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ABSTRACT

The eutrophication phenomenon, which is mainly characterized by an excessive algae growth,
is causing a significant concern to the global society due to its intensification caused by the
release of effluents with a high concentration of phosphate. On the other hand, there is a notable
demand of fertilizers based on P-rich species for food production. Thus, considering the gradual
increase of fertilizer demands based on P species, wastewater treatment using adsorption
method could be a suitable mechanism to correlate these two issues, i.e., the phosphates could
be recovered from sewage to be used as a fertilizer. Mg-based adsorbents have proven to be a
promising path for treating water rich in P-species, and more importantly, magnetic adsorbents
can be used in magnetic remediation process. Thus, magnetic Mg-Fe based composites
(stoichiometric Mg-ferrite and Mg-rich matrix) were successfully synthesized via sol-gel
method under different experimental conditions. No direct correlation between calcination
temperature, specific surface area and adsorption efficiency was observed. The best
performance of Sol-Gel synthesized adsorbent occurred for C-MgFeO (Mg-rich material)
sample calcinated at 973 K with an adsorption capability of 60 mg.g! (50 mg.L"! of P and 0.6
g.L'! of adsorbent). Adsorbents calcinated at 973 K maintained their adsorption efficiency
through three adsorption cycles. However, since C-MgFeO requires less dosage to remove
phosphate, the treatment cost was 8 times lower compared to S-MgFeO. To simplify the
MgO/MgFe;04 synthesis, the co-precipitation method was also employed (which also reduced
the preparation cost), and the composite was also functionalized with vanadium. The
incorporation of V into the material improved the adsorption and desorption capacity. The cost
to produce 1 kg of V-substituted MgO/MgFe2O4 via co-precipitation is at least 15 % cheaper
than MgO/MgFe;04, and the maximum adsorption capacity obtained at isotherm experiments
for the former material was 120 mg.g™! (three times higher than the latter adsorbent). The non-
doped and V-doped composites were employed at a multicycle adsorption reuse to treat a
secondary sewage effluent. Even though V-modified adsorbent costed 15 % higher to
synthesize, its better adsorption (23 % higher) and desorption (40 % higher) efficiency made
the V-modified composite synthesized via co-precipitation the most promising adsorbent in this

project.
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RESUMO EXPANDIDO

Introduciao

Os aspectos relacionamentos ao langamento de esgoto nao tratado em recursos hidricos vém
sendo bastante discutidas. Do ponto de vista de impactos ambientais, altas concentragdes de
fosforo nos manaciais decorrente da poluigdo resulta na eutrofizagdo que consiste em um
crescimento descontrolado de algas. Na medida em que as algas sao decompostas por bactérios,
ocorre a deplecdo de oxigénio tornando o recurso hidrico improprio para diversas espécies
marinhas. Se por um lado o fésforo em cursos d’aguas ¢ indesejavel, por outro lado essa espécie
¢ muito importante na agricultura visto que essa ¢ um nutriente que auxilia no crescimento.
Portanto, a recuperag¢do de P do esgoto pode ser uma oportunidade de se obter um subproduto
para a agricultura. A adsorc¢ao tem se mostrado um método promissor para remocao do fésforo
do efluente devido sua alta eficiéncia. O adsorvente gasto passa por um processo de desorcao a
fim de liberar os ions fosfato e de regenerar os sitios ativos. Diversas técnicas de sintese de
adsorventes vém sendo empregadas, sendo que a coprecipitacao e sol-gel sdo as que estdo em
evidéncia. Devido a grande relevancia do tema, compreender os efeitos dos parametros de
sintese na eficiéncia de remog¢ao de P se faz necessario, bem como avaliar a viabilidade

econdmica no uso de processos adsortivos para remediacdo ambiental.
Objetivos

O objetivo geral desse trabalho foi sintetizar materiais adsorventes baseados em Mg-Fe para

remo¢ao de fosforo em efluentes sinteticos e oriundo de estacao de tratamento de esgoto.

A partir disso, 0s objetivos especificos foram tragados e consistem em: 1) avaliar a influéncia
dos métodos e parametros de sintese nas caracteristicas do materiais e sua eficiéncia de
adsor¢do; ii) realizar experimentos de adsorcdo com efluente sintetico e real; iii) propor
mecanismo de adsor¢do; iv) estimar o custo referente a sintese dos adsorventes e do tratamento

do efluente.
Metodologia

MgFe 04 € MgO/MgFe>O4 foram sintetizados pelo método sol-gel, sendo investigado 3
temperaturas de calcinagao (673 K, 823 K, 973 K). Os materiais obtidos foram caracterizados

por DRX, area superficial, MEV-EDS, pH de carga zero, histerese magnética e espectroscopia



Mossbauer. Estudos de adsor¢do com efluente sintético foram realizados para avaliar a
influéncia da dosagem de adsorvente, concentragdo inicial de P, tempo de contato e pH na
eficiéncia do processo. A fim de simplificar o procedimento de sintese e reduzir o custo, o
método de coprecipitagdo foi implementado para produzir um compdsito MgO/MgFe>O4
modificado e ndo modificado com vanadio. Os produtos foram extensivamente caracterizado
na sua forma bruta e ap6s seu uso no processo de adsor¢do. As técnicas empregadas foram:
DRX, FTIR, espectrocopia Mdssbauer, histerese de magnetizacdo, MEV e MET, andlise de
area superficial, e pH de carga zero. Além dos experimentos de adsor¢ado realizados no trabalho
dos materiais sintetizados pelo método sol-gel, dessa vez foi realizado ainda estudo de
influéncia de ions coexistentes no efluente sintético. O retiso em multiciclos de adsor¢do foi

conduzido com efluente sanitario.
Resultados e Discussoes

Verificou-se pela caracterizagdo dos materiais adsorventes sintetizados pelo sol-gel que uma
grande quantidade de fases espureas foram formadas ao calcinar a 673 K e 823 K. Entretanto,
os adsorventes produzidos a 673 K e 973 K tiveram performance satisfatoria para remogao de
P. Os resultados indicaram que o adsorvente rico em Mg e calcinado a 973 K obteve melhor
pureza, estabilidade quimica e capacidade de adsor¢io (60 mg.g™! para 50 mg.L'dePe 0.6 g.L-

! de adsorvente).

A fim de reduzir o tempo dispendido na sintese dos compositos e reduzir o custo de sintese A
cinética indicou que o processo de adsor¢do ocorre em duas etapas: difusdo externa e difusao
intra-particula. O modelo de Freundlich foi o que melhor se ajustou aos dados experimentais,
com capacidade mixima de adsor¢do de aproximadamente 120 mg.g' para ambos os
adsorventes. Os testes de reuso dos adsorventes em multiciclos foram realizados com efluente
proveniente de uma estacdo de tratamento de esgoto. Inferiu-se que o mecanismo de remocgao
de P ocorre: (i) atracdo eletrostatica; (ii) troca de ligante; (ii1) lixiviagdo do Mg. Embora o
material modificado com vanadio tenha custado 15 % a mais para sintetizar, sua melhor
performance na adsor¢ao (23 % superior) e desorcao (40 % superior) tornou este o mais

promissor nesse projeto.
Consideracoes Finais

As observagdes demonstraram que o método de co-precipitagdo possui diversas vantagens em

face ao sol-gel: (i) a produgdo por co-precipitagdo tem menor custo e maior reprodutibilidade



entre as bateladas de sintese; (ii) a preparacdo da amostra por co-precipitagdo gera materiais
nanocristalinos; (iii) o procedimento de co-precipitagio demanda menor tempo para gerar o
adsorvente; (iv) os adsorventes apresentaram melhor desempenho quando sintetizados por co-
precipitacao. Outros parametros podem ser investigados a fim de melhorar o custo de produgao
e a eficiéncia de remogao de fosforo, como o aumento do teor de Mg no composito € o uso de

outros metais dopants.

Palavras-chave: Esgoto. Fosfato. Adsor¢ao. MgO. MgFe>Oas.
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1 INTRODUCTION

The new regulatory framework for the application of public policies on basic sanitation
sanctioned by Brazilian government in 2020 stipulates that 99 % of the population must have
potable water and 90 % must have sewage collection and treatment until 2033 (BRASIL, 2020).
Therefore, it is estimated that R$ 893.3 billion might be invested for the expansion and
maintenance of water supply and sewage structures (ABCON, 2022).

A report released in 2021 by the Brazilian National Sanitation Secretariat indicates that
only 50.8 % of generated sewage were treated (MDR, 2021). The remaining untreated sewage
released to the environment, which contains phosphorus, stimulates uncontrolled algae blooms
(eutrophication). During organic matter decomposition, oxygen is consumed by aerobic
bacteria, which impacts the maintenance of aquatic life.

Phosphate removal makes sewage treatment more expensive. However, the recovered
phosphorus can be used as fertilizer, a valuable by-product that reduces dependence of
fertilizers from other countries and may minimize the production cost of food (CHRISPIM;
SCHOLZ; NOLASCO, 2019; MAYER et al., 2016).

In this regard, according to International Fertilizer Association, the demand for NPK
(nitrogen, phosphorus and potassium) fertilizers in 2018 was of 190 million tons, and this
market was valued at US$ 155.8 billion in 2019 (ILINOVA; DMITRIEVA; KRASLAWSKI,
2021). Phosphorous (P) is mainly obtained by mining phosphate rocks deposits, a non-
renewable resource, and its production is threatened by the exhaustion of mineral reserves
(CORDELL; DRANGERT; WHITE, 2009). However, a common concentration of phosphate
in sewage varies from 4 mg.L! to 15 mg.L"! (SPERLING, 2007), thus P could continuously be
recovered from sewage treatment plants reducing the mining impacts on the environment.

Among conventional methods for phosphorus removal, chemical precipitation and
biological processes have been employed. The former is efficient, but a high concentration of
aluminum is toxic for the majority of plants and iron strongly binds to phosphate, turning less
bioavailable (CHRISPIM; SCHOLZ; NOLASCO, 2019; OWODUNNI et al., 2023). The latter
can be inhibited by a myriad of factors as organic matter, toxic species, and operation
parameters, which makes the process very complex (WU, Baile et al., 2020; ZHENG et al.,
2014). Based on these issues, new adsorbents must be studied to be tested in water remediation
with a possibility of its final removal from the effluent after the treatment, reducing the

concentration of the adsorbent in the final effluent.
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In this context, magnetic adsorbents have successfully been tested, e.g., for Pb removal
in real effluents (RAMOS-GUIVAR et al., 2023) imposing that the magnetic remediation
method is a promising technique for other contaminants, e.g., P removal. Indeed, it has been
recently demonstrated that spinel M-ferrites (MFe2Os4, M = Zn, Mn, Ni, Co) are promising
magnetic adsorbents for P removal from synthetic effluents (REDDY; YUN, 2016). In
particular, the Mn-ferrite (synthetized through the coprecipitation method) removed over 95 %
phosphates from 10 mg.L! H,PO4 solution after 1 h of contact time (XIA et al., 2016), while
the Zn-ferrite has adsorbed 70 % of phosphates at pH 3, adsorbent dosage of 1 g.L ™! and a
phosphate initial concentration of 5 mg.L™! (GU et al., 2016).

There are reports in the literature that X-substituted M-ferrites can enhance P removal
properties. In particular, GU and coworkers (2017) have shown that Zn-ferrite had a maximum
P adsorption of 5.2 mg.g"!, while Ce-substituted ZnFe>O4 obtained a qmax of 41.6 mg.g™!. Also,
GU and coworkers (2018) observed that amino-functionalized Cu-ferrite had a maximum
adsorption capacity of 9.92 mg.g”!, but when the adsorbent was loaded with La, its qmax
increased to 32.59 mg.g™.

In addition, several works have reported the use of Mg-based composites to remove
phosphates in contaminated synthetic effluents. For example, MgFe>Ous/biochar composite
adsorbed over 487 mg.g' at pH3 and 20 °C. The maximum adsorption capacity of
lanthanum-modified MgFe,Os-biochar alginate beads was approximately 27 mg.g”!' for an
initial P concentration of 50 mg.L!, which is about 2 times better than pure MgFe>Os (WANG,
Li et al., 2020). Thus, a metamaterial composed of Mg-ferrite and MgO may have enhanced
adsorption properties and can show improved P removal properties.

In fact, several efforts have been made to produce adsorbents with low synthesis cost
and high adsorption capacity to be industrially feasible. Quyen and coworkers (2021) produced
activated carbon fiber (CF) impregnated with lanthanum (La) at a cost of at least 310 USD.kg"
! of adsorbent. This composite was used 10 cycles to treat wastewater and maintained its
efficiency over 80 % for removing phosphate. However, this adsorbent is not magnetic at room
temperature and should not be used in magnetic remediation process, i.e., it may persist in the
final effluent and the use of secondary process to recover the adsorbent might increase the cost

of the wastewater treatment.

1.1 GENERAL OBJECTIVE
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This study intends to develop new magnetic adsorbents based on Mg-Fe to remove

phosphate from effluents.

1.2 SPECIFIC OBJECTIVES

e Investigate the influence of synthesis parameters (such as Mg/Fe molar ratio, calcination
temperature and V-doping) on physical-chemical and textural characteristics of
adsorbents and P adsorption efficiency;

e Study the effect of adsorbent dosage, initial P concentration, initial pH, and coexisting
ions in the adsorption process;

e Understand the P adsorption mechanism;

e Evaluate the economic feasibility for adsorbents usage on P recovery.

1.3 STRUCTURE OF THIS DOCUMENT

This thesis is organized as follows:

In Chapter 1, it is introduced the problematic that will be approached through the next
chapters.

Chapter 2 brings the current state of the research field that will be followed during the
thesis. Concepts related to synthesis methods, adsorbent properties, and adsorption variables
are explored.

In Chapter 3, the results of P adsorption using the Mg-Fe based composites synthesized
via Sol-Gel method are presented. The content in this chapter was published by Journal of
Materials Science in July 2023 (https://doi.org/10.1007/s10853-023-08734-7).

In Chapter 4, a Mg-Fe based composite doped with vanadium was synthesized through
co-precipitation method, and P adsorption experiments were performed with a synthetic
wastewater and sewage treatment plant effluent. An in-depth investigation of the adsorption
mechanism was carried out. This chapter was published in the Journal of Cleaner Production

in 2024 (https://doi.org/10.1016/j.jclepro.2024.143184).
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2 STATES OF ART

This chapter will explore the current scenario of adsorption for phosphate removal and
recovery, the main techniques for adsorbent synthesis, and aspects that affect adsorptive

processes.

2.1 CURRENT STATE IN PHOSPHATE ADSORPTION

The challenges for the usage of conventional technologies (e.g., chemical precipitation
and enhanced biological phosphorus removal (EBPR)) have been growing due to the
requirements of regulatory agencies, since these methods have difficulty to achieve low
phosphate concentration (< 0.1 mg.L!). Although it is possible to reach better removal
efficiency (0.5 mg.L!) with the chemical precipitation, on the other hand, it is necessary to
apply more metallic salts, which generate more sludge. For the most industrial scale EBPR
systems, 0.5-1 mg.L! of phosphate can be obtained, but the process can be inhibited by organic
matter loads, toxic species, and others inherent parameters of reactor operation. Thus, the
significant progress of studies approaching adsorption to remove phosphate has demonstrated
its competitiveness (KUMAR, Prashanth Suresh et al., 2019; WU, Baile et al., 2020). Figure
1 shows a gradual and consistent increasing in the number of published papers in the last two
decades that is intrinsically related to phosphate adsorption, showing that this area has been

shown a strong interest of the entire scientific community.
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Figure 1 — Publications that include the words “Adsorption” AND “phosphate OR
phosphorus” in the title, abstract or keywords. Search engine: SCOPUS data retrieved on June
2024.
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2.2 IMPORTANT ASPECTS ON ADSORPTIVE PROCESSES

The adsorption method has commonly been reported to achieve phosphate concentration
below 0.1 mg.L! (WU, Baile et al., 2020). In addition, it favors a possible recovering of P by
regeneration of the adsorbent removed from the effluent. However, it lacks information
regarding its economic feasibility in large scale (most of works are done in laboratory scale and
with rare information about the production and application costs). In other words, the main
factor that encumber its employment are: (i) synthesis cost of adsorbent; (ii) adsorption
capacity; (iil) adsorption kinetics, since the longer it takes to reach equilibrium, the greater has
to be the volume of reactor or it has to work with lower volumetric flow; (iv) costs for adsorbent
regeneration and neutralization of excessive NaOH in adsorbent; (v) number of cycles that
adsorbent can be reused; and (vi) cost to recover phosphate as calcium phosphate or struvite
(KUMAR, Prashanth Suresh et al., 2019). Therefore, in general, phosphate removal and
recovery processes involve adsorption, desorption and recovery, as schematically plotted in
Figure 2.

It should first be pointed out that the adsorption is a surface phenomenon process in
which contaminants migrate and attach onto adsorbent surface either chemically by reactions
or physically by potential barriers (WANG, Jianlong; GUO, 2020a). After adsorbent saturation,

the desorption process is generally performed to recover adsorption capability of the material
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by a ligand switching place with phosphate (PATTAPPAN et al., 2023). Regarding P recovery
after its adsorption, the precipitation process of P species with calcium can be easily employed.
A molar ratio Ca/P > 1.6 is enough to precipitate phosphate as hydroxyapatite. Furthermore, an
optimum pH between 7 and 9.5 leads to high P recovery and avoids the excessive generation

of calcium carbonate (DENG, Linyu; DHAR, 2023).

Figure 2 — Stages involved in P removal and recovery by adsorption.
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Phosphate adsorption is intrinsically affected by several parameters, such as specific
surface area, porosity, zeta potential and mineral composition In particular, some works have
been shown that elemental composition (the presence of Mg, Ca, Fe, and Al) have a more
important role than its surface area (ALMANASSRA et al., 2021; KUMAR, Prashanth Suresh
et al., 2019; WANG, Jingxuan et al., 2023).

To understand the adsorption mechanism, it is important to perform experiments such
as isotherm and kinetics, adsorbent performance with different pH environments, and
selectivity, since these parameters impact the performance of adsorbent, and it may change the
way as an adsorptive system must be operated. The mechanism can include electrostatic
interactions, ligand exchange, precipitation, inner and outer-sphere complexation, and
hydrogen bond (ALMANASSRA et al., 2021).

Electrostatic interaction is highly affected by pH of solution and the point of zero charge

(pHpzc) of the adsorbent. Therefore, electrostatic attraction occurs when pH < pHpzc, because
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phosphate acquires a negative charge, while the adsorbent is positively charged. In contrast, if
pH > pHpzc, the electrostatic repulsion takes place, since the negatively charged surface of the
adsorbent repels negative phosphorus species (ALMANASSRA et al., 2021). Some works have
reported great adsorption efficiencies, even when pH is higher than the PZC of adsorbent,
indicating that the adsorption involves more than one mechanism (ALMANASSRA et al.,
2021).

Figure 3 — Phosphate speciation.

1.0

0.8 o PO,
0.6

0.4 -

0.2 4

0.0 T T T T T T
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Ligand exchange consists of substituting a species adsorbed (such as hydroxyl groups)
for another one (phosphate). This type of mechanism usually is reversible, suggesting that the
phosphate can be recovered. Also, some phosphate salts have lower solubility and might
precipitate on the adsorbent surface (ALMANASSRA et al., 2021).

It is common to have in effluent other ions (or organic and non-organic species) that
compete for active sites of the adsorbent surface. An import aspect of selective adsorption is
that the phosphate hydration energy is higher than other ions (such as sulfate, carbonate,
chloride and nitrate), thus, it is necessary to surpass this energy to promote ion migration to
another phase, and the process becomes inefficient for higher hydration energy (WU, Baile et

al., 2020).

2.2.1 Adsorption kinetic
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The adsorption kinetics are related to the rate at which solute adsorbs. It allows
determining the time required to complete the reaction, and evaluate the scale and performance
of adsorption equipment as well (QIU et al., 2009).

The pseudo-first order (PFO) model was first employed in 1898 by Langergren to
describe the kinetic process of oxalic acid and malonic acid adsorption onto charcoal. The

differential form of PFO model is (TRAN et al., 2017; WANG, Jianlong; GUO, 2020b)

dq (1
d_tt =k, (qe — qv)

Integrating the equation for g, = 0, it obtains
qr = qe(1 —e™Y) (2)

Investigations about PFO model has shown that the process is related to (WANG,
Jianlong; GUO, 2020b):
e High initial concentration of adsorbate;
e There is a limited number of active sites on the surface of adsorbent.
Ho proposed the pseudo-second order (PSO) model in 1995 to describe the adsorption
of lead onto peat. The PSO model is written as follows (TRAN et al., 2017; WANG, Jianlong;
GUO, 2020b)

dq¢

3
= = ke (de — qp)? @)

After integrating, it results in

_ kpqit “
1 +kyqet

It 1s suggested from the PSO model that (WANG, Jianlong; GUO, 2020b):

qdt

e There is low initial concentration of adsorbate;
e Active sites are abundant.

Based on the literature, the PSO model has explained better the majority of kinetics
experiments (Table 1). Somehow, it is difficult to compare the performance of materials
presented in Table 1 since parameters such as adsorbent dosage, P initial concentration and pH
are not standardized.

Even though PFO and PSO are commonly used to describe kinetic data, it lacks a
specific physical meaning since they are empirical models. Four main steps can control the
adsorption process:

(1) bulk transport (mixing is usually enough to reduce its influence);

(11) adsorptive attachment (very rapid step);
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(ii1) film diffusion (transport of adsorbed through the boundary layer to the external
surface); and

(iv) intraparticle diffusion (adsorbate travels within the adsorbent pores).

Steps (iii) and (iv) are commonly stated as the limiting rate (WEBER, 1984). Thus,
Weber and Morris have proposed the intraparticle diffusion (ID) model in 1962 given by (WU,
Feng-Chin; TSENG; JUANG, 2009):

qe = kgp t*° )

Table 1 — Adsorption kinetic models results employed for phosphate adsorption in

literature
P initial
Kineti S D e
Adsorbent rriLlZelf (mf ETI) (oia_%)e concentration pH (mq ™ Reference
g g (mg.L) gg
MgO coated .
Fe:04@Si0> PSO 13201 0.625 100 - 1s67 b Sh;ggl etal,
(FSM-1.5:1)
MgO-biochar PSO - 2 400 9 200 (LTANG et al., 2023)
Mg-Al-CO3
ISIDORO RIBEIR
LDH/chitosan PSO 28.47 0.3 50 5 119.71 (ISIDORO O
. et al., 2023)
composite
(WANG, Chu-Ya et
MgBC600 PSO 98.5 0.5 100 7 104.76 al., 2023)
MgO-modified 59
biochar PSO 259 4 100 2 24.69 (TU et al., 2023)
(MRS)
MgO-Z ith
80-Zr0a wit PSO 31.8 0.5 100 7 882  (CHENG etal., 2022)
hollow structure
Mg modified multi- .
walled carbon PSO 139 0.4 100 ; 154 (JIANG, Shoupei et
al., 2021)
nanotubes
ACM-5:3
(Ca—Mg modified PSO 21.45 0.3 20 - ~64 (KUANG et al., 2024)
attapulgite)
MgO-expanded PSO 26.93 | 100 _ 5366  (SHIRAZINEZHAD
graphite composite etal., 2021)
Mg60A140-LDH PSO - 0.4 50 - 53 (TONG et al., 2024)
MgFezO4/b1'ochar PSO 172.81 02 100 i 165.49 (JUNG; LEE; LEE,
composite 2017)
(XU, Yanming et al.,
LDH-4 PSO 134.01 0.4 10 7 25 2024)

Regarding the ID model, it should be noticed that the experimental data of q; versus t%°
must be plotted and if a straight line, obtained from the fit of the data, passes through the origin,
the intraparticle diffusion governs the adsorption process. A negative intercept indicates a film

diffusion controlling step, while a positive intercept suggests a fast initial adsorption uptake
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(HU; PANG; WANG, 2022; ZHU, Qingyu; MOGGRIDGE; D’AGOSTINO, 2016). For multi-
linear processes which involve three steps: (i) it initiates by outer-surface adsorption or
instantaneous reaction; (ii) next, there is a restriction due to the intraparticle diffusion; and (iii)

finally, it reaches chemical equilibrium, and adsorbate slowly migrates from large pores to

shorter pores (WU, Feng-Chin; TSENG; JUANG, 2009).
2.2.2 Adsorption isotherm

Adsorption isotherm consists of correlating adsorption capacity with concentration of
contaminant at equilibrium stage (FOO; HAMEED, 2010; WANG, Jianlong; GUO, 2020a).

The Langmuir model was first proposed to describe the adsorption of gas onto solid. It
assumes a monolayer adsorption (which means that the layer possesses one molecule thickness)
that occurs for a finite amount of similar active sites with no side interaction nor steric hindrance
between adsorbed molecules. It states that the adsorption is homogeneous, so each molecule
has the same enthalpy and activation energy for adsorption. In this case, all sites keep the same
affinities for the adsorbate. It is graphically characterized by a plateau that indicates equilibrium
saturation, then all sites are fully occupied (FOO; HAMEED, 2010). Several materials in the
literature have shown to follow Langmuir (Eq. (6)) and Langmuir modified models (Table 2).

_ dmax b Ce (6)
Qe == v
1+bC,

The Freundlich isotherm describes non-ideal adsorption, i.e., adsorption processes that
are not restricted to monolayer adsorption features. It is also an empirical model that can be
applied to multilayer adsorption with non-uniform adsorption heat and affinities; therefore, it
possesses a heterogeneous surface adsorption. The number of adsorbed molecules is the sum of
total adsorption sites (each one with its own binding energy), and the sites with strong
interactions are occupied first until the adsorption energy is reduced exponentially. The
parameter 1/n varies from O to 1 and it indicates the adsorption intensity or surface

heterogeneity (FOO; HAMEED, 2010).

1
5 (7)
qe = kf Ce
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Table 2 — Adsorption isotherms models result employed for phosphate adsorption in

literature.
Contact P initial
Isoth S D . . c
Adsorbent Sr(r)lo degn (mf ];) (gof_%; time concentration pH (mg o) Reference
i ' () (mg.L™ '
MgO coated .
LI, Sh 1
Fe:0:@Si0>  Langmuir 13201  0.625 5 10-250 - 2222 (et " ;3121%1
(FSM-1.5:1) °
LIANG et al.
MgO-biochar  Langmuir - 0.5 24 50-2000 5 noa ¢ N 023‘; s
(WANG, Chu-
MgBC600 Langmuir 98.50 0.5 12 0.5-160 7 109.35  Yaetal., 2023)
Mg-Al-CO3 (ISIDORO
LDH/chitosan  Freundlich 28.47 0.3 5 10-120 5 106.35 RIBEIRO et

composite al., 2023)
MgO-

modified ~ Langmuir 259 4 24 10-1000 52 1673 (TUetal,

. 2023)
biochar
MgO-ZrO2
with hollow ~ Langmuir  31.8 | ; 2-200 7 1493  (CHENGetal,
2022)
structure
mlialled QLANG,
Langmuir 139 0.4 48 25-150 - 284 Shoupei et al.,
carbon
2021)
nanotubes
MgO-

. ize . (SHIRAZINEZ
Apand Langmuir 26.93 1 3 10-2000 - 491.6 HAD et al.,
graphite

. 2021)
composite
MgFexOas/bioc . (JUNG; LEE;
172.81 2 12 - - 487.
har composite Sips 728 0 5-300 87.99 LEE, 2017)

ACM-5:3
(Ca-Mg . (KUANG et
modified Langmuir 21.45 0.3 24 5-25 - 63.2 al., 2024)

attapulgite)
Mg60A140- . (TONG et al.,
LDH Langmuir - 0.4 1 1-50 - 108.8 2024)
LDH-4
(Mg-La .
XU, Y
binary layered  Langmuir  134.01 0.4 1 10-100 7 85 (XU, Yanming
et al., 2024)
double
hydroxides)

2.3 ADSORBENT SYNTHESIS

It has widely been investigated the use of magnetic adsorbents to remove pollutants due

to the possibility to recover the adsorbent by applying a magnetic field (ALMANASSRA et al.,

2021).

There are two main approaches to synthesize metamaterials (Figure 4): ftop-down,

which is known as a conventional technology that reduces the dimension of bulk materials to

micro or nano scale; and botfom-up, which begins with atoms and molecules that form clusters,
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and then build micro and nanomaterials (PATRA; BAEK, 2014). In this regards, the Sol-gel
and co-precipitation methods are widely used chemical methods that fit in the bottom-up
approach (EL-KHAWAGA; ZIDAN; EL-MAGEED, 2023).

The parameters of synthesis (temperature, pH, and concentration of species) create a

response, which is the desirable material that receives a series of particular characteristics

(PATRA; BAEK, 2014).

Figure 4 — Routes to synthesize micro and nanomaterials.

‘ Synthesis of nanoparticle ’

/\

Top-down approach

Bottom-up approach

1

Bulk material pgywder

g

Clusters Atoms
ooo

§88 = 355 = 4

uauﬂﬂ<:| @@.. <::I °§

\ \\I‘anoparuy /

[ Physical method ] { Chemical method Blologlcal rnethod]

1 1 4
» Arc discharge « Coprecipitation « Using plant and
method method their extracts
« Electron beam « Chemical reduction « Using
lithography of metal salts microorganisms
» Ion implantation | |4 Electrochemical (bacteria, fungi and
« Inert gar method (electrolysis) actinomycetes)
condens_ation « Microemulsion » Using algae (micro-
. Mf:cggmcal method seaweeds)
] I%/Eflll nmg « Pyrolysis ‘ » Using enzymes and
8 ) » Phytochemical biomolecules
» Spray pyrolysis (irradiation) method ||, Using industrial
o Vapour?phase « Sonochemical method and agricultural
synthesis « Sol-gel process SR
« Solvothermal
synthesis

Source: Patra and Baek (2014)

2.4.1 Co-precipitation method

Co-precipitation is one of the first chemical methods to synthesize oxide-based
adsorbents, it is versatile and widely employed (ABID et al., 2022).
During coprecipitation, multiple species must precipitate simultaneously from metallic

salts, such as M(OH)> and M(OH)3, by adding another solution with a precipitation agent, such
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as sodium hydroxide (NaOH). At the beginning of the precipitation, a high number of small
particles are formed (nucleation). The particles tend to aggregate fast, which affects the size,
morphology and properties of materials (Figure 5). The precipitation through chemical reaction
is widely employed to result in species with low solubility (CUSHING; KOLESNICHENKO;
O’CONNOR, 2004; SCHOLZ; KAHLERT, 2015) .

Precipitation can be favored by changing some parameters related to solubility (e.g.,
concentration of salts, pH, temperature, nature of basic solution). It is necessary to keep
conditions close to the pH of a saturated solution to form high quantity of crystalline metal
hydroxides (Figure 6) (BUKHTIYAROVA, 2019; SCHOLZ; KAHLERT, 2015).

Produced particles are collected by filtration or centrifugation. To remove impurities,
the material should be washed with ethanol, distilled water or other solvents (ABID et al.,
2022).

A post-treatment, such as calcination, is necessary to acquire a crystalline material with

desirable morphology (ABID et al., 2022).

Figure S — Stages of co-precipitation method

(@) (b
critical limiting super-saturation d - .
¢ initial stage of reaction
c
o
S /\
=
8
§ nucleation growth by diffusion ‘ ¢ nucleation and crystal growth
— @ yh- - J .
el & . solubility e Sl
% og ._t'fi.. -
E & . LI ._...
nuclei nanocrystals Ostwald ripening
time

Source: Hornak (2021).



0.1

0.01 4

1 0.14
0.01
Zn2+
1—mg” 1E-34
— Ca2+ -
1 pys ! 1E-41
2+|
1 ';"”3 1E-5 §
e B
S 1E6]
1E-74
1E-8
1E-0 ]
T T T T T 1E-10
6 8 10 12 1
pH

1E-3

1E-4

1E-5

Solubility (mol.L™)

1E-8 4

1E-9 4

1E-10

29

1E-6 4

1E-7 4

Figure 6 — Solubility of metal hydroxides in terms of pH.
14

N

N

Solubility (mol.L™)

4 6

Source: Adapted from Scholz and Kahlert (2015).

2.4.1 Sol-Gel method

The Sol-gel is a well spread method due to its simplicity. Sol is a colloidal solution, and

gel consists of a solid network structure dispersed in a liquid (ABID et al., 2022).

The Sol-gel method consists of the following steps (Figure 7) (PARASHAR;

SHUKLA; SINGH, 2020):

1)

2)

3)

4)

S)

Hydrolysis: Formation of stable solution (Sol) with colloidal particles after hydrolysis
of precursor;

Condensation: Resulting in the oxides formation (Gel). The development of hydrolysis
reaction and the condensation of polymeric networks lead to growth of clusters, which
eventually collides with another ones and link to it. This process increases the viscosity
of solvent and forms a porous structure.

Aging: while the aging process progresses, clusters continue to link together, this
increases Gel thickness.

Drying: it is a critic step, since it changes the structural properties of Gel. By heating
the Gel, the solvent evaporates. The xerogel formed possesses low surface area and pore
volume, and high shrinkage of the gel.

Calcination: this step is set up to remove residues and water from the material. The
calcination temperature and time is an important parameter to obtain a particular size

and density of the sample.
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Figure 7 — Steps involved in Sol-Gel method.
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2.5 ADSORBENT MATERIALS

It was previously mentioned that the phosphate adsorption is correlated to adsorbent
surface properties, which the elemental composition of the adsorbent surface has a significant
impact over other parameters.

Magnesium is an alkaline-earth metal well-known to have great affinity for phosphate
due to its high electropositive. It was found by Li and coworkers (2022) (LI, Shuangli et al.,
2022) that increasing the content of Mg in a MgO coated Fe3O4@Si10; improves its specific
surface area and maximum adsorption capacity. Liang and coworkers (2023) (LIANG et al.,
2023) also verified that adding more Mg(NO3)2 to the pyrolysis of peanut shell led to an
enhancement of its porosity and adsorption capacity. Other works have evaluated the influence
of Mg content in P removal (JIANG, Shoupei et al., 2021; SHIRAZINEZHAD et al., 2021).

Mg-based adsorbents can be found in a variety of forms: natural minerals (periclase,
brucite, magnesite, dolomite); unsupported synthetic materials (nanosheets and microspheres);
supported by organic materials (biochar) or oxides (diatomite, bentonite, ZrO>) (SILVA;
BALTRUSAITIS, 2020). Therefore, Mg-based compounds can be used as a matrix that support
magnetic particles resulting in composites that can be used as a magnetic adsorbent for water

remediation where phosphates are the main species that one desires to remove.
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2.5.1 Spinel ferrite

Ferrites are chemical compounds with the general formula MFe>O4 (M is a bivalent
metallic ion). There are, at least seven main ferrites (Mg?*, Cu**, Mn?*, Ni**, Fe**, Zn**, and
Cd?*") that crystallize in a structure called cubic spinel. The unit cell of spinel ferrites is formed
by 32 oxygen atoms, 16 metal ions in octahedral sites (B), and 8 metallic ions in tetrahedral
sites (A) (Figure 8) (BROCKMAN, 1951; MATHEW; JUANG, 2007). The existence of two
types of sites (A and B) elapse of cations with different valence (OZGUR; ALIVOV;
MORKOC, 2009).

When A sites are occupied by M?" cation and B sites by Fe®" cation, it is a ferrite
denominated as normal spinel (for example CdFe.O4 and ZnFe;O4). On the other hand, ferrites
characterized with the A sites occupied by Fe** cation and B sites randomly constituted by M?*
and Fe", it is called inverse spinel structure (such as NiFe,Ou, CoFe;04, CuFe204) (MATHEW;
JUANG, 2007; REDDY; YUN, 2016). Of course, it can also obtain mixed spinel ferrites if sites
are occupied in an intermediate way between normal and inverse structure, i.e., with fractions
of M?* ions in A and B sites (MATHEW; JUANG, 2007). In general, changing these
occupations of A and B sites, magnetic properties, for instance, can be changed and applications
can be proposed.

Regarding the magnetic properties of ferrites, its magnetization is related with the
occupations of A and B sites and also the exchange interactions among them (OZGUR;
ALIVOV; MORKOC, 2009), features that lead the ferrites to an antiferromagnetic state (AF)
as found in bulk ZnFe,O4, or ferrimagnetic-like state as commonly found in Ni, Co, Fe-ferrites,
since the net magnetic moment will naturally occur due to the sum of individual moments of
sub-lattices (MATHEW; JUANG, 2007). In mixed-spinel ferrites, such as MgFe;O4, a
ferrimagnetic state is expected to happen.

At the moment, several ferrites have been employed to wastewater treatment (REDDY;
YUN, 2016). However, Mg-ferrite and its composites have brought more attention for removing
a variety of pollutants such as phosphate (JUNG; LEE; LEE, 2017), ciprofloxacin (HUYNH et
al., 2023), chlorpyrifos (SHARMA; KAKKAR, 2018), and arsenic (UDDIN; JEONG, 2022b).
The possibility of recover these adsorbents by applying an external magnetic field is one of the
essential properties. Another great aspect of MgFe;Os is that, until now, there is no sign of
toxicity, since Mg is an important element for cell life (BECKER; KIRCHBERG;
MARSCHALL, 2020; UDDIN; JEONG, 2022a).
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Figure 8 — Crystalline structure of cubic ferrite
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2.5.2 Magnesium oxide

In the literature, MgO is described as a material with low surface area and porosity.
Thus, it often uses biochar and diatomite as supporting materials in order to obtain larger
number of active sites. There are also ways to fabricate mesoporous MgO, since pore
characteristics dictate phosphate transport through material, and, thus, the adsorption rate. It is
important to mention that magnesium hydroxides partially dissolve in solution releasing Mg
cations which combines with phosphates. This dilution increases pH and enable magnesium
phosphate precipitation (LOGANATHAN et al., 2014). Therefore, performing BET and BJH

analysis, one can bring some insights of the surface area loss and pores blockage in MgO phase
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after interaction, for example, with effluent rich in phosphates (SILVA; BALTRUSAITIS,
2020).

2.6 PRINCIPLES OF MAGNETISM

Applications of magnetic adsorbents have been based on the manipulation of its
properties by exposing to an external magnetic field to separate the suspended adsorbent from
water (MEHTA; MAZUMDAR; SINGH, 2015; MOHAMMED et al., 2017).

Regarding the magnetic behavior of adsorbents, some parameters are very important
(Figure 9) (KIM; ZHAO, 2022):

1) magnetic susceptibility (ym): the magnetic response of material under an applied field
of low intensity, i.e., how intense a material magnetizes (M) under an external magnetic field
(H). This quantity is usually characterized by the slope of magnetizing curve (ym=0M/0H);

i) saturation magnetization (Ms): by increasing the H field strength, the adsorbent
becomes further magnetized until all moments are fully aligned to the applied field direction,
i.e., it reaches the saturation regime;

ii1) remanence (MR): it refers to the remaining magnetization after H field has been
removed;

1v) coercivity (Hc): it corresponds to the resistance of materials to demagnetize, which
means, it consists of the magnetic field necessary to make the magnetization zero. Hc fields
larger than 400 Oe define hard magnets, while low (< 300 Oe) Hc field soft magnets.
Superparamagnetic particles are those with net magnetization but due to its low magnetic
energy (KV, where K is the effective magnetic anisotropy and V the particle volume) compared
with the thermal energy (ksT, where kg is the Boltzmann constant and T temperature), the net
magnetization fluctuates in time resulting in zero Hc field, for example.

As mentioned above, the spinel ferrites are usually classified by its magnetic properties
as:

e Ferrimagnetic (FI): below critical temperature (Tn: Néel temperature) a spontaneous
magnetization will appear due to the atomic exchange coupling of the two sublattices

(A and B). The parallel coupling between spins of the M?" (M a magnetic ion) and Fe**

and the antiparallel coupling between spins of M>* (M a magnetic ion) and Fe*" and

their different occupation fractions result in a net magnet moment (MORRISH, 2001);

Figure 9 — Magnetic hysteresis and influence of particle size on coercivity.
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e Antiferromagnetic (AF): below a critical temperature (Tn: Néel temperature), where
Fe*" cations are equally distributed in B and A sites, and M** are nonmagnetic ions, the
Fe ions couple antiparallelly, resulting in a magnetically ordered state, but with zero net
magnetization (MORRISH, 2001);

e Superparamagnetic (SPM): this type of regime occurs with single domain particles that
are in an ordered magnetic state (a net magnetization) like FI and ferromagnetic
material. Consequently, it is related to size-dependent effect, i.e., as it is a phenomenon
that depends on the competition between KV (anisotropy energy) and ksT (thermal
energy). For KV > kgT, the particle will be in magnetically blocked state (non-zero
magnetization and with Hc field), while for KV < kgT the particles show zero
magnetization because the net spin is fluctuating in time. The possibility to have single
or multidomain depends on the volume of the particle, because the domain wall
thickness should be smaller than the particle volume in order to have magnetic multi-
domains. In particular, nanoparticles with 10 nm to 20 nm do not possess multidomain,
and single magnetic domain are found for sizes below 5 nm, of course, depending the
material (ratio between the anisotropy constant and exchange interaction). In
multidomain state the total magnetization is zero, but the material can be magnetized
when it is exposed to external magnetic field (the saturation regime is reached usually

in fields above 1 T in soft-magnets.
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Thus, the magnetic dipole-dipole interactions of particles in remnant may yield a
formation of clusters that reduce drastically the surface areas of adsorbent, concomitantly with
a high possibility for pore blocking effect (MOHAMMED et al., 2017).

Ferromagnetic (FM) and Ferrimagnetic (FI) materials can be divided according to its
hysteresis loop shapes. Hard magnetic materials (Fig. 9b) usually exhibit large hysteresis loops,
with high coercivity values, while soft magnetic materials (Fig. 9a) have narrow hysteresis

loops and small coercive force (SALIH; MAHMOOD, 2023).
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3 PORE SIZE INCREASE IN SOL-GEL PREPARED NON-STOCHIOMETRIC
MAGNESIUM FERRITE COMPOSITE DURING PHOSPHOROUS REMOVAL
FROM WATER

The text of this chapter was published in Journal of Materials Science in July 2023
(https://doi.org/10.1007/s10853-023-08734-7).

This chapter describes the synthesis of MgFe>O4 and a Mg-Fe based composite via Sol-
Gel method. The adsorbents were characterized by X-ray diffraction (XRD), >’Fe Mossbauer
spectrometry, and scanning electron microscopy with the option of Energy dispersive X-ray
spectroscopy (SEM-EDS). The surface area (BET), pore size distribution (BJH), and pH of
zero-charge are also determined. Adsorption experiments are performed to investigate the
optimum dosage of adsorbent, the adsorption kinetic, the adsorption isotherm, the influence of
pH on process efficiency, and multicycle reuse of adsorbent. The cost of adsorbent synthesis

and adsorption process is also evaluated.

3.1 MATERIALS AND METHODS
3.1.1 Synthesis of Mg-Fe based composite via Sol-Gel method

The synthesis of adsorbent materials was adapted from Muniz and coworkers (2020)
that used orange fruit residue to obtain pectin as substrate for the synthesis of Co-ferrite via
Sol-Gel method. A schematic diagram of adsorbent preparation procedures is shown in Figure
10. Lemon peel was cut in small pieces in a blender and dried in an oven at 353 K for 24 h.
Dried solids were milled in a blender and the fine particulates were separated by sieving through
200 meshes. The thin powder obtained from lemon peel was used as substrate to promote the
Gel formation. For S-MgFeO precursor preparation, 50 mL of 20 g.L"! lemon peel particulate
solution were mixed to 30 g FeCl,.6H>O and 11,28 g MgCl>.6H,0. C-MgFeO precursor were
prepared by mixing 11,28 g FeCl,.6H,0 and 30 g MgCl,.6H,0 in 50 mL of 20 g.L"! lemon peel
particulate. These mixtures were dried in an oven at 353 K for 24 h. The precursors formed

were calcinated at 673, 823 or 973 K for 2 h.
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Figure 10 — Schematic image of the sample preparation route. The blue arrows indicate
the sequence of similar parts of the sample preparation process. The red arrows show the route
for the S-MgFeO sample, while the violet-arrow ones correspond to that for the C-MgFeO
absorbent.
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3.1.2 Characterization of adsorbent materials

X-ray diffraction (XRD) patterns were recorded at room temperature (RT) using a
Rigaku Miniflex 600 diffractometer, operating with a Cu-Ka radiation source (1.5418 A
wavelength) for 20 from 10° to 80° in a step of 0.02°. The XRD patterns were fitted by Rietveld
refinement using the MAUD software (L.; S.; H., 1999). The following crystallographic files
from COD (Crystallography Open Database) (GRAZULIS et al., 2012) were used: MgO -
CODID 1011116, MgFe>O4 - COD ID 9001446, and a-Fe>O3; - COD ID 5910082.

15 K and 300 K °’Fe M&ssbauer spectra were recorded in transmission geometry with a
non-polarized 50 mCi *’Co:Rh source that was moved in a sinusoidal waveform of 12 Hz (512
channels not folded) and was kept at RT during the experiments. The 14.4 keV photons from
the *’Fe nucleus decaying were previously selected by a single channel analyzer and
accumulated in a multichannel setup after passing by the sample (absorber). We used a thin
layer of the powdered sample (approximately 0.5 mg >’Fe/cm?) mounted in an acrylic sample
holder as an absorber. The spectrometer had its velocity calibrated with a thin foil of a-Fe at

300 K.
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A Physical Properties Measurement System (PPMS Evercool-II), equipped with a
vibrating sample magnetometer from Quantum Design, was used to obtain isothermal magnetic
hysteresis (M(H)) loops at RT for a maximum field of 50 kOe (low-temperature magnetization
experiments in the field-cooling protocol were also done, and the results show no significant
changes when compared to those M(H) data reported here).

The textural properties, including surface specific area (SSA) and pore size distribution,
were determined by employing a Multi-Brunauer-Emmett-Teller (BET) point plot
(BRUNAUER; EMMETT; TELLER, 1938). The BET-specific surface area analysis was
performed using Quantachrome Autosorb-1 equipment. Samples were outgassed for 24 h at 598
K before each isotherm measurement.

The surface morphology of the adsorbents was analyzed with scanning electron
microscopy (SEM, HITACHI TM3030) coupled with energy-dispersive spectroscopy (EDS)
operating with a voltage of 15 kV.

The point of zero charge (pHpzc) was measured by preparing P-rich solutions with pH
adjusted between 3 to 10, and the procedure was done as reported in the literature (PINOTTI et
al., 2022). Concentrations of 5 g.L! of S-MgFeO (or 0.6 g.L"! of C-MgFeO) were placed in 40
mL of 50 mg.L"! P solutions and stirred for 24 h, long enough to have stable pH.

3.1.3 Phosphorus adsorption experiments

The influence of adsorbent dosage and calcination temperature on the phosphate
removal efficacy was investigated using 50 ppm phosphorus synthetic solution. Experiments
were performed in a batch system with a magnetic stirrer for 24 h. The adsorber was removed
by filtration and phosphorus concentration was found using the vanadomolybdate colorimetric
method based on APHA 4500-P procedure (BAIRD B.; EATON D.; RICE W., 2017).
Phosphorus solution (50 mg.L!) was prepared dissolving 0.1098 g KH>PO4 anhydrous to 500
mL of distilled water.

Adsorption kinetic experiments were performed for 5 g.L! of each adsorbent in 200 mL
of 50 mg.L"! phosphorus solution at natural pH ~5.4. The suspension was stirred and 20 mL
aliquot was taken (using a polyethylene syringe) for phosphorus analysis at different contact
times.

Adsorption isotherms were performed by applying 5 g.L! of adsorption in a 50 mg.L"!
of a phosphorus solution. The adsorption system was kept stirring for 24 h to ensure that the

equilibrium was reached.
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The influence of pH on the adsorption efficiency was evaluated on the pH range of 3 to
10. The initial pH of 50 mg.L"! phosphorus solution was adjusted by 0.1 N NaOH and 0.1 N
HCI. For C-MgFeO material, 0.6 g.L"! was added to 40 mL of phosphorus solution, while 5
g.L'! of S-MgFeO material were applied in 40 mL phosphorus solution.

The multicycle reuse of adsorbents was performed with the optimized adsorbent dosage
to remove at least 90 % of phosphate. The initial concentration was 50 mg.L! and contact time
of 24 h. Treated effluent was filtrated and the collected remaining adsorbent was dried at 373
K in an oven for 1 h. Then, the dried adsorbent was reused with no chemical treatment to

investigate its regeneration.

3.1.4 P quantification by vanadomolybdophosphoric acid (APHA 4500-P)

The colorimetric reagent is prepared from 2 solutions (A and B). Solution A consists of
25 g of ammonium molybdate dissolved in 300 mL of deionized water. For solution B, 1.25 g
of ammonium metavanadate is dissolved in 300 mL of deionized water until vaporization
begins. Solution B is cooled, and 330 mL of concentrated HCI is added. Finally, solutions A
and B are mixed and diluted for 1 L, which forms the colorimetric reagent.

For P quantification, 5 mL of sample were mixed with 1 mL of distilled water in a glass
tube. Then 1.5 mL of colorimetric reagent were added to the tube and shook for 30 s. 10 min

must be waited for UV-Vis analysis at 470 nm.
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3.2 RESULTS

3.2.1 Characterization of synthetized adsorbent materials

Figure 11(a) shows the X-ray patterns for the adsorbent materials synthetized by the
Sol-gel method with three different calcination temperatures and two different Mg-Fe mass
ratios. During the preliminary tests, we investigated the best annealing temperature to produce
stoichiometric (S-MgFeO) and non-stoichiometric (C-MgFeO) adsorbents. It was observed
some undesirable phases (Mg(OH)CI and MgCl,.6H,0) for an annealing temperature of
400 °C. Also, materials absorbed a lot of moisture over time. S-MgFeO calcinated at 550 °C
had the lowest adsorption efficiency (~25 %) and high amount of « —Fe»Os. It can be noticed
that the best temperature to obtain the high amount of MgFe>O4 and MgO phases was 700 °C.
Therefore, relatively high pure MgFe>O4 (~89 %) and MgO/MgFe,04 composite (100 %) were
obtained when the S-MgFeO and C-MgFeO precursors were calcinated at 700 °C, respectively
(Table 3), indicating that an excess of MgO in the C-MgFeO sample reduced the undesired
antiferromagnetic a —Fe>O3 phase. For this reason, most of the adsorption tests will be done

using the samples calcinated at 700 °C.

Table 3 — Phase contents and crystallite sizes from the Rietveld refinements of the DRX
diffractograms for samples calcinated at 700 °C.

Sample Phase (%) Crystallite
MgFe;0s MgO  a -FexOs size (nm)
S-MgFeO 700 89 - 11 250
C-MgFeO 700 34 66 - 244

The N2 adsorption isotherms curves for the adsorbent materials calcinated at 700 °C are
represented in Figure 11(b). According to [UPAC (THOMMES et al., 2015), pores can be
classified as: micropores for size <2 nm, mesopores for size <50 nm, and macropores for
size > 50 nm.

Type-II isotherm is related to non-porous or microporous adsorbents, leading to a
multilayer adsorption (Figure 11(b)). On the other hand, the type-IV isotherm possess a
hysteresis loop related to the connection of a various sized pores (e.g., adsorbent develops
considerable micropore and mesopore, except non-macropore), favoring a hysteresis associated

with a capillary condensation.
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Figure 11 — (a) XRD patterns and (b) BET isotherm of the S-MgFeO and C-MgFeO samples for different calcination temperatures (400, 550 and
700 °C).
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Increasing Mg content improved the BET surface area for all calcination temperatures.
It can be noticed that the BET surface area for the C-MgFeO and S-MgFeO materials decreases
in the following order of calcination temperature: 400 > 700 > 550 °C.

However, after P adsorption, S-MgFeO 700 and C-MgFeO 700 have shown higher
specific surface area (SSA) and pore size. Therefore, BET and BJH data (Figure 12 and Table
4) suggest that phosphates intensify “chemical erosion” since (i) the increment of SSA is more
remarkable for C-MgFeO 700, which has higher P adsorption efficiency than for
S-MgFeO 700, and (ii) there is an enlargement of pores after P adsorption.

Since S-MgFeO 700 and C-MgFeO 700 have pores at the micropore and mesopore
regions (based on the BJH curve at the supplementary materials), the isotherms for these
adsorbents are classified as type-IV. Magnesium ferrite synthetized by Ivanets and coworkers

(2021) was also characterized with a type-IV isotherm.

Table 4 - Results acquired from BET adsorption isotherms before and after P removal
for samples calcinated at 700 °C.

Before P adsorption

After P adsorption

BET Surface Average Pore BET Surface Pore Average Pore
Sample Pore Volume . :
Area 3 Size Area Volume Size
1 cm’.g 1 3

m’.g nm m2.g cm’.g nm
C-MgFeO 700 4 0.0088 9 23.8 0.077 13
C-MgFeO 550 3.1 0.0099 13 - = -
C-MgFeO 400 39.9 0.1774 18 - - -
S-MgFeO_700 33 0.0097 12 3.5 0.018 20
S-MgFeO 550 2.5 0.0077 12 - - -
S-MgFeO_ 400 6.5 0.0566 35 - - -

Figure 12 — BET and BJH data for C-MgFeO_ 700 and S-MgFeO 700 (a) before and

(b) after P adsorption.
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Evidence for an Mg-rich matrix was confirmed by EDS experiments shown in Fig. 13
(right-hand side). From this figure, it is noticed dendrite-type forms of some grains in SEM
micrographs (Figure 13 (left-hand side)). Since, Mg species (MgFe>O4 and MgO) have great
chemical affinity, they interact with each other (ISIDORO RIBEIRO et al., 2023; IVANETS,
Andrei et al., 2021).

Figure 13 — MEV-EDS of (a, ¢) C-MgFeO 700 and (b, d) S-MgFeO 700.
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Figure 14 shows >’Fe Mdssbauer spectroscopy taken at 300 K (left-hand side) and at 15
K (right-hand side) before (top) and after (bottom) P adsorption for the i) S-MgFeO 700 and
i1) C-MgFeO 700 samples. Six absorption lines compose the spectra as a result of nuclear
Zeeman interactions between nuclear magnetic moment of >’Fe and their hyperfine magnetic
fields (Bnr). It is observed asymmetries in spectra due to Fe ions in different sites. The spectra
were fitted considering up to five components, which are:
e Two sextets for Fe** ions in cubic spinel structure [A (red) and B (blue)];
e One sextet (orange) due to the Fe*" ions in the hematite (a -Fe,Os) structure (only for
S-MgFeO);
e One broad sextet (magenta) with Fe’* features that can be attributed to Fe spin
relaxation phenomenon or to chemical disorders found in Mg-ferrite crystal;
e One broad paramagnetic component (green) due to Fe ions in non-magnetically
blocked state (small particles of ferrites in SPM state).
Based on the isomer shifts observed in the fits parameters presented in Table 5, Fe™ ions

of Mg-ferrite crystals randomly occupy the tetrahedral (A) and octahedral (B) configurations



44

yielding a mixed spinel-like structure. This results in a non-zero net magnetic moment for
Mg-ferrite crystals. A strong chemical disorder occurs resulting in Mg-rich regions for both

adsorbents (this assumption is based on the features of the 4M-sextet-magenta component).

Figure 14 — 15 and 300 K >’Fe Mossbauer spectra recorded for the i) S-MgFeO_ 700
and ii) C-MgFeO_700 samples. A (red color) and B (blue color) sextets are due to the Fe** ions
in the spinel cubic structure of the Mg-ferrite, and the magenta sextet is due to Fe*" ions at the
particle surface where there is an enhancement of the gradient of Fe-composition. The orange
sextet is due to a-Fe,Os for S-MgFeO 700, while the dark-green doublet is due to the small
grains of Mg-ferrite in C-MgFeO_700.
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Table 5 — Hyperfine parameters obtained from the fits of 15 and 300 K 3’Fe Mdssbauer
spectra of the C-MgFeO sample before (as-prepared) and after its interaction with the effluent
rich in P. 9 is the isomer shift given relative to a-Fe at 300 K, A¢ is the quadrupolar shifting,
Bur is the magnetic hyperfine field, and the fraction of each component is represented by the
area in percentage.

& (mm.s™) 0.46 0.27 0.23 0.21 0.18 0.21
As-prepared Ag (mm.sfl) 0.05 -0.08 -0.04 0.02 -0.05 -0.01
C-MgFeO  Bu(£0.5T) 527  50.4 52.4 474 450 43.0

Area (%) 29 40 29 28 35 27
& (mm.s™) 0.38 0.27 0.26 0.21 0.18 0.20
Ag (mm.s™) 0.05 -0.07 -0.03 0.02 -0.05 -0.01

C-MgFeO+P

Bue(£0.5T) 53.4 50.6 52.4 47.5 45.4 42.1

Area (%) 29 38 30 27 35 28

To understand the magnetic behavior of adsorbents, magnetic hysteresis (M(H)) loops
were recorded, and the inset in Figure 15 shows nonzero coercivity (Hc) fields, which suggest

a soft ferrimagnetic state for both materials.

Figure 15 — M(H) curves recorded ca. RT for the S-MgFeO (black) and C-MgFeO (red)
samples. The inset shows amplification of low field region, displaying the nonzero coercive

N e
| a8

[ -0.5D 025 000 025 050

Moment (emu/g;,, )
=

10 L J
20 L
I ‘J 283 K - C-MgFeO
230 L 300 K - S-MgFeO
| L | L L | L |
-40 -20 0 20 40

Magnetic Field (kOe)



46

3.2.2 Adsorption experiments
3.2.2.1. Influence of calcination temperature and adsorbent dosage

To investigate the effect of calcination temperature, a series of different Mg-Fe based
composites were synthetized at 400, 550 and 700 °C. Their adsorption capacities for phosphate
removal were evaluated and the results are shown in Figure 16(a, b).

It can be seen that phosphorus removal efficiency strongly depends on the calcination
temperature for S-MgFeO. The phosphorus removal efficiency increased with adsorbent
dosage due to higher number of active sites (SHARMA; KAKKAR, 2018). The best
performance was observed for the adsorbent calcinated at 400 °C (~87 %), followed by 700 °C
(~74 %), then 550 °C (~21 %) at 5 g.L"! S-MgFeO dosage.

The calcination temperature seems to not affect P adsorption efficiency for C-MgFeO.
However, all materials produced by calcinating at 400 °C had the disadvantage of being
hygroscopic, though, due to the presence of MgOHCI and other spurious phase (KASHANI-
NEJAD; NG; HARRIS, 2004). After a month they got wet if kept in untreated air.

It can be noted that higher adsorption capacity was achieved for lower adsorbent dosage
due to excessive amount of phosphorus, which leads to adsorbent saturation (YU et al., 2021).
When adsorption dosage was 0.6 g.L'!, the adsorption capacity of C-MgFeO 700 was
60 mg.g”!, which reached the best result.

Comparing results for P removal and specific surface area, it can be denoted that there
is no direct correlation between these two parameters. C-MgFeO 400 has a specific surface
area 10 times larger than C-MgFeO_700, both obtained similar adsorption efficiency though.

Higher phosphorus removal can be achieved increasing Mg content in the adsorbent,
which indicates that adsorption capacity depends mainly of Mg content. For S-MgFeO 700 the
Mg/Fe molar ratio was 0.9, while C-MgFeO_ 700 was 5.7. Several works from the literature
have demonstrated that the MgO phase provides active sites for phosphate adsorption. In
particular, they revealed an existence of abundant Mg-O bonds on the MgO surface that can
interact with phosphates by ligand exchange mechanism. Also, they have shown a high zeta
potential of MgO, which means a surface positively charged, that guarantees electrostatic
attractions to phosphates (LI, Anyu et al., 2022). Moreover, Luo and coworkers (2021) have
found that biochar had low affinity to phosphate (P removal ca. 5 %), but after a treatment with
KOH and functionalized with MgO, via stirring modification method, its P removal efficiency

reached 84 %. Hence, the structure and content of MgO in the composite have significant affect
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phosphate adsorption. Also, Liang and coworkers (2023) modified biochar with MgO observing
that the increase of Mg content led to higher adsorption capacities, while Wang and coworkers
(2023) have modified bentonite by NaOH treatment and performed MgO impregnation to
enhance affinity to phosphates. So, our composite with an excess of MgO keeps the higher

phosphate adsorption.

3.2.2.2. Adsorption kinetic

Kinetic experiments were performed with an adsorbent dosage of 5 g.L'!, and initial P
concentration of 50 mg.L! (Figure 16(c)). Data fitted better to Weber and Morris model (Table
6), and the process was divided in two steps (Figure 16(d)): (i) intraparticle diffusion; and (ii)
chemical equilibrium. It can be stated that adsorption equilibrium in both materials is reached

after ~12 h, and the adsorption capacities for C-MgFeO 700 and S-MgFeO 700 are 9.27 and

6.77, respectively.

Table 6 - Fit parameters obtained for the adsorption kinetics.

Model Equation Parameter C-FeMgO 700  S-MgFeO_ 700
qe (exp) 9.4 7.9
K (021 0.01) (0.15+0.01)
Pseudo 1™ order q; = q.(1 — e~kat) Qe (9.5+0.2) (7.8£0.3)
R? 0.989 0.9785
Kade (0.25+ 0.04) (0.16+ 0.02)
, Kage? (2.8+0.3) (1.540.2)
kyqet
Pseudo 2" order %= Tor ot Qe 11.20 9.38
24e K> 0.022 0.017
R 0.9741 0.9692
Weber and Morris Ks1 (2.65+0.02) (1.86+0.08)
. : _ 05
é?;?f;;;mra'pamde G = kst R 0.9994 0.988
Weber and Morris ke (0.04£0.05) (0.39+0.03)
(Stage  2: intra- qr = kg t*° +1 I (9.2+0.3) (5.4£0.1)
particle diffusion) R? -0.25 0.9896




48

Figure 16 — (a) qt vs adsorbent dosage, (b) phosphate uptake vs adsorbent dosage, (c)
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3.2.2.3. Adsorption isotherm

Isotherm studies were carried out for C-MgFeO 700 and S-MgFeO 700. Figure 16(e)
shows adsorption capacities against phosphate equilibrium concentration. Experimental data
for C-MgFeO and S-MgFeO were well fitted (R? > 0.94) by Langmuir model (Table 7). This
suggests that adsorption occurs in a monolayer, and there is no interaction between side active
sites. The theoretical qmax value is (44 + 3) mg.g™!' for C-MgFeo 700 and initial P concentration
of 250 mg.L™!, while for S-MgFeO_700 obtained a qmax experimental lower than the fitted due
to non-saturated regime in the initial P concentration range tested. Compared to other Mg-based

materials reported in literature, C-MgFeO 700 has demonstrated great competitivity (Table 8).

Table 7 - Fit parameters obtained for the adsorption isotherms while using diverse

models.
Model Equation Parameter C-MgFeO S-MgFeO
Qmax (44+£3) (45+9)
. Gmax b Ce
Langmuir Qe = ————— B (0.15+0.03) (0.022 +0.008)
1+bC,
R? 0.9599 0.9469
L ke @B<£1) 2+0.1)
Freundlich go = kf Cei n (24+0.3) (1.6 +£0.2)
R? 0.9075 0.9302

Table 8 - P adsorption parameters for different materials reported in the literature and
results from this work.

Adsorbent dosage P Concentration ~ Experimental qmax

Material Model gL - e Autor
C-MgFeO 700 - 0.6 50 (60 +2) This study
C-MgFeO 700 Langmuir 5 10-250 (40 +2) This study
MgFe>04-BM- (WANG, Lietal.,

La(b) - 0.6 50 26.8 2020
Mg-loaded biochar . (JIANG, Yan-
(BSB) Langmuir 5 20-350 32 Hong et al., 2019)
MgO-modified . (OGINNI et al.,
biochar (MROBC) ~ -angmuir 2 10-600 28 2020)
20%Mg-BC Langnuir 2 1-800 56.97 (DEN%;{]L)‘ oL
MgO-biochar Langmuir- (ZHU, Danchen et

(5MCB) Freundlich 3.33 4-200 60 al., 2020)

Mg-Al layered . (MAIA et al.,
double hydroxides R 4 10-400 47 2021)
20%A1-BC Sips 2 1-800 41.82 (DENG, Yuetal,,

2021)
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3.2.2.4. Effect of pH

During the experiments pH was performed between 3 and 10. Results revealed that
adsorbents work better at low pH with PR % > 70 % (Figure 16(f)). It can be assumed that
phosphate species are negatively charged. At the same time, pH of zero charge for adsorbents
was around 10 (Figure 17), so that for all the experiments the adsorbent surface was positively
charged (pH < pHpzc), which attracted negatively-charged phosphates (LIU et al., 2018;
RAZANAJATOVO et al.,, 2021). The electrostatic attraction can be considered as

Electrostatic attraction M — OH} + H,PO; » M — OHJ --- H,PO;

Also, the excess of Mg may promote the formation of superficial hydroxyl groups that
interact with phosphate species by ligand exchange mechanism. Indeed, it has been reported in
the literature that ligand exchange process can be facilitated due to the protonation of surface
OH groups at low pH solution, but excess of hydroxyl groups may compete for active sites in
high pH (BALIARSINGH; PARIDA; PRADHAN, 2013; RAZANAJATOVO et al., 2021).
This explains the loss of efficiency at alkaline environment for both adsorbents.

Ligand exchange: M - OH + H,PO; - M — H,PO; + OH™

Besides the fact that pH of solution was higher after P adsorption implies that hydroxyl
groups from adsorbent surface were released into solution, corroborating to ion-exchange
mechanism (LONG et al., 2011; RAZANAJATOVO et al., 2021; ZHANG et al., 2018). This
also helps us to understand the increase of pores and surface areas observed after phosphate-

material interactions.

Figure 17 — pH of zero charge

s C-MgFeO (0.6g.L")
o S-MgFeO (5¢.L")
Linear Fit Mean
——Linear Fit Mean
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3.2.2.5. Multicycle reuse

Adsorbents were reused for three consecutive cycles with no chemical generation to
evaluate its feasibility and obtain their maximum efficiency (Figure 16(g)). With the dosage
stipulated for C-MgFeO 700 (1.75 g.L'!) and S-MgFeO 700 (10 g.L), it was expected to
remove 90 % of P from a solution with 50 mg.L"! of phosphate. However, by increasing
reactional volume over three times, adsorbent starts to agglomerate and a reduction of PR%
was noticed. This problem could possibly be avoided using continuous flow or agitation at
higher speeds in industrial processes. There is no significant loss in removal efficiency through

the cycles for both adsorbents.

3.2.2.6. Cost evaluation

The estimated cost for using C-MgFeO 700 and S-MgFeO 700 is shown in Table 9.
The cost of synthesis comprises energy and reagent cost, but the main expenditure is related to
reagents. C-MgFeO 700 is cheaper than S-MgFeO 700, since part of FeCls.6(H20) is
substituted by a lower price salt (MgCl,.6(H20)). Considering 1 kg of each adsorbent,
C-MgFeO 700 can treat 1715 L of effluent, while S-MgFeO 700 treats 300 L. This fact makes

the cost per liter of effluent of the former adsorbent 7 times lower than the later.

3.3 CONCLUSION

Ferrimagnetic magnesium ferrite and MgO/MgFe>O4 composite synthesized by sol-gel
method were employed to remove phosphate from synthetic effluent. Adsorbents were
characterized by X-ray diffraction, BET and BJH, °’Fe Mossbauer spectroscopy, and
magnetization experiments. Regarding P adsorption, it was investigated adsorption kinetics,
isotherm, adsorbent dosage and pH dependence. Multicycle reuse of adsorbent was performed
for three consecutive adsorption cycles. Also, the cost of adsorbent synthesis and effluent
treatment were estimated. It was found that P adsorption is not related to specific surface area
nor calcination temperature of adsorbent. Besides, EDS has shown that C-MgFeO was Mg rich.
After P adsorption, it was noticed an enlargement of pores and enhancement of specific surface
area. The isotherm followed Langmuir model suggesting monolayer adsorption, and kinetics
were controlled by intra-particle diffusion step. Both adsorbents can be used for three cycles

with no loss in removal efficiency. But the synthesis cost is lower for C-MgFeO, since it
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requires less amount of iron salt (which is expensive). Also, the cost for effluent treatment with
C-MgFeO is cheaper than S-MgFeO since it requires lower adsorbent dosage to reach the same
efficiency. Therefore, a change of Mg-Fe based adsorbent process brought a new competitive

material to P removal that maintains its magnetic properties.

Table 9 - Cost evaluation of adsorbent synthesis.

Lemons ! 14.71 16.92 0.78 11.40 13.12
FeCl; .6(H>0) 3.20 1.38 24.97 79.84 34.55
MgCl, .6(H,0) 1.20 3.68 9.70 11.66 35.69
Total Material Cost 102.91 83.36

Time (h) 24 24 2 2
Power expenditure (kW) 2 1.5 1.5 3.72 1.5
Energy Cost (USD) * 4.26 4.26 0.88 0.35 9.75

112.65 93.10

300 1714.286

0.38 0.05
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4 PHOSPHOROUS MINING FROM MUNICIPAL SEWAGE TREATMENT PLANT
EFFLUENT BY NOVEL V-DOPED Mg-Fe BASED COMPOSITE SYNTHESIZED VIA
CO-PRECIPITATION ROUTE

Considering that (i) the previous MgO/MgFe>O4 composite revealed great adsorption
efficiencies and (ii) rare-earth metals (e.g., Ce and La) have already tested for producing a
composite that enhanced P removal, other d-elements should be also tested in the preparation
of new magnetic nanoadsorbents for this purpose and also to open new applications to other
contaminants. In this context, vanadium (V) could be used to prepare a multifunctional
adsorbent since V-type composites are photocatalytic active under visible or natural light to
degrade 2-chlorophenol (SALAH et al., 2016), methylene blue (BETTINELLI et al., 2007;
RAMEZANPOUR; SHEIKHSHOAIE; KHATAMIAN, 2017), rhodamine B (TOLOMAN et
al., 2016), acetaldehyde (YANG et al., 2007), i.e., showing its multifunctional features.

This chapter approaches to the synthesis of V-doped Mg-Fe based composite through
the reverse co-precipitation method. Adsorbents were characterized by XRD, Fourier
Transforms Infrared (FTIR) spectroscopy, SEM-EDS, TEM, >’Fe Méssbauer spectroscopy, and
their specific surface areas and pore size distributions were also determined as previously by
BET and BJH data. Adsorption experiments with synthetic effluent are performed to evaluate
the influence of: adsorbent dosage, initial phosphate concentration, removal efficiency over
time, initial pH, and coexisting ions. Data from material characterization before and after P
adsorption combined with adsorption experiments are used to propose an adsorption
mechanism. Finally, 3 adsorption cycles with sewage treatment plant effluent followed by P
desorption are performed to evaluate the feasibility of adsorptive processes.

The content of this chapter was published in the Journal of Cleaner Production in 2024
(https://doi.org/10.1016/j.jclepro.2024.143184).

4.1 MATERIALS AND METHODS

The following chemical compounds of analytical grade were used as obtained from
Exodo Cientifica: iron (IIT) chloride hexahydrate (FeCl3*6H»0, P.A.), magnesium (II) chloride
hexahydrate (MgCl2+6H>0, P.A.), anhydrous potassium dihydrogen phosphate (KH2POs4, PA),
and Sodium hydroxide (NaOH, PA). Hydrochloric acid (HCI, purity =37%) and ammonium
metavanadate (NH4VO3, PA) were purchased from Dinamica and Moderna, respectively. All

reagents were used without further purification.


https://doi.org/10.1016/j.jclepro.2024.143184
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4.1.1 Synthesis of MgO/MgFe>O4 composite

Figure 18 is a schematic diagram of the synthesis process for the S and V-composites
via reverse co-precipitation method (GUSATTI et al., 2011; MUSHARAF et al., 2021). At this
method, the precursor solution is dropwise in a precipitant solution that ensures that the metal
cations are in a supersaturated state and, thus, precipitate simultaneously. The advantage is a
more homogeneous nano-material compared with the traditional co-precipitation method
(HUIXIA et al., 2014; KARIMI; HASSANZADEH-TABRIZI; SAFFAR-TELURI, 2017).2 M
NaOH was prepared by dissolving 16 g of NaOH in 200 mL of deionized water. The metallic
ions solution was obtained by dissolving the salts, as shown in Table /0, in 50 mL of deionized
water.

50 mL of 2 M NaOH was heated until it reached 343 K, and this temperature was kept
constant. Then, 50 mL of the solution of metallic ions was dropwise added to the NaOH
solution, while stirring for 45 minutes. After that, the mixture was cooled down to RT. Next,
the mixture was filtered using a vacuum filter system, and the cake retained on the paper filter
was denominated as the composite precursor. This powdered material was then calcinated at
973 K for 2 h to obtain the final composites, an optimum calcinated temperature previously

determined according to the fraction of ferrite formation and also after P removal tests.

Figure 18 — Schematic image of the sample preparation route via Solochemical method.
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Table 10 — Summary of key synthesis parameters to be evaluated.

NH4VO; MgCL.6H,O FeCls.6H,O  Calcination temperature

Material
(2 (2 (2 °C)
MgFeO - 10.16 3.82 700
V-MgFeO 0.2338 10.16 3.82 700

4.1.2 Samples characterization

X-ray diffraction (XRD) patterns were recorded at RT using a Rigaku Miniflex 600
diffractometer, operating with a Cu-Ka radiation source (1.5418 A wavelength) for 20 from 15°
to 80° in a step of 0.02°. The XRD patterns were fitted by Rietveld refinement using the MAUD
software (L.; S.; H., 1999). The following crystallographic files from Inorganic Crystal
Structure Database — ICSD were used: MgO — 064930, MgFe>04 — 009939, and NaCl — 028948.

Fourier transforms infrared (FTIR) spectrum of adsorbents (before and after P
adsorption) in KBr pellets was recorded using a Cary 660 FTIR spectrometer, ranging 4000 cm”
to 400 cm™'.

Quantachrome Autosorb-1 equipment was used to evaluate the BET-specific surface
area and BJH-pore size distribution. Before recording the isotherms, the samples were
outgassed for 24 h at 598 K.

The morphology of the nano-adsorbents was first obtained using a Scanning Electron
Microscope (TermoFisher Scientific Quattro S) operating at 15 kV and coupled with Energy
Dispersive Spectroscopy (EDS), the latter performed using a UltraDry ANAX-60P-B EDS
detector from Thermo Scientific with an accelerating voltage of 20 kV. Also, JEOL 2100F
Transmission Electron Microscope, operating at 200 kV, was used to get high resolution
images. This JEOL microscope is equipped with an CMOS (ONE VIEW) camera and operates
in three modes: transmission electron microscopy (TEM), High-Resolution TEM (HRTEM)
and Scanning TEM (STEM), the latter allowed to perform the selected area electron diffraction
(SAED). It has also an EDS setup that gives the elemental compositions using the STEM mode.
EDS mappings were acquired using a probe with a diameter of 0.7 nm.

Transmission >’Fe Mdossbauer spectra were collected at RT and 19 K using a
conventional spectrometer operating with a sinusoidal velocity sweep and a 25 mCi source of
>’Co in Rh matrix. In a Janis He closed-cycle setup, the source is kept at RT, but the sample
went down to 19 K (this temperature difference in low temperature experiments yields the

second-order Doppler shift contribution). The nylon sample containers were filled with the
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powder absorber, and its effective thickness was set to be around 0.1 mg >’Fe per cm?. The

Mosswinn 4.0i program was used to fit the Mossbauer spectra.

4.1.3 Adsorption experiments with synthetic effluents

A set of adsorbent dosages (0.35-2 g.L'') was added to 50 mL of 50 mg.L! P solution
for 24 h to evaluate the minimum adsorbent amount to reach 90 % of phosphorous removal.
Therefore, to prepare 50 mg.L™! P solution, 0.2197 g of KH2PO4 was solubilized in 1 L of
deionized water.

An adsorption kinetic experiment was performed for 2 g.L! of adsorbent added to
100 mL of 50 mg.L"! P solution, and aliquots were taken at predetermined times. The models
described in Section 2.2.1. were used to evaluate the kinetic data.

For adsorption isotherms, P initial concentration varied from 25 mg.L™! to 500 mg.L!,
and the synthetic effluent was treated with 2 g.L"! of adsorbent for 24 h. Data were fitted with
the Freundlich and Langmuir isotherm model (Eq. 7).

No pH adjustment was performed for adsorbent dosage, kinetic, and isotherm
experiments.

The influence of initial pH (50 mg.L™! of P) was studied for 0.6 g.L"! of adsorbent and a
contact time of 24 h. NaOH 0.1 M and HCI 0.1 M were used to adjust pH.

Coexisting species competition was performed for 50 mg.L™! of P solution and 15 mM
of NaNOs", SO4* or COs*. The adsorbent dosage and contact time were 2 g.L"! and 24 h. No
pH correction was performed.

The phosphorus concentration was determined using the vanadomolybdophosphoric
acid method based on the APHA 4500-P procedure (see Section 3.1.4).

Each adsorption experiment and adsorbent synthesis was repeated, at least, twice

(replicated).

4.1.4 Reuse of adsorbents and P recovery from sewage

To test our magnetic adsorbent in a real effluent and to check its commercial feasibility,
we have performed reuse and chemical regeneration studies using effluent from the municipal
sewage treatment plant (Figure 19). The effluent after biological treatment (UASB reactor and
submerged aerobic biofilter) was collected daily, and P concentration was determined as soon

as the sample came to the laboratory. The adsorbents were reused 3 times with no chemical
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treatment. Then, P desorption was promoted by NaOH 1 M solution for 3 h. Before P
quantification, samples were filtrated and centrifuged. This set of tests is not often found in the

literature and it will bring some relevant contribution to this issue for the literature.

Figure 19 — Scheme of (a) batch adsorption with reuse and regeneration.
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4.2 RESULTS

4.2.1 Characterization

XRD patterns of S- and V-samples before and after P adsorption are shown in Figure
20(a, b). Phase contents were obtained by Rietveld Refinement. Table 11 displays the results
of their grain sizes and fractions obtained from the XRD refinements. As it can be noticed, the
grain sizes of the MgO, MgFe>O4 phases are respectively ca. 50 nm and 30 nm, sizes in
nanometric regime, allowing us to label the material as nano. It can be noticed that a high
amount of NaCl was formed during NaOH and metal chloride’s reaction. MgO and MgFe>O4
were also formed. After P adsorption, NaCl peaks were vanished at V-MgFeO sample and
decreased significantly for the MgFeO sample, suggesting that NaCl leached to the solution.
The presence of NaCl did not impact the adsorption properties of the composites, an assumption
that is proven in multicycle reuse experiments. Adding a purification or washing step would
increase the synthesis costs and waste generation, in other words, the main focus was a feasible
process with cleaner production. In addition, for similar S-sample synthetized by SG method
(composite with bulk-like phases), no trace of NaCl phase was detected and the P adsorption
follow similar features to those that will be shown here, except that in the present case an
enhancement of P removal was demonstrated by the experiments performed with the adsorbents
synthesized by Sol-Gel. MgO content was higher than MgFe>O4 before P adsorption for both
adsorbents. However, after phosphate adsorption, MgFe>O4 becomes the main phase from the

X-ray point of view. We have observed that in phosphate solution, Mg-based adsorbents can
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release Mg?", as often reported in the literature (DENG, Yu et al., 2021; ISIDORO RIBEIRO
etal., 2023; LIN et al., 2019; PINOTTI et al., 2023), and might justify a drop in MgO content.
The presence of Mg?" in solution could react with phosphate and forms magnesium phosphate,
which can be easily adsorbed by metal oxides (LIN et al., 2019; LU et al., 2020; XU, Chenglong
et al., 2023). This could explain the high adsorption capacity of the S- and V-samples, as will
be discussed below. Consequently, the apparent absence of magnesium phosphate phase (for
both samples after P adsorption) and also no evidence of vanadium oxide phase (for V-sample)
in XRD diffractograms imply that these phases acquired amorphous-like structure and/or they
have a low crystallinity, as reported in the literature (XU, Chenglong et al., 2023).

FTIR spectra of the S- and V-samples before and after P adsorption are respectively
displayed in Figure 20(c) and (d). A broad absorption band from 400 cm™ to 760 cm™ is a
result from contribution of Mg-O, Fe-O, V=0, and P-O bonds that are superposed (no energy
resolution in our spectra). On the other hand, the broad band from 765 cm™ to 950 cm™! for the
V-MgFeO spectra before adsorption confirms the success of vanadium substitution, since this
band is not observed at MgFeO and it is commonly assigned to V=0 bond (WU, Yingjie; GAO;
WU, 2015). Therefore, the assumption of V-substitution on the spinel cubic structure is
supported by two facts (i) absence of V-oxide crystalline phase in the XRD pattern and (ii)
substantial changes of Fe environments of the V-sample as seen by °’Fe Mdssbauer
spectroscopy that will be discussed below. Peaks at 800 cm™ to 1200 cm!, clearly seen in the
samples after chemical interactions with phosphates, refer to P-O bonds validating the
mentioned phosphate adsorption by our adsorbents. Deconvolution of FTIR spectra for
V-MgFeO is shown in Figure 28(c), and 2 point groups can be noticed (ELZINGA; SPARKS,
2007):

e (Csy: consists of 2 v3 bands located at 1078 cm™ and 990 cm’!, and 1 v; band at 850 cm’’,
related to nonprotonated monodentate inner-sphere complex formation.
e C,: composed of 3 v3 bands at 1159 cm™, 1077 cm’!, and 940 cm™, and 1 v band at

875 cm™!, which can be assigned to monodentate binuclear or a bidentate mononuclear

inner-sphere complex.
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Figure 20 — Rietveld refined XRD patterns for the (a) S- and (b) V-samples [Legend -
o: MgO, m: MgFe;0O4, A: NaCl]; FT-IR spectrum of (c) S and (d) V; BET isotherm with inset
of BJH pore-size distribution for (e) C and (f) V; M(H) curves recorded at RT for (g) S and (h)
V. Both adsorbents were characterized before and after P adsorption. Legend: VA and SA are

V- and S-samples after P adsorption; VR and SR are V- and S-samples after adsorbent alkaline
regeneration.
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Table 11 — Phase contents and crystallite sizes obtained from the Rietveld refinements of the XRD diffractogram, results acquired from
BET adsorption isotherms, molar ratios obtained from EDS, magnetization characteristics from hysteresis loos, and pH of zero charge before and

after P removal.

Before P S 33 38 29 34 51 2.42 0.116 192 - 145 292 563 - 20 6 0.24 11.3
adsorption Y, 23 29 48 30 57 3.06 0.076 9.9 1.5 113 30 572 - 11 3 0.19 10.7
After P S 54 42 4 29 41 5.80 0218  15.1 - 127 272 583 1.7 25 8 0.22 -
adsorption \Y% 55 45 = 29 59 6.12 0217 142 14 115 27 569 3 15 5 0.2 =

Table 12 — Hyperfine parameters obtained from the fits of 19 and 300 K >’Fe Mdssbauer spectra of the V and S-sample before (as-prepared)
and after its interaction with the effluent rich in P, and after its alkaline regeneration. 6 is the isomer shift given relative to a-Fe at 300 K, Qua is
the quadrupolar shifting, Byr is the magnetic hyperfine field, and the fraction of each component is represented by the area in percentage.

S 529(5) 0.02(8) 0.42(5) 40(1)  50.9(5) -0.06(8) 0.33(5) 57(1) -
S+P 19 523(5) 0.052) 0472) 46(1) 514(5) -0.122) 027(1) 52(1) -
Regenerated S 52.8(5)  0.02(1) 0.42(8) 49(1)  50.9(5) -0.07(2) 0.32(1) 48(1)  0.00(1) 0.22(1) 3(1)
\% 51.7(5) 0.12(2) 047(1) 44(1)  50.8(5) -0.16(1) 0.28(4) 53(1) 0.60(1) 0.42(1) 3(1)
V4P 19 513(5) -0.07(2) 049(1) 46(1)  50.7(5) -0.13(1) 0.23(4) S5I1(1) 0.60(1) 0.42(1) 3(1)
Regenerated V 51.6(2) 0.11(1) 0.49(1) 47(1)  50.8(5) -0.16(1) 0.25(5) 50(1) 0.70(1) 0.50(2) 4(1)
S 37.8(5) -0.01(3) 0.28(1) 100
S+P 300 37.0(5) -0.03(1) 0.29(1) 100
Regenerated S 39.4(5) -0.02(1) 027(1) 100
% 30.5(5)  0.043) 021(1) 75 072(2) 0392) 25
V+P 300 31.1(5) 0.032) 033(1) 75 0.632) 033(2) 25
Regenerated V 27.1(5) 0 0.30(1) 73 0.683) 034(2) 27
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The importance of hydroxyl groups on phosphate adsorption efficiency is already well-
established in the literature (IVANETS, Andrei et al., 2021). From FTIR spectra, the band in
V-sample referred to OH" stretching (2500-4000 cm™) is more intense than S-sample, which
could reflect in higher adsorption efficiency in the former. The ligand exchange process can be
facilitated due to the protonation of surface OH groups at low pH solutions (BALIARSINGH;
PARIDA; PRADHAN, 2013; RAZANAJATOVO et al., 2021).

The average pore size for the MgFeO and V-MgFeO samples are in mesopore region
(Table 11), and BET isotherms show hysteresis loops related to the connection of various sized
pores (Figure 20). Thus, the isotherms for these adsorbents are classified as type-IV
(THOMMES et al., 2015). In particular, the as-prepared S-(V-)sample has increased its surface
area from 2.42(3.06) to 5.80(6.12) m2.g™! after P adsorption. While there is enlargement of pores
after P adsorption for the V-sample, the average pore size for the S-sample has diminished,
showing the strong effect that the phosphates and V-substitution do on Mg-based phase. Ribeiro
and coworkers (2023) have also observed the enlargement of its adsorbent surface area after P
adsorption experiments. They have explained that the partial dissolution of adsorbent followed
by its reprecipitation may have provoked this effect.

Figure 20(g, h) depicts magnetic hysteresis [M(H)] loops recorded at 300 K for the S-
and V-samples before (S and V) and after P adsorption (SA and VA), and after alkaline
regeneration (SR and VR) and the main magnetic parameters are also displayed in Table 11.
Comparing the saturation magnetization (Ms) of the S and V-samples, it can be noticed that Mg
value diminished after V addition, suggesting that V atoms are being incorporating in the atomic
lattice of the cubic spinel structure, as also supported by >’Fe Mdssbauer spectrometry that will
be discussed below. The narrow hysteresis loops (i.e., with low Hc field value) suggest a soft
ferromagnetic character for the S and V-samples (SALIH; MAHMOOD, 2023). The gradual
increasing of Ms values over P adsorption cycles indicates leaching of Mg?* from MgO, in close
agreement with the XRD data that indicate an augment on the MgFe>O4 fraction after P
adsorption, consequently yielding an increase of the sample magnetic masses.

For the study of the morphology, size distribution, crystalline structure and atomic
composition of the nano-adsorbents, TEM, HRTEM, STEM and EDS were systematically
applied. Several TEM and STEM images were taken, at various magnifications, to have an
overview of the nano-adsorbents. Figure 21(a) and (c¢) displays representative TEM images of
the S- and V-samples, respectively. Statistical analyzes of the particle size distribution (PSD)
are shown in inset figures. The PSD curves were calculated from the histograms after counting

300 nanoparticles. The distribution curves are asymmetric and well-fitted with log-normal
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functions. The mean size (<D>) was found to be 23 nm and 27 nm for the S- and V-samples,
respectively, values that agree with those obtained from the X-ray for the spinel structure of the
MgFe;O4. The figures inserted at the top show a zoom of the region of the box demarcated with
dashed lines. The HRTEM figures clearly display interplanar distance of 0.3 nm, which
corresponds to the (220) plane of MgFe>O4. The SAED patterns are shown in Figure 21(b) and
(d) of the S- and V-samples, respectively. The SAED patterns contain dots where apparently
the spots form discontinuous rings. This effect is due to the fact that each nanoparticle exhibits
an almost monocrystalline behavior with different zone axes. The integrated angular intensity
of the diffraction patterns for both samples shows peaks with similar interplanar. The vertical
lines are the positions of X-ray reflections from the MgFe>O4 (ICSD 009939), and MgO (ICSD
064930) overlaps at 0.15 nm and 0.21 nm.

Figure 21 — (a) and (c) TEM images showing the S- and V-samples, respectively. The
inset figures (at the bottom) show the particle size distribution with the corresponding
lognormal fit. The inset figures (at the top) display the zoom of the region selected by the box
of dashed lines, showing the interplanar distances. (b) and (d) typical electron diffraction
patterns for the S- and V- samples, respectively. The inset figures show the integrated angular
intensity of the diffraction pattern. The vertical lines are the positions of X-ray reflections from
MgFexO4 (ICSD 00-9939) and MgO (ICSD 064930).
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To confirm the elemental distributions of the nano-adsorbents, Figure 22 shows the
atomic-scale EDS-STEM mappings of the V, VA and VR samples, where Mg, Fe, O and V
atoms are clearly visible in all samples. For the VA sample, however, irregular structures
formed by Mg and P are observed, an effect similar to that found for the struvite crystals formed

by P precipitation (KOFINA; KOUTSOUKOS, 2005).

Figure 22 — STEM-EDS mapping analysis of the V-, VA- and VR-samples with their
respective elemental maps of Mg (yellow), Fe (blue), O (cyan), V (red) and P (magenta),

respectively.

STEM
Mapping

From MEV-EDS of the V-sample (Figure 25(c) and (d)), the molar ratio Mg/Fe before
P adsorption was found to be 2.7 and slightly dropped to 2.3 after P adsorption, while V/Fe

molar ratio was maintained at 0.13 after P adsorption (Table 11). These observations suggest



64

that (i) there is a Mg?" releases on the effluent probably from the MgO matrix, ions that may
react with P and precipitate, and (ii) the V ions are bounded to Fe ions on the MgFe>O4 ferrite
surface, consequently with no significant V leaching after adsorption experiments (this

assumption will be supported by °’Fe Mdssbauer data).

Figure 23 — SEM images and EDS mapping of the V-MgFeO sample (a, c) before and
(b, d) after P adsorption.

S7Fe Mossbauer spectra taken at 300 K (Figure 24 top panel) and 19 K (bottom panel)
before and after P adsorption, and after adsorbent regeneration for the S and V-samples were
fitted considering the following components for data taken at 19 K:

e Two sextets for Fe** ions in cubic spinel structure [tetrahedral - A (green) and
octahedral - B (blue)] that results from the Zeeman interaction of >’Fe nuclear magnetic
moment with the Byt field (KURIAN; MATHEW, 2018; RAGHASUDHA etal., 2017).
At 300 K, the sextets are broader due to thermal effects and the spectra are fitted with
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a distribution component. However, the spectra of the same samples are at 19 K because
of reduction of spin fluctuation. They were then fitted with the two resolved subspectra
due to the A and B sites of the spinel structure;

e One doublet (orange) observed in small fraction for V-substituted ferrite at 19 K, but
with a large fraction at RT. After regeneration, a very small doublet also appears in the
V-non-substituted sample. The presence of doublet suggests in V-substituted sample a
paramagnetic phase for part of Fe ions (HUMBE et al., 2020). It can be explained by
low ordering temperature due to an Fe-poor phase in Mg-ferrite or can be attributed a
size effect of Mg-ferrite crystals caused by V" substitution that leads a grain reduction
that favors a SPM regime (ALMESSIERE et al., 2022; KURIAN; MATHEW, 2018;
RAGHASUDHA et al., 2017).

Sextets are assigned to A and B sites according to isomer shift (5) values, which is a
sign of s- electron density. Larger 0 is referred to octahedral sites, since metal oxygen bond
length is higher and the overlap of orbitals in B site is smaller (ALMESSIERE et al., 2022;
HASHIM et al., 2013; JUSTIN JOSEYPHUS et al., 2006; KURIAN; MATHEW, 2018;
RAGHASUDHA et al., 2017). It is commonly reported that for d in the range of 0.1-0.5 mm.s”
! Fe ions are in trivalent state (i.e.,Fe**), while & for Fe?" lies in the range of 0.6-1.7 mm.s™!' (HE
et al., 2015; KUMAR, Shalendra et al., 2008). Thus, the values of 6 for samples in Table 12
indicates a trivalent state for Fe ions and they are randomly occupying A and B sites, if one
looks to their fractions (for an inverse spinel the fraction of A site occupied by Fe** should be
50 %) (HUMBE et al., 2020; KAUR UBHI et al., 2022). Therefore, the Mg-ferrite possesses a
mixed-spinel structure. In fact, it has been reported that Mg>" have preference for octahedral
interstitial sites (REYES-RODRIGUEZ et al., 2020). However, calcinating temperature plays
an important role on Mg-ferrite degree of inversion (SEPELAK et al., 2001).

The rise of 3rd components (assigned to a paramagnetic doublet) in V-substituted
MgFeO is correlated to its weaker ferrimagnetism (low magnetization) compared to non-doped
adsorbent (SATYANARAYANA et al., 2019). This assumption is also supported by the fact
that after V-substitution there is a decrease of magnetic hyperfine field (Bnr) assigned to B site,

which indicates that V has preference to B site (HASHIM et al., 2013; YADAV et al., 2015).
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Figure 24 — >’Fe Mossbauer spectroscopy at i) 300 K and ii) 19 K before (top) and after
(middle) P adsorption, and after adsorbent regeneration (bottom) for: MgFeO (left-hand side)
and V-MgFeO (right-hand side). Legend: V and SC are V-MgFeO and MgFeO, respectively;
VA and SA are V and S after P adsorption; VR and SR are V and S after adsorbent alkaline
regeneration.
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4.2.2 Adsorbent dosage

For adsorbent dosage higher than 1.75 g.L!, both materials remove over 80 % of
phosphorous and have similar adsorption capacities (Figure 25(a)). Greater specific surface
area allied to a higher amount of hydroxyl groups would favor enhanced adsorption capacity
for V-MgFeO at low adsorbent dosage in face to MgFeO results. Adsorption capacity tends to
reduce with increasing adsorption dosage since it starts to have an excess of active sites. An
adsorbent dosage of 2 g.L"! is employed for the next experiments since it is the minimum dosage

capable of removing 90 % phosphate.

4.2.3 Adsorption kinetic

Figure 25(b) presents the adsorption kinetic data obtained from batch experiments,
modeled by PFO and PSO. After a 24-hour contact time, both materials achieve impressive P
removal rates of over 90 %. However, the V-sample exhibits a remarkable 70% removal,
accomplishing this in approximately 2.5 h less than the S-sample. The fitting of the adsorption
data is notably superior for the PSO model, with an R? exceeding 0.995 (Table 13).

Thus, the intraparticle diffusion model was used to investigate the adsorption

mechanism by plotting q vs t*?

. The intraparticle diffusion model was tested (Figure 25(c)),
and two stages were observed, with diffusion rate constants ks1 > ks2. The first stage is faster
and can be assigned to outer-surface phosphate adsorption. In contrast, the second stage can be
related to the intraparticle diffusion process plus a lower concentration of phosphate, which

reduces the probability of the contaminant hitting an active site (BENHITI et al., 2021).

4.2.4 Adsorption isotherm

The effect of initial phosphate was investigated, and the results are shown in Figure
25(d). The Freundlich isotherm model fitted better for both adsorbents, indicating that the
adsorption site distribution is heterogeneous and there is a multilayer adsorption process (Table
14). Besides that, the adsorption process is favorable since 1/n values are between 0 and 1 (AL-

GHOUTI; DA’ANA, 2020).
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Figure 25 — Results of P adsorption experiments for the S- and V-samples (a) with
different adsorbent dosage; (b) fits with PFO and PSO models for P adsorption kinetic; (c) fits
with intraparticle diffusion model for adsorption kinetic; (d) P adsorption isotherm; (e) pH
influence (inset of P species speciation); and (f) coexisting species.
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Table 13 — Parameters obtained from fitting the experimental data with different
adsorption kinetic models.

Model Equation Parameter MgFeO V-MgFeO
qe (exp) 22+ 1) (22.5+0.8)
_ K (0.17+£0.1)  (0.24+0.04)
- _ oKt
Pseudo 1™ order de = qe(1 =€) e (22.8 +0.8) Q1+1)
R? 0.9916 0.9731

Kage  (0.167+0.007) (0.28 +0.02)
Kag2  (4.7+0.1) (7.3 +0.4)

Pseudo 2" order Q= ———— e 28.14 26.07
L+Kzqt K> 0.006 0.011
R2 0.999 0.9961
. Gc = kop ©°° ke (5.6+02) 69+2)
Weber and Morris (Stage I) R? 0.9957 0.9973
. 4 = ko 05 +1 ke (3.5+£0.3) (2.4+0.3)
Weber and Morris (Stage 2) T sz I (6=£1) (11£1)
R2 0.9826 09718

Table 14 — Parameters obtained from fitting the experimental data with Freundlich
adsorption isotherm model.

Model Equation Parameter MgFeO V-MgFeO
' (6£2) 9+2)

Freundlich Q@ = ke c§ n (1.8+0.2) (22+0.2)
R? 0.9779 0.9835

b (0.007 + 3) (0.014 + 5)

Langmuir g, = qlmi" bbCCe G (194 = 37) (146 £ 17)
¢ R 0.9619 0.9657

4.2.5 pH influence

During the experiments, pH remained between 3 and 10 (Figure 25(e)), meaning
phosphate species were negatively charged (see Figure 25(e) inset). At the same time, the pH
of zero charge for adsorbent was around 10 (Figure 26), so for all the experiments, the
adsorbent surface was positively charged (pH<pHpzc), which attracted negatively-charged
phosphates (LIU et al., 2018; RAZANAJATOVO et al., 2021).

It can be noted that V-sample has an advantage on P adsorption at low pH, but at high
pH the S-sample surpasses. Even though the high presence of superficial hydroxyl groups at
V-sample can facilitate the ligand exchange process at a low pH solution, OH™ can compete
with phosphate for active sites at high pH, leading to decrease P adsorption efficiency
(BALIARSINGH; PARIDA; PRADHAN, 2013; RAZANAJATOVO et al., 2021).
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Also, the fact that the pH of solution was higher after P adsorption implies that hydroxyl
groups from the adsorbent surface were released into the solution, corroborating to ion-
exchange mechanism (LONG et al., 2011; RAZANAJATOVO et al., 2021; ZHANG et al.,
2018).

Figure 26 — pH of zero charge for adsorbents.

= SC-MgFeO
= 4V-SC-MgFeO

4.2.6 Coexisting ions

Industrial effluents and sewage always contain other anions (Cl-, NOs", SO4>" and CO3*
) that may compete with phosphate for active sites. Figure 25(f) shows the interference of
coexisting species. Thus, the order of influence on P adsorption was found to be CO3* > SO4*
>NOs". This result agrees with Lewis acid-base theory, which posits that the alkalinity of anions
follows the order POs* > CO2*~ > SO»* > CI" > NO;™. Consequently, coexisting ions will
strongly compete with phosphate for active sites if those have a similar capability to donate
electrons as phosphate (GUO et al., 2023). Moreover, it can be noted that the S-sample has
lower inhibition than the V-sample for SO4* and COs*". Indeed, it is expected that the addition
of Na,CO3 would raise the pH of the solution due to its hydrolysis (GUO et al., 2023) and, as

discussed before, the V-sample is associated with impaired ligand exchange at high pH.

4.2.7 Adsorption study with sewage treatment plant effluent

Municipal sewage treated effluent was used for 3 consecutive adsorption cycles, since

it was noticed through the preliminary tests that after third adsorption cycle the results are not
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reproducible anymore, which could indicate adsorbent saturation. Therefore, the desorption
experiment was performed after all (Figure 27). Based on experiments performed with
synthetic wastewater, it is expected that for 2 g.L"! of adsorbent and 50 mg.L"! of phosphate the
removal efficiency for both materials would reach 90 %. However, a phosphate uptake for the
first cycle with real effluent was around 60 %. At least, the two main possible reasons for these
results are: (i) P concentration in effluent was around (11 + 1) mg.L"!, which reduces the
probability of P species hit an active site and (ii) the presence of other species in the effluent
that compete for active sites. Moreover, the subsequent two cycles, after the first one, indicate
a gradual increase of the P removal efficient (no treatment was done in the samples in the
multicycle adsorption tests).

It is also noticed that the V-sample has a slightly advantaged on P adsorption compared
to the S-sample. However, a very high P desorption was observed for the V-sample (97 %)
against S-sample after the alkaline treatment of the P-adsorbed samples. This suggests that with
stabilization of residual NaOH in adsorbent surface and pores plus further regeneration with
MgCl, solution it could recover the ability of adsorbents to remove phosphate and can also
change the V-sample efficacy for P removal in real contaminated water. The full regeneration
of Mg-ferrite, using 0.001-0.1 M MgCl, regenerative solutions, was consistently proved by
Ivanets and coworkers (IVANETS, A. L. et al., 2019; IVANETS, A.L et al., 2018; IVANETS,
Andrei et al., 2021). It must be emphasized that our nanoadsorbents were able to maintain their
efficiencies for three cycles even with no chemical regeneration, a good result and rarely found

in the literature.

4.2.8 Adsorption mechanism

Based on the information obtained up to now, it can be proposed the following P
adsorption mechanism (Figure 28).

I) XRD and magnetization data indicated a reduction of MgO phase due to Mg?* ions
release, while SEM-EDS and TEM mapping have shown a lower Mg/Fe molar ratio after P
adsorption and the formation of irregular flake-like structures composed by Mg and P, similar
to struvite crystallization and precipitation. However, the Mdssbauer and SEM-EDS revealed

that V is stable in octahedral sites of Mg-ferrite;

Figure 27 — Batch reuse and regeneration of adsorbent with real effluent.
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1) At low pH (7 > pH > 3), there is a high P removal efficiency due to phosphate-
adsorbent electrostatic attraction on the MgO surface. Also, ligand exchange plays an important
role since there is a significant loss of adsorption efficiency at pH > 7 due to hydroxyl groups
competing with phosphate for active sites;

IIT) At the beginning of P adsorption, there is fast adsorption on the external surface of
the adsorbent. Phosphate uptake reduces when the outer surface saturates, and the intraparticle
diffusion process overcomes. Also, a lower phosphate concentration minimizes the probability

of phosphate reaching an active site;
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IV) As suggested by Freundlich model, the P adsorption is heterogeneous and a
multilayer character dominates the adsorption;
V) Deconvolution of FTIR spectra after P adsorption suggests phosphate binding to

adsorbent as a monodentate or bidentate ligand.

4.2.9 Cost evaluation

The estimated costs for adsorbents synthesis, effluent treatment, P adsorption and
desorption are shown in Table 15. Considering the synthesis process, chemical reagents
correspond to the main portion of cost. Both materials have the same energy cost, but the use
of NH4VOs for the substitution effect in the S-sample compound has increased the preparation
cost from 76.99 USD kg™! to 88.68 USD kg!. The cost for effluent treatment is estimated for a
real effluent with an average P concentration of (11 + 1) mg L™ treated at adsorbent dosage of
2 g L'! and contact time of 24 h. The adsorbents were used for 3 consecutive cycles without
regeneration. For 1 kg of each adsorbent, 1500 L of effluent can be treated. However, the V-
sample has shown greater adsorption capacity, which led to a cost reduction on P adsorption of
11 % compared to the S-sample. As discussed before, the addition of V on the adsorbent
enhanced its desorption capability in 30%, and the cost for P desorption reduced from 10.27
USD g-P! to 6.2 USD g-P!. Therefore, although the addition of V to the adsorbent has
increased its synthesis cost, greater adsorption and desorption efficiencies were reached leading

to lower costs of effluent treatment.
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Table 15 — Cost evaluation of adsorbents synthesis and P recovery.

Reagents
Material Relative cost Real cost to produce 1 kg of S- Real cost to produce 1 kg of V-
(USD.kg™) sample (USD) sample (USD)
FeCl;.6H,O 27.06 32.82 31.81
MgCl,.6H,O 10.51 33.91 32.86
NH4VO; 194.88 0.00 14.02
NaOH 6.98 8.87 8.59
Energy
Heating/Mixing Vaccum filtration Calcination (precursor)
Time (h) 1 2 2
Power expenditure
1. 2.92 44
(kW) 5 9 7
Energy Cost (USD) 0.18 0.35 0.88
Total cost of synthesis per kg
S-sample (USD.kg™) V-sample (USD.kg™")
76.99 88.68
Cost of P recovery
S-sample V-sample
Adsorption capacity (g of P/kg of adsorbent) 8.99 11.65
Cost per g of P adsorbed (USD.g™) 8.56 7.61
Volume of effluent treated (L) 1500 1500
Cost per liter of effluent treated (USD.L"") 0.051 0.059
Desorption capacity (g of P/kg of adsorbent) 6.83 11.31
Cost per g of P desorbed (USD.g™)! 10.27 6.20

"For 1 kg of adsorbent it is necessary 250 L of 1 N NaOH (or 10 kg of NaOH) and 2 h for adsorbent drying, which

costs USD 70.16.

2At a value of 0.118 USD.kW-! as given by the local energy company.
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4.3 CONCLUSION

A novel Vanadium-modified Mg-Fe based composite was synthesized via co-
precipitation method. Samples were characterized by XRD, FTIR, BET and BJH, and SEM-
EDS. To understand P species interactions with adsorbents, adsorption kinetics, isotherm,
adsorbent dosage, pH and coexisting ions dependence, and adsorption/desorption cycles were
systematically performed. Both materials fitted better to the Freundlich isotherm model,
indicating that the adsorption site distribution is heterogeneous and a multilayer adsorption
mechanism is favored. Adsorption kinetics has shown two controlling steps: (i) outer-surface
phosphate adsorption; and (ii) intra-particle diffusion. However, V-functionalized adsorbent
obtained higher adsorption rates in the first step, which could be related to its higher specific
surface area. At alkaline environment, both materials performed worse, possibly due to
hydroxyl competition to active sites. The presence of competing ions has impacted P adsorption
efficiency. Mg-Fe composites were also used for real effluent from sewage treatment plant and
even though V-modified adsorbent has higher synthesis cost, its better adsorption and
desorption efficiency have diminished treatment and P recovery cost. In short, the use of co-
precipitation method has simplified Mg-Fe method and reduced synthesis cost. Also, modifying
adsorbent with V has improved its adsorption and desorption capacity with real effluent. These

characteristics make this novel composite more competitive for P adsorption processes.
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5 OVERALL CONCLUSIONS

This project evaluated the synthesis of Mg-Fe composites synthesized via Sol-gel and
co-precipitation method, and then tested their feasibility for P adsorption. First, it was checked
the effect of calcination temperature and Mg content in composite matrix using sol-gel method.
The material with the highest Mg/Fe ratio and calcinated at 700 °C achieved an adsorption
capacity of 60 mg.g™'. Second, it was used co-precipitation method to simplify and reduce costs
of adsorbent synthesis and produce Mg-Fe composite functionalized with Vanadium. It was
also noticed that the materials synthesized by Sol-gel method followed the Langmuir isotherm
model, while the data obtained from samples prepared with co-precipitation method adjusted
to the Freundlich model. pH and coexisting groups strongly affect adsorption efficiency, since
hydroxyl groups (in alkaline environment) and other groups compete to active sites. Higher
adsorption and desorption efficiency led to diminishing treatment cost by V-modified
adsorbent, which makes this material the most efficient in this work. Even though SG seems a
reliable method, several reasons could be pointed out to use co-precipitation instead: (i) the co-
precipitation method is less expensive than SG and with higher reproduction in sample
properties, (i1) the sample preparation by co-precipitation leads to nanocrystalline materials,
where Mg-ferrite and MgO phases range in nanometric scale (samples synthesized by SG
process show crystalline grains reaching the micrometric regime), (iii) the co-precipitated
samples show different structure, hyperfine, magnetic and adsorption properties when
compared with the SG ones and, (iv) the co-precipitation synthesis demands less time than that
by SG. Table 16 illustrates that the final results obtained meet the specific objectives proposed
at the beginning of the project.
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Table 16 — Specific objectives proposed at the beginning of the project and the final

results obtained.

Specific Objectives

Results

Investigate the influence of
synthesis parameters (such as
Mg/Fe molar ratio, calcination
temperature and V-doping) on
physical-chemical and textural
characteristics of adsorbents and

on the P adsorption efficiency;

Precursor calcinated at 973 K had better chemical stability and
great adsorption efficiency.

Increasing Mg/Fe molar ratio led to higher adsorption capability,
which indicates that Mg has more affinity to P than Fe.

Study the effect of adsorbent
dosage, initial P concentration,
initial pH, and coexisting ions on
the adsorption process;

Adsorption isotherms for adsorbents synthesized through sol-gel
and reverse coprecipitation followed Langmuir and Freundlich
isotherm, respectively.

Higher pH tends to impact the adsorption efficiency, since
hydroxyl groups compete with P for active sites.

Other species (NOs7, SO4* and COs?) also have significant effect
on adsorption efficiency.

Adsorbents can be reused over 3 cycles without chemical
regeneration.

Understand the P adsorption
mechanism;

Negatively charged phosphate reacts with the positively charged
adsorbent surface by electrostatic interaction.

Ligand exchange is an important path of P removal.

Mg leaches from adsorbent surface, reacts with P, and forms
crystals.

Evaluate the economic viability
of using adsorbents in P
recovery.

Using reverse coprecipitation method reduced the cost of
adsorbents synthesis and time expenditure compared to sol-gel.
Adding V to the adsorbent matrix improved adsorption and
desorption efficiency of P.
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6 PROSPECTS FOR FUTURE WORKS

Great improvements were obtained through this project aiming the synthesis of an
efficient and low cost Mg/Fe-based composite for the removal of phosphate from wastewater.
This thesis still leaves open doors for more research, as follows:

e Increase Mg/Fe molar ratio to balance treatment cost and magnetic properties;

e V-modified materials possesses photocatalytic properties under visible light, therefore
these photocatalysts could be employed for orgaphosphorous compounds degradation;

e Support V-modified composite on biochar;

e Perform pilot-scale adsorption column experiments.
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