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Eutrophication causes aquatic environment degradation as well as serious problems for different pur-
poses of water uses. Phosphorus and nitrogen, mainly as phosphate and nitrate respectively, are
considered responsible for eutrophication degradation.

The focus of this work was the study of adsorption processes for decreasing phosphate and nitrate
concentrations in bi-component aqueous systems. Dolomite and hydroxyapatite were selected as low-
cost adsorbents. Obtained results showed that both adsorbents have high capacity for phosphate
adsorptionwhich the presence of nitrate does not modify. Hydroxyapatite proved to be the most efficient
adsorbent, however, it showed a low percentage of desorption and few possibilities of reuse. Dolomite,
on the other hand, allows a desorption of the adsorbed material that favours its reuse.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Eutrophication of water bodies caused by the increased amount
of nutrients has become a problem throughout the world
(Manahan, 2001). This phenomenon produces aquatic environment
degradation, either by changes in species composition, harmful
algal blooms or bottom anoxia (Maier et al., 2009). It is a serious
problem for different purposes of water uses (Anderson et al.,
2002).

Nitrogen and phosphorus are two key elements responsible for
the excessive increase of nutrients inducing aquatic plants growth.
Although algae production is needed as a first link in the food chain
of aquatic ecosystem, excessive growth under eutrophic conditions
could eventually lead to a significant deterioration of the water
body. Therefore, the first step for eutrophication acceleration is the
entry of these nutrients in the aquatic system (Yang et al., 2008).

Phosphorus is an element that occurs naturally in water, how-
ever, certain human activities contribute significantly to its accu-
mulation in water bodies. According to Von Sperling (2007), the
.
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natural origin of phosphorus compounds is due by the dissolution
of soils compounds, the decomposition of organic matter and the
cellular decomposition of microorganisms; its anthropogenic
source is related to domestic and industrial wastes, detergents,
animal excrement and fertilizers.

In the environment, the high concentration of nitrogen, as ni-
trates, not only favours the eutrophication of water bodies, but also
produces very important implications for public health (Burkart
and Stoner, 2002). The high nitrate concentration in drinking wa-
ter is the main cause of methaemoglobinemia. Nitrates can be
reduced to nitrites by intestinal bacteria and pass to the blood,
producing the oxidation of Fe(II)-haemoglobin and making meth-
aemoglobin unable to bind and carry oxygen to tissues (Eaton and
Gilbert, 2008).

Adsorption processes have great potential as new technologies
(Dabrowski, 2001). They are characterized by the use of cheap, non-
toxic, biodegradable and reusable materials in some cases
(Vanreppelen et al., 2013). Different combinations of contaminant/
adsorbent under various experimental conditions have been
studied (Fu and Wang, 2011). Both inorganic (Xu et al., 2008) and
biomass materials (Miretzky et al., 2006) from different sources
(Nhapi et al., 2011) have been used as natural adsorbents (Monoj
rease: Phosphate adsorption processes in presence of nitrates, Journal
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et al., 2015), especially modified (Cai et al., 2017) or synthesized
(Huang et al., 2017). Some mineral materials were investigated for
their capacities to adsorb phosphate (Johir et al., 2016; Coulibaly
et al., 2016) and nitrate (Islam et al., 2010).

This study was focused on dolomite (sedimentary rock) and
hydroxyapatite (bone meal) as adsorbents. Dolomite is a mineral
that can be found in sedimentary layers several hundred feet thick,
which is also found in metamorphic marbles, hydrothermal veins
and replacement deposits. Hydroxyapatite is the major inorganic
component of bone tissue of vertebrates (Anthony et al., 2011). The
adsorbents selection was made taking into account their low costs
and possibilities of reuse.

The search for selectivity in pollutant removal is the key to
improving water treatment systems. The research with multi-
component systems is an advance in the elucidation of the
complexity of the problem which is not taken into account when
working with simple systems. There are not many articles pub-
lished on the investigation of competition between ions (Bia et al.,
2012; Liu et al., 2013). The case of nitrate and phosphate is of great
interest due to their concurrence in surface and underground wa-
ters (Chiban et al., 2012; Nodeh et al., 2017). For that reason, the
focus of this work was the study of adsorption processes onto
dolomite and hydroxyapatite, for decreasing phosphate and nitrate
concentrations in bi-component aqueous systems.

Adsorption equilibrium and kinetics, structural and textural
characterization of the adsorbents and desorption studies were
performed to better understand these processes.

2. Materials and methods

The dolomite used as adsorbent in this research was obtained
from quarry stone from Olavarría, Province of Buenos Aires,
Argentine. The general formula is AB(CO3)2, where A can be cal-
cium, barium or strontium, and B can be iron, magnesium, zinc or
manganese. The hydroxyapatite (Ca5(PO4)3(OH)) was obtained
from bovine bones treated with dilute acid solutions and a subse-
quent pyrolyzing heat treatment, at 900 �C in oxydizing atmo-
sphere for 2 h. Adsorbent samples were washed with distilled
water, dried and sieved to a particle size between 53 and 74 mm.

Synthetic Phosphorous solution was prepared from a KH2PO4
(Mallinckrodt©) and the synthetic nitrate solution was prepared
from KNO3 (Mallinckrodt©), both salts were pre-dried at 105 �C for
1 h and dissolved with distilled water (APHA, 2012).

The pH of all the studied system was measured resulting,
pH ¼ 6.0 ± 0.5. Taking into account the speciation diagram of
phosphoric acid, at the working pH, the main phosphate specie was
di-acid phosphate (Liu et al., 2012).

The phosphorous concentration was determined according to
the molybdovanadate method (APHA, 2012). Nitrate concentration
was determined using a ion selective electrode (APHA, 2012).

2.1. Characterization of the adsorbents

The adsorbent textural properties were obtained from the
determination of the nitrogen adsorption isotherms (at 77 K)
employing the Brunauer-Emmett-Teller (BET) method (Gregg and
Sing, 1982) with a Micromeritics, Gemini 2360 sortometer.

2.2. Dosage curves

Levels found in eutrophic lakes were taken into account to
define the phosphate and nitrate concentrations of work. Consid-
ering that lakes can receive untreated wastewater or wastewater
treated by conventional methods, they can contain up to 40 mg L�1

of nitrate and 30 mg L�1 of phosphate, according to Ansari and
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Singh Gill (2014). It was decided to work with these maximum
concentrations.

Dosage curves were performed in order to optimize the amount
of adsorbent mass for removal phosphate and nitrate ions from a
defined solution. For this purpose, different masses of the adsor-
bents were contacted in batch mode with 50 mL of the solution
containing phosphate, nitrate or a mix of both, at pH ¼ 6.0 ± 0.2.
The systems were shaken at 200 rpm, for 24 h, at 25 ± 2 �C.

2.3. Adsorption isotherms

The experimental adsorption isotherms were performed
measuring the residual phosphate concentration obtained from
systems with different masses of adsorbents at constant phosphate
concentration (30 mg L�1) and phosphate in presence of nitrate
(30 mg L�1 and 40 mg L�1, respectively) with the same solution
volume (50 mL) after 24 h of contact.

The total adsorption capacity (mg phosphate/g adsorbent) was
calculated by equation (1):

qa ¼ CaV
m

(1)

where, qa (mg g�1) is the adsorption capacity, Ca (mg L�1) is the
phosphate adsorbed concentration, m (g) is the adsorbent mass,
and V (L) is the volume of adsorption solution.

2.4. Kinetics

The adsorption kinetic curves were performed in batch experi-
ments for the different systems: 3.000 ± 0.002 g of dolomite or
0.6000 ± 0.002 g of hydroxyapatite with 50 mL of phosphate so-
lution (30mg L�1) or phosphate and nitrate solution (30mg L�1 and
40 mg L�1, respectively). The residual phosphate and nitrate con-
centrations were measured at different times. The equilibrium
times were defined when residual concentrations remain constant.

2.5. Equilibrium and kinetic models

In order to investigate the mechanism of adsorption processes,
experimental data were fitted according to both, Langmuir and
Freundlich models.

The proposed equation by Langmuir (1918) applies physical and
chemical adsorption, and can be used to describe the equilibrium
conditions for different adsorbate/adsorbent systems. The Lang-
muir equation is given by equation (2):

qe ¼ qmbCe
1þ qmCe

(2)

where, qe (mg g�1) is the amount of adsorbed species per unit mass
of adsorbent at the equilibrium state, Ce (mgL�1) is the concentra-
tion of the solution at the equilibrium state, qm (mg g�1) and b (L
mg�1) are Langmuir constants related to the maximum capacity
and energy of adsorption, respectively.

The Freundlich model (1906) (equation (3)) assumes that the
adsorption should be purely a physical process without change in
the configuration of molecules.

qe ¼ Kf C
n
e (3)

where, Kf and n are parameters related to the adsorption capacity
and intensity, respectively.

For fitting experimental data obtained in the kinetic assays,
pseudo-first order and pseudo-second order models were
rease: Phosphate adsorption processes in presence of nitrates, Journal
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Table 1
Textural parameters for the dolomite and hydroxyapatite (SBET is the BET superficial
specific area and VT is the total pore volume).

Adsorbent SBET (m2g�1) VT (cm3g�1)

Dolomite 1.83 0.0030
Hydroxyapatite 1.5 0.0044
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employed.
The mathematical expression for the kinetics of pseudo-first

order (Lagergren, 1898) is widely used for adsorption studies of
liquids. The linear form is equation (4):

lnðqe � qtÞ ¼ lnqe � k t (4)

where qt (mg g�1) is the amount of adsorbed solute at time t, and k
(min�1) is the constant velocity.

The pseudo-second order model was developed by Ho and
McKay (1999). It is assumed that sorbate is adsorbed on two
active sites on the sorbent. The process can be expressed in a linear
form by equation (5):

t
qt

¼ 1
ksq2e

þ 1
qe

t (5)

where, ks (mg g�1 min�1) is the velocity constant of pseudo-second
order. The term (ksqe2) represents the initial adsorption rate.

For obtaining the fitting parameters, OriginPro 8.5.1® software
package was used.

2.6. Desorption studies

In this case, desorption experiments are performed in order to
establish the possibilities of the adsorbent reuse, and how many
useful cycles it can operate.

Analogously to the recovery of an ion-exchange resin, for
recovering the exhausted adsorbent, desorption should be carried
out with a saturated solution of a salt, or a strong base or acid which
is more efficient for the displacement of the adsorbed ion.

Desorption efficiencies of the following solutions were evalu-
ated: NaOH 0.1M (pH¼ 12), NaCl 0.1M (pH¼ 5), HCl 0.1M (pH¼ 2)
and distilled water (pH ¼ 6.5).

For the experiments, a measured mass of five samples of each
adsorbent loaded with phosphate were stirred with 50 mL of
desorbent solution for 24 h.

Desorption percentage was calculated by equation (6):

Desorptionð%Þ ¼ 100
�
CdVd

qam

�
(6)

where Cd (mg L�1) is the ion concentration in the desorbed solution,
Vd (L) is the volume of the desorption solution, qa (mg g�1) is the
adsorption capacity, andm (g) is the adsorbentmass. In all cases the
initial solution of phosphate was 30 mg L�1.
Fig. 1. Nitrogen adsorption isotherms of dolomite and hydroxyapatite powders (Vads is
the adsorbed volume of nitrogen per unit mass of adsorbent).
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The desorption capacity, qd (mg phosphate/g adsorbent), was
calculated by equation (7):

qd ¼ CdV
m

(7)

where, qd is the desorption capacity (mg g�1), Cd is the phosphate
desorbed concentration (mg L�1),m is the adsorbentmass (g) and V
is the volume of desorption solution (L).

2.7. Fourier transform - infrared spectrometry studies

In order to investigate structural modifications in chemical
functional groups due to the adsorption process, both adsorbents
were analyzed before and after the experiments using a Fourier
Transform Infrared Spectrometer (FT-IR Nicolet 8700). The char-
acteristic absorption bands of the different functional groups were
adjudicated by studying the spectrum obtained and comparing
them with those described in the bibliography (Silverstein et al.,
2005).
Fig. 2. Dosage curves for phosphate (A) and for phosphate þ nitrate (C) (30 mg L�1

and 40 mg L�1, respectively) onto: (a) dolomite, and (b) hydroxyapatite.

rease: Phosphate adsorption processes in presence of nitrates, Journal
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Table 2
Isotherm parameters for phosphate adsorption onto dolomite and hydroxyapatite.

Adsorbent Langmuir Freundlich

qm (mg/g) b R2 n Kf R2

Dolomite 0.30 0.30 0.9923 3.21 0.10 0.9175
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3. Results and discussion

3.1. Characterization of the adsorbents

Fig. 1 shows the experimental nitrogen (77 K) adsorption iso-
therms obtained. Table 1 shows the textural parameters calculated
from the adsorption isotherms for the two studied adsorbents
employing the Brunauer-Emmett-Teller (BET) method.

The low value of the BET specific surface area and the total
volume of pores suggest that these materials have not developed
porosity accessible to nitrogen, therefore, it could be inferred that it
is a non-macroporous sample. The value of the dolomite surface
area found in this study is higher than that found by Mangwandi
et al. (2014) and Karaca et al. (2006), which was 0.14 m2/g.
Comparatively, the specific surface of the dolomite is larger than
that of the hydroxyapatite, however, the total pore volume is
smaller. This may be due to the fact that the dolomite pores are
smaller and can also be seen as a more homogeneous surface.

3.2. Dosage curves

In Fig. 2, the dosage curves for phosphate and for phosphate in
presence of nitrate onto dolomite and hydroxyapatite are pre-
sented. The plot points are the average of at least three
experiments.

For both adsorbents, the amount of adsorbed phosphate
Fig. 3. Experimental adsorption isotherms for phosphate onto: a) dolomite and b)
hydroxiapatite.
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increased with the adsorbent mass. However, nitrate adsorption
was not observed. It must be noted that the presence of nitrate does
not modify the amount of adsorbed phosphate neither onto dolo-
mite nor hydroxyapatite. The higher removal percentage for
phosphate was obtained using hydroxyapatite systems. Dolomite
and hydroxyapatite showed high adsorption capacity for phosphate
even in the presence of nitrate.

Taking into account the range of phosphate and nitrate con-
centrations already defined, these results defined the appropriate
adsorbent dose: 3 g for dolomite and 0.6 g for hydroxyapatite.

3.3. Adsorption isotherms

Isothermal studies were performed for systemswith phosphate,
and phosphate in presence of nitrate onto dolomite and hydroxy-
apatite. Fig. 3 shows the experimental adsorption isotherms
(removed adsorbate concentration per gram of adsorbent at equi-
librium (qe) vs the remaining adsorbate concentration in the
aqueous solution (Ce)). The plot points are the average of at least
Hydroxyapatite 1.10 3.53 0.9828 17.7 1.17 0.4327

Fig. 4. Experimental kinetics curves for phosphate adsorption onto: (a) dolomite and
(b) hydroxyapatite.

rease: Phosphate adsorption processes in presence of nitrates, Journal
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Table 3
Kinetics parameters for phosphate adsorption onto dolomite.

Initial phosphate concentration qe(exp.) (mg/g) Pseudo-first order model Pseudo-second order model

qe (mg/g) k (min�1) R2 qe (mg/g) ks R2

30 0.17 0.034 0.0122 0.834 0.167 0.0021 1
45 0.24 0.077 0.0270 0.985 0.246 0.0007 0.9991
60 0.25 0.043 0.0193 0.863 0.248 0.0015 0.9996

Table 4
Kinetics parameters for phosphate adsorption onto hydroxyapatite.

Initial phosphate concentration qe(exp.) (mg/g) Pseudo-first order model Pseudo-second order model

qe (mg/g) k (min�1) R2 qe (mg/g) ks R2

30 1.13 0.807 0.0496 0.9096 1.212 0.0959 0.9949
45 1.73 0.465 0.0287 0.6694 1.782 0.1283 0.9947
60 1.14 0.446 0.0562 0.8758 1.175 0.2468 0.9988

Fig. 5. Desorption efficiencies of various reagents for removing phosphate from: a)
dolomite and b) hydroxyapatite.
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three experiments. It is important to note that the equilibrium re-
sults do not present significant differences between working with
mono- or bi-component systems.

According to Sepúlveda et al. (2008), the shape of the adsorption
isotherms, being convex or concave, could allow classify them as
unfavorable or favorable, respectively. This is a general classifica-
tion based on pure visual observation of experimental data (shape
and curvature) for the adsorption isotherm (Hinz, 2001). In Fig. 3,
onto dolomite, the adsorption process appear to be favorable, and
for the hydroxyapatite, unfavorable.

Fitting parameters from Langmuir and Freundlich models ob-
tained from experimental data are shown in Table 2.

The Langmuir model fits satisfactorily the experimental data
from phosphate adsorption onto both tested adsorbents. Similar
results were obtained for phosphate adsorption ontoMg-Al and Zn-
Al in layered doubled hydroxide (Yang et al., 2014), onto nano-
crystalline akagan�eite and hybrid surfactant-akagan�eite (Deliyanni
et al., 2007), onto alkaline fly ash (Cheung and Venkitachalam,
2000), and onto mesoporous ZrO2 (Liu et al., 2008). Another
report shows a higher adsorption capacity of phosphate onto
dolomite but at pH ¼ 2 (Mangwandi et al., 2014).

The qm parameter (adsorption capacity) obtained from fitting
Langmuir model for dolomite is lower than that for hydroxyapatite,
both results are similar to the experimental obtained values. This is
consistent with the results of dosage; hydroxyapatite has the
highest capacity of phosphate adsorption. The b parameter related
to the binding energy between the phosphate and the adsorbent
describes the same situation: it is more than ten times higher for
hydroxyapatite-phosphate than for dolomite-phosphate.

The Freundlich model fits satisfactorily the experimental data
only from phosphate adsorption onto dolomite. This is due to the
unfavorable form of the isotherm for hydroxyapatite, Freundlich's
model is unable to recognize such behavior.

3.4. Adsorption kinetics

The kinetics of the phosphate adsorption process was studied
using the pseudo-first and second order models. Graphics are
shown in Fig. 4 and the obtained parameters are listed in Tables 3
and 4. Satisfactory correlation coefficients were obtained for
second-order model. This suggests the rate-limiting step could be a
chemical sorption process.

The experimental adsorption capacities (qmax) for phosphate
were 0.25 mg g�1 onto dolomite and 1.2 mg g�1 onto hydrox-
iapatite. For both adsorbents, phosphate adsorption was quite
rapid; the equilibrium time was achieved after 60 min.
Please cite this article in press as: Boeykens, S.P., et al., Eutrophication dec
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The high values obtained for R2 (R2 > 0.99) evidence the ability
of the pseudo second-order model to represent the experimental
results with a higher degree of accuracy in both systems. Besides,
rease: Phosphate adsorption processes in presence of nitrates, Journal
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Fig. 6. FT-IR spectra obtained for dolomite with and without phosphate adsorption.
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the qe values calculated from the pseudo second-order model were
close to the experimental values. It was found that the initial
adsorption rate (ksqe2) increases with the initial concentration. The
non-linear relation between the rate constants and the initial
concentrations indicates that mechanisms such as ion exchange
and physical adsorption are involved in the process (Kumar et al.,
2010).
3.5. Desorption studies

A summary of the desorption experiments results are presented
in Fig. 5.

Dolomite desorption efficiency (%) of different desorbent solu-
tions resulted in the following order: 0.1 M NaCl > distilled
water > 0.1 M HCl > 0.1 M NaOH.

In the case of hydroxiapatite, the desorption percentages ob-
tained by NaOH and NaCl are quite similar: 13.4 and 13.3%,
respectively. It is further noted that the use of HCl caused the partial
solubilization of the adsorbent, so it is discarded as desorbent. This
reaction is due to the fact that the hydroxyapatite is formed mainly
by calcium phosphate, which dissolves in acid. The acid exerted an
aggressive effect on the structure of the hydroxyapatite, resulting in
a gradual destruction (solubilization) of its components. This also
explains the result obtained with Dolomite (mainly calcium car-
bonate) that the concentration of phosphate in solution is greater
than the amount of phosphate adsorbed in the original sample.

Due to the desorption efficiency obtained, the NaCl solutionwas
Please cite this article in press as: Boeykens, S.P., et al., Eutrophication dec
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selected for subsequent reuse cycles, for both adsorbents.
Desorption capacity of NaCl resulted in 0.035 mg of phosphate

per gram of dolomite and 0.10 mg of phosphate per gram of hy-
droxyapatite. With other desorbents tested, desorption from both
adsorbents resulted lower than 0.020 mg g�1.
3.6. FTIR spectra

To better understand the adsorption process FTIR spectra were
obtained from both adsorbents before and after this process.

In Fig. 6 the FT-IR spectra obtained from dolomite with and
without phosphate are shown. After adsorption of phosphate, it
was observed a slight decrease in the intensity of the bands at
1410 cm�1 (CO3

2�). The tendency of these changes indicates inter-
action between surface groups present on the dolomite with
phosphate. The intensity reduction of CO3

2� bands could indicate
the substitution of some carbonate groups in the dolomite by
phosphates as was indicated previously by other authors
(Albadarin et al., 2012; Kumar et al., 2010). There was an increase in
the intensity of O-H group around 1700 cm�1 band, which can be
attributed to the attraction between the O-H groups and phosphate
ions, ie, electrostatic attraction. Calcium phosphate precipitate
could be formed and phosphate could be also fixed with magne-
sium ion, in an amorphous form as it was suggested by Mangwandi
et al. (2014).

Fig. 7 shows the IR spectra obtained from hydroxiapatite with
and without phosphate adsorption. In the hydroxyapatite spectra,
rease: Phosphate adsorption processes in presence of nitrates, Journal
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Fig. 7. IR spectra obtained for hydroxyapatite with and without phosphate adsorption.
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as expected after adsorption of phosphate, the band at 1017 cm�1

moved to a lower wavenumber (1016 cm�1) and the band at
960 cm�1 (stretching vibration of phosphate) increased intensity.
The band at 874 cm�1 indicates the presence of carbonate ions
(Wang et al., 2007). The CO3

2� band at 1411 cm�1 shifted to higher
wavenumber (1452 cm�1). The increase in the intensity of the
above groups can be attributed to electrostatic attraction.

The results obtained analysing these spectra and the desorption
achieved by solutions with high ionic strength suggest that the
adsorption is predominantly produced by ionic exchange processes
with both adsorbents. This is reinforced by the fact of fitting to a
kinetic model of second order, based mainly on processes of
chemisorptions, and the adjustment of the isothermal equilibrium
data to the Langmuir monolayer model.

4. Conclusions

The investigation with systems that reduce the concentration of
nutrients in water bodies is a good starting point for a solution to
eutrophication problems.

According to the results of this study, it can be concluded that
the presence of nitrate in the water to be treated, does not modify
the phosphate adsorption onto dolomite nor onto hydroxyapatite.
Both adsorbents could be useful for the treatment of water with
phosphates in the presence of nitrate, which is usually the case. In
this sense, hydroxyapatite proved to be the most efficient adsor-
bent, however, it showed a low percentage of desorption and few
Please cite this article in press as: Boeykens, S.P., et al., Eutrophication dec
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possibilities of reuse. Dolomite, on the other hand, allows a
desorption of the adsorbed material that favours its reuse.

Equilibrium, kinetics, desorption and FTIR spectra studies indi-
cate that mechanisms such as ion exchange are involved in the
process.

These studies should continue with experiments to design the
use and reuse cycles for both adsorbents in order to obtain a low
cost process in continuous reactors.

The advance provided by the present work is given in two as-
pects. The main one is that for effluents with large amounts of ni-
trate and phosphate the phosphate could be selectively eliminated.
This was demonstrated since the process studied for both adsor-
bents was not affected by the presence of nitrates. It is very
important the study of interferences as they could reduce the ef-
ficiency of the process under study and even make it a useless
process depending on the composition of the effluent to be treated.
The other aspect is that more progress has been made in demon-
strating that the mechanism by which the adsorption process oc-
curs in this type of mineral adsorbents is that of ion exchange.
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Nomenclature

Ce concentration of the solution at equilibrium state, [mg
L�1]

t time, [min]
qe amount of adsorbed species per unit mass of adsorbent at

the equilibrium state, [mg g�1]
qd amount of desorbed species per unit mass of adsorbent,

[mg g�1]
qt amount of adsorbed species per unit mass of adsorbent at

the time t, [mg g�1]
qm Langmuir parameter related to the maximum capacity of

the adsorbent, [mg g�1]
b Langmuir parameter related to the energy of adsorption,

[L mg�1]
Kf Freundlich parameter related to the adsorption capacity
n Freundlich parameter related to the intensity of

adsorption
k velocity constant in the pseudo-first order model, [min�1]
ks velocity constant in the pseudo-second order model,

[M�1min�1]
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