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Abstract

Phosphate tailings (PTs), a solid waste generated from phosphate flotation, are a low-
grade phosphate resource rich in quartz and dolomite. Their long-term accumulation
leads to both resource loss and environmental risks, making valorization increasingly im-
portant for the sustainable development of the phosphorus chemical industry. In this
study, calcareous-magnesian PTs were used as raw materials, and selective hydrothermal
leaching with weakly acidic AICIs solution was employed to separate the dolomite phase
and directly construct a Ca-Mg-Al precursor solution for layered double hydroxides
(LDHs). The LDHs were subsequently synthesized by co-precipitation and evaluated for
phosphate removal from wastewater. The results showed that the precipitation pH mark-
edly affected the phase composition and platelet morphology of the LDHs, while appro-
priate aging conditions further improved their adsorption performance. Under the opti-
mal conditions of pH 12, aging at 40 °C for 2 h, the obtained LDHs exhibited the best
phosphate uptake. Adsorption kinetics followed the pseudo-second-order model, and the
maximum adsorption capacity calculated from the Langmuir model reached 38.61 mg-
P/g. Characterization by XRD, FTIR, TG-DTA, point of zero charge, and XPS indicated
that phosphate removal was dominated by surface complexation, accompanied by anion
exchange, ionic precipitation, and electrostatic attraction.

Keywords: phosphate tailings; Ca-Mg-Al layered double hydroxides; selective leaching;
phosphate adsorption; wastewater treatment

1. Introduction

Excessive phosphate in water bodies is a major cause of eutrophication. The migra-
tion and transformation of phosphorus between lake water and sediments continuously
affect water nutrient levels and algal growth processes [1]. Under hypoxic or anaerobic
conditions, endogenous phosphorus release from sediments can be significantly intensi-
fied, further exacerbating the risk of lake eutrophication [2]. Recent studies have demon-
strated that controlling sediment phosphorus release and enhancing phosphorus immo-
bilization capacity in eutrophic lakes are critical strategies for mitigating internal phos-
phorus loading [3]. Among various phosphorus removal technologies, adsorption has
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become a research focus in phosphorus removal and recovery owing to its operational
simplicity, high efficiency, relatively low cost, and broad applicability [4]. Nevertheless,
the practical application of adsorbents remains constrained by factors such as adsorption
capacity, selectivity, regenerability, and preparation cost [5]. Consequently, developing
adsorbents that are derived from abundant and inexpensive sources while possessing sta-
ble phosphate immobilization capacity is of great significance for both aquatic phospho-
rus pollution control and phosphorus resource recycling [6,7].

Phosphate rock is a vital raw material for phosphate fertilizer production, phospho-
rus-based chemical industries, and emerging energy materials. Its mining and beneficia-
tion inevitably generate large quantities of Phosphate tailings (PTs). Approximately 0.44
tons of tailings are produced per ton of phosphate concentrate, and China generates
nearly 10 million tons of PTs annually, with an overall utilization rate of only about 18%
[8]. As high-grade phosphate ores are preferentially exploited, the proportion of tailings
generated continues to increase, rendering their resource utilization a critical bottleneck
constraining the green development of the phosphorus chemical industry. PTs typically
comprise dolomite, calcite, quartz, fluorapatite, and minor iron and aluminum-bearing
minerals. Prolonged stockpiling not only occupies extensive land resources but may also
trigger fugitive dust emissions, soil and water contamination, tailings dam failure risks,
and potential ecological hazards [9]. Currently, the comprehensive utilization of PTs
mainly encompasses construction material preparation, backfilling, fertilizer production,
and valuable element recovery [10,11]. Although these approaches can partially consume
tailings, some pathways offer limited added value and fall short in the targeted transfor-
mation of valuable components such as Ca, Mg, and residual P in the tailings. Therefore,
exploring efficient separation and functional utilization pathways for valuable compo-
nents in PTs is of considerable importance for achieving their volume reduction, resource
recovery, and high-value valorization [12].

Layered double hydroxides (LDHs) are a class of two-dimensional layered materials
with hydrotalcite-like structures, generally represented by the formula [M 7, M}’
(OH)2]*(A™)xn'yH20, where M?* and M?* denote divalent and trivalent metal cations
(commonly Ca?, Mg?, Fe*, and Al%*), and A represents interlayer exchangeable anions
[13]. Owing to their excellent anion exchange capacity, high specific surface area, favora-
ble thermal stability, and tunable performance achievable through the regulation of metal
cation composition and interlayer anion species, LDHs have demonstrated promising ap-
plication prospects for the removal of phosphate and other oxyanion pollutants [14-16].
In recent years, increasing research efforts have been devoted to preparing LDH-based
adsorbents from industrial solid wastes such as blast furnace slag, fly ash, and aluminum
dross, which not only reduces material preparation costs but also opens new avenues for
solid waste valorization [15-17]. Notably, certain PTs are enriched in Ca and Mg, present-
ing inherent raw material characteristics favorable for synthesizing Ca-Mg-based LDHs.

In this study, based on the mineralogical composition of calcareous-magnesian PTs,
the weakly acidic conditions generated by AICls hydrolysis were exploited to achieve
highly selective leaching of the dolomite phase while suppressing the dissolution of fluo-
rapatite and quartz, thereby simultaneously establishing a Ca-Mg-Al precursor solution
system. The leachate was subsequently converted into Ca-Mg-Al LDHs via co-precipita-
tion, and the effects of synthesis parameters on the LDH structure and phosphate removal
performance were systematically investigated to identify optimal preparation conditions.
Furthermore, the phosphate adsorption performance and removal mechanisms of the re-
sulting LDHs were comprehensively evaluated through adsorption kinetics, isotherm
modeling, and multiple characterization techniques, aiming to provide theoretical in-
sights and technical references for the high-value utilization of PTs and the treatment of
phosphorus-laden wastewater.
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2. Materials and Methods
2.1. Materials
2.1.1. Chemical Reagents

PTs used in this study were collected from Yunnan, China. Before use, the PTs were
dried at 110 °C for 5 h to remove surface moisture. Anhydrous aluminum chloride (AlCls)
was purchased from Shanghai Macklin Biochemical Co., Ltd. The phosphorus standard
solution was obtained from the National Center of Analysis and Testing for Nonferrous
Metals and Electronic Materials. Hydrochloric acid (HCI) was supplied by Xilong Scien-
tific Co., Ltd. (Shantou, China), and sodium hydroxide (NaOH) was purchased from
Rhawn Reagent (Shanghai, China). All chemicals used were of analytical grade, and de-
ionized water was used throughout the experiments. PTs used in this study were collected
from a phosphate mining enterprise in Yunnan, China. Before use, the PTs were dried at
110 °C for 5 h to remove surface moisture. Anhydrous aluminum chloride (AlCls) and
sodium hydroxide (NaOH) were purchased from Rhawn Reagent. The phosphorus stand-
ard solution was obtained from the National Center of Analysis and Testing for Nonfer-
rous Metals and Electronic Materials (Beijing, China). Hydrochloric acid (HCI) was sup-
plied by Xilong Scientific Co., Ltd. All chemicals used were of analytical grade, and de-
ionized water was used throughout the experiments.

2.1.2. Mineralogical Analysis of PTs

The mineralogical characteristics of the PTs are shown in Figure 1. Based on the X-
ray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), and scanning electron mi-
croscopy coupled with energy-dispersive spectroscopy (SEM-EDS) mapping results, the
PTs were mainly composed of dolomite (CaMg(CQOs)2), fluorapatite (Cas(POs)sF), and
quartz (SiOz). The XRD pattern indicated that dolomite was the dominant crystalline
phase in the PTs, whereas fluorapatite and quartz were present in relatively small
amounts. The XRF results (Table 1) showed that the contents of CaO, MgO, SiOz, P20s,
and F in the PTs were 36.96%, 11.38%, 5.06%, 4.52%, and 0.37%, respectively, with a loss
on ignition (LOI) of 36.90%. Without considering the influence of trace elements, the total
mass fraction of CaCOs and MgCO:s in the PTs was calculated to be 79.47 wt% based on
the mass conservation relationship between the total oxide content of the phosphate tail-
ings and the oxide content of each mineral phase [18].

Table 1. Chemical composition of Phosphate tailings (PTs).

Composition CaO MgO SiO: P:0s SOs Fe20s Al:Os F LOI (%)
wt. % 36.96 11.38 5.06 452 249 092 073 0.37 36.90

1 LOL loss on ignition. The LOI value was tested at 950 °C.

The morphology and elemental distribution of the PTs are shown in Figure 2. As
shown in Figure 2a—c, the PTs particles exhibited irregular fragmental morphologies, with
fine and coarse particles cemented together. The EDS mapping results showed that the
larger mineral particles in Figure 2d,e were mainly dolomite. Mg was primarily enriched
in dolomite, P and F were mainly associated with fluorapatite, and Si was concentrated in
quartz, while Ca was distributed in both dolomite and fluorapatite. These results indicate
that the liberation degree of apatite was relatively low, and apatite was commonly encap-
sulated by or intergrown with dolomite and quartz [12].
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Figure 1. XRD pattern of Phosphate tailings (PTs).
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Figure 2. SEM (a—c) and EDS (d,e) analysis of PTs.
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2.2. Synthesis of Ca-Mg-Al LDHs from PTs

The PTs used in this study were collected from a phosphate mining enterprise in
Yunnan Province, China. Prior to synthesis, the PTs were ball-milled to a particle size of
less than 200 mesh. Subsequently, LDHs were prepared via a hydrothermal-assisted
leaching-coprecipitation method [19]. Specifically, 2.5000 g of PTs was weighed and
placed in a Teflon-lined stainless-steel autoclave (Jiangsu Taifulong Anticorrosive Equip-
ment Co., Ltd., Taixing, Jiangsu, China), followed by the addition of an AICIs solution
with a specified concentration. The mixture was then subjected to hydrothermal treatment
at 200 °C for 6 h. After the reaction, the autoclave was naturally cooled to room tempera-
ture, and the leachate containing Ca, Mg, and Al metal ions was obtained by solid-liquid
separation.

Subsequently, 2 mol/L NaOH solution was added dropwise to the leachate under
continuous stirring to adjust the system pH to the predetermined value. The resulting
suspension was further aged at the specified temperature for a certain period to promote
the formation and structural development of the LDH crystalline phase. After aging, the
product was filtered and repeatedly washed with deionized water to remove residual ions.
Finally, the obtained solid was dried overnight at 80 °C and ground into powder for sub-
sequent phosphate adsorption tests and material characterization. The preparation proce-
dure of the LDHs is illustrated in Figure 3, and the detailed synthesis conditions are listed
in Table 2.

PTs
Filtration 7 2 mol/L NaOH > 0-80°C
+ —) —) ——
_ 200°C6h Aging
Ca-Mg-Al LDHs
% Leachate LDHs Suspension
AIC,
Figure 3. Schematic illustration of the synthesis process of LDHs.
Table 2. Operational parameters for LDHs synthesis.
Conditions pH Temperature (°C)  Aging Time (h)
Effect of pH 9,10,11, 12,13 40 2
Effect of temperature 12 0, 20, 40, 60, 80 2
Effect of aging time 12 40 0,1,2,4,8

2.3. Adsorption Experiments

Phosphate adsorption experiments were conducted at room temperature with a stir-
ring rate of 500 r/min. To evaluate the phosphate adsorption behavior of Ca-Mg-Al LDHs,
adsorption kinetic and isothermal adsorption experiments were carried out separately,
and the phosphate immobilization mechanism was further analyzed in combination with
subsequent characterization results.

For the kinetic experiments, 0.0500 g of the synthesized LDHs was added to 40 mL
of phosphate solution with an initial phosphorus concentration of 50 mg/L. Samples were
collected at predetermined time intervals of 2, 10, 20, 30, 60, 90, 120, 150, 180, 210, and 240
min to investigate the variation in adsorption capacity with contact time.

For the isothermal adsorption experiments, 0.1000 g of the synthesized LDHs was
added to 40 mL of phosphate solutions with initial phosphorus concentrations of 2, 5, 10,
20, 40, 60, 80, 100, 150, and 200 mg/L until adsorption equilibrium was reached, in order

https://doi.org/10.3390/separations13070186


https://doi.org/10.3390/separations13070186

Separations 2026, 13, 186

6 of 21

to evaluate the equilibrium adsorption performance of the material under different initial
concentration conditions.

After the reaction, the suspension was filtered through a 0.45 um membrane, and the
residual phosphorus concentration in the filtrate was determined using a UV-vis spectro-
photometer (NB-T9, Yipu Instrument Manufacturing Co., Ltd., Shanghai, China). The
phosphorus adsorption capacity and removal efficiency of the LDHs were calculated ac-
cording to Equation (1) and Equation (2), respectively:

_ (G-CyxV
e m

(D

CO_CE

Co

R = x 100% (2)
where C, and C, (mg/L) are the initial and equilibrium concentrations of phosphorus in
the solution, respectively; m (g) is the mass of the adsorbent; and V (L) is the volume of
the solution.

2.4. Characterization and Analytical Methods

The chemical composition of the PTs was analyzed by X-ray fluorescence spectros-
copy (XRF, XRF-1800, Shimadzu Corporation, Kyoto, Japan). The elemental contents of
the LDHs were determined using an inductively coupled plasma optical emission spec-
trometer (ICP-OES, ICPOES-9820, Shimadzu Corporation, Kyoto, Japan). The phase struc-
ture of the products was characterized by X-ray diffraction (XRD, SmartLab SE, Rigaku
Corporation, Tokyo, Japan). The morphology and elemental distribution of the samples
were observed using scanning electron microscopy coupled with energy-dispersive spec-
troscopy (SEM-EDS, Sigma 300, Carl Zeiss Microscopy GmbH, Jena, Germany). The sur-
face functional groups of the samples were determined by Fourier transform infrared
spectroscopy (FTIR; Nicolet iS20, Thermo Fisher Scientific Inc., Waltham, MA, USA) in
the wavenumber range of 4000-400 cm'. The point of zero charge (pHrzc) of the LDHs
was determined using the pH drift method with a pH meter (PHS-3C, Shanghai INESA
Scientific Instrument Co., Ltd., Shanghai, China). Thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) were performed using a simultaneous thermal ana-
lyzer (STA 449 F5, NETZSCH-Gerédtebau GmbH, Selb, Germany) to evaluate the thermal
stability at a heating rate of 5 °C/min under a nitrogen atmosphere. The surface elemental
composition and chemical states of the samples before and after phosphate adsorption
were analyzed by X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher Scien-
tific Inc.,, Waltham, MA, USA), and the binding energies were calibrated using the C 1s
peak at 284.8 eV.

3. Results and Discussion
3.1. Synthesis Process Optimization of Ca-Mg-Al LDHs
3.1.1. Characteristics of the Ca-Mg-Al LDHs Precursor Solution

Based on preliminary experimental investigations, the optimal hydrothermal leach-
ing conditions were determined as follows: hydrothermal temperature of 200 °C, reaction
time of 6 h, AlCls solution concentration of 0.35 mol/L, and liquid-to-solid ratio of 24 mL/g.
Under these conditions, the dolomite phase in the PTs was efficiently decomposed while
the fluorapatite phase exhibited minimal dissolution, yielding a leachate enriched in Ca,
Mg, and Al with a low P content, which served as the precursor solution for Ca-Mg-Al
LDHs synthesis. The elemental concentrations in the precursor solution and the leaching
rates of Ca, Mg, and P are summarized in Table 3. The results indicated that the leaching
rates of Ca, Mg, and P were 77.87%, 99.69%, and 7.53%, respectively, with 34% of Al
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remaining in the liquid phase. The solution pH was 2.84, confirming an acidic environ-
ment suitable for subsequent co-precipitation of LDHs.

Table 3. Elemental contents of the precursor solution for Ca-Mg-Al LDH synthesis.

Composition Ca Mg Al P
Concentration (mg/L) 8915 4385 3298 68
Leaching efficiency (%) 77.87 99.69 34.48 7.53

3.1.2. Effect of Synthesis pH

The pH of the reaction system is a critical factor governing LDHs synthesis. This sec-
tion first examines the influence of solution pH on the crystal structure, elemental compo-
sition, and phosphate removal performance of Ca-Mg-Al LDHs. Previous studies by Guo
and Bader Bouzar et al. [20,21] have demonstrated that under relatively low pH conditions,
Mg?* precipitates preferentially over Ca?, while Ca? remains in the dissolved state and
Al partially substitutes for Mg?* in the brucite-like layers through isomorphous replace-
ment, resulting in the predominant formation of Mg-Al LDHs. Ca* commences precipi-
tation only when the pH exceeds 10. Figure 4a presents the XRD patterns of samples syn-
thesized at different pH values. At pH = 9-11, symmetric characteristic diffraction peaks
appeared at approximately 20 = 11° and 22°, accompanied by broad and weak reflections
near 38°, 60°, and 61°, corresponding to the (003), (006), (015), (110), and (113) planes of
LDHs, respectively. These patterns exhibit typical LDH diffraction features, confirming
the successful synthesis of LDH materials. However, detailed XRD analysis revealed that
the products synthesized within this pH range more closely matched the structural char-
acteristics of Mgo.sssAlo.1e7(OH)2(COs)o.s33(H20)0.75. Table 4 summarizes the major elemental
compositions of LDHs synthesized at different pH values. With increasing solution pH,
the Ca content in the LDHs samples progressively increased. At9 <pH <11, the Ca content
remained below 1%, and the predominant phase was identified as Mg-Al-COs hy-
drotalcite, indicating that Ca?* could hardly participate in LDHs formation under these
conditions. When the pH was elevated to 12 and 13, the Ca content in the samples in-
creased substantially to 6.13% and 11.67%, respectively, confirming that a higher pH en-
vironment facilitates Ca?* precipitation and its incorporation into the LDH layers. XRD
analysis further indicated that at pH > 12, the primary phases consisted of a mixture of
Ca-Al-COs/Cl and Mg-Al-COs/Cl hydrotalcite-like compounds. Nevertheless, as the pH
continued to rise, a minor amount of CaCOs impurity was detected in the dried LDH sam-
ples prepared at excessively high pH. An overly alkaline environment promotes the pref-
erential precipitation of Ca?* as Ca(OH)z, which is unfavorable for the effective incorpora-
tion of Ca into the LDH layer structure, while also complicating sample washing and re-
sulting in wasteful consumption of Ca?. Meanwhile, as shown in Figure 4b, the sample
synthesized at pH = 12 exhibited the highest phosphate adsorption capacity and removal
efficiency, reaching 19.59 mg-P/g and 98.47%, respectively. Based on these findings, the
optimal synthesis pH was determined to be 12. It is generally recognized that for phase-
pure LDHs, the molar ratio of M3/(M3 + M%), denoted as the x value in the general for-
mula, typically falls within the range of 0.17-0.33. The Ca-Mg-Al LDHs synthesized under
the optimal conditions exhibited an x value of 0.29, which satisfies this criterion and en-
sures the formation of coexisting Ca-Al and Mg-Al LDH phases.
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Figure 4. (a) XRD patterns and (b) phosphate removal efficiency of Ca-Mg-Al LDHs synthesized at

different pH values.

The micromorphologies of samples synthesized at different pH values are shown in
Figure 5a—f. It can be clearly observed that at pH =9, 10, 11, and 13, the LDHs samples
exhibited severe agglomeration. In contrast, at pH = 12, the LDH nanosheets displayed
well-defined lamellar structures with discernible interlayer voids, an interlocking and

stacking arrangement, and clearly delineated edges without apparent agglomeration [22],

suggesting that this pH condition is conducive to the nucleation and growth of LDH

nanosheets. EDS elemental mapping analysis (Figure 5i-n) confirmed the uniform distri-

bution of Mg, Al, Ca, and Cl throughout the sample. A trace amount of P was also detected

within the LDHs structure, exhibiting a relatively homogeneous distribution.

Table 4. Elemental composition of LDHs synthesized at different pH values.

Elemental Composition (%)

pH Ca Mg Al P X
9 0.28 18.72 13.87 0.37 0.40
10 0.79 21.80 11.93 0.33 0.33
11 0.86 20.98 1091 0.30 0.31
12 6.13 21.10 11.25 0.35 0.29
13 11.67 16.65 9.57 0.22 0.27
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Elemen wt%
(0] 61.69
Mg 23.33
Al 12.25
Cl 1.15

Ca 1.44
P 0.15
Totals 100

Figure 5. (a-f) SEM images of the samples prepared at pH 9-13, with panel (e) showing a higher-
magnification image of the sample prepared at pH 12; (g-n) SEM-EDS results and elemental map-
pings of the sample prepared at pH 12, where (g) is the SEM image, (h) is the EDS spectrum, and
(i-n) represent the mappings of Ca, Mg, Al, O, P, and Cl, respectively.
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3.1.3. Effect of Aging Temperature

The influence of aging temperature (0-80 °C) on the crystallographic properties and
phosphate removal performance of LDHs was investigated. Figure 6a presents the XRD
patterns of samples crystallized at different aging temperatures, while Figure 6b displays
the corresponding phosphate adsorption capacities and removal efficiencies. At 0 °C and
20 °C, only the characteristic diffraction peaks of the Mg-Al LDH phase were observed,
with no discernible reflections attributable to the Ca-Al LDH phase. In contrast, samples
aged at 40, 60, and 80 °C exhibited well-resolved diffraction peaks indicative of the coex-
istence of both Ca-Al LDH and Mg-Al LDH phases. Notably, the diffraction peaks of sam-
ples prepared at 0 °C and 20 °C were relatively broad with low intensities, suggesting that
these temperatures are insufficient to promote adequate crystallization of LDHs or the
formation of the Ca-Al LDH phase, which corresponded to comparatively low phosphate
adsorption capacities of approximately 14.40 and 15.97 mg-P/g, respectively. At 40 °C, the
characteristic diffraction peaks became notably sharper and more intense, particularly the
reflection near 20 = 11° as well as those at approximately 22°, 23°, 31° and 38°, indicating
that 40 °C represents the most favorable temperature for the synergistic formation of both
Ca-Al and Mg-Al LDH phases. Consistent with this observation, the sample aged at 40 °C
exhibited the highest phosphate removal performance, achieving an equilibrium adsorp-
tion capacity of 19.72 mg-P/g and a removal efficiency of 99.07%. When the aging temper-
ature was further increased to 60 °C and 80 °C, the diffraction peaks remained well-de-
fined; however, the adsorption capacity decreased slightly, suggesting that excessive crys-
tallization may reduce the accessibility of active adsorption sites. Based on these findings,
with all other synthesis parameters held constant, 40 °C was identified as the optimal ag-
ing temperature that achieves an effective balance between the degree of crystallinity of
Ca-Mg-Al LDHs and their phosphate removal performance.

b
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Figure 6. (a) XRD patterns and (b) phosphate removal performance of LDH samples synthesized at
different aging temperatures.

3.1.4. Effect of Aging Time

During the synthesis of LDHs, the aging time simultaneously influences nucleation
and crystal growth processes. As shown in Figure 7a, samples prepared under different
aging durations (0, 1, 2, 4, and 8 h) all exhibited characteristic LDH diffraction peaks, in-
dicating that a layered structure was formed under each condition. For the unaged sample
and the sample aged for 1 h, the diffraction peaks were relatively broad with low intensi-
ties, and only the characteristic reflections of the Mg-Al LDH phase were identified. Upon
extending the aging time to 2 h, characteristic peaks corresponding to both Ca-Al LDH
and Mg-Al LDH phases appeared simultaneously, exhibiting well-defined, high-intensity,
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and sharp peak profiles, particularly the reflection near 20 = 11° along with those at ap-
proximately 22°, 23°, 31° and 38°. This result demonstrates that an appropriate aging du-
ration facilitates the formation and structural ordering of both Mg-Al LDH and Ca-Al
LDH crystalline phases. When the aging time was further extended to 4 h, the intensity of
the Ca-Al LDH characteristic peaks diminished and the full width at half maximum
(FWHM) increased, with Mg-Al LDH becoming the dominant crystalline phase. This ob-
servation suggests that prolonged aging may lead to the degradation of the Ca-Al LDH
ordered structure, reduced crystallinity, or localized structural rearrangement. After ag-
ing for 8 h, no characteristic peaks of Ca-Al LDH were detected; however, the formation
of CaCOs was observed in the sample. The phosphate adsorption performance of samples
prepared at different aging times is presented in Figure 7b. The adsorption capacity and
removal efficiency reached their maximum values at an aging time of 2 h, corresponding
to 19.58 mg-P/g and 98.13%, respectively. At aging times of 4 and 8 h, the adsorption per-
formance declined slightly. Based on these results, 2 h was identified as the optimal aging

time.
(a) (b)
. 2 PDF#78-2051 CagAL(OH),,(CO,)CL(H,0), ((H,0), 20k . J 100
A~ PDF#89-0461 Mgy Al 157 (OH),(CO ), 050(H,0)g 75 —
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Figure 7. (a) The XRD patterns and (b) phosphate removal performance of LDH samples as a func-
tion of aging time.

3.2. Adsorption Isotherms and Kinetics

Adsorption isotherms are mathematical models that describe the distribution of the
adsorbate species among the liquid and adsorbent based on a set of assumptions that are
mainly related to the heteroge-neity/homogeneity of adsorbents, the type of coverage and
the possi-bility of interaction between the adsorbate species [23]. Langmuir (Equation (3))
and the Freundlich (Equation (4)) equations are commonly used to describe the adsorp-
tion equilibrium. The Langmuir model assumes monolayer adsorption on a homogeneous
surface with no interactions between the adsorbed molecules; while the Freundlich model
is an empirical equation, which is often used to describe chemisorption on a heterogene-
ous surface [24].

AmKLCe

9e = 1+K[Ce ®)

1

qe = KiC} @
where g, (mgg™) is the equilibrium adsorption amount at the equilibrium concentration
of C, (mgL™"); q,, (mg g™) is the maximum capacity of the adsorbent; Kr (mg L) is the

Langmuir constant; Kr is the Freundlich constant; # is the Freundlich affinity coefficient.
As illustrated in Figure 8a, the equilibrium adsorption capacity of LDHs for phos-
phate gradually increases with increasing equilibrium phosphate concentration and sub-
sequently approaches a plateau at higher concentration levels, indicating a characteristic
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saturation tendency. This behavior suggests that, within the low-concentration range,
abundant accessible active sites are available on the LDHs surface, allowing phosphate to
be rapidly captured. As the equilibrium concentration further increases, however, these
active sites become progressively occupied, resulting in a diminished increase in adsorp-
tion capacity.

(a)so (b) 2
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Figure 8. (a) Phosphate adsorption isotherms fitted by the Langmuir and Freundlich models; (b-d)
adsorption kinetics fitted by the (b) pseudo-first-order, (c) pseudo-second-order, and (d) intraparti-
cle diffusion models for phosphate removal by Ca-Mg-Al LDHs.

The fitting parameters obtained from the experimental data for the two models are
presented in Table 5. Comparing the coefficients of determination (R?) listed in Table 5, it
can be concluded that the phosphate adsorption process fits better to the Langmuir model
with R?=0.9828.

Table 5. Fitting parameters of the adsorption isotherm models.

Langmuir Freundlich
Sample
qm (mg/g) Ki (L/mg) R? Kr 1/n R?
LDHs 38.61 0.2776 0.9828 11.5415 0.2863 0.9155

This result indicates that phosphate adsorption is generally closer to a monolayer
adsorption process governed by a finite number of active sites [25]. The theoretical maxi-
mum adsorption capacity calculated from the Langmuir model is 38.61 mg-P/g,
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demonstrating the appreciable phosphate uptake capability of the Ca-Mg-Al LDHs.
Meanwhile, the Freundlich constant of 1/n is 0.2863, which is lower than 1, indicating that
the adsorption process is favorable. This value also suggests the presence of surface-site
heterogeneity, which may be associated with the multi-metal composition, layered archi-
tecture, and surface defects of the Ca-Mg-Al LDHs [26]. Overall, phosphate adsorption by
Ca-Mg-Al LDHs exhibits both the finite-site and saturation characteristics described by
the Langmuir model, as well as a certain degree of surface heterogeneity. These results
suggest that the adsorption process is jointly influenced by active-site occupation, surface
complexation, and anion exchange.

To identify the rate-controlling step of phosphate adsorption, the effect of contact
time on phosphate removal by Ca-Mg-Al LDHs was investigated. As shown in Figure 8b,c,
the phosphate adsorption capacity increased rapidly within the first 30 min, with more
than 50% of phosphate removed during the initial 10 min, indicating the presence of abun-
dant, readily available active sites on the material surface [27].

To identify the correct mechanism of phosphate adsorption by LDHs, four mathe-
matical models were employed: pseudo-first-order (Equation (5)),pseudo-second-order
(Equation (6)), Elovich (Equation (7)) and intraparticle diffusion (Equation (8)) models that
are represented by the following equations [28-30]:

q = qe(1—e71f) ®)
g = ©)

ge = 5 (n(apt +1)) 7)
qr = kqt®5+C ®)

where q; and g, are the phosphate adsorption capacities at time t and at equilibrium,
respectively (mg-P g); k; (min™), k, (g mg”' min™), and k; (mg g min05) are the rate
constants of the pseudo-first-order, pseudo-second-order, and intraparticle diffusion
models, respectively; a is the initial adsorption rate (mg g);and g is the desorption con-
stant (g mg™); and C is a constant in the intraparticle diffusion equation, corresponding to
the thickness of the boundary layer.

As summarized in Table 6, the pseudo-second-order kinetic model provides a better
fit to the experimental data, with a higher correlation coefficient (R2 = 0.9917) than that of
the pseudo-first-order model (R? = 0.9429)and the Elovich model (R? = 0.8955). This result
indicates that phosphate adsorption onto Ca-Mg-Al LDHs follows pseudo-second-order
kinetic behavior more closely. Accordingly, the adsorption rate is likely associated with
the occupation of surface-active sites and interfacial chemical interactions, suggesting that
phosphate removal may involve surface complexation, ligand exchange, and chemical im-
mobilization mediated by metal sites. This finding is consistent with previous studies re-
porting that phosphate adsorption on LDH-based materials is commonly well described
by the pseudo-second-order kinetic model [26,31].

In order to investigate whether any intra-particle diffusion is a rate-limiting factor in
the adsorption process, the intraparticle diffusion model was taken into account. If the
intraparticle diffusion is rate-limited, the plot of g, vs. t/2 would be linear; the slope of
the linearized plot characterizes the rate parameter of intra-particle diffusion, while the
intercept is proportional to the thickness of the boundary layer [32]. As seen in Figure 8d,
the plot is not linear over the entire time range and shows more than one linear portion,
suggesting a multi-step process. Each step is identified by a change in the slope of the
linear line, which is used to fit the experimental data. Thus three linear regions are iden-
tified: (a) the first region is attributed to the diffusion of phosphate through the solution
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to the external surface of the LDHs, (b) the second region describes the gradual adsorption
stage in which the intraparticle diffusion is the rate limiting step, and (c) the third region
is attributed to the final equilibrium stage where intraparticle diffusion starts to slow
down due to low phosphate in the solution [33,34]. These results suggest that phosphate
adsorption by Ca-Mg-Al LDHs is controlled by a combination of external film diffusion,
intraparticle diffusion, and interfacial chemical interactions rather than by a single diffu-
sion process.

Table 6. Fitting parameters of the adsorption kinetic models for phosphate adsorption by LDHs.

Model Parameters
k1 0.0812
Pseudo-first-order kinetic model ge (mg/g) 18.9223
R? 0.9429
k2 6.45 x 107
Pseudo-second-order kinetic model ge(mg/g) 19.8080
R2 0.9917
a 34.5328
Elovich B 0.4042
R2 0.8955
ks 2.0397
Stepl Cs 4.6506
R2 0.9983
ka 0.5064
Intra-particle diffusion model Step2 Cs 13.0630
R2 0.9997
ks 0.1593
Step3 Cs 16.8090
R2 0.9520

3.3. Phosphate Adsorption Mechanism

To elucidate the phosphate removal mechanism of Ca-Mg-Al LDHs, the crystal struc-
ture, functional groups, thermal stability, point of zero charge (pHrzc), and surface chem-
ical states before and after adsorption were comparatively analyzed, alongside solution
pH evolution and phosphate speciation. The results are presented in Figures 9 and 10. The
XRD patterns (Figure 9a) confirmed that characteristic diffraction peaks of the (003), (006),
(012), (015), (110), and (113) planes were retained after phosphate adsorption with no ap-
preciable peak shift or the full width at half maximum (FWHM) broadening, indicating
that the layered structure remained intact without interlayer expansion [35]. The absence
of new crystalline phases suggests that anion exchange was not the predominant mecha-
nism and that phosphate removal occurred primarily through surface complexation [36].
FTIR analysis (Figure 9b) revealed that the CO; antisymmetric stretching band at 1360.20
cm! weakened and shifted slightly to 1363.10 cm™ after adsorption, indicating partial dis-
placement of carbonate by phosphate [37]. Two new peaks emerged at 1059.80 cm™ and
952.80 cm™, assigned to P-O stretching and M-O-P bonding vibrations, respectively [37,38],
providing direct spectroscopic evidence of inner-sphere complexation. The M-O and M-
OH lattice vibrations below 800.00 cm™ remained well preserved, corroborating structural
stability. TG-DTA (Figure 9c) showed that the total weight loss decreased from 50.32% to
35.94% after adsorption across three stages: dehydration (50-220 °C: 15.54% — 10.99%),
dehydroxylation (220480 °C: 25.51%— 18.73%), and interlayer anion decomposition
(480-970 °C: 9.27% — 6.22%). The reduced weight loss in the first two stages reflects
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altered hydration and hydroxyl environments due to phosphate occupation, while the
third-stage reduction is attributable to partial replacement of thermally decomposable
CI-/CO; by phosphate. Notably, the endothermic peak positions remained essentially
unchanged, confirming that phosphate modified the composition rather than the funda-
mental decomposition pathway of the LDHs framework. As shown in Figure 9g, Metal
ion dissolution monitoring revealed that Ca? and Mg?* concentrations increased rapidly
during the initial adsorption stage before stabilizing (maximum < 4 mg/L), while Al* re-
mained below 0.1 mg/L throughout, demonstrating that only limited surface dissolution
occurred without compromising the layer framework integrity. As shown in Figure 9e,
the solution pH increased progressively from 7.98 to 8.80, reaching equilibrium at approx-
imately 300 min. This elevation reflects OH- release from ligand exchange at M-OH sites.
According to the phosphate speciation diagram (Figure 9f), HPO; is the predominant
species within this pH range, establishing it as the primary adsorbate. The pHrzc (Figure
9d) decreased from 9.70 to 8.50 after adsorption (ApHrzc = —1.20). Since the working pH
(7.98) remained below pHrzc (9.70), the surface maintained a net positive charge through-
out, providing the electrostatic driving force for the HPO; approach. Critically, the sub-
stantial negative pHrzc shift constitutes definitive evidence of inner-sphere complexation,
as outer-sphere or purely electrostatic interactions cannot induce measurable pHrzc dis-
placement, and only specific adsorption through covalent M-O-P bonding can increase
the net surface negative charge density sufficiently to produce such a shift.

XPS analysis (Figure 10) provided further confirmation at the atomic level. The sur-
vey spectra (Figure 10a,b) showed the emergence of a P 2p signal with concomitant CI 2p
signal attenuation after adsorption, confirming phosphate immobilization with partial CI-
displacement [39]. High-resolution spectra (Figure 10d—f) revealed positive binding en-
ergy shifts for Ca 2ps2, Mg 1s, and Al 2p, reflecting decreased electron density at metal
sites due to coordination with electron-withdrawing phosphate groups through M-O-P
bonding [40,41]. The relatively pronounced Ca 2p shift further suggests Ca-O-P surface
complex formation or amorphous Ca-P precipitation, consistent with the absence of crys-
talline Ca-P phases in XRD [42]. The CI 2p spectrum (Figure 10g) showed negative binding
energy shifts (Cl 2ps2: 198.03 — 197.87 eV) with a marked reduction in Cl atomic content
from 2.00% to 0.73%, providing direct evidence of anion exchange [43]. The P 2p spectrum
(Figure 10h) exhibited a characteristic doublet at 133.24 eV (P 2ps2) and 134.20 eV (P 2p112)
exclusively in the post-adsorption sample, with binding energies indicative of chemically
bonded phosphate rather than physisorbed species [37]. The C 1s spectrum remained un-
changed before and after adsorption.

The removal of phosphate by Ca-Mg-Al LDHs is governed by the interplay of several
cooperative mechanisms. Based on the collective experimental evidence, the process can
be resolved into four principal pathways. At the initial stage, electrostatic attraction drives
HPO; toward the LDH surface. Because the working pH lies below the point of zero
charge (pHrzc = 9.70), the surface carries a net positive charge that promotes anion enrich-
ment at the interface. Anion exchange within the interlayer region operates concurrently,
though its contribution appears limited. XPS indicates that the Cl content drops from 2.00%
to 0.73%, while FTIR shows weakened CO; bands and TG analysis records reduced
weight loss in the high-temperature stage. These changes point to partial displacement of
interlayer Cl-and CO; by HPO; . Yet the absence of interlayer expansion in the XRD pat-
terns suggests that this pathway remains supplementary rather than dominant. The most
substantial removal proceeds through surface ligand exchange. HPO; displaces coordi-
nated surface hydroxyl groups to form inner-sphere M-O-P complexes. This interpreta-
tion is consistent with the appearance of new FTIR bands at 1059.80 and 952.80 cm™!, pos-
itive binding energy shifts for the structural metals in XPS, and a P 2p profile characteristic
of chemisorbed phosphate. In addition, the rise in solution pH indicates OH- release
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during ligand exchange, whereas the lowered pHrzc points to enhanced surface negativity
as phosphate binds to the metal centers. A fourth pathway involves Ca? released from
limited surface dissolution (<4 mg/L). This calcium reacts with HPO; to precipitate amor-
phous calcium phosphate phases on the LDH surface. The pronounced shift in the Ca 2p
peak and the absence of crystalline Ca-P reflections in XRD support this interpretation.
Overall, surface ligand exchange functions as the dominant mechanism. The presence of
Ca? introduces a precipitation pathway that conventional Mg-Al LDHs lack, and the syn-

ergy between chemisorption and precipitation accounts for the high removal capacity and
the effective, essentially irreversible immobilization of phosphate.
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Figure 9. (a) XRD patterns, (b) FTIR spectra, (c) TG-DTA profiles, and (d) pHrzc curves of LDHs
before and after phosphate adsorption; (e) variation in solution pH, (f) phosphate species distribu-

tion as a function of pH during phosphate removal by Ca-Mg-Al LDHs; (g) temporal changes in the
dissolution rates of major metal ions.
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Figure 10. XPS analysis of Ca-Mg-Al LDHs before and after phosphate adsorption: (a,b) XPS survey
spectra and surface elemental compositions before and after adsorption; high-resolution spectra of
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3.4. Comparison with Other Literature

As shown in Table 7, the phosphate adsorption capacity of the synthesized Ca-Mg-
Al-Cl/COs LDHs is comparable to that of several reported Ca-Mg-Al and Mg-Fe LDHs.
Although some modified LDHs exhibit higher adsorption capacities, these materials are
typically synthesized from high-purity chemical reagents and often require additional
modification or functionalization procedures. In contrast, the present adsorbent was pre-
pared using phosphate tailings as the primary source of Ca and Mg, providing a low-cost
and sustainable route for LDH synthesis while simultaneously promoting phosphate tail-
ings valorization. Therefore, this study provides a feasible strategy for integrating phos-
phate tailings utilization with phosphate removal from wastewater, contributing to both
sustainable resource use and environmental remediation.

Table 7. Comparison of phosphate adsorption capacities of the synthesized Ca-Mg-Al LDHs with

representative phosphate adsorbents reported in the recent literature.

Adsorbents Adsorption Conditions Initial P Concentration (mg/L) qm (mg/g) References
Ca-Al-COs LDHs pH=6,t=90min, T=30 °C 40 77.29 [41]
Ca-Al-COs-Asp LDHs pH=6,t=120 min, T =30 °C 40 185.98 [41]
Ca-Al-Cl LDHs pH=7,t=24h, T=25°C 200 125.00 [44]
Mg-Al-Cl LDHs pH=5, t=300 min, T =25 °C 500 69.75 [45]
Mg-Al-Cl/COs LDHs pH=5.6, t=5-60 min, T =25 °C 50 60-70 [40]
Ca-Mg-Al-Cl LDHs pH=8,T=25°C 50 21.48 [46]
Ca-Mg-Al LDOs pH =4, t=200~500 min, T =25 °C 33 40.66 [47]
Mg-Fe-Cl LDHs pH=7.0,t=20h, T =20~25°C 10 9.80 [6]
Ca-Mg-Al-Cl/COs LDHs pH=7.9, t =150 min, T =20-25 °C 50 38.61  This work

4. Conclusions

In this study, calcareous-magnesian PTs were used as raw materials to prepare Ca-
Mg-Al LDHs through selective hydrothermal leaching combined with co-precipitation,
and the resulting product was evaluated for phosphate adsorption from wastewater. The
main conclusions are drawn as follows:

(1) Hydrothermal leaching with AICIs solution selectively decomposed the dolomite
phase in the PTs. The leaching rates of Ca and Mg reached 77.87% and 99.69%, re-
spectively, whereas only 7.53% of P was dissolved. The obtained leachate could be
used directly as the precursor solution for LDH synthesis.

(2) The synthesis pH was the determining factor for Ca incorporation into the LDH layer
structure. Under the conditions of pH 12, aging at 40 °C for 2 h, the prepared Ca-Mg-
Al LDHs possessed good crystallinity, well-defined platelet morphology, and homo-
geneous elemental distribution.

(3) The Ca-Mg-Al LDHs exhibited a maximum phosphate adsorption capacity of 38.61
mg-P/g as fitted by the Langmuir model. The adsorption kinetics obeyed the pseudo-
second-order model, and intraparticle diffusion analysis indicated that the process
was governed by multiple mass-transfer steps.

(4) Mechanistic investigation revealed that phosphate removal was dominated by sur-
face ligand exchange, leading to M-O-P inner-sphere complexes, supplemented by
interlayer anion exchange, electrostatic attraction, and amorphous Ca-P surface pre-
cipitation. The incorporation of Ca into the ternary LDH system introduced a precip-
itation pathway that is unavailable in conventional Mg-Al LDHs, facilitating the ir-
reversible immobilization of phosphate.
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