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Abstract: The main objective of this study consists in the synthesis of a layered double hydroxide
(LDH) clay doped with magnesium and aluminum in order to test the removal of phosphates and
ibuprofen in water. Two different LDH composites are assessed: oven-dried (LDHbp) and calcined
(LDHc). Single adsorptions of phosphate and ibuprofen showed up to 70% and 58% removal in
water, when LDHc was used. A poorer performance was observed for LDHb, which presented ad-
sorption efficiencies of 52% and 35%, respectively. The simultaneous removal of phosphate and ibu-
profen in water showed that LDHc allows a greater reduction in the concentration of both com-
pounds than LDHb. Phosphate adsorption showed a close agreement between the experimental and
theoretical capacities predicted by the pseudo-second-order model, whereas ibuprofen fitted to a
first-order model. In addition, phosphate adsorption showed a good fit to an intraparticle diffusion
model and to Bangham model suggesting that diffusion into pores controls the adsorption process.
No other mechanisms may be involved in ibuprofen adsorption, apart from intraparticle diffusion.
Finally, phosphate desorption could recover up to 59% of the initial concentration, showing the
feasibility of the recuperation of this compound in the LDH.

Keywords: eutrophication; hydrotalcite; adsorption; kinetics

1. Introduction

Phosphates are a critical element from a water quality point of view. Its concentration
may be increased in water as a result of the hydrological and hydrochemical characteris-
tics of the catchment site, land uses, or the presence of point sources of contamination,
such as the use of detergents or wastewater. Phosphates in water may come from erosive
processes or lixiviation [1] or to anthropogenic inputs, such as wastewater treatment
plants (WWTPs), detergents, organic fertilizers, or other wastes [2].

An excess of this compound favors the excessive oxygen consumption in water, ini-
tiating its depletion and a eutrophication process that can even cause an anoxic situation
in water [2,3]. Eutrophication is one of the main water quality problems, consisting in an
excessive nutrient accumulation in water, typically nitrates and phosphates, which results
in a series of undesirable damages to the environment (excessive algae growth, deteriora-
tion of the water quality, variation of the organoleptic properties, decrease of the light
reaching the deeper layers, etc.) [4]. Phosphate sources to be controlled include the use of
detergents, fertilizers, waste, and industrial effluents, among others.

On the other hand, the increasing presence of pharmaceutical and personal care
products (PPCPs) in wastewater is of great concern. The term PPCPs includes drugs,
cleaning products, cosmetics, fragrances, and hormones. Their elimination in conven-
tional WWTPs is very deficient because they are found in low concentration levels and
because the treatment systems have not been specifically designed to eliminate this type
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of organic micropollutants. However, their effects are worrying since continuous expo-
sure can lead to endocrine system alterations, antibiotic resistance, or fetal exposure,
among others [5,6]. There are still knowledge gaps on the ecotoxicity, sub-lethal effects,
and effective treatment processes for PPCPs [7]. The treatment of pharmaceutical com-
pounds is considered of great importance due to their recalcitrant nature, capacity to bio-
accumulate, potential toxicity, and their alteration of the endocrine system [8]. Several
studies have demonstrated the ability of bioreactors to remove these compounds from
water, both by adsorption and by biotransformation or degradation, making it possible to
optimize biological processes to jointly and efficiently remove both conventional (organic
matter and nutrients) and emerging pollutants such as the PPCPs [9,10].

In this study, ibuprofen will be analyzed as a representative element of the family of
pharmaceutical compounds. It is an anti-inflammatory drug sold in millions annually,
without the need for a prescription and to practically all audiences. Actually, it is widely
used in the treatment of ailments, both at home and in hospitals. Once administered to
the patient, between 40 and 90% of the pill is eliminated through the urine, as the human
body is not capable of metabolizing more than a small part of it, thus the rest goes to the
sewage and will reach the WWTPs. The incomplete removal of PPCPs, such as ibuprofen,
in different water and wastewater treatment processes results in the occurrence of PPCP
compounds in various environmental compartments [7,11].

Adsorption is a good alternative for removing impurities from wastewater as it pre-
sents advantages such as flexibility, reduced cost, or simplicity, among others. Adsorbents
widely employed in the literature include iron, active aluminum, fly ashes, ion exchange
resins, active carbon, and clays [12-15]. These adsorbents exhibit some common charac-
teristics such as strong physical and chemical bonds, selectivity, high volume adsorption,
and a great capacity to develop the process efficiently.

Removal of phosphates and ibuprofen were tested in this study with a clay synthe-
tized in the laboratory. Clays are a good option to act as purifiers of polluted waters of
agricultural and industrial origin. They are based on phyllosilicates with good adsorbent
properties, thanks to their accessible and expandable internal surfaces. Their negative
electric charge structures undergo charge compensation by interlaminar cations, thus
granting a great adsorption capacity.

Synthetic clays can be prepared in the laboratory to improve water treatment with a
combination of cation layers, carbonate, and hydroxyl anions and water forming hexago-
nal or octahedral structures. Among the minerals included in this group, those derived
from layered double hydroxides (LDH) with different intercalated anions may be em-
ployed to adsorb pollutants from the water [16]. LDH shows similarities in terms of struc-
ture, properties, and characteristics with hydrotalcite, a natural mineral composed of lay-
ers of magnesium and aluminum intercalated with carbonates and hydroxides. For this
reason, LDH are often called hydrotalcite (HT)-type materials.

Layered double hydroxides are characterized by having a variable crystalline struc-
ture depending on the proportion of di- and trivalent metals. It is necessary to keep an
adequate proportion, as higher proportions could generate a hydroxide of the trivalent
cation, whereas lower ratios could form a divalent metal hydroxide [17], being the optimal
ratio between M?/M3 is 2:1 or 4:1.

Several authors found significant phosphate retention in LDH, which could be func-
tionalized with biochar [18], achieving good results at an adsorbent dosage of 4 g/L. Zhu
et al. [19] synthesized a Ca-Al-Fe LDH and could observe over 90% of phosphate removal
in a 25 mg/L concentration after 30 min. Kim et al. [20] found phosphate adsorption of 68—
73% of a solution of 16.31 mg/L after 24 h. Maia et al. [21] found effective adsorption at
lower dosages and described the adsorption as a pseudo-second-order model, which
could be affected by the presence of other anions in the sample.

In what concerns the pharmaceutical compounds, LDH has shown important ad-
sorption capacity and catalytic activity as well as the possibility of a regeneration process,
which could explain the importance of gaining knowledge of these compounds applied
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to wastewater [22]. Santamaria et al. [23] proposed a synthesis ratio M2:M?3* for the ad-
sorption of non-steroidal anti-inflammatory drugs and observed a good adsorbate-ad-
sorbant affinity. In addition, Rosset et al. [24] found that acetylsalicylic acid on ZnAl lay-
ered double hydroxide could remove up to 90% of the solute and could be used for up to
6 cycles.

Thus, efficiency in adsorption is related to pollutant removal, equilibrium features,
but also to the kinetics of the process. The solute will be first transported into the water
column, then will diffuse across the film surrounding the sorbent particles and next to the
pores of the sorbent. One of these steps will be the slowest and will control the fate of the
adsorption [25]. Pseudo-first and pseudo-second-order kinetics are among the most em-
ployed fittings employed in the literature. Equation (1) represents the linear form of the
pseudo-first-order model [26]:

k
log(qe = 40) = logqe = 5ot (1)
where ge and g: (both in mg/g) are the concentration of adsorbed phosphate and ibuprofen
at equilibrium and at a defined time ¢, respectively, and ki (1/min) is the rate constant of
pseudo-first-order adsorption. The ki parameter is the time-scaling factor whose value de-
cides how fast the equilibrium in the system can be reached [27]. Some authors suggest
that pseudo-second-order approximates better to the adsorption processes. Therefore,
sorption kinetics were also described using a pseudo-second-order model following
Equation (2) [28]:

L + ! t 2

A ka2 qe @
where k2 (g/mg min) is the equilibrium rate constant of pseudo-second-order adsorption.
If the pseudo-second-order kinetic equation is applicable, the plot of t/q: against ¢ should
give a linear relationship, from which g. and k2 can be determined from the slope and
intercept of the plot. Plazinski et al. [27] described this adsorption as a chemical reaction
occurring on the solid surface with the sorption rate being proportional to the actual solute
concentration in the bulk solution and to the number of unoccupied adsorption sites. Az-
izian [29] proposed a relationship between pseudo-first and pseudo-second-order models,
where the sorption process would obey a pseudo-first-order kinetic at high initial concen-
trations, while pseudo-second-order kinetics model would predominate at lower initial
solute concentrations.

Chien and Clayton [30] developed an expression to evaluate the kinetics of phosphate
sorption and release in soils (Equation (3)), where @ (min mg/g) was the initial sorption
rate, and § (g/mg) was related to the extent of surface exposure and activation energy for
chemisorption:

1 1
q: =—=n(aB) +=Int 3
t=% 3 3)

In order to determine whether the adsorption process is directed only by intraparticle
diffusion or if it is more complex, an experiment will be fitted to the intraparticle diffusion
model [31] following Equation (4):

qe = kpt™ +C (4)

where, kp is the intraparticle diffusion rate constant (mg/g min®%) and C is the intercept
(mg/g), and it is related to the thickness of the boundary layer. Other authors have found
an influence of the intraparticle diffusion on phosphate removal [32,33], and this paper
will also analyze the ibuprofen pattern.

Finally, following Equation (5), experimental data will be fitted to the Bangham
model [34]:
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where, Cois the initial adsorbent concentration in solution (mg/L), Vis the solution volume
(L), m is the weight of adsorbent used per liter of solution (g/L), g: (mg/g) is the amount of
adsorbent retained at time f, and « (<1) and ko are constants. The Bangham model was
tested to adsorb pharmaceutical compounds [35,36].

In this work, we hypothesize about the joint adsorption of phosphate and ibuprofen
from wastewater. We focus our study on two compounds of environmental relevance: on
the one hand, phosphates, which are released in large quantities and cause significant
environmental degradation problems, such as eutrophication; and, on the other hand, ibu-
profen, as a representative element of pharmaceutical compounds, whose progressive re-
lease to the environment causes toxicity, poisoning, or adaptation to antibiotics, among
other effects. The main objectives are: to synthesize an LDH adsorbent doped with mag-
nesium and aluminum and test it with organic and inorganic pollutants; to evaluate the
adsorption capacity and the retention time; to fit the results to an adsorption model in
order to improve our knowledge about the process; and, finally, to evaluate de recovery
of phosphate after the adsorption process.

2. Materials and Methods
2.1. Adsorbent Production and Preparation

Synthesis of LDH was carried out by co-precipitation of mixed solutions of 7.785 g of
Mg(NO3), and 3.727 g of AI(NO3); in a 3:1 molar ratio. These solutions were added at a
constant rating of 1 mL/min on a NaOH solution, stirred at 550 rpm. pH (HANNA, Edge
pH) was monitored and corrected to a value of 10. Once the solutions were completely
mixed, they were kept at continuous stirring for 4 h. The obtained dispersion was aged
for 18 h, then filtered, washed, and oven-dried at 100 °C for 24 h. Finally, the synthesized
composites were ground to attain 0.5-1.0 mm size. This compound was named in this
study as oven-dried LDH, assigning it the acronym LDHob.

Additionally, a fraction of this composite was subjected to calcination in a muffle for
2 h at 600 °C in order to evaluate the effect of calcination on the pollutant retention (named
in this case as LDHc). A flowchart of the methodology followed in this study is shown in
Figure 1.

2.2. Materials and Solutions

Reagents employed in this study (AlCls, MgClz, NaOH, KH2PO+H:0, and ibuprofen)
were purchased from Sigma Aldrich. To assess the adsorption of an organic and an inor-
ganic compound by each LDH composite, different initial concentrations of phosphate
and ibuprofen solutions were tested, varying the concentration from 2.5 to 20 mg/L.

2.3. Batch Adsorption Experiments

Adsorption experiments were carried out in 100 mL Erlenmeyer flasks placed in or-
bital shakers at room temperature and 150 rpm shaking speed. Different experiments were
carried out to compare the efficiency of oven-dried (LDHb) or calcined hydrotalcite
(LDHc). Given the efficiency observed in the literature [37,38], a high solid:liquid ratio
was tested and, thus 1:200 (w/v) was analyzed both for phosphates and ibuprofen, and the
time of treatment was set at 42 min based on a set of preliminary results carried out. Ex-
periments were performed with solutions of phosphate and ibuprofen separately. Finally,
an adsorption experiment was tested with a solution of both compounds. Then, the sam-
ples were taken, and the dispersions were filtered by a microsyringe (0.45 pm). To deter-
mine the phosphate concentration of the filtrate, it was selected a wavelength of 690 nm
in a spectrophotometer (model UV/VIS Spectrometer Lambda XLS, PerkinElmer, Wal-
tham, MA, USA), determined by the molybdenum blue method. Ibuprofen was measured
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in filtered samples at a wavelength of 220 nm in the spectrophotometer. Ibuprofen ad-
sorption measurements were registered by using an UV/VIS Lambda XLS double beam
spectrophotometer (Perkin Elmer, USA) with a fixed slit width (1.5 mm) and 1 cm quartz
cells. All experiments were run in triplicate.

LAYERED DOUBLE HYDROXIDES (LDH)

Experimental design

DRIPPING -
o

.
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El | STIRRING | & | AGEING | S | DRYING |
———— | smirreD ——— | ENDOF E—
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=P >

H—=p2,

Figure 1. Flowchart illustrating the overall approach used in this study.

2.4. Kinetic Study of Pollutant Adsorption

Adsorption behavior was analyzed by performing a kinetic analysis carried out by
means of batch adsorption experiments. Erlenmeyer flasks were placed in an orbital
shaker at 150 rpm and 25 °C, using 0.125 g and a starting concentration of 20 mg/L. Ali-
quots were extracted at 1, 5, 10, 20, and 40 min for analysis of phosphates and ibuprofen
and filtered through a 0.45 pm pore size membrane before analyzing.

The adsorption capacity for the LDHc was calculated at each time, g: (mg/g), follow-
ing Equation (6):

(Co—C)-V

a = ©)

where Co and C: (mg/L) are the concentrations of phosphate or ibuprofen in the solution
before and after treatment, respectively, V is the volume of the wastewater used during
batch experiments (L) and W (g) is the mass of LDHc.

The percentage of phosphate or ibuprofen removed from wastewater was calculated,
both for LDHb and LDHg, following Equation (7):

t

C
Pollutant removal (%) = <1 - <C_>> x 100 (7)

0

The difference between the initial concentration and the one measured in solution
will offer the adsorbed concentration. Therefore, on the basis of the phosphate or ibu-
profen removed after treatment of wastewater, the adsorption capacity of each LDH used
was calculated.

Kinetic adsorption onto the LDHc was studied using different kinetic models:
pseudo-first-order [26], pseudo-second-order [28], Chien-Clayton model [30], intraparti-
cle diffusion [31], and Bangham model [34].
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2.5. Study of the Recovery of the Adsorbate

On completion of the adsorption process, the adsorbent composite was recovered
from the solution with centrifugation at 4000 rpm for 2 min followed by microfiltration.
Experiments of phosphate recovery were carried out by adding 5 mL of distilled water to
the solid. Only LDHc was employed, as it showed the best results in the previous experi-
ment. Batch desorption was carried out for 10 min at 150 rpm in an orbital shaker. The
adsorbent was then separated from the distilled water by filtration, and the released phos-
phate was measured in a spectrophotometer using the method described above.

3. Results and Discussion

3.1. Formulation of an Adsorbent Composite for Removing Phosphates and Ibuprofen from
Wastewater

Table 1 shows the pollutant adsorption tests, carried out using both LDHb (oven-
dried LDH) and LDHc (calcined LDH), for different initial concentrations of phosphate.
Adsorption was lower for the LDHb, with average adsorption of 52.5% and no significant
variations between treatments. However, LDHc adsorbed an average of 70% of phos-
phate, with the maximum adsorption observed at the highest tested concentration, 20
mg/L, where the adsorption reached a percentage of 77.3%.

Table 1. Adsorption results for hydrotalcite when testing phosphate solutions from 2.5 to 20 mg/L.
Co and C: refer to initial and final concentration, respectively. Variation coefficients (%) of triplicates
were under 10% in all cases.

LDHb (Oven-Dried) LDHc (Calcined)
Co(mg/L)  C:(mg PO3 /L) Adsorption (%) C:(mg P03 /L) Adsorption (%)

25 1.1 55.4 1.4 57.8
5 2.6 47.8 3.6 71.2
10 5.0 49.8 7.3 73.5
20 8.6 56.8 15.5 77.3

Structurally, there was a significant difference between oven-dried and calcined
LDH. Moustafa et al. [39] analyzed the Zeta potential of Zn-Fe LDH nanoparticles and
confirmed the high stability of the solid as well as the electrostatic interaction between the
metals and the pollutant. The zero-point charge of Mg/Al-LDH showed a positive surface,
which benefits the phosphate adsorption, although it is pH-dependent [40]. Oven drying
forms the hydrotalcite-like compounds, which lose the layered structure when it is treated
above 450-500 °C, forming bimetallic oxides [41]. However, calcined LDH has a “memory
effect,” which enables the reconstruction of its original structure after hydration and im-
mobilizes hazardous anions for balancing the charge, which could occur by intercalation
and surface sorption [42,43]. Although calcination is usually carried out at high tempera-
tures, there are studies that report that treatments at 280 °C, in FeCuNi-LDH, produce a
larger surface area compared with treatments at 550 °C [44]. In addition, an important
effect to be considered is the inhibitory effect on the sorption due to coexisting anions in
the environment [42].

Regarding ibuprofen adsorption onto the LDHc and LDHb composites (Table 2), re-
sults showed the same pattern as phosphates, with the highest adsorption achieved when
using the LDHc. Average adsorption of 58% was observed in this case, whereas adsorp-
tion decreased to an average of 35% when using LDHb.

MgAI-LHD has shown its potential as a drug carrier, typically intercalating solutes
in the layer space during co-precipitation [45], leading to an increase of inner space from
7.89 A to 14.71 A. Therefore, sorption capacity may differ when ibuprofen is added to the
solution after LDH has been synthesized, as ibuprofen may exceed the space available for
solute assimilation. Scarce studies have been found related to ibuprofen removal from
water using LDH. Kumari et al. [46] tested a ZnAl-LDH for diclofenac sodium removal in
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water and doped the structure with BiOs to increase size. In these conditions, ibuprofen
adsorption was significantly increased, although adsorption occurred apparently on the
outer surface.

Table 2. Adsorption results for hydrotalcite when testing ibuprofen solutions from 2.5 to 20 mg/L.
Adsorption refers to the percentage of ibuprofen retained by the solid with respect to the initial
concentration in the solution. Variation coefficients (%) of triplicates were under 10% in all cases.

LDHb (Oven-Dried) LDHc (Calcined)
Co (mg/L) C: (mg ibuprofen/L) Adsorption (%) C: (mg ibuprofen/L) Adsorption (%)
2.5 0.8 32.0 1.3 52.0
5 2.2 44.0 2.2 44.0
10 2.7 27.0 6.9 69.0
20 7.5 37.5 13.5 67.5

In the specific case of the mixed solutions of phosphate and ibuprofen, it can be seen
that in both cases, LDH shows a greater adsorption capacity for ibuprofen than for phos-
phate (Table 3). Compared to the behavior shown by each LDH composite when there is
only one contaminant in the water, the amount of phosphate adsorbed decreases while
that of ibuprofen increases, especially in the case of LDHb (10 percentage points less of
phosphate and almost 20 percentage points more of ibuprofen). As it happens in the pre-
vious cases, LDHc shows the highest adsorption of both compounds.

Table 3. Results for adsorption of mixed solutions containing phosphate and ibuprofen varying
from 2.5 to 20 mg/L. Variation coefficients (%) of triplicates were under 10% in all cases.

LDHb (Oven-Dried) LDHc (Calcined)
Phosphate Ibuprofen Phosphate Ibuprofen
Co C: Adsorption C: Adsorption C: Adsorption C: Adsorption

(mg/L) (mg/L) (%) (mg/l) (%)  (mgl) (%)  (mgl) (%)

2.5 1.0 38.0 1.5 58.0 1.2 48.0 1.8 72.0
5 23 46.8 3.2 64.0 34 68.0 24 48.0
10 49 48.9 4.5 45.0 6.9 69.0 6.7 67.0
20 7.0 35.0 10.1 50.5 14.3 71.5 14.1 70.5

3.2. Evaluation of the Adsorption of Phosphates and Ibuprofen in the Composite: Kinetic Study

The adsorption of phosphate or ibuprofen onto calcined LDH was conveniently rep-
resented by kinetic models, which were helpful to predict the adsorption behavior of these
compounds. Thus, in the experiments carried out with an initial concentration of 20 mg/L,
the 52% of phosphate was adsorbed in the first 10 min of experiments, whereas ibuprofen
needed 20 min to reach the 57% of adsorption onto LHDc. After 40 min of treatment, phos-
phate and ibuprofen removed from solution exceed 70% of the initial concentration.

The kinetic coefficients obtained when fitting to a pseudo-first-order equation
showed similarities between phosphate and ibuprofen adsorption onto LDHc (Table 4).
Thus, phosphate adsorption gave a theoretical capacity of 2.238 mg/g, whereas ibuprofen
slightly increased the capacity to 2.882 mg/g. Figure 2 shows the correlation between the
experimental data and the theoretical data when they were described by using the
pseudo-first-order kinetic model.
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Figure 2. Kinetic plots for the adsorption of phosphate and ibuprofen onto calcined layered
double hydroxide (LHDc) applying different kinetic models: (a) pseudo-first-order, (b) pseudo-
second-order, (c) Chien—Clayton model, (d) intraparticle diffusion model, and (e) Bangham
model.

Table 4. Comparison of kinetic parameters for pseudo-first-order, pseudo-second-order, Chien—
Clayton, intraparticle diffusion, and Bangham kinetic models.

Kinetic Model Kinetic Parameters LHDc

Phosphate Ibuprofen

ge exp (Mg/g) 2.822 2.860

. . calc (mg/ 2.238 2.882

Pseudo-first-order 1 ki ( 1/(mi§1)g) 0.061 0.082

r? 0.928 0.998

ge exp (Mg/g) 2.822 2.860

ge calc (mg/g) 3.347 4137

Pseudo-second-order k2 (1/min) 0.043 0.014

& 0.982 0.989

a 1.219 0.734

Chien—Clayton model B 1.489 1.375

r? 0.940 0.948

ky 0.453 0.509

Intraparticle diffusion model C 0.268 -0.202

r2 0.898 0.978

a 0.620 0.838

Bangham model ko 0.003 0.002

72 0.963 0.994

Table 4 includes the kinetic parameters obtained after modeling the experimental
data following the pseudo-second-order kinetic model and Figure 2 shows the variation
of the experimental data when they were adjusted to this pseudo-second-order kinetic
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model, revealing that there was a close agreement between the experimental and theoret-
ical capacities predicted by the model. The best capacities predicted by the model (4.137
mg/g) were achieved when adsorbing ibuprofen.

Regarding the kinetic parameters obtained after applying the Chien-Clayton kinetic
model (Table 4), it was observed that the a value predicted by this model to the evaluation
of phosphate was higher (1.219) than that obtained for ibuprofen (0.734).

Moreover, in order to evaluate the possibility of other factors affecting the adsorption
process, such as surface adsorption, ion exchange, complexation, complexation—chelation,
or microprecipitation, experimental data were analyzed by an intraparticle diffusion
model. The slope of the linear part of the curve of g: vs. {5 indicates the rate of adsorption
controlled by intraparticle diffusion (see Figure 2). When the intercept—C—equals zero,
then the intraparticle diffusion is the only controlling step. However, if C does not pass
through the origin, it indicates that there are other processes involved in the rate of ad-
sorption. In this case, the intraparticle diffusion model gave C values higher than 0 for
phosphate, which indicates that there are other processes, apart from the intraparticle dif-
fusion, involved in the rate of adsorption. Instead, when analyzing the behavior of ibu-
profen, it can be concluded that intraparticle diffusion is the only mechanism involved in
its adsorption. The higher k» showed by ibuprofen indicates that there is greater intraparti-
cle diffusion for this compound than for phosphate. This suggests that mixtures of both
compounds will decrease the phosphate diffusion rate to a greater extent. This is in agree-
ment with what was observed experimentally in this study.

Finally, experimental data were fitted to the Bangham model [34], and log [log (Co/(Co
- qim)] values were plotted against log(t) in Figure 2. The linearity of these plots confirms
the applicability of the Bangham equation and indicates that diffusion of phosphate into
pores of the adsorbent controls the adsorption process [34] although according to the in-
traparticle diffusion model, other processes were also involved. Results were poorer for
ibuprofen, which confirms the fact that only intraparticle diffusion models its behavior.

Overall, for all the kinetic fittings, high correlation coefficients (2) were obtained with
values between 0.898 and 0.998 (see Table 4), although the best 2 were obtained using the
first-order kinetic model for ibuprofen and pseudo-second-order kinetic model for phos-
phate. Several authors observed a pseudo-second-order in similar LDH [47,48] for nutri-
ents in water, whereas ibuprofen kinetics have received less attention.

3.3. Evaluation of the Recovery of Phosphates from the Composite

Desorption was carried out in this study to adsorbed phosphate in LDHc with water.
The initial phosphate concentration was 20 mg/L, and the treatment was able to recover
up to 11.77 mg/L after 10 min of treatment, which supposes the 59% of the phosphate in
the initial solution. The interest in the recovery of phosphate relies on the fact that it is a
material that could be revalorized as a fertilizer. Phosphate recovery is a matter of great
concern due to the depletion of natural sources of phosphorus [49]. In fact, the European
Commission has included phosphate rock in the list of 20 critical raw materials, being
considered an irreplaceable raw material with great economic impact. Thus, other authors
have also paid attention to its recovery in water. Nuryadin et al. [47] also found promising
results in its desorption using 1 N NaOH in ZrO»/Mg-Fe LDH. In addition, Onishi et al.
[50] tested the potential of these materials to act as phosphorus fertilizer analyzing the
release sorption.

4. Conclusions

The adsorption performance of phosphate and ibuprofen in a layered double hydrox-
ide (LDH) clay doped with magnesium and aluminum was investigated in this study.
This work demonstrates that LDH composites are capable of removing both contaminants
from wastewater, although the calcination of the LDH is recommended instead of oven-
dried LDH, as it significantly increased the adsorption capacity. Phosphate was more ef-
ficiently removed when analyzing single solutions, reaching adsorptions up to 70% after
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20 min. Instead, ibuprofen seems to diffuse better in mixed solutions, reaching adsorp-
tions up to 64%, on average. Different kinetic models explain their behavior, with ibu-
profen fitting to a pseudo-first model and phosphate to a pseudo-second-order model.
Finally, phosphate could be efficiently recovered from wastewater, with recoveries up to
59% in 10 min.
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