostructural materials. In this paper,
we refer to the recent studies on removing heavy metal salts, including the cobalt and chromium ions, from the
wastewater by the nanostructural hydroxyapatite obtained from the apatite ore gained in the Lao Cai Province. The
measurements were performed according to the pH, mass of the adsorbent addition into the real wastewater solution,
and time exposition onto the adsorbent; and the suitable condition is a dose of modified apatite of 1 g/L; contacting time
of 60 minutes and 6 g/L and 15 minutes in the pH range from pHy (3.76 and 6.57) to neutral pH corresponding to Cr**
and Co*". We show that just a small amount of the nanostructural hydroxyapatite can work efficiently to remove the
chromium and cobalt ions from the solution with maximum adsorption capacity is 70.37 mg/g and 13.52 mg/g,
respectively.

Keywords. Nanostructural hydroxyapatite, apatite ore, wastewater treatment, heavy metal ions removal, novel
ecofriendly adsorbent.

1. INTRODUCTION contact in a short time with high content of

chromium can lead to irritation at the point of

Water is an essential molecule for living on Earth.
Recently, due to the growing industrialization, its
reservoirs are widely polluted with many chemical
compounds, including heavy metals. One of them
that has adverse effects on health is cobalt and
chromium. Its appearance in the environment is
mainly caused by anthropogenic activities like in the
battery and electronic industries.!"! The presence of
chromium and cobalt in the environment can be fatal
for living organisms leading to adverse health
effects.l”™ Their presence in drinking water is one of
the oldest and most challenging pollution problems
that affect human health and ecosystems. These
metals cause serious problems including
cancerogenic effects on the body. For example,

contacts such as nasal mucosa and skin. Exposure to
Cr(IIT) at a high level causes skin rash and it can
accumulate in the human cells leading to DNA
destruction, affecting the respiratory tract, increase
in lung weight, and having an immunological effect
as a toxic. Exposure to a high amount of cobalt
cause problem with fetus development during the
third month. Cobalt was supposed that it may be a
carcinogen by many researchers.

For that reason, it is crucial to deal with the
removal of heavy metals from aquatic reservoirs.
Besides many techniques, the coagulation, electro-
coagulation, electrodialysis, flocculation, ion
exchange, chemical precipitation, membrane
separation, reverse osmosis, photocatalytic removal
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of heavy metal, solvent extraction for heavy metal
removal, and the adsorption of the heavy metals by
the adsorbents seems to be a promising and effective
technique of adsorption.!*?! Adsorption method has
easy operational conditions, low-cost, has a wide pH
range, and has extraordinary metal binding
capacities. The adsorption method based on natural
sorbents is used widely for its simplicity, low costs,
and high efficiency.['"!') Among many materials
that are used for sorption like activated carbon,!!3-!%]
carbon nanotubes,'3 clays,!31¢ zeolites,!'>!*! bio-
adsorbents,'*13!  silica,'">'"!  wood ash, and
apatite,!'*1213-24] the hydroxyapatite have promising
properties for the heavy metals removal from the
wastewater. The hydroxyapatite (HAp) having the
formula (Caio(PO4)s(OH),) can occur in different
forms like the bare HAp, fluorapatite (Caio(PO4)sF2),
and chlorapatite (Caio(PO4)sCl»). Each form can be
easily used for aquatic pollution removal. This
mineral offers a large surface for removing many
chemical compounds from aqueous media and
biocompatibility, being non-toxic for living
organisms. Due to its physico-chemical properties it
is widely synthesized to be used for adsorption of
many inorganic compounds like heavy metal ions
such as Cu2f 1119 Zn2r 191 C g2+ 1011 Co2*, Ni2t,
Hg?22251 Cro 21 Agh 181 pp2e 12141 Fe¥*  and
Cr** 321 Hydroxyapatite also has tremendous
potential for the removal of anions like As*,!*
F~ 122 organic pollutants like phenol,!'®2
nitrobenzene,” and even antibiotics with high
adsorption ability.**!!  Hydroxyapatite can be
synthesized from chemical sources or obtained from
natural sources such as animal bones;!'>?! however,
it can also be easily prepared from the natural apatite
ores."'! An enormous abundance of apatite ore, even
2.55 billion tons of the apatite, making it a low-cost
and promising source of hydroxyapatite for
wastewater treatment, especially the water reservoirs
polluted with cobalt and chromium ions was found
in Lao Cai province, Vietnam. This approach is still
relatively new with only a few studies done
before.[!:32]

In this work, the nanostructural hydroxyapatite
was obtained within the chemical modification of
natural apatite ore gained in the Lao Cai province as
a low cost, natural, and eco-friendly adsorbent
material for heavy metals treatment. We present the
effective removal of the Co?" and Cr** ions from the
wastewater by the application of the hydroxyapatite,
obtained from the natural apatite ore. The studies
were performed in function of the pH of the tested
solution, ions concentration, adsorbent mass, time,
and temperature on adsorption capacity and
efficiency.

Dinh Thi Mai Thanh et al.

2. MATERIALS AND METHODS
2.1. Materials, chemicals

The natural apatite ore was supplied from the Lao
Cai province in Vietnam. The nitric acid, HNOs, 63
%, ammonia solution NH3aq) 25 %, cobalt(Il) nitrate
hexahydrate, Co(NO3)>6H,0, 99 %, chromium(III)
chloride, CrCls, 99 %, sodium hydroxide NaOH 96
%, and hydrochloric acid HCl 36 % were all
analytical grade and purchased from Xilong
Scientific Co, China.

2.2. Methods and equipment

The morphology of the modified ore was
investigated with two techniques: the Scanning
Electron Microscopy (SEM), JSM-6510LV, JEOL
Ltd. (Japan) and Transmission Electron Microscopy
(TEM) JEM-2100 JEOL Ltd. (Japan).

Modification of the apatite ore procedure: The
apatite ore was modified following the procedure in
the published article, the obtained material had a
phase structure with a specific surface area of 100.79
m*g! and pHy,. of about 7.49.1!!]

Modified apatite ore was characterized by the
zeta potential by the Dynamic Light Scattering
method (DLS, SZ-100V2, Nanoparticle analyzer,
Nanopartica, Horiba Scientific (Japan) in the charge
range of -200 to 200 mV at 25 °C).

The crystallinity of the modified apatite ore
before and after the adsorption was characterized by
the phase component by X-ray Diffraction (XRD),
D8 ADVANCE-Bruker, CuK, radiation (A =
1.54056 A) with a step angle of 0.030°, the scanning
rate of 0.04285° per second, and 26 degree was
measured in the range of 10-70°.

2.3. Cobalt (Co?") and chromium (III) (Cr**) ions
adsorption experiments

The Co*" and Cr*" ion adsorption experiments were
carried out in 50 mL of Co(NOs3), or CrCls solution
at concentrations ranging from 5 mg L™ to 370 mgL-
'. A mass of modified apatite ore (from 0.005 g to
0.4 g) was introduced into the solution. Initial pH
values of the solution ranged from 1.68 to 7.96 and
were obtained using 0.01 M NaOH and 0.01 M HCI.
A pH meter was used to control the pH of the
solution. By using a magnetic stirrer at a rate of 400
rpm, the mixtures were stirred for various time
intervals (5-90 minutes). Each experiment was
repeated three times and the standard deviation is
smaller than 5 %.

Co?" and Cr’* adsorption efficiency H (%) and
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capacity (Q (mgg?')) were determined by these
following Egs. (1) and (2):

H= (Co~Ce) . (1)

Q=(Co— Co)r @
where Co (mgL™) is the initial Co*" and Cr**
concentration in the solution, C. (mgL™') is the
equilibrium heavy metal ions concentration after the
adsorption process, V (L) is the solution volume (V
=50 mL), and m (g) is the mass of modified apatite
ore.

The Co** and Cr** concentrations were
determined by the AAS method at a wavelength of A
= 240.7 nm and A = 357.9 nm, respectively, on
Atomic Absorption Spectrometry (AAS) iCE 3500
Thermo Scientific (Germany).

3. RESULTS AND DISCUSSION

3.1. Morphology and surface potential of
modified apatite ore investigation

The morphology of the modified apatite ore was
investigated using a Scanning Electron Microscope
(SEM) and a Transmission Electron Microscope
(TEM). The SEM image reveals the uniform

IMS-NKL 5.0kV 4.5mm x200k SE(M)

(a)

3.2. Calibration curve

Prior to the adsorption studies, the calibration curves
were prepared. The solutions with initial Co**
concentration from 0 to 10 mgL™" and initial Cr**
concentration from 0.4 to 8 mg'L"! were measured
by AAS to obtain Abs values. The Abs values vary
following Co®" and Cr** concentrations were shown
in Fig. 2. The calibration equation is a linear curve:

00nm

Co’" and Cr’" ions removal from...

distribution of nanosized and grain-like structures,
with sizes of about 20 nm. As can be seen in Fig. la,
hydroxyapatite aggregates form clusters.
Complementary to the SEM analysis, the TEM
studies reveal a more detailed morphology of the
sample. As shown in Fig. 1b, the modified apatite
ore has a regular structure, where the average
diameter of particles is about 25 nm. Particles have
similar shapes and sizes within the whole sample.
The aggregation of particles was observed because
of the fast evaporation of a solvent from the
suspension while drying; however, particular grains
are clearly seen confirming the nanostructural
character of the obtained product of chemical
modification.

The density of charges existing on the surface
of modified apatite ore affects its stability. By using
zeta potential, the surface charge of the modified
apatite ore can be determined. The material’s
stability in suspension can be significantly
influenced by Zeta potential through electrostatic
repulsion between the particles. The value of
negative zeta potential is about -34+0.5 mV due to
the presence of hydroxyl groups. These groups will
interact strongly with the heavy metals cations
leading to the adsorption ability of material which
will be shown in the next part.1**

(b)
Figure 1: (a) SEM image and (b) TEM image of the modified apatite ore. The scale bar in the
TEM image is about 50 nm

y = 0.02255x, with correlation coefficient R? =
0.99806 and vy =0.03974x (R? = 0.99908),
which was used to determine the Co?* and Cr**
concentration in the subsequent experiments.

3.3. The effect of modified apatite ore mass

Figure 3 illustrates the effect of modified apatite ore
mass on the capacity and efficiency of adsorption of
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Co?" and Cr**, with the mass of modified apatite ore
ranging from 0.005 to 0.400 g and a contacting time
of 60 minutes. Figure 3a shows that the adsorption
efficiency rises rapidly from 60.00 % to 91.40 %
when modified apatite ore mass increases from
0.100 g to 0.300 g, but from 0.300 g to 0.400 g the
efficiency increases slowly, while the capacity
decreases. The same behavior occurred with the Cr**
adsorption process, see Fig. 3b. It can be explained
as follow: When the mass of nano adsorbent
increase, the particles will accumulate, and the
distance between particles decreases leading to the
screening effect. The binding sites for Cr**

Dinh Thi Mai Thanh et al.

molecules will be hidden by coacervates on the
adsorbent surfaces. Furthermore, the overlap of the
modified apatite ore leading to Cr*" molecules will
compete for available binding sites which have a
limited number. At a larger dose of modified apatite
ore, the aggregation or agglomeration also rises the
Cr** diffusion path length, leading to the adsorption
rate decrease. To conclude, 0.300 g and 0.050 g of
modified apatite ore can be selected as suitable
amounts for Co*" and Cr*" adsorption experiments to
obtain not only a relatively high treatment efficiency
but also a high adsorption capacity.
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0.3 -
i
0.15 -
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2 202+
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0.1
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y =0.02255 * x y =0.03974 * x
> R? = 0.99806 R? = 0.99908
0-00 T T T T T 0-0 T T T T T T T T
0 2 4 6 8 10 o 1 2 3 4 5 6 7 8 9
Co?* concentration /mg'L" Cr** concentration /mg'L™
(a) (b)
Figure 2: The calibration curves of (a) Co*" and (b) Cr**
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Figure 3: The change of adsorption efficiency and capacity follows the mass of modified apatite ore
(at pHo, Co = 30 mg'L"!, contacting time is 60 minutes) for (a) Co*" and (b) Cr**

3.4. The effect of contacting time

The next step was the investigation of the impact of
different contacting times on the heavy metal ions’
adsorption. Measurements were performed from 5 to
90 minutes, where results indicate an identical trend,

see Fig. 4 a,b. When the contacting time was
increased from 5 to 15 minutes, the Co** adsorption
efficiency increased from 71.30 % to 85.08 %, and
the capacity rose from 4.66 mgg™! to 5.57 mgg'. In
the range from 15 to 90 minutes, the adsorption
efficiency and capacity increased slowly. This can
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be explained as follows: when the contacting time
increases, the heavy metal ions fill the pores and
active sites of modified apatite ore more, leading to
a rise in the adsorption efficiency and capacity.
However, after a definite period, the adsorption
equilibrium is gained and the adsorption capacity
stays nearly unchanged. Therefore, 15 minutes is the

100 § 6.0
_§/§
45.5
90 4 %
_ I/ ‘T.m
N %_%/l 150 @
£
T / A3
(e]
80 -
44.5
70 T T T T 4.0
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(a)

Co’" and Cr’" ions removal from...

suitable contacting time for the Co?" adsorption
process. Similarly, for the removal of Cr*" using
modified apatite ore, 60 minutes was selected as the
optimum, with the adsorption -efficiency and
capacity of Cr*" of 89.16 % and 25.24 mgg’,
respectively.

28
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Figure 4: The variation of adsorption efficiency and capacity follow contacting time with Co = 30 mgL",
pHo, the mass of modified apatite ore is 0.3 g for (a) Co?" and 0.05 g for (b) Cr**

3.5. The effect of pH

The pH of the initial solution in the adsorption
process of modified apatite ore was varied from 3 to
8 for Co*" and 1.68 to 5.6 for Cr**. The pH point
zero charge (pHpzc) was determined to be 7.49.1!1]
Depending on the pH of the solution, the materials’
surface has a negative or positive charge. If the
adsorption process is conducted in pH solution <
pHpzc 7.49, the surface of the material has a positive
charge, and conversely, for pH solution > 7.49, the

90 6.0
%/% 45.8
85 -~ _—
~ %/ {56
e
80 1547,
§ o
T 152 E
75 4 o
{5.0
70 4 %/% Jas8
¢
§/ Co?* {46
65 L T T T T T
3 4 5 6 7 8
pH
(@)

surface of the adsorbent has a negative charge. From
the pHpzc value, the adsorption ability of the
material can be explained depending on the pH of
the solution. However, when raising the pH of the
Co?" solution above 8, the precipitation appeared,
and this also happened with Cr*" at pH above 5.6.
This explains why the experiment stopped at those
pH points.

According to figure 5, the lower the pH level,
the less effective the adsorption process is due to the
competition between H* and heavy metal ions.

— I
80 t 128
424
2 %7 {20 g
I ~
404 16 5
412
20 4 48
[ )
o cr*t{4
0 T T T T
1 2 3 4 5 6
pH
(b)

Figure 5: The variation of adsorption efficiency and capacity follow pH with mass of modified apatite is
about 0.3 g, Co =30 mg'L"!, contacting time is about 15 minutes for (a) Co*" and mass of modified apatite is
about 0.05 g, Co = 30 mg'L"!, contacting time is about 60 minutes for (b) Cr**
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When the pH solution increases, the efficiency and
the adsorption capacity rise. When pH is lower than
pHpzc, the surface of modified apatite ore has a
positive charge, so the electrostatic force is the
interactive force. When pH is higher than pHpzc, the
efficiency and adsorption capacity increase, this can
be explained as follow: at a high pH value, the
surface of the material has a negative charge but if
pH is too high then OH ions will lead to the
formation of precipitation of Co(OH), and Cr(OH)s.
In conclusion, pH = pHy of both Co*" (6.57) and Cr**
(3.76) were chosen to use in future experiments for
practical applications.

3.6. Initial Co?" and Cr*' concentration effect

The following step was the determination of the

14

N — |
WVL\/i 1° ..

H /%
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—
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40 §\; 14

20 T T T T T 0
0 50 100 150 200 250 300 350

Cco ImgL™
(a)
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influence of the initial concentration on the
adsorption efficiency and capacity of the modified
apatite ore, the concentration of Co*" solution was
varied from 7 to 315 mgL’, and for the Cr**
solution, the concentration was changed from 5 to
370 mgL'. Figure 6 shows that when the initial
concentration increases, the adsorption efficiency
decreases, and the capacity rises. When the initial
concentration varies to a definite value, the
adsorption capacity has nearly no increment,
corresponding to the adsorption process reaching the
saturated state. For a given amount of modified
apatite ore, there is a specified number of adsorption
pores. In the case of all the adsorption pores being
filled by Co*" and Cr*" ions, when the concentration
of heavy metals increases, the adsorption capacity
has nearly no change.

80
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g..\ 420
20 4 .
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Figure 6: The variation of adsorption efficiency and capacity follows the Co?" (a) and Cr** (b) initial
concentration with the mass of modified apatite ore is about 0.3 g and 0.05 g, pHo, contacting time is about
15 and 60 minutes, respectively.

3.7. Temperature effect studies

When the temperature of the adsorption process
increase, the adsorption efficiency and capacity also
increase (tables 1 and 2). The intercept and slope of

the plot of In(K,) versus % (figure 7) give the values
of the standard Gibbs free energy change AGY, the
enthalpy change AH® and the entropy change AS°
(tables 3 and 4). A negative value of AG® and a

positive value of AH® show that the adsorption
process is spontaneous and endothermic. The values
of AG® are smaller than the value of physical
adsorption (-20 to 0 kJmol') and chemisorption
range (-80 to -400 kJmol'), suggesting that the
adsorption of Co?" and Cr** onto modified apatite
ore is physisorption. The AS® with positive values
proves the increase in randomness at the adsorbate-
adsorbant interface.l**!

Table 1: The parameters H (%), Q. (mg'g™"), Kg when temperature varies in Co** adsorption process (t = 60
minutes, mass of modified apatite ore = 0.1 g, pHy) (Kq is the equilibrium constant)

Temperature (K) Co(mgL"') Ce(mgL!) Hco (%) Qe(mgg!) Ka=Q/Ce(Lg!) InKq 1/T (KD
298 17.83 70.87 21.69 1.22 0.20 0.003356
308 61.20 16.54 72.97 22.33 1.35 0.30 0.003247
338 ) 11.13 81.81 25.03 2.25 0.81  0.002959
348 10.64 82.61 25.28 2.38 0.87 0.002874
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Table 2: The parameters H (%), Qe (mgg'), Kq when temperature varies in Cr** adsorption process
(t = 60 minutes, mass of modified apatite ore = 0.05 g, pHO)

Temperature (K) Co(mgL"') Ce(mgL') Her (%)  Qe(mgg') Ka=Qo/Ce(Lg!) InKg 1/T (K
308 5.16 82.92 25.04 4.85 1.58  0.003247
317 3020 1.56 94.83 28.64 18.35 291 0.003155
328 ’ 0.08 99.75 30.12 399 599  0.003049
338 0.05 99.83 30.15 599 6.40  0.002959

1.0 7
0.8 - o 61
5 4
0.6
0.4
34
®
027 o Co™ 2{ o cr™
y = -1489.26276 x + 5.17245 y = -18191.85855 x + 60.65274
00 R?=0.98717 1 R? = 0.94231
0.0028 0.0030 0.0032 0.0034 0.0029 0.0030 0.0031 0.0032 0.0033
1T IK™! 1T IK?
(a) (b)

Figure 7: The relationship of LnK4 and 1/T in the case of Co?" (a) and Cr** (b)

Table 3: The parameters AH’, AS?, and AG® in the case of Co**

Temperature (K) AH° (kJ'mol ™)

AS° (kImol"K™)  AG’= AH? — T.AS° (kJ'mol™)

298
308
338
348

12.38

-0.43
-0.86
-2.15
-2.58

0.043

Table 4: The parameters AH’, AS?, and AG in the case of Cr**

Temperature (K)  AH° (kJ'mol ™)

AS° (kJ'mol K™

AG’ = AH® — T.AS° (kJ'mol')

308
318
338
348

151.25

-4.07
-8.61
-14.15
-19.20

0.504

3.8. Adsorption isotherm

The adsorption experiments were conducted under
the following conditions: 0.3 g or 0.05 g of modified
apatite ore in 50 mL of Co?" and Cr*" solution with
varying concentrations, stirring for 60 minutes with
a speed of 400 rpm. The C. and Q. parameters were
calculated from the experimental data, and Langmuir
and Freundlich isotherm adsorption models were
established. As can be seen from Figure 8, the
Langmuir model can be used to describe the
experimental data of Co’" and Cr’* adsorption

process by modified apatite ore in research
conditions with R? values being respectively 0.99399
and 0.97251. This is higher than for the Freundlich
model (0.98726 and 0.9704). From the isotherm
curve, which follows the Langmuir model, we can
calculate that the Co?" maximum adsorption capacity
Qmax is 13.52 mgg! and the Cr** maximum
adsorption capacity is 70.37 mgg'. Table 5 shows
the results previously published for comparison with
this study about the optimized condition, adsorption
capacity, and removal yield. It can be observed that
modified apatite ore at the selected optimized
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conditions has a better efficiency compared to some

Dinh Thi Mai Thanh et al.

other adsorbents.

Table 5: Comparison of the optimized conditions, removal%, and adsorption capacity of different Co?* and
Cr** adsorbents relative to our modified apatite ore

Adsorbent Conditions Adsorption capacity (mg/g) Removal %  Reference
Wood ash pH 2 - Co?" 99 % [4]
3 hours
100 g/L wood ash
FAU-type zeolite 20 mL Co* 12.2 mg/g Co* 20-65 % [14]
90 minutes
200 mg/L Co**
Hydroxyapatite/chitosan pH 6.0 Co?*10.63 mg/g Co?*88.72% [2]
composite 3 g/L of material
40 minutes
10 mg/L Co**
25°C
Hydroxyapatite/Fes0s/  pH 6 Co?"49.32 mg/g Co*" 90 % [20]
polydopamine 1 g/L material
25°C
50 minutes
Modified apatite ore 0.3 g material Co?" 13.52 mg/g Co** 85 % This study
50 mL
25°C
15 minutes
Bone char pH 5 Cr** 78.59 mg/g - [3]
25°C
30 mg/L Cr**
V=40 mL
0.2 g BC
7 days
Activated carbon, silica, 20 mL Cr**60.9 mg/g Cr’'50.6% [15]
silica activated carbon ~ pH 2.0
composite 24 hours
30 ppm
Hydroxyapatite 1.0 g HAp Cr’*96.9 mg/g - [35]
nanoparticles 250 mL Cr**
Hydroxyapatite/ 100 mg/L Cr** Cr** 12.89 mg/g - [36]
carboxymethyl cellulose
composite
n-HAp Cr** 9.03 mg/g
Modified apatite ore 0.05 g material Cr** 70.37 mg/g Cr** 90 % This study
50 mL
25°C
60 minutes

3.9. Adsorption Kinetics

Figure 9a,b shows the kinetic data using Lagergren’s
pseudo-first-order equation, and Fig. 9¢,d shows the
kinetic data plotted by McKay and Ho’s pseudo-
second-order equation. A linear relationship with a
high correlation coefficient (R* = 0.99933 and
0.99231) between t/Q; and t was obtained, which

shows the Co*" and Cr*" adsorption on modified
apatite ore fitted with the pseudo-second-order
model than the pseudo-first-order one. The
calculated parameters of this model are presented in
table 6.

In addition, there was an agreement between the
values of the measured Q...xp and the calculated ones
(Qc.cat), resulting from the plots of pseudo-second-
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order (table 6) at elaborated Co®" and Cr*
concentration. This also confirmed that the
adsorption of Co?" and Cr** onto modified apatite

Co’" and Cr’" ions removal from...

ore is completely consistent with the pseudo-second-
order model.

15 80
70 -
60 -
10 -
= <_ 501
o o
2 g 401
o 8" 30
(<] 5 e Co?* e Cr*
Langmuir 20 4 Langmuir
R? = 0.99399 R? = 0.97251
Freundlich 10 1 Freundlich
0 R? = 0.98726 0 ° R? = 0.9704
0 50 100 150 200 250 0 50 100 150 200 250 300
C. Co* /mgL™" C.Cr* ImgL™
(a) (b)
Figure 8: Adsorption isotherm curves of Co?* (a) and Cr** (b) follow the Langmuir and Freundlich model
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Figure 9: (a, b) Lagergren’s pseudo-first-order law, (c, d) McKay and Ho’s pseudo-second-order law kinetic
models were used to model adsorption data
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Table 6: Parameters of Co*" and Cr** removal process calculated using McKay’s and Ho’s pseudo-second-
order law model (k; is the pseudo-second-order rate constant for adsorption)

Qe.exp

Qe.cal ko

Linear equation ) R?
a (mgg") (mgg™) (g.mg"'min)
Co*" y=0.16836 x +0.25731 5.91 5.94 0.110159 0.99933
Cr’*  y=0.03666 x +0.23677 25.62 27.28 0.005676 0.99231

3.10. Wastewater treatment

After the detailed investigation of the heavy metal
ions removal based on the model solutions within
the application of the nanostructural hydroxyapatite
used from the apatite ore, the following step was the
application of the proposed material for the removal
of heavy metal ions from the real wastewater
collected at a plating company in Noi Bai Industrial
Zone, Trieu Khuc craft village, Hanoi, and at a lake
of wastewater number 2 — Lung Vang mine (Pb-Zn),
Bac Kan, Vietnam. Based on the results presented in
Tab. 7 it is seen that the plating sample contains
Co?" and Cr**, besides there are some other heavy
metal ions such as Cu?" and Zn?', where the
concentration of Cr**, Cu*', and Zn*' in plating
wastewater is much higher than the maximum
permitted limit concentration of industrial
wastewater following the QCVN 40:2011/BTNMT
norm (I mgL'; 1 mgL!' and 2 mgL?,
corresponding). In the case of craft village and mine
wastewater, there is the presence of Cr** and Zn?*
ions but the concentration is very small.

Through the optimized parameters of the
sorbent, the experiments were performed in the
following conditions: 0.03 g; 0.1 g; 0.2 g; 0.3 g and
1 g of modified apatite ore were placed in 50 mL of

wastewater primarily filtered to remove solid
impurities suspended in the solution. After the
filtration, the adsorbent was stirred for 60 minutes
likewise the experiments described above. Then, the
sample was centrifuged to separate the adsorbent
from the suspension and the solution was tested with
the application of the AAS technique. Besides, the
pH of the plating wastewater is very low, out of the
range for industrial wastewater (pH 5.5-9.0). After
treatment with 0.03 g modified apatite ore, the craft
village and mine wastewater have heavy metal ion
concentration and pH values in the range of above
norm. However, with plating wastewater, the heavy
metal ion concentration decreases the pH increase
but is still much higher compared to the limited
value. Therefore, the higher dose of modified apatite
ore was used, namely, 0.1 g; 0.2 g; 0.3 g; and 1 g.
When the dose of adsorbent increases, the
concentration of heavy metal ions decrease, and pH
increase. With the dose of modified apatite ore of 1
g, the concentration of heavy metal ions and pH is in
the range of norm. Based on the obtained results on
Table 8, it is seen that the modified apatite ore can
be used as an effective absorbent for heavy metals
removal from the wastewater. Its application also
can be used on a larger, industrial scale.

Table 7: The values of concentration and pH of real wastewater samples

Wastewater Co**(mgL')  Cr¥*(mgL') Cu**(mgL') Zn*(mgL") pH
Plating 0.036 12.46 7.012 16.514 2.70
Craft village - 0.045 - - 7.54
Mine - 0.023 - 0.083 7.63

Table 8: The values of concentration, H and pH of real wastewater samples after treatment

Co*™  He2r Cr" Hes+ Cu* He2t  Zn* Hye2+

Mass — Wastewater (,011) (00) (mgL') (%) (mgl') (%) (mgl') (o5 P
0.03 g Plating 0.018 50 10.648 14.55 5.277 24.74 13.923 15.69 3.74

Craft village - - 0.023 50 - - - - 7.9

Mine - - 0.023 - - - 0.013 8421 7.4
0.1g Plating - - 8.496 31.82 2.639 62.37 9.421 4295 4.53
02¢g Plating - - 4.169 66.55 0.318 95.46 3.101 81.22 4.80
03g Plating - - 2.719 78.18 0.175 97.51 2117 87.18 4.87
lg Plating - - 0.400 97.27 - - 0.088 99.47 5.60
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3.11. Crystallinity analysis

Complementary to AAS measurements, the
modified apatite ore was investigated with X-ray
diffraction (XRD) to estimate the crystallinity and
chemical composition of the sorbent used for the
heavy metals removal. Figure 10 presents the XRD
patterns of modified apatite ore before and after the
adsorption of Co?* (at pHo, m = 0.3 g, 15 minutes,
Co** concentration of 30 mg'L') and Cr** (pHo, m =

Dinh Thi Mai Thanh et al.

0.05 g, 60 minutes, Cr*" concentration of 30 ppm).
Modified apatite ore has characteristic peaks of
hydroxyapatite with the highest intensity peak at
around 32.5° and another peak at about 26.2°. After
the adsorption process with Co*>" and Cr*, the
obtained material presents only characteristic peaks
of hydroxyapatite; this result indicates that the phase
structure of the material does not change leading to
the desorption and reused ability of the material.

1: Ca,y(PO,)¢(OH), PDF 00-064-0738 1

Intensity /a.u

Modified apatite

Modified apatite - Co
1 1
1

1

10 20 30

40
2 0 /degree

50 60 70

Figure 10: XRD patterns of modified apatite ore before and after the adsorption of Co** and Cr**

4. CONCLUSIONS

Modified apatite ore shows a huge potential in water
remediation from heavy metal pollution. Within the
application of the natural apatite ore sources, it
became a low-cost material that effectively deals
with water pollution. In this work, we have
presented its effective application in the removal of
heavy metal ions from the wastewater gained from
the mine. Prior to the wastewater treatment, it has
been measured that the suitable conditions for this
application are 0.3 g of modified apatite ore
adsorbing 50 mL of Co?*" solution of 30 mgL"' at
pHo and a contacting time of 15 minutes. With Cr**,
the amount of modified apatite ore is 0.05 g to
adsorb 50 mL of Cr** solution of 30 mgL" at pHo,
and the preferable contacting time is 60 minutes; the
adsorption process matches the Langmuir isotherm
model with a maximum capacity is 13.52 mgg™! for
Co?" and 70.37 mgg"! for Cr**. The kinetic data of
the adsorption process fitted better with the pseudo-
second-order model than the pseudo-first-order one.
The adsorption process is physisorption with

enthalpy change of 12.38 and 151.25 kJmol! for
Co?" and Cr’*", respectively.
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