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Highlights
e Immobilization of magnetite nanoparticles on cationic polymer was synthesized.
e Phosphate removal using magnetite based nanocomposites was tested.
e Adsorption isotherms of phosphate at two pH; 5 and 7 were performed.
e Different isotherms models were applied for experimental data fitting.

e Regeneration and reusability of the magnetite based nanocomposites were carried out.
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Abstract

A novel nanocomposite based on magnetite nanoparticles (Fez04-NPs) immobilized on
the surface of the cationic exchange polymer, C100, using a modification of the co-
precipitation method was developed to obtain magnetic nanocomposites (NCs) for phosphate
removal and recovery from water. High resolution TEM-EDS, SEM, XRD, and ICP-OES were
used to characterize the NCs. The continuous adsorption process by the so-called breakthrough

curves was used to determine the adsorption capacity of the Fez04 based NC. The adsorption



capacity conditions were studied under different conditions (pH, phosphate concentration and
concentration of NPs). The optimum concentration of iron in the NC for phosphate removal
was 23.59 mgre/gnc. The sorption isotherms of this material were performed at pHs 5 and 7.
Taking into account the real application of this novel material in real water, the experiments
were performed at pH 7, achieving an adsorption capacity higher than 4.9 mgpos-r/gnc.
Moreover, Freundlich, Langmuir and a combination of them fit the experimental data and were
used for interpreting the influence of pH on the sorption and the adsorption mechanism for this
novel material. Furthermore, regeneration and reusability of the nanocomposite were tested
obtaining 97.5 % recovery of phosphate for the first cycle and at least 7 cycles of adsorption-
desorption were carried out with more than 40% of recovery. Thus, this work described a novel

magnetic nanoadsorbent with promoting properties for phosphate recovery in wastewater.

Keywords: magnetite nanoparticles; polymeric nanocomposite; adsorption; phosphate

removal; wastewater

1. Introduction

Contamination of water is a widespread problem throughout the world as a result of
pollution. Hence, wide range of pollutants, from organic pollutants such as pesticides [1], to
metals such as hexavalent chromium [2, 3] and cadmium [4] in aqueous environment can be
considered for remediation. Also, one of the most important pollutants in water is the excess
of nutrients (nitrogen and phosphorus) that threatens human health and the environment. In

particular, high amount of phosphorus promotes algae growth in water, since it is usually



regulated by microorganisms, which in its turn decreases oxygen concentration and leads to
eutrophication (extraordinary growth of algae as a result of excess nutrients in water bodies)
on rivers, lakes, and seas worldwide [5, 6]. Due to phosphorus is a non-renewable element
and huge amount of phosphorus is lost annually for lack of phosphorus recovery, its
recycling is of great interest especially with increasing demands, such as in the agriculture
[7] as a fertilizer [8, 9] or industrial usages as ingredients for human food, pharmaceuticals,
detergents, and food additive in the animal feed [10, 11]. Therefore, phosphorus is a critical
element in water, where it was found frequently contained in groundwater, domestic and
industrial wastewaters.

The common forms of phosphorus found in wastewater include phosphates (H2PO4",
HPO4?%, and PO4*), polyphosphates and organic phosphates [12]. Phosphorus concentrations
in water matrices can be very different. For instance, municipal wastewater may contain 4-
15 mg/L phosphorus as PO4*, domestic wastewater contains about 10-30 mg/L of PO4*, and
treated sewage contains lower concentration, 1-5 mg/L of PO4*. However, industrial
wastewater (such as detergent manufacturing and metal coating processes) may contain
phosphate levels of more than 10 mg/L [13]. Due to the potential interest of phosphate
removal from water, various techniques have been employed, including constructed wetlands
[14], physicochemical treatment method based on the precipitation of slightly soluble
phosphorous [15], and biological nutrient removal (BNR) methods [9, 16, 17, 18, 19, 20, 21,
22]. Sludge used in BNR methods had disadvantages especially with a high phosphorous
content due to there is a risk of phosphate release and flowing back to water treatment system
if the aeration is not sufficient [23]. Thus, precipitation and activated-sludge process were

studied for removing high concentration (hundreds to thousands of mg/L) [24] of phosphate



in wastewaters. However, in the case of low concentration (several mg/L) of phosphates,
precipitation or activated-sludge method is not much effective [25]. For instance, the
precipitation and crystallization methodologies present some disadvantages such as the
requirement of pH higher than 9 to complete precipitation which have to disadvantages, as
example, especially in the presence of carbonate/bicarbonate anions competitive interaction,
difficult to regenerate and reuse which led to high cost for treatment. Other purification
process performed on polluted water bodies, as high recovery reverse osmosis (RO) [9, 26],
suffers problems associated with phosphate ions and in combination with calcium ions as
precipitating agent for phosphate salts which lead to membrane blockage what limits water
recovery [27].

Many challenges of the previous described water treatments were faced by the use of
the nanotechnology that provides also cost effective treatment capabilities [28].
Nanomaterials have a number of key physicochemical properties that make them particularly
attractive for water purification such as separation media or reusability. On a mass basis, they
have much large surface areas than bulk particles. Nanomaterials can also be functionalized
with various chemical groups to increase their affinity toward a given compound. They can
also serve as high capacity - selectivity and recyclable ligands for toxic metal ions,
radionuclides, organic and inorganic solutes [29]. Therefore water treatment based on the
adsorption of contaminants using nanomaterials, such as cerium oxide or iron oxide- based
nanoparticles, is relatively useful and cost effective method for water contaminants[30, 31,
32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43] and also for phosphate removal [30, 31, 33, 34,
35, 36, 38, 39, 40, 41, 43]. Adsorption is generally used to remove organic [44] and inorganic

contaminants such as heavy metals [45] from water and wastewater treatment.



Nanoadsorbents offer significant improvement with their extremely high specific surface area
and associated sorption sites, short intra-particle diffusion distance, and tunable pore size and
surface chemistry. In general, adsorption technology has been a well established technology
for phosphate removal and recovery from water and wastewater, though more selective and
cost effective sorbents developed. Compared with chemical precipitation, adsorption does not
produce large volumes of chemical sludge. Various types of phosphorus adsorbents made
from zeolites [46], lanthanum and yttrium compounds [47, 48], aluminum compounds [49,
50, 51, 52, 53], zero-valent iron [54], amine-functionalize, Pr(OH)3 [55], magnesium
amorphous calcium carbonate [56], zirconium compounds [57, 58], and iron(l11) oxide
compounds [12, 30, 31, 38, 40, 51, 59, 60, 61] were studied.

In addition to all of these nanoadsorbents, studies were also focused on the iron based
adsorbents, with magnetic properties, due to their low cost [62] and their magnetic separation
methodology which offers great advantages, such as high speed, simplicity, accuracy and
effectiveness to operate as compared to the conventional separation methods [63]. Thus,
magnetic nanoparticles (NPs) have a high potential to be applied in adsorption systems
because they can easily be separated in a magnetic field. However, there are just a few
studies of phosphate removal from water by using magnetite (FesOs) NPs [64, 65].

On the other hand, the modification of polymers with surface functional groups, such
as acrylamide [66], N-vinylpyrrolidone [67] and also the modification of surfaces with
magnetic properties have been reported. In this sense, polymeric ligand exchangers exhibit
high phosphate selectivity over competing sulfate and chloride ions [16, 19] and efficient
regeneration and reuse. However, they are relatively expensive, which is the most important

parameter for the industrial applications. In this regard, the modifications of polymers or



other supports with NPs have been used recently [68, 69] to enhance the adsorption capacity
of the materials. For instance, Hydrated Ferric Oxide (HFO) was doped in various support
materials such as zeolites, alginates, activated carbon and cation exchange resins [70, 71, 72,
73] as well as in polymeric anionic exchanger [74, 75]. Anionic resins impregnated with
HFO were studied for phosphorus removal [76, 77, 78, 79]. In general, polymeric anion
exchange resins have low phosphate exchange capacity and poor selectivity factors against
common ions present in wastewater (chloride, sulfate, bicarbonate, nitrate and dissolved
organic matter) [19]. In this sense, other polymeric materials, such as the cation exchange
resin, from Purolite (C100), is a simple, fast and economic polymeric matrix for the removal
of metals such as Ce**, Fe®*, and Pb?* from aqueous systems [80]. Furthermore, taking into
account some works reported about the use of iron-based nanoadsorbents for phosphorus
removal in waters, it has been shown that the adsorption capacities at room temperature
were: 0.3 mg/g for a-Fe>03[12], 0.9 mg/g for Goethite + Maghemite (FeO(OH) + y-Fe20z)
[81], 1.1 mg/g Hematite (Fe203) [82], and 2.6 mg/g for hydrothermally synthesized FesO4
[64]. However, higher adsorption capacities are required and no studies were conducted on
the removal of phosphate based on cationic polymers and so far. Thus, iron based
nanoadsorbents based on polymeric supports could be a promoting solution.

Therefore, this work aims to develop and use an optimal nanoadsorbent based on
immobilized Fe3Os-NPs on the polymeric cationic resin, C100, for phosphate removal by
adsorption and its recovery from water in a continuous fixed bed column. More precisely, the
main objectives of this study are: 1) the optimization of the nanocomposite (NC) based on
the immobilization of different FesO4-NPs concentrations on the surface of the C100 material

to obtain the highest adsorption capacity for phosphate, and 2) the adsorption- desorption



optimization process to regenerate the adsorbent for the reusability of the NC and phosphate

recovery during several cycles of usage.

2. Material and methods

2.1. Materials

Iron (I1) chloride; FeCly, Iron (111) chloride hexahydrate; FeCl3.6H20, sodium phosphate
monobasic; NaH2POs, citric acid and ammonium hydroxide, NH4OH, were purchased from
Sigma-Aldrich, Spain. Sodium hydroxide pellets, NaOH, was purchased from Merck.
Hydrochloric acid, HCI, was purchased from Panreac, SA. All the chemicals were of
analytical grade or higher, and all solutions were prepared with Milli-Q water and filtered
using 0.45 um Nylon membrane filter.

The cationic exchange polymer (C100) consists of polystyrene cross-linked with divenyl
benzene functionalized with sulfonated group gel type and kindly supplied by Purolite S.A,

Spain. The ion-exchange capacity (IEC) of the polymer was 2.0 mequiv/g.

2.2. Synthesis of the nanocomposite based on magnetite NPs
Pre-treatment of the C100 was carried out by following the procedure already described
[83, 84]. First, the raw material was treated with 1.0 M NaCl for 2 h and washed with
deionized water (3 times) so as to convert all the functional groups into Na* form.
Afterwards, the resins were dried at 80°C for 24 h.
Immobilization of the Fe3s04-NPs on the polymeric matrix, C100, was carried out using a
variation of the Intermatrix Synthesis (IMS) protocol coupled to a co-precipitation method already

reported [83].



The experimental procedure for the preparation of iron oxide based ferrites involves the
precipitation of Fe?* and Fe®* salts in a strict ratio of 1:2 in deoxygenated water by the addition of
a strong basic solution, in this work, NaOH, at 40°C under N2 as an inert atmosphere (Equation

1),

Fe?* + 2Fe®" + 80H > Fes04 + 4H,0 (Eqg. 1)

Specifically, 125 mL of deoxydenated aqueous solution of NaOH 0.5M was added slowly with
continuous stirring into 100 mL mixture of deoxygenated iron salts suspension, with Fe?*/Fe3*
molar ratio of 1:2, which contained 0.4 g of C100 polymer under N> atmosphere and at 40°C. To
optimize the concentration of NPs on the surface of polymeric cationic resin, we have used four
different concentrations of FeCl,/FeCls. These are: protocol A: 26/52 mM, protocol B: 13/26 mM,
protocol C: 6.5/13 mM and protocol D: 3.25/6.50 mM. Then, the suspension was incubated for 1h
at 40 °C. During the incubation, the polymer became black in colour due to the formation of Fe3Os-
NPs on the polymeric material. The IMS of FesO4-NPs in sulfonated polymers can be described

by Equations 2 and 3 [85].

8(R-SO3"Na*) + Fe?* + 2Fe¥*> (R-SO3 )2(Fe?*) + 2[(R-SO37)s(Fe®*)] + 8Na* (Eq.2)

(R-SO3 )2(Fe?*) +2[(R-SO3 )s(Fe®*)] + 8NaOH > 8(R-SOs Na*) + FesOs + 4H,0  (Eq.3)

2.3. Characterization of the nanocomposites



2.3.1. Inductively coupled plasma optical emission spectrometry, ICP-OES

The metal content of the NC samples was analyzed by using ICP-OES, Perkin Elmer model
Optima 4300DV. The pre-treatment of the samples consists of an acid digestion, dilution and
filtration using 0.45 pm Nylon filters. The metal amount was reported in terms of mgre/gne
(where gnc refers to the mass of the NCs). Analyses were performed at Servei d'Analisi Quimica,

Universitat Autonoma de Barcelona (UAB), Spain.

2.3.2. X-Ray Diffraction, XRD

XRD technique was used to obtain the crystalline structure of the particles. In a diffraction
pattern, the location of the peaks on the 20 scale can be compared to reference peaks. Diffraction
patterns were collected on Panalytical X Pert PRO MPD (Multipurpose Diffractometer).
Analyses were performed at Institut Catala de Nanociéncia i Nanotecnologia (ICN2), Spain. The
identification of magnetite was based on the characteristic peaks in the diffractograms and

comparing with the database.

2.3.3. Scanning Electron Microscopy and Energy-Dispersive Spectroscopy, SEM-
EDS

Zeiss Merlin with a Field Emission microscope from Servei de Microscopia at UAB was
used to study the cross-sectioned NCs samples. Cross sections were obtained by embedding the
NC in epoxy resin and then, cross- sectioning with a Leica UC7 ultramicrotome (using a 35°
diamond knife from Diatome) used to obtain the metal concentration profiles along the materials.

EDS measurements were acquired with an Oxford INCA X-MAX detector [85].
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2.34. Transmission Electron Microscopy, TEM
JEM-2011/ JEOL microscope from Servei de Microscopia at UAB was used to
characterize the cross-sectioned of Fe3O4-NPs on the NC. The samples were embedded in

epoxy resin for cross-sectioned analysis as described in SEM section (section 2.3.3).

2.3.5. Surface area measurements by Brunauer-Emmett-Teller method, BET
Surface area of dry resin and the NCs were determined from conventional nitrogen sorption
isotherms at Institut Catala de Materials Avangats de Barcelona (ICMAB), Spain, utilizing the

BET theory. The instrument employed was a Micromeritics ASAP2000 with dedicated software.

2.4. lonic chromatography (IC) for phosphate analysis

The determination of phosphate, as phosphorous (PO4-P), was performed utilizing ICS-
2000 (Dionex) ion chromatographic system, with ultimate 3000 autosampler. An ion exchange
column specifically designed for rapid analysis of inorganic anion (Dionex lonPac AS18, 4 x
250 mm) equipped with an lonPac guard column (Dionex lonPac AG18, 4 x 50 mm) was used.
Chromeleon® software was used to acquire data and control the instrumentation. Calibration
standards and samples were filtered using 0.45 um Nylon membrane filter before injection.

Error in the measurements is < 1.2%.

2.5. Adsorption-desorption tests

2.5.1. Phosphate solutions

11



Phosphate solutions were prepared using a NaHPO4 stock solution of 10000 mg/L in
milli-Q water. Then, series of dilutions with a range of concentration from 0.1 to 100 mg/L
of phosphate in milli-Q water were prepared for calibration. Each solution was filtered using
0.45 um nylon membrane filter prior to analysis. When necessary, different pH was adjusted

using 0.1 M citric acid or 0.1M sodium hydroxide.

2.5.2.  Adsorption studies in a fixed bed column

The fixed bed column experiments were performed using polyamide column of 1 cm
inner diameter and 16 cm length. The column was packed with the synthesized NC. A glass
wool plug was placed at the bottom of the column to avoid the adsorbent washing out. Prior
to start the experiment, the NC was fully wetted by pumping the column upwards for 4 hour
with milli-Q water with flow rate 1mL/min. The flow rate was maintained in each
experiment using a peristaltic pump (Watson Marlow, 403U).

The continuous adsorption process is usually characterized by the so-called breakthrough
curves, i.e., a representation of the pollutant effluent concentration versus time profile in a
fixed bed column. In addition, breakthrough curves prediction through mathematical models
is a useful tool for scale-up and design purposes [86].

Breakthrough curve determination experiments were performed for all the experiments at
1 mL/min and 1.0 g of adsorbent (NCs).

The breakthrough curves show the loading behavior of phosphate to be removed from
solution in a fixed-bed column and are usually expressed in terms of adsorbed phosphate as
PO4-P concentration (Caq) as a function of time. Equilibrium uptake geq (Mgro4s-p/gne) iS

defined as the adsorption capacity of phosphate per mass of NC at a certain initial phosphate

12



concentration [87]. In all experiments, the initial concentration for phosphate was 10mg/L.
Different pHs of the phosphate media were also evaluated of the pH range from 4 to 7 to
evaluate the effect of the pH on the adsorption capacity as well as to evaluate the NC stability

after the adsorption experiments.

2.5.3. Phosphate adsorption isotherm and modeling

To estimate the maximum adsorption capacity of the adsorbent, isotherm modeling is an
important aspect for establishing adsorption system which provides information on the
amount required for removing unit mass of pollutant. In this study, isotherms were performed
continuously with phosphate interval concentrations (1, 2.5, 5, 10, 20, 30, 50, 80 and 100
mg/L), 1 g/L of nanoadsorbent, 1 mL/min at room temperature and two pH values; 5 and 7.

The experimental quantities of the phosphate adsorbed have been fitted to adsorption
isotherms models available in the literature, including two-parameter isotherms (Langmuir,
Freundlich, Dubinin—Radushkevich, DR), three-parameter isotherms (Brunauer—Emmett—
Tellerand, BET) and a combination of them. Isotherms were determined from the breakthrough
curves of step changes in the feed concentration by non-linear regression according to the value
of the objective function defined as the norm of the difference between experimental data and
model predictions. The sorption capacity of the material was evaluated at different pHs by
frontal analysis following the stair case method [88]. Moreover, a confidence interval has been
determined in the estimation of model parameters according to the Fisher information matrix
method as function of the quantity and quality of experimental data [89].

Columns experiments started with 1 mg/L phosphate as initial concentration until

equilibrium was reached. At that point, inlet phosphate concentration was increased

13



corresponding to the interval of phosphate concentration. For each initial phosphate

concentration, geq Was calculated.

2.5.4. Desorption of phosphate and reusability of the nanocomposite

The desorption process for the phosphate previously adsorb on the NC, as previously
described, was optimized to be able to reuse the nanoadsorbent for further adsorption process
and to recover the phosphate. To determine the optimal process for the adsorbent
regeneration, different desorbing solutions, specifically NH4OH, NaOH with different
concentrations (0.01 — 1.0 M) and milli-Q water, were used. After 90 min adsorption of 10
mg/L phosphate solution at pH 7, ImL/min and 1.0 g of the nanoadsorbent, aliquots of the
NC (0.5 g of wetted adsorbent) were treated using the desorbing solutions. Once the optimal
desorption system was defined, the adsorption-desorption processes were performed seven
times at the optimal adsorption and desorption experimental conditions for evaluating the

reusability of the synthesized NC for phosphate removal and its recovery.

3. Results and discussion

3.1.Synthesis and characterization of the nanocomposites

3.1.1. Metal ions content in the nanocomposites

The NCs, synthesized by using the four A, B, C and D, were analyzed by ICP-OES. Table 1

shows the mean of iron (Fe) concentration (mgre/gne) for the three replicates of the four samples.

It is shown that increasing the Fe salts concentration in the synthesis lead to increase the Fe

14



content in the final NC. Furthermore, data show that the Fe concentration on the polymer is
saturated at around 80 mgre/gne (samples A and B), being the maximum level of metal

concentration during the synthesis of 13/26 mM of FeCl./FeCls (for Protocol B).

(Table 1 here)

3.1.2. SEM-EDS, XRD and TEM analysis of the nanocomposites

The SEM images coupled with EDS of the cross-sections for each synthetic protocol (A, B
and C) of the NCs are shown in Figure 1. This data shows the success of the immobilization of
the FesOs-NPs on the surface of the NC. As it is clearly seen on Figure 1a, 1b, and 1c, the major
part of the FesO4-NPs is located near the polymer surface (shown by the light white zone) with
different thickness corresponding to each synthetic protocol showing a deeper layer when the
loading concentration of iron during the synthesis is higher. Figure 1d shows cross section for

polymer without NPs.

(Figure 1 here)

Further confirmation about the immobilization of magnetite NPs on the surface of the
polymer was illustrated in Figure 1e, where the line spectrum shows the iron content profile
obtained by SEM coupled with EDS, on the cross-sectioned of protocol C. It can be seen that the
profile distribution of Fe presents a peak at the surface of the polymer meaning that the
distribution of the FesO4-NPs is concentrated on the surface of the polymer which makes the

material more suitable for its application as a nanoadsorbent. Furthermore, TEM images of the
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cross-sectioned nanomaterials for protocol C is illustrated in Figure 2a. As it is observed, the
NPs on the polymer show a size of 15 - 20 nm as it was also shown at [83]. Crystalline structure
of Fes04-NPs was confirmed by electron diffraction pattern as shown in Figure 2b.

(Figure 2 here)

In addition, the X-ray diffractogram shows the crystalline structure of the pattern Fe3Os-NPs
(Figure 3a), and the Fe304-NPs immobilized on the polymer before adsorption (Figure 3b). The
typical peaks can be found at 35.5°, 43.0°, 57.1° and 62.7°, which preferably correspond to the
Fez04 according to the JCPDS database [90]. The Miller indices of these peaks are 311, 400, 511
and 440, respectively. The broad peak in the XRD pattern could be attributed to the ultra fine
nature and small crystallite size of magnetite nanocomposites, in addition to the formation of thin
layer of magnetite nanoparticles immobilized on the surface of the cationic polymer. Moreover,
the decrease of the intensity of the peaks could be attributed to the low concentration of iron
contents [91, 92].

(Figure 3 here)

3.1.3. Magnetic characterization and surface area measurements of the nanocomposites
Figure 2c shows a photograph of the qualitative test of the magnetic properties of NC by
using a permanent magnet, where one can clearly see the NC beads stuck to the magnet. This
means that the NC material can be easily recovered from the medium for further reuse which is
an advantage for the separation process in this application.
On the other hand, BET analysis reports that surface area for all protocols was lower than 2

m?/g (N2 sorption, BET). These results agree with the gel-type resins in the dry state that are
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characterized by very low porosity and a far lower surface area, which usually does not exceed 5

m?/g (N sorption, BET) [93].

3.2.Adsorption studies in fixed-bed column
3.2.1. Determination of the adsorption capacities for the NCs with different FesOs-NPs
content (Protocol A, B, C and D)

The influence of Fez04- NPs concentration in the NC on the adsorption capacities of 10 mg/L
phosphate at pH 5 is shown in Table 1. The highest adsorption capacity was 3.62 mgpoa-p/gne
obtained by using the material corresponding to Protocol C (23.59 + 1.34 mgre/gnc) indicating
that a higher concentration of NPs leads to a decrease of the adsorption capacity of the NC (as
shown for Protocol A and B adsorption capacities, corresponding to 2.88 and 2.30 mgpoas-p/gnc,
respectively). This can be explained because an excess of NPs leads to decrease the
surface/volume ratio of the NPs by the presence of aggregates or higher NPs size. On the other
hand, protocol D did show an adsorption capacity lower than 0.01 mgros-p/gne (corresponding to
the limit detection of the lonic Chromatograph), which indicates that approximately less than 6.0
mgre/gne had no significant effect on the NC for the adsorption process of phosphates like it is
observed the adsorption capacity for C100 without NP. Thus, it was considered that protocol C
(23.59 mgre/gne) is the optimal iron content as well as NPs size and distribution in this NC for
the adsorption of phosphates in water. Thus, the following experiments in this work and the

majority of the characterization techniques used were carried out for sample C.

3.2.2. Effect of the pH on the adsorption capacities and on the nanocomposite stability

17



pH, as a critical water chemistry parameter, can significantly affect the adsorption of
phosphate by any material. Figure 4 shows the adsorption capacities of 10 mg/L phosphate, as
initial concentration, using Protocol C NC at a pH range from 4 — 7. Generally, phosphate has
three pKa values, 2.2, 7.2, and 12.3 which correspond to pKai, pKaz, and pKas respectively,
according to the presence of three species. HPO4% and H.PO4 are the predominant species in the
pH solution region between 4 and 10. HPO4? is being more widespread in slightly alkaline
conditions while H,POy4" in slightly acidic conditions [94]. As shown in Figure 4, in this study,
the highest adsorption capacities value were at pH 7 indicating that the species involved in
adsorption process are those which are related to the pKa2 value of 7.2. Thus, HPO4% seems to
have better affinity to form bidentate complexes with the magnetite NPs than H.PO4 forming M-
OH* complex [95, 96, 97]. Moreover, when the pH<pKa (as pKa2 in this case), the surface of the
adsorbent is more positively charged and more efficient for attracting negatively charged
phosphate species through electrostatic interaction. It is also reported that
phosphate adsorption on the surfaces of other iron-based species (e.g. oxyhydroxide polymorphs
goethite) is based on the formation of inner-sphere complexes between the phosphate anion and
the iron oxyhydroxide surface, indicating the presence of Fe—O—P covalent bonds what it seems
to be also contributing to the adsorption process in the system here reported [98].

Furthermore, the effect of pHs on the immobilized Fes04-NPs on the C100 after the
adsorption processes described in Figure 4 was also determined by ICP-OES analysis to detect
the stability of the NPs on the polymer for the adsorption mechanism. Thus, iron content after
adsorption at different pHs showed the highest iron decrease at pH 4 of 43.4% while at pH 7 the
decrease of iron content was 7% of the iron content. This decrease could be explained due to an

oxidation of the iron present in the NPs that is finally released from the polymer. At the view of
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these results pH 7 is the optimum pH for phosphate adsorption, due to both the highest
adsorption capacity and the NC stability. Even more, adsorption process of 10 mg/L phosphate

on the NC (protocol C) at pH 7 did not affect the crystalline structure (Figure 3c) of the NPs.

(Figure 4 here)

3.3.Adsorption Isotherms and modeling

Isotherm fitting results for the five different models tested are shown in Figure 5 up to a
concentration of 100 mg/L. While in Figure 5a is observed that saturation conditions are
achieved at pH 5, maximum capacity is not reached when material is operated at pH 7 (Figure
5b). These isotherms make it possible to accurately predict the experimental data (low fval)
(Table 2). Wider confidence intervals are obtained in three-parameter isotherms in particular
showing that a large number of possible combinations of parameters are able to fit model
predictions to the experimental phosphate adsorbed on the materials. Thus, estimated
parameters show a low sensitivity to the final result of the isotherm expression as in the case
of BET isotherm. Thus, the Freundlich, Langmuir and the isotherm that combines three
parameter-isotherms are the most suitable for fitting the experimental data and for interpreting

the influence of pH on the sorption.

(Figure 5 here)

19



Freundlich isotherm is commonly used for describing sorption on heterogeneous surfaces.
The n value indicates the degree of non-linearity between solution concentration and
adsorptive material. As n value is lower than 1, the sorption process is more chemical than
physical for both pHs. The estimated values of n are lower at pH 5 indicating that the behavior
deviates in this case further from the linear isotherm, so it approaches a rectangular isotherm
or irreversible isotherm. That means that the concentration needs to go down to an extremely
low value before adsorbate molecules desorb from the surface. A higher value of this parameter
at pH 7 reveals a weaker affinity between contaminant and material comparing with pH 5

results.

The higher value of Langmuir parameter K1 obtained for the isotherm at pH 7 underlines
a higher sorption capacity of the material at these conditions (as also shown in Figure 4). The
Langmuir isotherm assumes monolayer adsorption onto a surface containing a finite number
of adsorption sites of uniform strategies with no transmigration of adsorbate in the plane
surface. Once a site is filled, no further sorption can take place at that site. This indicates that
at pH 5 the surface reaches a saturation point where the maximum adsorption of the surface is
achieved. Since experimental data at pH 7 is not strictly following a saturation model as
Langmuir, the maximum capacity of the material is an extrapolation that it should be checked
if higher concentration than those tested in the present study are required. The higher value of
k2 for pH 7 highlights again a lower affinity between material and contaminant compared to

pH 5.
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The Dubinin—-Radushkevich isotherm equation, widely used for describing adsorption on
microporous solids such as activated carbons, has a semi-empirical origin and is based on the
assumptions of a change in the potential energy between the adsorbed phases and a
characteristic energy of a given solid. Previous results are partially improved by means of the
Redlich—Peterson isotherm. Unlike pH 5, sorption experiments conducted at pH 7 exhibits
behavior similar to that of Henry’s law, according to the parameter n, which is close to 0. In
contrast, at the same range of phosphate concentrations, working a lower pH, the material

reduce its capacity and reaches quickly saturation conditions.

From the modeling of the process, it is concluded that the kind of relationship set between
contaminant and sorbent is described by a chemical interaction, as already mentioned in
Section 3.2.2, through a Fe-OH complex system mechanism. While a pH 5, monolayer
absorption reproduces more accurately the experimental behavior, saturation conditions are
not achieved a pH 7. This means a stronger interaction at pH 5. Clearly, pH plays an important

role in the affinity and capacities of materials when they are under adsorption conditions.

(Table 2 here)

The adsorption capacity of the magnetic nanocomposite for the removal of POs-P has been
compared with various iron-based adsorbents in Table 3. The adsorption capacities of
magnetite immobilized on C100 developed and tested in this work are much higher than
other iron based nanoadsorbents but the one based on zirconium. However, the NC used in

this work has an advantage in a real application pH medium and it is easier to recover than
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the others ones. Therefore, the NC used in this study show highly competitive for phosphate
removal.

(Table 3 here)

3.4.Evaluation of the phosphate recovery procedure and the reusability of the magnetite
nanocomposite for several adsorption-desorption cycles.

It is known that at high alkaline pH, PO.3 species are the predominant in the solution
medium and the magnetite is deprotonated and negatively charged, which is favorable for
desorption of the adsorbed phosphate [74]. In this work, among the reagents used for the
regeneration of magnetite based NC (protocol C), NaOH was found to be the most effective in
desorbing the phosphate comparing to NHsOH and Milli-Q water after one hour shaking at 200
rpm (31.5 and 12.6 % of phosphate recovered respectively). Further optimization procedure for
desorbing process was performed using different concentration of NaOH. As shown in Figure 6
we can conclude that 0.5 M NaOH is the optimum concentration for desorption process. Under
these conditions phosphates desorption was 52.9 %. Therefore, enhancement of desorbability
percent was achieved by three washing cycles with 0.5 M NaOH to obtain 97.5 % of the
phosphate recovered. This result is clearly interesting if ones compares with the recovered
phosphate % reported in the literature (i.e. 40 % for phosphate for initial concentrations less than

100 mg/L [76]).

(Figure 6 here)

Afterwards, the regenerated magnetite NC was tested for reusability. After every adsorption
process, desorption by using 0.5 M NaOH and three washing steps was performed. The results

(Figure 7) showed that there is only a drop in the adsorption capacity after the 1% cycle, while the
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efficiency of phosphate adsorption—desorption was nearly the same for the rest of six cycles. An
explanation of the drop of the adsorption capacity after the first adsorption-desorption cycle
could be explained by the loss of iron detected from ICP-OES analysis which was of 30% after
the first cycle while remaining constant for the rest of cycles. The loss of the iron content from
the NC could be due to the experimental conditions in which some of the iron ions dissolves in
the media but the rest of the iron content remain stabilized in the polymeric matrix.

On the other hand, as mentioned, the recovery of phosphate was 97.5 % for the 1st cycle. A
decrease on the recovery % was observed from the 1st to the 4th cycle of adsorption-desorption.
After that, the recovery % removal remains constant at 45% approximately, as shown in Figure
7. In this sense, it could be confirmed the assumed adsorption mechanism (see section 3.2.2) in
which a strong Fe-HPO4 complex could be formed in each adsorption-desorption cycle and thus,

avoiding the total recovery of the phosphate.

(Figure 7 here)

4. Conclusions

The present study provides magnetite nanoparticles immobilized on the surface of
cationic polymer (C100) which displayed successful application to remove phosphate ions
from aqueous solutions. Adsorption experiments of phosphate in a fixed-bed column using
different concentrations of magnetite nanoparticles immobilized on the polymer proves that
the optimum concentration of iron in the nanocomposites is 23.59 mgre/gne. The effect of pH
on the adsorption capacity showed a higher adsorption capacity from the optimized material

at pH 7 comparing to pH 4, 5, and 6. Afterwards, continuous adsorption isotherms were
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performed and it is shown a higher adsorption capacity (> 4.0 mgpos-p/gne) at pH 7 compared
to pH 5 (2.8 mgpros-p/gne). Therefore, the magnetic nanocomposite used in this study is
highly competitive for phosphate removal comparing to other iron-based nanoparticles
reported in the literature. Furthermore, regeneration of the nanocomposite was optimized to
obtain 97.5 % recovery of phosphate using 0.5 M NaOH for three consecutive cycles
desorption process. Then, reusability was demonstrated for 7 cycle’s adsorption-desorption
process. Therefore we can conclude that the magnetite nanoparticles immobilized on the

cationic polymer has great potential for adsorbing and recovering phosphate.
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