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ABSTRACT

A native layered double hydroxide Mg-Al-CO3;, denominated LDH, containing Mg(II) and
AI(III) in the layers, was prepared by a co-precipitation method. Its calcined form Mg-Al,
(CLDH), was obtained by calcination at 500°C. Both materials were characterized by powder
X-ray diffraction (PXRD), Fourier transformation infrared spectroscopy, thermogravimetric
analysis, and the determination of the point of zero charge. The porous structure of the
solids was investigated by nitrogen adsorption at 77 K. The adsorptive affinity of these mate-
rials for Biebrich Scarlet was studied as a function of dye-adsorbent contact time, initial pH
of the solution, initial dye concentration, and temperature. Sorption kinetics data fitted best
to a pseudo-second-order model suggesting that the process of BS adsorption is controlled
by reaction rate for interaction of dye molecules rather than by diffusion. Equilibrium data
for both adsorbents were in accordance with both Sips and Langmuir isotherm models. The
sorption capacity of CLDH was found to be almost independent on the initial pH, while
sorption capacity of LDH was lower in neutral and alkaline conditions than at acidic pH.
The adsorption process was also found to be spontaneous and endothermic in nature.

Keywords: Layered double hydroxides; Dye adsorption; Characterization; Kinetics; Isotherms

1. Introduction are frequently found in groundwater becoming a seri-
ous environmental and public health problem [1].
Remediation of wastewater is a great challenge and
has attracted tremendous attention in recent years.
Several methods are available for wastewater purifica-
*Corresponding author. tion, such as chemical degradation including different

Synthetic dyes, which are used in many industrial
processes, such as dying of paper, plastics, and fiber,
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oxidation techniques, biological degradation, photo
degradation, coagulation, and membrane filtration
[2-5]. Biological processes are usually economically
feasible, but many synthetic dyes are recalcitrant
toward biological treatment [6]. Physical adsorption is
considered to be less expensive within the group of
non-biological processes, and it does not generate sec-
ondary waste [1]. Many conventional sorbents have
been used to remove pollutants from wastewater, such
as activated carbon, bentonite, and metal oxides,
oxyanions, and oxyhalides [7-9]. However, many of
them show low sorption and regeneration efficiencies.
Layered double hydroxides (LDHs) materials, also
known as hydrotalcite-like compounds, are a class of
anionic layered clays with the general formula [M
(H)1,XM(IH)X(OH)z]“(Ag/’n)-mHzo, where x is typically
in the range 0.2 < x < 0.33, M(II) and M(II) are various
di- and trivalent metal cations contained in brucite-
like host sheets. A" represents the interlayer guest
anion [10]. Calcination of these LDHs produces non-
stoichiometric mixed metal oxides as intermediates,
which are characterized by high specific surface areas
and homogeneous dispersion of metal cations. An
important property of calcined LDHs (CLDH) is the
so-called “memory effect,” i.e. the calcined products
can easily re-establish the original layered structure in
an aquatic environment, as expressed by Eq. (1) [11]:

Mg,  ALO1 v + (x/n) A" + (m+1+x/2 + y)H,0
— [Mg, ,AL(OH),]"" (A)}), - mH,0 + xOH
M

As adsorbents, CLDHs are receiving an increasing
interest in the environmental community [11-13], due
to their high anion retention capacity and simple ther-
mal regeneration procedure. Although the adsorption
behavior of hydrotalcite-type LDHs (both uncalcined
and calcined) have been studied by many researchers,
the literature dealing with the adsorption behavior of
an anionic (acid) dye on LDHs from aqueous solution
remains scarce.

The objective of this study was therefore to assess
the efficiency of hydrotalcite compounds (calcined and
non-calcined) for the adsorption of an anionic azo
dye; for this purpose, sodium 6-(2-hydroxynaphthy-
lazo)-3,4"-azodibenzenesulfonate, known as Biebrich
Scarlet (BS), was investigated. This molecule (BS) con-
tains two azo groups and two sulphonates functions,
it is not biodegradable, and its byproducts are very
toxic to the aquatic environment [14]. To our knowl-
edge, adsorption of this azo dye on LDHs has not
been previously examined.
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The effects of various parameters, namely equilib-
rium time, initial BS concentration, pH, and tempera-
ture on the removal of BS were examined in detail.
From experimental data, adsorption isotherms and
kinetic models (first-order, pseudo-second-order, and
Elovich) were calculated, and adsorption mechanisms
were discussed.

2. Materials and methods
2.1. Preparation of dye solutions and adsorbents

BS, CyppH14N40;5,-4H,0, (Fig. 1), and all other
reagents were of analytical grade (p.a.) and used as
received without further purification. BS solutions
were prepared by dissolving BS in deionized water.
For the preparation of the native LDH, an aqueous
solution (500 mL) containing NaOH (2 M) and Na,COj3
(1 M) was added dropwise to a solution (500 mL) con-
taining MgCl,-6H,O (0.66 M) and AICI;-9H,O (75.0 g,
0.33 M) (initial Mg/ Al ratio = 3.0) under vigorous stir-
ring at constant pH and temperature (pH 10,
T =26"C) for 21 h. The precipitate was dried at 65°C
for 24 h, ground, and passed through a 100-mesh
sieve, giving the LDH product. A fraction of the
resulting material was calcined in a muffle furnace at
500°C for 5 h; the solid obtained was denominated as
CLDH.

2.2. Characterization of the adsorbents
2.2.1. X-ray diffraction

The LDH and CLDH samples were characterized
by the powder X-ray diffraction (PXRD) method,
using a Bruker D8 Advance diffractometer operating
at 40kV  and 30mA with CuK radiation
(A = 0.15406 nm).

2.2.2. FT-IR spectroscopy

The FT-IR spectra of the prepared adsorbents were
carried out using an FTIR 8400S Shimadzu having a
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Fig. 1. Molecular structure of BS.
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standard mid-IR DTGS detector. Fourier transforma-
tion infrared spectroscopy (FTIR) spectra were
recorded in the range of 400-4,000 cm ™' using the KBr
pellets technique.

2.2.3. BET

Nitrogen gas adsorption-desorption isotherms
were measured using a Quanta Chrome Autosorb-1
instrument at 77 K. The specific surface area was cal-
culated by the BET method and the pore size was
determined by the BJH method using the adsorption
and desorption isotherms, respectively. The total pore
volume was calculated from the maximum amount
of nitrogen gas adsorption at partial pressure
(P/Pp) = 0.999.

2.2.4. Thermogravimetric analysis

In order to detect the effect on the mass loss of
dehydration, dehydroxylation of sheets and formation
of mixed oxides, the LDH and CLDH samples were
characterized by thermogravimetric analysis (TGA), in
an apparatus equipped with Mettler balances with a
readability of +0.1 mg. About 200 mg of sample were
heated from 25 to 800°C with a heating rate of
10°C min™" under nitrogen flow and the mass was
recorded during heating.

2.2.5. Determination of the point of zero charge

The pHp,. was determined by the so-called pH
drift method. The pH of a suspension of both CLDH
and LDH (50 mg each) and 50 ml of distilled water
was adjusted to successive initial values between 2 and
12 with HCl (0.1 M) or NaOH (0.1 M). The suspensions
were stirred 24 h and the final pH was measured and
plotted versus the initial pH. The pH,,. was deter-
mined at the value for which pHgina = pHinitial-

2.3. Sorption experiments

All experiments dealing with dye removal were
performed using a batch method by shaking a prede-
termined amount of adsorbent in 100 ml conical bea-
kers containing 50ml dye solutions of varying
concentrations. After a given contact time for adsorp-
tion (24 h) at room temperature, the solid material
was separated by centrifugation. The dye concentra-
tion was measured at 506 nm wavelength, which cor-
responds to the maximum absorbance of the BS, using
a double-beam Shimadzu spectrophotometer. The
adsorption capacity Q; (mgg '), representing the
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amount of adsorbed dye per amount of dry adsorbent
at a given time ¢, was calculated using Eq. (2):

Qt — (CO - Ct)V (2)

m

where Cj is the initial dye concentration (mg LY, C;
is the concentration of dye at any time ¢, V is the vol-
ume of the solution (L), and m is the mass of LDH
(mg).

For the evaluation of thermodynamic data, BS
adsorption isotherms with both adsorbents were also
recorded at 23, 33, 43, and 53°C. The equilibrium con-
stants, K¢, were calculated according to Eq. (3):

_Q

K
cCe

3)

2.4. Kinetic experiments

Kinetic studies were conducted to determine the
time required for equilibrium establishment and to
analyze kinetic models of BS sorption by LDH and
CLDH. Batch experiments with a given amount of
adsorbent in 50 ml of dye solutions of known concen-
trations were carried out in a series of 250-ml conical
flasks. Suspensions were stirred for different time
intervals (5 min to 48 h) at room temperature and then
centrifuged. The dye concentration in the supernatants
was measured by means of a SAFAS (Monaco 2000)
UV-vis spectrophotometer at 480 nm. The adsorbed
amounts were determined from the difference
between the initial and final concentrations. Impacts
of pH (3, 4, 6, and 8), temperature (15, 25, and 35°C),
initial BS concentration C, (50, 80, 100, 150, and
250 mg LY and adsorbent mass (20, 30, 40, and
50 mg) were investigated.

The dye removal efficiency was calculated by

applying Eq. (4):

(Co—Cy)

& 100 (4)

% removal =

2.4.1. Equilibrium modeling

Equilibrium data, commonly known as adsorption
isotherms, describe how adsorbates interact with
adsorbents and hence are critical in optimizing the
use of adsorbents. They provide information on
the type and capacity of the adsorbent. To analyze the
LDH interaction with BS, experimental data
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points were fitted to the Langmuir [15], Freundlich
[16] and Sips [17] empirical models which are the
most frequently used two- and three-parameter equa-
tions in the literature describing the non-linear equilib-
rium between the pollutant adsorbed to the adsorbent
particles (Q.) and the pollutant in solution (C.) at a
constant temperature.

The Langmuir isotherm model assumes uniform
energies of adsorption onto the adsorbent surfaces.
Furthermore, the Langmuir equation is based on the
assumption of the existence of monolayer coverage of
the adsorbate at the outer surface of the adsorbent
where all sorption sites are identical. The Langmuir
equation [15] is given in Eq. (5):

Qe _ KLCC
Q. 1+ K.C. ©)

where Q. is the equilibrium dye concentration on the
adsorbent (mgg™'); C. is the equilibrium dye
concentration in solution (mg L7"); Q. is the
monolayer capacity of the adsorbent (mg g™ '); and Ky
is the Langmuir constant. A non-linear fit was per-
formed by means of the Origin Software in order to
obtain the Langmuir model parameters. The statistic
parameter “adjusted R*” was also determined to iden-
tify the most accurate model to describe experimental
results.

The Freundlich isotherm model assumes neither
homogeneous site energies nor limited levels of sorp-
tion. The Freundlich model is the earliest known
empirical equation and is shown to be consistent with
exponential distribution of active centers, characteristic
of heterogeneous surfaces [16] (Eq. (6)):

Q. = KeCY/" ®)

where Q. is the equilibrium dye concentration on the
adsorbent (mg g™"); C, is the equilibrium dye concen-
tration in solution (mg L™"); Kg and 1/ are empirical
constants indicative of sorption capacity and sorption
intensity, respectively. The Freundlich parameters
were obtained by performing a non-linear fit (Origin
software).

The Sips isotherm is a combination of the Lang-
muir and Freundlich isotherms [17] (Eq. (7)):

)
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where Q,, is the maximum monolayer adsorption
capacity (mgg "), K, is the Sips constant (L mg™),
and m the exponent of the Sips model.

2.4.2. Kinetic modeling

The study of adsorption dynamics describes the
solute adsorption rate. This rate controls the residence
time of adsorption at the solid—solution interface. Sev-
eral kinetic models such as pseudo-first-order,
pseudo-second-order, and intraparticle diffusion mod-
els were applied to fit the experimental data.

2.4.2.1. Pseudo-first-order  equation. The pseudo-first-
order kinetic model is an equation for the adsorption
in a solid/liquid system based on the difference
between equilibrium adsorption capacity, Q., and
actual solid phase concentration, Q; measured at a
given time t. The linear form of the pseudo-first-order
equation is given by Eq. (8) [18]:

]n(Qe - Qt) =1In Qe - klt (8)

where k; (1/min) is the equilibrium rate constant of
pseudo-first-order equation. The rate constants are
obtained from the straight line plots of In(Q. — Q,) vs. t.

2.4.2.2. Pseudo-second-order equation. The pseudo-sec-
ond-order model is based on the assumption of
chemisorption of the adsorbate on the adsorbent [19].
This model is given by Eq. (9):

t 1 1

-t ©
Qt kZQE Qe

where k, (gmg 'min') is the rate constant of
pseudo-second-order kinetics. The linear plots of t/Q;
vs. t were used to obtain the rate parameters.

2.4.2.3. Elovich model. The Elovich model [20] results in
the linear Eq. (10):

Q = %mw B+ L (10)

p

where o is the initial adsorption rate constant
(mg ¢' min~")) and the parameter f is related to the
extent of surface coverage and activation energy for
chemisorption (g mg™"). The values of « and f can be
derived from plotting Q; as a function of In(#).
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3. Results and discussion
3.1. Characterization of the samples
3.1.1. X-ray diffraction

Fig. 2 shows the XRD patterns of LDH and CLDH.
The patterns correspond to  hydrotalcite-like
compounds with rhombohedral symmetry. The XRD
patterns of the LDH (curve b in Fig. 2) fitted well to
LDH with basal reflections of planes hk 1 (00 3),
006),(009),(015),(018),(110), and (113) and a
basal spacing of 7.52 A for the reflection (00 3). For
the calcined hydrotalcite samples, CLDH, a represen-
tative PXRD pattern was obtained (diffractogram a in
Fig. 2) showing a diffraction which is characteristic of
a MgO rock salt structure. In addition, the presence of
Al produces a slight shift to a higher angle of the
characteristic reflections of MgO assigned to the
formation of Mgu.ALOqiyr/2) with a rock salt
structure [21].

3.1.2. FT-IR spectroscopy

The strong and broad absorption band observed
around 3,447 and 3,456 cm ! in both LDH and CLDH
spectra before adsorption (Fig. 3) corresponded to the
O-H stretching vibration of the layer surface and/or
interlayer water molecules. The band at 1,633 and
1,645 cm ™" in both spectrum LDH and CLDH spectra,
respectively, can be attributed to O-H bending vibra-
tion of water molecules. The bands observed in the
low-frequency region of the spectrum (<600 cm™') can
be interpreted as lattice vibration modes such as
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Fig. 3. FTIR spectra of LDH, CLDH, BS, and CLDH+BS.

M-O-H vibration and O-M-O stretching [22,23] with
M representing Mg or AL

The absorption bands below 1,000 cm™ ! were M=O
vibration modes of LDH. The spectrum of LDH addi-
tionally shows an intense band at around 1,352 cm™'
associated with the carbonate ion [24].

Intensity (a.u)

4 d(003)=7.52 MgO Al,Oy
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Fig. 2. X-ray diffraction patterns of LDH (a) and CLDH (b).
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The shoulder at 3,000 cm™ ! for LDH might be
interpreted as follows: the band at 2,937 cm™! can be
assigned to the CO;-H,O bridging mode [25]; it can
be therefore ascribed to water molecules bound to
carbonate ions in the interlayer via hydrogen bonds
[26-28]. Thus, it can be concluded that the high inten-
sity of this band (spectrum LDH in Fig. 3) is caused
by higher hydration of LDH than that of the CLDH
sample (spectrum CLDH in Fig. 3); thus accounting
for the single band at 1,352 cm !, The bands of the
CLDH sample in the low-frequency region (below
1,000 cm™") can be assigned to other vibration modes
of carbonate species and to vibrations implying MO,
M-0O-M, and O-M-O bonds in brucite-type layer.

The shoulder (spectrum LDH) and the band (spec-
trum CLDH) at 1,415 cm™" in Fig. 3 can be ascribed to
the antisymmetric stretching mode of CO3™ species,
recorded as a single band at 1,450 cm ! for free CO%‘
species, which was however split owing to the lower
symmetry in the interlayer space, probably due to
hydrogen bonding with OH groups and O or H,O
molecules. The values found here for the position of
these split bands were very close to those reported by
Hernandez-Moreno et al. [29] for Al-Li hydrotalcite
materials and by Labajos et al. [27] for Mg-Al hydro-
talcite materials. Such a decrease in symmetry also
gives rise to assuming the activation of the IR-forbid-
den V; mode of CO3™ species.

The shoulder at 960 cm™" has been ascribed to the
presence of hydroxyl groups [29], while other bands
in the 789-450 cm™' range were due to lattice vibra-
tions, mainly involving translation of oxygen ions in
the layers. The band found around 450 cm™' corre-
sponded to (MO) vibrations [30].

The FT-IR spectra of the adsorption products are
also included in Fig. 3. The strong and broad absorp-
tion band observed around 3,445 cm ™! corresponded to
the O-H stretching vibration of the layer surface and/
or interlayer water molecules and the band at
1,633 cm ™" was due to O-H bending vibration of water
molecules. The bands observed in the low-frequency
region of the spectrum (<600 cm™') can be interpreted
as lattice vibration modes such as M—-O-H vibration
and O-M-O stretching. The absorption peak at
1,372 cm™! was attributed to the v stretching vibration
of CO%™ [10], indicating the CLDH phase containing
some CO?". In the intercalated product, the symmetric
sulfonate vibration peak showed same frequency
regions (1,091 and 1,035 cm ) when compared to those
of the pure dye salts (1,091 and 1,035 cm ™). This fact
indicated that the interactions between the adsorbed
dye anions and the hydroxide layers were through the
sulfonate groups; the asymmetric sulfonate vibration
occurring between 1,130 and 1,184 em ! for dye salts
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(BS dye spectra). Also in the FT-IR spectrum of BS, the
two strong absorbance peaks at 2,940 and 2,847 cm !
were from the asymmetric and symmetric stretching of
CH,, respectively, while the shoulder peak at
2,960 cm™' was from the asymmetric C-H stretching
mode of the terminal CH; groups [31]. The BS-CLDH
sample showed the characteristic adsorption bonds of
BS onto CLDH at 2,922 cm ™}, (v,s CHb), 2,866 cm™ (v,
CH,), and 2,960 cm™" (vas C-H in CHjz). We conclude
that after adsorption of this dye onto CLDH, a consid-
erable shifting of the peaks was observed to v,s CH,
and vs CHo,.

3.1.3. BET

Fig. 4(A) shows the N, adsorption-desorption iso-
therms for the LDH and CLDH and their correspond-
ing pore size distributions (PSD) (Fig. 4(B)). The
materials exhibited type II isotherms according to the
classification of Sing et al. [32], which are typical for
mesoporous materials. Isotherms also exhibited an H3-
type hysteresis at high relative pressure, which is typi-
cal for aggregates of plate-like particles giving rise to
slit-shaped pores [33]. This kind of hysteresis is typical
of the presence of open large pores, which allow easy
diffusion of the reactants through the materials. As
seen from Fig. 4(B), the PSD curves were quite broad
and bimodal with small mesopores, peak pore at ca. 16
and 22 nm, and larger ones at peak pores 31 and 45 nm
for LDH and CLDH, respectively. The smaller meso-
pores reflect the presence of pores within nanosheets,
while larger mesopores can be associated to the pores
formed between stacked nanosheets [33]. The inherent
mesoporosity of these materials makes them highly
suitable to be used as adsorbent for anionic dye mole-
cules having a molecular size dimension between 15
and 30 A. Table 1 shows the specific surface areas, pore
volume, and PSD for the studied solids. The specific
surface area of the LDH increased from 58.8 to
131.7 m* g ' and the pore volume from 0.022 to 0.0310
cm® ¢! by heating at 500°C. The removal of water and
carbon dioxide during calcination can lead to the for-
mation of channels and pores [34], which are accessible
to the nitrogen molecules and could increase the speci-
fic surface area of CLDH; showing a. good agreement
with the related literature [35].

3.1.4. Thermogravimetric analysis

The TGA plot for the LDH sample (Fig. 5) shows
weight losses in three distinct temperature ranges:
25-225, 225-450, and 450-800°C. The weight loss in
the first step (25-225°C) was about 38.1% which is
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Fig. 4. Adsorption—desorption isotherms of N, of LDH and
CLDH (a) and pore distribution of LDH and CLDH (b).

Table 1
BET surface and porosity parameters obtained from N,
adsorption of LDH and CLDH samples

Sper (M?/ g) Vp (ecm?3/ g) Dp (nm)
LDH 58.8 0.022 22 and 45
CLDH 131.7 0.031 13 and 31

a common characteristic of hydrotalcites related to the
loss of physisorbed and interlayer water. The second
weight loss (52.4%), which occurred between 225 and
450°C, was due to the first step of dehydroxylation
and the removal of carbonate ions from the interlayer.
In this temperature range, metal oxides were formed.
In the third range, final mass loss (about 9.5%)
occurring beyond 450°C, continued dehydroxylation
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Fig. 5. TGA plot of LDH.

and decarbonatation took place forming more metal
oxides such as MgO, which was detected in the X-ray
diffractogram of LDH (uncalcined hydrotalcite), and
probably MgAl,O, as reported by Ferreira et al. [36].
At higher temperatures, the material becomes an
amorphous metastable mixed solid oxide. The total
weight loss of the pure sample in the temperature
range up to 450°C was approximately 91% (Fig. 5),
which corresponds to the sum of water and carbonate
contents.

3.2. Adsorption experiments
3.2.1. Effect of pH on dye sorption

The pH is an important parameter controlling the
solid-liquid interface. Fig. 6 shows the plots of
adsorption capacity vs. initial pH ranging from 3 to 11
for CLDH and LDH. The dye adsorption on LDH
decreased with increasing the initial pH from 5 to 7.

The effect of pH on dye adsorption by LDH can be
explained in terms of the point of zero charge (PZC)
and the pK, of the dye. The PZC is the pH where the
net total particle charge is zero. The PZC can be used
as a qualitative parameter for the adsorbent surface
charge balance.

The PZC were 12 and 10 for CLDH and LDH,
respectively (Fig. 7). Along with the positive charge
that results from isomorphic substitution, LDH has
variable charges that result from the adsorption of
ions from the solution, such as H" or OH™ [37].

For pH values below the PZC:

Sur-OH + H3;0" — Sur-OH,; + H,O (11)
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Fig. 6. Effect of initial pH on the adsorption of dye by (a)
LDH and (b) CLDH (Cy = 50 mg/L, T = 23°C).
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Fig. 7. The change in pHgna as a function of pHipitial in the
LDH and CLDH suspensions in water during the determi-
nation of the PZC.

For pH values above the PZC:

Sur-OH + OH™ — Sur-O™ + H,O (12)
where “Sur” denotes the surface of LDH and CLDH.

For pH values below the PZC, the hydrated sur-
face of the LDH is protonated and thus positively
charged, while it is deprotonated and hence negatively
charged at pH values above the PZC.

Besides deprotonation of the surface hydroxyl
groups as mentioned above, exchange of carbonate
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anions in the interlayer by hydroxide anions from the
solution takes place [38]. In aqueous solution, the sul-
fonate groups of the dissolved BS dye (D-SOz;Na) are
dissociated and converted to anionic functional groups
[39,40] as given in Eq. (13):

D-SOsNa — D-SO; + Na* (13)
The extent of dissociation of the two sulfonic acid
groups is described by the pK,. Sulfonic acid groups
of BS are assumed to be strongly dissociated even at
low pH. At pH values below the PZC of the adsor-
bent, there may be two possible mechanisms for dye
adsorption: one of them is anionic exchange of CO3~
anions in the interlayer by dye anions (D-SO3). The
anionic dye is in competition with the OH  in the
solution for exchange with the CO3™ anions that are
associated with the surface. The other mechanism is
adsorption by means of association between the posi-
tively charged surface (Sur—OH;) of LDH and the
dye anions. For pH values above the PZC, there is a
decrease of both, the deprotonation of surface hydrox-
yls groups and the positive charge on the surface of
LDH, leading to a decrease in dye removal.

The above explanations appear in agreement with
the experimental curve profile (Fig. 6) and hence for
the increased amount of adsorbed anionic dye in
acidic conditions.

However, a significant decrease in dye adsorption
below pH 5.0 (at pH 3.0) may result from the dissolu-
tion of the Mg-Al-CO; structure of LDH, which was
also observed in other studies [37]. At the same time,
dye adsorption (below pH 5.0) on CLDH might also
be slightly increased by decreasing OH™ concentration
at the surface of the CLDH. Therefore, the adsorbed
amount of dye decreased in the case of LDH. For acid
solutions (pH < 5), the protons from the aqueous solu-
tion make the surface of the adsorbent positive, thus
promoting electrostatic attraction between the surface
and the sulfonate groups (usually negatively charged)
of the azo dye molecules in the solution [41].

3.2.2. Effect of contact time and initial concentration

Adsorption experiments to evaluate the contact
time effect on BS removal by both non-LDH and CLDH
were carried out for 8 h, at 296 K, pH 5.0, and for dye
concentrations ranging from 50 to 400 mg L~'. The
plots (Fig. 8) show that the adsorbed amount was lower
on LDH than on CLDH for the same initial dye concen-
tration. The percentage of BS removal decreased with
increasing initial BS concentration from 72.3 to 46.2%
for 100 mg L™" BS to 43.6 and 27.6% for 200 mg L' BS
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Fig. 8. Effect of the contact time and initial BS concentra-
tion on the adsorption capacity of BS onto (a) LDH and (b)
CLDH (T = 23°C, agitation speed = 200 rpm, pH 5).

for CLDH and LDH, respectively (Fig. 8). BS adsorption
took place very quickly, achieving equilibrium in all
cases within about 100 and 150 min of experiments for
LDH and CLDH, respectively. The initial dye concen-
tration had no pronounced effect on the equilibrium
time. To account for the difference between equilibrium
time obtained with LDH and CLDH (tqpn = 130 -
min < feqcpu = 175 min), it can be suggested that dye
adsorption on LDH may occur via exchange mecha-
nism, while for CLDH it occurs probably by both sur-
face and ion-exchange phenomena by layer
reconstruction (memory effect) [40].

3.3. Isotherm modeling

In order to optimize the design of an adsorption
system, it is important to establish the most appropriate
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. T = ,.
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100 150 200 250 300 350 400 450
Ce (mg/L)

Fig. 9. Experimental (symbols) and calculated isotherm
data (lines) for BS adsorption to NLDH and CLDH, nor-
mal lines: Langmuir; dot lines: Freundlich; dashed lines:
Sips (T =23°C, C =50 mg/1, V =50 ml, 200 rpm, pH 5).

correlation for the equilibrium curve. Several equilib-
rium adsorption isotherm models are available, and the
most common ones are the monolayer adsorption
developed by Langmuir, the multilayer adsorption of
Freundlich and the Sips isotherm. Experimental data of
BS adsorption on both CLDH and LDH were fitted to
the isotherm models using Origin software. The graphi-
cal representations of these models are presented in
Fig. 9 and all constants are summarized in Table 2.
Although all models represented good estimations for

Table 2
Langmuir, Freundlich, and Sips constants for the adsorp-
tion of BS on LDH and CLDH

Model CLDH LDH
Experimental Qexp (mg/g) 99.94 82.43
QOm (mg/g) 98.33 102.7
Langumuir Ki, (L/mg) x 10° 0.104 0.009
R? 0.98 0.98
ng 25 4.16
1/ng 0.40 0.24
Freundlich Kg (mg/g) 7.81 27.34
R? 0.91 0.98
QOm (mg/g) 98.4 110.41
Sips Kip 0.103 0.008
Mg 1.00 0.90
R? 0.98 0.99

Notes: The values were highlighted in bold in order to illustrate
the best and fitting model.
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Table 3
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Parameters of kinetic models for the adsorption of BS (T = 23°C, pH 5)

Pseudo-first-order

Pseudo-second-order

Elovich Model

c Qexp Qe Qexp Qe ka @ B
CLDH (mg/L) (mg/g) (mg/g) Kk (min") R*> (mg/g) (mg/g) (g/mg.min) R>  (mg/gmin) (g/mg) R
50 51.58 66.71 0.112 096 51.58 59.73 2 099 1285 0.069 0.99
100 72.18 59.29 0.055 096 7218 78.06 15 0.99 2491 0.064 0.98
200 85.71 75.29 0.042 094 8571 90.13 0.071 098 19.71 0.052 0.94
300 97.9 83.93 0.040 094 979 102.43 0.052 097 17.27 0.041 0.90
400 99.86 67.35 0.035 0.81  99.86 105.18 1.1 0.97 1548 0.070 0.83
LDH 50 34.72 16.14 0.0357 0.74 3472 35.32 0.53 099 1512 0.406 0.95
100 47.1 4891 0.0495 0.73 471 52.79 0.3 098 13.05 0.106 0.75
200 54.94 47.94 0.0449 0.82 5494 56.27 0.12 098 1279 0.096 0.83
300 58.58 51.41 0.033 0.88 5858 67.29 0.07 098 10.96 0.079 0.83
400 67.22 76.7 0.0525 082 67.22 75.75 0.065 0.97 7.485 0.055 0.85
Notes: The values were highlighted in bold in order to illustrate the best and fitting model.
both CLDH and LDH, the Sips and the Langmuir mod- 124 € ey @)
els led to the best estimations for adsorption to CLDH ' m 50
with a correlation coefficient R? close to 1 (Table 2). ® 100
1.04| A 200
_ v 300
3.4. Kinetics modeling é"o-s' <4 40
Generally, three steps are involved during the pro- g ;¢ |
cess of adsorption by porous adsorbent particles: =8
external mass transfer, intraparticle transport, and & 0.4
chemisorption.  Pseudo-first-order  pseudo-second- =
order, and Flovich models [41], were tested to fit 0.2
experimental adsorption data. <
For both investigated adsorbents, the pseudo-sec- 0.0
ond-order model appeared to lead to the most accu- ’ 10 20 30 4 50 60

rate fit of experimental data (Table 3). For the LDH
adsorbent, both the pseudo-first-order model and the
Elovich model did not result in an accurate descrip-
tion of experimental data, since correlation coefficients
(R?) were below 0.90 for most of the investigated ini-
tial BS concentrations (Table 3). In addition to the high
R? values (>0.99 for all tested conditions), the Q. val-
ues estimated from the pseudo-second-order kinetic
model were also in agreement with the experimental
values, Qexp, for all tested concentrations (Table 3) and
Fig. 10 shows the linear fits for the pseudo-second-
order kinetics according to Eq. (10). The results sug-
gested that boundary layer resistance was not the
rate-limiting step since dye adsorption followed
pseudo-second-order kinetic [42].

3.5. Thermodynamic analysis

The thermodynamic parameters reflect the feasibil-
ity and the spontaneous nature of a sorption process.
Parameters such as the free energy change (AG), the
enthalpy change (AH), and the entropy change (AS)

t(min)

0-2 T T T T T T T T T T T
10 20 30 40 50 60

t(min)

Fig. 10. Experimental (symbols) and calculated data (con-
tinuous lines) by means of pseudo-second-order kinetic
model for BS adsorption onto (a) LDH and (b) CLDH
(T = 23°C, agitation speed =200 rpm, pH 5).
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Table 4
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Thermodynamic parameters for the adsorption of BS on LDH and CLDH

Temperature (K) K. 10" (L/g)

AH* (K] /mol) AS® (J/molK) AG"® (k] /mol)

296 1.17
LDH 306 2.01
316 2.52
326 3.04
296 2.52
CLDH 306 3.23
316 4.82
326 6.15

-1.36
-1.98
—2.43
—2.97
—2.04
—2.95
-3.85
—4.76

14.49 53.55

24.86 90.87

Columbic repulsion Columbic attraction

atpH > pHpge, (_/ atpH £ pszc '
i, i ; 4+ =
Sur 0 BS Sur OH, BS

Fig. 11. Schematic representation of possible adsorption
mechanism of BS at pH > pHpzc and pH < pHpzc.

can be estimated considering the variations in the
equilibrium constants with the temperature. The free
energy change of the adsorption reaction is given
using Eq. (14) as reported by Milonjic [43] and Reffas
et al. [44]:

AG® = —RT In(pKc) 14)

Ke = ‘g—: 3

where AG” is the free energy change (kJ mol™"), R is
the universal gas constant (8.314 J mol™ K™), T is the
absolute temperature (K), K¢ is the thermodynamic
equilibrium constant (L g™'), and p is the water den-
sity (g L™"). AH* and AS" values of the adsorption pro-
cess were determined from the Van't Hoff equation
(Eq. (15)):

(15)

AH and AS can be deduced from the slope (AH/R)
and the intercept (AS/R) of the plot of In(AK,) vs. 1/T.
The calculated thermodynamic parameters are given
in Table 4.

The negative values of AG® irrespective of the con-
sidered temperature illustrated the spontaneous nat-
ure of the adsorption; the positive value of AH®

suggested its endothermic nature and the positive
value of AS® suggested an increasing randomness at
the solid-solution interface during the adsorption of
BS on CLDH.

3.6. Proposed mechanisms of adsorption

Understanding the mechanism of anionic dye
adsorption on solid LDH surface is essential for effec-
tive removal of dyes from textile wastewaters. The
mechanisms of the dye adsorption onto LDH were
investigated using FTIR technique. The LDH surface
contains hydroxide groups, which are very reactive
group, and can react with many polar organic com-
pounds and various functional groups. LDH has vari-
able charges that result from the adsorption of ions
from the solution, such as H" or OH; for pH values
below the PZC (Eq. (11)) and above the PZC (Eq. (12)).
FTIR offers some indication about the ability of this
dye to react with hydroxide groups of the surface of
LDH. Fig. 3 shows that when the dye was adsorbed on
CLDH, the peak shifts from 1,415 cm ! (antisymmetric
stretching mode of CO3") to 1,372 cm™" (v3 stretching
vibration of CO3"). According to the FTIR spectra and
the pH dependency of the adsorption of BS, there was
an electrostatic (columbic) attraction between BS and
the positive charge on the surface of CLDH at pH
below 5 (i.e. pH < 5) (Sur—OH, D-S053); while for pH
values above 5 (pH >5), there was an electrostatic
(columbic) repulsion between BS and the negative
charge on the surface of CLDH, leading to a decrease
in dye removal. Consequently, the mechanism pro-
posed can be illustrated in Fig. 11.

4. Conclusion

The adsorption quantity of eliminated BS depends
on the physical characteristics (crystallinity and PSD)
of the precursor Mg-Al-CO; LDH and the calcined



22072

product (CLDH) used as adsorbent. Under the studied
conditions, CLDH was obviously a more effective
material for BS adsorption as the experimentally deter-
mined maximum adsorptive capacities were 99.9 and
824 mg L™ for CLDH and LDH, respectively. How-
ever, the maximum adsorption capacities Qmax calcu-
lated from Langmuir adsorption isotherms were 102.7
and 98.3 mg g ' for LDH and CLDH, respectively.

The adsorption of the acid BS on the calcined sam-
ple may have took place on the external surface as
well as in the interlayer space through a reconstruc-
tion process following pseudo-second-order kinetics.
The Langmuir and the Sips isotherm models accu-
rately described experimental data with high determi-
nation coefficients. The negative values for the Gibbs
free energy AG’ indicate that the dye adsorption pro-
cess on calcined and non-calcined LDH was sponta-
neous, endothermic in nature, and enhanced when the
temperature was increased from 23 to 53°C. The
enthalpy values indicated that the interaction type is a
combination of physical and chemical adsorption due
to the adsorption on the external surface of the adsor-
bents and dye interaction in the interlayer space of the
LDHs. The adsorption of BS on LDH reached equilib-
rium after <150 min and the dye removal increased
with decreasing pH.

Both LDHs materials show therefore a high poten-
tial for dye removal. The calcined material appeared
to be more efficient as compared to LDH; it showed
larger adsorption capacities at low BS equilibrium con-
centrations in the liquid phase. It is therefore an excel-
lent candidate to substitute activated carbon, which is
more expensive than LDH materials.
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