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ABSTRACT

Natural brushite (nDCPD) obtained from bovine bone was used to remove Cr(IIl) from aqueous solu-
tions. Cr(II) adsorption was performed, varying adsorbent concentration and contact time in solu-
tion. The kinetic study of Cr(Ill) adsorption was performed with the kinetic models of pseudo-first
order and pseudo-second order, Elovich, intraparticle and external diffusions. The experimental data
were examined with the Langmuir, Freundlich, Redlich-Peterson (R-P), SIPS and Temkin isothermal
models. The surface of the adsorbent was characterized by various techniques. The results show that
most of the kinetic adsorption data were well described by the pseudo-first-order model, the equilib-
rium data were best fitted to the SIPS and Langmuir models, with adsorption capacity of 43.378 and
50.767 mg/g, respectively. The equilibrium time of the system was set at 10 h. A 95% Cr(III) removal rate
was achieved. The calculated thermodynamic parameters show that Cr(IIl) adsorption is carried out
spontaneously on the surface of nDCPD, although it is positively charged, indicating that nDCPD can
be a low cost and easy to obtain effective adsorbent for the removal of Cr(IIT) from aqueous solutions.
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1. Introduction

A worldwide concern is growing, due to a consider-
able increase in the ecological impact of industrial effluents
polluted with heavy metals such as chromium, nickel, cad-
mium, lead and mercury. Various industries, such as paint
and pigments manufacturers, leather dyeing and tanning,
fertilizers, textiles, photography, ceramics, galvanoplastics,
cement and steel production and wood preservation, among
others, discharge wastes without treatment into water bodies
[1-7]. These industrial discharges show high concentrations
of chromium dissolved, due to its high solubility in water.
Chromium slowly degrades what causes it to accumulate in
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rivers, lakes, etc. [7-10]; water polluted with chromium is not
only a constant problem for the use or reuse of it in differ-
ent activities but also various diseases are generated when
being consumed in an accidental manner, or by necessity in
the absence of a good quality water supply system in some
countries of the world [8-11]. Chromium exists in six different
states of oxidation; in solution, chromium commonly occurs
in the oxidation states Cr(II), Cr(IIl) and Cr(VI), whereas the
Cr(I), Cr(IV) and Cr(V) forms are unstable; with Cr(IIT) and
Cr(VI), the most stable forms [12,13]. Chromium in its various
states of oxidation has been associated with various diseases
such as allergies, respiratory problems, immune system weak-
ening, damage to the stomach, kidneys and liver, and cancer
[13-15]. The hexavalent form of chromium is more toxic than
the trivalent form, because it is highly soluble and moves
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easily through the soil, it is also a powerful oxidizing agent
that can be absorbed through the skin [14]. On the other hand,
Cr(III) in trace concentration is necessary for glucose metabo-
lism in human nutrition, as well as for plants and animals [12];
however, prolonged exposure to Cr(IIl) can cause cancer, and
even under certain conditions it can oxidize and damage the
surrounding flora and fauna [12-14]. Comparatively, Cr(VI) is
about 100 times more toxic and 1,000 times more mutagenic
than Cr(Il), so the maximum established concentration of
these compounds in wastewaters has been set at 5 mg/L for
Cr(III) and 0.05 mg/L for Cr(VI) [14-16]. The environmental
impact generated by these compounds has prompted the
scientific community to develop different methods to treat
industrial effluents containing these substances. Some are
precipitation, oxide-reduction, ion exchange, filtration, elec-
trochemical treatment, membrane technologies and evapora-
tion recovery; however, some of these methods are costly and
inefficient, especially when the metal concentration is low
[6-19]. Additionally, the formation, disposal and storage of
sludge and wastes, which originate during the processes of
removal, become a major problem to solve [14-16]. In addi-
tion, the elimination of these pollutants has been studied by
means of adsorption, a method considered economical and
efficient, due inter alia to the diversity of low-cost adsorbents
and their possible reuse [6-22]. Bio-adsorption of metal ions
from wastewaters is one of the most promising technologies,
due not only to the low cost of bio-adsorbents but also to the
considerable decrease in the volume of chemical sludge that
must be removed by the method; bio-adsorption also stands
out for its high efficiency of heavy metals removal even in
highly diluted effluents [15-19]. In recent years, research on
low-cost bio-adsorbents for the removal of heavy metals has
been intensified, highlighting various agricultural residues
and industrial byproducts [1,8,22-24]. Among the materials
that have been studied in the removal of chromium from
wastewaters, are rice bran [2,3], wheat bran [5,6], Enteromorpha
sp. [7], orange peel pith [9,10,], Strychnos nux-vomica shell [11],
Caryota urens biomass [12], Swietenia mahagoni shell [13,15],
Colocasia esculenta leaves [16], algal biomass [14,19], tamarind
seeds [18] and lignocellulosic residues [20], among others.
In addition, natural polymers have been used; among these
materials we can find apatites, mineral compounds relatively
common in nature, and the main source of phosphorus and
phosphate in the engineering of bone tissues, given their
bio-activity and biocompatibility [25-31]. These are also used
as support in various catalytic reactions and help remove toxic
elements from soils and wastewaters [32-39]. Hydroxyapatite
stands out because it shows chemical and structural similari-
ties to the main mineral phase constituent of bones and teeth in
vertebrates. It has also been used in bio-adsorption processes
of various metals, showing good results when compared with
other bio-adsorbents. Its use in the removal of chromium
ions from aqueous solutions has reached percentages greater
than 90% [1,8,29,40-42]. Brushite (CaHPO,-2H,0) — another
compound of the apatite family, commonly used as bone
cement [43] — has been used in dye, Cu, Pd, malathion and
the removal of fluoride ions [44—48]. In most studies, it also
shows higher percentages in the removal of contaminants
when compared with those obtained from hydroxyapatite
[45,48]; however, the ability to remove Cr(III) with brush-
ite has not been analyzed; consequently, the objective of the

present work is to analyze the adsorption process of Cr(III)
ions in natural brushite obtained from bovine bone (nDCPD)
and, once established this mechanism, determine the adsor-
bent/solution ratio effect used in the adsorption, in order to
compare the obtained Cr(IIl) removal efficiency with values
reported for hydroxyapatite.

2. Methods and materials
2.1. Materials

All reagents used were analytical grade. Deionized water
was used to prepare test solutions at 0 to 0.03 mM concentra-
tions. Chromium salt (2Cr (OH) SO, x Na,SO,) was donated
by the company Cuero Centro, S.A. de C.V., Mexico.

2.2. Preparation of adsorbent

Natural brushite (nDCPD) was obtained from bovine
bone, and then washed with hot water, until the elimination
of adhered residues. Immediately after bones were dried in
a convection oven (Shel Lab, Cornelius, OR, model CE5F) at
353 K for 24 h, they were then crushed with a ball mill and
screened to obtain a particle size of 104 pm (150 mesh). 1 g of
the obtained powder was treated at room temperature with
50 mL of solution of HCI 10 M with vigorous stirring for
30 min, then the solution was decanted and immediately,
thereafter, the powder was mixed with 50 mL of NaOH,
102 M solution, maintaining vigorous stir at room tempera-
ture for 30 min. Subsequently, the powder was filtered and
dried in a convection oven at 353 K for 24 h [49].

2.3. Analysis of nDCPD through thermogravimetry

The thermogravimetric analysis (TGA) of nDCPD was
performed in a scale (STA 409 EP NETZSCH) placing 20 mg
of sample in an aluminum basket. The sample was heated
starting at room temperature reaching 700°C with a heating
rate of 10°C/min [50].

2.4. Determination of the isoelectric point

The determination of the natural brushite isoelectric
point was performed by mass titration method, using a
Thermo Scientific (Orion 4 Star) pH meter, where 20 mg of
the sample are suspended in water at room temperature,
24 h later, time at which pH reaches equilibrium, the pH
of the suspension around the solid was measured. After
that, other 20 mg of the sample were added to the suspen-
sion and it was kept at rest for 24 h so that the suspension
reaches equilibrium. The whole process was repeated until
the pH of the suspension remained constant regardless the
amount of added solids, this pH value being the point of
zero charge of brushite [51].

2.5. Characterization of nDCPD

X-ray diffraction (XRD) patterns were obtained on a
diffractometer (Ultima IV, Rigaku, Japan). The Fourier
transform infrared sample studies were performed with a
Spectrum 100 Analyzer (PerkinElmer, United States) in KBr
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pellets, measuring in a range of 400-4,000 cm™, 32 scans
were obtained with a resolution of 4 cm™. Scanning electron
microscopy (SEM-EDS-EDX) images were obtained in a JOEL
(6510 plus). The X-ray energy dispersion spectroscopy (EDS)
analysis was performed with a spectrometer. The adsorption
spectra in the UV-Vis region were obtained with a spectro-
photometer and the chromium content in nDCPD was deter-
mined using atomic absorption equipment (AAnalyst-100,
PerkinElmer).

2.6. Cr(III) adsorption isotherm

Different isotherm models are proposed in the litera-
ture that describes the adsorption of Cr(Ill) in the obtained
brushite. Models and equations used are displayed in Table 1
[52,53]. The regression coefficient was calculated to evaluate
the fit of each nonlinear model and the separation factor, R,
which predicts the affinity between adsorbent and adsorbate.
Represented by the following equation [53]:

= % 1)
+K,C,

where K; is the Langmuir model constant (L/mg) and C,

is the initial Cr(III) concentration (mg/L). With the help of

Eq. (2), the adsorption process spontaneity was determined

by calculating the change in the apparent Gibbs free energy:

AG (KJ/mol) at 25°C [54]:

AG =-RTIn(55.5K,) )

where K, is the Langmuir model constant (L/mol), R is the
ideal gases constant (kJ/mol K) and T is the absolute tempera-
ture (K). In order to generate the Cr(III) adsorption isotherms
in nDCPD we put in contact 1 g of sorbent with 50 mL of
Cr(III) solution, varying the concentration of the solution

Table 1
Models of non-linear adsorption isotherm

Model Equation
SIPS 0= q,(KC)"

© 1+(KC,)"
Redlich-Peterson (R-P) q, = KiC

° 1+a,CP
Langmuir = M

° 1+K.C,
Temkin g,=A+BIn(C))
Freundlich

1
q, = K.C"

q, concentration of Cr(Ill) in equilibrium with the solid phase
(mg/g); C, Cr(Ill) concentration in the liquid phase (mg/L); q,, max-
imum Cr(Ill) concentration adsorbed by the adsorbent mass; K,,
SIPS constant related to energy adsorption; 1, SIPS model dimen-
sionless parameter; (3, exponent (0 <3 <1); K, and a,, R-P constants;
K,, Langmuir model constant related to the energy adsorption of the
adsorbent; A and B, Temkin model constants; K,, Freundlich model
constant related to the adsorption capacity and 1/, adsorption reac-
tion energy.

between 0 and 0.03 M. The mixture was held in a shaker
(ZHWY-200D) with a 200 rpm at 25°C and a 24 h contact time.

2.7. Cr(III) adsorption kinetics

Kinetic experiments on nDCPD of Cr(III) bio-adsorption
were carried out in batches. The first assay was performed
varying the concentration of nDCPD (C_, ), from 0 to 40 g/L in
the solution, maintaining the contact for 24 h at 200 rpm and
25°C. Samples were taken every 90 min, and centrifuged in a
Hermle Z-383 K at 10,000 rpm for 10 min. The absorbance of
each supernatant was determined with a UV-Vis spectropho-
tometer (Jenway 6705), and the Cr(IlI) concentration present
in the solution was determined using a UV-Vis spectropho-
tometer (Jenway 6705). The amount of Cr(Ill) adsorbed in
nDCPD, g, was obtained using the following equation [4]:

:v(co—cz)

m

q. ®)

where C, is the initial concentration and C, is the Cr(III) con-
centration through time f (also named concentration of equi-
librium) expressed in mg/L. V is the solution volume (L) and
m is the mass of nDCPD (g). The Cr(IIl) removal percentage,
% R, was calculated using the following equation [5]:

%R, = (COC;C) x100 4)

0

Besides using a determination coefficient to compare the
efficiency of different kinetic models, the normalized stan-
dard deviation, Ag, was calculated with the following equa-
tion [54]:

©)

where N is the number of data, and g, and q_, (mg/g) are,
respectively, the experimental and Calculpated values of Cr(III)
ions adsorbed in equilibrium.

2.8. Experimental data of Cr(I1I) removal

The reversibility of Cr(Ill) adsorption in nDCPD was
assessed with equilibrium Cr(Ill) removal experiments. The
kinetic experiment described in section 2.7 produced nDCPD
loaded with Cr(IIl), which was put in contact with a 40 mL
0.5 M NaOH solution for 24 h. The amount of Cr(III), which
remained adsorbed on nDCPD, was calculated by mass bal-
ance using Eq. (6) [8]:

v
9,=9,——C (6)
m

where g, is the amount of Cr(Ill) initially adsorbed (mg/g).
g, is the amount of chromium that remained adsorbed in
nDCPD (mg/g), C is the Cr(IIl) concentration in the solution
(mg/L), V is the NaOH solution volume (L) and m is nDCPD
mass (g).



J.A.H. Maldonado et al. / Desalination and Water Treatment 95 (2017) 262-273 265

The percentage of Cr(III) removal was determined by Eq. (7):

% Des = M x100 (7)

9o

where % Des is the percentage of Cr(Ill) removed from
the adsorbant, g, is the amount of Cr(Ill) adsorbed by the
adsorbant and g, is the amount of Cr(IIl) removed from the
solution.

3. Results and discussion
3.1. The contact time effect and the amount of adsorbent

The adsorption process of Cr(Ill) in nDCPD has different
moments (Fig. 1(a)). In the first period, from 0 to 10 h, a high
rate of chromium adsorption is displayed; while the second
stage, this is, after 10 h of contact, is characterized by a slow
adsorption period, most likely because the active fixation sites
of Cr(Ill) over nDCPD were occupied during the first stage.
Finally, after 20 h of contact, the chromium adsorption in
nDCPD reaches its equilibrium due to the saturation of active
sites with Cr(III). These results are consistent when egg shell
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Fig. 1. Effect of contact time on Cr(Ill) (a) adsorption and
(b) removal.

dust is used as an adsorbent [55]. Regarding the removal of
Cr(III) (Fig. 1(b)), which also shows three moments with the
same time intervals obtained in the adsorption experiment,
Fig. 2 shows that the amount of Cr(Ill) removal depends
directly on the adsorbent concentration in the solution, sug-
gesting that all available sites for chromium capture are rap-
idly saturated due to the large amount of this element present
in the effluent. A similar behavior has been reported when
using synthetic brushite to remove Cu and Pd ions [48], with
removal percentages between 70% and 90%. In the present
work, a 95% percentage of removal of Cr(Ill) from aqueous
solutions was achieved, suggesting that nDCPD has anion
removal capacity similar to synthetic brushite. This behavior
was also observed when using Ruellia patula Jacq as Cr(VI)
bio-adsorbent [56]. Although in some cases it has been reported
that increasing the adsorbent concentration decreases Cr(VI)
adsorption capacity [11,15,57,58], this effect is attributed to the
obstruction of the active sites in the adsorbent.

3.2. Analysis of nDCPD using thermogravimetry

Brushite is stable under 100°C and after the process of
mass loss that the sample experiences from 150°C, the mass
of the sample is again stabilized at 300°C (Fig. 3). Therefore,
considering that Cr(Ill) adsorption experiments in the pres-
ent study were carried out at room temperature, it was not
necessary to perform a complete TGA.

3.3. Estimation of the point of zero charge

The zero charge value of nDCPD was 6.3, a value similar to
6.2 for brushite obtained by chemical synthesis [45]. The Cr(III)
solution used in the present study had an initial pH of 2.1. At
these pH values the surface of nDCPD is positively charged
causing Cr(III) ion adsorption to be disadvantaged due to elec-
trostatic repulsion between Cr ions and the surface of nDCPD;
however some authors consider that the adsorption of Cr ions
on the surface of the positively charged adsorbent is carried
out as a consequence of the ion exchange process between spe-
cies [8,48]. In the case of nDCPD, the species that can act in this
exchange process are Ca(Il) present on the surface of the adsor-
bent and Cr(IIl) present in the solution. In order to confirm
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Fig. 2. Effect of adsorbent concentration on Cr(III) adsorption.
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some of the two exchange mechanisms, FTIR and energy dis-
persive X-ray analysis (EDXA) studies were performed in order
to know the changes that the nDCPD structure undergoes after
being in contact with Cr(III) solutions.

3.4. Adsorption isotherms

The equilibrium data analyzed with adsorption iso-
therms allows us to understand the interaction between
Cr(Ill) and nDCPD, providing a model that describes the
adsorption behavior in the solution. Models used for the
adsorption mechanism analysis are concentrated in Table 1.
Fig. 4 shows the adsorption isotherms obtained by each of the
applied models. Parameters obtained in each model along
with the determination coefficient (R?) are shown in Table 2.
We determined that the Langmuir and SIPS models are the
most appropriate to describe the Cr(Ill) adsorption process
in nDCPD, since obtaining a value of $ =1 in the R-P model
makes its equation transform to the Langmuir isotherm. This
transformation is due to the nature of the R-P model, which
originates from the combination of Freundlich and Langmuir
isotherms, as well as the SIP model. The obtained data show
an adsorption process forming a monolayer occurring on the
sorbent surface, which is confirmed in the Freundlich model

100
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=
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100 200 300 400 500 600 700

Temperature (°C)

Fig. 3. Analysis of nDCPD through thermogravimetric analysis
(TGA).

Table 2

by an 2 value higher than one, thus revealing that the adsorp-
tion process is physical. On the other hand, the obtained
Gibbs free energy value was negative (-23.87 kJ/mol), indi-
cating a spontaneous adsorption process [53] and a strong
interaction between Cr(IIl) ions and the nDCPD surface, as
pointed out in studies of dye adsorption with agroindustrial
residues [54]. Separation factor values obtained between 0
and 1 show a favorable Cr(IIl) adsorption in nDCPD, and it
should be noted that this trend can be seen independently of
the equilibrium model.

When comparing the Cr(Ill) adsorption capacity of sev-
eral natural adsorbents [19,56] such as synthetic hydroxy-
apatite [8] and brushite in adsorption equilibrium studies of
Cu, Pb and F [45,47-48], we observed that all adsorption data
obtained in the current work bear resemblance with similar
studies [59]. Therefore, we consider nDCPD as an appropri-
ate material to remove Cr(Ill) from aqueous effluents.

3.5. Kinetic studies

The analysis of different Cr(III) adsorption kinetics mod-
els in nDCPD (Table 3) is useful to recognize the process

40 e _-.".; .T‘.".
30

20

q, (mg/g)

= Experimental
Langmuir
- SIPS
Temkin
-- Freundlich

1 1 1 1 1 1

0 100 200 300 400 500 600 700
Ce (mg/L)

Fig. 4. Different isothermal adsorption models of Cr(Ill) with
nDCPD.

Different adsorption models parameters for Cr(III) adsorption by batch

Models Parameters

SIPS K, (L/mg) q, (mg/g) g R?
0.011 43.378 1.379 0.9998

Redlich-Peterson K, (L/g) a, (L/mg)P B R?
0.2673 0.0053 1.0 0.9986

Langmuir K, (L/mg) q, (mg/g) R, (L/mg) R
0.0053 50.767 0.026-0.26 0.9950

Freundlich K, (mg/g)(L/mg)"" n R?
2.6882 2.4024 0.9651

Temkin A (L/mg) B (kJ/mol) R?
1.74 x 108 5.293 0.8425
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Table 3
Adsorption isotherm models used for the experimental data
analysis

Model Equation Reference
Pseudo-first order dq =K,(9,-9)
dt ‘ [46]
Pseudo-second order %‘Z =K,(q,-9)
Elovich dq —oe ™
dt
Intraparticle diffusion (DI) ¢ = kt*°
47
External diffusion (DE) h{cj =kt 471
CO ex

controlling adsorption, which can be a mass transfer or a
chemical reaction. Models applied to experimental data
(Fig. 5) show the pseudo-first-order model as the one that best
fits the data; except for the kinetics performed with the max-
imum adsorbent concentration (Fig. 5(e)) which was fitted
appropriately with pseudo-second-order model, taking as the
first criterion the value of the determination coefficient, which
in all cases was greater than 0.99 [6]. The standard deviation
normalized for each model (Table 4) confirmed our observa-
tions with the determination coefficient, whilst in the case
of kinetics, adjusted with two different models, the Ag value
points out the pseudo-second-order model as the best fit.

To understand the mass transfer mechanism in the adsorp-
tion process, which can be limited by external or intraparticle
mass transfer, and since the transport of the sine of the solu-
tion and adsorption are seldom the process restriction steps,
itis necessary to analyze Fig. 1(a), which evidently shows two
stages. The first stage can be attributed to a near-instantaneous
capture of Cr(Ill), due to the availability of binding sites on
the nDCPD surface. In the second stage, we infer that the sys-
tem equilibrium has been reached, given the decreasing ten-
dency of the isotherm slope. To find the limiting phenomenon
in the adsorption process, we determined the rate of constants
of each step and listed them in Table 5. Data show a k, > k,
constants order, indicating a high rate of adsorption at this
stage. In contrast, the second stage evidences a mass trans-
fer resistance due to the decrease of chromium ions diffusion
within pores of the adsorbent, causing a considerable reduc-
tion in the adsorption rate of chromium, until equilibrium is
reached. These results exhibit the external diffusion model as
the least appropriate to adjust the Cr(III) adsorption kinetics,
which is consistent with similar studies [59].

3.6. Cr(III) removal study

Results obtained in the removal process (Fig. 6) suggest
a Cr(Ill) removal rate on the surface of nDCPD dependant
of the desorbent concentration. This indicates that a por-
tion of ions bound on the surface of the adsorbent are easily
removed due to their low adsorption energy, consequently
increasing the number of available sites for ions as the adsor-
bent concentration increases. Similar results are obtained
using wheat bran as an adsorbent [5], although in that case,
chromium was completely removed as pH was increased.

On the other hand, the maximum amount of Cr(IIT) removal
achieved was 26% in 24 h, indicating that much of the chro-
mium was chemosorbed in nDCPD, concurring with studies
using carbonized bone [8]. Similar results were reported with
the processes of Cr(VI) removal [7,60], using the same con-
centration of NaOH solution, suggesting that the process of
removal of Cr(IIl) on the surface of brushite, depends directly
on the NaOH concentration used [57].

3.7. Characterization of nDCPD

The XRD pattern of nDCPD, shown in Fig. 7, is in agree-
ment with results reported for brushite in the database of
JCPDS-International Center for Diffraction Data Cards [61].
In contrast, the sample doped with Cr shows that peaks at
32°, 33.4° and 40° decrease in intensity, relating to the pres-
ence of Crions in apatite. On the other hand, peaks appearing
at 26.5° 34.3° and 39.7° can be assigned to the Cr ions with
the help of CrCl, as a comparison pattern (Fig. 8), this causes
a decrease in the network parameter from 5.77 [62] to 3.85
and an average crystal size (from 9.26 to 5.12 A), this decrease
is due to the substitution of Ca(II) by Cr(III), which have a
radius of 1.12 [63] and 0.66 A [64], respectively, confirming
the presence of Cr(IlI) within the structure of nDCPD.

The infrared spectrum of nDCPD (Fig. 9) shows two dou-
blets at 3,548; 3,484 cm™ and 3,278; 3,166 cm™, attributed to
the OH stretching of the water molecule in brushite. The peak
at 2,944 is due to the stretching of PO-H occurring in HPO,™
[65]. At 2,385 cm™, a peak is attributed to a combination of
bands or a harmonic. A shoulder observed at 1,725 cm™ is
related to the flexural stress of the water molecule [66], while
the vibrations at 1,651 and 665 cm™ are related, respectively,
to physical and vibrational water link modes. The vibration
at 1,215 cm™ is due to the flexion of the O-H plane and at
790 cm™ it is due to P-O-H flexion outside the plane. Peaks
at 1,138; 1,120; 1,065 and 1,004 cm™ are attributed to the P-O
stretch, whereas 987 and 873 cm™ peaks are related to the

P-O (H) stretch in the HPO,’. The bending vibrations of
phosphate groups within brushite are observed in the dou-
blet at 577, 526 cm™ [65]. In the nDCPD-Cr spectrum, sev-
eral vibrations disappear and/or decrease their intensity in
regards to nDCPD. Among them are the vibrations assigned

to the OH-and PO}~ groups, which confirms that the Cr(III)
adsorption mechanism is carried out by the substitution of
Ca(II) ions in the phosphate species present on the surface of
nDCPD, this type of phenomena was reported for carbonized
bone [8], which shows that since it belongs to the apatites
family, nDCPD can adsorb Cr(IIl) even though the surface is
positively charged.

Fig. 10 shows the adsorption spectra in the UV-Vis
region of pure nDCPD and Cr-doped. In non-doped nDCPD,
two bands appear at 290 and 385 nm, and are significantly
affected by the presence of Cr. The first band disappears in
the nDCPD-Cr spectrum, while the second band is covered
by a strong adsorption band at 435 nm, and an additional
band is visible at 585 nm. Both peaks are related to the pres-
ence of Cr(Ill) in nDCPD, which is consistent with our IR
spectra observations, where some bands are absent in the
Cr-doped nDCPD sample, in contrast to the pure nDCPD
sample. The IR spectrum shows a shoulder at 680 nm in the
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Fig. 5. Adjustment of different kinetic models at different adsorption concentrations: (a) 8, (b) 16, (c) 24, (d) 32 and (e) 40 g ads/L.

Table 4

Best fit kinetic parameters for Cr(IIl) bio-adsorption in nDCPD

C.. (g/L) Pseudo-first order Pseudo-second order Intraparticle

Gop (M8/8) 4, (mg/g) K () R q,(mg/g) K (mg/gh) K  q,(mg/g) k,(mg/gh™) R Agy %
8 90.941 126.005  0.117 0.990 174.126 0.0006 0.975 136.339 0.2367 0.9421 8.033
16 50.314 68.338  0.144 0.993  89.391 0.0015 0.988 177.120 0.3075 0.9511 7.614
24 39.592 48.067  0.207 0.996  58.588 0.0038 0.984 232.185 0.4031 0.8764 5.108
32 35.628 38214 0.221 0992  46.070 0.0056 0.998 283.737 0.4926 0.8691 0.358
40 38.688 34429 0.337 0.965  34.429 0.0143 0.992 337.881 0.5866 0.7368  1.005




Table 5

J.A.H. Maldonado et al. / Desalination and Water Treatment 95 (2017) 262-273 269

Parameters of adsorption rate for the different stages

C, gL k, mg/g min®? k, mg/g min®?
8 50.0699 15.4114
16 23.1666 6.8512
24 18.4146 2.6712
32 17.8350 3.4710
40 4.9458 1.7674

% Des

Time (hr)

Fig. 6. Evolution of Cr(IlI) removal at different concentrations of
adsorbent with a solution of 1 M NaOH.

(1) 00-064-0738 Hydroxyapatite Ca (PO,) (OH),
(2) 98-000-0131 Brushite Ca(PO,OH) 2H,0

1

Intensity (cps)
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Fig. 7. X-ray diffraction pattern of nDCPD compared with two
apatites: (1) hydroxyapatite and (2) brushite.

Cr-doped sample, which could reveal the presence of Cr(III)
in pseudo-tetrahedral form [67].

The SEM image of nDCPD (Fig. 11(a)) shows well-
defined monoclinic dish morphology, characteristic of
brushite [68]. Chromium clusters are also found on the sur-
face of the nDCPD morphology (Figs. 11(b) and (c)). The
composition of samples was analyzed by EDS, showing

g “
z I
g |1
: | | ]
=0 I Lo crCl
’u‘ ‘ MU ”W11 W “JLJU W \vwm,wm ™ “‘M"w\'w(wiwwf W

Al nDCPD-Cr
Wﬂ. s bW,
1 1 1 1 1 1 1 =
15 20 25 30 35 40 45 50 55 60

26 (%)

Fig. 8. X-ray diffractograms of nDCPD-Cr and CrCl, standard.
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Fig. 9. Infrared spectra of nDCPD and nDCPD-Cr, (a) 1,500 to
450 cm™ and (b) 4,000 to 1,500 cm™.

an almost stoichiometric Ca/P ratio in nDCPD, thus con-
firming the incorporation of Cr in the sample. While the
increase in the Ca/P ratio in nDCPD is due to the presence
of Cr causing a decrease of phosphate groups on its sur-
face, as evidenced by the elemental analysis of nDCPD and
nDCPD-Cr shown in Table 6. The elemental mapping of
the sample confirms the homogeneous incorporation of Cr
into nDCPD (Figs. 11(d) and 12) confirming the hypothesis
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that all bands found in UV-Vis are caused by the presence
of Cr(Ill) ions, along with the loss of vibrations of HPO,’
groups, causing significant changes to the apatite surface
structure, determined by XRD through the particle size and
network parameter.

1.0 -

0.6 -

Abs. (a. u.)

0.4 -

nDCPD-Cr
0.2+

0.0 1 1 1 L
200 400 600 800 1000

A (nm)

Fig. 10. Adsorption spectra in the UV-Vis region of pure and
Cr-doped nDCPD.
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110 um BEC

4. Conclusion

The results obtained show that natural brushite obtained
from bovine bone (nDCPD) has a high capacity to remove
chromium from aqueous solutions at room temperature.
The calculated thermodynamic parameters indicate that the
adsorption capacity of nDCPD is comparable with the syn-
thetic brushite adsorption capacity. The percentage of Cr(III)
removal achieved was greater than 95% without the need to
control the pH of the medium. The studies of adsorption of
Cr(III) in equilibrium show that the isothermal adsorption
models SIPS and Langmuir are the most appropriate for this
system, and also reveal that the biosorption process is carried
out spontaneously on the surface of nDCPD, which was con-
firmed by XRD, FTIR analysis and SEM images of nDCPD
samples, which exhibited significant surface changes.

Table 6

Elemental analysis of nDCPD and nDCPD-Cr samples
Element nDCPD nDCPD-Cr
C 55.78 55.08
O 35.9 28.03
P 3.89 2.12
Ca 4.43 1.25
Cr 0 13.52

BEC 20kV WD10mm$SS60 10Pa x2,200

rK

C—— 10 ym

Fig. 11. Images obtained in SEM. (a) nDCPD, (b) and (c) nDCPD-Cr, (d) chromium mapping analysis in nDCPD.
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Fig. 12. EDXA elemental and spectral mapping of (a) nDCPD
and (b) nDCPD-Cr.

The adsorption kinetics of Cr(Ill) in nDCPD demonstrate that
the process is carried out in three stages. The pseudo-first-
order model appropriately describes the experimental data
obtained, indicating that the phenomenon that dominates
the overall transfer process is the number of adsorption-free
sites. Given the above, it is possible to conclude that nDCPD,
a low cost and easy to obtain material, can be effectively
used in the removal of Cr(IIl) from contaminated effluents,
without the need to control process variables such as pH and
temperature, significantly influencing the final cost of the
removal process.

Symbols

A — Temkin isotherm equilibrium binding
constant, L/mg

ay — Redlich—Peterson model constant, L/mg

B — Temkin isotherm constant, kJ/mol

G, — Cr(IIl) initial concentration, mg/L

C, — Cr(IIT) concentration in the liquid phase, mg/L

K. — Freundlich model constant related to the
adsorption capacity, (mg/g)(L/mg)""

K, — Langmuir model constant, mg/L

K, — Redlich-Peterson model isotherm
constant, L/g

K, — SIPS constant related to energy adsorption,

L/mg

m — Mass of nDCPD, g

N — Number of data

n, — SIPS model dimensionless parameter

.. — Calculated value of Cr(IIT) ions adsorbed
in equilibrium, mg/g

q, — Amount of chromium that remained
adsorbed in nDCPD, mg/g

q, — Concentration of Cr(Ill) in equilibrium
with the solid phase, mg/g

Tep — Experimental value of Cr(III) ions adsorbed
in equilibrium, mg/g

q, — Maximum Cr(III) concentration adsorbed
by the adsorbent mass, mg/g

R — Ideal gases constant, kJ/mol K

R, — Separation factor, dimensionless parameter

T — Absolute temperature, K

1% — Solution volume, L

B — Redlich-Peterson model exponent
0<p<1)

AG — Gibbs free energy, kJ/mol

% Des  — Cr(III) desorption percentage

%R, — Cr(III) removal percentage

1/n — Adsorption reaction energy
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