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Abstract A magnetic nanocomposite of
hydroxyapatite and biomass (HAp—CM) was synthe-
sized through a combined ultrasonic and hydrother-
mal method, aiming for efficient adsorption of arsenic
(As) and fluoride (F™) from drinking water in natural
environments. The characterization of HAp—CM was
carried out using TG, FTIR, XRD, SEM, SEM-EDS,
and TEM techniques, along with the determination
of pH,,. charge. FTIR analysis suggested that coor-
dinating links are the main interactions that allow
the formation of the nanocomposite. XRD data indi-
cated that the crystalline structure of the constituent
materials remained unaffected during the formation
of HAp—CM. SEM-EDS analysis revelated a Ca/P
molar ratio of 1.78. Adsorption assays conducted in
batches demonstrated that As and F~ followed a PSO
kinetic model. Furthermore, As adsorption fitting well
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to the Langmuir model, while F~ adsorption could be
explained by both Langmuir and Freundlich models.
The maximum adsorption capacity of HAp—CM was
found to be 5.0 mg g~! for As and 10.2 mg g~! for F~.
The influence of sorbent dosage, pH, and the pres-
ence of coexisting species on adsorption capacity was
explored. The pH significantly affected the nanocom-
posite’s efficiency in removing both pollutants. The
presence of various coexisting species had different
effects on F~ removal efficiency, while As adsorption
efficiency was generally enhanced, except in the case
of PO43_. The competitive adsorption between F~ and
As on HAp—CM was also examined. The achieved
results demonstrate that HAp—CM has great poten-
tial for use in a natural environment, particularly in
groundwater remediation as a preliminary treatment
for water consumption.

Keywords Water treatment - Groundwater -
Adsorption - Hydroxyapatite - Biomass - Magnetite
Arsenic - Fluoride - Nanocomposite

Introduction

Groundwater plays a crucial role in social develop-
ment, particularly in arid and semiarid rural regions
where access to surface water is limited or insuf-
ficient. This resource is vital for the livelihoods
of 2.5 billion people worldwide, being essential
in rural areas to meet fundamental needs such as
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providing drinking water, irrigation, and supporting
livestock (WWAP, 2019). Given the substantial reli-
ance of the population on groundwater, its contami-
nation has evolved into a pressing global concern.
Arsenic (As) and fluoride (F7) emerge as two signif-
icant natural pollutants in groundwater. Prolonged
exposure to arsenic or fluoride from drinking water
can lead to severe health issues, including various
arsenic-related diseases such as cancers and skeletal
fluorosis (World Health Organization, 2011).
Approximately 140-200 million people world-
wide face chronic exposure to elevated concen-
trations of arsenic and fluoride, respectively. The
co-occurrence of these contaminants has been
extensively and globally documented, given their
common sources and mobilization mechanisms
(Alarcén-Herrera et al., 2013; Kumar et al., 2016,
2020).The most affected Countries by the simul-
taneous presence of both contaminants in ground-
water include Pakistan, India, China, Mexico, and
Argentina (Kumar et al., 2020). Specifically, in
our country (Argentina), this phenomenon could
be found in a great extension of the territory being
dominant in the Chaco-Pampean plain. This is the
region housing the country’s major aquifers (Nicolli
et al., 2012). Within this area, As and F~ levels in
groundwater have been recorded reaching up to
5 mg L™! and 18 mg L~!, respectively, depending
on depth and climatic variations (Al Rawahi, 2016;
Alarcéon-Herrera et al., 2013; Paoloni et al., 2003).
Notably, the coexistence of both contaminants
significantly increases health risks (Kumar et al.,
2020). Simultaneous exposure to As and F~ has
more severe genotoxic effects compared to isolated
exposure to each pollutant, particularly impact-
ing the nervous system, especially among children,
resulting in decreased coefficient levels of intellec-
tual and functional capabilities (Kumar et al., 2020;
Rocha Amador, 2005; Zeng et al., 2014). Consid-
ering these elements’ health impacts, the World
Health Organization (WHO) provided a guideline
value of 0.010 mg L~ for arsenic and 1.50 mg L™
for fluoride (World Health Organization, 2011).
Various methodologies have been developed for
water treatment; however, their practical application
faces limitations due to several factors. The intricate
composition of natural water matrices plays a cru-
cial role in determining the feasibility of different
treatments. The success of treatment relies on key
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parameters including pH, contaminant concentra-
tion, redox conditions, and the presence of coexisting
species.

Numerous methodologies have been developed
for water treatment. However, their implementation
in the field is limited by several factors. For example,
the complex composition of natural water matrices
is a determining factor in applying different treat-
ments. In this sense, the success of the treatment
will depend on parameters such as pH, contaminant
concentration, redox conditions, and the presence of
coexisting species. Additionally, other factors related
to the sustainability of the proposed procedures must
be considered, such as the reusability of the technol-
ogy, final disposal, and the treatment of the waste it
generates (if any). In this regard, economic factors
should be further considered in the choice of technol-
ogy, since the environments where it would be imple-
mented are generally rural or sparsely populated areas
lacking common facilities (Litter et al., 2010).

Membrane filtration, ion exchange, precipitation,
coagulation, permeable reactive barriers and adsorp-
tion are the most commonly applied methodologies
for arsenic and fluoride removal from groundwater
(Maity et al., 2021). Among these methodologies, the
adsorption process is considered simple and relatively
inexpensive, which makes it particularly suitable for
application in small communities or rural areas. In
general, commonly employed absorbents include
alumina, activated carbon, calcium-based adsor-
bents, zero-valent iron, and iron oxides (Habuda-
Stani¢ et al., 2014; Hao et al., 2018). In this context,
calcium-based materials can simultaneously retain
various pollutants, including arsenic and fluoride (Pai
et al., 2020).

Hydroxyapatite (HAp; Ca;((PO,)s(OH),, is a
naturally occurring mineral known for its high insolu-
bility, biocompatibility, and non-toxicity. Due to its
ion exchange capacity and physicochemical proper-
ties, HAp exhibits a remarkable capacity to adsorb
several contaminants, particularly fluorides (Gémez
Hortigiiela et al., 2014). Although HAp nanoparti-
cles have shown promise in removing fluoride, their
tendency to aggregate in water reduces the efficiency
of the process (Jung et al., 2019). One way to pre-
vent agglomeration involves the development of
hydroxyapatite-based nanocomposites. Researchers
have investigated the synthesis of nanocomposites
using different materials, such as biochar (Jung et al.,
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2019), biopolymers (Yang et al., 2016a, 2016b) and
biomass from various sources (Zhang et al., 2016).
Furthermore, it has been suggested that hydroxyapa-
tite-based nanocomposites can enhance stability by
reducing component leaching through adsorption
mechanisms (Yang et al., 2016a, 2016b).

In this context, in our previous work, we success-
fully synthesized a hydroxyapatite—biomass nano-
composite (HAp—C) through hydrothermal synthesis
and evaluated its fluoride removal capacity (Scheverin
et al., 2022a). The HAp—C nanocomposite exhibited
improved stability and efficiency in fluoride removal
regarding HAp nanoparticles. Hap-C exhibited sig-
nificant potential for removal arsenic and fluoride
from groundwater samples. However, competition
for active sites hindered the simultaneous removal of
both contaminants.

Several studies have demonstrated that incorpo-
rating iron-based moieties into materials, such as
hydroxyapatite and zeolites, can enhance their arsenic
adsorption capacity (Pizarro et al., 2015; Scheverin
et al., 2022b; Yang et al., 2022). For example, Panchu
et al. (2022) conducted a study to evaluate the adsorp-
tion capacity of As>* in hydroxyapatite (HAp) and
its iron-doped variant (Fe-HAp) at low concentra-
tions (<50 pg L™!). The results revealed that Fe~HAp
exhibited a 32% higher adsorption capacity for As**
compared to HAp. Furthermore, Fe-HAp demon-
strated a significantly higher adsorption rate, being
538% faster than hydroxyapatite. It is noteworthy that
Fe-HAp also displayed notable reusability efficiency,
maintaining its adsorption capacity over 7 con-
secutive cycles. In a similar study, Khatamian et al.,
(2023) compared the arsenic adsorption capacity of
zeolite A with Fe;0,/zeolite A and Fe,Os/zeolite A
nanocomposites. The results highlighted a significant
enhancement in arsenic adsorption capacity upon
synthesizing iron oxide nanoparticles onto zeolite A.

Various methods have been reported for synthe-
sizing hydroxyapatite—-magnetite nanocomposites,
including sol-gel methodology, hydrothermal syn-
thesis, co-precipitation, and sonochemical methods
(Biedrzycka et al., 2021). Hydrothermal synthesis
stands out among these methods due to its simplicity,
low cost, and compatibility with other synthesis tech-
niques, such as co-precipitation (Kermanian et al.,
2020; Zheltova et al., 2020).

This research aims to synthesize a hybrid
hydroxyapatite—biomass—magnetite nanocomposite

(HAp—-CM) to be employed as an adsorbent to
remove arsenic and fluoride from groundwater
sources. To achieve this, biomass of vegetal origin
was used as a carbonaceous biomass source. The
magnetic hydroxyapatite—biomass nanocomposite
was synthesized using a combined ultrasonic/hydro-
thermal method. This study encompasses a compre-
hensive analysis of the physicochemical properties
of the prepared nanocomposite, coupled with the
evaluation of its performance in As and F~ removal.
Various physicochemical parameters, such as con-
tact time, initial fluoride concentration, dosage, pH,
and the presence of coexisting species, were inves-
tigated for each pollutant. Furthermore, the adsorp-
tion efficiency of the nanocomposite was assessed
using a natural groundwater sample.

A literature review revealed that the synthe-
sis and application of the nanocomposite material
discussed in this work have not been previously
reported. While there are a few studies mentioning
the obtention of hydroxyapatite—biomass nanocom-
posites based on different starting materials, the sig-
nificant contribution of this work lies in the oppor-
tunity to explore the performance of this material
within the complexity of natural water sources. This
study presents a unique and more realistic approach
to evaluating the effectiveness of the synthesized
material in removing As and fluoride F~ from
groundwater samples.

Experimental
Materials

The sunflower husk (C) employed in this work
was collected from oilseed industry, Bahia Blanca,
Argentina. For the synthesis of the composite mate-
rial C was previously ground and sieved to obtain
297 pm particle size. All chemical reagents were
of analytical grade and were used without fur-
ther purification. Calcium nitrate tetrahydrate and
Ammonium phosphate monobasic were provided by
Sigma-Aldrich. Ferrous sulphate heptahydrate was
provided by Mallinckrodt Chemical Works (USA)
and Ferric chloride hexahydrate was provided by
Tetrahedron. Sodium hydroxide was purchased from
Cicarelli (Argentina).

@ Springer
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Methods

Synthesis of magnetic hydroxyapatite—biomass
composite

Magnetic  hydroxyapatite—biomass  nanocomposite
(HAp-CM) was synthesized by hydrothermal method,
using a nominal HAp:C:M ratio of 4:1:1 (w:w:w). The
method included the preparation of two dispersions: (i)
HAp-C, and (ii) M prior to hydrothermal treatment.

In the ’(i) HAp—C’ dispersion, the biomass was
mixed with a calcium nitrate solution, and subsequently,
NH,H,PO, was introduced, following the procedure
outlined in our prior work (Scheverin et al., 2022a).
Meanwhile, the ’(ii) M’ dispersion was obtained from a
solution of Fe?*/Fe** in a 2:1 molar ratio.

Following preparation, the ’(i) HAp—C’ and ’(ii)
M’ dispersions were combined and transferred into a
hydrothermal reactor. The resulting black solid was iso-
lated using a magnet and subjected to multiple washes
with distilled water until the supernatant displayed low
conductivity (<50 uS cm™). Subsequently, the solid
material was dried at 40 °C for 48 h.

Characterization

Thermogravimetric analyses (TG) were performed
using a TGA Q500 V20.13 Build 39 instrument. Tests
were run from 30 °C to 800 °C at a heating rate of
10 °C/min under an N, atmosphere. Fourier transform
infrared (FTIR) spectra were taken using a Thermo
Scientific Nicolet iS50 covering the 4000-400 cm™!
range. For this purpose, 1 mg of sample was ground
with 250 mg of anhydrous KBr and compressed into
a pellet used for the spectrum collection. X-ray dif-
fraction (XRD) patterns were recorded by a PANalyti-
cal Empyrean 3 diffractometer with Ni filtered CuKa
radiation, a graphite monochromator, and a PIXcel3D
detector. It was operated at a voltage of 45 kV and a
current of 40 mA, in the 20 range from 5° to 70° using
a continuous scan mode with a scan angular speed of
0.016°min~". An estimation of the crystallite size of
hydroxyapatite

_ Ki
"~ BcosH @)

where D is the crystal size (nm); K is the shape fac-
tor, usually taken as 0.89 for ceramic materials; A is
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the X-ray wavelength (nm); 0 is the Bragg’s angle,
and f is the full width at half-maximum (FWHM) of
the strongest peak of hydroxyapatite (2 1 1), and mag-
netite (31 1).

Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscope (EDS) were performed
using a JEOL 35CF (Tokio, Japan 1983). The sam-
ple were covered with a gold layer for take the SEM
micrographs, while for EDS analysis were covered
with graphite. The EDS compositional estimation
was considered the average of three scanning regions.
Transmission electron microscopy (TEM) images
were captured using a JEOL 100 CX II (JEOL,
Tokyo, Japan 1983).

The pH of the point of zero charge (pH,y,.) of the
materials was measured using the pH drift method
(Newcombe et al., 1993). First, the pH of the solu-
tions was adjusted between 5 and 9 by adding either
HCI1 or NaOH, using 0.01 M NaCl as electrolyte sup-
port. Then, the adsorbent introduced into each solu-
tion at a ratio of 4 mg mL~! ratio. Following a sta-
bilization period of 24 h, during which the pH of the
solutions had reached equilibrium, the final pH was
recorded. The determination of pH,,. involved plot-
ting the curve of ApH (pH~pH,) against pH; and
identifying the intersection point.

Batch adsorption assays

The adsorption tests were carried out to study the
efficiency of HAp—CM for the removal of arsenic
and fluoride in aqueous media. For this purpose, the
removal capacity of each pollutant was first studied
separately under different experimental conditions.
All the experiments were carried out by the batch
method using an orbital shaker (50 rpm) at room
temperature. Standard solutions of HCl and NaOH
(0.01 M) were employed for pH adjustment. Except
for the pH effect experiment, the pH of the working
solutions was controlled at 6 +0.2. After each experi-
ment, the solids were separated by a magnetic field
and passed through a 0.45 um syringe filter. The
residual fluoride concentration in the treated samples
was quantified employing a fluoride ion-selective
electrode. On the other hand, the content of total As
was measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES Shimadzu 1000
mod III) or a furnace using a spectrophotometric
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method (Murphy and Riley, 1962) according to their
concentration level.

The adsorption kinetics experiments were car-
ried out using a 10 mg L' As or 6 mg L™' F~ solu-
tions, with an adsorbent dose of 1 g L~!. Based on
these results, the optimum contact times for arse-
nic and fluoride adsorption were selected at 60 and
150 min, for further testing. Additionally, to evalu-
ate the kinetic mechanism of As and F~ adsorption,
three kinetic models were applied: pseudo-first-order
(PFO), pseudo-second-order (PSO) and Weber-Mor-
ris kinetic models. Details of the kinetic models are
included in supplementary material (S.1.1).

Adsorption isotherm studies were performed with
initial concentrations of the contaminants ranged
from 1 to 60 mg L™! for As or 1-35 mg L~! for F~.
The adsorbent dose used was 1 g L™! for both con-
taminants. The Langmuir and Freundlich isotherm
models were used to describe the adsorption process.
The description of the isotherm models and fitting
criteria used can be found in supplementary material
(S.1.2).

The effect of adsorbent dosage, pH variation, and
the presence of coexisting species was tested using
10 mg L™! of As and 6 mg L™! of F~ as initial con-
centrations. The adsorbent dose was studied varying
the amount of material from 1 to 4 g L™,

The effect of the pH on the As and F~ adsorp-
tion was studied by adjusting the pH from 4.5 to 8.5,
using an adsorbent dose of 4 g L™!. The influence of
coexisting ions (CI~, HCO;~, NO;~, SO,*~, PO,*",
and Ca®*) on adsorption efficiency was explored. For
this purpose, different solutions were prepared from
the sodium salts to contain 250 mg L' of selected
coexisting species, adjusting the pH of the solution to
8.5. Additionally, the competitive adsorption between
As and F~ was studied. Low (0.250 mg L") and high
(10 mg L") arsenic concentration with a fluoride
concentration of 6 mg L~! were studied.

All the experiments were conducted in triplicate,
using the means and standard deviations of the results
for data analysis. The removal efficiency (%R) and
equilibrium adsorbed concentration (Q,; mg g
were calculated according to the following equations:

C,— C,) x 100%
%R=(’ fc) )

i

(€ - CHxV

e i 3

where C; and C; are the initial and final concentration
of As or F~ (mg LY, V is the total volume of solu-
tion (L) and M is de adsorbent mass (g).

Natural water assays

The groundwater sample used for adsorption assays
was collected from the General Alvear district in
Mendoza, Argentina. In this geographic area, the
groundwater resource presents high conductivity
and salinity. This groundwater resource exhibits
high conductivity and salinity levels, as detailed in
Table 1. It is important to note that the concentra-
tion of As and F~ in these waters is low. Therefore,
the matrix was enriched with both contaminants.
The pH was left unregulated for the experiments,
and the sample was not subjected to filtration.

The effectiveness of HAp—CM in adsorbing As
and F~ from groundwater was evaluated through
five successive adsorption cycles, with no purifi-
cation or regeneration steps implemented between
cycles.

Table 1 Chemical composition of groundwater used for natu-
ral water assays

Parameter Value Unit

F~ 3.06 mg L™

As 0.116 mg L™

Fe 0.142 mg L™

Na 498 mg L}

Ca 70.7 mg L™

Mg <1 mg L™!

cr- 199.6 mg L™

pH 7.80

Conductivity 1902 pS cm™!

Total dissolved solids 1.35 ppt

Salinity 0.95 ppt

Total Hardness 7.08 mg CaCO, L™
Total alkalinity 527.2 mg CaCO, L
HCO," alkalinity 496.0 mg CaCO, L™!
CO,%" alkalinity 31.06 mg CaCO, L

@ Springer
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Results and discussion
Characterization of the adsorbent synthesized
Thermogravimetric analysis

Thermogravimetric analysis (TGA) was employed
to estimate the composition of the nanocomposite
concerning the percentage of its organic and inor-
ganic phases. Figure 1 shows the thermogravimet-
ric profile of HAp—CM nanocomposite. As can be
seen, the magnetic nanocomposite shows three dif-
ferent weight-loss regions. The first drop-in weight
of about 8.5% is registered for temperatures below
250 °C. This drop-in weight is due to the release of
moisture and some light volatiles. Weight loss in the
range of 250-550 °C may be associated with the ther-
mal decomposition of cellulose, hemicellulose, and
primary pyrolysis of lignin that compose the biomass
(Burhenne et al., 2013). A third weight drop of 8.5%
is registered for temperatures beyond 550 °C; and it
is usually linked with secondary pyrolysis of lignin-
forming biochar residue (Mishra & Mohanty, 2018;
Salema et al., 2019). We obtained similar results for
magnetic nanocomposite precursors (Scheverin et al.,
2022a).

Then, the thermogravimetric analysis’s data
reveals that HAp—CM undergoes a total weight loss
of about 22.9%. This percentage is attributed to both
water (8.5%) and biomass (13.6%) content. The latter
falls short of the theoretical nominal value (16.6%).

100

Weight (%)

754

T T T T T T T T
0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig.1 Thermogravimetric profile of HAp-CM

@ Springer

Additionally, these results estimate the percentage of
inorganic phases (hydroxyapatite and magnetite) in
the nanocomposite to be approximately 77.8%, also
less than the nominal value.

FTIR spectroscopy

FTIR spectroscopy was used to evaluate the pres-
ence of exposed functional groups and to infer the
possible binding interactions leading to the forma-
tion of the HAp—CM composite. The FTIR spec-
tra of the magnetic composite (Fig. 2) show signals
assigned to the hydroxyapatite structure’s four types
of vibrational modes of phosphate (PO,>~). The triply
degenerated asymmetric stretching mode (v; P-O) is
observed as an intense band at 1043 cm_l’ accompa-
nied by a weak shoulder at 1096 cm™'. The symmet-
ric stretching mode (v, P-O) appears as a sharp peak
at 963 cm™. Additionally, bands observed within the
700-500 cm™' and 490450 cm™! ranges may corre-
spond to the triply degenerate in-plane bending mode
(vy O-P-0O) and doubly degenerate out-of-plane
bending mode (v, O-P-0), respectively (REHMAN
& BONFIELD, 1997).

Bands located between 1540 and 1300 cm™
might be associated with the presence of CO32‘ in
the structure of the nanocomposite. The presence
of carbonate could be explained by considering
the synthesis condition. In this sense, under high
alkalinity conditions, the OH™ ions present in
the medium can react with the atmospheric CO,,

% T (AU)
" L I%‘ M 1 L
2
S
i

| oH CH €c=0 P-O 0-P-0

L T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™)

Fig. 2 FTIR spectra of HAp—-CM
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increasing the CO,>~ concentration in the synthe-

sis solution causing a partial replacement of phos-
phate or hydroxyl groups of HAp—CM with CO32_.
This observation agrees with the results of previous
investigations, where we found that hydroxyapatite
synthesized under the same conditions exhibited
carbonate substitution (Scheverin et al., 2022a).
However, in this case, these signals cannot be solely
assigned to the presence of carbonates in the struc-
ture, as the lignocellulosic matrix presents bands
in this zone that are attributable to carbonyl groups
(C=0, RCOOH, RCOOR, etc.) (Moran et al., 2008).
Hence it is possible to consider an overlapping con-
tribution of both types of signals to the mentioned
bands.

Bands located at 2954, 2922, and 2852 cm™!can
be attributed to C-H stretching modes from bio-
mass surface groups. However, the typical biomass
signals in 1200-1000 cm™! range (C-O, C=C, etc.)
are not detected in the spectrum of HAp—CM. This
absence could be explained by the intensity of the
v; PO,* band. On the other hand, in a previous
study, we confirmed that the interaction between
hydroxyapatite and biomass originates from the inter-
action with the carbonyl groups present in the ligno-
cellulosic matrix (Scheverin et al., 2022a).

Materials containing hydroxyapatite exhibit a dis-
tinct signal at 3500 cm™! associated with the struc-
tural OH groups of the mineral. This signal is not
observed in the HAp—CM spectrum. However, it is
present in the FTIR spectra of HAp (hydroxyapatite)
and HAp-C (hydroxyapatite—-biomass nanocompos-
ite) constituent materials synthesized under the same
conditions (Scheverin et al., 2022a). The absence of
this signal in the HAp—CM spectrum suggests the
involvement of O-H structural bonds of the mineral
in the FeO-HAp interaction (Scheverin et al., 2022b).

On the other hand, the characteristic signal associ-
ated to iron oxides (v Fe-Q), typically found within
the 600-500 cm™ range, is not observed in the spec-
trum. This fact can be explained by considering the
high-intensity nature of the v, O—-P-O bands, causing
complete overlap with the Fe—O band in this spectral
region. Additionally, it should be considered that the
proportion in which iron oxide is present is consid-
erably lower than the proportion of hydroxyapatite in
the nanocomposite at least nominally. In this sense,
similar results have been reported by other authors
working on materials synthesized in a ratio similar to

that used in this work (Bhatt et al., 2020; Scheverin
et al., 2022b).

Also, both shape and intensity ratio of bands
linked to the v; P-O and v, O-P-O vibrational modes
exhibit marked changes in the magnetic nanocom-
posite compared to its predecessor materials. Table 2
provides a comparison of the v,/v, area ratio of all
materials. The results show a notable decrease in
the v,/v, ratio in the magnetic composite, while this
ratio remains constant in the spectra of its HAp and
HAp-C precursors. These results indicate significant
changes in the chemical environment of the P-O and
O-P-O bonds attributed to the presence of iron oxide
in the nanocomposite, thereby confirming the pres-
ence of iron oxides in the composite.

X-ray diffraction (XRD)

Figure 3 shows the XRD diffractogram pattern of the
magnetic nanocomposite. The following diffraction
peaks were observed at 20=25.86, 28.10, 28.70,
31.80, 32.10, 39.84, and 46.74 matching well with the
(hk1)planesof (002),(102),(210),211),
12), (1 30), and (2 2 2), respectively. These peaks
are attributed to the hexagonal phased hydroxyapatite
in the p63/m space group (ICDD 00-024-0033). The
results reveal that no notable changes occurred in the
positions of the relevant reflections concerning the
standard patterns. Therefore, the composite retains
the crystalline structure of hydroxyapatite.

The presence of iron oxides is also verified by the
typical signals ascribed to their crystalline pattern. It
is important to highlight that magnetite and magh-
emite cannot be distinguished by XRD because they
share the same spinel structure and almost identi-
cal lattice parameters (Darminto et al., 2011; Kim

Table 2 Comparison of v; P-O / v, O-P-O area ratio for
hydroxyapatite-based materials synthetized under the same
conditions

Material v3 P-O
/v,
O-P-O
HAp* 3.94
HAp-C® 3.96
HAp—CM (this work) 3.39

*HAp =hydroxyapatite
PHAp-C = hydroxyapatite—biomass composite

@ Springer
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* HAp
+ Mag
o Hem

100
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o
1
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o
1

Relative Intensity (%)
3
1

2 0 (degree)

Fig. 3 XRD pattern of HAp—CM in the 26 range from 10° to
70°

et al., 2012). The position and intensity of peaks at
20=30.19, 35.60, and 56.94 shows a good match
with the (h k 1) plane of (22 0), 31 1), and (51
1), respectively, of cubic structure magnetite (ICDD
00-019-0629) or eventually maghemite (ICDD
00-039-1346) patterns. On the other hand, the peak
at 24.16 confirms the presence of hematite (Hem).
The presence of impurities can be ascribed to the syn-
thesis conditions as it was not carried out under inert
atmospheric conditions, leading to the partial oxida-
tion of Fe?* ions to Fe>*. This hindered the possibility
of exclusively forming magnetite/maghemite (Maity
& Agrawal, 2007). Thus, the effective Fe**/Fe?* ratio

a)

Hydroxyapatite

20 nm

Fig. 4 TEM micrograph of HAp—CM at a 270 k x and b 200 k x
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b)

Goethite

increases concerning the initial nominal ratio of 2:1,
causing the formation of oxides iron compounds.

The sizes of the magnetite and hydroxyapatite
crystallites in the nanocomposite were determined
from the Scherrer formula. The size of the magnetite
crystallite was 33.3 nm, while that of hydroxyapatite
was 13.5 nm. The value obtained for hydroxyapatite
crystallite was considerably lower than that obtained
for HAp (27.6 nm) and HAp-C (20.6 nm) synthe-
sized under the same conditions and reported in a
previous work (Scheverin et al., 2022a). This result
suggests that the presence of magnetite hindered the
growth of hydroxyapatite onto the nanocomposite.

Electronic microscopic analysis

The surface morphology of HAp—CM was analyzed
using TEM and SEM-EDS. The TEM micrograph
(Fig. 4) shows particles ranging in size from 10 to
100 nm dispersed throughout the biomass matrix,
forming some agglomerated regions, in the typical
structure of hybrid organic—inorganic nanocomposite
(Horst et al., 2015; Lassalle et al., 2011). In particu-
lar, the rod-like particles are due to the hydroxyapa-
tite phase present in the nanocomposite (Mohd Pu’ad
et al., 2019; Scheverin et al., 2022a). Additionally,
different iron oxide phases in the magnetic nano-
composite can be observed. Particles with an irregu-
lar cubic morphology are associated with magnet-
ite/maghemite nanoparticles (Torres-Gémez et al.,
2019), while those with a needle-like shape can be

Hydroxyapatite

o
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linked to hematite or goethite (Glotch & Kraft, 2008;
Mohammed et al., 2017).

The SEM micrographs show the formation of
irregular and porous surface clusters (Fig. S1). Com-
pared to its non-magnetic predecessor (HAp—C), the
surface of the magnetic nanocomposite is qualita-
tively more porous. This observation would indicate
that magnetite is deposited on the surface of HAp-C.
However, the iron oxide phase cannot be distin-
guished from the hydroxyapatite phase.

Further, the EDS analysis was performed to deter-
mine the elemental composition of the synthesized
nanocomposite in terms of iron (Fe), oxygen (O),
calcium (Ca), phosphorus (P), and sodium (Na) in
a semiquantitative way, considering the limitations
of this technique concerning the homogeneity of
the analyzed sample. The results obtained from the
average of three spectra along with the associated
standard deviation are summarized in Table 3. The
presence of Na arises from the synthesis conditions
since NaOH was used as a precipitating agent. Na*
ions can be incorporated into the hydroxyapatite net-
work replacing Ca** ions, which, in turn, generates
a charge balance that favors the substitution of some
PO,>~ groups by CO,>~ (B-site carbonate substitu-
tion) (Kovaleva et al., 2009).

The Ca/P molar ratio is estimated to be 1.78,
which would exceed the expected Ca/P molar ratio for
stoichiometric hydroxyapatite (1.67). This difference
would indicate that the hydroxyapatite phase obtained
would not be stoichiometric. The higher Ca/P ratio
could be due to B-site carbonate substitution, aligning
with the FTIR findings.

The Fe data further confirms the incorporation of
magnetite into the hydroxyapatite—biomass compos-
ite. The Ca/Fe molar ratio estimated by SEM-EDS
is about 1.30, significantly lower than the nominal
Ca/Fe molar theoretical ratio (3.07). This marked

Table 3 Elemental composition of HAp—-CM by SEM-EDS

Element Weight (%)
Ca 18.67 (9.82)
P 7.82 (3.8)
Fe 20.03 (7.77)
(¢} 50.10 (8.7)
Na 2.08 (2.31)

Note: values in parentheses indicate standard deviation

difference could be explained by the fact that the iron
oxides are not uniformly distributed throughout the
volume but rather deposited on the hydroxyapatite
surface, coating it. On the other hand, the element
mapping (Fig. S2) reveals a mostly uniform surface
distribution of elements composing HAp—CM. Thus,
SEM-EDS, FTIR, and XRD characterizations con-
firm the successful formation of the nanocomposite
through the proposed method. However, it’s crucial to
consider that SEM-EDS characterization might lack
representativeness, focusing on a limited area that
could not fully reflect the overall sample composition.
This is even more critical when non uniform samples
are analyzed.

Point of zero charge measurements (pH,,. )
Measurement of pH,,. provides information on sur-
face changes related to the total net charge. At pH,,
both the positive and negative charges developed on
the material’s surface are in total equilibrium, leav-
ing the net charge equal to zero. When pH levels are
below the pH,., the surface of the material devel-
ops a positive charge due to protonation of its func-
tional groups. Conversely, when pH levels surpass
the pH,,, the adsorbent surface becomes negatively
charged because of the deprotonation of surface
groups. Therefore, determining the pH,,. is crucial
for understanding potential adsorption mechanisms of
pH-sensitive adsorbents.

Figure 5 shows the curve of ApH versus initial pH
obtained using the drift method. The value of pH,,.
for HAp—CM was 6.90. At this point, it is important
to remark that pH,,. found for its non-magnetic pre-
decessor, HAp—C, was 7.41. The difference between
the recorded values is considered additional evidence
of the deposition of magnetite on HAp—C’s surface,
forming a distinct compound with specific properties.

As observed in previous work (Scheverin et al.,
2022a), for initial pH values between 6 and 9, the pH;
is nearly equal to the pH,,. value (x0.4). Thus, the
magnetic adsorbent acts like a buffer in the studied
pH range, revealing its amphoteric behavior.

It should be noted that it was not possible to deter-
mine the pH value of the isoelectric point of the mate-
rial by Z-potential measurements since the system
continuously evolves towards the same final pH value
(7.0+0.5) regardless of the initial pH value. In this
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Fig. 5 Graph of ApH versus initial pH obtained using the pH
drift method

sense, the average zeta potential value registered was
—19.20+0.80 mV for this range of final pH values.

Adsorption assays

In general terms, it is known that several factors
affect the adsorption process, such as contact time,
the pollutant’s initial concentration, the amount of
adsorbent, and pH, among others. These factors must
be optimized to obtain the maximum adsorption
capacity. In the following section, we discuss, firstly,
the effect of the parameters mentioned above on the
adsorption of As and F~ in mono-component sys-
tems. Then, we analyze the effect of the presence of
different co-ions in an aqueous matrix on adsorption
capacity and the competitive adsorption between As
and F~. Finally, we explore the efficiency of the mate-
rials as adsorbents using a natural water sample.

Effect of contact time and kinetic modelling

Figure 6 shows the effect of contact time on the
adsorption capacity (Q) of HAp—CM. Both pol-
lutants, As and F~, presents a similar adsorption
trend. However, the adsorption of As on the mag-
netic nanocomposite rapidly reaches equilibrium at
60 min. Meanwhile, F~ adsorption shows a slower
increase compared to arsenic, reaching equilibrium
after 120 min. As a result, 60 min and 150 min were
deemed optimal contact times for further testing of
As and F~, respectively.

@ Springer

Under the explored conditions, the arsenic adsorp-
tion capacity at equilibrium (Q,) was 3.4 mg As per
gram of adsorbent, resulting in a 34% removal of
the metalloid. Similarly, Q, for fluoride removal was
3.0 mg F~ g7!, representing a 50% removal efficiency.
However, the Q, recorded for fluoride adsorption is
lower than that registered for its precursor, HAp—C
(4.1 mg F~ per gram of adsorbent), under identi-
cal experimental conditions. One possible explana-
tion for these results is that neither magnetite nor
biomass showed a quantifiable removal capacity for
F~ under the explored conditions. Consequently, the
F~ removal capacity of HAp—CM is mainly attrib-
uted to the hydroxyapatite phase. Therefore, it is logi-
cal that the F~ adsorption capacity (Q,) to be lower
in HAp—CM, as the proportion of hydroxyapatite per
gram of material is lower in Hap-CM compared to the
hydroxyapatite—biomass nanocomposite.

The experimental data were fitted by non-linear
regression analysis to PFO, PSO, and the Weber-Mor-
ris model to obtain information regarding adsorption
kinetic and potential interaction mechanisms involved
in the adsorption process. Table 4 shows the fitting
results of the kinetic models for both contaminants.

Arsenic’s kinetic data are well described by both
PFO and PSO models. However, the difference
between the experimental and calculated Q, is less for
the PSO kinetic model than for the PFO model. Fur-
thermore, the statistical parameters X2 and R? indi-
cate that the PSO model is the one that best fits the
experimental data.

For fluoride adsorption, the statistical analysis
shows that the PSO model is more appropriate than
the PFO to explain the kinetic behavior. Accord-
ingly, the predicted Q, is very close to the experimen-
tal value (3.0 mg F~ g~!). Moreover, comparing the
kinetic PSO model parameters values for K, and h for
both contaminants, it is evident that the adsorption
process of arsenic onto HAp—CM is faster than the
fluoride adsorption.

The adsorption mechanism is a multi-stage process
involving bulk diffusion, external diffusion, intrapar-
ticle diffusion, and attachment via physisorption or
chemisorption (Lima et al., 2015; Tran et al., 2017).
In this respect, the Weber-Morris model can estimate
the mechanisms involved in the adsorption process
and predict the rate-controlling step (Lima et al.,
2015).
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Fig. 6 Effect of contact
time in the a arsenic and

b fluoride adsorption on
HAp-CM. The error bars
represent the standard
deviation of samples. C; ,:
10mg L™, Cip: 6 mg L7,
adsorbent dose: 1 g L™!, pH
6,298 K

Table 4 Kinetic parameters

for arsenic and fluoride
adsorption
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Model R? X’ Q. model Q. exp Kinetic parameters
Arsenic
PFO 0.97 0.03 3.23mg g 3.4mgg™! K;=0.21 min~!
PSO 0.99 0.01 3.36 mg g~ 3.4mgg™! K,=0.12 g (mg min)~!
Fluoride
PFO 0.59 0.14 273 mg g~! 3.0mg g™ K,=0.45 min™!
PSO 0.87 0.04 2.85mg g 3.0mgg”! K,=0.28 g (mg min)~!

Figure S3 presents the kinetic data for As and
F~ plotted using the Weber-Morris model. Both
resulting plots exhibit multilinearity, indicating that

intraparticle diffusion is not the only rate-limiting
step for the sorption process. While the external
diffusion stage is not observed, it can be assumed
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to have occurred rapidly within the initial few min-
utes of testing (as shown by the dotted line). The
intraparticle diffusion stage can be attributable to
the graphs’ first linear section (solid line); while the
second linear section (dashed line) may depict the
equilibrium phase. These results suggest the com-
plexity of the mechanisms involved in the adsorp-
tion of As and F~ onto the magnetic hydroxyapa-
tite—biomass nanocomposite. They indicate that
intra-particle diffusion isn’t the sole factor govern-
ing the adsorption of both contaminants.

On the other hand, the slope of the first linear
portion allows obtaining the intraparticle diffusion
rate. As shown in Fig. S3 (supplementary mate-
rial), the intraparticle rate for As (K;y;=0.408 mg
(gxmin)_m) is about five times higher than
that presented for F~ adsorption (K;;=0.08 mg

(gxmin)‘”z). These results are consistent with the
conclusions derived from the PSO model study.

Effect of initial concentration and isotherm modeling

The study of the effect of initial concentration and
isotherm modeling describes how an adsorbate inter-
acts with the adsorbent under equilibrium conditions.
Notably, isotherm modeling provides valuable infor-
mation about maximum adsorption capacity (Qp,,)
and the possible mechanism involved in the adsorp-
tion process, facilitating comparisons among different
materials.

Langmuir and Freundlich’s models were applied
to elucidate the behavior observed in the experimen-
tal data. Figure 7 and Table 5 show the fit of the two
models and the statistical parameters. Either model
can successfully explain the As or F~ adsorption onto

= As experimental data
—— Freundlich model
Langmuir model

20 30 40 50 60 70
Ce(mgL™)

= F~ experimental data
—— Freundlich model
Langmuir model

Fig. 7 Adsorption iso- a)
therm for a Arsenic and 7]
b Fluoride adsorption on |
HAp-CM—The error 6
bars represent the stand- |
ard deviation of samples. 54
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pH 6, 60 min, 298 K g 4
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2+
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0 T T
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6
=
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s
(@]
24
0 T
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Table 5 Characteristic parameters of different isotherm modeling for arsenic and fluoride adsorption

Model Arsenic Fluoride
R? X’ Isotherm constants R? x> Isotherm constants
Langmuir isotherm 0.991 044 Quu=500mgg™’ 0987 085  Quu=1020mgg™"’
K. =0.20L mg™ K. =0.06 L mg™!
Freundlich isotherm  0.972 1.17 Kp=130mg gt (mgL™H™"  0.995 0.10 Kp=0.85mg g~ ! (mg L7}~
n=3.04 n=1.66

HAp-CM since the non-linear correlation coefficient
is R*>0.9.

Although both models satisfactorily explain the
experimental data, the Langmuir model (X2=0.44)
provides a better fit for arsenic adsorption compared
to the Freundlich model (XZ: 1.7). The high corre-
lation with the Langmuir isotherm suggests that pri-
marily adsorbs onto the adsorbent’s surface in a mon-
olayer coverage manner. Conversely, the Freundlich
model (X2=0-10) better fits the fluoride adsorption
than the Langmuir model (X2=0.85), indicating that
F~ predominantly adheres to the adsorbent’s surface
in a heterogeneous manner.

HAp-CM exhibits a Q,,,, of 5.0 and 10.2 mg g~
for As and F~ removal, respectively. The fluoride
Qpax of HAp—-CM (10.2 mg L") is almost equal to
the Q,,.x value presented by its non-magnetic prede-
cessor material, HAp—C (10.0 mg L™!). On the other
hand, Ky values demonstrate that HAp—CM has a
major affinity for As (1.30) than F~ (0.85).

Effect of the adsorbent dose

To investigate the effect of the adsorbent dose, a
series of adsorption experiments were conducted
using varying amounts of HAp—CM, ranging from 1
tod g L‘l, while maintaining initial concentrations
of 10 mg L™! for As and 6 mg L™! for F~. Table S1
shows the influence of the adsorbent dosage on
As and F~ removal. As shown, there’s a substantial
increase in removal percentage as the HAp—CM dos-
age rises, which implies that Q decreases for both
contaminants.

The efficiency of fluoride adsorption increases
from 48.2 to 86.07% with an increment of the adsor-
bent amount from 1 to 4 g L™!, resulting in a decrease
in F~ concentration in the aqueous solution from 6.00
to 0.84 mg L~!, the WHO’s maximum limit of 1.5 mg
L~!. Likewise, arsenic removal efficiency increased

from 30.1 to 76.1% with the same rise in adsorbent
quantity. Despite achieving high removal percent-
ages for As, the final concentration values exceeded
the recommended maximum limit of 0.01 mg L.
Notably, the initial As concentrations were unusu-
ally high, far beyond typical levels found in ground-
water sources (Kumar et al., 2020). Consequently, we
decided not to explore higher adsorbent dosages.

Effect of pH

The influence of pH is an important factor to evaluate
since both the structure and charge of the adsorbent
and adsorbate can change with variations in pH. This
is particularly important because real water samples
vary widely in pH due to their diverse sources. Con-
sequently, the adsorption efficiency could fluctuate
concerning pH value, depending on the sorption pro-
cess mechanism. Figure 8 shows the effect of the ini-
tial pH HAp—CM s efficiency for As and F~ removal.

100 9,0

-85
80

8,0
60

40

Removal efficiency (%)

20

Fig. 8 Effect of pH on the on the arsenic and fluoride removal
capacity. The error bars represent the standard deviation of
samples
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The extent of As adsorption peaks at pH 4.5
(80.86%) and declines as pH increases. This trend is
attributed to pH’s influence on both arsenic speciation
and the adsorbent’s surface charge. As pH rises, it
prompts the successive deprotonation of arsenic spe-
cies, altering their affinity for the adsorbent. Simulta-
neously, the surface charge on HAp—CM is also influ-
enced by pH’s solution. As detailed in Sect. “Point
of zero charge measurements (pHpzc)”’, HAp—CM’s
surface is negatively charged beyond the pH,,. (7.41).
Then, at pH>pH,,, electrostatic repulsion between
arsenic species and HAp—CM nanoparticles dimin-
ishes adsorption efficiency. Thus, these results show
that the arsenic mechanism adsorption involves a
strong contribution of electrostatic forces.

The efficiency of F~ adsorption moderately
decreases (<6%) with increasing pH. Therefore,
the fluoride adsorption process of HAp—CM is not
strongly pH-dependent. Thus, the electrostatic forces
are not the predominant mechanism for fluoride
adsorption.

Analysis of final solution pH values post-fluoride
adsorption reveals that ApH >0 when the initial solu-
tion pH was lower than pH,,.. Conversely, ApH<0
occurs when the initial pH exceeds pH,,,.. A similar
trend was found using its non-magnetic predecessor
(HAp-C) and by other authors using hydroxyapatite
(Jiménez-Reyes & Solache-Rios, 2010; Medellin-
Castillo et al., 2014; Poinern et al., 2011), and iron
oxide-based materials (Deng & Yu, 2012). In this
context, fluoride adsorption occurs thought ligand
exchange with OH™ surface groups, causing a pH
increase. However, it’s reported that at basic pH val-
ues, the OH™ content in the solution competes with
F~ ions for sorption sites in the sorbent material,
resulting in ApH <0 (G6émez Hortigiiela et al., 2014;
Jiménez-Reyes & Solache-Rios, 2010; Sundaram
et al., 2008).

Effect of coexisting ions

The removal of As and F~ from groundwater sources
may be hampered due coexisting species competing
for the active sites on the adsorbent. Chlorides (C17),
nitrate (NO;™), bicarbonate (HCO;"™), sulfate (SO42_),
phosphate (PO,*7), sodium (Na*), and calcium (Ca")
are among the species commonly found in high con-
centrations in groundwater (Ravindra & Garg, 2007;
Tatawat & Chandel, 2008). These various species

@ Springer

could potentially have either a positive or negative
impact on pollutant removal. To understand the influ-
ence of coexisting ions on As and F~ removal effi-
ciency, solutions of each pollutant were spiked with
CI~, HCO;~, NO;~, SO,*, PO,*~, and Ca** (250 mg
L~!). Then, the percentage of As or F~ removal was
calculated. It’s noteworthy that in these experiments,
we adjusted the pH value to 8.5 to replicate natural
water sample conditions. Figure 9 depicts the effect
of coexisting ions on arsenic and fluoride removal
efficiency (% R) on HAp—-CM.

Most co-ions studied enhance the efficiency of
arsenic adsorption, except for PO,*~. Interestingly, the
presence of PO, greatly inhibited arsenic adsorp-
tion, reducing the efficiency from 66 to 9%. This
inhibition could be attributed to the structural and
chemical similarities between PO,>~ ions and arse-
nic species (Lin et al., 2012). Studies have indicated
that both are adsorbed as inner-sphere complexes
onto iron oxides (Arai & Sparks, 2001; Gallegos-
Garcia et al., 2012). On the contrary, arsenic uptake
increases by about 29% in the presence of Ca**. In
this regard, it is widely reported that Ca>* ions posi-
tively impact arsenic removal enhancing electrostatic
attraction and the co-precipitation process (Mohan &
Pittman, 2007).

The presence of CI°, HCO;7, SO42_, and
NO;™ notably has a positive impact, resulting in
an increase of nearly 32% in removal efficiency,

100 -l As
-l = T

80

60

40

Removal efficiency (%)

20

Blank cr  HCOoy; NOy SO2% PO  Cca?

Coexisting ions

Fig. 9 Effect of the presence of coexisting ions on the As and
F~ removal efficiency of HAp—CM. The error bars represent
the standard deviation of samples
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particularly when NO;™ ions are present. It’s impor-
tant to note that while these mentioned anions typi-
cally decrease arsenic uptake, especially NO;™ ions
(Mohan & Pittman, 2007), this effect is not the case
for As adsorption on HAp—CM. Further characteri-
zations beyond the scope of this work are required
to explain the abovementioned phenomenon. These
results demonstrate some of the advantages that could
be generate by the synthesis of this type of composite
material for application in groundwater treatment.

The adsorption of fluoride has different behav-
ior depending on the coexisting specie. The pres-
ence of CI~, NO;~ y Ca®" improves the efficiency
of F~ removal. Meanwhile, the presence of coexist-
ing anions such as PO,*~, SO,?>~ y HCO;™ result in
a reduction of F~ adsorption efficiency. Overall, the
differences in the percentage removal (A %) observed
for F~ adsorption are notably smaller than those
recorded for As. Then, the efficiency of F~ removal is
less influenced by the presence of coexisting species
compared to As removal.

Competitive adsorption

The coexistence of arsenic and fluorides in ground-
water typically shows a positive correlation. For this
reason, the competitive adsorption between As and
F~ on HAp—CM was studied. The experiments were
performed with an initial concentration of 6 mg L™
F~ with two distinct arsenic concentrations: 10 mg
L~' As and 0.250 mg L™ As. It’s worth noting that
the selection of low arsenic concentration levels and
the fixed F~ concentration was based on previous
reports detailing contaminant levels in the groundwa-
ter of Buenos Aires Province, Argentina (Argentina)
(Al Rawabhi, 2016).

Table 6 provides the equilibrium data and adsorp-
tion yield. The results demonstrate synergistic behav-
ior in fluoride adsorption when high arsenic concen-
trations are present, showing an increase in removal
efficiency from 81.8% to 93.5%. Additionally, fluo-
ride removal sees a slight 2% increase as arsenic
concentration decreases from 10 mg L™! to 0.250 mg
L.

On the other hand, with an initial arsenic concen-
tration of 10 mg L™!, As removal also demonstrates
synergistic behavior, with the removal percentage
escalating from 66.7% to 88.7% in the presence of
fluoride. For low arsenic concentrations, neither the

Table 6 Parameters of competitive adsorption between As and
F~ on HAp-CM

As C;=10mg L' As C;=0.250 mg
L-!
As F As F~

Cp(mgL™) 1.17(0.02) 039(0.04) <0.01 0.29 (0.01)
Qmgg'  220(0.002) 1.40(0.01) >0.01 0.09(0.03)
R (%) 88.7(0.22) 93.5(0.68) >96.0 95.1(0.21)

Note: values in parentheses indicate standard deviation

adsorption capacity nor the removal efficiency could
be calculated due to the final As concentration fall-
ing below the quantification limit of the method used
(Sect. “Batch adsorption assays”). Nevertheless, it’s
evident that even at low concentrations, the arsenic
removal capacity is sufficiently high to reduce the lev-
els below the established WHO limit.

Natural water assessments

The efficiency of the HAp—CM nanocomposite in
treating naturally contaminated groundwater contain-
ing As and F~ was evaluated. As depicted in Table 1,
the initial fluoride concentration in the water sample
was 3.06 mg L™!, which greatly exceeded the WHO
guideline range of 0.5-1.5 mg L~!'. Moreover, the
arsenic concentration was 0.116 mg L~!, surpassing
the recommended limit of 0.01 mg L™,

Figure 10 presents the results of testing the
HAp-CM’s efficiency in removing As and F~ over
five consecutive adsorption cycles. The data indicates
that within the first four cycles, F~ concentrations
were effectively reduced below the maximum recom-
mended limit. However, the percentage of F~ removal
gradually declined in subsequent cycles.

In the first cycle of As removal, the removal per-
centage surpassed 91% reducing the concentration to
a permissible level of 0.01 mg L™!. Despite consist-
ently high removal percentages in subsequent cycles,
achieving the recommended limits for arsenic con-
centration were not possible. These results can be
explained by considering the presence of multiple
species in the sample that can compete for active sites
of the adsorbent.

It is worth noting that employing adsorbents effec-
tively in natural environments such as groundwater
requires a tailored approach. This involves evaluating
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Fig. 10 Cycles of reuse of HAp—-CM for a As and b F~
adsorption in a groundwater sample

specific factors like the ratio of adsorbent mass to vol-
ume or pre-treating water to eliminate potential inter-
fering species (Burris and Juenger, 2016). These con-
siderations help optimize the adsorption conditions
and ensure efficient removal of contaminants from the
water source under study.

Monitoring the stability of materials Stability is a
crucial property to consider when evaluating the feasi-
bility of the using adsorbent materials. The undesired

Table 7 HAp—CM stability in groundwater in terms of Ca and Fe

leaching of these materials’ components into treated
water necessitates careful evaluation. To assess this
property in groundwater treatment, the amount of iron
and calcium over five consecutive reuse cycles was
evaluated as parameters of HAp and iron oxides com-
ponents of nanocomposites. Table 7 shows the results
of this evaluation.

The data indicates the stability of HAp—CM con-
cerning both selected elements. Notably, there was no
detection of calcium leaching throughout the reuse
cycles. Conversely, concerning iron, not only was
there no leaching observed into the medium, but con-
tinuous metal adsorption was recorded consistently
across all consecutive reuse cycles. These results
highlight HAp—CM’s capability to retain iron within
its structure, establishing it as a promising adsorbent
for water treatment applications.

Conclusions

In this research, a novel magnetic hydroxyapatite—bio-
mass nanocomposite (HAp—CM) was successfully
synthesized using a combined sonochemical/hydro-
thermal approach to removing arsenic and fluoride
from groundwater. This material demonstrated to
exhibit suitable physicochemical properties regarding
its potential for groundwater remediation.
Comprehensive characterization techniques were
employed to confirm the structure and composition
of HAp—CM. The nanocomposite showed noteworthy
adsorption capacities for both contaminants, follow-
ing pseudo-second-order kinetics, with equilibrium
times of 60 min for arsenic and 150 min for fluoride.
Its maximum adsorption capacity was 5.0 mg g~! for
As and 10.2 mg g~! for F~. pH levels notably influ-
enced the adsorption capacity for both pollutants
under study. Coexisting ions had distinct impacts on
fluoride removal and increased arsenic adsorption,
except for PO,*~. Moreover, a synergistic effect was
observed when both contaminants were present.

Initial Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
Ca(mg L™ 70.70 (0.77) 65.60 (0.94) 66.00 (4.54) 70.22 (0.78) 71.33 (0.67) 72.22 (1.02)
Fe (mg L) 0.14 (0.001) 0.038 (0.0038) 0.0041 (0.001) 0.0485 (0.005) 0.048 (0.001) 0.060 (0.0009)

Note: values in parentheses indicate standard deviation
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Test on naturally contaminated groundwater high-
lighted HAp—-CM’s efficiency in reducing fluoride
concentrations over multiple cycles, while arse-
nic removal met recommended levels only initially.
Despite this, the adsorbent proved stable in real envi-
ronmental conditions, underscoring its potential for
treating contaminated water sources.
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