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Chapter

The Use of Industrial Waste for the
Bioremediation of Water Used in
Industrial Processes

Rosa Herndndez-Soto, José¢ A. Herndndez,
Alba N. Ardila-Arias, Mercedes Salazar-Herndndez
and Maria del Carmen Salazar-Hernandeza

Abstract

Recently the interest in the remediation of liquid effluents from industries such
as paint manufacturing, leather tanning, etc. has increased, because the quality of
the water used in these processes is highly compromised and is generally discarded
without any process of purification, causing an inadequate use of water and con-
tributing to the hydric stress of the planet. Therefore, it is necessary to find alterna-
tives for the remediation of water used in industrial processes; one of the methods
that has been widely accepted given its high efficiency, low cost, and versatility
compared to others is the bioadsorption using materials derived from various
processes used for the elimination of metals such as Cr, Co, Cu, Ni, etc. from liquid
effluents. Among the materials used for this purpose are rice husk, orange, and
wheat as well as apatite (hydroxyapatite and brushite), derived from animal bones,
which have shown good capacity (>90%) to adsorb metals from aqueous solutions.
Through the characterization by DRX, FTIR, and SEM, of the brushite and studies
in equilibrium and kinetics of adsorption, it has been demonstrated that this mate-
rial has a good capacity to remove metals present in water.

Keywords: brushite, removal, isotherm, kinetics, metals

1. Introduction

The contamination of water bodies due to the presence of heavy metals is a seri-
ous problem, because every day this vital resource is scarce and because of the high
toxicity of these compounds for the health of living beings. The metals present in
water are a risk factor for the development of diseases such as cancer and dermatitis;
in addition, they may be accumulated in the human body because they cannot be
metabolized [1-7]. Solid-liquid removal processes such as chemical precipitation,
filtration, and adsorption, among others, have been widely used for the removal
of metals such as nickel (Ni), iron (Fe), copper (Cu), zinc (Zn), cobalt (Co), and
chromium (Cr) of liquid effluents [8-11]; however, some of these methods have
disadvantages such as high operating cost and low efficiency; however, methods such
as coagulation and precipitation are already used in various industrial processes for
the removal of metals from industrial effluents [12]. In recent years, adsorption has
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been one of the most used metal ion removal techniques, since it is a simple, effective,
and inexpensive process compared to other methods [13-17]. Adsorption processes
have been experimented with an extensive amount of materials such as adsorbents,
among which activated carbon stands out due to its high capacity for capturing metal
ions; however, this material has the disadvantage of generating large quantities of
sludge, since the removal of metals trapped in activated carbon can only be done
with processes that are often expensive such as leaching [5, 9, 18, 19]. For this reason,
the use of different materials that are economical, are easy to obtain, and have high
efficiency in the removal of metal ions has been investigated. In recent decades, these
studies have focused on the waste derived from the agricultural industry that produces
large amounts of waste such as biomass, wheat husks, rice, orange, etc. [2, 4, 8, 9, 16,
18-30]; the use of residues from other industries has also been investigated, such as
the case of apatites derived from the bone tissue of animals, which have been used

for removal of dyes and metal ions obtaining promising results. The use of apatites in
particular hydroxyapatite and brushite for the adsorption of heavy metals such as Cd,
Cu, Ni, Pb, Co, Mn, and Fe, to name a few, has already been reported [31-35]; how-
ever, in most of the studies carried out, only the process of adsorption of metallic solu-
tions of a single component has been analyzed, so the objective of the present work is
to evaluate the capacity of brushite (nDCPD), obtained from bovine bone to remove
Ni (II), Co (II), and Cu (II) of aqueous solutions, analyzing the selectivity of removal
of metal ions in aqueous solutions with two or three different metals, determining the
kinetic models and in equilibrium in which the removal of metals takes place and the
structural changes suffered by nDCPD during the development of the different tests.

2. Experimental
2.1 Reagents

All the reagents that were used were of analytical grade. The water used for
the preparation of solutions in the experiment was deionized. The solutions to be
evaluated were prepared by dissolution of salts of nickel (Ni(NOs), 6H,0), cobalt
(Co(NO;),-6H,0), and copper (Cu(NOs),) in concentrations from 0 to 1,000 ppm.

2.2 Preparation of the adsorbent

Brushite natural (nDCPD) was obtained from bovine bone, which was washed with
hot water several times to remove tissue debris, and then it was dried at 353 K for 24 h.
Next, the bones were crushed and sieved to obtain a particle size of 150 mesh (104 pm).
Then, the powder obtained was treated with HCl and NaOH solution, 107> M, respec-
tively, using a ratio of 30% w/v. Finally nDCPD was stored until its use [1].

2.3 Characterization of natural brushite

The X-ray diffraction patterns (XRD) were obtained in a Rigaku diffractom-
eter (Ultima IV). The Fourier transform infrared studies of the samples were
performed in an IR 100 Analyzer spectrophotometer (PerkinElmer), in a range of
400-4000 cm ™. The scanning electron microscopy (SEM) images were obtained in
aJOEL equipment (6510-Plus).

2.4 Co, Cu, and Ni adsorption isotherm

The different isotherm models used to describe the adsorption of Ni, Co, and
Cu are concentrated in Table 1, for each one of the regression coefficients was
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calculated to evaluate the adjustment of each nonlinear model and the separation
factor, Ry, which allows to predict the affinity between the adsorbent and adsor-
bate, using Eq. 1 [5]:

_ 1
Ri=1; K. Co 1)

where K}, is the constant of the Langmuir model and Cy is the initial concentra-
tion of Ni, Co, and Cu ions. To know the thermodynamics of the adsorption pro-
cess, the free-energy parameters of apparent Gibbs were determined. AG (kJ/mol),
AH (kJ/mol), and AS (kJ/mol K), which are directly related to changes in tempera-
ture, and help to understand the mechanism of adsorption of metal ions, by using
Egs. 2, 3, and 4 [27, 36]:

AG = -RTIn(k) (2)
k = 555K, (3)
In(k) = —% + %S 4)

where K, is the constant of the Langmuir model (L/mol), R is the constant of the
ideal gases, and T is the absolute temperature (K). The values of AH and AS can be
determined with the slope and ordered to the origin of the graph In k as a function
of 1/T.

For the study of the adsorption isotherms of the different metals in nDCPD,
1 g of sorbent was put in contact with 50 ml of the aqueous solution of the metal
ions Co, Cu, and Ni, varying the concentration between 0 and 1000 ppm ina
shaker (ZHWY-200D) with an agitation of 200 rpm at 25, 35, and 45°C for 24 h of
contact time.

2.5 Batch removal kinetics

The experiments to establish the kinetics of metal ion removal in nDCPD and
to know the evolution of the adsorption of Ni, Co, and Cu ions in the biomaterial
were carried out in batches. They were carried out varying the concentration of
nDCPD (C,q4s), from O to 40 g/L, during 24 h at a speed of 200 rpm and at 25, 35,
and 45°C. At specific times aliquots of aqueous solution were taken to separate the
adsorbent material and the liquid supernatant by centrifugation at 10,000 rpm. The
supernatant was analyzed with the help of a spectrophotometer (JENWAY 6705) to
know the concentration of the different ions present in the solution. The amount of
ions removed (g,) by nDCPD was obtained by applying Eq. 5 [4]:

qe _ V(C;/l— C) (5)

where Cj and C represent the initial concentration and the concentration at time
t or in equilibrium (mg/L), V is the volume of solution (L), and m is the mass of
nDCPD (g).

The percentage of removal (%R) was calculated as Eq. 6 [5]:

(CO - Ce)

%R = c
0

x 100 6)
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Model Equation
g (KC)"
SIPS I T way”
. KxC,
Redlich-Peterson (R-P) q.=
1+ag Cep
. _ 4nKiLC
Langmuir =1 K.C.
Temkin g.=A +Bin(C,)
Freundlich q. = K:C*

SIPS: Ks (L/mg), g, (mg/g), ns (dimensionless); Redlich-Peterson: Kg (L/g), ag ( L/mg)/’, B (dimensionless); Langmuir:
Ky, (L/mg), ¢, (mg/g), Ry, (dimensionless); Freundlich: Ky [ (mg/g) (L/mg) TV, n (dimensionless); Temkin: A (L/mg),
B (kJ/mol).

Table 1.
Nonlinear adsorption isotherm models [40, 41].

3. Results and discussion
3.1 Adsorption isotherms

Adsorption data obtained at different temperatures help to understand the inter-
action between nDCPD and Ni, Co, and Cu ions; analyzing the data with different
adsorption models, the model with better fit is obtained. In Table 1, the most used
isotherm models are described according to the literature, and in Figures 1-3 for
Ni, Co, and Cu, respectively, the behavior of the removal of metal ions at different
temperatures is shown. The parameters derived from the adjustments together with
the coefficient of determination, R?, are shown in Tables 2—4, for Ni, Co, and Cu,
respectively, using the SigmaPlot software (® Version 11) at a temperature of 15,
30, and 45°C. Based on the results obtained, it is observed that the most appropriate
models to adjust the adsorption in nDCPD of Ni metal ions, in the three tempera-
tures analyzed (Figure 1 and Table 2), are SIPS, Redlich-Peterson, and Langmuir
and Freundlich, suggesting that Ni ions are adsorbed on the surface of nDCPD
causing the formation of a monolayer and that the adsorption process is physical.
On the other hand, the results obtained in the removal of Co ions (Figure 2 and
Table 3), show that the models with the best fit of the data are SIPS, Redlich-
Peterson and Langmuir in the three temperatures analyzed, which implies that the
cobalt ions are adsorbed on the surface of nDCPD, in a physical process indepen-
dent of temperature. Finally, in the removal of Cu ions (Figure 3 and Table 4),
only an appropriate fit was obtained with the SIPS model, which suggests that the
removal of copper ions in equilibrium is carried out by a physisorption process on
the surface of the adsorbent. The obtained results also show that the removal of all
the ions analyzed using nDCPD is favored given that the R, values are between 0
and 1, which indicates that the adsorption is favorable; this tendency can be seen
independently of the temperature used. The results of metal ion removal obtained
in the present study using nDCPD are comparable with those obtained using
other agroindustrial residues, since for Ni, removals between 6.88 and 120 mg/g
have been obtained, while the value obtained in this work was of 22.48 mg/g. In
the case of Co, a removal range of 2.55-45.44 mg/g has been reported, and in our
case a value of 41.81 mg/g was obtained, finally, for Cu, removal values have been
reported in the range of 0.98-163.01 mg/g, while in the present study a value of
41.88 mg/g of adsorbent was obtained [3-5, 13, 20-23, 26]. On the other hand,
when comparing the results obtained with those reported by other authors who also
used hydroxyapatites and brushite as adsorbent material, it was observed that the
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Adjustment of the experimental data of Ni adsorption using the different models of isotherms at different
temperatuves.
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Adjustment of the experimental data of Co adsorption using the different models of isotherms at different
temperatures.
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Adjustment of the experimental data of Cu adsorption using the different models of isotherms at different
temperatures.

model that was best adjusted was that of Langmuir, with a capacity of Ni adsorption
reported between 9.9 and 40.0 mg/g, these data are comparable with those obtained
in the present work. In the case of Co, an adsorption with apatites of 8.8-20 mg/g
has been reported, a value lower than that obtained with natural nDCPD obtained
in the present study, which is 41.8 mg/g. Finally, in the case of Cu ions, a range of
adsorption has been documented in this type of materials of 26.6-343.64 mg/g, a
value comparable to that obtained in the present work with nDCPD [7, 15, 32-35].
From the results obtained, it can be inferred that brushite is a material with good
characteristics for the removal of metals from wastewater; it could also be observed
that nDCPD favors the adsorption of Cu over Co and Ni.
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Models Parameters

15°C 30°C 45°C
SIPS
Ks 0.005 0.016 0.0020
qm 18.2426 20.6152 22.4789
ng 1.1611 0.8644 1.3671
R’ 0.9969 0.9985 0.9974

Redlich-Peterson

Ky 0.0191 0.2423 0.2024
ag 0.007 0.0240 0.0078
B 1.0 0.9046 1.0
R? 0.9943 0.9990 0.9913
Langmuir
K. 0.0007 0.0078 0.0105
G 277198 18.9551 25.9445
R? 0.9962 0.9975 0.9913
R, 0.588-0.935 0.114-0.562 0.087-0.488
Freundlich
K 0.0552 1.6384 1.5515
n 1.2921 27263 2.3854
R? 0.9923 0.9869 0.9980
Temkin
A 1873 x 1078 2683 x 1078 2.3779 x 107
B 1.0213 2.3617 2.8940
R? 0.6402 0.9078 0.8337
Table 2.

Equilibvium parameters of adsorption models at different temperatures for Ni ions.

3.2 Effect of temperature on the removal of metal ions

In the literature it has been widely reported that one of the most important
variables in the process of solid-liquid removal is temperature, since it directly
influences some thermodynamic parameters (Table 5) of great interest in the
removal process. The negative values of AG indicate that the removal processes of
the metal ions of the aqueous solutions are carried out spontaneously; the increase
of the value in the negative scale parallel to the increase of the temperature shows
the direct dependence with this variable. The positive value of the AS indicates
that the sites of the solid-liquid interface during the uptake of metal ions increase
due to the randomness in the adsorbent [4, 5, 13, 34, 37], while the positive value
of AH reveals that the process has an endothermic nature, which will influence
the increase in ion removal as the temperature increases, which makes the process
feasible and spontaneous at temperatures above room temperature [27, 36, 37].
Several reports indicate that the metal adsorption process in brushite is spontane-
ous; however, some authors indicate that the heat of adsorption in this process is
negative, therefore, as the temperature increases, the removal capacity decreases.
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Models Parameters

15°C 30°C 45°C
SIPS
Ks 0.0470 0.0208 0.0117
qm 23.8607 30.1446 41.8104
ng 1.1294 0.8178 0.9105
R’ 0.9895 0.9958 0.9895

Redlich-Peterson

Ky 0.1884 0.4259 0.3462

ag 0.0073 0.0326 0.0089

i 1.0 0.8886 1.0

R? 0.9980 0.9953 0.9891

Langmuir

K 0.0073 0.0089 0.0124

. 25.6863 26.5263 39.0000

R 0.9980 0.9933 0.9891

R, 0.121-0.578 0.101-0.529 0.075-0.447

Freundlich

Ky 1.3457 2.2983 21685

n 2.2770 26411 2.2291

R? 0.9723 0.9773 0.9753

R,

Temkin

A 2.0398 x 107° 1.8935 x 1078 4696 x 107

B 2.8230 3.3781 —6.3526 x 107°

R? 0.8390 0.9084 0.4984
Table 3.

Equilibrium parameters of adsorption models at diffevent temperatures for Co ions.

[4, 5, 13], However, other authors agree with that found in this work, where the
heat of adsorption is positive and, as the temperature of the process increases, the
adsorption of the ions in the material increases [32].

3.3 Effect of contact time and amount of adsorbent

In the process of solid-liquid adsorption, it is convenient to know the necessary
contact time between the adsorbent and the adsorbate to achieve a maximum inter-
action between both and get removed as much metal ions as possible. Figures 4-6
show the adsorption curves of each metal ion, where it is observed that about 10 h
after the start of the process, the adsorption speed is high and that after this time
the rate of removal of the ions. It decays, probably, because the sites where the
capture of the ions is carried out are saturated, and therefore the balance is reached
regardless of the concentration of absorber that has been used. This type of behav-
ior is common among various adsorbent materials [37]. Also, it is observed that
the adsorption capacity of the adsorbent material decreases significantly with the
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Models Parameters
15°C 30°C 45°C
SIPS
K 1.396 x 107 ND 0.2080
G 41.4493 41.3266
ng 2.3971 1.1676
R? 0.9980 0.9200
Redlich-Peterson
K 0.2036 ND 9.9421
ag 0.0013 0.2322
B 1.0 1.0
R? 0.9632 0.9170
Langmuir
Ky 0.0013 ND 0.2322
G 154.8825 42.8164
R? 0.9632 0.9170
R, 0.435-0.885 0.004-0.041
Freundlich
K 0.2914 ND 14.5249
n 1.1274 47001
R? 0.9548 0.7741
Temkin
A 2.9527 x 107 ND 10.1004
B 45983 6.7337
R? 0.5789 0.8472
Table 4.

Equilibrium parameters of adsorption models at different temperatures for Cu ions.

Metal T (K) -AG (KkJ/mol) AH (kJ/mol) AS (kJ/mol K)

Ni 288.15 18.52 69.63 308.53
303.15 25.56
318.15 2762

Co 288.15 24.15 13.39 130.08
303.15 2591
318.15 28.07

Cu 288.15 20.20 131.74 572.27
303.15 ND
318.15 36.02

Table s.

Thermodynamic parameters for the equilibrium adsorption process of Ni, Co, and Cu ions.
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Behavior of the removal of Ni ions at different temperatures and concentrations of adsorbent: (a) 15, (b) 30
and (c) 45°C.
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Behavior of the removal of Cu ions at different tempervatures and concentrations of adsorbent: (a) 15, (b) 30
and (c) 45°C.

increase in the concentration of absorbent independent of the temperature at which
the removal process is carried out, so that the adsorption potential of the Ni ions
decreases from 25.8 to 7.78 mg/g at 15°C, while at 30 and 45°C, it decreases from
20.6 to 7.78 and 20.6 to 8.6 mg/g, respectively. In the case of Co ions, the adsorption
capacity decreases from 28.4 to 10.4 mg/g, from 31.04 to 11.97 mg/g, and from 31.04
to 10.4 mg/g at 15, 30, and 45°C, respectively. Finally, in the case of Cu ions, the
decrease in the adsorption capacity at 15, 30, and 45°C was 49.9-11.0, 56.8-12.4,
and 61.2-12 mg/g, respectively. This type of behavior is observed in the adsorption
of metals [1, 26, 28, 29].

In the aqueous solutions with the three metal ions present, a behavior similar
to that observed in the solutions prepared with a single metal compound was
observed; however, the time necessary to reach equilibrium was around 5 h, and
the adsorption capacity of the ions in solution was also significantly decreased by
increasing the concentration of sorbent in the solution. The adsorption capacity
achieved (Figure 7), for Ni ions, was from 32.4 to 6.2 mg/g, for Co ions from 41.9
to 10 mg/g, and for Cu ions from 59.9 to 12.1 mg/g at 45°C, which indicates that
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Behavior of the different metallic ions of Ni, Co, and Cu found in the solution at 45°C.

it is not necessary to saturate the solution with nDCPD to achieve greater metal
uptake [32-34]. On the other hand, in the analysis of the Co-Cu binary solution,

a behavior similar to the previous cases was observed, achieving a greater adsorp-
tion capacity with less amount of absorbent, so that at a temperature of 45°C
(Figure 8), for Co ions, it was possible to adsorb 32-9.9 mg/g and for Cu ions from
57 to 11.8 mg/g.

In the removal of ions in solutions, it was observed that the percentage of
removal increases with the increase in the amount of nDCPD used, achieving
removal percentages close to 100% for Cu ions and 95% for Co ions; however, for
Ni about 70% removal was only achieved (Figure 9), suggesting that sites available
for nickel capture are quickly saturated due to the large amount of chromium in
the effluent. The changes caused by the variation of the temperature depend on the
metal ion, since the maximum removal of the Ni ions is between 15 and 30°C, while
for the Cu and Co ions, it is given at 30°C. Similar observations have been reported
in adsorption studies conducted with other biomaterials [29, 38]. The selectivity
shown in the present study was the following: Cu > Co > Ni, with percentages of
removal in solutions composed of the three ions of 96% (Cu), 83% (Co), and 59%
(Ni). Additionally, in Figure 10, it is observed that in the solutions composed only
by Co or Cu, the time necessary to reach the equilibrium decreases considerably; in
addition, the selectivity is maintained toward the removal of Cu compared to the
Co, having a percentage of removal of 95-79%, respectively. Finally, the changes
caused by the variation of the temperature depend on the metal ion, since the
maximum removal of the Ni ions is between 15 and 30°C, while for the Cu and Co
ions, it was at 30°C (Figure 11).

3.4 Kinetic study

To understand the process of removal of the different metal ions in aque-
ous solution, as well as the relationship that occurs between the metals and the
interaction of the metal ions with the adsorbent material, the data obtained in
the experimentation was evaluated at different temperatures and with different
concentrations of adsorbents with the adsorption models that are concentrated
in Table 6 [6]. The kinetic parameters calculated with the different models
(Table 1), were used to adjust the experimental adsorption values obtained for the
three metal ions with the different concentrations of adsorbent and temperatures
utilized, by using SigmaPlot software (Version 11®). Based on the obtained values,
it is distinguished that the models that present the best adjustments to the obtained
data are pseudo first order, Elovich and pseudo-second order, so it can be inferred
that the removal mechanism is due to the ions being adsorbed in one or two sites
on the surface that is heterogeneous since each site has different adsorption energy

10
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Removal of Cu, Co, and Ni ions that ave in the same solution at 45°C.

[1, 4, 5]. Similarly, it can be noticed that the models that do not adequately describe
the process of metal removal in nDCPD are those that are related to the mass trans-
fer both external and internal, independent of the temperature, the concentration
of the adsorbent material, and the presence of another metal ion in the same solu-
tion; so it can be inferred that the removal process of these metals does not present

problems of mass transfer.
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Model Equation Ref.
Pseudo-first order j—z =ki(q. - 9) [35]
Pseudo-second order Z_Ii =ky(q. - q)2

Elovich el =™

dt
Intraparticle diffusion (DI) q-= Figt™®
External diffusion (DE) In <C£> = ket [37]
Table 6.

Adsorption isotherm models used for the analysis of experimental data.

3.5 Characterization of nDCPD

Figure 12 shows the SEM image of the nDCPD doped with the Ni, Co, and
Cu ions, where the main characteristics of nDCPD (Figure 12a), monoclinic
disk morphology [1, 15, 29, 39], which does not present significant changes in the
presence of Ni (Figure 12b), Co (Figure 12¢c), and Cu (Figure 12d) ions can be
observed, probably because the vast majority of metal ions are adsorbed on the
surface of nDCPD. The XRD patterns of nDCPD doped with Ni, Co, and Cu are
shown in Figure 13, and according to the International Center of Diffraction Data
Chart (JCPDS) database, some changes are observed in the samples with metal ions
compared to that of nDCPD without doping [1]. The peaks at ~32° and 40° increase
in intensity, while at -~34°, the intensity of the peaks directly related to the presence
of Ni, Co, and Cu ions decreases. While at 26, 29, and 53°, new peaks appear in the
doped brushite samples, which also caused a decrease in the network parameter
of 4.99 nm, a value lower than the 5.77 nm obtained for nDCPD, without doping,
together with the particle size from 9.26 to 4.45, 4.08, and 4.35 A, for Ni, Co, and
Cu, respectively, which was determined with the Scherrer Equation [39, 40]. This
may be due to the fact that the Ca ions of nDCPD without doping (1.12 A) are
replaced during the adsorption process by the ions of Ni (0.78 A), Co (0.63 A), and
Cu (0.69 A), which implies that part of the ions are retained inside the structure of
nDCPD [40].
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Figure 12.
Micrographs obtained in SEM: (a) brushite, (b) Ni, (c) Co, and (d) Cu.
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Figure 13.
X-ray diffraction patterns of nCDPD doped with the different metal ions.

In Figure 14, the infrared spectra of nDCPD are presented, where the charac-
teristic peaks of the groups that make up apatite are observed, among which the
presence of a doublet stands out at 577 and 526 cm—", characteristic of the vibra-
tions of flexing of the phosphate groups; while the signal at 790 cm—"is due to
bending out of the P-O-H plane; at 987 and 873 cm—1, there are peaks related to
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Infrarved spectrum of pure nCDPD doped with Ni, Co, and Cu.

the stretching of P-O (H) in the HPO—?,. On the other hand, the signals found at
1138, 1120, 1065, and 1004 cm—" are attributed to the stretching of the P-O link. At
1215 cm—" the signal generated by the flexion of the O-H group plane is presented,
and the peaks observed at 665 and 1651 cm—" are related to the binding vibrations
and physical vibrations of the water molecule. Additionally, a shoulder at 1725 cm—"
was observed, which is related to the flexural stress of the water molecule, and the
signals obtained at 3548, 3484, 3278, and 3166 cm—" are related to the extension of
the water molecule in the apatite. Finally, a band at 2944 cm—" was also observed,
directly related to the stretching of PO-H that occurs in HPO [1, 41, 42]. In the case
of the nDCPD spectra with the different metal ions, it was observed that several
peaks decrease in intensity or disappear as a result of the presence of Ni, Co, and Cu;
these signals are related to the PO’—, and OH groups, with which it can be inferred
that the groups present on the surface of this apatite participate in the adsorption of
metals directly.

4. Conclusion

Based on the thermodynamic parameters obtained at different temperatures and
concentrations of brushite (nDCPD), used as an adsorbent material in the removal
of different heavy metals (Ni, Co, and Cu), from aqueous solutions, it can be
concluded that the adsorption of heavy metals with nDCPD is feasible and that the
adsorption capacity of nDCPD increases at a higher temperature. The percentages
of removal achieved show that nDCPD has a higher affinity for adsorbing Cu and
Co compared to Ni. From the data obtained from the adsorption isotherms, it can
be inferred that the process of removing the metal ions in solution on the surface
of nDCPD is carried out, forming a heterogeneous monolayer since the model that
best fits to the data obtained in the SIPS is a combination of the Langmuir and
Freundlich models. The experimental data obtained also show that there are differ-
ent models to describe the kinetic process of adsorption, such as the pseudo-first-
order model, which suggests that only one surface site is needed for adsorption to
take place, as well as the pseudo-second-order model which indicates that two sites
are needed for each ion molecule and that each site requires different adsorption
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energies as described by the Elovich model, which confirms the heterogeneity of
the nDCPD surface determined from of the adsorption isotherms generated. The
surface changes of nDCPD, evidenced by the XRD and FTIR analyses, suggest that
the HPO™ and PO*", are directly involved in the Ni, Co, and Cu adsorption process,
which allows us to conclude that nDCPD is an appropriate candidate to be used in
the removal of heavy metals present in wastewater from different industries.
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