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but at temperatures above 25 ºC, the Qmax value was 
not increased. Equilibrium data were fitted using the 
Langmuir, Freundlich, and Sips models, and the change 
in standard free energy of adsorption was estimated 
from the Langmuir constant, corrected for the equilib-
rium activity coefficient, while the changes in standard 
enthalpy and entropy of adsorption were calculated from 
the van’t Hoff equation. Adsorption studies as a function 
of nitrate concentration at two C0 values (50 and 500 mg 
 L−1) showed that the increase in nitrate concentration 
led to a decrease in the Qmax of diclofenac, showing that 
nitrate competes with diclofenac for the adsorption sites. 
Theoretical studies were carried out using four different 
configurations of the diclofenac molecule approaching 
the surface of [Co–Al–NO3]-LDH. The interaction dis-
tance between diclofenac and [Co–Al–NO3]-LDH of 
2.0 Å presented the lowest energy.

Keywords Layered double hydroxide · Diclofenac · 
Adsorption · Mechanism · Thermodynamics

Abstract In this study, an adsorbent based on lay-
ered double hydroxide (Co–Al–NO3]-LDH) was syn-
thesized by the co-precipitation method at constant pH 
8.0 ± 0.5. This new material was used for the removal 
of diclofenac from water. The X-ray diffraction pat-
tern of [Co–Al–NO3]-LDH revealed a basal spac-
ing of 0.859  nm. Equilibrium time was reached after 
120 min for an initial concentration (C0) of diclofenac 
of 500  mg  L−1, and the pseudo-second  order model 
best fitted the kinetic data obtained at C0 values of 100, 
250, and 500 mg  L−1. The isotherms performed at 15, 
25, 35, and 45 °C showed an increase in the maximum 
adsorption capacity (Qmax = 494.9 mg  g−1) up to 25 °C, 
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1 Introduction

Symptoms caused by strep throat, arthritis, and 
menstrual cramps are examples of pain and inflam-
mation that can be defined as unpleasant sensations 
due to the stimulus associated with tissue dam-
age, according to the medical community (Kan-
tor, 1986; Vane, 1971). Diclofenac, marketed as 
Voltaren®, is widely used to treat pain (analgesic 
effect) and inflammatory diseases and also has 
anti-thermal action to control fever. Marketed for 
40  years, approximately 50  mg of this drug may 
inhibit agents responsible for causing pain and 
inflammation (Dastidar et  al., 2000), taking an 
average of 20 to 30 min to have a desirable effect.

However, despite its adverse side effects (Baigent 
et  al., 2013), this pharmaceutical drug, excreted by 
humans as unchanged compounds or metabolites via 
urine, can cause damage to freshwater fish species 
(Schwaiger et al., 2004; Triebskorn et al., 2007; Yan 
et  al., 2014). Other studies have demonstrated that 
diclofenac causes oxidative stress and reduces tes-
tosterone levels (Cherik et al., 2015). Concentrations 
of the order of µg  L−1 and ng  L−1 are a challenge for 
“conventional” water treatment methods, as water 
treatment plants cannot remove the entire portion of 
diclofenac, which is available in water at very low 
concentrations (Vogna et al., 2004).

Adsorption is a method applied to the treatment 
of water and wastewater. It is one of the cheapest 
and simplest purification and separation methods 
due to its versatility and accessibility, allowing 
the removal of hazardous compounds from water 
(Konicki et al., 2017; Qi et al., 2017; Xiong et al., 
2017). Up to now, various materials, including 
magnetic oxides (Leone et  al., 2018), mesoporous 
silica (Barczak et  al., 2018), and even agricultural 
soils (Xu et al., 2009), were exploited as potential 
adsorbents for the treatment of water contaminated 
with diclofenac. Among these materials, carbona-
ceous materials (e.g. activated carbons) have been 
applied for the removal of pharmaceutical drugs 
from water. Some activated carbons have magnetic 
properties, which facilitate their separation pro-
cess from water. Other activated carbons are capa-
ble of removing various pharmaceutical drugs, not 
depending on their ionic forms commonly detected 
in sewage. However, the magnetically activated 

carbons have disadvantages when their porosity 
decreases, which is the result of the introduction of 
 Fe3O4 nanoparticles or other magnetic nanoparti-
cles into their porous structures, or they have lim-
ited reuse (Rocha et al., 2020; Zhao et al., 2020).

The term “anionic clays” (AC) is used 
to represent LDHs  (layered double hydrox-
ides), natural or synthetic materials, which 
are obtained by the stacking of two-dimen-
sional units called lamellae that are linked by 
intermolecular forces, such as London forces, 
electrostatic interaction, and hydrogen bond-
ing (Li et  al., 2017; Muráth et  al., 2017; Yan 
et  al., 2015). In these materials, species such 
as ions, atoms or molecules can be inserted 
into the interlamellar space through interca-
lation reactions (Sun & Dey, 2015). LDHs 
may contain divalent and trivalent metal cati-
ons simultaneously, with a generic formula 
 [M2+

1−xM3+
x(OH)2[An−]x/nZH2Oy], where  M2+ 

can be  Mg2+,  Zn2+, or  Co2+ and  M3+ can be 
 Al3+,  Ga3+,  Fe3+, or  Mn3+. The term An− refers 
to a non-framework charge generally com-
pensating for an inorganic anion  (CO3

2−,  Cl−, 
 NO3

−) and x is in the range of 0.2 to 0.4 (Evans 
& Slade, 2005; Khan & O’Hare, 2002; Wang & 
Ohare, 2012). LDHs have been applied to the 
synthesis of electrode materials for application 
in lithium batteries, magnetic hybrid materials, 
transport properties, and dye-sensitized solar 
cells (Wang & Ohare, 2012).

The process of adsorption using LDH materials for 
pollutant  removal  such as  herbicides (Calisto et  al., 
2019; Lartey Young & Ma, 2022), fungicide and 
parasiticide (Roca Jalil et al., 2013), toxic metal ions 
(Feng et al., 2022), dyes (Yadav & Dasgupta, 2022), 
pharmaceuticals (Liu et  al., 2022), and other sub-
stances that cause environmental damage has been 
reported in the literature. However, there are few 
studies involving the process of removing drugs from 
contaminated water using lamellar compounds. This 
study describes the synthesis of [Co–Al–NO3]-LDH 
material by co-precipitation at constant pH (Calisto 
et al., 2019) and its application in the adsorption of 
diclofenac, an emerging pollutant, from aqueous 
solution. The thermodynamic parameters of adsorp-
tion were calculated, and the interaction between 
diclofenac and [Co–Al–NO3]-LDH was elucidated 
by kinetic and theoretical studies.
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2  Material and Methods

2.1  Synthesis of [Co–Al–NO3]‑LDH

[Co–Al–NO3]-LDH was synthesized by the coprecip-
itation method at a constant pH. A volume of 500 mL 
of aqueous solutions containing  Co2+ (1.0  mol  L−1 
of hexahydrate cobalt nitrate [Co(NO3)2·6H2O]) and 
 Al3+ (0.5 mol  L−1 of  aluminum nitrate nonahydrate 
[Al(NO3)3·9H2O]), giving a metal ion ratio of 2:1, 
was slowly added to a solution with pH previously 
adjusted to 8.0 ± 0.5 by adding drops of an aqueous 
1.0  mol  L−1 NaOH solution. The powder obtained 
was filtered and dried under reduced pressure at 
60–80 °C for 48 h.

2.2  Structural and Morphological Characterizations 
of [Co–Al–NO3]‑LDH

The structural characterization of [Co–Al–NO3]-LDH 
was performed by X-ray diffraction (XRD) using a 
Shimadzu diffractometer (Model 6000,  Cukα radia-
tion, λ = 1.5406 Å), with a voltage of 40 kV, a current 
of 30  mA, and a scan speed of 2°  min−1 from 5 to 
70°. The unit cell parameters, a, c, and d, were cal-
culated using the Full-Prof software. The d003 value 
corresponds to the sum of the thickness and height of 
the interlayer region.

Fourier transform infrared (FTIR) spectra of the 
solid samples were recorded from 500 to 4000  cm−1 
on a Frontier single-range MIR spectrometer (Perkin 
Elmer), using the diamond attenuated total reflection 
(ATR) crystal accessory.

The morphological characterization of 
[Co–Al–NO3]-LDH by scanning electron micros-
copy (SEM) coupled with energy-dispersive 
X-ray spectroscopy (EDS) was performed using a 
scanning electron microscope (Shimadzu, model 
SSX-550 SuperScan), operated with a filament 
voltage of 10  kV. The samples were supported 
on the sample holders to disperse the powder on 
conductive double-sided adhesive Scotch® tape. 
A 7-nm-thick gold layer was applied to the sam-
ples prior to measurements using a Bal-Tec sput-
ter coater (model SCD 050).

The specific surface area and pore size distribu-
tion were determined by liquid  N2 adsorption at 77 K 
using the BET (Brunauer–Emmett–Teller) (Brunauer 
et  al., 1938) and BJH (Barrett & Joyner, 1951) 

(Barrett–Joyner–Halenda) methods on Micrometrics 
ASAP® 2020 analyzer. Before measurements, samples 
were degassed under reduced pressure at 90 °C for 4 h.

The pH of the zero charge point  (pHZPC) of the 
adsorbent was determined by the solid addition 
method (Hao et  al., 2004). Samples of 20.0  mg of 
[Co–Al–NO3]-LDH were placed into 50  mL Erlen-
meyer flasks containing 20.0 mL of aqueous 0.1 mol 
 L−1 NaCl solution. The initial pH  (pHinitial) of the 
aqueous solutions was previously adjusted to different 
values, ranging from 2 to 12. Then, the flasks were 
agitated in an orbital shaker incubator at 180  rpm 
(Solab Scientific, model SL223) and 25 °C for 24 h 
to until the equilibrium pH was reached. After 24 h 
of agitation, the final pH  (pHfinal) of each flask was 
measured using a pH meter. The  pHZPC was obtained 
by the intersection of the  pHfinal against  pHinitial curve 
with the abscissa, i.e., where the value of ∆pH is 
zero.

2.3  Adsorption Tests

2.3.1  Kinetic Studies

The kinetic adsorption studies of diclofenac were 
performed with 15.0 mg of [Co–Al–NO3]-LDH dis-
persed in 15.0  mL of aqueous sodium diclofenac 
solution at initial concentrations (C0) of 100, 250, 
and 500  mg  L−1 and pH 7.0. Erlenmeyer flasks of 
50 mL containing the dispersion were placed in an 
orbital shaker incubator (Solab Scientific, model 
Sl223) and agitated at 180  rpm and 25 ± 1  °C for 
different contact times. Aliquots of supernatants 
containing a residual concentration of diclofenac 
were taken and analyzed. The amount of diclofenac 
adsorbed on [Co–Al–NO3]-LDH at a time t (Eq. (1)) 
was determined by measuring the concentration 
of diclofenac on a UV–VIS spectrophotometer 
(Hewlett–Packard, model 8453), at a wavelength of 
275 nm. Previously, a standard calibration curve was 
prepared for the quantification of diclofenac in an 
aqueous solution (Online Resource 1).

where q (mg  g−1) is the adsorption capacity of 
[Co–Al–NO3]-LDH, C0 (mg  L−1) is the initial 
concentration of diclofenac, Ct (mg  L−1) is the 

(1)q∕(mgg−1) =

(

C
0
− Ct

)

V

w
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concentration of diclofenac at time t, V (L) is the vol-
ume of the diclofenac solution, and w (g) is the weight 
of [Co–Al–NO3]-LDH. It is crucial to accurately 
describe the adsorption kinetics to determine the 
adsorption parameters by models that can predict the 
experimental behavior (Gerçel & Gerçel, 2007). For 
this, the following model equations frequently used to 
adjust the adsorption data in the aqueous phase were 
used: pseudo-first  order (Lagergren, 1898), pseudo-
second order (Ho & McKay, 1999), and intraparticle 
diffusion (Weber & Morris, 1963; Largitte & Pasquier, 
2016). The integrated form of the pseudo-first  order 
kinetic model is described in Eq. (2).

where qt (mg  g−1) is the amount of diclofenac 
adsorbed on [Co–Al–NO3]-LDH at time t (min), qe 
(mg  g−1) is the amount of diclofenac adsorbed on 
[Co–Al–NO3]-LDH at equilibrium, and k1  (min−1) 
is the pseudo-first  order rate constant. According to 
this model, the adsorption rate depends on the dif-
ference between the adsorbed amount at equilibrium 
and the adsorbed amount at time t. In other words, the 
adsorption rate decreases drastically when the amount 
adsorbed at time t is closer to the amount adsorbed 
at equilibrium. The initial adsorption rate (h) for the 
pseudo-first  order kinetic model was calculated as 
described in Eq. (3).

The pseudo-second  order kinetic model assumes 
that the adsorption capacity is proportional to the 
number of active sites located on the surface of the 
adsorbent, where k2 (g  mg−1   min−1) is the pseudo-
second order rate constant. The integrated form of the 
pseudo-second order model is described in Eq. (4).

The initial adsorption rate (h) for the pseudo-sec-
ond order kinetic model was calculated as described 
in Eq. (5).

The intraparticle diffusion (IPD) kinetic model 
(Eq. (6)) represents in detail that there may be one or 
more steps involved in the adsorption process. First, 

(2)qt∕(mgg−1) = qe
[

1 − e−k1t
]

(3)h∕(mgg−1min−1) = k
1
qe

(4)qt∕(mgg−1) =
q2
e
k
2
t

(1 + qek2t)

(5)h∕(mgg−1min−1) = k
2
q2
e

the adsorbate molecules approach the external surface 
of the solid (external diffusion) and then undergo dif-
fusion through the thin film of solvent molecules sur-
rounding the adsorbent particles. After, the adsorbate 
molecules undergo diffusion to the internal pores and 
the surface of the solid (intraparticle diffusion).

where kit (mg  g−1   min−1/2) is the intraparticle diffu-
sion rate constant and C is the intercept, which may 
be related to the thickness of the boundary layer.

2.3.2  Adsorption Isotherms

Adsorption equilibrium experiments were carried out 
at 15, 25, 35, and 45  °C, with agitation for 12  h at 
180 rpm. Samples of 15.0 mL of aqueous diclofenac 
solution with initial concentrations ranging from 
10 to 560 mg  L−1 were added to 50 mL Erlenmeyer 
flasks. Subsequently, 15.0 mg of [Co–Al–NO3]-LDH 
were added to each flask, and the flasks were agitated 
in an orbital shaker incubator (Tecnal, model TE-421) 
at 15, 25, 35, and 45 °C. When thermodynamic equi-
librium was reached, the adsorbent was separated 
from the liquid phase by centrifugation. Equilibrium 
concentrations in the supernatants were determined 
on a UV–VIS spectrophotometer (Hewlett–Packard, 
model 8453) at a wavelength of 275 nm (Sect. 2.2.1).

Three isotherm models (Langmuir, Freundlich, 
and Sips) were used to fit the equilibrium adsorption 
data of diclofenac on [Co–Al–NO3]-LDH. The Lang-
muir model (Langmuir, 1938) (Eq. (7)) assumes that 
the adsorption sites have equal energy (Ayawei et al., 
2017). According to this model, the adsorption sites 
are finite, and there are no repulsive or attractive lat-
eral interactions between the adsorbed species.

where qe (mg  g−1) corresponds to the amount of 
diclofenac adsorbed on [Co–Al–NO3]-LDH at equi-
librium, Ce (mg  L−1) is the equilibrium concentra-
tion of diclofenac in the liquid phase, Qmax (mg  g−1) 
corresponds to the maximum adsorption capacity of 
diclofenac on [Co–Al–NO3]-LDH, and b (L  mg−1) 
corresponds to the Langmuir binding constant. Con-
trary to the Langmuir model, the Freundlich model 
(Freundlich, 1906) (Eq.  (8)) assumes the occurrence 

(6)qe∕(mgg−1) = k0.5
it

+ C

(7)qe∕(mgg−1) =
QmaxbCe

1 + bCe
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of multilayer adsorption onto the heterogeneous sur-
face (Khayyun & Mseer, 2019).

where kF [(mg  g−1)/(L  mg−1)1/n] is the Freundlich 
constant, which is related to the adsorption capacity 
of the adsorbent, and the term 1/n characterizes the 
adsorption intensity, indicating whether the adsorp-
tion is favorable (1/n < 1) or not (1/n > 1).

The last isotherm model, which is derived from 
the Langmuir and Freundlich model equations, is the 
Sips (Sips, 1948), or Langmuir–Freundlich model 
(Eq.  (9)). If the value of the term n is greater than 
unity (n > 1), the adsorption system under study is 
considered heterogeneous. On the contrary, homo-
geneous adsorption is considered if the value of the 
term n is 1, and therefore the Sips model is reduced to 
the Langmuir model (Popoola, 2019).

2.3.3  Thermodynamic Calculations

The thermodynamic parameters (changes in standard 
enthalpy (ΔadsH°) and entropy (ΔadsS°) of adsorption) 
were estimated by the van’t Hoff equation (Ghosal & 
Gupta, 2017), as described in Eq. (10).

where Ka (dimensionless) is the thermodynamic equi-
librium constant, R (8.314  J   K−1   mol−1) is the gas 
constant, and T (K) is the absolute temperature.

The thermodynamic equilibrium constant can be 
estimated from the Langmuir binding constant, using 
the approach as suggested by the authors (Ghosal & 
Gupta, 2017; Liu, 2009) as described in Eq. (11).

where γe is the equilibrium activity coefficient 
(dimensionless), which was estimated using the value 
of the first equilibrium concentration of diclofenac 
from the plateau of the adsorption isotherms at differ-
ent temperatures and applying it to Eq. (12).

(8)qe∕(mgg−1) = kFC
1∕n
e

(9)qe∕
(

mgg−1
)

=
Qmax

(

bCe

)1∕n

(

bCe

)1∕n

(10)lnKa =
−ΔadsH

◦

RT
+

ΔadsS
◦

R

(11)Ka =

[

b

�e

(

1molL−1
)

]

where z corresponds to the ion charge in solution, 
i.e., − 1 for diclofenac at pH 7.0, and μ (mol  L−1) 
is the ionic strength of the solution at equilibrium. 
The Guntelberg approximation of the extended 
Debye–Hückel law allows estimating ionic strengths 
up to 0.1 mol  L−1 (Yokoyama & Yamatera, 1973).

The change in standard free energy of adsorption 
(ΔadsG°) was calculated by Eq. (13).

2.3.4  Effect of Nitrate Concentration on Adsorption 
Kinetics of Diclofenac on [Co–Al–NO3]‑LDH

The anion exchange properties of [Co–Al–NO3]-
LDH during adsorption of diclofenac were investi-
gated. This experiment considered the hypothesis 
that the adsorption of diclofenac occurred with the 
release of nitrate from [Co–Al–NO3]-LDH struc-
ture to the liquid phase and, therefore, the adsorp-
tion kinetics of diclofenac is affected by the presence 
of nitrate in solution. If this hypothesis is valid, the 
[Co–Al–NO3]-LDH structure is probably modified 
after the adsorption of diclofenac. To investigate 
this hypothesis, 15.0 mg of [Co–Al–NO3]-LDH was 
suspended in 50  mL Erlenmeyer flasks containing 
15.0  mL of aqueous diclofenac solution at differ-
ent initial concentrations (50 and 500  mg  L−1), and 
the flasks were agitated in an orbital shaker incuba-
tor at 180 rpm and 25 °C for different contact times, 
ranging from 15 to 180  min. The concentration of 
diclofenac in the liquid phase (supernatant) was 
determined as described in Sect. 2.2. The concentra-
tion of nitrate in the liquid phase was determined by 
UV–VIS spectrophotometry.

2.3.5  Theoretical Study: Optimization and Single 
Calculations

The construction of the geometries was performed 
in the Gauss View 5.0 software. After construction, 
optimization calculations of [Co–Al–NO3]-LDH and 
diclofenac molecule were performed in the Gauss-
ian 0.9 software with the functional PBE1PBE, and 
the basis set 6–311 g. Then, single-point calculations 

(12)log�e = −0.5z2

√

μ

1 +
√

�

(13)ΔadsG
◦

∕(kJmol−1) = −RTlnKa
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were performed, approximating every 0.5  Å of the 
diclofenac molecule to the [Co–Al–NO3]-LDH.

3  Results and Discussion

3.1  Characterization of [Co–Al–NO3]‑LDH Before 
and After Adsorption of Diclofenac

The anion exchange properties of [Co–Al–NO3]-
LDH were investigated by placing [Co–Al–NO3]-
LDH in contact with aqueous solutions of diclofenac 
at different initial concentrations, under the agita-
tion of 180 rpm at 25 °C. Online Resource 2 shows 
curves of nitrate removal percentage against contact 
time in the presence of diclofenac (C0 = 500  mg 
 L−1), under two different initial concentrations of 
nitrate (50 and 500  mg  L−1). Both curves showed 
similar behavior for nitrate removal from aque-
ous solution, i.e., the nitrate removal from solu-
tion did not depend on the initial concentration of 
diclofenac in the liquid phase. Online Resource 3 
shows curves of adsorption capacity of diclofenac 
on [Co–Al–NO3]-LDH as a function of contact 
time. The presence of nitrate in the solution nega-
tively affected the adsorption of diclofenac on 
[Co–Al–NO3]-LDH, decreasing its adsorption 
capacity (see kinetic data in Table  3). Figure  1 
shows curves of diclofenac and nitrate concentration 

as a function of time. As can be seen in Fig. 1, as the 
concentration of diclofenac in solution decreases, 
the concentration of nitrate in solution increases, 
i.e., as diclofenac is adsorbed on [Co–Al–NO3]-
LDH, nitrate is released from [Co–Al–NO3]-LDH 
structure. At 180  min of contact time, 18.7  mmol 
of diclofenac were adsorbed on [Co–Al–NO3]-
LDH while 20.5 mmol of nitrate were released from 
[Co–Al–NO3]-LDH structure, giving a nitrate-to-
diclofenac ratio of 1.1. Therefore, the stoichiom-
etry of the reaction (Eq. (14)) was close to 1. These 
data confirmed that diclofenac was adsorbed on 
[Co–Al–NO3]-LDH by anion exchange, as the pres-
ence of nitrate affected the adsorption capacity of 
diclofenac, probably inhibiting the displacement of 
nitrate ions from [Co–Al–NO3]-LDH structure to 
solution and the migration of diclofenac from the 
bulk solution to the surface of [Co–Al–NO3]-LDH. 
This phenomenon can also be observed in the X-ray 
diffractograms (Fig. 2) and FTIR spectra (Fig. 3) of 
[Co–Al–NO3]-LDH before and after adsorption of 
diclofenac. X-ray diffractograms of [Co–Al–NO3]-
LDH before and after adsorption of diclofenac 
are shown in Fig.  2, which shows the crystal-
line structure of [Co–Al–NO3]-LDH was clearly 
modified as the amount of adsorbed diclofenac 
increased. Basal distances and unit cell parameters 
for [Co–Al–NO3]-LDH materials before and after 
adsorption of diclofenac are shown in Table  1. 
The X-ray diffractograms of the synthesized 
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Fig. 1  Evolution of diclofenac and nitrate concentration dur-
ing adsorption of diclofenac (C0 = 500  mg  L−1) on [Co–Al–
NO3]-LDH at 25 °C

Fig. 2  X-ray diffractograms of a [Co–Al–NO3]-LDH before 
adsorption of diclofenac and b [Co–Al–NO3]-LDH after 
adsorption of diclofenac
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[Co–Al–NO3]-LDH showed sharp diffraction peaks, 
as can be seen in Fig. 2. The basal (003) reflections 
represent the thickness of the layer in hydrotalcite-
like materials. As shown in Fig.  2, the X-ray dif-
fractogram of [Co–Al–NO3]-LDH showed typical 
characteristic reflections of the two-dimensional 
hydrotalcite phase and were indexed according 
to JCPDS Card No. 14–191, which showed basal 
planes (003), (006), (009), (110), and (113) at 2θ of 
10.14, 20.04, 34.70, 60.43, and 61.80º, respectively 

(Millange et al., 2000). These data confirm that the 
proposed synthesis method was useful to obtain a 
crystalline [Co–Al–NO3]-LDH material.

The basal spacing d003, which represents the 
thickness of the hydrotalcite layer plus the inter-
layer space, is a function of the size and orientation 
of the intercalated anions. The basal spacing of the 

(14)
LDH − NO

3
+ diclofenac− → LDH − diclofenac + NO−

3

Fig. 3  FTIR spectra of 
[Co–Al–NO3]-LDH before 
and after adsorption of 
diclofenac. Experimental 
conditions: 15.0 mg of [Co–
Al–NO3]-LDH, 15.0 mL of 
diclofenac (500 mg  L−1), 
and time of 12 h, under agi-
tation of 150 rpm at 25 °C
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Table 1  Unit cell parameters of [Co–Al–NO3]-LDH before and after adsorption of diclofenac

Sample d003 / Å a* / Å c** / Å V *** / Å3 Representation of the 

unit cell

Hydrotalcite (JCPDS 14-

191)
7.74 3.07 23.23 189.60

[Co-Al-NO3]-LDH after

adsorption
8.59 3.06 25.76 208.57

[Co-Al-NO3] LDH before

adsorption
8.02 3.10 24.07 200.31

(*) a = 2 × d110; (**) c = 3 × d003; (***)V = volume =

√

3a2c

2
= 0.866a2c
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[Co–Al–NO3]‑LDH was calculated using Bragg’s law 
(2θ = 10.14°, d003 = 0.859 nm). Table 1 shows unit cell 
parameters of hydrotalcite (JCPDS card no. 14–191) 
and [Co–Al–NO3]-LDH before and after adsorption 
of diclofenac. As can be seen in Table 1, a change in 
the unit cell parameters was observed after adsorption 
of diclofenac, suggesting the exchange of nitrate for 
diclofenac in the [Co–Al–NO3]-LDH structure. This 
change in the basal planes (003) and (006) is related 
to an increase in the value of the interlamellar dis-
tance d003, due to the intercalation of the diclofenac 
molecule in the interlayer structure of [Co–Al–NO3]-
LDH. It was also observed that the value of d003 
increased after adsorption of diclofenac from 8.02 to 
8.59 Å and, consequently, there was also an increase 
in the unit cell volume from 200.31 to 208.57 Å.

FTIR spectroscopy was used to clarify the inter-
action of diclofenac with [Co–Al–NO3]-LDH. 
The FTIR spectra before and after adsorption of 
diclofenac on [Co–Al–NO3]-LDH is shown in Fig. 3. 
The bands at 524 and 676  cm−1 are related to vibra-
tions of Co–O and Al–O bonds in [Co–Al–NO3]-
LDH (Chen et  al., 2011). In addition, the bands at 
1635, 1651, and 3400  cm−1 correspond to the stretch-
ing vibration of the water molecule (O–H bond) in 
[Co–Al–NO3]-LDH due to the presence of water of 
hydration and hydroxyl groups in the [Co–Al–NO3]-
LDH structure.

The characteristic bands of the functional groups 
present in diclofenac and [Co–Al–NO3]-LDH were 
identified in the FTIR spectrum of [Co–Al–NO3]-
LDH after adsorption of diclofenac (C0 = 500  mg 
 L−1) (Fig.  3). In this spectrum, a broadening of the 
bands at 3400 and 3325   cm−1 was observed. These 
bands correspond to the stretching vibration of the 
O–H and N–H groups (Chu et  al., 2012), respec-
tively. The wag  vibration of the N–H bond was 
observed at 856   cm−1, which was attributed to the 
secondary amine group in diclofenac. Vibrations of 
other functional groups identified in the spectrum of 
[Co–Al–NO3]-LDH after adsorption of diclofenac 
were: C–H bond at 856, 2845, and 2950   cm−1 (Chu 
et al., 2012), C–Cl bond at 743–769  cm−1, and C = C 
bond in the aromatic ring at 1504   cm−1 (Ramachan-
dran & Ramukutty, 2014). The bands at 1576 and 
1448   cm−1 correspond to asymmetric and sym-
metric stretching vibrations of the carboxylate ion, 
respectively (Venugopal et  al., 2007). The spectrum 
of [Co–Al–NO3]-LDH after adsorption of diclofenac 

suggested a possible interaction due to the adsorp-
tion of diclofenac molecule on [Co–Al–NO3]-LDH, 
which is related to the widening and deformation of 
the bands related to the Co–O bond at 524  cm−1 and 
Al–O bond at 676  cm−1.

In an adsorption process, the adsorbate molecules 
migrate from the bulk solution to the pores and sur-
face of the adsorbent. However, the adsorption of 
ionizable adsorbate molecules depends directly on 
the charge of active sites on the surface of the adsor-
bent. The point of zero charge is defined as the pH 
value where the net surface charge of the adsorbent is 
zero. Figure 4 shows a plot of  pHfinal against  pHinitial 
used for estimating the  pHZPC value  (pHZPC = 7.92). 
Therefore, at pH lower than  pHZPC, [Co–Al–NO3]-
LDH has a net positive surface charge, whereas at 
pH higher than  pHZPC, it has a net negative surface 
charge. As the ZPC value of [Co–Al–NO3]-LDH is 
higher than 7 and the pKa value of the diclofenac mol-
ecule is 4.15 (see Online Resource 4), it is expected 
that the adsorption of diclofenac molecules on 
[Co–Al–NO3]-LDH is favored at pH 7 (Wishart et al., 
2008). Therefore, at pH values lower than  pHZPC, 
the net surface charge of the [Co–Al–NO3]-LDH is 
positive, which makes the adsorption of negatively 
charged diclofenac molecules favorable. In this study, 
all the adsorption experiments were performed at pH 
7.0, considering that river water has a pH close to 
neutrality.
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Fig. 4  Plot of  pHfinal versus  pHinitial used to obtain the point of 
zero charge of the [Co–Al–NO3]-LDH adsorbent
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The analysis of the textural properties of the 
adsorbent material aimed to evaluate the presence 
of micropores, mesopores, and macropores in its 
structure. This makes it possible to determine the 
characteristics related to the porosity and specific 
surface area of the synthesized material that affect 
the performance of the [Co–Al–NO3]‑LDH adsor-
bent for the removal of diclofenac from the aqueous 
phase (Rouquerol et  al., 2013; Marsh & Rodríguez-
Reinoso, 2006). Figure  5  shows the adsorption and 
desorption isotherms of  N2 for [Co–Al–NO3]-LDH, 
which is a type II isotherm (Thommes et al., 2015). 
As can be seen in Fig.  5, the adsorption of  N2 on 
[Co–Al–NO3]-LDH at low relative pressures (P/P0) 
suggests the presence of micropores. In addition, 
when the value of P/P0 approached unity, the iso-
therm curve increased sharply due to the presence of 
macropores in the sample. The phenomenon of hys-
teresis in the isotherm curve in the range of P/P0 from 
0.5 to 0.9 revealed the presence of mesopores. Using 
the P/P0 range proposed by the BET method (linear 

range), the specific surface area and pore volume of 
[Co–Al–NO3]-LDH were determined.

Table 2 shows the textural properties determined 
for [Co–Al–NO3]-LDH by the BET method (specific 
surface area) and BJH method (pore size distribu-
tion). The specific surface area of [Co–Al–NO3]-
LDH was 34  m2g−1, with a great development in 
the number of mesopores with an average size of 
123 Å and a volume of 1.7  cm3g−1, providing more 
active sites on the surface of the adsorbent for the 
removal of diclofenac.

Figure  6 shows SEM/EDS images of 
[Co–Al–NO3]‑LDH. These images showed irregu-
lar plate-like structures overlapped forming layers 
as if they were non-uniformly stacked lamellae, 
which are typically found in hydrotalcite structures 
(Gregg and Sing, 1982). EDS microanalysis of 
[Co–Al–NO3]‑LDH revealed amounts of  Co2+ and 
 Al3+ of 33.65 and 7.89%, respectively, indicating 
the presence of these cations in the [Co–Al–NO3]‑
LDH structure.

Fig. 5  Physisorption 
isotherms (adsorption/des-
orption) of  N2 on [Co–Al–
NO3]-LDH
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Table 2  Textural properties 
of [Co–Al–NO3]-LDH

Material Specific surface area
(m2g−1)

Average pore 
diameter (Å)

Average pore volume
(cm3g−1)

Micro Meso Micro Meso Total

[Co–Al–NO3]-LDH 34 - 123 0.02 1.7 1.7
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3.2  Adsorption Tests

3.2.1  Kinetic Studies

The evolution of the adsorption capacity of 
[Co–Al–NO3]-LDH for diclofenac was studied at 
three initial concentrations of diclofenac (100, 250, 
and 500  mg  L−1) to estimate the effect of the ini-
tial concentration of diclofenac on kinetic param-
eters, such as equilibrium adsorption capacity (qe) 
and adsorption rate constant (k), as well as clarify 
the mechanism of adsorption. The evolution of 
the adsorption capacity of [Co–Al–NO3]-LDH for 
diclofenac at three initial concentrations as a function 
of contact time is shown in Fig. 7.

Three adsorption kinetic models (pseudo-first and 
pseudo-second order and intraparticle diffusion) were 
used to model the kinetic data. The kinetic parame-
ters estimated by these models are important to elu-
cidate the mechanism of adsorption of diclofenac on 
[Co–Al–NO3]-LDH. For the pseudo-first and pseudo-
second order, the curves fitted to the experimental 
data are shown in Fig. 7a, while the straight lines fit-
ted to the experimental data by the intraparticle dif-
fusion model are shown in Fig. 7b. Table 3 shows the 
kinetic parameters estimated by fitting the pseudo-
first- and pseudo-second order models to the experi-
mental data. Table  4 shows the kinetic parameters 
estimated by fitting the intraparticle diffusion model 
to the experimental data.

Fig. 6  SEM/EDS images of [Co–Al–NO3]-LDH

Fig. 7  a Adsorption capac-
ity (qt) of diclofenac (DCF) 
on [Co–Al–NO3]-LDH as 
a function of time (t) at dif-
ferent initial concentrations 
of diclofenac (100, 250, and 
500 mg  L−1) at 25 °C, with 
the pseudo-first and pseudo-
second order curves fitted 
to the experimental data 
and b intraparticle diffusion 
plots for the adsorption 
of diclofenac on [Co–Al–
NO3]-LDH
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As can be seen in Fig. 7a, as the diclofenac con-
centration increases, the equilibrium adsorption 
capacity was reached more slowly, i.e., in 40 min for 
C0 of 100  mg  L−1, 120  min for C0 of 250  mg  L−1, 
and more than 120  min for C0 of 500  mg  L−1. The 
pseudo-second  order model fitted the experimental 
data better than the pseudo-first order model, as can 
be seen by the values of R2

adj, χ2
red, and RSS. As can 

be seen in Fig.  7b, the adsorption of diclofenac on 
[Co–Al–NO3]-LDH occurred in two or more steps. 
First, there was a slower initial adsorption step, fol-
lowed by a faster adsorption step and a slower adsorp-
tion step. At lower concentrations of diclofenac (100 
and 250 mg  L−1), the value of ki,2 was very similar. 
The slower adsorption rates (ki,2 and ki,3) of diclofenac 

at lower concentrations suggest that the adsorp-
tion of diclofenac occurred mainly on the surface of 
[Co–Al–NO3]-LDH, because the lower concentration 
of diclofenac, the lower the driving force for adsorp-
tion of diclofenac in the pores of [Co–Al–NO3]-LDH. 
As the initial concentration of diclofenac increased to 
500  mg  L−1, the mechanism of adsorption seems to 
have changed, with the ki,2 and ki,3 values for the C0 
value of 500 mg  L−1 much higher than the ki,2 and ki,3 
values for the C0 values of 100 and 250 mg  L−1.

The effect of the presence of nitrate at two dif-
ferent concentrations (50 and 500  mg  L−1) on the 
adsorption kinetics of diclofenac (C0 = 500  mg 
 L−1) on [Co–Al–NO3]-LDH was also investigated. 
The kinetic parameters estimated by fitting the 

Table 3  Kinetic parameters estimated by the pseudo-first and pseudo-second order models for adsorption of diclofenac (DCF) on 
[Co–Al–NO3]-LDH at 25 °C

C0,DCF/(mg  L−1) Pseudo-first order
qe,est/(mg  g−1) k1/(min−1) h/(mg  g−1  min−1) R2

adj χ2
red RSS

100 93.95 ± 3.36 (4.26 ± 0.63) ×  10−2 4.00 0.8514 42.08 252.11
250 235.69 ± 8.20 (2.03 ± 0.20) ×  10−2 4.78 0.9564 89.02 445.09
500 362.73 ± 11.15 (2.44 ± 0.22) ×  10−2 8.83 0.9654 140.37 561.47
C0,DCF/(mg  L−1) C0,NO3

−/(mg  L−1) qe,est/(mg  g−1) k1/(min−1) h/(mg  g−1  min−1) R2
adj χ2

red RSS
500 50 262.67 ± 7.23 (2.04 ± 0.15) ×  10−2 5.36 0.9919 38.58 154.30
500 500 319.26 ± 12.31 (1.47 ± 0.13) ×  10−2 4.68 0.9875 97.03 485.16
C0,DCF/(mg  L−1) Pseudo-second order

qe,est/(mg  g−1) k2/(g  mg−1  min−1) h/(mg  g−1  min−1) R2
adj χ2

red RSS
100 106.38 ± 4.92 (5.57 ± 1.42) ×  10−4 6.30 0.8878 31.72 190.31
250 297.92 ± 14.20 (6.86 ± 1.26) ×  10−5 6.08 0.9686 64.10 320.52
500 455.36 ± 22.25 (5.52 ± 1.06) ×  10−5 11.44 0.9674 132.18 528.72
C0,DCF/(mg  L−1) C0,NO3

−/(mg  L−1) qe,est/(mg  g−1) k2/(g  mg−1  min−1) h/(mg  g−1  min−1) R2
adj χ2

red RSS
500 50 349.11 ± 22.04 (5.21 ± 1.16) ×  10−5 6.35 0.9835 78.77 315.07
500 500 438.06 ± 19.24 (2.77 ± 0.39) ×  10−5 5.32 0.9929 55.02 275.10

Table 4  Kinetic parameters estimated by the intraparticle diffusion model for adsorption of diclofenac (DCF) on [Co–Al–NO3]-
LDH at 25 °C

C0,DCF /(mg  L−1) kit,1 kit,2 kit,3 Ci,1 Ci,2 Ci,3 Ri,1,adj
2 Ri,2,adj

2 Ri,3,adj
2

(mg  g−1  min−1/2) (mg  g−1)
100 3.09 14.41 0.83 42.12  − 19.64 85.31 1 0.9986 0.9598
250 22.11 15.49 4.33  − 5.86 44.93 173.32 0.8835 0.7971 0.8518
500 17.96 59.60 15.79 103.03  − 176.29 166.33 1 1 0.9752
C0,DCF/(mg  L−1) C0,NO3

−/
(mg 
 L−1)

kit,1 kit,2 kit,3 Ci,1 Ci,2 Ci,3 Ri,1,adj
2 Ri,2,adj

2 Ri,3,adj
2

(mg  g−1  min−1/2) (mg  g−1)

500 50 28.80 8.87 -  − 41.92 141.01 - 0.9713 0.9944 -
500 500 29.13 22.38 -  − 41.43 6.96 - 0.9558 0.9987 -
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pseudo-first and pseudo-second  order models and 
intraparticle diffusion model to the experimental data 
are shown in Tables 3 and 4, respectively. As can be 
seen in Tables 3 and 4, the presence of nitrate in an 
aqueous solution negatively affected the adsorption 
kinetics of diclofenac, decreasing the equilibrium 
adsorption capacity and adsorption rate constant for 
adsorption of diclofenac on [Co–Al–NO3]-LDH. 
These results confirm that diclofenac is adsorbed on 
[Co–Al–NO3]-LDH by anion exchange.

3.2.2  Adsorption Isotherms and Adsorption 
Thermodynamics

The adsorption isotherms were carried out at 15  °C 
(288,15  K), 25  °C (298,15  K), 35  °C (308,15  K), 
and 45  °C (318.15  K), with an equilibrium time 
of 160 min and an  agitation speed of 180  rpm. The 
isotherm models used to model the equilibrium data 
were Langmuir, Freundlich, and Sips. The plots of 
equilibrium adsorption capacity (qe) against equi-
librium concentration (Ce) are shown in Fig.  8. The 
parameters estimated by fitting the isotherm models 
to the equilibrium data are shown in Table  5. The 
highest adsorption capacity (Qmax = 494.9 mg  g−1) of 
[Co–Al–NO3]-LDH for diclofenac was observed at 
25 °C (298.15 K). The best fits according to the R2

adj, 
χ2

adj, and RMSE values were provided by the Sips 
model for the isotherms obtained at 15 (288.15  K) 
and 25  °C (298.15  K) and the Langmuir model for 
the adsorption isotherms obtained at 35 (308.15  K) 
and 45 °C (318.15 K). However, the Qmax values pre-
dicted by the Sips model for the adsorption isotherms 
obtained at 15 (288.15 K) and 25 °C (298.15 K) are 

not in agreement with the qe,exp values (experimental 
equilibrium adsorption capacity). On the other hand, 
the Qmax values predicted by the Langmuir model for 
the adsorption isotherms obtained at 15 (288.15  K) 
and 25  °C (298.15  K) are in good agreement with 

Fig. 8  a Adsorption 
isotherms of diclofenac on 
[Co–Al–NO3]-LDH at pH 
7.0 and 15 °C (288.15 K), 
25 °C (298.15 K), 35 °C 
(308.15 K), and 45 °C 
(318.15 K). b van’t Hoff 
plot for adsorption of 
diclofenac on the [Co–Al–
NO3]-LDH adsorbent at 
pH 7.0
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Table 5  Isotherm model parameters estimated by the Lang-
muir, Freundlich, and Sips models for adsorption of diclofenac 
on [Co–Al–NO3]-LDH at different temperatures

Model Parameter Temperature (K)

288.15 298.15 308.15 318.15

qe,exp (mg  g−1) 443.9 494.9 482.8 475.1
Freundlich kF (mg  g−1)(L 

 g−1)1/n
143.7 127.2 181.8 179.6

n 3.49 2.68 3.60 3.79
χ2

red 1090.5 1511.3 3885.7 5327.7
R2

adj 0.952 0.953 0.873 0.807
R2 0.978 0.977 0.939 0.903
RMSE 33.02 38.88 62.34 72.99

Langmuir Qmax (mg  g−1) 497.9 548.5 504.9 482.8
b (L  mg−1) 0.134 0.186 0.418 0.521
χ2

red 1722.2 705.5 231.8 574.8
R2

adj 0.938 0.978 0.993 0.980
R2 0.972 0.989 0.995 0.991
RMSE 41.50 26.55 15.22 23.98

Sips Qmax (mg  g−1) 772.1 620.6 508.7 849.1
b (L  mg−1) 0.033 0.129 0.485 0.022
n 1.96 1.25 1.05 2.18
χ2

red 976.4 613.0 659.2 946.5
R2

adj 0.965 0.981 0.978 0.962
R2 0.986 0.991 0.991 0.985
RMSE 31.25 24.76 25.68 30.76
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the qe,exp values. Therefore, the isotherm model 
that best described the adsorption of diclofenac on 
[Co–Al–NO3]-LDH was the Langmuir model.

The Sips model is based on the Freundlich and 
Langmuir models. This model assumes that at 
low equilibrium concentrations, the adsorption is 
described by the Freundlich isotherm and at high 
equilibrium concentrations by the Langmuir iso-
therm (Istratie et  al., 2016). In addition, the Sips 
model assumes that the adsorption occurs at heterog-
enous sites on the surface of the adsorbent contain-
ing different energies (Damjanovic et al., 2010). The 
heterogeneity of the adsorption system under study 
is described by the parameter n. For homogeneous 
adsorption the value of n is equal to 1 and the Sips 
isotherm is reduced to the expression of the Lang-
muir isotherm, whereas for values of n different from 
unity, heterogeneous adsorption, is assumed (Zhang 
et  al., 2012). The values of the parameter n for the 
adsorption isotherms of diclofenac obtained at differ-
ent temperatures were greater than 1, indicating that 
the adsorption systems under study are heterogene-
ous (Damjanovic et al., 2010; Foo & Hameed, 2010). 
In fact, [Co–Al–NO3]-LDH is an adsorbent mate-
rial with a heterogeneous surface and probably with 
adsorption sites with different energy contents.

The Langmuir model assumes that the adsorp-
tion occurs in monolayer on a surface with finite and 
equal energy content adsorption sites. This model 
also assumes uniform adsorption at active sites with 
no lateral interaction and no migration of adsorbed 
species to neighboring adsorption sites (Bakr et  al., 
2018). Based on these assumptions, the adsorption 
of diclofenac on [Co–Al–NO3]-LDH did not occur as 
predicted by the Langmuir model, although the Lang-
muir model was able to mathematically describe the 
adsorption systems under study at different tempera-
tures (Zhang et al., 2021).

The value of parameter b is related to the affinity 
of binding sites on the surface of [Co–Al–NO3]-LDH 
for diclofenac molecules. The higher the value of 
parameter b, the higher the affinity of [Co–Al–NO3]-
LDH for diclofenac molecules (Jorge Gonçalves 
et  al., 2021). The value of parameter b was 0.418 
L  mg−1 (133.0 L  mmol−1) at 35  °C (308.15  K) and 
0.521 (165.8) L  mg−1 at 45 °C (318.15 K), which is 
in agreement with the steeper slope of the adsorption 
isotherms as temperature was increased, indicating 
higher affinity of active sites on [Co–Al–NO3]-LDH 

for diclofenac molecules as temperature was 
increased.

Table  6 shows the thermodynamic parameters 
estimated by the van’t Hoff equation (∆adsHº and 
(∆adsSº) and the approach suggested by Liu, (2009) 
(∆adsGº). The thermodynamic parameters, changes 
in standard free energy (∆adsGº), enthalpy (∆adsHº), 
and entropy (∆adsSº) of adsorption are useful to 
understand the adsorption process of diclofenac on 
[Co–Al–NO3]-LDH.

The ∆adsG° values were negative for all adsorp-
tion systems under study, with more negative 
∆adsG° values as the temperature increased rep-
resenting the closest equilibrium position to the 
products ([Co–Al–NO3]-LDH-DCF) (Liu et  al., 
2013; Martínez et  al., 2018). Adsorption processes 
can be classified as physical or chemical accord-
ing to the ∆adsHº value. If the ∆adsHº value is lower 
than 80  kJ   mol−1, the phenomenon that governs the 
adsorption is physisorption, but if the ∆adsHº value 
is in the range of 80–400  kJ   mol−1, the phenome-
non that governs adsorption is chemisorption (Mar-
tínez et  al., 2017). The ∆adsH° value estimated for 
adsorption of diclofenac on [Co–Al–NO3]-LDH was 
37.19 kJ   mol−1, which indicates a phenomenon gov-
erned by physisorption, probably due to the formation 
of electrostatic interactions between adsorption sites 
on the surface of [Co–Al–NO3]-LDH and diclofenac 
molecules. In addition, the adsorption of diclofenac 
on [Co–Al–NO3]-LDH was endothermic. The 
entropic term, T∆adsS°, was positive, which indicates 
an increase in the degrees of freedom for the species 
involved in the adsorption process, i.e. water mol-
ecules involved in the hydration of active sites were 
released from [Co–Al–NO3]-LDH to bulk solution 
and nitrate ions were released from [Co–Al–NO3]-
LDH to bulk solution, while diclofenac molecules 
migrated from the bulk solution to the surface of 
[Co–Al–NO3]-LDH. For an adsorption process to be 

Table 6  Thermodynamic parameters for adsorption of 
diclofenac on [Co–Al–NO3]-LDH at pH 7.0

Thermodynamic 
parameter

Temperature/K

288.15 298.15 308.15 318.15

ΔadsG°/(kJ  mol−1)  − 25.47  − 27.65  − 29.82  − 32.00
ΔadsH°/(kJ  mol−1) 37.19
TΔadsS°/(kJ  mol−1) 64.84
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spontaneous, the following condition must be met: 
∆adsG° = ∆adsH–T∆adsS° < 0 (Martínez et  al., 2018). 
As the adsorption process under study was endother-
mic, to meet this condition, the process must involve 
an entropy gain. As the entropic term was higher than 
the enthalpic term, the adsorption system under study 
was entropically driven.

3.2.3  Theoretical Study: Optimization, Single 
Calculations, and Potential Energy Curve

Theoretical studies play an important role in the study 
of material surfaces at the molecular level (Mesquita 
et  al., 2016). Four arrangement possibilities (MP1, 
MP2, MP3, and MP4) of the diclofenac molecule to 
adsorb on the surface of [Co–Al–NO3]-LDH were 
investigated and are shown in Fig.  9. The evolution 
of energy related to the type of orientation (paral-
lel or perpendicular) and the interaction distance of 
the different chemical groups of the diclofenac mol-
ecule with the surface of [Co–Al–NO3]-LDH (MP1, 
MP2, MP3, and MP4) was evaluated every 0.5 Å. The 
results obtained are shown in Fig. 10. As can be seen 
in Fig. 10, it was observed that the MP1 configuration 

with an interaction distance of 2.0 Å presented lower 
energy in relation to the other configurations investi-
gated (MP2, MP3, and MP4).

It is also important to note that the MP2 con-
figuration with an interaction distance of 2.5  Å 

Fig. 9  Schematic view 
of diclofenac molecule 
interacting with the surface 
of [Co–Al–NO3]-LDH in 
four different arrangements: 
MP1 (the functional group 
of diclofenac interacts 
perpendicularly with the 
surface of [Co–Al–NO3]-
LDH); MP2 (the func-
tional group of diclofenac 
interacts parallelly with the 
surface of [Co–Al–NO3]-
LDH); MP3 (the func-
tional group of diclofenac 
interacts parallelly with the 
surface of [Co–Al–NO3]-
LDH); MP4 (the func-
tional group of diclofenac 
interacts perpendicularly 
with the surface of [Co–Al–
NO3]-LDH)

Fig. 10  Evolution of the relative energy with the interaction 
distance of the diclofenac molecule and the surface of [Co–Al–
NO3]-LDH
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presented an energy value very close to the MP1 
configuration and, in fact, these two configura-
tions (MP1 and MP2) were more promising due 
to the formation of the frontal hydrogen bonding 
between the diclofenac molecule and the surface 
of [Co–Al–NO3]-LDH. This shows that adsorption 
occurred preferentially in the MP1 configuration, 
i.e., a configuration of lower energy. The MP3 con-
figuration presented relative energy greater than the 
MP1 and MP2 configurations. In this configuration, 
the diclofenac molecule approached the surface of 
[Co–Al–NO3]-LDH by the chlorine atom. Thus, 
the formation of a halogen bonding between the 
chlorine atom and the hydrogen atom on the sur-
face of [Co–Al–NO3]-LDH was observed. In fact, 
the energy of the MP3 configuration is expected to 
be higher as the hydrogen bonding is stronger than 
the halogen bonding. In the MP4 configuration, 
much higher energy was observed in relation to the 
other configurations, and, therefore, the adsorp-
tion probably did not occur in this configuration. 
As can be seen in Fig.  10, the MP1 configuration 
with an interaction distance of 2.0 Å had the lowest 
energy, and this configuration is the way in which 
the adsorption of the diclofenac molecule on the 
surface of [Co–Al–NO3]-LDH probably occurred. 
The hydrogen bonding contributed significantly to 
the stabilization of the system. Theoretical calcula-
tion using the spin density distribution was useful 
to understand the influence of hydrogen bonding 
on the stability of this configuration. The results 
obtained from this calculation are shown in Fig. 11.

The spin density distribution in a given paramag-
netic molecule indicates the contributions due to 
electrons with the majority spin (α) and the minority 
spin (β) (Alarcón et  al., 2010; Patinec et  al., 2013). 
In general, α-spin density represents from where 
electrons are coming, while the β-spin density rep-
resents to where the electrons are going. In Fig. 11, 
these regions are represented by the colors blue (spin 
α) and green (spin β). In this figure, it is possible to 
observe a high spin density around the surface of 
[Co–Al–NO3]-LDH, mainly spin α. This indicates 
that electrons are leaving the diclofenac molecule and 
arriving at the surface of [Co–Al–NO3]-LDH, provid-
ing high stability to the system.

4  Conclusions

This study presented the synthesis of a promis-
ing adsorbent material ([Co–Al–NO3]-LDH) with a 
simple and low-cost synthesis method for use in the 
removal of diclofenac from water. [Co–Al–NO3]-
LDH showed a specific surface area of 34  m2g−1, 
great development of the number of mesopores with 
an average size of 123 Å, and pH of zero charge point 
of 7.92. The basal spacing of [Co–Al–NO3]-LDH 
was calculated using the Bragg’s law (2θ = 10.14°, 
d003 = 0.859 nm). After adsorption of diclofenac, the 
concentration of nitrate in aqueous solution increased 
and the basal spacing of [Co–Al–NO3]-LDH also 
increased, suggesting that ion exchange may have 
occurred. The adsorption mechanism of diclofenac 

Fig. 11  Spin-density map 
of the MP1 configuration 
with an interaction distance 
of 2.0 Å (the isosurface 
contour value is 0.0004)
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on [Co–Al–NO3]-LDH presented three steps and was 
affected by the presence of nitrate in aqueous solu-
tion, confirming that anion exchange was involved in 
the adsorption of diclofenac on [Co–Al–NO3]-LDH. 
The adsorption isotherms were better fitted by the 
Langmuir model. The highest equilibrium adsorp-
tion capacity was 494.9 mg  g−1 at 25 °C. The ∆adsH° 
value (37.19  kJ   mol−1) indicated a phenomenon 
of physisorption of diclofenac on [Co–Al–NO3]-
LDH, which is probably related to the formation of 
electrostatic interactions between diclofenac and 
[Co–Al–NO3]-LDH. In addition, the value of the 
entropic term (T∆adsS°) (64.84  kJ   mol−1) indicated 
an increase in the degrees of freedom of the system 
after adsorption and that the adsorption process was 
entropically driven. From the theoretical studies, 
the MP1 configuration with an interaction distance 
between the diclofenac molecule and the surface of 
[Co–Al–NO3]-LDH of 2.0  Å presented the lowest 
energy, showing that this configuration is the most 
likely configuration for adsorption of diclofenac on 
[Co–Al–NO3]-LDH.
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