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yered double hydroxides as
efficient sorbents for phosphorus recovery from
water

Inês D. Borges, *abc Cláudia M. Rocha, b Frederico Maia, b Carlos M. Silva ac

and Margarida J. Quina *a

The global scarcity of phosphorus and increasing concern over aquatic eutrophication are driving greater

interest in phosphorus (P) recovery from water. Emerging materials, such as Layered Double Hydroxides

(LDH) or their calcined forms, Layered Double Oxides (LDO), are gaining attention for their excellent

sorption capacity. This study aims to evaluate the performance of three different materials, a calcined

MgAl-LDO, ZnAlNO3, and its calcined product ZnAl-LDO for phosphate removal in batch conditions. The

foremost strength of this article is that the materials under studied are manufactured on a large scale,

thereby facilitating the scaling up for practical applications. The materials were characterized by X-ray

diffraction (XRD) and Fourier transform infrared (FTIR) before and after sorption. After calcination, MgAl-

LDO reacquires its initial structure when in contact with an aqueous solution due to the “memory effect”,

whereas ZnAl-LDO maintains its metal oxide state. Phosphorus removal by both calcined and non-

calcined materials followed a pseudo-second-order kinetics. The ZnAlNO3 revealed a higher removal

capacity when compared to ZnAl-LDO, which indicates that, in this case, the calcination does not

improve its sorption capacity. The equilibrium study using ZnAlNO3 demonstrated that the Langmuir

isotherm provided the best fit for the experimental data, with a maximum phosphorus loading capacity

of 84 mg g−1. Overall, ZnAlNO3 appears to be a promising sorbent for the efficient and cost-effective

removal of phosphate ions from eutrophicated water streams.
1. Introduction

Elemental phosphorus, known for 350 years, is one of the
essential chemical elements for life on Earth, and is considered
a non-renewable and irreplaceable resource, with a critical role
in agriculture production.1–3 Phosphorus is essential for all
living organisms, playing a key role in the formation of DNA and
RNA (as orthophosphate, PO4

3−), energy transfer through ATP
in living cells, and the formation of cell membranes via phos-
pholipids.1,4 Following the trend of world population growth, P
demand for agriculture (food production and biofuels) has
increased signicantly. It is estimated that in the middle of this
century, the world population will exceed nine billion, which
means that food production will have to increase by almost
30%.5 Approximately 65% of global phosphorus has been
mined in a few countries, including China, Morocco, and USA.6

Phosphate rock and phosphorus are both classied as critical
raw materials (CRM) for the European Union (EU), which
ent of Chemical Engineering, 3030-790
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heavily depends on imports. Currently, P is mainly obtained
from mining phosphate rock, and the manufacturing of
mineral fertilizers is the main application. In the phosphorus
cycle, a critical concern is related to the inefficiencies and losses
associated with phosphate fertilizer production/utilization,
which leads to the accumulation of P in water bodies, causing
eutrophication. Indeed, phosphorus concentrations above
2 mg L−1 can accelerate signicantly eutrophication
phenomena.1 The global phosphorus situation presents
a complex challenge: on one hand, excess phosphorus in water
bodies leads to eutrophication and impaired water quality. On
the other hand, there are concerns about the potential future
scarcity of phosphorus for agricultural production due to the
nite nature of phosphate rock reserves. This dual issue of local
excess and potential future scarcity highlights the need for
improved phosphorus management and resource efficiency,
with the recovery of P from wastewater as a valuable strategy.7–9

Layered Double Hydroxides (LDH) are a class of anionic clays
that have attracted interest in many elds, specically in envi-
ronmental applications in recent years. LDH exhibits a sand-
wich-like structure, in which negative anions are cornered
into positively charged metal layers in a repeating manner. The
most important group of LDH may be represented by the
formula [M1−x

2+Mx
3+(OH)2]Ax/n

n−$mH2O, where M2+ and M3+
RSC Adv., 2025, 15, 45427–45437 | 45427
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are divalent and trivalent cations, respectively, x is equal to the
ratio M3+/(M2+ + M3+), and An− is an anion of valence−n. Among
many applications, the capture of P from liquid effluents has
been considered in the literature.10–13 For phosphorus recovery,
LDH can be used directly or undergo a previous thermal treat-
ment, such as calcination. During the heating process, there is
a progressive loss of water, and the charge compensation
anions present in the interlayer are removed, resulting in the
collapse of the structure and formation of Layered Double
Oxides (LDO) or mixed metal oxides.14 According to previous
studies, LDO can exhibit better performance as a sorbent
material than LDH because, aer calcination, there is a simul-
taneous increase in surface area and binding sites that promote
anion intercalation.15 When LDO is in contact with aqueous
solutions, anions, and water molecules can be incorporated
into the interlayer galleries, whereas water is sorbed to recon-
struct the hydroxyl layers. This phenomenon, the conversion of
LDO into LDH, has been reported as a “memory effect”.16–19

Additionally, in this case, the release of anions into the aqueous
medium is not observed.

Phosphorus removal from water matrices is currently a rele-
vant research topic, and in the last few years, there has been
a considerable number of published articles on this topic.
Xueying Wang and co-workers used calcined Mg–Fe–La to
remove phosphorus from real wastewater and achieved
a decrease in phosphorus concentration from 3.6 to
0.12 mg L−1.20 Ashekuzzaman and Jiang obtained 97–99%
phosphate removal using a dose of 0.3 g L−1 for the 10mg L−1 of
P test solution by Ca-based LDH.21 Kun Yang et al. achieved 97%
phosphorus removal using ZnAlNO3 by adding 0.04 g of LDH
into 25 mL of 40 mg L−1.22 Novillo and co-workers studied the
removal capacity of MgAlNO3 and concluded that at the
optimum pH 3, the adsorption capacity was 71.2 mg L−1.23 Zhou
and co-authors reported that the sorption capacity of ZnAl-LDH
tripled when the material was calcined because of the release of
carbonate ions from the interlayer space, producing more active
sites for phosphorus capture during the rehydration process.24

The use of these materials for P removal has yielded encour-
aging outcomes, and various chemical compositions have been
tested. In most cases, the materials employed were synthesized
on a laboratory scale. Scaling up would be signicantly more
straightforward if the materials had an established production
process and a market price that was competitive with other
products on the market. An innovative contribution of the
present study is the evaluation of the performance of selected
commercial materials. In addition, it is worth highlighting that
several studies have indicated calcination to be an effective
method for enhancing the sorption capacities of LDH. However,
it is imperative to undertake a meticulous analysis of the
application of this process, given the substantial nancial
implications involved.

This work aims to evaluate LDH (ZnAlNO3) and LDO (ZnAl-
LDO and MgAl-LDO) as sorbent materials for phosphorus
recovery from aqueous synthetic matrices, with the goal of
selecting the most effective material for further testing in
a pilot-scale process. The key contribution of this study is to
demonstrate the potential of industrial-scale materials for
45428 | RSC Adv., 2025, 15, 45427–45437
phosphorus removal, supporting the feasibility of large-scale
applications. Furthermore, both ZnAlNO3 and its calcined
form, ZnAl-LDO, were tested to investigate whether calcination
increases the sorption capacity. MgAlCO3, a commercial mate-
rial, was also calcined into its MgAl-LDO form for comparison.
2. Materials and methods
2.1. Materials and characterization

In this study, three materials were selected for testing and
comparing their phosphorous-removing capacity from aqueous
matrices. The selected materials are hydrotalcite (MgAlCO3) in
its calcined form (i.e., MgAl-LDO), ZnAlNO3, and its calcined
form ZnAl-LDO. The MgAlCO3 was purchased from KISUMA
Chemicals (The Netherlands) whereas commercial ZnAlNO3

LDH was produced by Smallmatek, Lda, through the copreci-
pitation method. The synthesis was performed by gradually
adding 0.5 M Zn(NO3)2$6H2O and 0.25 M Al(NO3)3$9H2O solu-
tions to a 1.5 M NaNO3 under continuous stirring at room
temperature. Throughout the reaction, the pH was maintained
9.5± 0.5 by the controlled addition of a 2MNaOH solution. The
production process was carried out in a custom-made stainless-
steel reactor (BTL-Indústrias Metalúrgicas, S.A., Oliveira de
Azeméis, Portugal) equipped with an automatic pH control
system using a PDA controller. Aer reaction, a hydrothermal
treatment was performed in the reactor at 100 °C. Both mate-
rials were calcined at 650 °C for 4 hours and milled to obtain
a ne powder (d90 < 25 mm).25–27 It must be mentioned that Mg-
based LDH was tested only in its calcined form mainly due to
two reasons: the stability of CO3

2− in the LDH interlayer region
penalizes the anionic exchange capacity of MgAlCO3,28 and the
presence of fatty acids on the surface (of this commercial
material) increases the hydrophobicity, which limits its appli-
cation in aqueous matrices. KH2PO4, supplied by Panreac
($99%), was used as the phosphorus source in all sorption
experiments.

The starting materials (LDH and LDO) were characterized in
terms of specic surface area and particle size distribution.
Nitrogen adsorption–desorption isotherms were used to
measure the specic surface area (ABET) aer the sample had
been degassed overnight under vacuum and was obtained using
a Micromeritics Gemini V-2380.29 Particle size distribution was
determined using a Mastersizer 2000. The samples were
dispersed in Tween 80 and then exposed to ultrasounds for 1–3
minutes to ensure particle disaggregation. The mineral phase
content and crystal structure of the samples were characterized
by X-ray diffraction (XDR) using a MiniFlex 600 benchtop X-ray
diffractometer and ltered CuKa radiation. The measurements
were performed in the 2q mode, using a bracket sample holder
with a scanning speed of 10° min−1 in continuous mode over
the range from 3° to 65°. Fourier transform infrared spectros-
copy (FTIR) with ATR unit (diamond crystal) was used to analyze
the functional groups at 8 cm−1 of the resolution, from 4000 to
400 cm−1, with 64 scans, on a PerkinElmer FTIR Spectrometer,
Spectrum Two. The pH of suspensions was measured using a HI
2550 multiparameter from HANNA Instruments.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Specific surface area and particle size distribution (in terms of
d10, d50, d90) of MgAlCO3, MgAl-LDO, ZnAlNO3, and ZnAl-LDO

Sample ABET (m2 g−1) d10 (mm) d50 (mm) d90 (mm)

MgAlCO3 8.0a 0.5a 0.7a 0.8a

MgAl-LDO 18.52 0.4040 1.313 3.704
ZnAlNO3 17.32 1.852 6.277 18.94
ZnAl-LDO 14.74 0.7760 4.119 24.14

a Provided by the supplier of the material.
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2.2. Batch equilibrium and kinetic tests

The P removal capacity (RE) of MgAl-LDO, ZnAl-LDO, and
ZnAlNO3 was determined by adding 1 g of sorbent to 100 mL of
a synthetic solution containing 100 mg L−1, under mechanical
agitation at T = 25 °C for 24 hours. It is then calculated by:

RE ¼ 100
Ci � Cf

Cf

(1)

where Ci and Cf are the initial and nal P concentrations (mg
L−1), respectively.

The sorption kinetic tests of phosphate on ZnAlNO3 were
performed in batch conditions for an initial phosphorus
concentration of 100mg L−1 using dosages ranging from 0.25 to
2 g L−1. At appropriate time intervals, aliquots were withdrawn
using a plastic syringe, and the samples were immediately
ltered through a 0.22 mm pore-size cellulose nitrate lter. The
adsorption isotherms were obtained using a method similar to
that described for the kinetic studies and lasted 24 hours.

To determine the mechanisms involved in the sorption of
phosphorus, four mathematical models were tested to t the
experimental data: pseudo-rst-order, pseudo-second-order, Elo-
vich, and intra-particle diffusion models. To perform the linear
tting of these models, they should be, respectively, expressed by:

ln(qe − qt) = ln qe − k1t (2)

t

q
¼ 1

k2qe2
þ 1

qe
t (3)

qt ¼ 1

b
lnðabÞ þ 1

b
lnðtÞ (4)

qt = ki × t0.5 + C (5)

where qe and qt (mg g−1) are the concentrations of phosphorus
sorbed on the materials at equilibrium and at time t (min),
respectively; the rate constants of pseudo-rst and pseudo-
second-order are k1 (min−1) and k2 (g mg min−1), respectively,
a is the initial adsorption rate (mg g−1), b is the desorption
constant (g mg−1), ki is the intra-particle diffusion rate constant
(mg g−1 h−0.5), and C is a constant (mg g−1).22,30,31

The experimental equilibrium data were tted by the Lang-
muir and Freundlich isotherms, whose linearized forms are
given by, respectively:

Ce

qe
¼ 1

qmKL

þ Ce

qm
(6)

ln qe ¼ ln kF þ 1

n
ln Ce (7)

where qe (mg g−1) and Ce (mg L−1) are the equilibrium
concentrations of P in the solid material and solution, respec-
tively, qe and KL are the Langmuir parameters, and kF is the
Freundlich constant.

The equilibrium concentration in the solid is calculated by:

qe ¼ ðCi � CeÞ
D

(8)
© 2025 The Author(s). Published by the Royal Society of Chemistry
where Ci and Ce are the initial and equilibrium concentrations,
respectively, and D is the dosage (g L−1) of sorbent used in the
batch tests. The phosphate concentration in the solution was
determined at a wavelength of 650 nm using the 365.3 EPA
method.32 A VWR UV-1600PC Spectrophotometer was
employed. Three replicates were performed for each sample,
and the standard deviation of errors was calculated and re-
ported in each case.

To evaluate thematerial integrity, samples were immersed in
a 100 mg L−1 of phosphorus solution and stirred continuously
for 5 days at 400 rpm. Aer this period, an external laboratory
analyzed the concentrations of Zn, Al, and Mg using inductively
coupled plasma mass spectrometry (ICP-MS), and the results
were expressed per gram of LDH. The measured Zn leaching
was 164 mg g−1 for ZnAl-LDO and 9.90 mg g−1 for ZnAl–NO3.
The detected concentrations of Al were 0.164 mg g−1 for ZnAl-
LDO, 3.53 mg g−1 for ZnAl–NO3, and 167 mg g−1 for MgAl-
LDO. In the case of MgAl-LDO, the Mg release was 6.30 ×

10−4 mg g−1.

3. Results and discussion
3.1. Structural and morphological characterization of LDH
and LDO materials

The specic surface areas and particle size distributions of the
materials were determined, and the results are summarized in
Table 1.

The particle size distribution of ZnAlNO3 and ZnAl-LDO in
terms of d10, d50, d90 ranges from 1.852–18.94 and 0.7760–24.14
mm, respectively, illustrating some heterogeneity in the mate-
rials. The particle size and its distribution might affect the
sorption performance of the materials, as well as the repro-
ducibility of the tests. Calcination is a common post-synthesis
treatment used with LDH, oen presented in the literature as
amethod for increasing the specic surface area of thematerial,
potentially resulting in a higher sorption capacity.7,18 As
mentioned previously, MgAlCO3 hydrotalcite is a commercially
available product, and according to the information provided by
the supplier its surface area is 8 m2 g−1. Thus, in this case,
calcination results in a material with a higher surface area (i.e.,
18.52 m2 g−1). However, based on the results presented in Table
1, the ZnAl-LDO did not exhibit any improvement in the specic
surface area when compared to ZnAlNO3. The specic surface
area of the material aer calcination depends on several
parameters, including calcination temperature, metal ratio, and
intercalated anions in the initial LDH structure. MgAl-LDO has
RSC Adv., 2025, 15, 45427–45437 | 45429
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Fig. 1 XRD of (a) MgAlCO3 and (b) ZnAlNO3 before and after calcination, and after the rehydration process.
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a slightly higher surface area than ZnAl-LDO, which could be
related to the surface energy of the divalent metal oxides (MgO
or ZnO).34 Preliminary studies conrmed that the calcination
temperature should be ca. 650 °C. However, some authors have
suggested that calcination above 600 °C does not result in
a higher surface area and sometimes leads to the formation of
spinels, which directly affects the reconstruction process of
LDH. The temperature required for spinel phase formation
varies in the literature.14,20,34,35 One of the advantages of using
calcined materials is that their structure collapses, and thus,
when used as a sorbent material, there is no release of anions
into the liquid medium. Additionally, some studies have re-
ported an increase in specic surface area (and porosity), which
may improve the sorption capacity. To determine whether the
materials could reacquire their initial structures, 50 mg of the
calcined material was placed in contact with 100 mL of distilled
water for 24 hours, under stirring. Aer this period, the solution
was ltered, and the materials were dried and analyzed by XRD
(Fig. 1).
Fig. 2 Effect of contact time on the phosphorus sorption by (a) MgAl-LDO
Ci = 100 mg L−1) while the curves correspond to the preditions through
diffusion models. The insets in each figure provide an enlarged view, hig

45430 | RSC Adv., 2025, 15, 45427–45437
Fig. 1a shows that calcination destroyed the MgAlCO3 LDH
structure, while (200) reections typical of oxide metals are
present in MgAl-LDO. Aer 24 hours of contact with distilled
water, MgAl-LDO reacquired its initial structure, indicating that
if its use is considered for continuous applications, the material
will attain the LDH structure within a short time. The XRD
pattern in Fig. 1b shows that, aer calcination, ZnAlNO3 lost the
initial structure of the LDH, and the typical peaks of metal-
mixed oxides appeared at (100), (002), (101), (102), (110), and
(103). However, in this case, aer 24 hours in aqueous solution,
the ZnAl-LDO was not able to reacquire the LDH structure.
Thus, for ZnAlNO3, the oxide structure was preserved. Although
it did not exhibit an increased surface area aer calcination, the
sorption capacities of both calcined and non-calcined materials
were further evaluated.
3.2. Screening of materials

Aer evaluating the “memory effect”, the three materials under
study (MgAl-LDO, ZnAlNO3, and ZnAl-LDO) were assessed for
and (b) ZnAl-LDO. Symbols represent experimental data (D= 10 g L−1,
pseudo-first-order, pseudo-second-order, Elovich, and intra-particle
hlighting the experimental point for ZnAlNO3 measured at t = 0.2 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Kinetic study of P removal using ZnAlNO3. Symbols are
experimental data (D = 10 g L−1, Ci = 500 mg L−1), and the curves
correspond to the pseudo-first, pseudo-second, Elovich, and intra-
particle diffusion models.
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their adsorption properties. Thus, to select thematerial with the
greatest potential, the removal capacity was measured as
a function of time at a dose of 10 g L−1 and a constant initial P
concentration of 100 mg L−1. Fig. 2a and b depict the P removal
kinetics of MgAl-LDO and ZnAl-LDO, respectively. The ZnAlNO3

sorption capacity was also evaluated and is presented in the two
insets in Fig. 2 to compare the performance of non-calcined and
calcined forms.

The performance of ZnAlNO3 LDH stands out when
compared with the calcined LDO because it was able to remove
100% of the phosphorus present in the solution aer the rst 15
minutes, which means that the kinetics is much faster than in
the calcined forms. Focusing on calcined materials, the proles
observed show that the uptake of P is relatively fast in the rst
hours (reaching ∼50% of removal) but continues to increase
slowly over 10 days (240 hours). These results indicate that
phosphorus sorption onto LDO may involve different mecha-
nisms compared to LDH. In this regard, it is important to note
that most studies have assumed that equilibrium is reached
Table 2 Kinetic parameters of the tested models to describe phosphoru

Kinetic model

Pseudo-rst-order qe (mg g−1)
k1 (min−1)
R2

Pseudo-second-order qe (mg g−1)
k2 (g (mg min)−1)
R2

Elovich a (mg (g min)−1)
1

b
ðmg g�1Þ

R2

Intra-particle diffusion model ki
C
R2

a Experiments with Ci = 100 mg L−1 and D = 10 g L−1. b Experiments wit

© 2025 The Author(s). Published by the Royal Society of Chemistry
within the rst 24 hours.7,33,36 However, Chitrakar et al. also
reported slow kinetics for the calcined product of MgMnCO3 in
the seawater system. In this case, the equilibrium concerning
phosphorus concentration was reached aer three days, despite
70% of P being removed in the rst 24 hours.37 Indeed, the
removal was faster in the rst three days, but a decline in the
sorption rate was then observed due to a decrease in the
concentration driving force for adsorption.

The study carried out with ZnAlNO3 revealed that it could
remove approximately 100 mg L−1 within 15 minutes. There-
fore, to evaluate the uptake kinetics for this material, another
experiment was performed with a dose of 10 g L−1, but with an
initial concentration of 500 mg L−1. Fig. 3 displays the kinetic
prole obtained with ZnAlNO3 and the ttings of the four
kinetic models. In this case, the capacity of the LDH as time
approaches 30 min was 46.5 mg g−1, corresponding to
a removal efficiency of 93%. The maximum sorption capacity
experimentally obtained for MgAl-LDO, ZnAl-LDO, and
ZnAlNO3 was 8.26, 9.59, and 46.5 mg g−1, respectively, which
means that the sorption capacity of ZnAlNO3 is approximately
ve times higher than that of the calcined form and approxi-
mately six times higher than that of MgAl-LDO. The kinetic
parameters of the applied models (eqn (2)–(5)) for MgAl-LDO,
ZnAl-LDO, and ZnAlNO3 are listed in Table 2.

A comparison of the kinetic models, in terms of the coeffi-
cient of determination (R2), revealed that the pseudo-second-
order model was the most suitable for describing the sorption
kinetics of phosphate on these materials, which follows
previous literature.33,38 According to the assumptions under-
lying the model, the phosphate adsorption process is governed
by chemisorption, i.e. chemical bonding between the sorbent
active sites and phosphate.36,39 The k2 rate constants of the
calcined and non-calcined materials differ by three orders of
magnitude, revealing that the ZnAlNO3 is characterized by
signicantly faster kinetics, clarifying why it was not possible to
conduct a proper kinetic study using 10 g L−1 and 100 mg L−1.
The intra-particle diffusion constant, C, is nonzero for any of
the tested materials, which leads to the conclusion that the
diffusion is not the only rate-controlling step.33,40,41 The Elovich
model also provides a reasonable t for kinetic data and is likely
s sorption on MgAl-LDO, ZnAl-LDO, and ZnAlNO3

MgAl-LDOa ZnAl-LDOa ZnAlNO3
b

7.87 9.59 46.5
2.60 × 10−4 2.43 × 10−4 0.371
0.988 0.982 0.889
8.09 9.76 47.2
3.54 × 10−4 2.34 × 10−4 0.0212
0.995 0.994 0.998
4.07 4.12 7309
0.678 0.825 4.23

0.969 0.943 0.955
0.0388 0.0481 4.08
3.74 4.34 26.9
0.969 0.980 0.951

h Ci = 500 mg L−1 and D = 10 g L−1.
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Fig. 4 Phosphorus removal using ZnAlNO3 and initial solution concentration Ci = 100 mg L−1: (a) Removal efficiency over time for different
sorbent dosages. (b) Removal efficiency (left axis) and solid concentration (right axis) as a function of sorbent dosages at t = 24 hours.
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to involve chemisorption.42,43 Based on the Elovich model
constants, it can be concluded that the sorption process was
very fast for ZnAlNO3 with a value of a = 7309 mg g−1 min−1.

The intercept term
1
b
lnðabÞ provides the total amount sorbed

aer 1 minute. In this case, intercept value is 31.52, which
corresponds to 68% of the total phosphorus removed in 1
minute and highlights the high velocity of the process.40 For
MgAl-LDO and ZnAl-LDO, the intercept values are 1.21 and 1.40,
which corresponds to approximately 15% of the total phos-
phorus captured by both.

Based on the results obtained in this screening step,
ZnAlNO3 is the material with the best performance for removing
phosphorus from aqueous matrices, and thus a more detailed
study was conducted in the following sections.
3.3. Effect of the sorbent dosage on the performance of
ZnAlNO3

The effect of dosage on phosphorus removal was investigated
using ZnAlNO3, the most effective sorbent, over the range of
Table 3 Parameters of a kinetic model to describe phosphorus sorption

Kinetic model

Dosage g L−1 0.25
Pseudo-rst-order qe (mg g−1) 41.9

k1 (min−1) × 10−3 8.10
R2 0.983

Pseudo-second-order qe (mg g−1) 56.5
k2 (g (mg min)−1) × 10−3 2.29
R2 0.999

Elovich a (mg (g min)−1) 134
1

b
ðmg g�1Þ 5.80

R2 0.723
Intra-particle diffusion model ki 1.04

C 28.2
R2 0.627

45432 | RSC Adv., 2025, 15, 45427–45437
0.25 to 2 g L−1, while maintaining the initial P concentration at
100mg L−1. Fig. 4a shows the removal efficiency as a function of
LDH dosage for 24 hours, while Fig. 4b depicts the removal
efficiency (RE) aer 24 hours of experiment and the respective
solid concentration, qt (mg g−1), as a function of LDH dosage.

As expected, the removal efficiency of the material increased
as the dosage increased, reaching >99% at a dosage of 2 g L−1.
The amount of phosphorus that was uptaken in the rst hour is
higher for higher dosages, which is related to the higher
amount of available sorption sites. At a low fraction of sorbent,
all types of sites are fully exposed to the interactions, leading to
rapid surface saturation.23,44 As illustrated in Fig. 4b, aer 24
hours, the amount of sorbed P increases with the increasing
amount of sorbent from 0.25 to 2 g L−1, but the loading capacity
increases for dosages until 0.75 g L−1, then decreases. Based on
the kinetic study, using 0.75 g L−1 of ZnAlNO3, the loading
capacity was 76 mg g−1. This analysis emphasizes how crucial
dosage selection is, as it must take into account effective
removal without diminishing material loading. For example,
on ZnAlNO3 using different dosages

0.5 0.75 1.0 1.5 2
31.3 39.4 30.5 26.0 13.5
3.50 3.70 3.70 6.30 1.12
0.856 0.884 0.753 0.933 0.948

73.0 76.3 73.0 65.4 52.4
0.639 0.502 0.710 1.32 5.55
0.998 0.998 0.998 0.999 0.999

980 129 448 1.21 × 103 2.89 × 104

5.73 7.41 6.39 5.32 3.47

0.981 0.997 0.984 0.972 0.920
1.02 1.29 1.06 0.878 0.505

39.5 34.4 39.2 39.0 38.6
0.836 0.813 0.726 0.712 0.526

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Sorption isotherm of phosphorus by ZnAlNO3 (Ci = 100mg L−1,
T = 25 °C, pHi = 5.25, D = 0.10, 0.75, 1.0, 1.5, 2.0, 5.0, 10 g L−1).
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using a dosage of 1 g L−1 instead of 0.75 g L−1 will improve the
removal efficiency from 57% to 73%.

The parameters obtained by tting the pseudo-rst-order,
pseudo-second-order, Elovich, and intra-particle diffusion
models to the experimental data are listed in Table 3.

As previously mentioned, the pseudo-second-order model is
the one that better describes phosphorus capture on ZnAlNO3

and also the one where the coefficient of determination is closer
to 1 in all dosages studied. The R2 values obtained by tting the
intra-particle model were quite low for almost all dosages owing
to the multilinearity of the plot, suggesting that there is more
than one mechanism involved in phosphorus removal, which is
in accordance with other published works.23,24,33
Table 4 Sorption isotherm parameters of ZnAlNO3

Model Parameters

Langmuir
Ce

qe
¼ 1

qmKL
þ Ce

qm

qm (mg g−1) 84.0
KL (L mg−1) 0.665
R2 0.993

Freundlich ln qe ¼ ln KF þ 1

n
ln Ce

KF (mg g−1 (L mg−1)−1/n) 57.3
n 12.8
R2 0.968

Table 5 Comparison of literature and present study on phosphorus upt

Sorbent
Dosage
(g L−1)

Initial P conce
(mg L−1)

ZnAlNO3 (3 : 1) 3.0 33.3
ZnAlNO3 (1.25 : 1) 1.0 100
ZnAlNO3 0.40 3.30–97.8
ZnAl-LDO 0.40 3.30–97.8
MgAl-LDO 1.0 16.7
MgAl-LDO 5.0 33.0–65.0
ZnAlNO3 (2 : 1) 10 500
ZnAlNO3 (2 : 1) 0.10 100
ZnAl-LDO 10 100
MgAl-LDO 10 100

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.4. Equilibrium studies on ZnAlNO3

The most commonly used adsorption equilibrium models are
the Langmuir and Freundlich equations. In contrast to the
Freundlich model (initially established as an empirical equa-
tion and then derived for material with heterogeneous surfaces
or either ion exchange applications) which is frequently used to
describe chemisorption on heterogeneous surfaces, the Lang-
muir model assumes monolayer adsorption on a homogeneous
surface with no interactions between the sorbed molecules.23

The adsorption isotherm of ZnAlNO3 is shown in Fig. 5, where
loading capacity, qe (mg g−1), is plotted as a function of equi-
librium concentration, Ce (mg L−1), reached aer 24 hours of
exposure. The equilibrium parameters obtained by tting the
Langmuir and Freundlich models are listed in Table 4.

Based on the coefficient of determination, R2, the Langmuir
model best described the phosphate sorption data. The
maximum loading capacity of ZnAlNO3, as determined by the
Langmuir model, was 84 mg g−1. According to this isotherm,
adsorption occurs in a monolayer on specic active sites, with
uniform adsorption energy and no interaction between adsor-
bed solutes. When the Langmuir model is valid, the dimen-
sionless equilibrium parameter RL, also known as the
separation factor, can be calculated to predict the favorability of
the sorption process,31,33,45

RL ¼ 1

1þ KLCi

(9)

where Ci (mg L−1) is the initial concentration and KL (L mg−1) is
the Langmuir constant. In general, if RL = 0, the adsorption is
considered irreversible; for 0 < RL < 1 adsorption is favorable
and reversible; if RL = 1, the behavior is linear; and unfavorable
for RL > 1. In the present study, RL = 0.0148, which means that
the adsorption process is favorable. Table 5 presents a compar-
ison of literature and present study results on phosphorus
uptake from aqueous solutions. Considering these results, it
can be concluded that the capacity of the calcined materials in
this study is lower to that previously documented in the litera-
ture. Thus, the calcination process did not yield the expected
improvements. However, ZnAlNO3, despite exhibiting metal
ratios that differ from those reported in the literature, demon-
strated performance consistent with the scope of the studied
presented in Table 5.
ake from aqueous solutions

ntration Maximum sorption
capacity (mg g−1) Reference

34.2 11
90.1 33
24.8 24
75.6 24
14.7 44
29.1 46
47.2 This study
84.0 This study
9.76 This study
8.09 This study

RSC Adv., 2025, 15, 45427–45437 | 45433
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3.5. Inuence of dosage on phosphorus capture and its
impact on LDH structure

During the equilibrium and kinetic experiments, a standard
protocol was implemented wherein post-exposure LDH samples
were systematically characterized by XRD. This analysis aimed
to verify the intercalation of phosphate ions and to evaluate the
resulting structural modications in the LDH. The ndings
indicated that the nal LDH structure was inuenced by the
dosage levels applied during the tests. Fig. 6 summarizes the
XRD pattern of LDH before and aer the sorption tests using
different dosages, while in Fig. 7 three possible scenarios for
phosphate capture by ZnAlNO3 are proposed.
Fig. 7 Changes occurring in the structure of ZnAlNO3 in three different

Fig. 6 XRD analysis of ZnAlNO3 before and after the sorption batch
test at dosages of 0.25, 0.5, 0.75, 1.0, 1.5 2.0, 5.0, and 10 g L−1.

45434 | RSC Adv., 2025, 15, 45427–45437
All tests were conducted at a pH of approximately 5 (the pH
of the KH2PO4 solution used in assays with [P] = 100 mg L−1),
where phosphorus predominantly occurs as H2PO4

−, which is
likely the species preferentially intercalated into the LDH
gallery.

In the case of high LDH dosages (5 and 10 g L−1), as di-
scussed above, there was a total removal of phosphorus present
in the solution, and it can be concluded that the dosages were
overestimated, which means that the material was not used to
its full potential. Since the ratio of material/solution is high, the
amount of H2PO4

− into the LDH galleries is much lower when
compared to the amount of NO3

−, a small readjustment of LDH
structure occurred leading to a small shi of (003) reection to
higher 2 theta angles, as observed in Fig. 6 and proposed in
Fig. 7 (Scenario 1). This readjustment can occur up to the point
where the occupied volume by phosphates is closer to the
nitrates volume in the gallery (i.e. the concentration difference
between phosphates and nitrates is smaller). In the case of low
LDH dosages, there is a clear shi of the (003) reection to lower
2 theta angles (Fig. 6), which indicates that basal space
increased due to the high presence of phosphates, conrming
a successful intercalation, i.e.most nitrate anions were replaced
by phosphorous species as proposed on Fig. 7 (Scenario 2). For
intermediate dosages, between 0.75–2 g L−1, the (003) reection
also shis to lower 2 theta angles, as can be seen in Fig. 6,
showing that when the amount of phosphates and nitrates are
closer, the prevailing volume is from phosphates.

To the best of our knowledge, this is the rst time that the
impact of dosage on LDH structure aer sorption tests has been
reported. Although the main objective of this work is the
scenarios for phosphate capture.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FTIR analysis of ZnAlNO3 powder before and after sorption of
phosphorus at two different dosages (0.5 and 10 g L−1).
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capture of phosphate using LDH, it is also very important to
understand the way how phosphates are removed from the
solution. In the future, more thorough research on this topic
should be conducted.

The phosphorus sorption process was conrmed through
FTIR spectroscopy, as shown in Fig. 8, supporting the XRD data.

Some of the characteristic bands of LDH are present in the
starting material, namely a wide band around 3400 cm−1 could
be attributed to O–H stretching vibration due to the presence of
hydroxyl groups in the LDH structure or even due to some water
molecules on the surface or present in the interlayer. A band
near 1640 cm−1 featured the deformation vibration mode of OH
bonds in water molecules. The most outstanding band is
attributed to the stretching vibration of N–O at 1344 cm−1 since
nitrate is the anion species intercalated in these LDH. Other
bands that usually appear in low wave numbers (450–800 cm−1)
can be assigned to the lattice vibration modes of metal–oxide
connections (O–M–O and M–O). In both cases, aer sorption,
bands corresponding to the P–O stretching vibration at
1001 cm−1 appeared, conrming the presence of phosphorus in
the material. Although it was possible to remove all phosphorus
present in the solution when using a dosage of 10 g L−1, the
band corresponding to nitrate was still very evident.23,36,47–49

4. Conclusions

This study aimed to evaluate the phosphorus recovery from
aqueous matrices using LDH, ZnAlNO3, and two calcined
materials, ZnAl-LDO and MgAl-LDO. One of the advantages of
submitting LDH to calcination is the collapsing of the lamellar
structure. Thus, the release of the interlayer anion to the liquid
during sorption is avoided and the anion of interest (phosphate)
is captured. The results showed that, in contrast to ZnAl-LDO,
the MgAl-LDO recovered its initial structure upon contact with
water. However, both calcined forms revealed a lower capacity
for recovering phosphate from the solution, when compared to
the original LDH. Besides the lower sorption capacity of
calcined materials, they exhibited very slow kinetics. On the
other side, ZnAlNO3 shows faster kinetic and higher
© 2025 The Author(s). Published by the Royal Society of Chemistry
performance when compared to the calcined forms. A deeper
study was performed for ZnAlNO3, where the sorption isotherm
and kinetic data were best tted by the Langmuir and pseudo-
second-order models, respectively. The estimated maximum
P-sorption capacity was 84 mg g−1. Thus, ZnAlNO3 seems to be
a promising sorbent for the safe and cost-effective removal of
phosphate ions. It was also demonstrated for the rst time that
the LDH dosage used for P capture affects the nal LDH
structure, with two scenarios proposed based on the amounts of
phosphates and nitrates present in the LDH interlamellar
space. The regeneration tests coupled with thesematerials show
good results. However, since the goal is to use the materials in
a fertilizer solution, the sorption–desorption cycles were not
evaluated.
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