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Abstract

Owing to the indispensable role of fluorine products in the new energy sector and
other emerging fields, ensuring a sustainable supply of strategic fluorine resources has
become important. With the gradual depletion of fluorite, the efficient recovery of
fluorine associated with phosphoric chemical production is becoming a preferred
approach. Wet-process phosphoric acid (WPA), as the major intermediate product of
phosphate rock processing, is an important medium for fluorine recovery due to the
migration and enrichment of fluorine in this process. Meanwhile, large volumes of
acidic fluoride-rich phosphate chemical wastewater are generated during this process.
Therefore, efficient fluorine recovery from WPA and deep fluoride removal from the
associated wastewater are of great significance for sustainable fluorine utilization and
environmental protection. Nevertheless, two key challenges remain: 1) the lack of
highly efficient fluorine-spillover reagents during WPA evaporation concentration
limits fluorine recovery, resulting in the waste of valuable fluorine resources; and 2) the
existing treatment methods for the associated wastewater, particularly chemical
precipitation, have limitations in achieving deep fluoride removal and may generate
large amounts of fluoride-containing precipitates, posing potential environmental
pollution risks and hindering the subsequent reuse of the wastewater.

To address these challenges, this study first developed silicon powder (SP) as a
highly efficient fluorine-spillover reagent. The results showed that the introduction of
SP significantly improved fluorine recovery from WPA during the concentration
process, thereby reducing the loss of fluorine resources. Subsequently, three natural
silicate mineral-based composites were prepared through loading engineering and
crosslinking engineering strategies for the treatment of acidic phosphate chemical
wastewater. These composites exhibited excellent acid resistance, high fluoride
adsorption capacity, remarkable selectivity, and outstanding stability under acidic
conditions, enabling the deep removal of fluoride. Overall, this thesis provides valuable
insights and technical support for the efficient separation of fluoride from WPA
produced in the phosphoric chemical industry and its associated acidic phosphate

chemical wastewater.

Keywords: Wet-process phosphoric acid; Acidic chemical wastewater; Fluoride
separation; Silicon powder; Natural silicate mineral-based composites.
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Resumen

Debido al papel indispensable que desempefian los productos fluorados en el
sector de las nuevas energias y otros campos emergentes, garantizar un suministro
sostenible de recursos estratégicos de flior ha adquirido una importancia creciente.
Ante el agotamiento gradual de los recursos de fluorita, la recuperacion eficiente del
fluor asociado a la produccion de la industria quimica del fosforo se estd convirtiendo
en una estrategia preferente. El dcido fosforico obtenido por via humeda (wet-process
phosphoric acid, WPA), como principal producto intermedio del procesamiento de la
roca fosforica, constituye un medio importante para la recuperacion de flior debido a
la migracion y el enriquecimiento de este elemento durante dicho proceso. Al mismo
tiempo, durante este proceso se generan grandes volimenes de aguas residuales acidas
de la industria quimica del fésforo con altas concentraciones de fluoruro. Por lo tanto,
la recuperacion eficiente de flaor del WPA y la eliminacion profunda de fluoruro de las
aguas residuales asociadas son de gran importancia para el aprovechamiento sostenible
de los recursos de fltior y la proteccion ambiental. No obstante, ain persisten dos
desafios clave: 1) la falta de reactivos altamente eficientes que favorezcan la
transferencia del flior durante la concentracion por evaporacion del WPA limita la
recuperacion de fltor, lo que provoca la pérdida de valiosos recursos de fltior; y 2) los
métodos existentes para el tratamiento de las aguas residuales asociadas, en particular
la precipitacién quimica, presentan limitaciones para lograr una eliminacion profunda
del fluoruro y pueden generar grandes cantidades de precipitados que contienen
fluoruro, lo que plantea riesgos potenciales de contaminaciéon ambiental y dificulta su
posterior reutilizacion.

Para abordar estos desafios, en este estudio se desarrolld, en primer lugar, polvo
de silicio (SP) como un reactivo altamente eficiente para favorecer la transferencia del
fluor. Los resultados demostraron que la incorporacion de SP mejor6 significativamente
la recuperacion de flaor del WPA durante el proceso de concentracion, reduciendo asi
la pérdida de recursos de fluor. Posteriormente, se prepararon tres materiales
compuestos basados en minerales de silicato natural mediante estrategias de ingenieria
de carga e ingenieria de entrecruzamiento para el tratamiento de aguas residuales acidas
de la industria quimica del fosforo. Estos materiales compuestos presentaron una
excelente resistencia a medios 4cidos, una elevada capacidad de adsorcion de fluoruro,
una notable selectividad y una sobresaliente estabilidad en condiciones dacidas,
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permitiendo asi la eliminacion profunda del fluoruro. En conjunto, esta tesis
proporciona conocimientos valiosos y apoyo técnico para la separacion eficiente de
fluoruro del WPA producido en la industria quimica del fosforo y de las aguas residuales

acidas asociadas de dicha industria.

Palabras clave: Acido fosforico por via humeda; Aguas residuales quimicas
acidas; Separacion de fluoruro; Polvo de silicio; Materiales compuestos basados en

minerales de silicato naturales.
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Extended Abstract

The rapid development of the new energy sector and other emerging fields has
increased the demand for fluorine resources. With the continuous decline in fluorite
reserves, the recovery and utilization of fluorine associated with phosphate rock have
become increasingly important. Wet-process phosphoric acid (WPA) is the major
intermediate product of phosphate rock processing. Therefore, achieving efficient
fluorine recovery during the evaporation concentration process of WPA is a key focus
for the phosphoric chemical industry. Nevertheless, the lack of highly efficient fluorine-
spillover reagents severely limits this process. Moreover, in addition to efficient
fluorine recovery, the large volumes of acidic fluoride-containing chemical wastewater
generated during this production should also receive attention, as they may adversely
affect human health, ecosystems, and subsequent production unless effectively treated
before discharge or reuse.

Herein, to enhance fluorine recovery during the evaporation concentration process
of WPA, silicon powder (SP) was first used as an efficient fluorine-spillover reagent,
and its regulatory behaviors and underlying mechanism regarding fluorine migration
and transformation were systematically investigated. The results demonstrated that SP
altered the transformation pathways and phase distribution of fluorine in WPA by
promoting the formation and volatilization of SiF4 gas while inhibiting the formation
of sodium fluorosilicate (Na>SiFs) and potassium fluorosilicate (K,SiFs) precipitates,
thereby effectively facilitating the transfer of fluorine from the liquid and solid phases
to the gas phase. Under optimal conditions, the fluorine recovery reached 81.13%,
representing an increase of 31.08% compared with the blank concentration experiment
and exceeding that achieved with conventional reagents, such as diatomite, white
carbon black (WCB), and zeolite powder (ZP).

To achieve deep fluoride removal from associated acidic phosphate chemical
wastewater, a La(OH)3;-modified diatomite (La/D) composite was synthesized via the
loading engineering strategy based on the inherent acid resistance of both diatomite and
La(OH)s, and the relationship between its structural characteristics and fluoride
adsorption behavior was systematically investigated. The loading of La(OH)3 changed
the surface properties of diatomite by increasing the available adsorption sites and
regulating the surface charge while maintaining structural stability under acidic
conditions. Through the synergistic effects of electrostatic interactions, ligand exchange,

Vi
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and coordination complexation, the La/D composite achieved a maximum adsorption
capacity of 135.93 mg/g at pH 3. In addition, the composite reduced the fluoride
concentration in real acidic phosphate chemical wastewater from 70.49 mg/L to 3.83
mg/L with a removal efficiency of 94.56%, meeting the Chinese industrial wastewater
discharge standard (GB 39371-2020, <10 mg/L).

To improve the sedimentation and separation performance of the composite, a
lanthanum (La)-aluminum (Al) bimetallic hydroxides-loaded montmorillonite (LAM)
composite was designed based on the strong fluoride affinity of La and Al, the
remarkable acid resistance of La(OH)s, and the coagulation-flocculation properties of
polyaluminum chloride (PAC). The introduction of bimetallic hydroxides enabled
functional complementarity: La(OH)s not only enhanced the acid resistance of the
composite but also served as the primary active component for fluoride adsorption,
whereas AlI(OH); improved the sedimentation performance and provided auxiliary
adsorption sites. Governed by ligand exchange, electrostatic attraction, hydrogen
bonding, and coordination complexation, the optimized LAM-3 composite (La: Al mass
ratio = 3:1) exhibited outstanding fluoride removal performance, achieving a maximum
adsorption capacity of 130.87 mg/g and complete sedimentation within 2 h. Notably,
the LAM-3 composite reduced the fluoride concentration in real acidic phosphate

chemical wastewater from 100.62 mg/L to 4.96 mg/L, achieving deep fluoride removal.

Keywords: Wet-process phosphoric acid; Acidic chemical wastewater; Fluoride

separation; Silicon powder; Natural silicate mineral-based composites.
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Chapter 1. Introduction

1.1. Justification

Fluorine is an indispensable strategic resource that has been widely applied in
critical fields such as new energy, semiconductor manufacturing, aerospace, and
pharmaceuticals [1-3]. In nature, fluorine resources are mainly found in fluorite and
phosphate rock [4,5]. With the gradual depletion of fluorite resources, the efficient
recovery of fluorine from phosphate rock (approximately 90% of the total fluorine
resources) has become an important approach for ensuring the sustainable supply of
fluorine resources [6]. Phosphate rock is the primary raw material for the production of
phosphoric acid, and the wet process, which involves the decomposition of phosphate
rock with sulfuric acid (H2SOs), is the predominant method [7]. In this process, most
of the fluorine present in phosphate rock is transferred into wet-process phosphoric acid
(WPA), which causes a series of adverse effects on the environment and downstream
products. For instance, excess fluorine in WPA reduces production efficiency and
fertilizer quality while increasing the risk of fluoride accumulation in soil and
groundwater [8,9]. In light of the above considerations, for the sustainable development
of the fluorochemical and phosphoric chemical industries, there is an urgent need to
prioritize the recovery of fluorine from WPA.

For fluorine recovery from WPA, several methods have been employed. Among
these methods, evaporation concentration, which enables fluorine recovery through the
conversion of liquid fluorosilicic acid (H2SiFs) into gaseous silicon tetrafluoride (SiF4),
is considered to be promising due to its simple operation and low operational cost
[10,11]. Furthermore, it is observed that increasing the production of SiF4 gas is the key
to enhancing fluorine recovery. For this purpose, active silicon-containing reagents,
such as diatomite and white carbon black, have been widely used for recovering
fluorine from WPA due to their unique lattice structures and affinities for fluorine [12].
Nevertheless, these traditional reagents still exhibit unsatisfactory performance, which
is attributed to the adverse effects of inherent impurities on their reactions with fluorine,
as well as their undesirable adsorption of fluorine [13,14]. Therefore, it is necessary to
develop novel and efficient fluorine-spillover reagents to overcome the limitations of
conventional reagents and enhance fluorine recovery.

Nevertheless, the efficient recovery of fluorine from WPA alone is insufficient to
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address the fluorine-related challenges. It cannot be ignored that large volumes of
associated fluoride-rich acidic phosphate chemical wastewater, including
phosphogypsum wastewater and WPA washing wastewater, are inevitably generated
during WPA production and fluorine recovery. These wastewaters are characterized by
strong acidity (pH of 1-4), high fluoride concentrations (50 mg/L-200 mg/L), and
complex chemical compositions (Cl, SO4>, POs*, and so on). Without effective
treatment, they will pose serious threats to the environment and hinder subsequent reuse
[15,16]. Recently, adsorption has emerged as one of the most promising technologies
for addressing the fluoride hazards in these wastewaters owing to its high removal
efficiency, deep purification capability, simple operation, and environmental
friendliness [17,18]. To this end, various adsorbents, including carbon-based
composites [19], metal-organic frameworks (MOFs) [20], mineral-based composites
[21], and metal-based composites [22], have been developed. Nevertheless, most
adsorbents still exhibit limited fluoride removal performance because of the structural
collapse and the dissolution of active sites under acidic conditions. Such pH sensitivity
remains a major barrier to their practical application. For this reason, the targeted design
of adsorbents with excellent acid resistance, high fluoride removal efficiency, good
structural stability, high selectivity, and good reusability is of great importance for
adapting to the complex environment of acidic phosphate chemical wastewater and

enabling the deep removal of fluoride.
1.2. Objectives

1.2.1. General objective

Based on the occurrence characteristics of fluorine in WPA and the complex
chemical environment of the associated acidic phosphate chemical wastewater, this
study aims to first develop a novel and highly efficient fluorine-spillover reagent to
enhance fluorine recovery from WPA. Subsequently, a series of natural silicate mineral-
based composites are designed to overcome the limitations of insufficient acid
resistance and poor adsorption performance under complex acidic wastewater
conditions, thereby enabling deep fluoride removal. This study is expected to provide
a theoretical basis, technical support, and practical guidance for the comprehensive
recovery of fluorine resources from WPA and the remediation of fluoride-contaminated

acidic wastewater in the phosphoric chemical industry.
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1.2.2. Goals

(1) To develop silicon powder (SP) as a novel fluorine-spillover reagent,
systematically investigate its effects on the volatilization behavior of fluorine in WPA,
and reveal the migration pathway and recovery mechanism of fluorine, thereby
achieving efficient fluorine recovery.

(2) To fabricate a series of natural silicate mineral-based adsorbents (the La/D
composite, the LAM composite, and _) via loading engineering and

_ for deep fluoride removal from associated acidic phosphate

chemical wastewater. The adsorption performance, adsorption behavior, functional
properties, and practical application potential are systematically evaluated, and the
underlying removal mechanisms are further elucidated, thereby establishing the
structure-performance relationships of the natural silicate mineral-based composites for

fluoride removal.
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Chapter 2. Literature Review

2.1. Introduction

Fluorine, a halogen element with an average abundance of approximately 585
mg/kg in the Earth’s crust, is an important strategic resource [1]. In recent years, the
rapid development of the new energy, electronics, metallurgical, and pharmaceutical
industries has continuously increased the demand for fluorine-containing products,
making fluorine an indispensable raw material for modern industry [2,3]. It has been
reported that fluorine resources are mainly associated with fluorite (CaF2) and
phosphate rock, with fluorine mainly present in the form of fluorapatite (CasF(PO4)3)
[4,5]. As a non-renewable mineral resource, the continuous exploitation of fluorite has
resulted in a significant decline in its reserves, leading to an increasingly constrained
supply [6,7]. In contrast, phosphate rock contains abundant associated fluorine and has
become an important alternative source of fluorine. It is estimated that approximately
90% of the world’s fluorine resources are associated with phosphate rock [8]. Therefore,
to alleviate the growing shortage of fluorite resources, the efficient recovery and
utilization of fluorine from phosphate rock have emerged as an important approach for
the future development of the fluorochemical industry.

In the phosphoric chemical industry, phosphate rock is the primary raw material
for the production of phosphoric acid. The conventional phosphoric acid production
technologies include the thermal process and the wet process [9,10]. Among these, the
wet process is the dominant technology utilized in the industry because of its
operational simplicity and stability, broad applicability, and low production cost [11,12].
The production of wet-process phosphoric acid (WPA) involves the leaching of
phosphate rock with sulfuric acid (H2SO4), producing crude WPA and insoluble calcium
sulfate crystals (phosphogypsum). The crude WPA is subsequently purified to obtain
the desired WPA product. The overall reaction is shown in Eq. (2.1) [13,14].

Ca5F(PO4)3+5H2SO4+10HZO=3H3PO4+5CaSO4°2H20+HFT (2.1)
Most phosphate rock in China is of medium- to low-grade and contains
approximately 2%-4% associated fluorine. During WPA production, about 65%-70%

of the fluorine in phosphate rock is transferred into WPA, 15%-30% is retained in
phosphogypsum, and only 5%-10% is released into the gas phase for recovery [15,16].
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Consequently, a large proportion of the associated fluorine is transferred into WPA,
where its efficient recovery remains challenging. Of greater concern, the residual
fluorine causes a series of adverse effects on WPA production and downstream products.
Specifically, the presence of fluorine decreases the silicon-to-fluorine molar ratio in
WPA, resulting in increased slurry viscosity, poor phosphogypsum crystallization, and
reduced filtration performance, thereby compromising the stable operation of WPA
production [17]. Furthermore, residual fluorine in WPA adversely affects the quality of
downstream phosphate fertilizers and feed products. For example, excessive fluorine
may cause phosphate fertilizers to fail to meet relevant quality standards, while
fluorine-rich feed can lead to fluorosis and severe skeletal disorders in animals [18].

It should be noted that efficient fluorine recovery from WPA alone is insufficient
to address related fluorine pollution challenges in the phosphoric chemical industry. In
addition to the fluorine retained in WPA, the production and purification of WPA
inevitably generate large volumes of acidic phosphate chemical wastewater. Such
wastewater usually contains high concentrations of fluoride, together with phosphate,
sulfate, and various dissolved ions. Accordingly, the Chinese national discharge
standard of fluoride concentration allowed in industrial wastewater is 10 mg/L (GB
39371-2020) [19]. Nevertheless, the wastewater generated by the phosphoric chemical
industry is usually at high fluoride levels (50 - 200 mg/L) with strong acidity, which is
higher than the emission standard and needs effective treatment before discharging or
reusing [20]. If discharged without proper treatment, acidic fluoride-containing
wastewater may contaminate surface water and groundwater, threatening human health
and ecological systems. Drinking-water fluoride pollution has become a serious public
health concern in several countries, including India, Mexico, and China [21]. Moreover,
the direct reuse of such wastewater in the production process may result in the
accumulation of fluoride and other impurities within the system, thereby compromising
process stability and the quality of downstream products [22].

In summary, the associated fluorine not only compromises the stable operation of
WPA production and the quality of downstream products but also leads to the
generation of large volumes of acidic fluoride-containing chemical wastewater. The
discharge of such wastewater without effective treatment poses serious risks.
Nevertheless, it cannot be ignored that fluorine is also an important strategic resource
for the fluorochemical industry. Therefore, the efficient recovery of fluorine from WPA

and the deep removal of fluoride from associated acidic phosphate chemical wastewater
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are important research focus in the phosphoric chemical industry.
2.2 Recovery technologies of fluorine from WPA

The recovery of fluorine from WPA has attracted considerable attention from
researchers worldwide. Over the years, various technologies, as summarized in Fig. 2.1,
have been developed and investigated for fluorine recovery from WPA, and each

technology has its own advantages and limitations.

Chemical Solvent
precipitation extraction

Removal and
recovery
Adsorption technologies Air
and others stripping

Evaporation
concentration

Fig. 2.1 Overview of common technologies for fluorine recovery from WPA.
2.2.1 Chemical precipitation

Chemical precipitation is one of the most mature and widely used technologies for
fluorine recovery from WPA. During the treatment process, alkali metal salts, such as
sodium and potassium salts, are generally used as precipitants. These salts react with
fluorine species in WPA (mainly SiF¢>") to form sodium fluorosilicate (Na2SiFs) or
potassium fluorosilicate (K,SiFs) precipitates, which are subsequently separated by
filtration. In this way, fluorine can be effectively recovery from WPA [23]. To further
promote the formation of SiF¢>" and improve fluorine recovery efficiency, diatomite and
white carbon black are often introduced as defluorination aids, as illustrated in Fig. 2.2.

The main reactions involved in this process are shown below.

6HF+Si02:H2SiF6+2H20 (22)
2Na" +SiFy =Na,SiFs| (2.3)
2K +SiFs =K, SiF,| (2.4)
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______________________________________

Defluorination aids ]
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Provides active SiO, species
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--------------- Na,SiFg or K,SiF, ]
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Raw WPA ) i
(FISiFE) SiFg } +[ vt | :
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i
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Purified WPA ]

..................................

Precipitants )
sodium or potassium salts

Na,CO;, Na,SO,, K,CO;, K,SO,,
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2

Fig. 2.2 Schematic illustration of fluorine recovery from WPA via chemical

precipitation process.

EI-Asmy et al. investigated fluorine recovery from WPA using sodium carbonate
(Na2CO3) as the precipitant and silicon dioxide (SiO2) as a defluorination aid. Under
the optimal conditions, in which 1.5772 g of NaxCOs3 and 0.8885 g of SiO» were added
to 150 mL of WPA at 70°C, the fluorine removal efficiency reached 93.89% [24]. He et
al. proposed a two-step chemical precipitation strategy for fluorine recovery from WPA
using anhydrous sodium sulfate (Na>SO4) and activated silica as precipitation reagents.
The results showed that the fluorine content in WPA decreased from 1.21 wt% to 0.15
wt% after the two-step precipitation process, while the fluorine recovery and purity of
the resulting NaSiFs product were 87.60% and >98.50 wt%, respectively. Further
analysis revealed that HoSiFs was removed during the first step, whereas HF and some
fluorine-containing metal complexes were removed during the second step [25]. In
addition, He’s group proposed another economical strategy for the simultaneous
removal of A" and Mg*" via the formation of aluminofluoride complexes
(NaMgAIlFs-H>O) using Na;SO4 and HF as precipitation reagents. The optimal
operating conditions included a reaction temperature of 40°C, a reaction time of 12 min,
and the addition 0f'4.00 g of Na>SO4 solution (40 wt%) and 4.50 g of HF solution (40
wt%) per 100 g of WPA (24.53 wt%). Due to the low solubility of the resulting complex
in WPA, the removal efficiencies of AI** and Mg?" reached 99.5% and 64.8%,
respectively [26].

Chemical precipitation remains attractive because of its low equipment
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requirements, low cost, and simple operation [27]. Although numerous precipitants and
improved precipitation processes have been developed, this method still suffers from
several shortcomings, including low fluorine recovery efficiency, a high residual
fluorine content in WPA, and substantial P»Os loss caused by the adsorption and
inclusion of phosphoric acid by the precipitates [28]. Furthermore, the obtained
fluorine-containing precipitates are generally of low purity, which hinders their direct
utilization in subsequent processes. Currently, these shortcomings remain the major

obstacles to the further industrial application of chemical precipitation.
2.2.2 Solvent extraction

Solvent extraction is another technology for fluorine recovery from WPA. As
shown in Fig. 2.3, this process is based on the different distribution behaviors of
fluorine species and phosphoric acid between the aqueous and organic phases.
Specifically, WPA and the organic extractant are brought into countercurrent contact in
an extraction unit, where H3POs is transferred into the organic phase, while most
fluorine species remain in the aqueous phase. Subsequently, H3POs is back-extracted

from the organic phase with water to obtain purified WPA [29].

Organic extractant »
[ (TBP/MIBK/SIO...) ] [ H;PO,-rich J

organic phase

Countercurrent  contact

Back-extraction
Solvent extraction with water

~N

Raw WPA Phase

H,PO, — Organic phase |

(H;PO,+fluoring) separation

\ [ Purified WPA
J

Fluorine —— Aqueous phase

*

- A
| Back-extraction medium | Fluorine-rich
! (water) agueous raffmate)

;
{
1
|
\

Fig. 2.3 Schematic illustration of fluorine recovery from WPA via solvent extraction
process.

Ahmed et al. employed a binary solvent mixture of methyl isobutyl ketone (MIBK)
and tributyl phosphate (TBP) for WPA purification. Based on a three-step extraction
process, the optimal solvent composition for obtaining high WPA purity and maximum
P>0s recovery contained 55% MIBK. Meanwhile, a lower residual fluorine content was
obtained when the percentages of MIBK and TBP in the binary solvent mixture were
comparable [30]. Zuo et al. developed a liquid-liquid extraction method based on a

bubble membrane for fluorine removal from WPA, with TBP and silicon oil (SIO)
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chosen as the organic phase. The optimal conditions were a temperature of 90°C, a pH
of 0.46, a volume ratio (TBP/SIO, v/v) of 7:3, a phase ratio (O/A) of 1:5, a stirring
speed of 200 rpm, and an extraction time of 50 min. Under these conditions, the fluorine
extraction efficiency reached 98.40% in a single extraction stage [31]. Amin et al.
compared the fluorine removal performance of three extraction solvents, namely n-
octanol, n-ethanol and n-butanol. They found that n-octanol exhibited the highest
fluorine removal efficiency under identical extraction conditions. After treatment with
n-octanol, the fluorine content in WPA decreased from an initial 0.70 wt% to 0.001 wt%
[32].

Solvent extraction is a popular method for fluorine recovery from WPA. It offers
the advantages of deep fluorine removal, no introduction of additional impurity ions,
high product purity, and low environmental impact [1]. Nevertheless, this method also
has several defects, including high extractant consumption, substantial equipment
investment, extractant loss, and difficulties in the subsequent treatment or utilization of
the large volumes of residual aqueous phase, thereby limiting its further industrial
application [33].

2.2.3 Evaporation concentration

As one of the most popular technologies at present, evaporation concentration is
commonly used for fluorine recovery from WPA. As illustrated in Fig. 2.4, the principle
of this method is to first convert fluorine species in WPA into H»SiFs by adding silicon-
rich reagents, such as diatomite and white carbon black. WPA is then concentrated by
heating, which increases both the solution temperature and the P>Os content. Under
these conditions, H>SiFs decomposes into gaseous SiF4 and HF, which volatilize from
the WPA solution. Meanwhile, the residual HF further reacts with the added silicon-
rich reagents to form H>SiFs, which decomposes again to form SiF4 gas that escapes
from the WPA solution. This cyclic reaction continues throughout the concentration
process until efficient fluorine removal is achieved [34,35]. In addition to fluorine, other
impurities containing iron, aluminum, calcium, and magnesium can be precipitated
predominantly as metaphosphates or pyrophosphates during the concentration process
and can therefore be readily removed by filtration. The relevant reactions are described
as Egs. (2.5) and (2.6).

H,SiFs=SiF,1+2HF (2.5)
SiO,+4HF=SiF /1 +2H,0 (2.6)
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Fig. 2.4 Schematic illustration of the evaporation concentration process for fluorine

recovery from WPA.

He and the co-authors proposed a microwave intensification flash evaporation
(MFE) system to concentrate on highly corrosive WPA for the simultaneous preparation
of polyphosphoric acid (PPA) and recovery of fluorine resources. The results showed
that PPA with a P>Os content of 75.36 wt% was successfully obtained, while the fluorine
recovery reached 92.85%. Moreover, the operating cost of the MFE system was only
89.98% of that of the traditional system, highlighting its potential as an efficient and
economical evaporation technology [36]. Peng et al. investigated the release and
recovery behaviors of fluorine and iodine during the concentration process of WPA
under vacuum evaporation conditions. Under the optimal concentration conditions of
15-17 kPa and 130°C, the P,Os content of WPA increased to 52.34 wt%, while the
recovery of fluorine and iodine reached 93.26% and 85.63%, respectively. In addition,
the recovered fluorine- and iodine-containing products exhibited high purities of 97.24%
and 99.47%, respectively, demonstrating that vacuum evaporation is effective for
fluorine recovery [37].

Evaporation concentration provides an effective approach for reducing the fluorine
content of WPA to arelatively low level while enabling fluorine recovery. Nevertheless,
its performance is still limited by the lack of highly efficient fluorine-spillover reagents,

resulting in unsatisfactory fluorine recovery efficiency [38].
2.2.4 Air stripping

Air stripping has emerged in recent years as a promising technology for fluorine
recovery from WPA. It is well known that fluorine mainly exists in the forms of H>SiFs
and HF in WPA [39]. During the air stripping process, the WPA solution is heated while
compressed air is introduced into the reactor. Under these conditions, the volatile
fluorine-containing species are transferred from the liquid phase to the gas phase and

carried away by the flowing air. To further enhance the stripping efficiency, diatomite,
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white carbon black, and other reagents are often added to convert HF into the more
volatile SiFs, thereby increasing the fluorine volatilization efficiency from WPA, as
schematically illustrated in Fig. 2.5. The chemical reactions involved in this process are

the same as those occurring during evaporation concentration.

Silicon-rich reagents
(diatomite/white carbon black)

Provides active || SiO, species Gas phasep \olatilized gases
: — (SiF, and HF)
Air stripping
Raw WPA | P , S, ) Gas/Liquid |
(F-/SiFSZ-) AI» HZSiF6=SiF4T+2HFT ! Separation
TSi0,+4HF=SiF41+2H,0 |
f Liquid phasel! Concentrated WPA

[ Heating + compressed air ]

Fig. 2.5 Schematic illustration of the air stripping process for fluorine recovery from
WPA.

Although air stripping has been applied in industrial practice for fluorine removal
and recovery from WPA, systematic studies on this process remain relatively limited.
Among the available studies, the fluorine recovery from WPA by air stripping was
investigated by He et al. The authors found that H,SiFs was stripped more readily than
HF, while A" inhibited fluorine recovery through the formation of Al-F complexes.
Moreover, the addition of an active silicon reagent promoted fluorine recovery by
facilitating the conversion of HF into H>SiFs [40].

Air stripping has attracted considerable attention because of its high fluorine
recovery efficiency and the production of high-purity WPA. Nevertheless, this method
is limited by high equipment investment and operating costs, unstable performance, and

high energy consumption, which restrict its large-scale industrial application.
2.2.5 Other technologies

Besides the above-mentioned technologies, several other technologies, including
adsorption, membrane separation, and ion exchange [41,42], have also been
investigated for fluorine recovery from WPA. Adsorption mainly relies on the
interactions between fluorine and active sites on the adsorbent surface, thereby enabling
the transfer of fluorine from the liquid phase to the solid phase. Membrane separation
is based on the selective transport or retention of different species through membranes
to achieve fluorine recovery from WPA, whereas ion exchange enables fluorine

recovery through the exchange between fluorine-containing species and exchangeable
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ions or functional groups on ion-exchange materials. These technologies provide
alternative approaches for fluorine recovery from WPA and have shown potential under
laboratory conditions. Nevertheless, due to the strong acidity and complex chemical
environment of WPA, these technologies have limitations in terms of stability,
separation efficiency, regeneration performance, and process adaptability. Therefore,
their application remains largely at the laboratory scale, and large-scale industrial

implementation is still limited.
2.3 Fluoride removal from acidic phosphoric chemical wastewater

For fluoride removal from acidic phosphate chemical wastewater, various
technologies, including precipitation [43], ion exchange [44], electrochemical
treatment [45], nanofiltration [46], and adsorption [47], have been developed and
applied (as shown in Fig. 2.6). Among these technologies, adsorption is one of the most
preferred approaches for fluoride removal because of its simple operation, high removal
efficiency, low cost, and regenerability of adsorbents [48,49]. The performance of the
adsorption process is largely determined by the properties of the adsorbent. In particular,
the strong acidity and complex chemical composition of acidic phosphate chemical
wastewater impose stringent requirements on the adsorption performance and structural
stability of adsorbents. Under such harsh conditions, the adsorption performance and
stability of adsorbents may be adversely affected, thereby limiting their long-term
application in practical wastewater treatment. Whether an adsorbent is suitable for
practical applications depends on several key factors, including adsorption capacity,
selectivity toward fluoride, reusability, and cost. In this context, the development of
adsorbents with high fluoride affinity, excellent acid resistance, structural stability, and
reusability is crucial for the effective treatment of acidic phosphate chemical
wastewater. Accordingly, various adsorbents have been investigated for fluoride
removal from acidic phosphate chemical wastewater. Based on their composition, these
adsorbents can generally be classified into metal-based composites, carbon-based
composites, natural silicate mineral-based composites, as well as other functional

composites.
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Fig. 2.6 Classification of common technologies and adsorbents for fluoride removal

from acidic phosphate chemical wastewater.
2.3.1 Metal-based composites

In recent years, metal-based composites have been widely recognized highly
effective adsorbents for fluoride removal from chemical wastewater or drinking water.
Consequently, many metal-based composites have been developed and successfully
applied by researchers, exhibiting good adsorption performance [50]. For metal-based
composites, the selection of suitable metal components is of great importance and
generally follows two key principles: 1) the metals should have a strong affinity for
fluoride and possess excellent adsorption capacity, which is usually reflected by the
formation of metal-fluoride species with sufficiently low solubility; 2) the metal
resources should be abundant in nature and economically viable to facilitate large-scale
practical applications. Based on these considerations and guided by the hard and soft
acids and bases (HSAB) theory, researchers have identified metals such as La, Al, Fe,
Ca, Ce, and Zr as suitable components for the preparation of fluoride adsorbents. In
general, metal-based composites can be classified into monometallic, bimetallic, and
trimetallic systems according to the number of metal components incorporated [51-53].

Shen et al. synthesized a zirconia (ZrO;)-based composite (E-ELP-Zr) for fluoride
removal. The obtained composite exhibited rapid adsorption kinetics and excellent
selectivity toward fluoride. Its superior performance was mainly attributed to the strong
electrostatic attraction and the specific affinity of Zr for fluoride [54]. Song et al. and
Liu et al. further demonstrated that introducing two metal components is an effective
strategy for enhancing fluoride adsorption. The bimetallic Ce/Zr-based metal-organic

framework (Ce/Zr-MOFs) and La/Zr bimetallic-modified alumina (La/Zr-TAA) both
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exhibited excellent fluoride removal performance, and the synergistic effect between
the two metals enhanced fluoride adsorption [55,56]. Furthermore, Kabir et al.
developed a trimetallic Mg-Al-Fe nanocomposite for fluoride removal. They
systematically investigated the effects of the divalent-to-trivalent metal molar ratio and
calcination temperature on fluoride adsorption, and the results showed that the
optimized composite had the highest fluoride adsorption capacity of 90.68 mg/g under
the conditions of a divalent-to-trivalent metal molar ratio of 5 and a calcination
temperature of 400°C [57].

In summary, bimetallic and trimetallic composites generally exhibit
physicochemical properties that are different from those of their monometallic
counterparts. Compared with monometallic composites, bimetallic and trimetallic
composites not only combine the advantages of their individual components but also
show significantly improved adsorption capacities. Their superior fluoride removal
efficiency is typically attributed to the synergistic effects of ligand exchange, surface
protonation, and electrostatic interactions [58,59]. Nevertheless, some metal-based
composites suffer from poor acid resistance, as strongly acidic conditions may cause
the leaching of active metal components and structural collapse, which remains a major

limitation to their application in the treatment of acidic phosphate chemical wastewater.
2.3.2 Carbon-based composites

Carbon materials have the characteristics of large specific surface areas, well-
developed pore structures, abundant surface functional groups, and good
physicochemical stability [60]. More importantly, carbon materials can serve as
versatile support for loading metal oxides or other active components, thereby
increasing the number of accessible adsorption sites and enhancing fluoride adsorption
performance. Based on the above advantages, carbon materials have attracted
considerable attention in the field of fluoride removal, and various carbon-based
composites, including metal-loaded biochar [61], activated carbon composites [62],
graphene oxide (GO)-based composites [63], and carbon nanotube composites [64],
have been developed for deep fluoride removal from wastewater.

Li et al. investigated the potential of aluminum- and yttrium-modified sewage
sludge biochar (Al/'Y-CSBC) for efficient fluoride removal from wastewater. The
results showed that Al/Y-CSBC exhibited excellent fluoride removal performance over
a wide pH range. The adsorption process involved ion exchange, surface complexation,

and electrostatic attraction, with a maximum adsorption capacity of 62.44 mg/g [65].
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Moreover, the polyaluminum chloride (PAC) and GO co-modified zeolite
(PAC@Zeolite@GO) composite was synthesized by Wang et al. for efficient fluoride
removal. Under the optimal conditions, the composite showed an exceptionally high
adsorption capacity of approximately 1264 mg/g and still reached 978.3 mg/g after
three cycles, achieving efficient fluoride removal from acidic chemical wastewater [66].
Additionally, amorphous ALO; supported on carbon nanotubes (AlO3;/CNTs) and
activated carbon supported Ce-Al oxides (Ce-Al-O/AC), reported by Li et al. and Guo
et al., respectively, both exhibited good fluoride removal performance [67,68].
Overall, carbon-based composites are promising adsorbents for fluoride removal.
Nevertheless, the affinity of carbon materials themselves for fluoride is generally lower
than that of metal-based composites, and functionalization or surface modification is
often required to introduce additional adsorption sites and enhance their performance.
Therefore, rational modification strategies are essential for further improving the
fluoride removal performance of carbon-based composites and promoting their

potential application in acidic phosphate chemical wastewater treatment.
2.3.3 Natural silicate mineral-based composites

Natural silicate minerals are an important class of mineral materials, primarily
composed of silicon-oxygen tetrahedra and various metal cations arranged in diverse
framework, layered, or amorphous structures [69,70]. Most natural silicate minerals
possess negatively charged surfaces, large specific surface areas, abundant surface
hydroxyl groups, and excellent physical adsorption properties and surface chemical
activity [71,72]. Owing to their abundant reserves, easy availability, low cost, high
chemical stability, and ease of surface modification, natural silicate minerals, including
diatomite, montmorillonite (MMT), attapulgite, and bentonite, have emerged in recent
years as highly promising support materials for the preparation of adsorbents for
fluoride removal from wastewater [73,74]. Nevertheless, pristine natural silicate
minerals usually exhibit limited fluoride removal performance because of electrostatic
repulsion, making them insufficient to meet practical application requirements.
Accordingly, various modification strategies, such as metal loading [75,76], acid/base
activation [77], or polymer modification [78], have been developed to improve the
fluoride removal performance and engineering application potential of natural silicate
minerals.

Zhang modified MMT with CoFe,O4 magnetic particles and Al-Fe fumarate
metal-organic framework (Al-Fe Fum) to fabricate a magnetic composite for fluoride
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removal. He found that the obtained MMT/CoFe;04/Al-Fe Fum composite showed a
maximum fluoride adsorption capacity of 27.20 mg/g, which was 1.89 times that of raw
MMT (14.38 mg/g), demonstrating the effectiveness of the modification strategy [79].
La-, Mg-, and Mn-incorporated bentonite were investigated by Kamble et al. for
fluoride removal from drinking water. The results showed that 10% La-bentonite
exhibited superior fluoride removal performance to Mg-bentonite, Mn-bentonite and
bare bentonite [80]. Furthermore, Zhang et al. studied the selective capture performance
of polyethyleneimine (PEI)-modified diatomite for trace fluoride from aqueous
solutions. The analyses revealed that amino functional groups were the dominant active
sites responsible for fluoride removal. The modified composite exhibited an optimized
microporous structure, resulting in 2.1 times increase in fluoride adsorption capacity
compared with raw diatomite [81].

In addition to the aforementioned composites, many other natural silicate mineral-
based composites have been developed by researchers, and they have shown great
potential for fluoride removal from wastewater. These studies have demonstrated that
natural silicate minerals are promising supports for constructing efficient fluoride

removal composites through appropriate modification strategies.
2.4 Research gap

Over the past several decades, significant progress has been made in the field of
fluorine recovery from WPA. Among the various technologies, evaporation
concentration is the preferred method for fluorine recovery. Nevertheless, conventional
reagents still suffer from limited reaction efficiency and low fluorine recovery, which
not only result in the waste of valuable fluorine resources but also cause environmental
pollution. Meanwhile, the regulation of fluorine migration, transformation, and
interphase distribution in WPA by fluorine-spillover reagents and the underlying
mechanisms remain insufficiently understood. Therefore, based on the reaction
characteristics between fluorine species and fluorine-spillover reagents in WPA,
elucidating the regulatory mechanisms of fluorine migration and transformation and
developing novel reagents for efficient fluorine recovery from WPA are still among the
most urgent issues to be addressed.

In addition, the associated acidic phosphate chemical wastewater is characterized
by strong acidity and high fluoride concentrations, which may cause negative effects

on the environment and subsequent production processes if left untreated. Nevertheless,
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some currently developed adsorbents exhibit poor fluoride removal performance,
mainly because of their insufficient acid resistance. Under high concentrations of
hydrogen ions, these adsorbents may undergo structural collapse and the leaching of
active components. More importantly, the relationships between the structural
properties of composites and their fluoride adsorption behavior under strongly acidic
conditions, as well as the mechanisms by which composite composition and structural
regulation affect their adsorption performance and stability, still need to be further
explored. Moreover, existing research has not focused sufficiently on the practical
application of adsorbents in acidic phosphate chemical wastewater. Hence, elucidating
the intrinsic relationships among composite structure, composition, and fluoride
removal behavior, and developing targeted fluoride-removal composites with excellent
acid resistance, high removal efficiency, and stable structures to adapt to the complex
acidic phosphate chemical wastewater remain important issues that urgently need to be

addressed.
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Chapter 3. Efficient fluorine recovery from wet-process
phosphoric acid using silicon powder as a fluorine-spillover

reagent

3.1. Introduction

Fluorine is an important strategic resource that is widely used in metallurgy,
electronics, agriculture, and others fields [1,2]. Most of the fluorine resources in nature
were associated with fluorite and phosphate rock [3,4]. Fluorite, as a high-grade
fluorine ore, has traditionally been the primary source of fluorine resources. However,
the global reserve of fluorite was only 320 million tons in 2019 [5]. With the rapid
development of fluorine-containing products, such as separator membranes for lithium-
ion batteries and electrolytes, fluorite reserves were already in short supply [6]. In
comparison, it has been reported that about 90% of fluorine resources in nature had
existed in phosphate rock. The fluorine content in phosphate rock was usually 2 - 4 wt%
[7]. In this case, it has become extremely urgent to utilize the fluorine resources from
phosphate rock.

Phosphate rock is the main raw material for phosphoric acid production.
According to available data, more than 90% of phosphate rock is currently used to
produce wet-process phosphoric acid (WPA) in industry [8,9]. During the production
process of WPA, fluorine affects the quality of WPA and downstream products. It has
been reported that fluorine in phosphate rock could remain in WPA and enter
downstream products. Fluorine-containing pollutants would then enter groundwater, air,
and other environmental media, resulting in a significant hazard to human health and
the environment [10]. In addition, fluorine could also cause trees and crops to turn
yellow and even die; excessive fluorine intake could harm humans by causing skeletal
fluorosis [11]. Given these adverse effects, it is necessary to remove fluorine from WPA.
However, it should be noted that fluorine is also a valuable resource in a variety of
applications and fields [12]. Therefore, separating and recovering fluorine from WPA
are of great significance for protecting the environment and human health and providing
low-cost raw materials for the fluorochemical industry.

Nowadays, for the separation and recovery of fluorine from WPA, evaporation
concentration is considered to be a promising method due to its simple operation and
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low operating cost. The principle of this method involves the conversion of liquid
fluosilicic acid (H2SiFs) into gaseous silicon tetrafluoride (SiF4) and hydrogen fluoride
(HF) upon heating, along with the evaporation of HF originally present in WPA. By
collecting and absorbing SiF4 and HF gases into water, these two gases can be converted
back into H2SiFs. In this way, fluorine resources could be recovered and utilized in an
environmentally friendly manner [13]. The reaction was shown in Eq. (3.1). However,
the traditional concentration method also suffers from low fluorine recovery, resulting
in the waste of valuable fluorine resources [14]. For example, He et al. used an air
stripping concentration method to treat WPA at 90°C for 90 min, and the fluorine
recovery was only about 38% [1]. Therefore, how to effectively improve the fluorine
recovery from WPA is still of great significance, and the development of a novel
strategy is urgently required.
SiF ,+2HF=H,SiF (3.1)
It is well known that SiF4 gas has higher vapor pressure than HF gas. As a result,
researchers had observed that increasing the formation of SiFs gas was the key to
enhancing fluorine recovery. For this purpose, the reagents containing active silicon
had attracted considerable attention. These reagents had the characteristics of high
active silicon content, irregular crystal structure and good reactivity. During the
concentration process of WPA, they tend to react with H2SiFs and HF to promote the
formation of SiF4 gas, thereby increasing the fluorine recovery [15,16]. Accordingly,
diatomite and white carbon black (WCB) were the most commonly used reagents for
fluorine recovery. However, these traditional silicon-rich reagents have limited
efficiency in promoting SiFs formation and volatilization because their reactions with
fluorine species are hindered by inherent impurities [17]. Furthermore, these reagents
had some adsorption effects on fluorine, and a portion of fluorine would migrate into
the solid phase during the concentration process [16,18]. Therefore, investigating new
environmentally friendly and efficient reagents to enhance the fluorine recovery during
the concentration process of WPA is of great practical significance.
Among the many reagents, active silicon powder (SP) caught the authors’ attention.
SP is a substance that contains activated monatomic silicon [19]. It has been reported
that SP is characterized by a large specific surface area and an uneven crystal structure
[20]. These characteristics make it highly reactive. In addition, the adsorption properties
of SP toward fluorine have not been reported yet. Hence, the above advantages of SP

make up for some defects of traditional reagents and have the potential to further
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enhance fluorine recovery from WPA. However, the application of SP in promoting
fluorine recovery from WPA and its gasification mechanism have not been studied yet.

As such, the objective of this work is to investigate the performance of SP as the
fluorine-spillover reagent to enhance fluorine gasification during the concentration
process of WPA. The superiority of SP was evaluated through comparative experiments.
On this basis, the effects of operating parameters in the reaction system, including SP
dosage, stirring speed, and concentration temperature, as well as those in the absorptive
system, including initial mass of absorptive water, were systematically investigated.
Finally, spillover Kkinetics, thermodynamic calculations, and a series of

characterizations were used to preliminarily explore the gasification mechanism.
3.2. Experimental

3.2.1. Materials and reagents

The WPA sample used in this experiment was obtained from Hubei Sanning
Chemical Co. Ltd. The detailed information on the anion and cation contents of WPA
was presented in Table 3.1. As can be seen, the content of phosphate (PO4>") was 36.11
wt%, which was suitable for further concentration experiments. The fluorine content in
WPA reached 0.80 wt%, indicating the need for fluorine removal and recovery. Besides
these, the contents of all other metallic impurities were less than 1 wt%.

Table 3.1 The anions and cations contents of WPA (wt%).

Composition POs* F CI' SO Ca* Mg AP F" Si** Na* K'

Mass fraction 36.11 080 0.16 289 0.06 094 042 0.13 024 0.14 032

SP was procured from Xintie Metal Co Ltd, China. Diatomite, WCB, and zeolite
powder (ZP) were all obtained from Lingshou Minerals Co., Ltd, China. The
compositions and physical phases of these reagents are shown in Table 3.2 and Fig. 3.1.
The main component of SP is Si, with a content of 99.65 wt%. Correspondingly, the
sharp diffraction peaks attributed to Si are observed in the XRD pattern of SP, while no
obvious impurity peaks are observed, implying the high purity of this reagent (Fig. 3.1a).
In contrast, the principal component of diatomite, WCB and ZP is SiO> with contents
of 94.18, 91.77, and 85.26 wt%, respectively. Apart from SiO2, some associated
impurities, such as Na,O, Al,Os, and Fe;O3, are also present. The XRD patterns of these
three reagents also confirm the above results, with several impurity peaks observed in

their patterns (Fig. 3.1b-d).
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Table 3.2 The compositions of different reagents used in the experiments (wt%).

Sp Compositions Si CaO Fe>O3 Others
Contents 99.65 0.02 0.04 0.29
) ) Compositions Si0; NaxO AlLO3 Fe;O3 Others
Diatomite
Contents 94.18 1.97 2.15 1.06 0.64
WCB Compositions Si0; NaxO AlLO3 Fe;O3 Others
Contents 91.77 2.28 2.34 1.22 2.39
7p Compositions Si0; NaxO ALO3 Fe;O3 Others
Contents 85.26 1.52 8.07 3.14 2.01
(@) N osi (b) T #—Si0
3 . F]
L
Jt L 4 1 EX IR * -
10 2l0 3l0 4l0 5l0 6l0 7 10 ZIO 30 4l0 SIO 6IO 70
20 (9 26 (9
c » d
(©) *—Si0y (d) o *—Si0>
L ) * 1 i *5 d
10 2l0 3l0 4IO 5l0 6l0 70 10 ZIO ?:0 4l0 5lO GIO 70
26 (9 20 ()

Fig. 3.1 XRD patterns of (a) SP, (b) Diatomite, (c) WCB and (d) ZP.
Hydrochloric acid (HCI), nitric acid (HNO3), sodium hydroxide (NaOH), citric

acid (C¢Hs507:2H20), and trisodium citrate (Na3;CsHsO7:2H20) were purchased from

Sinopharm Chemical Reagent Corporation Ltd., China, and used to determine the

fluorine contents. All the purchased reagents were of analytical grade and used without

additional purification. The deionized water (18.25 MQ) was directly obtained from

Milli-Q Direct 16 water purification system (Millipore Q, USA) and used throughout

the experiments.

3.2.2. Fluorine recovery test

The fluorine recovery experiments were conducted using a homemade device.

This device was designed based on the principle of the evaporation concentration
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method and existing industrial WPA concentration systems. A thermostatic magnetic
stirrer, a 250 mL three-neck flask, and a straight condenser were comprised in the device
(Fig. 3.2). The fluorine recovery experiments were carried out as follows. First, 100.00
g of WPA with a blank (0.00 g) and four masses of SP (0.25, 0.50, 0.75, and 1.00 g)
were added into the three-neck flask and sealed with rubber plug. The flask was placed
in the oil bath and heated at different temperatures and agitated at different speeds to
get a uniform slurry mixture. Meanwhile, the evolved gas was collected into deionized
water through the straight condenser. When the WPA solution was concentrated to about
half of its original mass, the heating was stopped, and the total mass of the absorptive
solution (AS) was recorded. Afterwards, the concentrated WPA was cooled and filtered
to obtain purified WPA and de-fluorinated slag (DS). DS was dried at 200°C for 120
min and ground into a powder. The masses of purified WPA and dried DS were also
recorded. Finally, the fluorine contents of WPA, AS and DS were measured to calculate

the fluorine recovery. The calculation equation was shown in Eqg. (3.2).

—— 2P 100 (3.2)

motmyBtmzy
where R represents the recovery of fluorine, %; m1, mz, and ms are the masses of WPA,
AS and DS, respectively, g; o, f and y are fluorine contents of WPA, AS and DS,

respectively, wt%.

Thermostatic oil bath

AS of fluorine

Fig. 3.2 The diagram of the fluorine recovery test device.
3.2.3. Spillover kinetics test

The spillover kinetics test was carried out under the optimal concentration
conditions of SP. In this process, 3 mL AS samples were taken using a syringe at
selected times (5, 10, 20, 30, 40, 60, 90, 120, 150, and 180 min). The collected solutions
were immediately used for the measurement of the fluorine contents to obtain the

kinetics data.
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3.2.4. Determination of fluorine contents

In this work, Fluorine lon Selective Electrode (PF-2-01) was used to measure the
fluorine contents of WPA and AS. The details of this method had been described
elsewhere [1,21]. Typically, it should be noted that the measurement conditions, such
as stirring speed, must remain consistent during each measurement. The measured value
would be recorded when it remained stable for 20 seconds.

The fluorine content of DS was also measured by Fluorine lon Selective Electrode.
This method was adapted from a Chinese graduation thesis, and the specific procedure
was as follows. First, 4.00 g of NaOH was placed in a nickel crucible and melted at
320 °C for 5 min. After cooling to room temperature, 1.00 g of DS was placed in the
nickel crucible and covered with 4.00 g of NaOH. The crucible was then heated at
650 °C for 10 min and allowed to cool to 50°C. Next, the crucible was placed in a 250
mL beaker, 50 mL of boiling water was added, and the crucible was immediately
covered with a watch glass for 5 min. The watch glass was removed and rinsed with a
small volume of water, and boiling water was used to rinse the crucible. Then, 10 mL
of concentrated HCI was added, and the solution was heated with stirring until clear.
After cooling to room temperature, the solution was diluted to 250 mL. Finally, the
solution was filtered and used to measure the fluorine content of DS. The measurement
process was consistent with the described measurement method of WPA.

The fluorine standard line was shown in Fig. 3.3. The correlation coefficient (R?)

was 0.998, which is satisfied for calculation of fluorine contents.
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Fig. 3.3 The standard line for fluorine contents.

3.2.5 Characterizations

Ion Chromatograph (IC: Metrohm ICS-1100) and Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES: Thermo Fisher Scientific, ICAP 7400, USA)

were adopted to gain the contents of anions and cations in concentrated WPA,
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respectively. The morphological features and elemental distribution of DS were
observed using a scanning electron microscope (SEM: JSM-IT800, JEOL, Japan) with
an energy dispersive spectrometer (EDS). X-ray diffraction (XRD) patterns of DS were
obtained by a Bruker D8 Advance X-ray diffractometer in the test range of 10 - 70°.
The tube voltage and current were 40 kV and 150 mA, respectively. The scanning mode
of the instrument was reflection mode. The scanning step and speed were 0.02° and

5°/min, respectively.
3.3. Results and discussion

3.3.1. Different reagent comparative test

In order to explore the fluorine recovery performance of SP, the traditional
reagents, diatomite, WCB, and ZP, were chosen for comparative tests, and the results
are shown in Fig. 3.4a and b. Diatomite, WCB and ZP could all reduce the fluorine
content of WPA and facilitate fluorine recovery to some extent. The fluorine recovery
was approximately 64.00% after the treatment with these three reagents. The reason
may mainly be that diatomite, WCB, and ZP are silicon-rich reagents containing
impurity components that adversely affect the reaction. Meanwhile, these reagents also
exhibit fluorine adsorption properties [16]. During the concentration process of WPA,
some fluorine was transferred from the solution to the solid phase, resulting in an
increase in fluorine recovery of only about 14%. In contrast, compared to these
traditional reagents, SP could reduce the fluorine contents of WPA and DS, yielding a
significant increase in fluorine recovery to 81.13%, which was 17.13% higher than that
achieved with the traditional reagents. These results demonstrated that SP had a better

fluorine recovery performance during the concentration process of WPA.
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Fig. 3.4 Effect of different reagents on (a) the fluorine contents of AS, WPA, and DS,
and (b) fluorine recovery (dosage: 0.5 g, stirring speed: 1800 r/min, concentration

temperature: 150°C, and absorptive water initial mass: 200 g).
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3.3.2. Gasification behavior of fluorine using SP

During the concentration process of WPA, the concentration device can be divided
into two systems: the reaction system and the absorptive system. In order to evaluate
the effect of SP on the improvement of fluorine recovery, various factors, including SP
dosage, stirring speed, and concentration temperature in reaction system, and initial
mass of absorptive water in absorptive system, were explored.

3.3.2.1 Gasification behavior in reaction system

Fig. 3.5a and b show the migration behaviors of fluorine among AS, WPA, and DS
and fluorine recovery at different SP dosages. In the absence of SP, the fluorine content
in AS was determined to be 0.15 wt%, yielding a corresponding recovery of 50.05%.
Meanwhile, the fluorine content in WPA decreased from 0.80 to 0.39 wt%, with 7.62
wt% of fluorine migrating to DS. When SP was introduced and its dosage increased
from 0.00 to 0.50 g per 100 g WPA, the fluorine content in AS increased from 0.15 to
0.25 wt%. Notably, the corresponding fluorine recovery experienced a 31.08% increase
(from 50.05 to 81.13%), indicating that SP could react with fluorine in WPA, thereby
promoting the formation of fluorine-containing gases and enhancing fluorine recovery.
Both the fluorine contents in WPA and DS showed a decreasing trend with increasing
SP dosage, confirming that the addition of SP accelerated the conversion of fluorine
from the solution to the gas phase. However, further increasing the SP dosage had a
negative impact on fluorine recovery, as the fluorine recovery decreased from 81.13 to
56.42%. These results demonstrated that an excessive SP dosage was not conducive to
the gasification of fluorine in WPA. Hence, the optimal SP dosage for fluorine recovery

was 0.50 g per 100 g WPA.
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Fig. 3.5 Effect of SP dosage on (a) the fluorine contents of AS, WPA, and DS, and (b)
fluorine recovery (stirring speed: 1800 r/min, concentration temperature: 150°C, and

absorptive water initial mass: 200 g).
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Increasing the stirring speed tends to enhance the reaction kinetics by improving
the mixing of reaction materials and accelerating mass transfer [22]. The effect of
stirring speed on the migration behaviors of fluorine among AS, WPA, and DS and the
fluorine recovery is presented in Fig. 3.6a and b. As the stirring speed increased from
1200 to 1800 r/min, the fluorine contents of AS continuously increased, with the
maximum AS fluorine content and fluorine recovery being 0.25 wt% and 81.13%,
respectively. Simultaneously, the fluorine contents in WPA and DS were 0.29 and 3.21
wt%, respectively, both of which were relatively low. With a further increase in stirring
speed, no obvious changes were observed in the fluorine contents of AS, WPA, and DS
or in the fluorine recovery. This occurred because the reaction between WPA and SP
was a solid-liquid reaction. SP could not be evenly dispersed in WPA or react fully with
the fluorine species when the stirring speed was low. Increasing the stirring speed could
improve the contact area between SP and the WPA solution, thereby accelerating the

reaction kinetics [23]. In this case, the stirring speed of 1800 r/min was considered to

be optimal.
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Fig. 3.6 Effect of stirring speed on (a) the fluorine contents of AS, WPA, and DS, and
(b) fluorine recovery (SP dosage: 0.5 g, concentration temperature: 150°C, and
absorptive water initial mass: 200 g).

Temperature is one of the important factors affecting the reaction process. In this
case, Fig 3.7a and b show the effect of concentration temperature on the migration
behaviors of fluorine among AS, WPA, and DS and the fluorine recovery. Increasing
the temperature from 90 to 150 °C enhanced the fluorine content of AS from 0.19 to
0.25 wt%. The fluorine recovery also increased from 58.01 to 81.13%. Simultaneously,
the fluorine contents of WPA and DS decreased from 0.38 and 7.30 wt% to 0.29 and
3.21 wt%, respectively. This was primarily because increasing the temperature
increased the free energy of molecules in the system and promoted the movement of
molecules. The probability of intermolecular collisions increased, resulting in an
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intensive reaction between SP and fluorine [24]. To sum up, low concentration
temperatures did not favor the reaction between SP and fluorine. The optimum

concentration temperature was determined to be 150°C.
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Fig. 3.7 Effect of concentration temperature on (a) the fluorine contents of AS, WPA,
and DS, and (b) fluorine recovery (SP dosage: 0.5 g, stirring speed: 1800 r/min, and
absorptive water initial mass: 200 g).

3.3.2.2 Gasification behavior in absorptive system

Fig. 3.8a and b present the effect of the initial mass of absorptive water on the
migration behaviors of fluorine among AS, WPA, and DS and the fluorine recovery.
Obviously, with an increase in the initial mass of absorptive water, the fluorine content
of AS decreased from 0.48 to 0.18 wt%, whereas the fluorine recovery increased from
60.88 to 81.13% and then reached equilibrium. This was mainly because the AS
gradually became saturated with fluorine and the fluorine-containing gas could not be
absorbed any further when the initial mass of absorptive water was low [25]. At a high
initial mass of absorptive water, although the fluorine content of AS was low, the total
mass of fluorine in AS was high, yielding a higher fluorine recovery. Moreover,
increasing the initial mass of absorptive water had a negligible effect on the fluorine
contents of WPA and DS. The primary reason for this is that only the absorptive system
was changed under this condition and the reaction between WPA and SP was not

affected. Hence, 200 g was selected as the optimum initial mass of absorptive water.
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Fig. 3.8 Effect of initial mass of absorptive water on (a) the fluorine contents of AS,
WPA, and DS, and (b) fluorine recovery (SP dosage: 0.5 g, stirring speed: 1800 r/min,
and concentration temperature: 150°C).

Afterwards, in order to further verify the accuracy of the obtained results of
fluorine contents and recovery, the repeated experiments under the above optimal
conditions were carried out, and the results are presented in Table 3.3. It could be seen
that the measured fluorine contents of AS, WPA and DS were all close, and fluorine
recoveries were all approximately 81%. These results suggested that the above obtained
results of fluorine contents and recovery in this work were accurate and reliable.

Table 3.3 The repeated experiments on WPA concentration under the optimal

conditions of SP.

Fluorine Fluorine Fluorine Fluorine Fluorine
Experiments contents of contents of contents of recovery recovery
WPA (wt%) AS (wt%) DS (wt%) (%) deviation (%)
First 0.293 0.247 3.216 81.13
Second 0.295 0.243 3.596 80.69 -0.44
Third 0.287 0.252 2.882 82.37 +1.24

3.3.3. Gasification mechanism of fluorine using SP

In this section, spillover kinetics, thermodynamics calculation, and four analyses,
namely IC, ICP, SEM-EDS and XRD, were determined to explore the gasification
mechanism of fluorine using SP.
3.3.3.1 Spillover kinetics

The kinetics was an important factor for characterizing the reaction rate of each
reaction substance in the process of a chemical reaction [26]. Spillover kinetics could
help to understand the production regularity of fluorine-containing gases during the
concentration process of WPA, so as to further explore the gasification mechanism of

fluorine. The fluorine concentration in AS as a function of concentration time under the
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optimal conditions was shown in Fig. 3.9a. The fluorine content of AS increased slowly
in the first 40 min of concentration, only from 0.00 to 0.06 wt%. Between 40 min and
90 min, the fluorine content showed a sharp increase, from 0.06 to 0.30 wt%, and then
gradually reached equilibrium. Simultaneously, from the experimental phenomenon, it
was also found that a large number of bubbles were generated and ruptured in the WPA
solution after 40 min of concentration.

The apparent reaction order (n) was a significant kinetic parameter for determining
the reaction rate and effectively controlling the reaction [27]. In this work, the fluorine
contents of AS (c4) from 5 min to 60 min were used to characterize the spillover kinetics

and calculate n. The relevant equation was as follows:

des g p
at kCA (33)
Logarithmic form is:
In dd%A =Ink+nlinc, (3.4

where c4 represents the fluorine concentration, mol/L; ¢ is the concentration time, min;
k represents the apparent rate constant; # is the apparent reaction order. The fitting line
is drawn in Fig. 3.9b. The In(dc4/dt) and Inc4 showed a good linear relationship, with
an R? of 0.994, suggesting that the apparent reaction equation could describe the
spillover kinetics well. Based on the fitting results, the calculated value of n was only
0.56. According to previous studies, the value of n represents the reaction rate in general
chemical reactions. The reaction rate would be slower when the value of » was lower.
In this process, the relatively low value of n indicated that the reaction rate between SP
and fluorine was very slow [28]. This also explained why the fluorine contents of AS

were very low during the first 40 min of concentration.
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Fig. 3.9 (a) The concentration time curve of fluorine content in AS and (b) fitting

curve of apparent kinetic equation.
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3.3.3.2 IC and ICP analyses of WPA

Exploring the changes of anion and cation contents in WPA before and after SP
treatment was important for mechanism analysis. In this case, the contents of anions
and cations in concentrated WPA were evaluated by IC and ICP analyses. From Table
3.4, the fluorine content in concentrated WPA was still at a high level before SP
treatment, reaching 0.39 wt%. This was because only a portion of H>SiFs was thermally
decomposed into SiF4 gas during the blank concentration, while these gases combined
with Na" to form Na,SiFs precipitate. Most of the fluorine still remained in the WPA
solution. After SP treatment, the content of fluorine in concentrated WPA was reduced
from the original 0.80 to 0.24 wt%, suggesting that SP was an effective reagent for
removing fluorine from the WPA solution. As for SO4>, its content in concentrated
WPA increased to 4.42 wt% in the absence of SP. This was attributed to the
volatilization of water during the concentration process of WPA. In the presence of SP,
the content decreased to 4.27 wt%. Although the content was high, the presence of SO4*
in WPA could be tolerated in many downstream chemical production processes [29].
Furthermore, it could be also found that the contents of PO4" did not change
significantly in concentrated WPA before and after SP treatment. These results clearly
showed that SP could selectively gasify fluorine from WPA without affecting the quality
of WPA.

The contents of cations in concentrated WPA before and after SP treatment are also
shown in Table 3.4. It was obvious that there was no appreciable difference in the
contents of Mg?*, A**, and Fe** between the absence and presence of SP, while their
contents all increased compared with those in the original WPA. This was due to that
the water was evaporated from WPA during the concentration process. As for Si**, Na,
and K, the contents decreased from the initial 0.24 wt%, 0.14 wt%, and 0.32 wt% to
0.089 wt%, 0.018 wt%, and 0.08 wt% before SP treatment, respectively. This is mainly
because Na* and K™ could react with SiFe>" to form Na»SiFs and K,SiFs precipitates
during the blank concentration process [30]. Interestingly, after SP treatment, the Si**
content in concentrated WPA did not change. This suggested that the added SP reacted
preferentially with fluorine, without appreciable dissolution of Si from SP into the
solution. The contents of Na” and K" in the WPA solution increased after SP treatment,
indicating that the addition of SP hindered the formation of Na>SiFs and K>SiFs

precipitates during the concentration process.

40

Separation of fluoride from wet-process phosphoric acid and associated wastewater



M. en C. Yingxin Chen

Table 3.4 The contents of anions and cations in concentrated WPA before and after SP

treatment (wWt%).

WPA PO F CI SO/ Ca* Mg» AP Fe* Si**  Na® K

Initial 36.11 0.80 0.16 289 006 094 042 0.13 024 0.14 032
Before SP
treatment
After SP

treatment

61.58 039 004 442 002 311 1.08 038 0.08 0.018 0.08

61.71 024 001 427 0.003 3.15 1.18 039 0.087 0.064 0.16

3.3.3.3 SEM-EDS analysis of DS

In order to investigate the morphology and elements changes of DS before and
after SP treatment, SEM-EDS analysis was performed. Fig. 3.10 shows the SEM images
of DS before and after SP treatment. It could be seen that DS exhibited dispersed
spherical and rectangular shapes before SP treatment, which were consistent with the
shapes of Na>SiFs reported in previous studies (Fig. 3.10a and ¢) [31]. In contrast, DS
treated with SP gathered together and showed an amorphous shape and agglomerative
phenomenon (Fig. 3.10b and d). This phenomenon suggested that the addition of SP
could alter the reaction pathway of DS during the concentration process of WPA. In
other words, the addition of SP might reduce the formation of Na>SiF¢ precipitates in
DS.

Fig. 3.10 SEM images of DS before (a, ¢) and after (b, d) SP treatment.
The elemental mappings of F and Na and the elemental contents of DS in the
absence and presence of SP are shown in Fig. 3.11 and Table 3.5. In the absence of SP,
the contents of F, Na, and Si were 10.84 wt%, 10.27 wt%, and 6.00 wt%, respectively.

This was attributed to the formation Na>SiFe precipitates [32]. However, it could be
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noted that the contents of F and Na decreased to 1.95 and 1.93 wt%, respectively, in the
presence of SP. This clearly demonstrated that the introduction of SP could reduce the
formation of NaSiFs and other fluorine precipitates, resulting in a decrease in fluorine
migration from the WPA solution to the solid phase. Also, the content of Si increased
from 6.00 to 27.63 wt% in the presence of SP. This might be because some SP did not
participate in the reaction during the concentration process, and the unreacted SP
entered DS when the concentration was finished. In addition, the contents of Ca and S
increased from 0.83 and 0.98 wt% to 4.70 and 2.34 wt%, respectively. The results
suggested that the addition of SP promoted the crystallization of CaSO4. The main
reason for this was that the contents of Na” and K" in the WPA solution increased in the
presence of SP, which was beneficial to the growth of CaSOy4 crystals [33].

(@) & [O) CF

Fig. 3.11 The F and Na elemental mappings of DS in the absence (a, ¢) and presence
(b, d) of SP.

Table 3.5 The elements contents of DS in the absence and presence of SP (wt%).

Element (0] F Na Al Si Ca S Others
In the absence of SP 17.19 10.84 10.27 0.32 6.00 0.83 0.98 53.57
In the presence of SP 38.18  1.95 1.93 0.33 27.63 470 2.34 22.94

3.3.3.4 XRD analysis of DS

To further illustrate the gasification mechanism of SP, the changes in the
crystalline phases of DS before and after SP treatment were characterized by XRD. In
Fig. 3.12a, DS before SP treatment showed peaks at 17.589°, 20.029°, 21.079°, 26.777°,
29.237°, 39.484°, 44.657°, 47.789°, 51.906°, 55.236°, 58.002°, 63.305°, and 67.069°,
which could be assigned tothe (00 1),(110),(101),(111),(201),(031),(221),
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(122),(320),(321),(141),(501),and (1 4 2) planes. These values agreed well
with the standard data from JCPDS card 72-1115, indicating that the main crystalline
phase of DS before SP treatment was NaySiFs. Meanwhile, the other two peaks at
25.446° and 36.300° were assigned to the (0 2 0) and (2 2 0) planes, which agreed well
with the standard data from JCPDS card 86-2270, suggesting that CaSO4 was another
crystalline phase of DS. This was quite consistent with previous researches [34,35].
Differently, after SP treatment, DS showed peaks at 28.501°, 47.404°, 56.246°, and
69.290°, which could be assigned to the (1 1 1), (22 0), (3, 1 1), and (4 0 0) planes of
Si(JCPDS card 77-2180). Meanwhile, the other four peaks at 25.502°, 31.422°, 38.740°,
and 40.918° in Fig. 3.12b could be assigned to the (02 0), (21 0), (22 0), and (2 1 2)
planes of CaSO4 (JCPDS card 74-2421). The results suggested that some SP might not
be involved in the reaction during the concentration process of WPA, which
corresponded to SEM-EDS analysis. The formation of CaSO4 was attributed to water
evaporation and the increase of Na*, and K" contents in WPA [36]. Furthermore, the
apparent absence of detectable fluorine crystalline phase in DS may be caused by the
low contents of fluorine compounds, resulting in inconspicuous phase detection. In
general, the XRD analysis also proved that the introduction of SP reduced the formation

of fluorine-containing precipitates. This was consistent with the above other analyses.
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Fig. 3.12 XRD patterns of DS before (a) and after (b) SP treatment.

3.3.3.5 Gasification path analysis

Based on the above analyses, it was clear that the addition of SP reduced the
fluorine content in WPA and the formation of fluorine-containing precipitates. From the
previous literatures, fluorine was mainly present in the forms of HF, H2SiFg, and M-F
complexes (M means a metal element, such as Al and Fe) in industrial dilute WPA [12].
Among these species, the existences states of M-F complexes are highly stable [14].
Hence, the above results suggested that SP might react with HF and H»SiFs in WPA to

enhance the gasification of fluorine. Furthermore, it was also reported that SiF4 had a
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higher vapor pressure than HF, and the addition of activated silicon could promote the
formation of SiF4 gas. [30,37]. Therefore, in this work, it could be reasonably inferred
that, with the introduction of SP, a large proportion of fluorine was converted to SiFs
gas with a higher vapor pressure, while a portion of H,SiFs was thermally decomposed
into HF and SiF4 gases. Afterwards, the generated fluorine-containing gases would be
collected and absorbed into water and converted back into H2SiFs. The corresponding

gasification equations were stipulated as follows:

H,SiF s 2SiF ;1 +2HF} (3.5)
Si+4HF £ SiF 1 +2H, (3.6)
Si+2H,SiFy & 3SiF, A +2H, (3.7)

Besides HF, H>Si1Fs, and M-F complexes, there were also some cationic impurities
(such as Na', K", Fe’, and AI’") in industrial dilute WPA. During the blank
concentration process, H>SiFe tended to react with Na® and K™ to form Na,SiFs and
K>SiFs precipitates, resulting in large amounts of fluorine entering DS. The main
reactions were as follows:

2Na'+H,SiFs 2 Na,SiFg|+2H" (3.8)
2K +H,SiF; 2 K,SiFg|+2H" (3.9)

In contrast, after SP treatment, the formation of NaySiF¢ and K,SiFs was
significantly reduced. This suggested that SP could preferentially and continuously
react with H>SiFs in WPA to produce SiF4 gas when it was added into WPA, as shown
in Eq. (3.7). As a result, H»SiFs in WPA was constantly consumed, and its content
always remained at a relatively low level, thereby limiting its reaction with Na“ and K*
to form NaxSiFs and K,SiFs precipitates. Hence, the reactions shown in Eq. (3.8) and
Eq. (3.9) were inhibited.

3.3.3.6 Reaction thermodynamic calculation

In order to adequately elucidate the mechanism by which SP promotes fluorine
gasification and further highlight the advantages of SP for fluorine recovery from the
theoretical level, the thermodynamic data of reactions between SP, diatomite, WCB, ZP
and fluorine was calculated at 150°C using HSC Chemistry 6.0 software. From the
above analyses, the reactions of SP with HF and H>SiFs in WPA are shown as Eq. (3.6)
and Eq. (3.7). The calculated AG values of these two reactions were -399.224 kJ and -
413.200 kJ, respectively. As for diatomite, WCB and ZP, it was well known that the
reactions of these reagents with HF and H>SiFs were as follows:

SiO,+4HF £SiF 4 +2H,0 (3.10)
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SiO,+2H,SiF s £ 3SiF,1+2H,0 (3.11)

By calculation, the AG values of these two equations were -11.243 kJ and -25.219
kJ, respectively. The negative AG values indicated that the reactions of SP, diatomite,
WCB, and ZP with fluorine were thermodynamically favorable. This helped explain
why these reagents could enhance fluorine recovery during the concentration process
of WPA. However, the AG values of the reactions involving SP were much lower than
those involving diatomite, WCB, and ZP, suggesting that the thermodynamic tendency
to react with HF and H>SiFs was greater for SP than for the traditional reagents. SP
exhibited better performance in promoting fluorine gasification from WPA.

Meanwhile, the performances of SP, diatomite, WCB, and ZP to promote the
conversion of fluorine-containing precipitates into the gas phase from WPA were also
analyzed through thermodynamic calculations. By combining Eq. (3.7) with Eq. (3.8)
and Eq. (3.9), respectively, the conversion reactions involving SP could be obtained as
Eq. (3.12) and Eq. (3.13):

Si+2Na,SiFs+4H" 23SiF 1 +2H,+4Na" (3.12)
Si+2K,SiFs+4H" 23SiF 1 +2H,+4K" (3.13)

Through the calculation, the AG values of these two reactions were -369.767 kJ
and -393.068 kJ, respectively. As for diatomite, WCB, and ZP, the conversion reactions
were shown as follows:

SiO,+2Na,SiF;+4H " 23SiF ;4 +2H,0+4Na" (3.14)
SiO,+2K,SiFs+4H " 23SiF,4+2H,0+4K" (3.15)

The calculated AG values of the reactions in Eq. (3.14) and Eq. (3.15) were 18.214
kJ and -5.807 kJ, respectively. Similarly, the results showed that the corresponding
conversion reactions involving SP had much lower AG values than those involving the
traditional reagents, indicating that SP was thermodynamically more favorable for
converting NaxSiFs and KsSiFs precipitates into SiF4 gas in acidic solution. The
addition of SP was beneficial for reducing the formation of fluorine-containing
precipitates.

To sum up, the gasification mechanism of SP was analyzed and proposed in Fig.
3.13. The addition of SP altered the original transformation pathways of fluorine in
WPA, intensified the gasification reaction of HF and H>SiFs in WPA, and reduced the
formation of fluorine-containing precipitates. Through these two pathways, the

formation of SiF4 gas and the corresponding fluorine recovery were greatly improved.
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Fig. 3.13 The gasification mechanism diagram of fluorine with SP treatment.
3.4. Conclusions

In this work, SP was first utilized to enhance fluorine recovery during the
concentration process of WPA. SP showed excellent fluorine recovery performance,
which was superior to that of traditional reagents (diatomite, WCB, and ZP). The
optimal concentration conditions were an SP dosage 0f 0.50 g per 100 g WPA, a stirring
speed of 1800 r/min, a concentration temperature of 150 °C and an initial mass of
absorptive water of 200 g. Under these conditions, the fluorine recovery reached
81.13%, which exhibited a significant increase of 31.08% compared with the blank
concentration. Simultaneously, the fluorine contents of WPA and DS were 0.29 wt%
and 3.21 wt%, respectively, both of which were at the lowest levels. In addition, the
reaction rate between SP and fluorine was low, with the apparent reaction order of 0.56.
During the concentration process of WPA, SP could selectively and efficiently enhance
fluorine recovery without affecting the quality of WPA. The increased formation of SiF4
gas and the reduced formation of Na,SiFs¢ and K,SiFs precipitates played vital roles in
improving fluorine recovery, and the proposed mechanism was supported by IC, ICP,

SEM-EDS, XRD and thermodynamic calculations.
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Chapter 4. Lanthanum-functionalized diatomite enabling highly
efficient fluoride removal from acidic phosphate chemical

wastewater

4.1. Introduction

In recent years, with the rapid advancement of the phosphorus chemical industry,
lithium batteries, semiconductors, and other fields, the demand for fluoride-containing
products had grown at an accelerating pace [1]. Along with this, a considerable volume
of acidic chemical wastewater (pH of 1-3) containing fluoride was generated and
discharged, which caused serious human diseases and environmental pollution. It has
been reported that the excessive fluoride in water can lead to reproductive system
problems, dental and skeletal fluorosis, Alzheimer’s disease in humans [2—4]. The data
show that more than 200 million people are suffering from the harm of water with high
fluoride concentration [5]. Moreover, fluoride seeping into groundwater could also
cause trees and crops to turn yellow and even die [6]. Considering the negative impacts
outlined above, the legal limit for fluoride discharge in industrial wastewater
promulgated by China is 10 mg/L [7]. Nevertheless, the data showed that the fluoride
concentration in wastewater produced from the phosphorus chemical, phosphogypsum,
mineral smelting, and other industrial sectors was usually at high levels (50 mg/L-200
mg/L) with strong acid, which was higher than the emission standard [8]. Hence, there
is an urgent need to remove fluoride from acidic phosphate chemical wastewater for
protecting the environment and ensuring human health.

Currently, precipitation [9], ion exchange [10], electrochemical treatment [11],
membrane filtration [12], and adsorption [13] have been utilized by researchers to
remove fluoride from chemical wastewater. Owing to the advantages of simple design,
easy separation, good regeneration, and high efficiency, adsorption has been a
promising and widely used technology. To this end, various adsorbents, including
metal-organic frameworks (MOFs) [14], activated alumina, zeolite-based materials
[15], porous nano-hydroxyapatite (HAP) [16], and others, have been developed.
Nevertheless, some of these adsorbents exhibited poor removal performance under the
acidic environment due to the collapse of structure and the dissolution of active sites,
and this pH sensitivity significantly hindered the deep application of fluoride removal
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from acidic wastewater. For example, Kikuchi and Konno synthesized a defective
University of Oslo-66 (UiO-66) framework for fluoride removal from industrial
wastewater. The results showed that the adsorption capacity was 32.80 mg/g at pH of
2.18 and increased to 53.00 mg/g when pH was raised to 6 [17]. The aluminum-based
chitosan/zeolite molecular sieve (AC-Z) composite prepared by Gao et al. was also
utilized to remove fluoride. The removal efficiency reached 93.50% at pH of 6 while
that was approximately 12.50% at pH of 3 [18]. Therefore, the continued development
of acid-resistant adsorbents with stable structures, robust active sites, and good
adsorption performance is always the direction of efforts.

To achieve the above goals, natural silicate minerals and natural silicate mineral-
based composites, such as attapulgite, montmorillonite (MMT), and diatomite, have
becoming a new favorite for the removal of fluoride, phosphates, and other pollutants
due to their acid resistance, rich pore structure, easily modified surface functional
groups, low cost, and non-toxicity [19,20]. Diatomite, a natural silicate mineral
composed primarily of silicon dioxide (SiO2) with abundant reserves, is a siliceous
sedimentary rocks formed from the fossilized remains of diatoms. Because of the high
chemical inertness of amorphous SiO,, strong covalent silicon-oxygen (Si-O) bonds,
sturdy biogenic nanostructure, and the absence of soluble alkaline-earth metals [21],
diatomite showed excellent acid resistance under the acidic environments, which
provides a solid basis as a stable carrier for fluoride removal from acidic wastewater.
Typically, Zhang et al. used polyethylenimine modified diatomite (PEI/DT) to remove
fluoride from mine water, and the maximum adsorption capacity with 28.62 mg/g at pH
of 2 was observed [22]. Klr et al. synthesized acid-activated diatomite for fluoride
removal from aqueous solution, which showed the maximum adsorption capacity of
12.03 mmol/g at pH of 6 [23]. Unfortunately, natural diatomite and currently developed
diatomite-based adsorbents have the disadvantage of low adsorption capacities for
fluoride at acidic environments. This was mainly due to the permanent negative surface
charge of diatomite, which had a repulsive force to the similarly negatively charged
fluoride [23]. Based on the above mentioned excellent stability and negative surface
charge of diatomite, it might be a good strategy to prepare the composite using
diatomite as a carrier and load acid-resistant cationic metal compounds on its surface,
which could modulate the surface charge of diatomite, increase the adsorption active
sites, and thus enhance the fluoride adsorption capacity of diatomite.

In long-term experiments, researchers demonstrated that certain rare earth metal
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oxides could remove anionic pollutants effectively owing to their special
physicochemical properties [24]. Lanthanum (La), Cerium (Ce), Zirconium (Zr), and
other rare earth elements have been introduced into the field of fluoride removal from
wastewater [25]. Based on the Hard-Soft-Acid-Base (HSAB) theory, La (hard acid),
abundant reserves in China, typically exhibits a strong affinity toward fluoride (hard
base) [26]. Meanwhile, it is noticing that La also possessed excellent acid resistance at
acidic environments due to the extremely small solubility product constant (Ks,, about
2.00x10") of its hydroxide, which could provide a good theoretical basis for the
application of La in the field of fluoride removal from acidic wastewater. As a result,
several La-based adsorbents, including La-MOFs, La-metal, and La-modified waste
residue composites, had been developed and applied for fluoride removal [27,28].
Unfortunately, many developed La-based adsorbents were primarily focused on the
fluoride removal from drinking water, and the application in the field of acidic
phosphate chemical wastewater and the acid-resistant property of La hydroxide
(La(OH)3) were ignored. Also, the binding and removal mechanisms by combining La
with diatomite to prepare composites for fluoride removal from acidic phosphate
chemical wastewater were rarely studied. Hence, it would be meaningful to synthesize
La-diatomite composite, which could offer a broader framework for efficient fluoride
removal from acidic phosphate chemical wastewater.

In this work, a La(OH)3; modified diatomite (La/D) composite was synthesized via
the loading engineering strategy based on the inherent acid resistance of both diatomite
and La(OH)3 to achieve efficient fluoride removal from acidic phosphate chemical
wastewater. The characteristics of morphological structure and composition were
investigated. Thereafter, the adsorption behavior and acid resistance of the La/D
composite were evaluated through single-factor experiments, including pH, adsorption
kinetics, adsorption isotherms, adsorption thermodynamics, coexisting anions, and
recyclability. Then, the removal mechanism of fluoride on the La/D composite was
revealed in depth by a series of analyses. Finally, the practical application performance
of the La/D composite was verified through actual acidic phosphogypsum wastewater

adsorption experiments.
4.2. Experimental

4.2.1. Material and reagents

The diatomite (composition shown in Table 4.1) used in this study was obtained
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from Lingshou Minerals Co., Ltd, China. The main composition of diatomite was SiO>
with content of 94.18 wt%. Lanthanum chloride heptahydrate (LaClz-7H20, 99%) was
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (China). Sodium
fluoride (NaF, 98%), hydrochloric acid (HCI, 36%-38%), sodium hydroxide (NaOH,
96%), trisodium citrate (Na3Ce¢HsO7:-7H20, 99%), and glacial acetic acid (CH3COOH,
99.5%), all purchased from Sinopharm Chemical Reagent Co., Ltd. (China), were used
to adjust pH and measure fluoride concentration. The deionized water (18.25 MQ),
produced by the Milli-Q Direct 16 water purification system (Millipore Q, USA), was
used for all experiments.

Table 4.1 The compositions of diatomite used in the experiments (wt%).

Compositions Si0, NaxO AlO3 Fe,O3 Others
Contents 94.18 1.97 2.15 1.06 0.64

4.2.2. Preparation of La/D composite

The La/D composite was synthesized via a simple one-step procedure (Fig. 4.1)
[29]. Typically, 3 g of diatomite was added into 100 mL of deionized water to form a
dispersed suspension under heating and vigorous stirring for 1 h. The stirring speed and
heating temperature were 1500 rpm and 80°C, respectively. LaClz- 7H>O was added into
the above suspension, and then 40 mL of concentrated ammonia water (25%) was also
added dropwise to regulate pH. Afterwards, the mixture was continuously heated and
stirred for 8 h. The mixture was allowed to age at room temperature for 2 h when the
reaction was finished. Finally, the precipitate was collected by filtering, washing and

drying at 90 °C for 12 h to obtain the La/D composite.

NH,-H,0 99 LaclTH,0

\ WDiatomite Aged for 2 h
: —

N 7 Filtered and washed

m La/D composite

Fig. 4.1 The synthesis process of the La/D composite.

4.2.3. Adsorption experiments
The effect of initial pH was first investigated. 20 mg of the La/D composite was
mixed with 40 mL of fluoride solution (100 mg/L) with initial pH values of 1-5. The

effect of coexisting anions was then studied to assess the selectivity of the La/D
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composite. Sodium chloride (NaCl), sodium sulfate (Na2SO4), and sodium phosphate
(Na3PO4) were added into the fluoride solution (100 mg/L and pH= 3) to achieve final
concentration of coexisting anions of 10mg/L, 25 mg/L and 50 mg/L, respectively. Also,
four adsorption-desorption cycles were carried out to investigate the stability of the
La/D composite. Typically, 50 mg of the La/D composite was mixed with 100 mL of
fluoride solution (100 mg/L and pH= 3) for the adsorption experiment. After adsorption,
the used adsorbents were immersed and stirred for 6 h in NaOH solution (0.5 mol/L) to
desorb. Subsequently, the regenerated adsorbents were washed several times with
deionized water and vacuum freeze-dried for the next adsorption cycle. During this
process, the La leaching percentage (Lq) was calculated according to Eq. (4.1) [30]. As
for adsorption kinetics, a certain volume of suspension was sampled at predetermined
time intervals and filtered to measure the residual fluoride concentration. Similarly, for
adsorption isotherms, the La/D composite was mixed with fluoride solution (0-200
mg/L, pH= 3) and stirred for 12 h at three temperatures (25°C, 35°C and 45°C) to attain
adsorption equilibrium.

The above experiments except for adsorption isotherms were all carried out in a
thermostatic oscillator at 200 rpm and 25°C. The adsorbed suspension was filtered by
0.22 um polyamide membrane, and the equilibrium adsorption capacity (qe, mg/g) and

removal efficiency (R, %) of fluoride were calculated through Eq. (4.2) and Eq. (4.3),

respectively.
L= x100% (4.1)
g, = (42)
R="¢ x100% (4.3)

co
where ¢z, 1s the La concentration in the solution after fluoride adsorption (g/L); co and
c. represent the initial and equilibrium concentration of fluoride (mg/L), respectively;
V' is the volume of solution (L); m is the mass of the La/D composite (g); and w is the

mass fraction of La in the La/D composite (%).
4.2.4. Characterizations

X-ray diffraction (XRD, Bruker D8 Advance, Japan) and Fourier transform
infrared spectrometer (FTIR, Thermo Nicolet Nexus, America) were adopted to gain
the phase identification and bonding of samples. Surface area analyzer (BET,

ASAP2460, America) was used to analyze the nitrogen adsorption and desorption
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isotherms. The features of morphology and elemental distribution of samples were
studied using scanning electron microscope with energy dispersive spectrometer (SEM-
EDS: Phenom G6, Thermo Fisher Scientific, America). X-ray photoelectron
spectroscopy (XPS, Thermo Escalab 250Xi, America) was conducted to investigate the
elemental valence states and bonding configurations. The binding energy scale was
calibrated based on the C 1s peak at 284.80 eV. The potential changes of samples were
measured using Malvern Zeta Sizer (England). The concentration of ions in real
wastewater were measured by ion chromatograph (IC, Metrohm, ICS-1100) and
inductively coupled plasma optical emission spectrometer (ICP-OES, Thermo Fisher
Scientific, ICAP 7400, America). Fluoride Ion Selective Electrode (PF-2-01) was used
in this work to measure the fluoride concentration (Standard line in Fig. 4.2), and the

details of this method had been described elsewhere [29].
290

E=237.82252+28.01408(-Inc;)
280 F R2=0.999

240

230

0.0 0.3 0.6 0.9 1.2 1.5 1.8
Incg- (mg/L)

Fig. 4.2 Standard line of fluoride.
4.3. Results and discussion

4.3.1. Characterization of La/D composite

The crystal structures of diatomite and the La/D composite were first investigated.
As shown in Fig. 4.3, the diatomite showed peaks at 21.947°,28.400°, 31.374°, 36.055°,
42.610°, 46.922°, 48.529°, 57.014°, and 64.988°, which are assigned to the (1 0 1), (1
11),(102),(200),(211),(113),(212),(301),and (31 2) planes of JCPDS card
71-0785, respectively, indicating that the main physical phase was SiO. After
modification, three new peaks appeared at 15.616°, 27.970°, and 39.425° that could be
assigned to the (1 0 0), (1 0 1), and (2 0 1) planes, respectively; these values agreed
well with the standard data from JCPDS card 83-2034, confirming that the substance

loaded onto the surface of diatomite corresponded to La(OH)s. In addition, the
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characteristic peaks of diatomite remained well in the composite, which suggested that
La was effectively immobilized onto the diatomite surface in the form of La(OH)3; while
the original structure of diatomite was retained. Beneficially, the extremely low K,
value (about 2.00x10') of La(OH); could enhance the acid resistance of the La/D
composite, which provided the capability to adapt to the complex acid environment of

acidic chemical wastewater and was consistent with our design starting point.

v Diatomite
v-Si0,
+-La(OH),

=

= v Y

S v v

.?:? v vy v
|} -
s La/D composite
=

v

.
.
v v ¢ M v
10 20 30 40 50 60 70
20 (degree)

Fig. 4.3 XRD patterns of diatomite and the La/D composite.

The textural properties of the La/D composite were also studied by nitrogen (N2)
adsorption-desorption isotherms. It could be seen from Fig 4.4a that diatomite showed
limited textural properties, with a specific surface area of merely 1.91 m*/g and an
average pore width of 8.33 nm, respectively (Fig. 4.4b and Table 4.2), which was
consistent with the typical mesoporous structure and low surface area characteristics of
natural diatomite. In contrast, the La/D composite displayed a type IV isotherm
featuring distinct H4 hysteresis loops at high relative pressures. The specific surface
area and average pore width were increased to 20.26 m*/g and 24.44 nm, respectively
(Fig. 4.4b and Table 4.2), indicating the presence of mesoporous structure in the La/D
composite [31]. This change was due to the formation of wrinkled La(OH)3; nanophases
on diatomite surface, which was similar to the previous studies [32,33]. Therefore, it
was believed that the larger specific surface area and average pore width of the La/D

composite would provide more favorable conditions for fluoride adsorption.
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Fig. 4.4 (a) The N adsorption-desorption isotherms and (b) related pore size

distributions of diatomite and the La/D composite.

Table 4.2 Information about the pore distribution of diatomite and the La/D

composite.
BET surface area . 5
Samples (n?lg) Average pore width (nm)  Pore volume (cm’/g)
mr/g
Diatomite 1.91 8.33 0.0040
La/D composite 20.26 24.44 0.12

Furthermore, the FTIR spectra of diatomite and the La/D composite are shown in
Fig 4.5a. For diatomite, the characteristic bands at 475 cm™, 793 cm™!, and 1092 cm’!
are corresponded to antisymmetric bending vibration, symmetric stretching vibration,
and antisymmetric stretching vibration of Si-O-Si, respectively [34,35]. The
characteristic bands at 1629 cm™ and 3439 cm™ are attributed to the bending vibration
and stretching vibration of hydroxyl (-OH) groups with crystalline water [36]. After
modification with La(OH)s, two new characteristic bands appeared at 1383 cm™ and
1487 cm™, which was corresponded to the bending vibration and stretching vibration
of La bonding hydroxyl (La-OH bonds) groups, respectively [37,38]. Meanwhile,
another new characteristic band assigning to the stretching vibration of -OH was found
at 3610 cm™ [39], which was in full agreement with the results of XRD analysis,
indicating the successful preparation of the La/D composite. The XPS survey spectrum
of'the La/D composite shown in Fig. 4.5b also demonstrated these results, and two new

peaks corresponding to La 3ds2 and La 3ds; appeared in the La/D composite.
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Fig. 4.5 (a) FTIR spectra of diatomite and the La/D composite and (b) XPS survey

scan of the La/D composite.

SEM-EDS analysis (Fig. 4.6) was also used to investigate the morphological
structure and composition of the La/D composite. It is well known that the morphology
of diatomite appeared as a round cake. After modification, it was obvious that a layer
of folded La(OH)3 nanophases covered the surface of diatomite. Additionally, the EDS
mapping showed that the elements of Si, O, and La were uniformly distributed onto the
diatomite surface, further confirming that La(OH)3 was successfully loaded and

dispersed onto diatomite surface, which was in agreement with the above analyses.

Fomass 1 ©

Fig. 4.6 (a-b) SEM images and (c-f) EDS mapping images of the La/D composite.
4.3.2. Adsorption experiments
4.3.2.1 Effect of initial pH on adsorption performance
The interaction mechanism between fluoride and adsorbents, and the removal
performance of adsorbents are both related to the initial pH of solution [40]. Therefore,

the effect of initial pH on fluoride adsorption performance of diatomite and the La/D

composite was investigated. From Fig.4.7, the diatomite showed negligible fluoride
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adsorption capacities at the test pH range of 1-5. This was attributed to the high negative
charge on the surface of diatomite, which would generate electrostatic repulsion with
fluoride [41]. The zeta potential of diatomite in Table 4.3 also confirmed this result.
After loading La(OH)s, the enhanced adsorption performance of the La/D composite
were observed at the pH range of 1-3 with the adsorption capacities being stable at
121.71-129.28 mg/g, which was 70.35-79.81 times that of diatomite. The results
indicated that the acidic environment was more conducive to the adsorption of the La/D
composite, and the reason could be explained by the dual effects of protonation and
electrostatic adsorption [28]. At the pH values of 1-3, the surface of La/D composite
charged positively due to protonation (Table 4.3). In this case, fluoride tended to move
closer to the surface of the La/D composite. As the pH increased, the surface of La/D
composite became deprotonated, and the decrease of surface protonation would
suppressed the ligand exchange process between surface hydroxyl groups of La/D
composite and fluoride, which resulted the significant reduction of adsorption
capacities [42]. In general, the La/D composite exhibited a specific and excellent
adsorption property under the acidic environments, suggesting the considerable
potential for removing fluoride from acidic phosphate chemical wastewater, which

further validated the original design intention of composite.
140
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Fig. 4.7 Effect of initial pH on fluoride adsorption performance of the La/D
composite (fluoride concentration: 100 mg/L, the La/D composite dosage: 0.5 g/L, T:
25°C, and t: 12 h).
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Table 4.3 Zeta potential of diatomite, the La/D composite and after adsorption at pH

of 3.
Samples Zeta potential (mV) Average (mV)
Diatomite -35.30 -36.40 -36.60 -36.10
La/D composite 25.40 25.20 25.60 25.40
La/D-fluoride -1.62 -1.39 -1.43 -1.48

4.3.2.2 Adsorption kinetics, isotherms, and thermodynamics

The adsorption kinetics were crucial for assessing the efficiency of adsorbents
during the adsorption process. Hence, the adsorption kinetics of fluoride on the La/D
composite were studied. As shown in Fig. 4.8a, the adsorption capacities of the La/D
composite for fluoride increased quickly within the first 180 min and then gradually
reached equilibrium. This is mainly attributed to the abundant active sites on the surface
of the La/D composite, enabling a rapid initial adsorption rate [43]. As adsorption
progressed, the number of active sites decreased, leading to a gradual stabilization of
adsorption rate. The kinetics data were analyzed by pseudo-first-order (PFO), pseudo-
second-order (PSO), and intra-particle diffusion kinetics models in this study, and the
detailed information of Egs. were shown in Table 4.4. The fitting results and
corresponding parameters are illustrated and summarized in Fig. 4.8a and Table 4.5.
Obviously, PSO kinetics model had a higher correlation coefficient (R?) value (0.98)
than PFO kinetics model (0.92), and the calculated qe value (126.49 mg/g) from PSO
kinetics model was closer to the experimental value (129.28 mg/g), indicating that PSO
kinetics model provided a better description for fluoride adsorption kinetics of the La/D
composite, which suggested that the adsorption process between the La/D composite
and fluoride might involve chemical interaction [40].

The intra-particle diffusion model fitting results shown in Fig. 4.8b and Table 4.5
revealed the rate-limiting step of fluoride adsorption by the La/D composite. The
fluoride diffusion process could be described in three stages, which included the
boundary layer diffusion (first stage), intra-particle diffusion (second stage), and
dynamic equilibrium processes of adsorption and desorption (third stage).
Concomitantly, the non-zero intercepts (C1=31.68, C,=81.83, and C3=117.27) indicated
that the intra-particle diffusion was not the only rate-limiting step for fluoride
adsorption of the La/D composite, which might also be affected by various kinetics

mechanisms, such as surface chemical interaction [14].
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Table 4.4 The detail information of adsorption kinetics, isotherm and thermodynamic

equations.
Adsorption ) )
Equations Corresponding parameters
models
_ q, t: adsorption time (min);
PFO %79 K 1) . . .
exp(K ;1) g« adsorption capacity at time t (mg/g);
Adsorption PSO 3 quit K;: PFO model constant (1/min);
kinetics 77 TK>q,t K>: PSO model constant (g/(mg-min));
Intra-particle P K;: Diffusion rate constant (mg-min"?%/g);
diffusion 7 C: boundary layer constant.
) q,Krce ce: equilibrium fluoride concentration (mg/L);
. Langmuir q=""— . . .
Adsorption ¢ I+Kc, gm: maximum adsorption capacity (mg/g);
isotherm . 1 K;: Langmuir constants (L/mg);
Freundlich —K " )
9. ~RFCe Kr and n: Freundlich constants.
K standard equilibrium constant of
K- q, thermodynamic;
. d=
Adsorption Ce R (8.314 J/(mol'K)): gas constant;
thermodyna © AS AH T (K): the absolute temperature;
mic "MTRTRT AG (Wimol), AH (kJ/mol) and AS (J(mol K)):
AG=AH - TAS Gibbs free energy, the changes of enthalpy, and
the changes of entropy, respectively.
()10 (b)
120}
. 120}
100}
D 8o o Original 2 W00 -
g - - - Pseudo-first-order g ° '(:?rlgtzlrlal
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Fig. 4.8 (a) Adsorption kinetics, (b) intra-particle diffusion model of fluoride on the
La/D composite (initial pH: 3, the La/D composite dosage: 0.5 g/L, and T: 25°C).

62

Separation of fluoride from wet-process phosphoric acid and associated wastewater



M. en C. Yingxin Chen

Table 4.5 Adsorption kinetics model parameters of fluoride on the La/D composite.

PFO model Intra-particle diffusion (First stage)
K1 (1/min) e (Mg/Q) R? Ki1 (mg-min¥?/g) Ci R?
5.89%107 118.15 0.92 8.93 31.68 0.98
PSO model Intra-particle diffusion model (Second stage)
Kz (g/(mg-min))  ge (Mg/qg) R? Kiz (mg-min¥?/g) C, R?
6.65x10* 126.49 0.98 2.57 81.83 0.95
Intra-particle diffusion model (Third stage)
Kis (mg-min¥?/g) Cs R?
0.45 117.27 0.998

The affinity between the La/D composite and fluoride could be described by
adsorption isotherm, which provided insights for the adsorption mechanism and surface
behavior of the La/D composite. From Fig. 4.9a, the adsorption capacities all showed a
gradual increase until reaching equilibrium with increasing initial fluoride
concentration at three temperatures. This might be because the high initial fluoride
concentration reduced the mass transfer resistance between the La/D composite and
fluoride, thereby enhancing the adsorption capacities of the La/D composite [44].
Further, higher temperatures resulted in lower adsorption capacities, which indicated
that the increase of temperature was detrimental to fluoride adsorption by the La/D
composite. The Langmuir and Freundlich isotherm models (Eqs in Table 4.4) were
chosen in this work to reveal the interaction between fluoride and the La/D composite.
Similarly, the fitting results and corresponding parameters are summarized in Fig. 4.9a-
b and Table 4.6. The Langmuir isotherm model (R? > 0.98) provided a more accurate
description for fluoride adsorption behavior on the La/D composite under three
temperatures, suggesting that the fluoride adsorption on the La/D composite was a
monolayer adsorption process [45]. Moreover, the feasibility of adsorption process was
analyzed by the separation factor (Rr), and the results are shown in Fig. 4.9c. All Ry
values were between 0 and 0.50 under the experimental concentrations of three
temperatures, indicating that the adsorption of fluoride on the La/D composite was

highly favorable.
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Fig. 4.9 (a-b) Adsorption isotherms and (c) the Ry values of fluoride on the La/D

composite (initial pH: 3, the La/D composite dosage: 0.5 g/L, and T: 25°C).

Table 4.6 Adsorption isotherms models parameters of fluoride on the La/D composite.

Langmuir Freundlich
T (K)
Ki (L/mg)  Qumax (Mg/g) R? Kr n R?
298 0.31 135.93 0.98 46.40 4.23 0.93
308 0.14 126.68 0.99 3343 3.60 0.95
318 0.12 119.10 0.99 29.35 3.46 0.97

Adsorption thermodynamics of fluoride on the La/D composite was further

discussed to reveal the characteristics of energy changes and spontaneity of adsorption

process. The Egs. for calculating the thermodynamic parameters are also provided in

Table 4.4, and the results are summarized in Fig. 4.10 and Table 4.7. The negative Gibbs

free energy changes (AG) at the tested temperatures indicated that the fluoride

adsorption on the La/D composite was a spontaneous process. The negative entropy

change (AS) implied that the fluoride adsorption process resulted in the decreased

disorder within the system, likely due to the loss of translational freedom of

immobilized fluoride. The negative enthalpy change (AH) demonstrated the exothermic

adsorption process and a strong affinity between the La/D composite and fluoride,

which was consistent with the results of adsorption isotherms [46].
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Fig. 4.10 Adsorption thermodynamic of fluoride on the La/D composite (initial pH: 3,
the La/D composite dosage: 0.5 g/L, and T: 25°C).

Table 4.7 Adsorption thermodynamics parameters of fluoride on the La/D composite.

T(K) AH (kJ/mol) AS (kJ/(mol-K)) AG (kJ/mol)
298 -8.78
308 -23.68 -0.05 -8.28
318 -7.78

To further evaluate the adsorption performance of the La/D composite, a
comparative analysis with previously reported clay-based adsorbents was conducted,
and the summary is presented in Table 4.8. The maximum adsorption capacity of the
La/D composite was 135.93 mg/g, which was considerably higher than that of some
reported adsorbents. Meanwhile, the raw material used in this work was industrial
diatomite, which is abundant in nature and readily available. Also, La is a rare earth
mineral with abundant reserves in China. This means that the prepared composite in
this work has high economic feasibility and significant potential for industrial
application.

Table 4.8 Comparison of the adsorption capacities and corresponding parameters of

various adsorbents.

Initial ) Adsorbent
. Adsorption Jm
Adsorbents pH  concentration . . dosage Reference
time (min) (mg/g)
range (mg/L) (g/L)

Cationic surfactant/H»O,

. 2.00 20-120 60 2.0 53.66 [19]

modified clay
Mesoporous silica

modified by cerium (Ms-  3.00 2-80 180 2.0 17.96 [47]

Ce)
Glauconite clay/chitosan ~ 3.50 10-100 180 2.0 9.00 [48]
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nanocomposites
Calcium-deficient
. 3.00 0-130 120 1.0 82.50 [49]
anorthite (de-Ca An)
Polyethylenimine
modified diatomite 2.00 1-5 70 0.2 28.62 [22]
(PEI/DT)
Diatomite modified with
aluminum hydroxide (Al-  6.00 0-140 120 4.0 45.81 [50]
DA)
Kaolin clay 5.00 0-15 60 12.0 3.58 [51]
Montmorillonite 5.00 50-500 60 1.0 40.00 [52]
Aluminum substituted
. 7.00 0-10000 1440 20.0 105.00 [42]
hydroxyapatite (Al-HAp)
La/D composite 3.00 0-200 300 0.5 135.93  This work

4.3.2.3 Effect of coexisting anions on adsorption performance

In common acidic phosphate chemical wastewater, chloride (CI°), sulfate (SO4>),
and phosphate (PO4*") were usually coexisting with fluoride, which might compete with
fluoride for adsorption active sites. Hence, the effects of above coexisting anions on
fluoride adsorption performance were investigated. As shown in Fig. 4.11, the presence
of CI,, SO4*, and PO+ decreased the adsorption capacities of the La/D composite, and
PO.* exhibited the strongest negative effect, followed by SO4* and CI. This trend
could be attributed to the higher charge/radius value of PO4* (3/3.40) compared to SO4>
(2/2.40) and CI" (1/1.81). It has been reported that anions with large charge/radius value
exhibited stronger adsorption affinities, which would intensify competition with the
target anions during the adsorption process of adsorbents [53]. More importantly,
although the coexisting anions exerted a certain negative effect on fluoride adsorption,
it could not be ignored that the fluoride adsorption capacities on the La/D composite all
remained above 110 mg/g under all experimental concentrations. This result confirmed
that the La/D composite maintained a good affinity and selectivity for fluoride even in

complex coexisting anions environments.
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Fig. 4.11 Effect of co-exist anion types and concentration on the fluoride adsorption
on the La/D composite (fluoride concentration: 100 mg/L, the La/D composite
dosage: 0.5 g/L, T: 25°C, and t: 12 h).
4.3.2.4 Recyclability study

The reusability is an important economic indicator for assessing the adsorption
performance of adsorbents. Hence, regeneration experiments were carried out through
four adsorption-desorption cycles of the La/D composite. The fluoride adsorption
capacity retention of the La/D composite reduced from the initial 100% to 77.46% after
four cycles (Fig. 4.12a). Through the analysis of the experimental phenomenon, the
reason for this might be that there was a strong bonding between the La/D composite
and fluoride, resulting in a low desorption efficiency in NaOH solution [54].
Nevertheless, it was worth noting that the average leaching concentration and leaching
percentage of La from the La/D composite were only about 0.16 mg/L and 0.075%,
respectively, in acidic fluoride solution during the four regeneration cycles (Fig. 4.12b),
suggesting that the La/D composite exhibited excellent acid resistance and stability. In
other words, the application of the La/D composite would pose a low risk of secondary

pollution to the water environment.
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Fig. 4.12 (a) Regeneration performance of the La/D composite; (b) La leaching

concentration and leaching percentage in fluoride solution during regeneration
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process (initial pH: 3, fluoride concentration: 100 mg/L, the La/D composite dosage:
0.5 g/L, T: 25°C, and t: 12 h).
4.3.3. Removal mechanism of La/D composite

Fig. 4.13 shows the SEM-EDS images of the La/D composite after fluoride
adsorption. The structure of the La/D composite did not collapse after adsorption (Fig.
4.13a), indicating that the La/D composite maintained good stability during the
adsorption process, which was consistent with the results of the recyclability study. Also,
the uniform distribution of F closely matched those of Si, O, and La on the surface of
the La/D composite, confirming the successful adsorption of fluoride by the La/D
composite. Elemental analysis (Table 4.9) revealed that the contents of La and Si
showed no significant changes after fluoride adsorption. Nevertheless, the O content
decreased from 36.95 to 20.34 wt%, whereas the F content increased to 19.92 wt%,
suggesting that oxygen-containing groups in the La/D composite might participate in
the adsorption of fluoride. In addition, the fibrous concave-convex rod-like generated
on the La/D composite surface was noted (Fig. 4.13c). It has been proposed that this
phenomenon is caused by electrostatic interactions [29]. The zeta potential (Table 4.3)
further confirmed this result, where the potential values decreased from 25.40 mV to -

1.48 mV after adsorption.
(b).; g s

Fig. 4.13 SEM images (a-c) and EDS mapping images (d-h) of La/D composite after

fluoride adsorption.

Table 4.9 Elements contents of the La/D composite before and after adsorption of

fluoride (wWt%).
La/D composite Si o La F
Before adsorption 18.47 36.95 44.58 -
After adsorption 12.92 20.34 46.82 19.92

The FTIR spectra of the La/D composite before and after fluoride adsorption were
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analyzed. As indicated in Fig. 4.14, the characteristic peaks at 1383 cm™ (La-OH) and
3610 cm™ (-OH) both disappeared, while the characteristic peak at 1487 cm™ shifted to
1467 cm™ after adsorption, indicating the involvement of -OH groups on the La/D
composite during the fluoride adsorption process. The strong coordination between La

and fluoride led to the substitution of -OH groups in La-OH by fluoride [55,56].
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Fig. 4.14 FTIR spectra of the La/D composite before and after fluoride adsorption.

Furthermore, XPS spectra were conducted to reveal the adsorption mechanism
between the La/D composite and fluoride in detail. From Fig. 4.15a, the peaks of Si 2p,
C 1s, O 1s, La 3d3p2, and La 3ds» were observed in wide scan XPS spectrum of the La/D
composite. After fluoride adsorption, a new peak attributed to F 1s appeared at 685.10
eV (Fig. 4.15b), suggesting the successful immobilization of fluoride on the La/D
composite [57]. The atomic concentrations presented in Table 4.10 also supported these
findings. Compared with the La/D composite, the concentrations of O 1s decreased
from initial 31.41% to 16.94%, while the F 1s concentrations increased from 0% to
15.67% after adsorption, further indicating that the oxygen-containing groups in the
La/D composite played crucial roles during the fluoride removal process, which was in
consistent with the SEM-EDS and FTIR analyses.

As shown in Fig. 4.15c¢, the high-resolution O 1s spectrum of the La/D composite
before adsorption could be deconvoluted into three peaks at 530.77 eV, 531.47 eV, and
532.68 eV, which referred to metal-oxide (M-O, 20.79%), La-OH (49.35%), and
adsorbed water (H20, 29.86%), respectively [58,59]. After fluoride adsorption, the peak
area ratio of La-OH decreased significantly from 49.35% to 26.99%, further indicating
that ligand exchange had occurred between fluoride and -OH groups of the La/D
composite [60]. The high-resolution La 3d spectrum are shown in Fig. 4.15d. For the
La/D composite, two peaks at 835.61 eV and 839.12 eV were assigned to La 3ds»,
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whereas other two peaks at 852.31 eV and 855.99 eV were ascribed to La 3d3,, which
are all in agreement with the previous studies [61,62]. After fluoride adsorption, the
binding energies of La 3ds» and La 3ds2 shifted from 835.61 eV /839.12 eV and 852.31
eV /855.99eVto 837.30eV/840.12 eV and 853.77 eV / 856.79 eV, respectively, which
both shifted to higher values (0.80 eV-1.69 eV), demonstrating the change of the
electron environment of La. Meanwhile, a new peak assigned to La-F species was
observed at 830.37 eV [63]. These findings suggested that fluoride was also adsorbed
onto the La/D composite through chemisorption with a probable electron migration or
strong interactions, and a La-F complex had formed [64].

Table 4.10 Atomic concentrations of the La/D composite before and after adsorption

of fluoride (%).
La/D composite Si2p Ols La3d Cls F1s
Before adsorption 52.01 31.41 8.43 8.16 -
After adsorption 49.75 16.94 9.46 8.18 15.67
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Fig. 4.15 (a) The wide scan XPS, (b) F 1s, (c) O 1s, and (d) La 3d spectra of the La/D
composite before and after fluoride adsorption.

In summary, the removal mechanism of the La/D composite for fluoride is

analyzed and proposed in Fig. 4.16. Diatomite provided a stable carrier for fluoride

removal by the La/D composite. The introduction of La(OH)3; nanophases could be

stably loaded on the diatomite surface, thereby further enhancing the acid resistance of
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the La/D composite, altering the surface charge of diatomite, and increasing the number
of adsorption active sites, which played an important role during the fluoride removal
process. Electrostatic interaction, ligand exchange, and coordination complexation

dominated the strong combination between fluoride and the La/D composite.

® : La(OH),
@ : Fluoride
e :OH

Fig. 4.16 Schematic diagram of fluoride adsorption on the La/D composite.
4.3.4. Fluoride removal from real acidic phosphate chemical wastewater

To investigate the industrial application potential of the La/D composite, the
fluoride removal on real acidic phosphate chemical wastewater was further tested. The
used wastewater sample was phosphogypsum wastewater that obtained from a chemical
company of Hubei, China. The pH and ions concentration are shown in Table 4.11, and
the effects of the La/D composite dosage on gc and R of fluoride are shown in Fig. 4.17.
The R values gradually increased with increasing the dosage of La/D composite. When
the dosage of La/D composite was 3.0 g/L, the fluoride concentration was decreased
from initial 70.49 mg/L to 3.83 mg/L with the removal efficiency of 94.56%, which
meets the discharge standard of national industrial wastewater of China (GB39371-
2020, less than 10 mg/L). This finding suggested that the La/D composite had the ability
to achieve efficient fluoride removal under the complex environment of acidic
phosphate chemical wastewater.
Table 4.11 The concentration of anions and cation in real phosphogypsum wastewater

(mg/L).

Compositions  pH F- Clr SO POs Ca* Mg* APT  Fe* Na* K*
Concentration 3.08 70.49 35.86 85.34 42.00 243.12 28.17 30.06 422.12 65.15 97.99
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Fig. 4.17 Eftect of the La/D composite dosage on fluoride ge and R in real acidic
phosphogypsum wastewater (T: 25 °C and t: 12 h).

4.4. Conclusions

In this work, diatomite was successfully engineered with La(OH); through a
loading strategy, yielding a novel La/D composite with outstanding acid resistance and
defluorination capability. The La/D composite exhibited remarkable adsorption
performance in acidic environments, with a maximum adsorption capacity of 135.93
mg/g, far exceeding that of pristine diatomite and many reported clay-based adsorbents.
The adsorption kinetics, isotherms, and thermodynamics were best described by the
PSO and Langmuir models, respectively, suggesting a spontaneous and exothermic
chemisorption process on homogeneous active sites. The La/D composite also
demonstrated good selectivity in the presence of coexisting anions (CI°, SO4>, PO4>)
and retained 77.46% of its initial adsorption capacity with an average La leaching
percentage of only about 0.075% after four regeneration cycles, underscoring its
excellent stability and reusability. Mechanistic analyses revealed that fluoride removal
proceeded predominantly via electrostatic attraction, ligand exchange, and coordination
complexation. Importantly, the practical feasibility of the La/D composite was validated
using real phosphogypsum wastewater, where the fluoride concentration was reduced
from 70.49 mg/L to 3.83 mg/L (removal efficiency of 94.56%) at a dosage of 3.0 g/L,
meeting the Chinese industrial wastewater discharge standard. Overall, this study
establishes a scalable lanthanum-loading approach to re-engineer diatomite into a high-
performance adsorbent, offering a promising solution for the treatment of acidic

phosphate chemical wastewater, particularly phosphogypsum wastewater.
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Chapter 5. Synergistic and efficient fluoride removal from acidic
phosphate chemical wastewater enabled by bimetallic

hydroxides-loaded montmorillonite

5.1. Introduction

With the vigorous development of the phosphorus chemical industry in the last
several years, the production of phosphogypsum (PG), a major solid-waste generated
from the wet-process phosphoric acid process, has shown rapid growth [1]. The data
showed that the current PG stockpile in China exceeded 500 million tons and increased
at a rate of tens of million tons per year [2]. Regrettably, only about 15% of PG was
utilized in building materials, roadbed filling and other fields, while the remaining 85%
was still stored in open-air [3]. Due to the requirements of preparation process of wet-
process phosphoric acid and the complexity of phosphate rock composition, PG had the
characteristics of low pH and many kinds of impurities (organic matter, fluoride,
phosphate and others) [4,5]. Based on these, flotation technology was considered to be
the most effective way to pre-treat PG for its subsequent resource utilization.
Nevertheless, the concomitantly produced PG wastewater containing strong acidity
(about 1-4) and the above impurities would be discharged outside during flotation
process, which caused serious pollution and harm to surrounding environment and
people [6]. For these impurities, fluoride pollution (concentration range of 50-200 mg/L)
was inevitable and the most serious. Studies showed that the excess fluoride in water
could lead to withering of trees and cause cartilage disease, tooth damage, Alzheimer’s
disease, etc. in humans [7,8]. Unfortunately, the presence of acidic environment
resulted in an excessively high hydrogen ion concentration, which severely hindered
the fluoride removal. Therefore, developing targeted strategies to enhance efficient
fluoride removal from acidic PG flotation wastewater is of great significance for the
environmental clean development and human health.

Until now, precipitation [9], ion exchange [10], membrane separation [11],
electrocoagulation [12], adsorption [13], and electroadsorption [14] technologies have
been utilized for fluoride removal from PG flotation wastewater. Among these,
adsorption or the derived electroadsorption, endowed with simple operation, high
efficiency and low residual fluoride concentration, has become a widely used
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technology [15]. The fluoride removal by adsorption was primarily through directly
physical or chemical interactions between the adsorbent and fluoride, whereas
electroadsorption applied an external electric field to drive the further directional
migration of fluoride on the basis of adsorption. The adsorbents play crucial roles
during this process. Consequently, many adsorbents, such as activated carbon, metal-
organic frameworks (MOFs), molecular sieves, metal-based composites and so on,
were developed by researchers [16-18]. For instance, Li et al. synthesized the
cerium/iron oxides-loaded zeolite (Ce/Fe-ZL) for enhanced fluoride removal from PG
leachate, which exhibited the maximum adsorption capacity of 45.68 mg/g. [19].
Nevertheless, the currently developed adsorbents exhibited weak fluoride removal
performance in acidic environment, which was mainly attributed to the unsatisfactory
acid resistance with the structural collapse and active sites dissolution under the attack
of high hydrogen ion concentration. Hence, there is still an urgent need for targeted
research on fluoride-removal composites with excellent acid resistance, high removal
performance and stable structure to adapt to the complex acidic PG flotation wastewater
environment.

As a cheap, easily available and abundant natural silicate mineral, montmorillonite
(MMT) has been a new favorite in water treatment known for its large specific surface
area, high porosity, strong cation exchange capacity and good mechanochemical
stability, which provides an ideal carrier platform for the loading and dispersion of
functional components, such as efficient fluoride removal active sites and others [20,21].
The studies reported that MMT was widely utilized in the removal of dyes, heavy
metals, and other pollutants from wastewater, which all achieved ideal effects [22,23].
Unfortunately, MMT faced two key challenges in fluoride removal of acidic PG
flotation wastewater: (1) isostructural substitution within the MMT lattice caused a
permanent negative charge on its surface (about 0.2-0.6 e per unit cell), resulting in
electrostatic repulsion towards anions [24]. (2) natural MMT showed very poor
settleability in water environment after adsorption, which caused troubles to subsequent
recycling [25]. These challenges obviously limited the further application of MMT in
fluoride removal field of PG flotation wastewater.

Based on the excellent stability and negative charge of MMT, metal and functional
groups loading, pillaring, intercalation, or surface grafting is considered to be an
effective strategy to regulate surface charge of MMT, which could provide more active

sites and enhance adsorption performance [20,26-28]. Among these modifications,
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bimetallic hydroxides modified composites have received widespread attention in
wastewater treatment in recent years [29]. Compared to single metal hydroxide,
bimetallic system would combine the advantages of both metals, which further
achieved the synergistic effect in adjusting adsorption performance, enhancing
structural stability, and extending service life [30,31]. For example, Zhang prepared
MMT/CoFe;O4/Al-Fe Fum to remove fluoride from aqueous solution. He found that
the modified composite showed the maximum fluoride adsorption capacity of 27.20
mg/g, which was 1.89 times that of natural MMT (14.38 mg/g) [32]. In this case, under
the guidance of Hard-Soft-Acid-Base (HSAB) theory, rare earth elements, such as
lanthanum (La) and so on (hard acids), usually exhibited a strong affinity for fluoride
(hard bases) [33]. Meanwhile, as an abundant rare earth element and the fact of
extremely small solubility product constant (Ksp, about 2.00x107'?) of its hydroxide,
La possessed excellent acid resistance at acidic environment. This provided a solid
theoretical basis for the application of La in fluoride removal from acidic PG flotation
wastewater. In addition, polyaluminium chloride (PAC), a popular macromolecular
coagulant, was also commonly used in fluoride removal and sedimentation
enhancement due to its unique physicochemical properties and the strong affinity of
aluminium (Al) element (hard acids) for fluoride [34,35]. With this consideration, the
introduction of La and Al bimetallic hydroxides into MMT will be rational. This means
that La hydroxide (La(OH)3) can provide acid resistance and core adsorption active
sites, while Al hydroxide (Al(OH)3) can build a sedimentation framework and auxiliary
adsorption active sites. Through this way, the above bimetallic hydroxides can achieve
a synergistic effect in enhancing fluoride removal from acidic wastewater.

As such, the La and Al bimetallic hydroxides combined MMT (LAM) composites
were synthesized in this study via loading engineering, and the optimal mass ratio of
the two metals was found for the synergistic and efficient fluoride removal from acidic
PG flotation wastewater. The composition and morphological features of the LAM-3
composite were characterized initially. Subsequently, the removal performance of
composites was comprehensively evaluated through adsorption experiments. The
removal mechanism was also elucidated in conjunction with various analyses. Finally,
the practical applications feasibility of the LAM-3 composite was verified by real PG

flotation wastewater fluoride removal experiments.
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5.2. Experiments

5.2.1. Materials and reagents

All used materials and reagents in this work are provided in Table 5.1.

Table 5.1 The used materials and reagents of the experiments in this work.

Materials and

Purity Role Manufacturer
reagents
. Maclean Biochemical
o ) For the preparation of
Montmorillonite Industrial grade . Technology Co., Ltd.
LAM composite )
(Shanghai)
Lanthanum o i
. . Aladdin Biochemical
chloride . Foe the preparation of
Analytical grade . Technology Co., Ltd.
heptahydrate LAM composite .
(Shanghai)
(LaCl3-7H,0)
. . Aladdin Biochemical
Polyaluminium For the preparation of
] Al,O3>28% ) Technology Co., Ltd.
chloride (PAC) LAM composite .
(Shanghai)
. . . Sinopharm Chemical
Sodium fluoride . For the preparation of .
Analytical grade . . Reagent Corporation
(NaF) fluoride solution i
Ltd., China
] ] ) Sinopharm Chemical
Hydrochloric acid . For the adjustment of .
Analytical grade Reagent Corporation
(HCD) pH :
Ltd., China
) ) ) Sinopharm Chemical
Sodium hydroxide . For the adjustment of .
Analytical grade Reagent Corporation
(NaOH) pH .
Ltd., China
o ) For the measurement  Sinopharm Chemical
Trisodium citrate ) ] )
Analytical grade of fluoride Reagent Corporation
(Na3C6H507'7H20) . .
concentration Ltd., China
) o For the measurement  Sinopharm Chemical
Glacial acetic acid ) ] )
Analytical grade of fluoride Reagent Corporation
(CH3COOH) . i
concentration Ltd., China

5.2.2 Syntheses of LAM composite

The LAM composites were synthesized by loading engineering, and the

preparation schematic is similar to the La/D composite in Chapter 4. In detail, 3 g of

MMT was added into 100 mL of deionized water and dispersed uniformly by stirring
at 1800 r/min and 80 °C for 2 h. Then, lanthanum chloride heptahydrate (LaCl3*7H>0)

and PAC with different mass ratios (total mass of 2 g) were added into the suspension

simultaneously under stirring status. Moreover, 40 mL of concentrated ammonia (25%)

83

Separation of fluoride from wet-process phosphoric acid and associated wastewater



M. en C. Yingxin Chen

was slowly dropped to the above suspension to adjust pH into alkaline. The mixture
was heated and stirred constantly for 6 h to make the reagents react fully. Afterwards,
the resulting suspension was aged for 1 h at room temperature, and the solid products
were collected by filtration and washed three times. Finally, the products were dried in
an oven at 90 °C for 12 h to obtain the LAM composites. With the predetermined mass
ratios of La: A1=0: 4, 1: 3, 2: 2, 3: 1, and 4: 0, the obtained LAM composites were
named as AI-M-0, LAM-1, LAM-2, LAM-3, and La-M-4, respectively.

5.2.3. Adsorption experiments

To evaluate the adsorption performance of LAM composites, batch adsorption
experiments were carried out with the adsorbent dosage of 0.5 g/L, 180 rpm, 12 h, and
25°C. The effects of initial fluoride solution pH (1-10) and co-exist anions (C1;, HCOs,
SO4*, COs* and PO+ with the concentration of 10 mg/L, 25 mg/L or 50 mg/L) were
explored at an initial fluoride concentration of 100 mg/L. The pH of the fluoride
solution was adjusted using hydrochloric acid (HCI, 0.1 mol/L) or sodium hydroxide
(NaOH, 0.1 mol/L). About adsorption kinetics and isotherms, the specific conditions
and parameters could be found in Table 5.2. In addition, based on the results of previous
researches, the recyclability of the LAM composite was studied for four cycles by
immersing and stirring them in NaOH solution (0.5 mol/L) for 6 h. The leaching
percentages (Lq) of La and Al during each cycle were calculated through Eq. (5.1) [36].
After the experiments, the samples were filtered through 0.22 pm filter membranes, and
the residual fluoride concentration was measured with the ion-selective electrode
method (GB 7484-87 of China). The equilibrium adsorption capacity (qe) and removal
efficiency (R) were calculated using Eq. (5.2) and Eq. (5.3) [37]. The standard line of
fluoride is shown in Fig. 5.1.

eV

Ly=2x100% (5.1)
= (5.2)
R=""¢x]100% (5.3)

o
where cu (g/L) is the La or Al concentration in the solution after fluoride adsorption; w
(%) is the mass fraction of La or Al in the LAM composites; m (g) is the mass of the
LAM composites, V' (L) represents the volume of fluoride solution, ¢y and c. (mg/L)

denote the initial and equilibrium concentrations, respectively.
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Table 5.2 The specific conditions and parameters of adsorption kinetics and

isotherms.

Experiments Conditions

Adsorption LAM-3 composite dosage: 0.5 g/L, fluoride concentration: 100 mg/L, initial
kinetics pH: 3, temperature: 25°C, stirring speed: 180 rpm

Adsorption  LAM-3 composite dosage: 0.5 g/L, fluoride concentration: 0~300 mg/L, initial
isotherms pH: 3, temperature: 25°C, stirring speed: 180 rpm, adsorption time: 12 h
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Fig. 5.1 The standard line of fluoride.

5.2.4. Characterizations

The physicochemical characterizations and removal mechanism of prepared
adsorbents, such as morphology, composition, structure and others, were determined
through several technologies, including X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR), Brunauer-Emmett-Teller (BET), scanning electron
microscope with energy dispersive spectrometer (SEM-EDS), Zeta potential, and X-
ray photoelectron spectroscopy (XPS). The relevant details are available in Table 5.3.

Table 5.3 The relevant details of characterizations for prepared adsorbents.

Characterizations Type Country of production

XRD Bruker D8 Advance Japan

FTIR Therno Nicolet Nexus America

BET ASAP2460 America

SEM-EDS Thermo Fisher Scientific America

XPS Thermo Escalab 250Xi America

Zeta potential Malvern Zeta Sizer England
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5.3. Results and discussion

5.3.1. Effect of La/Al mass ratio on fluoride adsorption

To ensure the optimal La/Al mass ratio of the LAM composites, the effect of
different La/Al mass ratio on fluoride adsorption capacities was evaluated (Fig. 5.2a).
The adsorption capacities showed a gradually decreasing trend with the decrease of
La/Al mass ratio. Specifically, the single La-modified MMT (La-M-4) composite had
the highest adsorption capacity (131.57 mg/g), while the single Al-modified MMT (Al-
M-0) composite showed the lowest one (only 32.28 mg/g), which indicated that the
affinity of La for fluoride was stronger than that of Al. This was primarily attributed to
the lower electronegativity and larger ionic radius of La compared with Al. Meanwhile,
the empty orbitals of La was more likely to accept the lone pair of electrons of fluoride,
resulting in a stronger affinity between La and fluoride [38]. Nevertheless, it was
observed that the fluoride solution using the La-M-4 composite as adsorbent remained
turbid after 12 h of quiescence (Fig. 5.2b). In other words, the La-M-4 composite still
had the defect of difficult filtration and settleability after adsorption, which would cause
a huge obstacle to adsorbent recovery. In contrast, the composites with PAC addition
exhibited good sedimentation properties, and the solution after adsorption became clear
within only 2 h. This indicated that the introduction of the secondary metal was
beneficial for improving the sedimentation property of natural MMT. Overall, both La
and Al could be loaded stably onto the MMT surface, and La exhibited a superior
affinity than Al for fluoride. Although the appropriate introduction of PAC replaced
some original La adsorption active sites, it significantly improved the recyclability of
the LAM composite and also provided auxiliary active sites for fluoride adsorption.
This synergistic effect compensated for the limitations of single metal modified
composites, which was consistent with the design concept of this work. Therefore, the
LAM-3 composite was selected as the optimal adsorbent for fluoride removal based on

its excellent settleability and adsorption performance.
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Fig. 5.2 (a) Effect of La/Al mass ratio on fluoride adsorption capacities, and (b) the
pictures of different adsorbents after sedimentation of different time (fluoride

concentration: 100 mg/L, the LAM composite dosage: 0.5 g/L, T: 25°C, and t: 12 h).
5.3.2. Characterization of the LAM-3 composite

The XRD patterns of natural MMT and the LAM-3 composite are shown in Fig.
5.3a and b. For natural MMT sample, the crystalline peaks at 5.89° (00 1), 19.71° (1 0
0), 21.95°(2 0 1) and 62.12° (3 0 0) were assigned to the typical diffraction peaks of
MMT. The other crystalline peaks at 20.86° (1 0 0) and 26.64° (1 0 1) belonged to
quartz [39]. After modification, three new crystalline peaks appeared at 15.67° (1 0 0),
27.95° (1 0 1), and 48.65° (2 1 1), which all corresponded to the formation of new
La(OH); phase, and another new crystalline peak at 39.66° (1 2 0) was assigned to
Al(OH)3 phase [40]. Meanwhile, the initial crystalline peaks of MMT and quartz were
still observed in the LAM-3 composite. The coexistence of the original phases with the
newly formed hydroxide phases indicated that MMT had been successfully modified
by La and Al bimetallic hydroxides without destroying its crystal structure. More
importantly, as alkaline hydroxide with an extremely low Ksp (about 2.00x107'%), the
dispersed loading of La(OH); significantly enhanced the acid resistance of both MMT
and surrounding AI(OH)s, which provided a stable and effective foundation for fluoride

removal from acid PG flotation wastewater by using the LAM-3 composite.
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Fig. 5.3 XRD patterns of MMT and the LAM-3 composite.

Fig. 5.4 depicts the FTIR spectra of natural MMT and the LAM-3 composite. The
adsorption peaks at 467 cm™, 624 cm™, and 1035 cm™ of MMT were all assigned to the
bending vibration of Si-O-Si [41]. The bending vibration of Si-O-Al was attributed to
the characteristic peaks of 518 cm™ and 915 cm™! [42].Meanwhile, the peaks at 1637
cm’! and 3432 cm! corresponded to the bending and stretching of adsorbed water,
respectively, whereas the peak at 3625 cm™ belonged to -OH groups [43,44]. After
loading, two new characteristic peaks appeared at 1403 cm™ and 1491 cm™!, which were
attributed to the bending vibration and stretching vibration of metal hydroxyls (M-OH,
M=La and Al), respectively [45,46]. The results of FTIR analysis suggested that La and
Al were mainly loaded onto MMT surface in the form of hydroxides, thus providing

more adsorption active sites, which was consistent with the XRD analysis.
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Fig. 5.4 FTIR spectra of MMT and the LAM-3 composite.
The specific surface area and pore volume of natural MMT and the LAM-3
composite were studied through N> adsorption-desorption isotherms. For MMT, the
specific surface area, average pore diameter and pore volume were 53.89 m?/g, 8.25 nm

and 0.11 cm’/g, respectively (Fig. 5.5b and Table 5.4). When La(OH); and AI(OH);
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were added, it could be seen from Fig. 5.5a that the LAM-3 composite confirmed to the
typical IV type isotherms with H3 hysteresis rings at higher relative pressures (IUPAC
classification), demonstrating the typical mesoporous structures in the LAM-3
composite [47]. Moreover, the specific surface area of LAM-3 composite decreased to
33.53 m?/g. In contrast, the average pore diameter and pore volume increased to18.53
nm and 0.16 cm?®/g, respectively (Fig. 5.5b and Table 5.4), which might be primarily
attributed to the deposition of generated La and Al hydroxides on the surface of MMT,
leading to the blockage of micro pores (reduction of specific surface area) and the
formation of agglomeration effects (increase of average pore diameter and pore
volume). This also provided clearer evidence for the excellent sedimentation property
and the presence of mesoporous structures of the LAM-3 composite. Thus, it is
reasonable to speculate that the large pore diameter and high pore volume of LAM-3
composite would significantly promote the diffusion and enhance fluoride adsorption
by reducing the mass transfer resistance [48].

Table 5.4 Information about the pore distribution of natural MMT and the LAM-3

composite.
BET surface area  Average pore diameter Pore volume
Samples ) 3
(m7/g) (nm) (cm’/g)
MMT 53.89 8.25 0.11
LAM-3 composite 33.53 18.53 0.16
(@) (b)
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Fig. 5.5 (a) The N adsorption-desorption isotherms and (b) related pore size

distributions of MMT and the LAM-3 composite.

The successful preparation of the LAM-3 composite was also confirmed through
SEM-EDS analysis. As shown in Fig. 5.6a, there were many pore structures on the
surface of the LAM-3 composite, which was agreement with the BET results.
Furthermore, the EDS results indicated that La and Al elements were successfully

loaded and uniformly distributed onto MMT surface (Fig. 5.6b-f). This phenomenon
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also provided a theoretical basis for excellent fluoride adsorption performance of the

LAM-3 composite.

Fig. 5.6 (a) SEM and (b-f) EDS images of the LAM-3 composite.

5.3.3. Fluoride adsorption on the LAM-3 composite

5.3.3.1 Effect of pH and coexisting anions on fluoride adsorption

The initial solution pH can significantly affect the interaction between adsorbent
and fluoride. As shown in Fig. 5.7a, natural MMT showed negligible adsorption
capacities for fluoride at the entire tested pH range. This was because MMT was a
natural silicate mineral with a natural negative charge on its surface, which would
generate electrostatic repulsion with negatively charged fluoride during the adsorption
process [49]. After modification with La(OH)3 and Al(OH)3, the LAM-3 composite
exhibited excellent adsorption performance at acidic environment (adsorption
capacities all exceeded 110 mg/g in the pH range of 1-3) and reached the maximum
adsorption capacity at pH of 3 (117.87 mg/g), which was 32.56 times that of natural
MMT. This enhancement was explained by the protonation of the LAM-3 composite
surface, which would generate strong attraction for fluoride [50,51]. The zeta potential
at pH of 3 (Table 5.5) further proved the above point with the values increasing from -
13.97 mV of natural MMT to +2.03 mV of the LAM-3 composite. As the initial solution
pH continued to increase, the adsorption capacities of LAM-3 composite reduced to
about 40 mg/g within the pH ranges of 5-9. The reason was attributed to the
deprotonation of LAM-3 composite and the increased abundance of -OH groups, both
of which intensified the competition with fluoride for adsorption sites, thereby resulting
in a significant decrease of adsorption capacities [52]. The results suggested that the

LAM-3 composite exhibited excellent adsorption performance at acidic environment,

90

Separation of fluoride from wet-process phosphoric acid and associated wastewater



M. en C. Yingxin Chen

which would have a broad application prospects for solving fluoride pollution in PG
flotation wastewater.

In real acidic PG flotation wastewater, the presence of other anions is inevitable,
which might affect the adsorption performance of the LAM-3 composite. Hence, the
effect of coexisting anions (including CI', SO4>", HCOs", COs*, and PO4>) on fluoride
adsorption of the LAM-3 composite was systematically investigated and the results are
illustrated in Fig. 5.7b. CI and SO4* had a minimal effect on fluoride adsorption.
Conversely, the presence of HCO3", COs>, and PO4*" reduced the fluoride adsorption
capacity of the LAM-3 composite, and the reduction was more pronounced with the
increase of their concentration. For the HCOs™ and COs* system, the observed
inhibition was attributed to their hydrolysis in solution, which caused an increase of
OH" concentration. The resulting OH™ raised the solution pH, thereby reducing the
positive surface charge of the LAM-3 composite and weakening the interaction with
fluoride. In addition, the generated OH™ would also compete with fluoride for active
sites of the LAM-3 composite [53,54]. This dual negative impact significantly hindered
the efficient fluoride removal by the LAM-3 composite. The inhibitory effect of PO4*"
was mainly due to the direct competition with fluoride for La active sites on the surface
of the LAM-3 composite. The previous reports had confirmed that, for some La-based
composites, PO4>~ exhibited a certain affinity for La, which would occupy the La active
sites during the adsorption process and reduce the fluoride adsorption capacity [55].
Nevertheless, it was noteworthy that the adsorption capacities of fluoride on the LAM-
3 composite still exceeded 100 mg/g in the presence of coexisting anions,
demonstrating that the LAM-3 composite had an excellent selectivity toward fluoride.

Table 5.5 Zeta potential of natural MMT, the LAM-3 composite and after adsorption

at pH of 3.
Samples Zeta potential (mV) Average (mV)
MMT -13.50 -14.20 -14.20 -13.97
LAM-3 composite 2.02 2.01 2.05 2.03
After adsorption -13.80 -15.00 -15.60 -14.80
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Fig. 5.7 Effect of (a) initial pH and (b) coexisting ions on the adsorption performance
of the LAM-3 composite (fluoride concentration: 100 mg/L, the LAM-3 composite
dosage: 0.5 g/L, T: 25°C, and t: 12 h).

5.3.3.2 Adsorption kinetics, isotherms and thermodynamics

To reveal the adsorption and transfer behaviors of fluoride on the LAM-3
composite, adsorption kinetics, adsorption isotherms (25°C, 35°C, and 45°C) and
adsorption thermodynamics were carried out, respectively.

From Fig. 5.8a, the adsorption process of fluoride by the LAM-3 composite was
rapid during first 30 min, with adsorption capacities increasing from 0 mg/g to 94.03
mg/g. Subsequently, the adsorption rate gradually decelerated and reached equilibrium
due to the depletion of adsorption active sites on LAM-3 composite surface [56]. To
further study the adsorption process, pseudo-first-order (PFO), pseudo-second-order
(PSO), and intra-particle diffusion kinetics models were selected to fit the adsorption
kinetics data (Eqs same as in Table 4.4 of Chapter 4). The PFO and PSO kinetics fitting
results are displayed in Fig. 5.8a and Table 5.6. Obviously, the PSO model provided a
good fit to the adsorption kinetics data, and the correlation coefficients (R?) reached
0.99. Meanwhile, the q. value obtained from the experiments (117.87 mg/g) was also
in close agreement with the calculated ge value (110.98 mg/g) from the PSO model.
Therefore, the PSO model was more suitable for describing the adsorption kinetics of
fluoride on the LAM-3 composite, suggesting that the adsorption process mainly
involved the chemical interaction between fluoride and the active sites on the LAM-3
composite surface [57,58].

The intra-particle diffusion model fitting results shown in Fig. 5.8b and Table 5.6
revealed the rate-limiting step of fluoride adsorption by the LAM-3 composite. The
intra-particle diffusion model could be described in three stages. The first stage

constituted the boundary layer diffusion, which meant that fluoride rapidly transferred
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to the surface of the LAM-3 composite. The second stage represented intra-particle
diffusion, which suggested the gradual penetration of fluoride from the surface into the
internal pores. The final stage reflected the dynamic equilibrium processes of
adsorption and desorption. More important, the non-zero intercepts indicated that the
intra-particle diffusion was not the sole rate-limiting step for fluoride adsorption of the
LAM-3 composite, which might also include the control of chemical interaction as
confirmed by the PSO kinetic model [59].
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Fig. 5.8 (a) Adsorption kinetics and (b) intra-particle diffusion of fluoride on the
LAM-3 composite (initial pH: 3 and the LAM-3 composite dosage: 0.5 g/L).

Table 5.6 Adsorption kinetics parameters of fluoride on the LAM-3 composite.

PFO model Intra-particle diffusion model (stage I)
K1 (1/min) Qe (Mg/Q) R? Ki1 (mg-min¥?/g) Ci R?
0.15 106.63 0.95 8.87 48.55 0.81
PSO model Intra-particle diffusion model (stage II)
Kz (g/(mg:min))  ge (Mg/g) R? Kiz (mg-min?/g) Cx R?
2.35%10°° 110.98 0.99 1.66 86.16 0.93
Intra-particle diffusion model (stage I1I)
Kiz (mg-minY?/g) Cs R?
0.71 97.87 0.92

The adsorption isotherms of fluoride on the LAM-3 composite under different
temperatures are shown in Fig. 5.9a. With the increase of temperature from 25°C to
45°C, the maximum equilibrium adsorption capacities decreased from 130.87 mg/g to
113.64 mg/g, indicating that high temperatures were detrimental to fluoride adsorption.
Furthermore, to explain the adsorption behavior, the obtained data were fitted with the
Langmuir and Freundlich isotherms models (details also in Table 4.4 of Chapter 4). As
summarized in Fig. 5.9a-b and Table 5.7, the Langmuir isotherm model exhibited higher

R? values than the Freundlich isotherm model, suggesting that the adsorption of fluoride
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on the LAM-3 composite was a single-layer adsorption process, and the adsorption

layer was homogeneous on the LAM-3 composite surface [60].
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Fig. 5.9 Adsorption isotherms of fluoride on the LAM-3 composite (initial pH: 3 and
the LAM-3 composite dosage: 0.5 g/L).

Table 5.7 Adsorption isotherm parameters of fluoride on the LAM-3 composite.

Langmuir Freundlich
T(K)
Ki (L/mg)  qmax (Mg/g) R? Kr n R?
298 0.22 130.87 0.98 41.82 4.41 0.93
308 0.17 119.21 0.95 36.96 4.43 0.87
318 0.15 113.64 0.94 34.03 4.35 0.85

In addition, adsorption thermodynamics were also analyzed. The results are
summarized Table 5.8. The negative Gibbs free energy change (AG) values at three
temperatures implied that the fluoride adsorption on the LAM-3 composite was a
spontaneous process. The negative enthalpy change (AH) and positive entropy change
(AS) values suggested the exothermic process and the increased disorder for the
adsorption system [61], which was in agreement with the results of adsorption
isotherms.

Table 5.8 Adsorption thermodynamic parameters of fluoride on the LAM-3

composite.

T (K) AH (kJ/mol) AS (kJ/(mol-K)) AG (kJ/mol)
298 -20.48
308 -15.12 0.018 -20.66
318 -20.84

In order to further evaluate the fluoride removal performance of the LAM-3
composite, a comparison with similar modified clay composites or bimetallic modified
adsorbents are listed in Table 5.9. The LAM-3 composite exhibited a superior

adsorption capacity compared to some other reported adsorbents, including Zr-
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La/pomelo peel composite, Co2Al-LDHs, CAPC composite, Ce/Zr-MOFs, and so on.
Besides, the base material used in this work was natural MMT, which was a Natural
silicate mineral with abundant reserves and low cost. Meanwhile, the reserves of La
was also highly abundant in China. These advantages made up for the defects of
expensive preparation cost for some adsorbents. Therefore, it was believed that the
LAM-3 composite showed great potential to achieve efficient fluoride removal from
acidic wastewater, especially from PG flotation wastewater.

Table 5.9 Fluoride removal efficiency of the LAM-3 composite compared with other

adsorbents reported in previous literature.

Concentration  Adsorption Jm
Adsorbents pH ] ) Reference
range (mg/L)  time (min)  (mg/g)

Zr-La/pomelo peel (Zr-

. 3.00 2-50 500 32.50 [62]
La/PP) composite

Cationic surfactant/H,O»

. 2.00 20-120 60 53.66 [63]
modified clay
Co2Al-LDHs 2.00 10-300 360 122.54 [64]
BC/Ce-SA-La hybrid
2.00 80-380 180 123.00 [65]
hydrogel

Ce-Al bimetal hydroxides

modified activated carbon  4.00 10-80 120 36.34 [66]
(CAPC)

Carbon-doped aluminum-

. 6.00 10-200 300 85.51 [67]
bentonite (CCDAB)
Ce/Zr-MOFs 6.00 10-60 360 113.8 [68]
Lanthanum hydroxide-
. i 6.00 50-600 2880 117.48 [6]
modified zeolite (LMZ)
LAM-3 composite 3.00 10-300 180 130.87  This work

5.3.4. Removal mechanism

To illustrate the fluoride removal mechanism, the characteristic changes in surface
structure and chemical bond states of the LAM-3 composite before and after adsorption
were analyzed by SEM-EDS, FTIR, and XPS. As presented in Fig. 5.10a, the
morphology of the LAM-3 composite after adsorption did not exhibit significant
changes compared with original adsorbent, which suggested that the LAM-3 composite
maintained good structural stability during fluoride adsorption process. This meant that
the acidic environment did not destroy the structure of LAM-3 composite, and the
obtained LAM-3 composite had excellent acid resistance. EDS mapping (Fig. 5.10b)

revealed that O, Al, Si, La and F elements were observed and distributed uniformly on
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the LAM-3 composite surface, indicating the successful immobilization of fluoride. In
addition, elemental analysis (Table 5.10) showed that the content of O element
decreased from 39.75 wt% to 20.78 wt% and the F element content increased to 14.28
wt%, while the contents of other elements did not change significantly after adsorption,

which suggested that oxygen-containing functional groups in the LAM-3 composite

Fig. 5.10 (al-a2) SEM and (b1-b6) EDS mapping images of the LAM-3 composite

after fluoride adsorption.

Table 5.10 Elements contents of the LAM-3 composite before and after fluoride

adsorption (wt%).
La-D composite (0] Si La Al F
Before adsorption 39.75 18.36 32.01 9.88 -
After adsorption 20.78 17.48 42.60 4.86 14.28

The FTIR spectra of the LAM-3 composite before and after fluoride adsorption
are indicated in Fig. 5.11. Obviously, the characteristic peaks at 1403 cm™ and 1491
cm’!, corresponded to M-OH, disappeared after adsorption, which confirmed that the
adsorption of fluoride onto the LAM-3 composite involved ligand exchange. The strong
coordination between La or Al and fluoride allowed the -OH groups in M-OH to be
replaced by fluoride [69,70]. Moreover, the characteristic peak at 845 cm™, assigned to
metal-oxygen (La-O) band [71], decreased after adsorption. This could be explained by
the electrostatic interaction between La and fluoride during the removal process of
fluoride [72]. The Zeta potential (Table 5.5) further demonstrated this mechanism with
the potential values decreasing from +2.03 mV to -14.80 mV after adsorption. On the
other hand, the characteristic peaks at 1630 cm™, 3439 cm™, and 3611 cm™ (belong to
adsorbed water and -OH groups) shifted to 1637 cm™, 3432 cm™, and 3624 cm™ after

adsorption, respectively, implying that the hydrogen bonding environmental of surface
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adsorbed water and -OH groups in the LAM-3 composite was altered [73]. At pH of 3,
it was well documented that some fluoride species existed in the form of HF in solution.
Hence, these observations suggested that hydrogen bonding interactions were also
involved during fluoride removal process and HF was removed through the formation

of hydrogen bonds with surface -OH groups and adsorbed water molecules.

. 1
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1038

Intensity (a.u.)

After adsorption

1035

4000 3500 3000 2500 2000 1500 1000 500
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Fig. 5.11 FTIR spectra of the LAM-3 composite before and after fluoride adsorption.

Fig. 5.12a-e show the wide scan spectra, O 1s, La 3d, Al 2p and F 1s narrow spectra
of the LAM-3 composite before and after fluoride adsorption. After adsorption, a new
peak of F 1s emerged at 684.87 eV in wide scan XPS spectra (Fig. 5.12a), further
confirming the successful adsorption of fluoride onto the LAM-3 composite. In the O
Is narrow spectra (Fig. 5.12b), the peaks observed at 531.32 ¢V, 532.17 eV, and 533.14
eV were attributed to M-O (35.35%), M-OH (52.50%), and adsorption water (12.15%),
respectively [48,74]. After adsorption, the peak area of M-OH considerably decreased
from 52.50% to 31.56%, demonstrating that fluoride participated in ligand exchange
with -OH of the LAM-3 composite, which was consistent with the discovery of FTIR
analysis [69]. Besides, for the La 3d narrow spectra shown in Fig. 5.12c, two typical
peaks at 835.38 eV and 838.96 eV were assigned to La 3ds» and the other two peaks at
852.12 eV and 855.69 eV were assigned to La 3dz» [56,75]. After fluoride adsorption,
the binding energies of La 3ds2 and La 3d3/; shifted to 837.60 eV/841.54 eV and 854.37
eV/858.48 eV, respectively, which both increased to higher values (+2.22 eV-+2.58 V).
Meanwhile, a new peak corresponding to La-F bond emerged at 830.90 eV [76]. These
changes suggested the strong interactions or coordination complexation between
fluoride and La in the LAM-3 composite, thus achieving the formation of La-F complex
[52,72]. As seen from Fig. 5.12d, the peak of Al 2p at 74.76 eV belonged to Al-O bond
in the LAM-3 composite [77]. After the adsorption of fluoride, the binding energy
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shifted to 75.13 eV (+0.37 eV) and another new peak attributed to Al-F bond occurred
at 75.52 eV [78]. The results implied that the electron cloud environment of Al 2p was
changed, and the chemical coordination complexation between fluoride and -Al groups
was also present during adsorption process [79]. The F 1s narrow spectra presented in
Fig. 5.12¢ further confirmed the above findings that the peaks corresponding to La-F
bond and Al-F bond were observed at 685.51 eV and 686.38 eV, respectively [80,81].
Concomitantly, the peak area proportion of La-F bond reached 79.55%, which
suggested that La(OH)3 in the LAM-3 composite was dominant during the removal

process.
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Fig. 5.12 (a) wide scan XPS spectra, (b) O 1s, (c) La 3d, (d) Al 2p, and (e) F 1s
narrow spectra of the LAM-3 composite before and after fluoride adsorption.

To sum up, the fluoride removal mechanism of the LAM-3 composite is proposed
in Fig. 5.13. MMT provided an excellent and stable supporting platform for fluoride
removal in the LAM-3 composite. The loaded La(OH); enhanced acid resistance and
functioned as the primary active component during the removal process, thereby
playing a dominant role in fluoride removal; while the introduction of AIl(OH);
significantly improved the sedimentation performance of the LAM-3 composite and
provided auxiliary active sites for fluoride removal. The fluoride removal by the LAM-
3 composite involved multiple mechanisms, including ligand exchange, electrostatic
interactions, hydrogen bonding, and coordination complexation. Based on the above
synergistic loading effects and mechanisms, the LAM-3 composite exhibited an

impressive affinity for fluoride, which enabled efficient fluoride removal under the
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acidic environment.

Fig. 5.13 Schematic diagram of fluoride removal mechanism by the LAM-3
composite.

5.3.5 Reusability and practical application performance

The regeneration performance of an adsorbent is crucial to evaluate its practical
application potential. As illustrated in Fig. 5.14a, the adsorption capacity retention
decreased from the initial 100 to 78.61% after four adsorption-desorption cycles. The
reason for this decrease might be the incomplete desorption of the LAM-3 composite,
resulting in the occupation of the functional groups and active sites on the surface of
the LAM-3 composite [82]. The results of desorption efficiency further confirmed the
above explanations that the efficiency values decreased from 94.66% to 82.33% after
four adsorption-desorption cycles. Nevertheless, it was noted that the average La and
Al leaching percentages were only about 0.043% and 6.27%, respectively, during the
adsorption process (Fig. 5.14b), demonstrating that the LAM-3 composite could still
maintain stable and sufficient adsorption active sites after repeated applications. These
results meant that the LAM-3 composite exhibited excellent stability and fluoride
removal performance under complex acidic environment, which further verified the
design hypothesis of this work. Overall, the LAM-3 composite showed promising
reusability and stability without the additional need for La and Al, suggesting that it had

the potential for the efficient treatment of real acidic PG flotation wastewater.
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Fig. 5.14 (a) Regeneration performance and (b) La and Al leaching percentages
during the adsorption—desorption cycles (initial pH: 3, fluoride concentration: 100
mg/L, the LAM-3 composite dosage: 0.5 g/L, T: 25 °C, and t: 12 h).
Furthermore, the practical application effectiveness of LAM-3 composite was
evaluated using real acidic PG flotation wastewater. The sample was collected from the
phosphorus chemical company in Hubei, China, and the characteristics of pH and ions
are listed in Table 5.11. From the results in Fig. 5.15, the fluoride removal efficiency
increased from 0% to 95.07% with the increase of the LAM-3 composite dosage from
0 g/L to 3.00 g/L. Correspondingly, the fluoride concentration was reduced from initial
100.62 mg/L to 4.96 mg/L, which was far below national industrial wastewater
discharge standard (10 mg/L, GB39371-2020). The above results confirmed the
outstanding application performance of the LAM-3 composite for fluoride removal
from acidic PG flotation wastewater.
Table 5.11 The characteristic information of pH, anions and cation concentration in

the real wastewater (mg/L).

Compositions  pH F Cl-  SO4# PO#  Ca* Mg AP Fe*  Na' K*
Concentration 2.97 100.62 17.49 80.65 21.77 27.54 339 283 11.74 12575 9.57
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Fig. 5.15 Actual acidic wastewater treatment performance of the LAM-3 composite.
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5.4. Conclusions

In this work, the LAM-3 composite was synthesized through bimetallic
hydroxides (La(OH)3 and AI(OH)3) loading engineering with MMT as a basic material
to synergistically achieve fluoride removal from acidic PG flotation wastewater. The
introduction of bimetallic hydroxides remarkably enhanced the acid resistance and
sedimentation properties of composite and provided abundant adsorption active sites.
The obtained LAM-3 composite showed remarkable acid resistance, adsorption
capacities (130.87 mg/g) and selectivity for fluoride at acidic environment and 25°C,
which was higher than natural MMT and some previously reported adsorbents. The
PSO kinetic model and Langmuir isotherm model could depict the adsorption behavior
better, suggesting the monolayer chemical adsorption of fluoride onto the LAM-3
composite. Also, the adsorption of LAM composite toward fluoride was a spontaneous
and exothermic process. After four regeneration cycles, the adsorption capacity
retention still remained at 78.61% with only about average 0.043% and 6.27% of La
and Al leaching percentages, underscoring good stability and reusability of the LAM-3
composite. The mechanism investigation revealed that fluoride removal by the LAM-3
composite involved ligand exchange, electrostatic interaction, hydrogen bonding, and
coordination complexation. In addition, for real acidic PG flotation wastewater, the
fluoride concentration reduced from initial 100.62 mg/L to 4.96 mg/L with the removal
efficiency of 95.07% after the LAM-3 composite treatment, which was far below
industrial wastewater discharge standard of China. Overall, the designed LAM-3
composite in this work exhibits superior acid resistance, fluoride removal performance,
reusability, and practical application potential. The conduct of this study provides a
valuable reference for the utilization of natural silicate minerals in the field fluoride

removal of acidic phosphate chemical wastewater.
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Chapter 6. Conclusions

This thesis focused on the efficient recovery of fluorine from WPA and the deep
removal of fluoride from the associated acidic phosphate chemical wastewater. To
achieve these objectives, a novel fluorine-spillover reagent (SP) and three natural
silicate mineral-based adsorbents (the La/D composite, the LAM-3 composite, and the
DSL composite) were successfully developed. The main conclusions are summarized
as follows.

(1) Compared with the conventional industrial reagents, SP exhibited superior
performance in promoting fluorine recovery during the concentration process of WPA
by increasing the generation of SiF4 gas and decreasing the formation of Na>SiF¢ and
K>SiFs precipitates. The optimal concentration conditions were an SP dosage of 0.5 g
per 100 g of WPA, a stirring speed of 1800 r/min, a concentration temperature of 150 °C
and an initial mass of absorptive water of 200 g. Under these conditions, the fluorine
contents in WPA and DS decreased to 0.29 wt% and 3.21 wt%, respectively, while the
fluorine recovery increased from 50.05% in the blank concentration to 81.13%,
representing an improvement of 31.08%.

(2) The La/D composite prepared through the loading engineering strategy
demonstrated excellent fluoride removal performance under the acidic environment,
with a maximum adsorption capacity of 135.93 mg/g and good selectivity, stability, and
reusability. The fluoride removal was mainly attributed to electrostatic attraction, ligand
exchange, and coordination complexation. Furthermore, the practical applicability of
the La/D composite was validated through the treatment of real acidic phosphate
chemical wastewater, in which the fluoride concentration was reduced from 70.49 to
3.83 mg/L at a dosage of 3.0 g/L, meeting the industrial wastewater discharge standard.

(3) The LAM-3 composite synthesized through bimetallic hydroxides loading
engineering exhibited enhanced acid resistance and sedimentation properties while
simultaneously achieving efficient fluoride removal under acidic conditions. Driven by
ligand exchange, electrostatic interaction, hydrogen bonding, and coordination
complexation, the LAM-3 composite had a maximum adsorption capacity of 130.87
mg/g, which was higher than those of natural MMT and some previously reported
adsorbents. More importantly, the use of the LAM-3 composite reduced the fluoride
concentration in real acidic phosphogypsum flotation wastewater from 100.62 to 4.96

mg/L, achieving its deep removal.
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Overall, the fluorine-spillover reagent and natural silicate mineral-based
composites developed in this thesis exhibited excellent performance in the efficient
recovery of fluorine from WPA and the deep removal of fluoride from associated acidic
phosphate chemical wastewater. These findings provided valuable insights into the
efficient separation of fluoride from WPA and the associated acidic phosphoric
chemical wastewater. This work provides effective support for the sustainable and green
development of the phosphoric and fluorochemical industries, while also contributing

to environmental protection.
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Appendix II. Experimental data

Table II.1 Effect of SP dosage on the fluorine contents of AS, WPA, and DS and

fluorine recovery.

SP dosage Fluorine contents | Fluorine contents | Fluorine contents Fluorine
(g/100 g WPA) of AS (wt%) of WPA (wt%) of DS (wt%) recovery (%)
0.00 0.15 0.39 7.62 50.05
0.25 0.22 0.37 4.53 72.26
0.50 0.25 0.29 3.21 81.13
0.75 0.18 0.32 6.62 59.32
1.00 0.17 0.34 7.08 56.42

Table I1.2 Effect of stirring speed on the fluorine contents of AS, WPA, and DS and

fluorine recovery.

Stirring speed | Fluorine contents | Fluorine contents | Fluorine contents Fluorine
(r/min) of AS (wt%) of WPA (wt%) of DS (wt%) recovery (%)
1200 0.16 0.35 10.30 50.91
1500 0.18 0.33 8.44 57.29
1800 0.25 0.29 3.21 81.13
2100 0.246 0.295 3.14 80.50
2400 0.249 0.289 2.85 81.60

Table I1.3 Effect of concentration temperature on the fluorine contents of AS, WPA,

and DS and fluorine recovery.

Concentration | Fluorine contents | Fluorine contents | Fluorine contents Fluorine
temperature (°C) of AS (wt%) of WPA (wt%) of DS (wt%) recovery (%)
90 0.19 0.38 7.30 58.01
105 0.21 0.36 6.51 65.81
120 0.22 0.33 6.10 68.78
135 0.24 0.30 4.56 73.07
150 0.25 0.29 3.21 81.13
114

Separation of fluoride from wet-process phosphoric acid and associated wastewater




M. en C. Yingxin Chen

Table 11.4 Effect of initial mass of absorptive water on the fluorine contents of AS,

WPA, and DS and fluorine recovery.

Fluorine Fluorine Fluorine
initial mass of Fluorine
contents of AS contents of contents of DS
absorptive water (g) recovery (%)
(wt%) WPA (wt%) (wt%)
50 0.48 0.284 3.47 60.08
100 0.36 0.277 3.85 68.21
150 0.29 0.286 3.62 76.62
200 0.25 0.293 321 81.13
300 0.18 0.287 3.52 81.29

Table I1.5 Effect of initial pH on fluoride adsorption performance of the La/D

composite, and the LAM-3 composite.

Adsorption capacity (mg/g)
pit La/D composite LAM-3 composite -
1 121.71 113.49 -
2 124.36 114.43 -
3 129.28 117.87 -
4 39.43 51.41 -
5 25.96 3543 -
6 - 37.76 -
7 - 40.91 -
8 - 39.75 -
9 - 38.42 -
10 - 29.89 -

Table I1.6 Effect of coexisting ions on fluoride adsorption performance of the La/D

composite.
Adsorption capacity (mg/g)
Coexisting ions
0 mg/L 10 mg/L 25 mg/L 50 mg/L
Cr 129.28 128.67 124.15 119.92
SO4* 129.28 121.10 120.29 117.83
PO4* 129.28 114.62 112.24 109.17
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Table IL1.7 Effect of coexisting ions on fluoride adsorption performance of the LAM-3

composite.
Adsorption capacity (mg/g)
Coexisting ions
0 mg/L 10 mg/L 25 mg/L 50 mg/L
Cr 117.87 115.62 114.02 112.68

SO4*> 117.87 117.44 116.37 114.02
HCO5 117.87 113.65 109.95 107.18
COs™ 117.87 107.73 107.80 101.71
PO,* 117.87 107.54 106.97 102.24

Table I1.8 Adsorption kinetics of fluoride on the La/D composite, and the LAM-3

composite.
Adsorption capacity (mg/g)
Time (min)

La/D composite LAM-3 composite -

0 0 0 -
5 48.24 64.54 -
10 62.47 82.30 -
15 68.02 87.33 -
30 80.79 94.03 -
60 99.83 100.95 -
120 112.26 104.30 -
180 117.34 107.97 -
300 125.01 109.70 -
480 127.19 111.84 -
720 129.28 117.87 -

Table I1.9 Adsorption isotherms of fluoride on the La/D composite and the LAM-3

composite.

Adsorption capacity (mg/g)

Initial concentration
La/D composite LAM-3 composite
(mg/L)
25°C 35°C 45°C 25°C 35°C 45°C
10 19.58 18.52 18.08 17.02 15.12 12.99
25 49.05 43.28 40.90 45.68 45.06 42.01
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50 85.70 74.10 69.13 79.76 76.40 74.82
100 129.28 110.00 98.43 117.87 107.36 100.37
150 131.89 118.67 111.87 - - -

200 134.87 120.72 115.57 128.07 112.95 106.00
300 - - - 132.99 116.87 110.25

Table I1.10 Regeneration performance of the La/D composite and the LAM-3

composite.
Regeneration efficiency (%)
Cycle numbers
La/D composite LAM-3 composite -
1 94.97 96.77 -
2 85.74 89.20 -
3 78.66 82.70 -
4 73.46 78.61 -

Table I1.11 Effect of the La/D composite and the LAM-3 composite dosage on

fluoride ge and R in real acidic phosphogypsum wastewater.

La/D composite LAM-3 composite -
Dosage (g/L)

qe (mg/g) R (%) qe (mg/g) R (%) - -
0.25 62.03 22.00 160.30 39.83 - -
0.50 53.17 37.72 106.53 52.94 - -
1.00 39.16 55.56 83.67 62.37 - -
1.50 35.15 74.81 75.08 74.62 - -
2.00 29.53 83.78 56.51 84.24 - -
2.50 25.90 91.87 46.33 92.09 - -
3.00 22.22 94.56 38.26 95.07 - -
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