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ABSTRACT

Mg-Al, Zn-Al, and Ni-Al layered double hydroxides (LDH) materials with molar ratio
(M?*/AI**) of 3 were synthesized via co-precipitation method. The as-synthesized samples
were characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), transmission electron microscopy (TEM), and simultaneous thermogravimetric—dif-
ferential thermal analysis (TGA/DTA). XRD analyses showed that Zn-Al-SO, had the great-
est lattices parameters followed by Mg—Al-SO4 and Ni-Al-SO,. FTIR confirmed clearly the
presence of sulfate anions in the structure of LDHs with the presence of carbonate impurity
in the interlayer. TGA/DTA analysis indicates a better thermal stability of Zn-AI-SO, vs.
Ni-Al-SO, and Mg—-Al-SO,. The capability of the materials for textile dye removal was inves-
tigated using methyl orange (MO) as a model dye and an industrial textile effluent. Experi-
mental results showed that pH is the most affecting factor in dye removal. The effective pH
range for dye removal was between 3.5 and 5. The adsorption process can be well described
by the pseudo-second-order kinetic model. The Langmuir model fit equilibrium data with
exceptional maximum adsorption capacities for MO of 2,758, 1,622, and 800 mg/g, respec-
tively, in the case of Zn-Al-SO,, Mg-Al-SO,, and Ni-Al-50,. Color and chemical oxygen
demand (COD) reduction from industrial textile effluent increased with the increase in the
amount of LDHs. The optimum color and COD reduction were obtained by Zn-Al-SO,.
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1. Introduction tal problems. Because of its complex characteristics,
such as a high concentration of organic pollutants,
deep chromaticity, low biodegradability and complex
ingredients, dyeing wastewater is difficult to treat by
conventional wastewater treatment processes [1]. Sev-
eral methods have been investigated for textile

Discharging large quantities of dyes in water
resources from various dyestuff manufactures, plastic,
and paper-making industries pose serious environmen-
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wastewater (TWW) treatment, including biological
treatment [2], coagulation/flocculation [3], chemical
oxidation [4], membrane filtration [5], ion exchange [6],
photocatalytic degradation [7], and adsorption [8]. Of
these techniques, adsorption is a common method for
dye removal because it is effective and economical [9].
So far, common adsorbents, such as natural biomateri-
als [10], activated carbon [11], natural phosphate [12],
clay [8], and polymers [13], have been investigated and
found to be capable of removing dyes from wastewa-
ter. In terms of initial cost, simplicity of design, ease of
operation, and insensitivity to toxic substances, clay
derivatives have been considered as one of the most
appropriate sorbents [14,15].

In recent decades, a class of anionic clays
known as layered double hydroxides (LDHs) or
hydrotalcite-like compounds has attracted consider-
able attention. The general formula for an LDH is
[M{LX)M;H(OH)Z]ﬂ v - mH01, - where M"  repre-
sents a divalent metal such as Mg, Ni, Mn, Fe, Co,
Cu, and Zn, M represents a trivalent metal such as
Al, Fe, Cr, Mn, and Co, and x equal to the
M"M/M" + M™)  molar fraction generally ranging
from 0.17 to 0.33. An enormous variety of interlayer
anions (A"") can be incorporated in LDHs [16]. They
range from simple inorganic anions, such as
PO; CO3;~, SO}, NO;, F or ClI, and organic
anions such as dodecylsulfate and terephthalate [17-
20]. From a structural viewpoint, the effect of
divalent/trivalent cations and interlayer anionic com-
position may provide insights regarding the crystal
chemistry of different LDH types, which may
ultimately govern their ability to adsorb organic
pollutant. From the above-cited inorganic anions, sul-
fate-based LDHs are significantly expandable, partly
because of a high capacity to gain and lose water
molecules [21,22]. This property favors anionic
exchange processes and accounts for the environmen-
tal effectiveness in natural systems.

In the present work, Mg-Al, Zn-Al, and Ni-Al
LDHs with SO3~ in the interlayer were synthesized by
co-precipitation method. The synthesized samples
were evaluated for the removal of methyl orange
(MO) from aqueous solution. The effect of solution
pH, contact time, and initial dye concentration were
investigated in batch mode. Kinetic and equilibrium
parameters were determined to understand the
adsorption mechanism. To verify the efficacy of the
materials for TWW treatment, adsorption experiments
were conducted with industrial dye wastewater from
a printing and dyeing factory. The effects of various
parameters on the removal of color and chemical oxy-
gen demand (COD) such as solution pH and adsor-
bent dose were studied in detail.
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2. Materials and methods
2.1. Materials

All the chemicals used were of analytical grade.
ZH(NO3)2'6H20 (>98% purity), NI(NO3)26HQO, Mg
(NO3)2‘6H20, Al(N03)39H20 (>98% purity), Na2804,
NaCl, and MO were purchased from Sigma-Aldrich
(Germany). NaOH was purchased from Merck
(Germany), and HNOj; from Scharlau (Spain). Solu-
tions were prepared using deionized water.

2.2. Preparation of layered double hydroxides

The sulfates containing LDHs with molar ratio
M?*/AI** of 3 were prepared by the co-precipitation
method. A solution containing 100ml of Zn
(N03)2'6H20, NI(NO3)26H20 or Mg(NO3)26H20
(0.75 M) and AI(NO3);-9H,O (0.25 M) was added drop
wise to a solution containing 100 ml of NaOH (2 M)
and (0.2 M) of Na,SO, under vigorous stirring at pH
10.0 for 2h. The resultant slurries were treated
hydrothermally at 80°C for 24 h, washed repeatedly
with decarbonated water, and dried at 60°C for 12 h.
The obtained materials were powdered and referred
as Zn-Al-50,, Mg-Al-50,, and Ni-Al-50,.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns were
recorded from 20 =5 to 70° using a Bruker-axs D2-
phaser advance diffractometer operating at 30 kV and
10 mA with Cu Kal (1.54056 A) and Ko2 (1.54439 A)
radiations. Fourier transform infrared spectroscopy
(FTIR) spectra were collected on a Nicolet Avatar 330
Fourier transform IR spectrophotometer. Samples were
mixed with KBr for a mass ratio of 1:100 and finely
powdered to prepare pellets. The spectra were
recorded with 2 cm™" resolution in the range of 4,000~
400 cm™'. Transmission electron microscopy (TEM)
images were obtained on a TEM TECNAI G2/FEI
instrument, at accelerating voltage of 120 kV. Simulta-
neous thermogravimetric—differential thermal analysis
(TGA-DTA) curves were recorded on a SETARAM
(SENSYSevo) instrument under argon atmosphere in
the temperature range of 30-700°C at a heating rate of
10°C/min. The point of zero charge (pHpzc) was
determined by the pH drift method according to the
method proposed by Noh and Schwarz [23]. The pH
of NaCl aqueous solution (50 mL at 0.01 mol/L) was
adjusted to successive initial values from 2.0 to 12.0
by the addition of HNO; (0.1 N) and/or NaOH
(0.1 N). More there, 0.05 g of each LDH was added in
50 mL of solution and stirred for 6 h. The final pH
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was measured and plotted against the initial pH. The
pHpzc was determined at the value for which
pHﬁnal = pHinitial'

2.4. Adsorption tests
2.4.1. Study of MO removal

Stock solutions of 1 g/L of MO were prepared by
dissolving appropriate amount of the dye in distilled
water and the used concentrations were obtained by
dilution. Adsorption experiments were performed in a
series of 500 mL beakers containing the desired weight
(20 mg) of each LDHs and 250 mL of the MO solution
at the desired concentration. These experiments were
carried out at a constant agitation speed of 500 rpm by
varying the pH of solution from 2 to 12. The contact
time was varied from 5 to 360 min and the initial dye
concentration from 20 to 1,000 mg/L. The solution pH
was adjusted to a given value by the addition of
HNO; (1 N) or NaOH (1 N) and was measured using
a SensION+ PH31 pH meter.

After each adsorption experiment was completed,
the solid phase was separated from the liquid phase
by centrifugation at 3,000 rpm for 15 min. The residual
concentrations of MO were determined from UV-vis
characteristics at maximum absorption wavelength
Jmax =465 nm using a TOMOS V-1100 UV-vis
spectrophotometer.

The adsorbed amounts of MO were calculated
using the following equation:

g=(Co—-C)V/m (1)

where g (mg/g) is the adsorbed quantity, Cy (mg/L) is
the initial dye concentration, C (mg/L) is the dye
concentration at a time t, and V (L) the volume of
solution and m (g) is the mass of adsorbent.

2.4.2. Treatment of wastewater samples

TWW sample at the factory’s discharge point was
collected from a cotton and polyester textile mill ITEX,
Casablanca, Morocco. The sample was stored at tem-
perature <5°C to avoid any change in its physicochem-
ical characteristics before use. Treatment experiments
were performed in a series of 50 mL beakers contain-
ing the desired dose of LDHs ranging between 0.5
and 5.0 g/1 and 20 mL of wastewater. The experiments
were carried out at constant agitation speed of
500 rpm for 8 h. The pH was evaluated in the same
conditions used in the adsorption MO experiments.
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Dye removal from TWW was estimated from the
change in UV-vis absorbance in the range of 200-
700 nm using a BIOCHROM BIBRA Light spectropho-
tometer. The COD of supernatant was analyzed by
potassium dichromate oxidation method [24]. The per-
centage of COD removal (%COD) was calculated by
the following equation:

COD, — COD

%COD = CODy

x 100 (2)

where COD,; and COD both in (mg/L) are the COD
before and after treatment.

3. Results and discussion
3.1. Characterization
3.1.1. XRD analysis

XRD patterns of the samples, shown in Fig. 1, exhi-
bit characteristic reflections of clay minerals possess-
ing a layered structure similar to the pattern of
natural hydrotalcite layered double hydroxides. The
diffraction peaks were indexed to a hexagonal lattice
with rhombohedral 3R symmetry [16]. The sharpness
of (001) peaks becomes weaker in Mg-Al-SO, and
Ni-Al-SO,4 which should be related to the reduction in
crystallinity of these samples. The high peaks at low
20 values, indicating characteristic basal reflections of
SO2~ LDH materials, were also observed. The XRD
pattern also showed Zn(OH), and AI(OH); crystalline
impurities in samples, which can be identified by
comparison of their characteristic diffraction pattern to
a reference library of patterns. These impurities in the
sample may result from poor control of the pH during
the synthesis because ZnAl LDHs are generally
obtained at pH lower than 10.

The lattice parameters a and c are calculated from
the diffraction plane positions of d(003) and 4(1 1 0)
as follows: ¢ = 3d(0 0 3) and a = 2d(1 1 0). The obtained
parameters are summarized in Table 1. A comparison
of the Zn-Al-SO,, Mg-Al-SO4, and Ni-Al-SO, systems
demonstrates a considerable difference in parameter
“a” of the samples, and the lattice parameter “a” of
the Zn-Al-SO, was 3.05 A greater than Mg-Al-SO,
(3.04 A) and the Ni-Al-SO, (3.03 A). These observed
differences in “a” parameters are in agreement with
Vegard’s law for solid solutions, which corroborates
the inclusion of metal cations into the LDH sheet. The
ionic radius of Zn?* (0.74 A) was greater than ionic
radius of Mg?* (0.72 A) and Ni** (0.69 A) [25].

Similar to findings for the “a” parameter, the
parameter was greater in the Zn-Al-SO, (33.47 A) than

"
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Fig. 1. XRD patterns of the LDH samples: (a) Zn-Al-SO,,
(b) Mg-Al-SO4, (c) Ni-Al-SO4, (*) Zn(OH),, and (#) Al
(OH)s.

Table 1
Calculated unit cell parameters of the LDHs
Unit cell
parameters
(A) i .
- Interlayer distance (A)
Sample c a d
Zn-Al-SO, 33.47 3.05 11.15
Mg-Al-50, 24.96 3.04 8.32
Ni-Al-SO, 24.05 3.03 8.01

the Mg-Al-SO, (24.96 A) and Ni-Al-SO, (24.05 A). At
this point, it is important to note that c distance
depends on the size and intercalation degree of
interlayer anions, and on the layer charge density to a
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lesser degree. Furthermore, the greater interlayer dis-
tance in Zn-Al LDHs may indicate the formation of
an anionic bilayer. Since the value of c is less, inter-
layer thickness in the Ni system is less. Because the
synthesis was carried out in atmospheric condition,
some CO3~ was incorporated into the LDHs (see dis-
cussion below).

3.1.2. Transmission electron microscopy

Fig. 2 presents TEM images of different LDH
samples. As demonstrated in the figure, the Zn-Al-S50,
sample exhibited mainly perfect hexagonal platelet
structures, having some small cracks at the edge of
hexagonal sheets and part of sheets presenting vertical
crossing at hexagonal sides. The particle size varied
from 20 to 150 nm. TEM micrographs for Ni-Al-SO,
and Mg-Al-SO, indicate the formation of agglomerate
structure formed by the smallest particles, which was
detected at reduction in the crystallinity phases by XRD.

3.1.3. TGA-DTA analysis

The thermal behavior of the three LDHs was
examined using thermogravimetric analysis and dif-
ferential thermal analysis. The results are illustrated in
Fig. 3, and the weight loss percentages are calculated
and summarized in Table 2. Four major decomposi-
tion stages can be considered; the first stage occurred
at temperature <150°C constituting of 6.02, 6.01, and
5.80% loss for Zn—-Al-SO,4, Ni-Al-SO,, and Mg-Al-SO,,
respectively. These mass losses are attributed to the
removal of physisorbed water on the external surface
of the layered double hydroxide. The second stage
occurred between 150 and 250°C constituting of 5.63,
8.61, and 4.94% loss for Zn-Al-SO4, Ni-Al-SO4 and
Mg-Al-SO, respectively, which is due to loss of
strongly held interlayer water molecule. The third
stage of weight loss around 350°C constituting of 2.00,
6.80, and 3.22% can be attributed to the removal of the
carbonate incorporated in the structure of Zn-Al-SO,,
Ni-Al-SO,, and Mg-Al-50,, respectively. The presence
of this anion with high amount in Ni-Al-50, and Mg-
Al-SO4 reduces the interlayer distance, which was con-
firmed by XRD analysis. The final stage of weight
losses of 10.69, 12.33, and 15.07 at 500, 540, and 520°C,
respectively, for Zn-Al-50,, Mg-Al-SO4, and Ni-Al-
SO, is related to the brucite-like sheet decomposition
and interlayer SO3~ loss. The greatest amounts of the
sulfate present in Ni-Al-SO4 (15.07%) and Mg-Al-50,
(12.33%) are partly responsible for the low crystallinity
observed in XRD and the presence of the agglomerate
structure observed in TEM micrographs.
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Fig. 2. TEM micrographs of the LDHs samples: (a) Zn—Al-SOy, (b) Mg-Al-SO4, and (c) Ni-Al-SO,.

The differences existing among the thermal stabil-
ity patterns with a total mass loss at 700°C was 26.60,
33.70, and 29.10% for Zn-Al-SO,, Mg-Al-SO,, and
Ni-Al-SO;, respectively. This suggests comparatively
less mass loss occurred in case of Zn containing lay-
ered double hydroxide compared to the Ni and Mg
containing LDHs. This result is commonly observed
by Sanchez Valente et al. for the thermal decomposi-
tion of hydrotalcites containing different metallic com-
positions [26]. It was found that the temperature of
interlayer anion decomposition of Mg-Al-50, (530°C)
and Ni-Al-SO; (520°C) is greater than Zn-Al-SO,
(500°C), suggesting the binding force between basic
layer and the interlayer space of Mg-Al-SO, and Ni-
Al-SO4 compared with Zn-Al-SO;.

3.14. FTIR

IR spectra have been used successfully to under-
stand the distribution of anions in the interlayer and
nature of bending vibration [27,28]. The FTIR spec-
trums for LDH samples are shown in Fig. 4. The fig-
ure reveals characteristic bands of hydrotalcite-like
compounds. For all the samples, the H-O stretching
vibration was observed around 3,500-3,550 cm },
which indicates that the OH groups present in the

interlayer water molecules are not free but are held by
H-bonding [16]. The band observed at 1,670 cm™" is
due to an H,O-deformation in interlayer structure [29]
and is slightly shifted to greater wave numbers in the
case of Mg”>* vs. Ni and Zn** containing LDHs. These
results align with the high amount of H,O in inter-
layer structure confirmed by TGA-DTA analysis. The
IR spectra of the LDHs show the presence of active
v3(CO3") asymmetric stretch bands of carbonate, at
~1,390, 1,409, and 1,410 cm ! for Zn-Al-504, Mg-Al-
SO, and Ni-Al-SO;, respectively [30]. The presence of
this band suggests the incorporation of CO3~ from the
atmosphere. The intensity of this band is markedly
important in the Ni-Al-SO, comparable to the two
other samples, which may be responsible for the
decrease in the lattice parameter “c”. A comparison of
the IR spectral bands of the SO -containing LDHs
shows distinct differences between 600 and
1,200 cm ™ !. The vs(SOi*) vibration band (1,100 cm™})
is strongly active in Mg-Al-SO, and Zn-Al-SO,, but
the low intensity of this band in Ni-Al-S5O,-type LDHs
indicates a different nature of the interlayer SO~ [27].
The v;(S027) vibration band around 1,000 cm™" repre-
sents a weak symmetric stretching. The vibrational
bands around 700 and 900 cm™' in the samples are
assigned to AlI-OH bending vibrations [31-34].
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Fig. 3. TGA-DTA analysis of Zn-Al-SO, (a), Mg-Al-SO,
(b), and Ni-Al-SO; (0).

3.2. Study of MO removal from aqueous solution
3.2.1. Effect of the solution pH

Fig. 5 shows the effect of pH on adsorption of
MO onto Zn-Al-50,;, Mg-Al-50;, and Ni-Al-SO,.
The optimum pH values for Zn-Al-SO,, Mg-Al-SO,,
and Ni-Al-SO, were found to be 4.5, 4.7, and 3.5,
respectively. Between pH 4 and 10, the adsorption
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amount decreased with increasing solution pH. The
effect of pH solution on dye adsorption can be
explained in terms of the point of zero charge (PZC)
and the pKa of MO. The PZC is the pH where the
net total particle charge is zero and can be used as a
qualitative parameter for the adsorbent surface
charge balance. The PZC of LDHs was 7.6, 7.5, and
74 for Zn-Al-SO4, Mg-Al-SO;, and Ni-Al-SO,,
respectively. Along with the positive charge that
results from the structure of LDHs, the samples have
variable charges that result from the adsorption of
ions from the solution, such as H" or OH . For pH
values below the PZC, hydrated surface of the LDHs
is protonated and is positively charged. The surface
of LDHs is deprotonated at pH values above the
PZC and is negatively charged.

Furthermore, in the aqueous solution, the dissocia-
tion constant pK, for MO is 3.46, and MO molecules
were predominantly present as monovalent anions
above this value of pH. At pH values below the PZC
of LDHs and above pK, of MO, there may be two pos-
sible processes for dye adsorption onto LDHs: one of
them is anionic exchange of SO  anions in the inter-
layer by dye anions and the other is adsorption by
means of association between the positively charged
surface of LDH and the dye anions. For pH values
above the PZC, the deprotonation of the surface
hydroxyl groups and the charge positive on the sur-
face of LDH decrease and the removal of the dye also
decreases. Furthermore, the anionic dye must be in
competition with the OH™ in the solution for exchange
with the SO}~ anions that are associated with the sur-
face. Because Mg, Zn, Ni, and Al dissolves at low pH
medium, the LDHs structure can be destroyed; in this
case, adsorption of MO on LDHs decreases.

3.2.2. Effect of contact time

The adsorption kinetics is important for the
adsorption studies because it can describe the rate
removal of adsorbate by LDHs and controls the equi-
librium time. The kinetics of adsorption of MO onto
LDHs samples is shown in Fig. 6. The results reveal
that the adsorption is fast in the initial 60 min, and it
gradually becomes slower with contact time until
reaching equilibrium. The affinity of dye ions toward
Mg-Al-SO, is more important than that of Zn-Al-504
and Ni-Al-SO4. The rapid adsorption at the initial
contact time is due to the existence of a number of
vacant sites on the surface that are available for
adsorption during the initial stage. The later slow rate
of MO adsorption is probably due to the anionic
exchange between the methyl and interlayer sulfate
anion.
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Table 2
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Weight loss percentages for Zn-Al-SO4, Mg-Al-SO,, and Ni-Al-50,

Second weight loss

First weight loss (%) (%)

Third weight loss (%) Last weight loss (%) Total

Onset Offset Wt loss Onset Offset Wt loss Onset Offset Wt loss Onset Offset Wt loss weight

Samples O O @ O O @ O O %) O O @ loss (%)
Zn—-Al-SO4 50 150 6.02 150 250 5.63 250 350 2.00 350 500 10.69  26.60
Mg-Al-50, 50 150 6.01 150 270 8.61 270 400 6.80 400 540 12.33  33.70
Ni-Al-SO4 50 150 5.80 150 250 4.94 250 350 3.22 350 520 15.07  29.10

Transmittance (%)

(c)

3541

3550

<1116
W
< ~
A 1410 1116

4000 3500 3000 2500

2000 1500 1000 500

Wavenumber (cm')

Fig. 4. FTIR spectra Zn-Al-SO, (a), Mg-Al-SO, (b), and Ni-Al-SO; ().

In order to characterize the kinetics involved in the
process of adsorption, pseudo-first-order, pseudo-
second-order, and intraparticle diffusion models rate
equations were proposed and the kinetic data were
analyzed based on the regression coefficient (*) and
the amount of dye adsorbed per unit weight of the
adsorbent.

The first-order rate expression of Lagergren based
on solid capacity is generally expressed as follows [35]:

q=ge(1—e"") ©)

where g, and g (both in mg/g) are, respectively, the
amounts of dye adsorbed at equilibrium and at any
time “t”, and K; (1/min) is the rate constant of
adsorption.

The pseudo-second-order model proposed by Ho
and McKay [36] was used to explain the adsorption

kinetics. This model is based on the assumption that
the adsorption follows second-order chemisorption.
The pseudo-second-order model can be expressed as:

2

g2k @
1+ quei'

where K, (g/mg min) is the rate constant of pseudo-

second-order adsorption.

The experimental parameters and correlation coef-
ficient R? are listed in Table 3. As can be seen from
the table, the two models give a reasonably good fit to
the experimental data, but comparison of the R* val-
ues indicates that the pseudo-second-order model
gives the best overall fit. Furthermore, the calculated
values of g. using this model are also in good agree-
ment with the experimental values. The best fit for the
experimental data for all studied concentration values
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Fig. 5. Effect of solution pH on MO removal by Zn-Al-SO,
(a), Mg-Al-SO4 (b), and Ni-Al-SO, (c) (adsorbent dose:
80 mg/L, contact time: 8h, initial MO concentration:

20 mg/L, temperature: 25°C, and agitation speed:
500 rpm).
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Fig. 6. Kinetics of MO adsorption onto LDH samples (ad-
sorbent dose: 80 mg/L, initial MO concentration: 20 mg/L,
solution pH 8, temperature: 25°C, and agitation speed:
500 rpm).

confirms that the velocity control mechanism of
adsorption is chemical adsorption. Similar results for

Table 3
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other types of dyes and other contaminants adsorbed
in LDHs are found in the literature [37].

To identify the diffusion mechanism in the adsorp-
tion of MO ions on LDHs, intraparticle mass transfer
diffusion model proposed by Weber and Morris [38]
was used. This model is expressed by the following
equation:

g=ki2 4 C )

where k; (mg/gmin®®) is the rate constant and
obtained from the slope of the straight line of g vs.
t°5. C is the intercept which gives an idea about the
thickness of boundary layer, the larger the intercept,
the greater the boundary layer effect.

Fig. 7 shows the intraparticle diffusion model for
the adsorption of MO onto LDH samples. The plots
are not linear over the complete time range, suggest-
ing that more than one process affects the adsorption.
Such type of plots presents multilinearity, indicating
that three steps take place. The first is the instanta-
neous adsorption or external surface adsorption stage,
which was controlled by initial MO concentration dif-
ference. The second region is the gradual adsorption
stage where intraparticle diffusion is the rate-limiting
step. The third stage is the final equilibrium where
intraparticle diffusion further slows down due to the
extremely low adsorbate concentrations left in the
solutions.

3.2.3. Adsorption isotherms

The equilibrium adsorption capacities for MO
increased with a rise in initial dye concentration, as
shown in Fig. 8. The increase in adsorption amounts
with concentration is probably due to a high driving
force for mass transfer. In fact, high concentration in
solution implicates large amounts of dye molecules
fixed at the surface of the adsorbent. The isotherm
form was type L in Giles classification [39]. These
types of isotherms are usually associated with ionic

Pseudo-first-order model and pseudo-second-order model parameters for MO adsorption by LDHs

Pseudo-first-order model

Pseudo-second-order model

Adsorbent Jeexp (MG/ ) Jecal (Mg/g) K; (1/min) rR? ecal (Mg/g) K5 (g/mg min) rR?

Zn-Al-SO, 92.72 86.65 0.03641 0.9798 97.003 0.00049 0.9979
Mg-Al-SO, 166.39 154.73 0.03605 0.9617 172.857 0.00028 0.9952
Ni-Al-SO4 134.65 129.15 0.02629 0.9778 144.427 0.00023 0.9934
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Fig. 7. Intraparticle diffusion model for the adsorption of
MO onto LDH samples.
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Fig. 8. Isotherms of MO adsorption onto LDH samples (ad-
sorbent dose: 80 mg/1, pH 8, contact time: 8 h, initial MO:
1 g/L, temperature: 25°C, agitation speed: 500 rpm).

solute adsorption (e.g. ionic dyes and metal cations)
with weak competition with the solvent molecules. To
better understand the adsorption process, the obtained
equilibrium adsorption data were analyzed by differ-
ent isotherm models. An isotherm is characterized by
some constants, the values of which express the
surface properties and affinity of the LDH. Also that
can be used to achieve the adsorption capacity of
adsorbents.

In this work, Langmuir, Freundlich, and Dubinin
Redushkevich (D-R) isotherm models were evaluated.
The parameters obtained from the different models
provide important information on the sorption mecha-
nisms and the surface properties and affinities of the
sorbent. The Langmuir adsorption model [40] is based
on the assumption that the maximum adsorption
corresponds to a saturated monolayer of solute mole-
cules on the adsorbent surface. Therefore, the Lang-
muir isotherm model was chosen for the estimation of
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the maximum adsorption capacity g, corresponding
to complete monolayer coverage on the sorbent sur-
face. The equation is given as:

quLCe
9 =11 K.C. (©)
where g, (mg/g) is the maximum amount of dye
adsorbed per unit mass of adsorbent and Ky, (L/mg) is
the Langmuir constant related to rate of adsorption.
Ce is the equilibrium concentration.

The Freundlich isotherm [41] is an empirical equa-
tion that assumes that the adsorption surface becomes
heterogeneous during the course of the adsorption
process. The Freundlich isotherm is expressed by the
following equation:

e = KFCi/n (7)

where Kg is a constant for the system, related to the
bonding energy, it can be defined as the adsorption or
distribution coefficient and represents the quantity of
dye adsorbed onto adsorbent for unit equilibrium con-
centration. 1/n indicates the adsorption intensity of
the dye onto the sorbent or surface heterogeneity,
which becomes more heterogeneous when 1/n value
gets closer to zero. A value for 1/n below 1 indicates
a normal Langmuir isotherm, while 1/n above 1 indi-
cates a cooperative adsorption

The Dubinin-Radushkevich (D-R) isotherm model
does not assume a homogenous surface or constant
sorption potential as other models. It can be noted that
the (D-R) isotherm is more general that the Langmuir
fit [42]. The D-R isotherm has been written by the
following equation:

fe = m exp(—B&?) ®)

¢ =RT ln(l +Cie>

where B is a constant related to the adsorption energy,
gmax is the theoretical saturation capacity, ¢ is the Pola-
nyi potential.

The calculated isotherm parameters for each model
and correlation coefficients estimated by nonlinear
regressive method are summarized in Table 4. The
table indicates that the best fit of experimental data
was obtained with the Langmuir model. The values of
high 7* for accused the applicability of the Langmuir
model for dye adsorption onto the LDHs. The
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Table 4

Model isotherm constants for MO adsorption by LDH samples
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Langmuir models

Freundlich models

Dubinin Radushkevich (D-R)

Adsorbent g, (mg/g) K. (L/mg) R? Kg (mg/g) (L/mg)"" n R? g (mg/g) B R?
Zn-Al-SO, 2,758.139  0.02832 0.99548  799.4060 530391 0.95074 2,447.8760 0.00008 0.85985
Mg-Al-SO, 1,622.046  0.01617 0.98081 340.2435 437985 0.90703 1,433.2941 0.00035 0.96868
Ni-AI-SO,  800.2345 0.02368 0.98893  275.3328 6.43303 0.94997 727.09822 0.00023 0.8633

maximum Langmuir monolayer adsorption capacity
were 2,758, 1,622, and 800 mg/g, respectively, for
Zn-Al-504, Mg-Al-SO,, and Ni-Al-SO,. This result
was in agreement with XRD analysis, demonstrating
that Zn—-Al-SO, presents a high interlayer distance.

3.3. TWW treatment

TWW sample was collected from a polyester and
cotton textile mill (ITEX, Casablanca, Morocco) at the
factory’s discharge point. Table 5 shows the values of
various parameters of this effluent. The values show
the basic quality of the wastewater sample with a
temperature of 30°C and COD value of 614.6 mg/L
considered as a point of pollution and does not meet
the Moroccan regulatory requirements [43].

To verify the efficiency of LDH samples for TWW
treatment, the effects of various parameters on the
removal of color and COD by these precursors such
as solution pH and adsorbent dose were studied in
detail.

3.3.1. Effect of pH on color and COD removal

Fig. 9 shows the changes in the UV-vis spectra of
TWW treated by Zn-Al-SO, at different solution pH.
The result shows that the maximum color reduction
obtained at pH 3-5 which is in adequacy with the
behavior obtained for MO removal. The influence of
pH on COD removal from wastewater by Zn-Al-5O,
is illustrated in Fig. 10. It was found that the COD
removal is more sensitive to pH of wastewater. A
maximum COD removal of 90.23% was observed at

Table 5
Physicochemical analysis of the TWW

Parameters Unit Value Moroccan standard [43]
pH _ 89 5590

Temperature C 30 30

COD mg/L 6146 250

Suspended solid mg/L 23 150

Absorbance

200 300 400 500 600 700
Wavelength (nm)

Fig. 9. Evolution of the UV—vis spectra of TWW treated by
Zn-Al-SO, at different pH solution (V =20 ml, agitation
speed: 500 rpm, initial COD concentration: 614.6 mg/L,
time: 8 h, adsorbent dose: 1 g/I).

pH 5 followed by decrease by 50 and 59% at pH 2
and 9.8. The reason for better adsorption capacity
observed at lower pH levels might be attributed to the

100 -

80 A

% COD Removal

20 A

Fig. 10. Effect of pH on COD removal by Zn-Al-SO,
(V =20 ml, agitation speed: 500 rpm, initial COD concen-
tration: 614.6 mg/L, time: 8 h, adsorbent dose: 1 g/1).
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Fig. 11. Variation in UV-vis spectra of TWW at different LDH dosages by: (a) Zn—-AlSOy, (b) Mg-Al-SO,, and (c) Ni-Al-50,

(pH 5, V = 20 mL, and contact time: 8 h).

presence of larger number of H' ions. This in turn
neutralized the negatively charged adsorbent surface.
The lower adsorption values at higher pH may be due
to the abundance of OH™ ions. The reduction in per-
centage of removal at acidic pH was caused by the
dissolution of LDH samples at these solution pHs.

Similar results were reported for the adsorption of
MO.

3.3.2. Effect of adsorbent dose on decolorization

Variation in UV-vis spectra of TWW at different
LDH dosages was shown in Fig. 11. The figure shows
a considerable decrease in the absorbance with the
increase in adsorbent dose. These results attributed by
the reduction in chromophore group are responsible
for the colorization of TWW. The comparison of the
maximum percentage of color removed by various
adsorbents shows a rapid decrease in absorbance with
the addition of Zn-Al-SO, and Ni-Al-SO,. It is clear
that the color removal was 100% in the case of
Ni-Al-SO,4 with an amount of 5 g/1. Mg—-Al-SO, shows
very large capacity of decolorization at low adsorbent
dose. In the case of Zn-Al-SO4 color removal
increases successively by the increase in adsorbent
dosage.

3.3.3. Effect of adsorbent dosage on COD reduction

The COD is an indication of the overall oxygen
load that a wastewater will impose on an effluent
stream. COD is equal to the amount of dissolved
oxygen that a sample will absorb from a hot acidic
solution containing potassium dichromate. The
amount of adsorbent, which is usually referred to as

the adsorbent dose (grams of adsorbent per 1L of
solution), plays an important role in the adsorption
process. The effect of the adsorbent dose on COD
removal for the three adsorbents (Zn-Al-50,, Mg-Al-
SO4, and Ni-Al-SO4) was evaluated by varying the
dosage from 0.5 to 5 g/L. The results are presented in
Fig. 12. The figure indicates that COD removal
increases with increasing the amount of adsorbent.
The figure also shows that increasing the dose beyond
2g/L had little effect on the COD reduction, and
hence, this value was considered as the optimum. The
maximum percentage of COD removed from the
TWW was noted as 93.41% for Zn—-Al-SOy,.

& Zn-AlS04
B Mg-Al-S04
u Ni-Al-504

COD (mg/l)
b=
i=]

0 05 1 2 3 5
Rig/l)

Fig. 12. Effect of adsorbent dosage on the reduction in
COD by LDHs (initial COD =614.6 mg/L, pH 5,
V =20 mL, and time = 8 h).
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4. Conclusion

This study evaluated the effect of Zn**, Mg**, and
Ni** as divalent cations on the physicochemical prop-
erties and dye removal by layered double hydroxides
intercalated by SO3~. The XRD patterns display high
crystallinity of Zn-Al-50, and presented some reduc-
tions of crystallinity in Ni-Al-5O; and Mg-Al-SO,.
The reduction in sharpness peaks in Mg-Al-SO, and
Ni-Al-SO, should be related to the poor crystallinity
or the agglomerates present in the structure which are
responsible for the amorphous structure of this sample
as confirmed by TEM micrographs. FTIR spectra
showed strongly coordinated water and the presence
of sulfate in the interlayer. The kinetics of dye removal
was better described by intraparticle diffusion model.
The equilibrium uptake was increased with increasing
the initial concentration of dye in solution. The
adsorption isotherm could be well fitted by Langmuir
model. It can be concluded that Zn-Al-SO, is a
promising adsorbent for the treatment of dyes by a
reduction in color and COD from cotton TWW.
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