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Layered double hydroxides (LDHs) containing Mg:Al (molar ratio 3:1) were synthesized by co-
precipitation from nitrate salts under alkaline conditions. Their further characterisation by different tech-
niques allowed the determination of their structural, nanotextural and chemical properties. XRD mea-
surements confirmed the high crystallisation with the presence of two metal cations (Mg?* and AI**).
The use of these materials as eco-friendly adsorbents was analysed to remove diclofenac from wastew-
ater. Under optimal conditions (0.4 g L~?, 30 ppm initial pollutant concentration, pH ~ 8.5), around 65%
diclofenac removal was achieved after 60 min of treatment. The pseudo-second kinetic order model and
Freundlich isotherm accurately described the experimental data, suggesting chemisorption process on
the heterogeneous LDH surface. After diclofenac adsorption, XRD analysis revealed an increase in inter-
layer spacing followed by contraction of adjacent layers, so that anion exchange between layer was con-
sidered to be the main mechanism for diclofenac adsorption. Thermodynamic studies indicate diclofenac
adsorption occurs spontaneously, endothermically, and also, with increasing randomness at the solid/so-
lution surface. Batch test revealed limitations in terms of long-term stability of the material. Therefore, a
post-synthesis strategy, calcination, was required to increase the degree of resistance. For this purpose,
the effect of calcination temperature was examined in the range 200-300 °C. Although, the kinetic rate
constant decreased slightly after calcination, the improvement of its structural properties allowed to

operate under continuous system.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) such as parac-
etamol, ibuprofen, diclofenac and naproxen are widely used as
analgesics, antipyretics, anti-inflammatories and anti-arthritics.
Diclofenac, a known acidic non-biodegradable drug has been
detected in hospital effluents and industrial wastewater at low
concentrations ranging from sub-ng L~! up to 19.82 mg L' [1].
Several authors have pointed out that wastewater treatment plants
are the main contributors to the partial release into aquatic sys-
tems (e.g. maximum 21-40% diclofenac removal) [2,3].

In the literature, the removal of diclofenac from the aqueous
phase has been investigated by many advanced oxidation pro-
cesses, membrane filtration, and adsorption [4-8]. Cost-effective
technologies mainly involve the use of materials from Earth-
abundant elements with remarkable physicochemical properties
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(e.g., chemical stability, high adsorption activity) and wide applica-
bility. Layered-double-hydroxides (LDHs) are anionic clays similar
to brucite with good tuneability, high chemical stability, pH-
dependent solubility and biocompatible material due to their flex-
ible composition and anion exchangeability. The molecular for-
mula of LDHs can be expressed as follows [M3% M2* (OH),]**
(A™)m-nH,0, where M?* and M?* are divalent and trivalent metal
cations, respectively, A™ is an interlayer anion and x is the molar
ratio [M3*]/([M?*] + [ M3*]). The ratio of divalent to trivalent cations
in the synthesis is between 2:1 to 4:1 since no LDH-based materials
are formed below and above this threshold due to the high content
of divalent and trivalent hydroxide, respectively. These hydrotalcites
generally have an octahedral structure with the metal cations
located in the centre of the angular unit and surrounded by six
hydroxyl ions to form infinite layers [9].

LDH-based materials have been successfully used as catalysts
and anion exchangers [10], as antacids agents and carriers for drug
delivery carriers in medicine [11], in environmental remediation
[12], as antimicrobial biomaterials, and for bio-sensing [9]. To date,
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few publications have investigated the use of these hydrotalcites as
adsorbents for drug removal [13,14]. Unmodified LDHs usually
show relatively low removal efficiency for many organic pollutants
due to their limited functional group content [15]. In addition,
aggregation of LDHs has a negative effect on the adsorption process
due to deactivation of adsorption sites [16]. Post-synthesis strate-
gies such as anion-exchange, rehydration, impregnation tech-
niques and calcination have been successfully applied to obtain
improved LDH-based materials [17]. Calcination is considered the
most commonly used technique for thermal modification of LDH-
based materials in terms of environmental aspects. Calcination
temperatures above 500 °C promote the formation of highly crys-
talline metal oxides and spinel phases [18]. In contrast, calcination
temperatures around 300 °C remove the interlayer anions and
water molecules, leading to partial dehydroxylation of the LDH
material and producing amorphous phases and slightly crystalline
metal oxides on the structure.

Considering these conditions, the present research work focuses
on diclofenac adsorption using MgAl LDH-based nanomaterial.
After the synthesis, the material was characterised by analytical
techniques to study its morphology, structure, chemical composi-
tion and thermal properties. In addition, batch adsorption experi-
ments were performed to estimate the kinetic and equilibrium
parameters using common empirical models. Subsequently, the
synthesised materials were calcined at 200, 250 and 300 °C to eval-
uate their effect on diclofenac adsorption. Finally, column experi-
ments were performed to investigate the effectiveness of MgAl-
LDH as an adsorbent in environmental remediation.

2. Materials and methods
2.1. Reagents

The main properties of sodium diclofenac (>99%, Sigma-
Aldrich) used as the target pollutant are described in Table 1.
Hydrotalcite was synthesised using magnesium nitrate hexahy-
drate (>99%, VWR Group) and aluminium nitrate nonahydrate
(>99%, VWR Group) while sodium hydroxide (>99%, Sigma-
Aldrich) was used for pH adjustment. All reagents were used with-
out purification and initial solutions were prepared using distilled
water as solvent.

2.2. Synthesis of MgAI-NO3; LDH

The LDH-based adsorbent was prepared using a co-
precipitation method described elsewhere [19]. The synthesis of
hydrotalcite Mg:Al (molar ratio 3:1) was carried out by dropwise
addition of 100 mL of solution A containing magnesium
(0.375 M) and aluminium (0.125 M) salts and 50 mL of solution
B containing NaOH (2 M) into a three-neck flask containing
40 mL of distilled water at 65 °C with stirring. The pH of the solu-
tion was maintained at 10.5 during the synthesis process. Then, the
slurry obtained was aged at 65 °C for 12 h with vigorous stirring.
After the ageing step, the resulting precipitate was centrifuged at
6000 rpm for 5 min and washed with deionized water. The
centrifugation-washing cycle was repeated several times until

Table 1
Physicochemical properties of the diclofenac.
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the wash water achieved a neutral pH. The samples were then
dried at 60 °C and grounded by hand with a mortar to obtain white
powder.

2.3. Characterisation of MgAI-NO; LDH

2.3.1. Structural characterisation

The crystallite size was determined by X-ray diffraction (XRD)
on a Siemens D5000 diffractometer (Bruker AXS Gmbh, Karlsruhe,
Germany) using CuKo radiation with 26 angle from 5 to 80° (CACT],
University of Vigo). The average crystallite size was estimated
using the Scherrer’s equation (Eq. (1)) [20].

089/
" pcos

(1)

where D is the average crystallite size (nm), A is the wavelength of
the X-rays (0.154 nm), B is the full-width at half-maximum inten-
sity (FWHM), and 0g is the half-diffraction angle (rad). The basal
spacing and interlayer thickness were determined using Bragg’s
law (Eq. 2-3) [21].
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where d is the basal spacing (nm), 2 is the wavelength of the X-rays
(0.154 nm), 0g is the half-diffraction angle (rad), | is the interlayer
thickness (nm), and L is the layer thickness (nm). The thickness of
brucite layer is around 0.477 nm [22].

The functional groups on the LDH surface were analysed by
Fourier transform infrared spectroscopy (FTIR) at room tempera-
ture using Nicolet 6700 FT-IR spectrometers (Thermo Electron Cor-
poration) in the range 4000-400 cm™! with a resolution of 4 cm™!
and 34 scans (CACTI, University of Vigo). Sample spectra were
recorded in KBr pellets containing 1 wt% of the material. Before
preparing the KBr pellets, all samples and KBr were oven-dried
overnight at 100 °C. Thermogravimetric analyses (TGA) were also
performed to evaluate the thermal properties of the LDH using
TG-DSC SETSYS Evolution 16/18 (Setaram, Caluire, France). All
samples were heated to 800 °C at 10 °C/min under inert nitrogen
flow (CACTI, University of Vigo).

2.3.2. Nanotextural and chemical characterisation

Nanotextural properties were analysed by recording the nitro-
gen adsorption isotherms at 196 °C (ASAP 2020 Plus, Micromerit-
ics). Before injection, the samples were degassed under vacuum
conditions at 200 °C (CACTI Ourense, University of Vigo). Determi-
nation of BET surface area, total pore volume and pore size were
carried from the nitrogen adsorption data. BET surface area was
calculated using the Brunauer-Emmett-Teller equation. Micropore
volume was determined using the Dubinin-Radushkevich plot,
while mesopore volume was estimated using the difference from
total volume [23]. The morphological properties were studied
using a field emission scanning electron microscope and energy-
dispersive X-ray spectroscopy (FE-SEM/EDS) on a JEOL JSM 6700F

Pollutant Structure Molecular formula Molecular weight (g mol 1) Water solubility (mg mL ') pKa log D
Diclofenac (NSAIDs) ‘/\\ _cl C14H11CILNO, 296.1 296.15 (pH 8.5) 4.15 0.75 (pH 8.5)
y-H

N

Cl OH
[
o
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(Japan) equipped with an energy dispersive X-ray spectrometer
(EDS) and accelerating voltage of 20 kV (CACTI, University of Vigo).
The point of zero charge of hydrotalcite (pHpzc) was determined by
the mass titration procedure as described elsewhere [24].

2.4. Experimental setup

Adsorption experiments were performed in batch by adding
20 mg LDH-based adsorbent to 50 mL of aqueous solution contain-
ing 30 mg/L of diclofenac. Samples were shaken using an orbital
shaker (Thermo Scientific 420 Incubator Shaker) at 250 rpm and
25 °C. Aqueous samples were taken throughout the adsorption
process to analyse kinetic and isothermal profiles. Diclofenac con-
tent was determined by spectrometric measurement at a fixed
wavelength (A = 275 nm). Before spectrophotometric analysis, all
samples were filtered through 0.22 pm PVDF filters. As a post-
synthesis strategy, the samples were calcined for 40 min at differ-
ent temperatures (200, 250 and 300 °C) in a muffle furnace and
then stored in a desiccator for cooling at room temperature. After
the batch experiments, the presence of the anions (nitrate, nitrite,
chloride) in the main solution was determined by ion chromatog-
raphy, while the aluminium and magnesium concentrations were
analysed by inductively coupled plasma (ICP-OES) (CACTI, Univer-
sity of Vigo).

2.5. Adsorption and isothermal kinetics

2.5.1. Adsorption kinetic models

The adsorption data obtained under non-equilibrium conditions
have been described by two well-known empiric models, namely
pseudo-first-order model (Eq. (4)) and pseudo-second-order model
(Eq. (5)). Both of these equations were developed based on the con-
cept of chemical reaction that occurs on the adsorbent surface [25].
The pseudo-second order model assumes that the rate-
determining step is a chemical sorption or chemisorption between
the adsorbent and adsorbate. Nevertheless, the pseudo-first order
model suggests a physisorption process, which the rate-limiting
stage is a diffusion step as a function of the concentration of the
adsorbate [26].

G =qe(1—e™) (4)
ekt
U= T g ot ®)

where q; and g, are the amount of adsorbed pollutant at time t and
equilibrium (mg g~ '), respectively, and k; and k, are the equilib-
rium rate constants of pseudo-first order (min~') and pseudo-
second order (g mg~! min~!), respectively.

2.5.2. Adsorption isothermal models

Several equilibrium isotherm models are used to describe the
adsorption behaviour of the liquid solution on surface adsorbent.
Among them, Langmuir (Eq.6) and Freundlich (Eq.7), two-
parameter models are considered the most common isotherms to
provide an understanding of the adsorption behaviour [27].

o qmm(blcé’
q. - fnoche ®)
q. = K:C." (7)

where q. is the equilibrium adsorbed amount (mg g~ !), Ce is the
equilibrium concentration (mg L™!), qmax is the maximum adsorbed
amount (mg g~ '), b, is the Langmuir equilibrium constant (L mg™),
K is the Freundlich adsorption constant (L mg~!) and n is an empir-
ical constant related to the strength of the adsorption process.
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Langmuir isotherm model assumes a monolayer process, which
adsorption occurs only at homogeneous active sites with no lateral
interaction between adsorbent molecules [28]. In contrast, the Fre-
undlich isotherm suggests that the adsorption takes place by mul-
tilayer process on a heterogenous surface. In addition, the use of
some three-parameter models has been successfully used on
adsorption studies. In particular, Sips isotherm (Eq. (8)) is a hybrid
model, which combine Langmuir and Freundlich isotherms assum-
ing that the adsorption process occurs on heterogeneous surface
and also, overcoming the limitation of the enhancement of the
adsorbate concentration attributed to Freundlich isotherm.

_ KsasC)"
1+ asCz,/"

(8)

e

where Ks (mg g~') and as (LV™ mg~'/") are the Sips isotherm model
constants and n is the Sips isotherm model exponent.

2.6. Column adsorption system

Fixed-bed assays were performed by using a borosilicate Omni-
fit® glass column (10 cm long and 15 mm inner diameter) with cal-
cined MgAI-LDH as filler and 20 pm PTFE frits as mechanical
support layers. Continuous flow was introduced into the column
by a peristaltic pump (Master Flex L/S model 77202-60). Experi-
ments were performed at room temperature and the diclofenac
concentration in the effluent was measured spectrometrically as
described above (section 2.4).

2.7. Modelling of the breakthrough curves

2.7.1. Bed depth service time (BDST) model

The BDST model has been successfully used to describe and pre-
dict the performance of a dynamic adsorption system and for fur-
ther scale-up. This model, developed by Hutchins and Anaya [29],
shows a linear relationship between bed depth and operating time
with negligible external film resistance and intraparticle mass
transfer (Eq. (9)).

NppZ 1 <C0 >
t= - In{=-1 9
CoUo  KppCo  \Ct ®)

where Cy and C; are the initial and effluent concentrations of the
solute in the liquid phase, respectively (mg L™!), Uy is the influent
linear rate (cm s~!), Ng is the adsorption capacity (mg g~ '), k, is
the rate constant in the BDST model (L mg~! s71), t is the time (s)
and Z is the bed depth of the column (cm).

2.7.2. Yoon-Nelson model

The Yoon-Nelson model assumes that the decreasing rate for
each adsorbate molecule depends on the probability of adsorption
of the adsorbate and the breakthrough of the adsorbate on the
adsorbent. The nonlinear form of the Yoon-Nelson model is given
by Eq. (10) [30].

C ek (t=1))

Co 1+ ek (10)
where Cy and C are the initial and effluent concentrations of the
solute in the liquid phase, respectively (mg L), t is the break-
through time (min), Ky is the rate constant (min~!) and t is the
time required for 50% adsorbate breakthrough (min).
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3. Results and discussion

3.1. Characterisation of the MgAI-NOs; LDH

3.1.1. Structural characterisation

The hydrotalcite synthesised by co-precipitation exhibits a typ-
ical XRD pattern indexed by JCPDS 14-0191. The layered structure
of the MgAI-LDH was confirmed by the presence of the symmetri-
cal peaks at 26 at 11.24°, 22.58°, 34.39°, 38.48°, 45.23°, 60.68° and
61.80°, respectively assigned to the planes (003), (006), (012),
(015),(018),(110) and (113) [31-33]. Their high degree of crys-
tallisation was confirmed by the sharp diffraction-peaks assigned
to the (003) and (006) reflections, while the (110) and (113)
planes correspond to a hexagonal lattice with rhombohedral R-
3 m symmetry and the presence of two metal cations (Mg?* and
AP*) (Fig. 1a). The low intensity peaks around 26 = 14.50°, 28.50°
and 55.00° are attributed to the presence of AIOOH from parallel
reactions between ionic hydroxide and excess Al [34]. The average
crystallite size, unit cell dimensions, and cell volume are sum-
marised in Table 2. The lattice constant corresponds to the average
metal-metal spacing in the brucite-based layers estimated from
the (110) reflection position, while the electrostatic interactions
between the layers and the interlayer species calculated from the
(003) reflection are defined by the parameter ¢ [35]. Assuming a
hexagonal unit cell structure, the basal spacing is related to the lat-
tice parameters (a, c) and the Miller indices (hkl) (Eq. (11)).

1 4(h +hk+K +12 an
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In addition, the volume cell was determined from the unit cell
parameters assuming the hexagonal packing of the MgAl-LDH
structure [36]. The basal spacing, d, was estimated from the first
peak in the XRD pattern using Bragg’s law (Eq. (2)) from interlayer
spacing, being 7.87 A. These results are in agreement with those of
de Souza dos Santos et al. [13], who had previously determined the
mean basal spacing for MgAl-LDH. The crystallite size of the MgAl-
LDH was calculated using the Scherrer’s equation (Eq. (1)), and
yielded D values around 0.86 nm. The FTIR spectrum of the synthe-
sised MgAI-LDH (Fig. 1¢) showed some characteristic peaks previ-
ously reported in the literature [37-39]. The broader bands around
3400 cm~! and 1630 cm™! correspond to the O-H stretching in the
brucite-based layers Mg(OH), and Al(OH); and the bending vibra-
tions of the hydroxyl groups as a result of the intermolecular water
molecules, respectively. The band corresponding to the antisym-
metric stretching vibration mode of the nitrate ions is located at
1350 cm™~!, while the peaks below than 1000 cm~! can be attribu-
ted to the Mg-O and Al-O lattice vibrations [39]. Moreover, the
band at 1360 cm™! is characteristic of the carbonate ions of CO,
dissolved in water [38].

The thermal stability of hydrotalcite was investigated by TGA
measurements. Three distinguishable regions associated with the
temperature range from 20 to 250 °C, 250-415 °C and 415-
800 °C can be seen in Fig. 1d. Around 15% mass loss at tempera-
tures below 250 °C is probably due to the removal of physisorbed
water and water from the interlayers of the LDH structure [40].
Dehydroxylation of MgAI-LDH and release of carbonate ions from
the interlayer occurs to a lesser extent at 300 °C, resulting in
remarkable percent mass loss (~35%). Above 400 °C, the collapse

3000
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3
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=4
2
£
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Fig. 1. XRD spectra of MgAI-LDH (a) before and (b) after diclofenac adsorption, (c) FT-IR spectra of MgAI-LDH before (red line) and after (blue line) diclofenac adsorption and

(d) TGA profile of raw MgAI-LDH.
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Table 2
Structural and nanotextural properties of the crystal MgAIl-LDH.
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Sample Unit cell parameters® Crystallite size® (A) Surface area“ (m? g~')  Pore volume® (cm® g ')  Average pore diameter® (A)
a(A) c(A) V(A’) Doos Loz Dio  Loos

MgAl-LDH 3.05 2359 1900 8.64 384 631 154 449 0.0096 85.6

MgAI-LDH (250°C) 519 23,56 5496 756 276 630 150 2.23 0.0059 105.2

2 a=2d(110),c=34d(003),V =3 a%c/2.
b Estimation by Debye-Scherrer’s and Bragg’s equations.
¢ Estimation by BET analysis.

of the MgAI-LDH structure results in the formation of metal oxides
such as MgO and MgAl,0,4 and a spinel structure [13].

3.1.2. Nanotextural characterisation

The morphology of the synthesised LDH crystal was observed
from FE-SEM microscopic graphs. On a high magnification FE-
SEM image (Fig. 2a, 2b), MgAI-LDH shows a hierarchical 3-D struc-
ture consisting of many randomly oriented 2D-nanosheets that
produce a smooth surface. These nanoflower-like structures were
built by the abundant intercalated nanoplatelets, which provide
notable specific surface area with numerous microporous within
the perfect lamellar structure, confirming the results of XRD anal-
ysis [35]. No dark areas in the FE-SEM images are detected showing
negligible tendency of the particles to agglomerate into aggregated
crystallites. From this analysis, the average thickness of the
platelet-like particles was around 30-40 nm. In addition, FE-
SEM/EDS analysis showed that carbon, oxygen, nitrogen, magne-
sium and aluminium were uniformly distributed throughout the

. L}

150KV X20,000 WD 6.0mm

1um

SEI

Mg

cl

T T T T

15 2.0 2.5
keV

0.0 3.0

Quantity adsorbed (cm’/g STP)

material, confirming the successful synthesis process. No other
peaks were detected, indicating the high purity of these materials
(Fig. 2c). From the EDS spectra, the Mg/Al molar ratio was around
3:1 as the precursor-feed ratio. Nitrogen adsorption analysis was
performed to estimate the surface properties listed in Table 2, such
as specific surface area, pore size distribution, and pore volume. As
shown in Fig. 2d, nitrogen adsorption resulted in a type IV pattern
according to the IUPAC classification with a closed Hs-type hys-
teresis loop at high relative pressure. The material exhibits the
characteristic property of a mesoporous solid with pore sizes rang-
ing from 2 to 50 nm. The pronounced hysteresis loop was attribu-
ted to capillary condensation that occurred in the mesopores,
while the shape and position of the loop depended on the morphol-
ogy of the solid (specific pore structures and degree of compaction)
[13]. The amphoteric character of MgAl-LDH was demonstrated by
estimating pHpzc over a pH range 2.5-10.5 (Fig. 3a). Based on these
results, pHpzc corresponds to a slightly alkaline pH (around 8.7).
This fact reflects the potential of the synthesised LDH as an adsor-

N

(@)

0 T T T T T
0.2 0.4 0.6 0.8

Relative pressure (P/P)

Fig. 2. FE-SEM micrographs of the MgAl-NO3; LDH (a,b:20,000X, 100,000X), (c) Elemental composition from EDS results of raw MgAI-NO; LDH and (d) surface area

measurements for raw MgAI-NOz LDH using nitrogen adsorption-desorption isotherms.
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Microespecies distribution

(b)

pH

Fig. 3. Determination of the point of zero charge (pHpzc) (a) Speciation of the diclofenac as a pH-dependent (b).

bent. Adsorption of anionic species is promoted at pH below pHpzc
(positive surface charge), while adsorption of cationic species is
favoured at pH above pHpyzc (negative surface charge).

3.2. Effect of pH on diclofenac adsorption

Solution pH is a key parameter for the adsorption of ionisable
pharmaceuticals controlling the interfaces between water and
adsorbent [41]. The adsorption of diclofenac was inhibited at pH
below pK, because the water solubility of the pollutant decreases,
leading to its further precipitation [42,43]. The pH-dependent spe-
ciation of diclofenac can be seen in Fig. 3b. The major fraction of
anionic species at pH above 4.5 promotes the adsorption process,
as most of the reported pHpzc of LDHs are in the range of 7-8
[24,44]. Hydrotalcites are positively charged at a pH below the
PHpzc, which promotes the adsorption of anionic species, while a
negative charge at a pH above the pHp,c promotes the adsorption
of cationic species [45]. Similarly, previous publications have
shown the release of metal cations from the LDH material at a
pH below 4, leading to the formation of magnesium and alu-
minium hydroxides [46,47]. Therefore, the effectiveness of the pro-
cess was analysed at pH values between 7 and 12. The adsorption
capacity of the hydrotalcite was improved by increasing the pH up
to 8.5; nevertheless, pH values above this threshold have a nega-
tive effect on the removal of diclofenac. The adsorption capacity
decreased in an alkaline medium (pH around 12) due to the repul-
sive electrostatic interaction between the anionic species of the
target pollutant and the negative charge on the adsorbent surface.
These results are in agreement with those of Li et al. [24], who
evaluated the potential use of hydrotalcite for the removal of tetra-
cycline and sodium diclofenac from an aqueous solution. The
authors reported a maximum adsorption capacity around
890 mg g~! and 270 mg g~ ! for tetracycline and sodium diclofenac,
respectively. Based on these considerations, electrostatic interac-
tions could be one of the main driving forces for adsorption.

3.3. Kinetic, isothermal and thermodynamic studies of adsorption

3.3.1. Kinetic and isothermal studies on diclofenac adsorption by
MgAI-NO3

The kinetic studies were investigated using pseudo-first and
pseudo-second order kinetic models (Eq.4-5) to determine the
interactions between adsorbate and adsorbent [25,48]. The kinetic
parameters are listed in Table 3. Higher correlation coefficients and
similar theoretical and experimental uptake from the pseudo-
second order showed chemisorption as the dominant process.
These results are in agreement with those of Xu et al. [39], who
also confirmed the chemisorption mechanism using the Elovich

model. No diffraction-angle peaks corresponding to the diclofenac
were observed from the post-adsorption spectrum (Fig. 1b). How-
ever, slight shifts in the reflections were detected, which increased
the basal spacing and confirmed the replacement of interlayer
anions by anionic pollutants in the bulk solution [49]. Three peaks
at (003) position showed an increase in the interlayer distance fol-
lowed by contraction of the adjacent layers [50]. Therefore, the
interlayer anion exchange is probably the most important mecha-
nism in the adsorption. These results are consistent with the
remarkable release of nitrate ions (around 45% initial NO3 concen-
tration) into the solution after adsorption of diclofenac, confirming
anionic exchange as the main mechanism for pollutant removal. In
addition, the chloride ion concentration after diclofenac adsorption
was analysed by chromatographic techniques, and negligible chlo-
ride content was found in the aqueous phase. The FTIR spectrum of
diclofenac was previously reported by Zhao et al. [51] and Younes
et al. [14], who detected some characteristic bands situated at
3388 cm~! (vn.n), 3257 cm™! (Vnn.o due to the intermolecular
hydrogen bonding), 3077 cm™! (Ve aromatic)» 1571 em™! (Veoo.,
antisymmetric)v 1503 Cmq (VC=C. aromatic)- 1450 Cm71 (VCOO-, symmetric)v
1289 Cmi] (VCfN, aromatic), 748 Cm71 (SCfH, aromatic) and 448 Cmi]
(Vcecr)- The FTIR analysis after adsorption provided information
about the effectiveness of the process. It showed that the chemical
structure of hydrotalcite did not exhibit any remarkable changes
after adsorption (Fig. 1¢), and thus, the anion exchange reaction
was the main mechanism, as indicated by the XRD patterns. The
low diclofenac concentration hinders the detection of its character-
istic band; indeed, only a weak band at 1571 cm~! was assigned to
the antisymmetric stretching vibration of the carbonyl groups of
diclofenac. Before adsorption, the intensity of this peak was
slightly higher than the band at 1450 cm~! assigned to the sym-
metric stretching vibration. Nevertheless, this trend reversed after
the sorption process, indicating that the oxygen atoms of the -
COOH group contributed to the removal of diclofenac from the
aqueous phase by metal complexation [14,37]. Moreover, the fluc-
tuation detected in the band around 3400 cm~! was attributed to
the O-H vibration due to the formation of H-bonds between the
hydrogen acceptors of the diclofenac structure (-NH, -COO- and
Cl-) and the hydrogen donors of the MgAI-LDH (-OH groups).

In addition, the experimental data from the equilibrium studies
were analysed using empirical models with two- and three-
parameters such as Langmuir, Freundlich and Sips models. Among
the equilibrium constants listed in Table 4, the two-parameter
models showed higher correlation coefficients and lower SEE, con-
firming their authenticity. The Freundlich model describes the
adsorption of diclofenac on the heterogeneous adsorbent surfaces
at relatively high adsorbate concentrations. These materials have
heterogeneous surfaces, as observed by SEM microscopic images,
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Table 3

Kinetic parameters for different models on diclofenac adsorption using LDH-based materials.
Hydrotalcites Qe, exp (Mg g ") Pseudo-first order Pseudo-second order Reference

qe (mgg™) I (min ) R? qe (mgg) k; (g mg ' min"") R?

MgAIl-LDH 60.15 49.78 0.028 0.951 65.47 0.001 0.985 This study
MgAI-LDH (200 °C) 48.78 44.07 0.119 0.934 48.90 0.003 0.981 This study
MgAI-LDH (250 °C) 41.30 33.29 0.122 0.885 36.27 0.005 0.949 This study
MgAI-LDH (300 °C) 40.38 30.92 0.036 0.814 35.08 0.001 0.914 This study
MgAI-LDH 40.00 39.11 na. 0.985 43.46 na. 0.995 [13]
MgAl-LDH-biochar 35.00 33.03 n.a. 0.969 39.46 n.a. 0.985 [13]
ZnFe-LDH 14.66 13.84 1.080 0.860 14.44 0.100 0.990 [14]

n.a.: not available.

Table 4

Isotherm parameters for different models on diclofenac adsorption using LDH-based materials.

Models MgAI-LDH MgAI-LDH (250 °C)

Langmuir Qmax (Mg g™") 76.93 Qmax (Mg g7") 173.9
by (L mg™') 0.076 b, (L mg~1") 0.079
R? 0.919 R? 0.895
SEE (mg g~ ") 5.773 SEE (mg g~ ') 55.05

Freundlich Kp (mg™ i g=1 -1/m) 9.380 Kp (mg(™Dim g=1 -1/m) 17.12
n 1.857 N 1.604
R? 0.935 R? 0.942
SEE (mg g~ ") 5.182 SEE (mg g~ ') 10.83

Sips qs(mgg ) 71.99 qs(mgg ) 108.1
a (L'™ mg=1/m) 0.522 ag (L'™ mg=1/m) 0.053
n 1.857 N 1.838
R? 0.947 R? 0.902
SEE (mg g~ 1) 17.08 SEE (mg g 1) 23.71

providing all the theoretical properties obtained by the isotherms.
Their maximum adsorption capacity was about 60 mg g~', a higher
adsorption uptake compared to other publications in the literature
on the removal of diclofenac from aqueous phase (Table 3)
[13,14,52].

3.3.2. Thermodynamic analysis

Thermodynamic analysis was performed to determine the
effect of temperature on the adsorption process (Fig. S1) [17,53].
For this purpose, three general thermodynamic parameters such
as standard Gibbs free energy (AG’), standard enthalpy (AH") and
standard entropy (AS’) were estimated using Eq. 12-14 [54].

AG = AH —TAS (12)

AG = —RTInK (13)
—AH AS

InK = T + T (14)

where K is the equilibrium constant value, R is the universal gas
constant (8.314 ] mol~! K~!) and T is the absolute temperature (K).

High temperatures slightly increase the adsorption efficiency,
indicating the diclofenac adsorption is an endothermic adsorption
process, which is consistent with the estimated thermodynamic
parameters [55]. The physisorption mechanism generally involves
AH’ values ranging from 5 to 40 k] mol~! while AH" values above
this threshold correspond to the chemisorption mechanism [56].
These results are consistent with the kinetic studies previously
analysed in subsection 3.3.1, where the authors described the
pseudo-second order as the most appropriate empirical model to
fit the experimental data. A negative AG” value means the diclofe-
nac adsorption process was thermodynamically spontaneous and
favourable. A positive AS’ value provides relevant information
about the increasing randomness at the solid/solution surface
and indicates that the adsorption process involves dissociative

mechanisms and therefore, this phenomenon is not favourable at
high temperatures [57]. These magnitudes are listed in Table 5.
The apparent activation energy, E, was calculated according to
Arrhenius’ law (Eq. (15)) [58].

k = Aett (15)

where k is the pseudo-second order kinetic constant (g mg~! min™1),
A is the frequency factor, R is the universal gas constant
(8.314 ] mol~" K~') and T is the absolute temperature (K).

For this purpose, the kinetic rate constants for diclofenac
adsorption at different temperatures were determined by fitting
the experimental data to the pseudo-second order kinetic model.
The values of 2.56.107%, 5.24.10~* and 5.88:10~* g mg~' min™!
were obtained for 298, 303 and 308 K, respectively. The apparent
activation energy was determined by plotting In k versus 1/T.
Higher E, values were obtained, confirming the chemical adsorp-
tion process and stronger forces compared to physical adsorption
[58].

3.4. Thermal modification of the adsorbent

Previous studies have reported the improvement of adsorption
process for anionic pollutants after calcination treatment
[14,36,59] and consequently, LDH structures are reconstituted
after hydration due to the “structural memory effect” [60]. More-
over, calcination of such materials especially promotes the forma-
tion of mixed oxides, which increase the specific surface area and
the number of basic active sites. Therefore, the effect of calcination
temperature ranging from 200 to 300 °C on the diclofenac adsorp-
tion process was studied. At temperature below 250 °C, high struc-
tural instability of these materials was found due to incomplete
removal of physisorbed and interlayer water from the LDH struc-
ture, resulting in continuous release of adsorbed pollutant, while
calcination temperatures above 300 °C caused the breakdown of
the structure. The kinetic adsorption rate constants decreased
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Table 5

Thermodynamic study of the diclofenac adsorption on the MgAI-LDH.
AG’ (k] mol ™) AH’ (k] mol ™) AS (Jmol ' K1) E., (k] mol ) A (min ')
298 K 308 K 318K
—6.746 -7.794 —8.843 55.76 209.7 63.61 3.99-107

slightly after the calcination step; nevertheless, the structural sta-
bility of the calcined material improved significantly allowing it to
operate under a continuous system. As shown in Fig. 4, the concen-
tration profiles showed two distinct sections due to the adsorption
process of the diclofenac on LDH (fast step) and the phenomenon
of further reconstruction (slow step). These results are in agree-
ment with those of Elhalil et al. [36], who studied the influence
of the molar ratio and calcination temperature of ZnAl-LDH on
the drug removal.

The experimental data were accurately described by the
pseudo-second kinetic order model and Freundlich isotherm, as
summarised in Tables 3-4. Based on the above premises, the opti-
mum calcination temperature of 250 °C was used for the synthe-
sised material packed on the column adsorption system.

After calcination, the broadening and weakening of the XRD
pattern showed the decrease of the degree of crystallinity due to
the formation of partially mixed metal oxide. As expected, the
lamellar structure collapsed, leading to the formation of MgO-
periclase-solid solution (JCPDS 45-0946), whose chemical struc-
ture exhibits cation vacancies due to the incorporation of trivalent
cations into octahedral sites [61]. The average crystallite size, unit
cell dimensions and cell volume for the calcined material are sum-
marised in Table 2. The FT-IR spectra of the calcined samples
showed a significant decrease in the intensity of the bands associ-
ated with the O-H groups, indicating dehydroxylation of LDH. The
release of the low content of carbonate ions from the interlayer
space was associated with the low intensity of the band assigned
the stretching vibration of carbonate ions (around 1368 cm™').
The FT-IR spectra showed an increasing intensity of the band cor-
responding to the lattice vibration Mg-O, and located in the low-

frequency region (~600 cm!). The pore properties and surface
area of the calcined material were tested by nitrogen adsorption-
desorption isotherms. The calcined material has all the relevant
characteristics of a mesoporous solid, as the specific surface area
of LDH increases slightly after the calcination step (Table 2).

3.5. Column adsorption system

The behaviour of the dynamic adsorption system was analysed
using a fixed-bed column (Fig. 5). The adsorbed total mass can be
estimated from the area under the plot Cy-C; vs. time using the
Eq. (16), while the experimental equilibrium capacity was deter-
mined by Eq. (17) [62,63].

t

Mool = / F(Co - Cy) (16)
0
m

Qeexp) = [ij]ta’ (17)

where My, is the adsorbed total mass (mg), Co and C; are the initial
concentration and concentration at time t, respectively (mg L), F
is the flow rate (mL min~!), t is the total time (min), ge (exp) 1S the
equilibrium capacity (mg g~!) and M is the total adsorbent mass
packed within the column (g).

The dynamic system showed that the experimental equilibrium
capacity determined by Eq. (17) was around 201 mg g~!, which is
consistent with the batch experiments results (Table 4). An appro-
priate design of the column requires an analysis of the fixed-bed
behaviour using the empirical models such as the BDST and
Yoon-Nelson models.

1.0 &
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Fig. 4. Effect of the calcination temperature on the diclofenac adsorption using MgAI-NO5 LDH: (dark green thin x) 250 °C, (orange circle) 300 °C.
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Fig. 5. Breakthrough curves for diclofenac adsorption on calcined MgAI-LDH fixed-bed column.

The linear representation of the BDST model (t vs In (Co /C; —1)
allowed the determination of the BDST parameters (Npp and Kgp)
based on the slope and intercept. These parameters are listed in
Table 6. A relatively high Npp parameter implies a remarkable
adsorption performance of the MgAl-NOs; LDH for the removal of
diclofenac from an aqueous solution. From the low-rate constant
resulting from the BDST model, the authors inferred a low mass
transfer from the liquid to the solid phase. The relatively high cor-
relation coefficient of this model indicates that the main driving
force of the process corresponds to the concentration gradient.
Therefore, the available active sites decrease sharply at high pollu-
tant concentration, leading to a decrease in breakthrough time and
saturation time.

From nonlinear plot of the Yoon-Nelson model (C¢/(Co-C;) vs t),
the time required for 50% adsorbate breakthrough was estimated
to be about 270 min. Thus, the theoretical value agrees with the
experimental value. The nonlinear models accurately described

Table 6
Operational conditions of the dynamic system and the estimated parameters for the
BDST and Yoon-Nelson models.

Operational parameters

Q (mL min™1) 1.00

m (g) 0.40

Qe (mgg™) 201

Bed height (cm) 1.00
Breakthrough time (min) 60
Exhaustion time (min) 480
BDST model

Ngp (mg g7 1) 1.34.10°
Kep (Lmg 's™1) 1.58.10*
R? 0.8503
SEE (min) 67.65
Yoon-Nelson model

kyn (min~") 0.0101
T (min) 278.5
R? 0.9871
SEE 0.0402

the experimental data from the dynamic system with a high corre-
lation coefficient and low SEE values (Table 6).

4. Conclusions

The presence of two metal cations with a molar ratio of Mg:Al
molar around 3:1 proved the successful synthesis of MgAl-LDH
by coprecipitation. After the successful synthesis, the adsorption
capacity of these materials was analysed with diclofenac as a
model drug. Under optimal conditions, the removal of this anti-
inflammatory compound (70 mg g~! adsorptive capacity) was
accurately described by the pseudo-second kinetic order model
and Freundlich isotherm, indicating chemisorption as one of the
main processes on the heterogeneous adsorbent surface. Then, a
thermal treatment at 250 °C allowed to increase the structural sta-
bility of the material for operating in continuous flow. The dynamic
system exhibited the experimental equilibrium capacity of the cal-
cined material was around 201 mg g~ !, which is consistent with
the batch experiments results. Thus, layered double hydroxides
can be considered as promising materials for the search and devel-
opment of novel adsorbents for wastewater treatment. Further
studies are needed to investigate the presence of other inorganic
ions and other emerging pollutants and the water matrix (e.g.,
municipal wastewater, hospital effluents) to demonstrate the gen-
eral applicability of the proposed method.
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