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BINARY AND TERNARY LAYERED DOUBLE HYDROXIDES (LDHs) FOR
ADSORPTIVE REMOVAL OF VARIOUS ORGANIC DYE POLLUTANTS

This chapter of the thesis is divided into three sections demonstrating the complete
characterization of various transition metal-based binary and ternary layered double
hydroxides (LDHSs) such as NiAl, NiMgAIl and CuMgAIl LDHs. The binary and ternary
LDHs have been employed as adsorbent towards the removal of various organic dye
pollutants from aqueous solution. Figure 3.1 shows the molecular structure of various

organic dye pollutants used in the present investigation.
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Figure 3.1. The molecular structure of various organic dye pollutants used in the present

investigation.
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3.1  Prologue

From the environmental point of view, the organic dye contaminants released from
various sources such as textile, paper, painting, plastic, cosmetics, pharmaceutical and
food industries have become the serious issue in all over the globe [1-4]. Disposal of the
dye contaminants into the environment causes severe environmental pollution by
contaminating soil and ground water, which adversely affect the human health as well as
on aquatic life [5-9]. Due to their colorant nature, presence of even small quantity of dyes
in water is highly visible to necked eye. It reduces the penetration of light and visibility
through the water surface, effecting the photosynthetic cycle essential for the aquatic
plants and also increases the chemical oxygen demand (COD) [10-12]. As a result, the
aquatic plant and animals become unable to survive in that adverse situation. Synthetic
origin and aromatic structure makes the dye molecules most stable and non-degradable in
nature, due to which removal of dyes from waste water is not an easy task [13,14]. Some
dyes are also toxic, mutagenic and carcinogenic in nature and therefore, their release into
the environment is not acceptable at all [15-17]. Therefore, it needs to develop an
efficient technique for removal of dye pollutants before being discharged into the

environment.

Various techniques have been studied for removal of dyes from agueous solution
including coagulation [18], chemical oxidation [19], biodegradation [20-22] and
photocatalysis [23-25]. The adsorption process is one of most reliable and widely adopted
techniques with the advantages of simplicity, easy handing, economical feasibility and
high efficiency [26-29]. Moreover, availability of various types of adsorbents makes the
adsorption process as an efficient technique for dye removal. The use of different types of
adsorbents such as activated carbon [30], fly ash [31], chitosan [32,33], zeolites [34] and
clays [35-37] for removal of dyes from aqueous solution is well known. By virtue of the
unique layered structure along with high surface area and anion exchange ability, LDHs
have been extensively used as potential adsorbents towards the removal of organic dye
pollutants [38—40].
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Section 3A: Efficient removal of anionic organic dye pollutants from aqueous

solution by NiMgAl layered double hydroxides

In this section, we have discussed the complete characterization of a series of NiMgAl
LDHs with variable metal compositions synthesized via co-precipitation method. The
synthesized LDHs have been employed as adsorbents towards the removal of anionic
organic dye pollutants from aqueous solution. The synthetic procedures of NiMgAl LDHs
with variable compositions, characterization technique details and adsorption methods are
described in Chapter 2.

3A.1 Results and discussion
3A.1.1 Characterization of LDH samples

Figure 3A.la shows the powder XRD patterns of the LDH samples. In all the cases,
formation of sharp, intense peaks at low 26 angles and broad, less intense peaks at higher
260 angles reveal the formation of hydrotalcite-like LDH which match well with XRD
database (JCPDS card no. 38—0478). The sharp peaks are observed approximately at 20 =
11.6, 23.4 and 34.8° due to (003), (006) and (012) basal reflection planes, respectively and
broad peaks are observed approximately at 26 = 38.8, 46.3, 60.85 and 62.1° due to basal
reflection planes of (015), (018), (110) and (113), respectively. As shown in figure, the
peaks due to (003) and (110) reflection planes shifted slightly towards low 20 angle with
increasing Ni amount from LDH1 to LDH4. Figure 3A.1b clearly shows the close—up
view of high 26 angle for (110) reflection. Figure 3A.1c shows the intensity ratio of all the
LDH samples at some 26 angles. It is seen that the intensity decreases with increasing Ni
amount from LDH1 to LDH4. However, LDH3 with Ni/Mg molar ratio 1:1 has
comparatively higher intensity than LDH2 and LDH4. We have also calculated the %
crystallinity of all the samples at some lower 20 values (11.6, 23.4 and 34.8°) and they are
shown in Figure 3A.1d. The result shows that the % crystallinity is highest for LDH3

compared to all other samples.
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Figure 3A.1. (a) PXRD patterns and (b) High angle 26 value, (c) Relative Intensity and
(d) Crystallinity (%) at some 260 angles of all the LDH samples.

The unit cell parameters ¢ and « are calculated from (003) and (110) reflections
using the equations, ¢ = 3dgoz and a = 2ds10, respectively and their relationship with Ni/Mg

molar ratio are shown in Figure 3A.2.
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Figure 3A.2. Relationship of nickel content with unit cell parameters in LDH samples.
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The d values of (003) and (110) reflections are also calculated using Bragg’s equation, 2d
sing = n; where d is interplanar distance, ¢ is Bragg diffraction angle, 4 is wavelength of
X-ray and n is positive integer. The calculated cell parameters and d values are
summarized in Table 3A.1. It is seen that cell parameter « increases gradually with
increasing the Ni amount from LDH1 to LDH4 (Figure 3A.2, Table 3A.1). As cell
parameter « is related to the distance of metal ions within the layers, incorporation of Ni in
MgAIl LDH increases the metal-metal distance resulting increase in cell parameter a.
Again, the cell parameter ¢ also gradually increases with increase in Ni amount from
LDH1 to LDH4. The cell parameter c is related to the thickness of the brucite layer and
the interlayer distance as a function of average charge of the metal cations, nature of the
anion present in the interlayer region and water content present [41]. Ni** cation has larger
ionic radius compared to that of Mg?* cation. As the amount of Ni increases from LDH1
to LDHA4, thickness and area of brucite layer increases and hence the cell parameter c is
also increased. We have also calculated the crystallite sizes for (003) and (110) reflection
planes and the calculated values are presented in Table 3A.1. Introduction of Ni in LDH
also greatly affect the crystallite size. The calculated crystallite size gradually decreases
with increasing Ni content from LDH1 to LDH4. However, the value is comparatively
more in case of LDH3 compared to that of LDH2 and LDH4.

Table 3A.1. Elemental analyses, unit cell parameters and average crystallite sizes of the

LDH samples.
LDH (Ni+Mg)/Al ratio doos 110 Unit cell Crystallite size°
parameters®
A A (A) A)
Synthesized Analyzed?® c a (003) (110)
LDH1 0:3:1 0:3:.09 769 152 23.07 3.04 90 134
LDH2 1:2:1 1:2:1 7.85 1.52 2355 3.04 25.5 49.3
LDH3 15151 15:1.47:09 7.87 1.53 23.61 3.05 63.5 113
LDH4 2:1:1 2:0.9:1 7.97 1.53 2391 3.06 29.4 56.9

% Obtained from AAS analysis. g = 2d110, ¢ = 3dgos.” Calculated using Debye-Scherer

formula.
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The elemental analyses of the as synthesized LDH samples are presented in Table
3A.1. The (Ni+Mg)/Al molar ratio of the analyzed samples are close to 3 which is nearly

same as that of the synthesized LDH samples.

FTIR spectra of the LDH samples show absorption bands that are typical of
layered materials (Figure 3A.3) [27]. A broad band is observed in the ranges of 3520 cm™'
for all cases and is assigned to the O—H stretching vibration of hydroxyl group of the layer
and water molecule present in the interlayer region of LDH. The weak band observed
around 1639 cm ' is attributed to the bending vibrations of —OH group of interlayer water
molecules of LDH. A sharp band is observed at around 1373 cm', which is due to
asymmetric stretching of COs®~ ion. Broad bands are observed at around 500-800 cm '
(below 1000 cm™), due to the M—O—H and M—O—M vibrations [42].
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Figure 3A.3. FTIR spectra of the LDH samples.

Figure 3A.4a shows thermogravimetric analyses of the LDH samples. Mainly, two
weight loss steps are observed that are typical of LDH materials. The first weight—loss
step is observed due to the removal of water molecules adsorbed on the surface and in the
interlayer region of LDHSs in the temperature ranges of 50—200 °C. The second weight—
loss step is observed due to the dehydroxylation of the brucite layer as well as the
decomposition of the carbonate anions in the temperature ranges of 250—400 °C [43].
Figure 3A.4b shows the Raman spectra of LDH samples showing three characteristic

Raman active modes (vi, vz and vg4) of carbonate intercalated LDH materials [44]. The
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Raman spectrum of LDH1 shows a sharp, strong band at around 1060 cm* (v, mode) and
a weak v, mode at 693 cm* due to the carbonate anions in the interlayer [45]. The broad
band observed at 693 cm ™ is actually due to the overlapping of two bands at 682 and 697
cm* which are associated with M—OH bond of LDH layer and COs* anion in the
interlayer region [44,46]. There is also a broad vs mode band at around 1423 cm™* but of
very low intensity. The v, mode is Raman inactive and therefore, it is not observed. It has
also been observed that with increase in the Ni amount from LDH1 to LDH4, the intensity
of v; mode also gets increased and shifted to lower wavenumber. However, the intensity

of vz and v4 band gradually decreases with increase in amount of Ni from LDH1 to LDH4.
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Figure 3A.4. (a) TGA graphs, (b) Micro—-Raman spectra, (c) UV-vis DRS spectra and (d)
Band gap energy calculated from UV-vis DRS of the LDH samples.

Diffuse—reflectance UV-vis spectroscopy was carried out to observe the visible
light adsorption properties of the LDH samples and are shown in Figure 3A.4c. All the
samples exhibit absorption band in the range of 200-300 nm, which is due to the ligand—
to—metal charge transfer (LMCT) in the MOg octahedral of LDHSs [43]. In case of LDH1,

other peaks are not observed as both Mg and Al do not possess d electronic configuration.
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Introduction of Ni in LDH1 gives rise to the formation of two peaks at 377 and 645 cm*
along with two small weak peaks at 418 and 745 cm . The peaks at 377 and 645 cm are
due to the allowed transitions of *Ayg (F) — Tiq (P) and *Agq (F) — 3Ty (F) of d® Ni**
cation [47]. The weak peaks are arises due to the spin-forbidden transitions, 3Azg (F) —
'Ey (D) and *Ayq (F) — Ty (D) [47]. The peak intensity is also found to increase with
increase in Ni content from LDH1 to LDH4 and it is highest for LDH3. The band gap
energy (Eg) of LDH samples has been determined by using the Tauc/Davis—Mott

expression as
(hva) I/n, = A (v — E,) (3A.1)

where, hv is the energy of photon, « is the absorption coefficient, A is constant of
proportionality and n; denotes the characteristics of the transition in a semiconductor. For
direct transition, value of n¢ is 1 and for indirect transition, it is 4 [48]. In this case, the n;
value is 1 indicating a direct transition. The band gap energy (Eg) for all the LDH samples
was calculated by extrapolating the curves to the x—axis (Figure 3A.4d) and values are
given in Table 3A.2. The band gap energies (Eg) are increasing with increase in Ni amount
in brucite layer from LDH1 to LDH4 and the value is highest for LDH3 (2.5 eV).

Table 3A.2. Band gap energy and textural properties of LDH samples.

LDH Band gap energy® SBET Pore volume Pore diameter
(eV) (m?/g) (cm/g) (hm)
LDH1 2 131 0.16 3.88
LDH2 2.1 124 0.12 3.98
LDH3 2.5 268 0.27 3.70
LDH4 2.2 114 0.08 3.96

#Calculated from UV-vis DRS spectra.

The SEM images of the LDH samples show that flat plate—like shapes are
observed for LDH1 (Figure 3A.5). However, agglomeration of the particles takes place on
introduction of Ni in LDH due to which crystallites with large irregular particle size are
observed for LDH2 to LDH4 (Figure 3A.5).
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Figure 3A.5. SEM images of (a) LDH1, (b) LDH2, (c) LDH3 and (d) LDH4.

Figure 3A.6. TEM images at different resolution (a), (b) & (c) and SAED patterns (d) of
LDH3.

TEM images of LDH3 at different resolution show that small, well dispersed

particles with plate like morphology are observed (Figure 3A.6). The selected area
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electron diffraction (SAED) pattern shows the presence of three concentric diffraction
rings and the rings are due to (018), (110) and (113) lattice planes.

The porosity of the LDH samples was investigated using N, adsorption—desorption
measurements. Figure 3A.7 shows the N, adsorption—desorption isotherms of various
LDHs and insets are corresponding BJH pore size distribution plots. The N, adsorption—
desorption isotherms of the entire LDH samples exhibit type IV isotherm typical of
mesoporous materials [49]. LDH1 exhibits type IV isotherm with hysteresis loop of H3
type. However, LDH2, LDH3 and LDH4 display the type IV isotherm with hysteresis
loop of H1 type which is the characteristic of mesoporous material with regular pore
structure. The upper closer point of the hysteresis loop is appeared at a relatively higher
value (P/P,= 0.8) in case of LDH2, LDH3 and LDH4 samples than that of LDH1 (P/P,=
0.5), demonstrating the highly porous nature of ternary LDHSs.
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Figure 3A.7. N, adsorption-desorption isotherms and pore size distribution (inset) of (a)
LDH1, (b) LDH2, (c) LDH3 and (d) LDH4.
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All the LDH samples exhibit pore diameters in the ranges of 3.70-3.98 nm,
characteristics of mesoporosity with a narrow unimodal pore size distribution curves (inset
of Figure 3A.7). The BET surface areas and pore volumes of all the samples are calculated
and presented in Table 3A.2. LDH1 possesses BET surface area and pore volume of 131
m?/g and 0.16 cm®/g, respectively. While the BET surface areas of LDH2, LDH3 and
LDH4 are 124 m?/g, 268 m?/g and 114 m?/g with pore volumes of 0.12 cm®g, 0.27 cm®/g
and 0.08 cm®/g, respectively (Table 3A.2). LDH2 and LDH4 do not possess significant
BET surface areas and pore volumes as LDH1. But LDH3 exhibits dramatically enlarged
BET surface area and pore volume in comparison to LDH1. However, the calculated pore
diameter of LDH3 is the lowest (3.70 nm) compared to the other three samples (Table

3A.2) which indicates that LDH3 is a highly porous materials with small pore diameter.

3A.1.2 Effect of contact time, adsorbent dosage, initial dye concentration and solution

pH on adsorption of methyl orange (MO) onto LDH adsorbents

We carried out the adsorption experiment in a batch mode using 20 mL of 20 mg/L MO
solution and 5 mg of the adsorbent at pH 6. Figure 3A.8a shows the effect of contact time
on adsorption of MO onto various LDH samples. It is seen that for all cases, the
adsorption of MO sharply increase within first 60-90 min to attain the equilibrium state
and then proceeds slowly. The availability of the active free sites on the external surface
of the adsorbent results in the fast adsorption of MO from solution within first 60—90 min.
The result also shows the preferable and enhanced adsorption of MO on ternary LDHs
(LDH2, LDH3 and LDH4) compared to binary LDH (LDH1). The % dye uptake of MO in
case of LDHL1 is 54%. While in case of LDH2, LDH3 and LDH4, the % dye uptakes are
96, 97 and 86%, respectively. Introduction of Ni in brucite-like LDH leads to the
enhanced adsorption capacity for MO from LDH1 to LDH4. The molar ratio of Ni:Mg in
ternary LDHs also has great impact on adsorption efficiency. LDH2 and LDH3 with
molar ratio of Ni:Mg = 1:2 and 1:1 exhibit the highest adsorption capacity for MO
compared to ternary LDH4. To determine the enhanced adsorption capacity of the ternary
LDHs, we carried out the BET—surface area measurement of all the samples (Figure 3A.7
and Table 3A.2). The high BET surface area (268 m%g) and pore volume (0.27 cm®/g)

make the major contribution to the efficient adsorption capacity of LDH3 for MO.
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Figure 3A.8. Effect of (a) contact time, (b) adsorbent dosage, (c) initial dye concentration
and (d) solution pH on adsorption of MO onto LDH adsorbents (Optimized adsorption
conditions: MO concentration = 20 mg/L, adsorbent dose = 5 mg, equilibrium time =90
min, pH =6 and T = 25 °C).

However, for other two ternary LDHs (LDH2 and LDH4), although the BET surface areas
are low compared to that of LDHL1, the presence of Ni enhances the adsorption capacity
for MO. Figure 3A.8b shows the effect of adsorbent dosages on adsorption of MO onto all
the LDH adsorbents. The study was carried out using adsorbent dosages in the ranges of 3
to 10 mg with 20 mL of 20 mg/L initial MO concentration at pH 6. In all cases, a
considerable increase in % dye uptake for MO has been observed on increase in the
adsorbent dosage from 3 to 5 mg. Again, on increasing the adsorbent dosage from 5 mg
upto 10 mg, no considerable increase in % dye uptake is observed. Saturation may arise
due to the higher adsorbent amount, resulting in the decrease of % dye uptake. Moreover,
at higher adsorbent dosages, agglomeration takes place due to collisions among the
molecules resulting in the increase of diffusion path length and thus lowers the adsorption

efficiency [27]. Therefore, 5 mg has been selected as an optimum adsorbent dosage for
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further study as it gives a high % dye uptake even at a low adsorbent dosage. It is also
clear from the figure that the % dye uptake of MO onto LDH2 and LDH3 is higher as
compared to that of LDH1 and LDHA4. Figure 3A.8c shows the effect of initial MO
concentration on the adsorption process. We carried out the study with a series of MO
solutions in the concentration range of 10-70 mg/L using 5 mg of the adsorbent for 90
min at pH 6. On increasing the initial MO concentration from 10 to 70 mg/L, a decrease in
% dye uptake of MO is observed for all cases. This is due to the unavailability of the free
adsorptive sites on the adsorbents after the adsorption of a fixed amount of dye
concentration. The solution pH is an important parameter in adsorption process as it
affects the adsorption of dye molecule by changing the surface charge as well as the active
sites of the adsorbents and structure of the dye molecule. The effect of the solution pH on
adsorption process was carried out at different pH ranges (pH 2 to pH 10). For all cases,
the initial dye concentration and adsorbent dosage were kept constant at 20 mg/L and 5
mg. Figure 3A.8d shows the initial pH effect on adsorption of MO onto the LDH
adsorbents. It is seen that for all cases, the % dye uptake is increased with increasing
solution pH from 2 to 6 and again decreases gradually on increasing the pH from 6 to 10.
The decrease in % dye uptake at low pH range (pH<4) is attributed to the dissolution of
LDHs in highly acidic solution. The electrostatic attraction between the positively charged
adsorbent surface sites and anionic MO dye, results in the enhanced adsorption of MO at
pH range of 4-6. At higher pH (pH>6), negative charges may arises on the surfaces of the
LDHs. These results in the electrostatic repulsion between the anionic MO dye and
negatively charged adsorbent surface sites and hence, decrease in % dye uptake at pH
above 6 [5]. Therefore, pH 6 has been selected as optimum pH of the MO solution for our

study.

The corresponding UV-vis spectral changes for adsorption of MO for LDH1,
LDH2, LDH3 and LDH4 adsorbents under optimized conditions are shown in Figure
3A.9.
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Figure 3A.9. UV-vis spectra for adsorption of MO onto (a) LDH1, (b) LDHZ2, (c) LDH3

and (d) LDH4 at various time intervals.
3A.1.3 Adsorption kinetics

To evaluate the adsorption kinetics of MO on LDHs, the experiments have been analyzed
with pseudo-first and second order kinetic models using equations 2.6 and 2.7,
respectively. The experimental data are plotted for both the kinetic models. Figures 3A.10
and 3A.11 shows the pseudo-first and second order kinetic plots for adsorption of MO
onto various LDHs, respectively. The correlation coefficients (R?), adsorption capacity (qe
and q;) and rate constants (k; and k) values are calculated and listed in Table 3A.3. The
kinetic data are fitted well with second order kinetic model with higher correlation
coefficient (R?) compared to that of first order kinetic model for all the cases. The R
values are 0.999, 0.999, 0.999 and 0.998 for LDH1, LDH2, LDH3 and LDH4,
respectively. Thus, the adsorption process follows a pseudo second order kinetic model

demonstrating the heterogeneous nature of the LDHs for MO.
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Figure 3A.10. Pseudo-first order kinetic plots for adsorption of MO onto (a) LDH1, (b)
LDH2, (c) LDH3 and (d) LDH4.

Table 3A.3. Pseudo-first order and pseudo-second order kinetic parameters for adsorption
of MO onto various LDHs.

LDH Pseudo-first order Pseudo-second order
e ky R e ko R
(mg/g)  (min™) (mg/g)  (g/mg-min)
LDH1 30.4 0.0274 0.993 48.8 0.0017 0.999
LDH2 61.6 0.0355 0.993 85.8 0.0008 0.999
LDH3 55.8 0.0347 0.986 85.3 0.0009 0.999
LDH4 1135 0.0315 0.940 190.1 0.00003 0.998
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Figure 3A.11. Pseudo-second order kinetic plots for adsorption of MO onto (a) LDH1, (b)

LDH?2, (c) LDH3 and (d) LDH4.

80 ®™ LDH1
® LDH2 4 ¢ a 2
A LDH3 x X
X LDH4
60 s
§ n " -
D) 404 ™
E
o
20 §
n
& X
ol *
T T T T
3 6 9 12
12, . 102
t " (min™)

15

Figure 3A.12. Intraparticle diffusion plot for adsorption of MO onto the LDH samples.

The intraparticle diffusion kinetic model was taken into account to evaluate the

diffusion mechanism of the adsorption process using equation 2.8. The plots of q; versus

tl/ 2

for all the cases are linear curves and are not passing through the origin, indicating that

the adsorption process is affected by more than one process (Figure 3A.12). The first
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portion of the plot indicates that the adsorption of MO takes place on the external surface
while the second portion indicates that the adsorption of MO takes place through the pores
of the adsorbent (intraparticle diffusion) and the third portion of the plot implies the
equilibrium stage [11].

3A.1.4 Adsorption isotherm

The adsorption isotherms have been analyzed with Langmuir and Freundlich isotherm
models to illustrate the adsorption capacity at different equilibrium concentrations
(equations 2.9 and 2.11, respectively). Figure 3A.13 and 3A.14 shows Langmuir and
Freundlich isotherm plots for adsorption of MO onto various LDHSs, respectively. The
various isotherm parameters have been calculated from the Langmuir and Freundlich plots

and are presented in Table 3A.4.

Table 3A.4. Langmuir, Freundlich and Dubinin—Radushkevich (D-R) isotherm

parameters of MO onto various LDHs.

LDH Langmuir model Freundlich model D-R model

R kk gn R. R? kk n R® kor o E
L/mg mglg (mg/g) mol?/kJ* mg/g kJ/mol
(L/mg)*"
LDH1 0987 0551 376 0.1 0845 178 5 0917 224 365 0.473

LDH2 0989 0983 99.7 0.1 0909 405 4 0948 0452 945 1.05
LDH3 0.999 0483 1279 01 0983 554 4 0929 0386 1118 1.14

LDH4 0.984 0.087 762 04 0971 116 2 0921 419 554 0.345

The experimental results show that based on the correlation coefficient (R%) values,
the adsorption data are fitted well with the Langmuir isotherm model compared to
Freundlich isotherm model in all the cases indicating monolayer adsorption of MO dye on
LDH surface. The ternary LDH3 possesses the highest value of maximum adsorption
capacity, gm (127.9 mg/g) compared to the other LDHs (Table 3A.4). The favorability of
the adsorption process can be predicted from the value of dimensionless constant
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separation factor or equilibrium parameter, R_ using equation 2.10. The calculated R_
value in our study is between 0 and 1 in all cases (Table 3A.4), thereby confirming that

the adsorption process is a favorable one.
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Figure 3A.13. Langmuir isotherm plots for the adsorption of MO onto (a) LDH1, (b)
LDH?2, (c) LDH3 and (d) LDH4.

Additionally, Dubinin—Radushkevich (D-R) isotherm model has been chosen to
understand the adsorption mechanism to a deeper extend using equation 2.12. Various
parameters are obtained from the linear plot of In g, versus ¢ (Figure 3A.15) and
presented in Table 3A.4. With the D-R isotherm model, the mean adsorption energy (E)
values are also calculated using equation 2.14. The value of E between 1-16 kJ/mol
prevails physical adsorption and the value more than 16 kJ/mol prevails chemisorptions
[50]. From our experimental results, the E values obtained are 0.4730, 1.05, 1.14 and
0.3453 kJ/mol for LDH1, LDH2, LDH3 and LDHA4, respectively (Table 3A.4). This
implies that the process involved in the adsorption of MO onto LDH surfaces is the

physical adsorption.
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Figure 3A.14. Freundlich isotherm plots for the adsorption of MO onto (a) LDH1, (b)

LDH2, (c) LDH3 and (d) LDH4.
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3A.1.5 Possible mechanism of adsorption

To understand the adsorption mechanism to a deeper extend, we have carried out XRD,
FTIR and SEM analysis before and after adsorption of MO using the best adsorbent,
LDH3. Figure 3A.16 shows the schematic diagram for efficient removal of anionic MO

dye from aqueous solution over LDH3 adsorbent.

ad R XY X

MO solution @ —> MO adsorbed LDH

Figure 3A.16. Schematic diagram for efficient removal of MO over LDH3 adsorbent.

The corresponding UV-vis spectra of MO before and after adsorption on LDH3 is
shown in Figure 3A.17a and inset of the figure shows the photograph of color change on
adsorption. The characteristic adsorption peaks of MO disappear after adsorption onto
LDH surface. From the photograph, it is also observed that the solution of methyl orange
is changed to a colorless, clean solution after adsorption, indicating efficient adsorption of
MO onto the LDH surface. The XRD patterns of LDH3 before and after adsorption of MO
shows that no characteristic changes takes place on adsorption indicating retention of the

layered structure after adsorption (Figure 3A.17b).

The morphological changes of the LDH before and after adsorption can be
observed from the SEM images (Figure 3A.18). From the images, it is seen that no
significant morphological change is observed after adsorption of MO onto LDH3 and this
finding suggests that the LDH structure is retained after adsorption. However, a layer is
appeared in the image, indicating the accumulation of dye over the surface of LDH

adsorbent.
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Figure 3A.17. (a) UV-vis spectra of MO before and after adsorption onto LDH3 and inset

is photographs of MO before (left) and after adsorption (right), (b) XRD patterns of LDH3

before and after adsorption of MO.
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Figure 3A.18. SEM images of LDH3 (a) before and (b) after adsorption of MO.

Figure 3A.19a shows the FTIR spectra of LDH3 after adsorption of MO and inset
is enlarged view of the spectra in the wavenumber range of 1000-1300 cm*. Comparing
the spectrum with pure MO and LDH3 (Figure 3A.19b), we have seen that some new
peaks arises at 1034, 1123 and 1166 cm * associated with the vibration of the —SO5™ group,
1,4-substitutent in the benzene ring and C—N stretching vibration, respectively in MO
adsorbed LDH3 [13,51]. Moreover, the adsorption band at 1612 cm* corresponds to the
C=C stretching vibration of the benzene ring of MO which indicates that MO has been
well adsorbed on the surface of LDH3. Thus, the enhanced adsorption capacity of LDH3
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for removal of MO is associated with the electrostatic attraction between the anionic dye
molecule and adsorbent surface. These findings are well supported by the pH study as
explained earlier (Figure 3A.8d). The maximum adsorption efficiency for removal of MO
is obtained at pH 6 due to the electrostatic attraction between the negatively charged dye
molecule and LDH surface. Moreover, the presence of surface hydroxyl groups in the
LDH makes it efficient adsorbent by the formation of hydrogen bonding with the
sulfonate group of MO dye (SO*Na"), enhancing the absorption capacity of the
adsorbent.
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Figure 3A.19. (a) FTIR spectra of LDH3 after adsorption of MO and inset is enlarged
view of the spectra in the wavenumber range of 1000-1300 cm* and (b) FTIR spectra of
pure MO and LDH3.

Table 3A.5 shows the comparisons of adsorption of MO onto various adsorbents
reported previously in terms of maximum adsorption capacity under various reaction
conditions. It is found that LDH3 in the present study is a potential adsorbent for dye
removal from aqueous solutions with high value of adsorption capacity under various

reaction conditions compared to other adsorbents.

Moreover, a comparative adsorption study was carried out using two more anionic
organic dye pollutants such as, congo red (CR) and methyl red (MR) along with methyl
orange (MO) over LDH3 under the optimized experimental conditions to utilize the

adsorbent for future application. The adsorbent shows efficient adsorption activity for the
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anionic dyes, CR and MR with % dye uptake values of 97 and 96%, respectively (Figure
3A.20).

Table 3A.5. Comparison of adsorption of MO onto LDH3 with earlier reports.

Entry Adsorbents  Surface Dye Adsorbent Contact Adsorption Ref.

area of conc.  amount time capacity
adsorbent (mg/L) (mg) (min) (mg/g)
(m?/g)
NiMgAI LDH [This
1 (LDH3) 268 10-70 5 60 127 Work]
2 MgNiAI LDH  137.4  10-500 50 40 1185  [27]
3 Banana peel  20.6-23.5 10-120 100 24 (h) 21 [52]
4 Orange peel  20.6-23.5 10-120 100 24 (h) 20.5 [52]
5 Activated _ 10 100 60 98  [53]
alumina
Modified
6 halloysite 47.6 50-200 100 45 91.7 [54]
nanotubes
7 AdNPs-coated 210 —  16(h) 275  [55]
AC
- 100.1 97% .
- 96%
& 95
S
s 20
>
Q 85 -
X
80

CR

Dyes

Figure 3A.20. % Dye uptake of various anionic dye pollutants over LDH3 (Optimized
conditions: MO concentration = 20 mg/L, adsorbent dose = 5 mg, equilibrium time = 90
min,pH=6and T =25 °C).
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Reusability of the adsorbent is an important factor in order to establish it as a good
adsorbent. For reusability test, desorption study was performed first by subjecting the used
adsorbent in Na,COs solution for 24h. After that, the adsorbent was centrifuged, washed
thoroughly with distilled water and dried at 80 °C. The resulting adsorbent was again
subjected to multicyclic adsorption process using the same concentration of MO dye and
identical adsorbent dosage under same reaction conditions. The regenerated adsorbent
shows % dye removal of 95, 91 and 88% for 1%, 2" and 3" cycles, respectively indicating

potential adsorption capacity of the adsorbent with good reusability (Figure 3A.21).

100 -

g 2

% Dye Uptake
=

2

1 2 3
Number of cycles

Figure 3A.21. Reusability of LDH3 for adsorption of MO.

In summary, we have demonstrated the study of adsorption of anionic dyes onto
various NiMgAIl LDHs of variable metal compositions synthesized via co-precipitation
method. Introduction of Ni in brucite-like LDH greatly affects the structural as well as the
adsorption capacity of the LDH samples. Ternary NiMgAIl LDH with Ni/Mg molar ratio
of 1:1 (LDH3) possessing high surface area exhibits preferentially higher adsorption
capacity for removal of MO from aqueous solution with % dye uptake of 97%. The
adsorption process has been influenced by various reaction parameters such as contact
time, adsorbent dosages, initial dye concentration and solution pH. The adsorption
kinetics study shows that process can be well described with pseudo-second order kinetic
model. Langmuir adsorption model displays better fitting with the adsorption data,
indicating a monolayer adsorption process. The maximum adsorption capacity, g, of the
LDH3 adsorbent is 127.9 mg/g for MO at optimum pH of 6. The D-R isotherm model
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shows that the adsorption process involved is a physical adsorption. Thus, the LDH
material could be used as potential adsorbent for removal of anionic dye pollutants from

aqueous solution.
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Section 3B: Preferential adsorption of various anionic and cationic dyes from

aqueous solution over ternary CuMgAl LDH

In this section, we have discussed the preferential adsorption of various anionic and
cationic dyes using CuMgAl ternary LDH. The complete characterization of various
ternary CuMgAl LDHs with varying molar ratio of Cu/Mg, synthesized via simple co-
precipitation route has been discussed thoroughly. The procedures of LDHs synthesis,

characterization techniques and adsorption methods are described in Chapter 2.
3B.1 Results and discussion
3B.1.1 Characterization

Table 3B.1 shows the chemical compositions of the LDH samples. The Cu:Mg ratio in the
solid samples are considerably same as in the starting solution. The (Cu+Mg):Al molar
ratio of the samples have been kept constant at 3 during the synthesis.

The powder XRD patterns of the samples reveal the formation of hydrotalcite
(HT)-like LDH with characteristics sharp, intense peak at lower 26 angles and broad, less
intense peaks at higher 26 angles (Figure 3B.1a). The characteristic peaks are observed at
20 = 11.6, 23.4, 34.8, 38.8, 46.3, 60.85 and 62.1° corresponding to (003), (006), (012),
(015), (018), (110) and (113) crystal planes, respectively for all cases and are consistent
with XRD database (JCPDS file no. 41-1428) [56]. It is observed that a decrease in the
intensity and sharpness of the (110) and (113) reflections result with increase in Cu
content from CuMgAIl to CuMgAIl4 LDH. This is due to the Jahn-Teller distortion
occurred with increase in Cu content in the layered structure. However, no other
significant change in the position of peaks is observed and this is due to the small
difference in the ionic radii of Mg?* (0.72 A) and Cu?* (0.73 A). The lattice parameter a
has been calculated from (110) reflections and the calculated values are 3.04 and 3.06 A
for CuMgAIl and CuMgAI2 LDH, respectively. But in case of other two (CuMgAI3 and
CuMgAl4) LDHs, calculation of the ‘@’ value is not possible as the intensity of (110)

plane is very low to identify. The lattice parameter ‘C’ is also calculated for all the samples
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from (003) reflection and are summarized in Table 3B.1. The ¢ value gradually increases
with increase in Cu content in the LDH framework from CuMgAl1l to CuMgAl4 LDH.
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Figure 3B.1. (a) PXRD patterns and (b) FTIR spectra of LDH samples.

FTIR spectra of the LDH samples show stretching vibrations of the typical LDH
materials (Figure 3B.1b). The broad adsorption band at around 3447 cm ™' is due to the O—
H stretching vibration of hydroxyl group present in the layer and the interlayer water
molecules. The weak band at around 1662 cm™ is attributed to the —OH bending
vibrations of the water molecules. The adsorption band observed at 1376 cm™" is assigned
to the asymmetric stretching of carbonate ions. The adsorption bands near 500—800 cm™
are attributed to the stretching vibrations of M—O—H and M—O—M (M = Mg, Cu and Al)
bands of LDH.

Table 3B.1. Chemical composition, unit cell parameters and textural properties of various

LDH samples.
LDH Cu:Mg ratio doos Unit cell SBET
Samples (A) parameter® (A) (m?/g)
Solution Solid? C

CuMgAll 0:3 0:3.1 7.69 23.07 131
CuMgAI2 1:2 0.9:2.1 7.79 23.37 102
CuMgAI3 1:1 1:1.1 7.97 23.91 89
CuMgAl4 2:1 2.1:1 8.42 25.26 60

®Determined by AAS
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The thermogram of the samples shows that LDH materials exhibit mainly two
weight loss steps (Figure 3B.2a). The first weight—loss step is observed in the temperature
range of 50—200 °C and it is attributed to the removal of water molecules physically
adsorbed on the layer and in the interlayer region of LDH. The second weight—loss step is
due to the brucite layer dehydroxylation as well as the carbonate anions decomposition
and is observed in the range of 250—400 °C temperature. Figure 3B.2b shows the Diffuse—
reflectance UV-vis spectra of the LDH samples. In all cases, optical absorption band is
observed in the range of 200-300 nm and is due to the LMCT (ligand—to—metal charge
transfer) in the MOg octahedral of the LDHSs. The broad band in the visible region of 500
800 nm is due to the MMCT (metal—to—metal charge transfer) M"-O-AI"" (M" = Mg or
Cu) oxo-bridges linkages in LDHs. The broadness of the band gradually increases with
increase in the amount of Cu from CuMgAI2 to CuMgAI4. This is attributed to the 2Eg (D)
— Zng (D) transition of Cu?* cation in the distorted octahedral of the LDH framework due
to the Jahn-Teller effect. However, the band is not observed in case of CuMgAIl LDH
(without Cu).
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Figure 3B.2. (a) TGA graphs and (b) UV-vis DRS spectra of LDH samples.

Figure 3B.3 shows the SEM images of LDH samples. Flat platelets are observed in
case of CuMgAIl LDH (without Cu). On introduction of Cu into the binary LDH, such
platelets are getting overlapped resulting in large irregular particle size (from CuMgAI2 to
CuMgAl4 LDH).
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Figure 3B.4. (a—c) TEM images at different resolution and (d) SAED patterns of
CuMgAl4 LDH.

TEM analysis of the Cu rich LDH (CuMgAl4 LDH) has been performed and the

images at different resolution are shown in Figure 3B.4. It shows that particles are small,
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uniform and well dispersed with plate like morphology overlapping on top of another
particle. The selected area electron diffraction (SAED) pattern also shows the uniform and
crystalline nature of the sample by the formation of different concentric diffraction rings

due to different characteristic lattice planes.

The N, adsorption—desorption measurements of the LDH samples have been
carried out and the isotherms are shown in Figure 3B.5. The N, adsorption-desorption
isotherms show that all the samples exhibit type Il isotherms with small hysteresis loop of
type B according to the IUPAC classifications [56]. The closer point of the hysteresis loop
is appeared at a relative pressure (P/P,) of 0.7-0.8 for all the samples, indicating that
mesoporous materials exhibit similar pore architecture. The BET surface area values
increases with decrease in Cu content in CuMgAI LDH. The calculated BET surface areas
are 131, 102, 89 and 60 m?g for CuMgAll, CuMgAl2, CuMgAI3 and CuMgAl4,
respectively (Table 3B.1).

—a&— CuMgAH
—e— CuMgAI2
—&— CuMgAI3
—a— CuMgAl4

Adsorbed volume(cm’/g)

T T L T L] T L
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure(P/P )

Figure 3B.5. N, adsorption-desorption isotherms of LDH samples.
3B.1.2 Adsorption of methyl orange (MO) over various LDH adsorbents

The adsorption experiment was first carried out using methyl orange (MO) as anionic dye.
To evaluate the adsorption efficiency of the samples, 5 mg of each of the adsorbents were
added to 20 mL of MO solution with concentration of 20 mg/L and allowed to stir for 180

min at room temperature and pH 7. Figure 3B.6 shows the dye removal (%) of MO over

various LDHs.
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Figure 3B.6. Dye removal (%) of MO over various LDHS (Vsotion = 20 mL, C, = 20
mg/L, adsorbent amount =5mg, T =25 °C, pH = 7).

It is seen that the binary CuMgAIl LDH (without Cu) shows dye removal of 48% and
reached an equilibrium state after 90 min. Introduction of Cu into the LDH framework,
enhances the adsorption capacity of CuMgAI1 LDH by increasing the dye removal (%)
from 48 to 98%. The ternary CuMgAl4 LDH (Cu rich) with Cu:Mg molar ratio of 2:1
shows the highest adsorption capacity for the removal of MO from aqueous solution with
% dye removal of 98% and reaches the equilibrium position between 30-60 min. The
BET surface area measurements were carried out, but the values are not in accordance
with the adsorption efficiency of the adsorbents (Figure 3B.5, Table 3B.1). Therefore,
some other factors may be responsible for efficient adsorption of the adsorbents. As the
electronegativity increases in the order Mg<Al<Cu, the isomorphous substitution of Mg?*
with higher electronegative Cu®* cation prevails the enhanced adsorption of the anionic
dyes from aqueous solution by increasing the attractive forces between the positive layers
and the anionic dye molecules [57]. Therefore, introduction of higher amount of Cu into
the brucite layer provides the strongest adsorption sites by increasing the affinity for
anionic dyes in case of CuMgAl4 LDH (Cu rich). Moreover, the possible mechanism for
enhanced adsorption efficiency of LDH for removal of anionic dyes from aqueous
solution can be understood in terms of (i) electrostatic attraction arises between the
negatively charged counter part of dye molecules and the positive LDH surface; and (ii)
H-bonding between the surface hydroxyl groups of the LDH and electronegative group of
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dye molecules [58,59]. Incorporation of Cu®** into brucite-like layers led to a steep
decrease in basicity, but with increasing copper content, surface basicity started to
increase, resulting in the increase of the surface hydroxyl groups within the bruicite-like
LDH [60]. Hence, increasing amounts of copper favors the adsorption of anionic dye
molecules over the surface of Cu-rich LDH (CuMgAl4 LDH) through the formation of H-
bonding. Thus, CuMgAlI4 LDH has been chosen as the optimum adsorbent over the other
adsorbents for further study.

3B.1.3 Preferential adsorption of various anionic and cationic dyes over CuMgAl4
LDH

We have studied the preferential adsorption of various anionic and cationic dyes over
CuMgAI4 LDH using 20 mL of each of the dye solution (20 mg/L) and a constant amount
of 5 mg adsorbent. The result shows that the anionic dyes preferentially adsorb over the

surface of LDH adsorbent in comparison to the cationic dyes (Figure 3B.7).
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Figure 3B.7. Dye removal (%) of different anionic and cationic dyes over CuMgAl4 LDH
(Vsotution = 20 mL, C, = 20 mg/L, adsorbent amount=5mg, T =25 °C, pH =7).

Anionic dyes such as methyl orange, MO (98%); bromothymol blue, BPB (89%);
eriochrome black T, EBT (80%); and congo red, CR (55%) are adsorbed in higher amount
over CuMgAl4 LDH as compared to the cationic dyes, methylene blue, MB (5%); and
rhodamine B, RhB (2%). The positively charged counter parts of the cationic dyes (MB
and RhB) resist them from being adsorbed over positively charged LDH surface, resulting
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in the lower or negligible dye removal (%). As the results are not significant for cationic
dyes, further studies have been carried out using anionic dyes over CuMgAl4 LDH. The
corresponding UV-vis spectral changes of the anionic dyes after adsorption over
CuMgAl4 LDH are shown in Figure 3B.8.
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Figure 3B.8. UV-vis spectra of the anionic dyes after adsorption over CuMgAl4 LDH
(Vsotution = 20 mL, C, = 20 mg/L, adsorbent amount =5mg, T =25 °C, pH =7).

3B.1.4 Influence of contact time, adsorbent amount, solution pH and dye concentrations

Figure 3B.9a shows the influence of contact time on dye removal (%) of MO, BTB, EBT
and CR over CuMgAl4 LDH. The experiment was done using 20 mL of each of the dye
solution (20 mg/L) with an adsorbent amount of 5 mg for different contact time (0-180
min). For all dyes, the adsorption sharply increases within first 30 min and then attains a
state of equilibrium position within 60 min. The fast adsorption of dyes from aqueous
solution within the first 30 min results due to the availability of free active sites on the

external surface of the adsorbent.



Chapter 3 | 3-34

1 120
CR (a) ——no (b)
1—e—BTB

{—a—EBT

—R 100 J—A—EBT
—~ 120+ —_ —y—CR u n ]
X l 2 . o
: | ] ] n b A____________—A
© 90 -t = = ° E 80 A
> /. bt > '___—-——-———V
] e o
£ 60- n/ € e /
0 A A A A m
b 1 [L A" S
q>", 30 4 7’/ o % b () ®
[a) / > 40 4

I/ .

o A
= I ° & T 1 - L T & T 3 20 T T y T v T T T
0 30 60 90 120 150 180 2 4 6 8 10
Time (min) Adsorbent amount (mg)

Figure 3B.9. Influence of (a) contact time (min) and (b) adsorbent amount (mg) on dye
removal (%) of MO, BTB, EBT and CR over CuMgAIl4 LDH (Vsoution = 20 mL, C, = 20
mg/L, T =25°C, pH =7).

Figure 3B.9b shows the influence of adsorbent amount on % dye removal of MO, BTB,
EBT and CR from aqueous solution. The experiment was performed with initial dye
concentration of 20 mg/L with varying adsorbent amount in the ranges of 3—10 mg. For all
dyes, it is observed that adsorbent amount has great impact on the adsorption process.
With increase in adsorbent amount from 3 to 5 mg, the dye removal (%) of MO also goes
on increasing. However, again on increasing the adsorbent amount upto 10 mg, negligible
increase in dye removal (%) has been observed and this is because saturation of the
adsorbent sites may result at higher adsorbent amount. Similar observations have also
been noticed in case of BTB, EBT and CR, but the removal efficiencies are comparatively
lower than that of MO. Thus the findings show that 5 mg is the optimum adsorbent

amount for all dyes.

Figure 3B.10 shows the influence of solution pH on dye removal (%) of MO,
BTB, EBT and CR over CuMgAIl4 LDH. The study was carried out with initial dye
concentration of 20 mg/L and constant adsorbent amount of 5 mg over the pH ranges of
3-11. The dye removal efficiency is higher at pH 7 with dye removal (%) of 98, 89, 80
and 55% for MO, BTB, EBT and CR, respectively. The enhanced adsorption efficiency of
anionic dyes over the LDH surface is ascribed due to the electrostatic attraction between

the positive surface sites of the adsorbent and anionic dye molecules. At pH 5, decreases
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in the dye efficiency have been observed with removal (%) of 69, 63, 46 and 39% for MO,
BTB, EBT and CR, respectively.

100 {—=—MoO

::i”‘/ §
A

Figure 3B.10. Influence of pH on dye removal (%) of MO, BTB, EBT and CR over
CuMgAI4 LDH (Vsoiution = 20 mL, C, = 20 mg/L, adsorbent amount =5 mg, T = 25 °C).

Dye removal (%)

Again on decreasing the pH to 3, the dye removal (%) is decreased to 47, 41, 27 and 19%
for MO, BTB, EBT and CR, respectively. Dissolution of the adsorbent materials takes
place at lower pH solution which results in the unavailability of the active adsorbent sites
in the LDH surfaces, thereby resulting in the decrease of dye removal efficiency at pH<7.
Similarly, on increasing the solution pH to 9, decrease in removal efficiency (91, 48, 65
and 30% for MO, BTB, EBT and CR respectively) has been observed. Further increasing
the solution pH to 11, the dye removal (%) is again deceased to 40, 34, 36 and 21% for
MO, BTB, EBT and CR, respectively. This decrease in the adsorption efficiency at higher
pH can be explained on the basis of electrostatic repulsion. At higher pH (pH>7), the
adsorbent surfaces become highly negatively charged causing an electrostatic repulsion
between the anionic organic dye molecules and the negative adsorbent surface sites, which

prevent the dye molecules to adsorbed over the adsorbent surface [5].

The influence of initial dye concentrations on adsorption process was studied with
a series of dye solutions of various concentrations (10—70 mg/L) using 5 mg of the

adsorbent and results are shown in Figure 3B.11.
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Figure 3B.11. Influence of initial dye concentrations on dye removal (%) of MO, BTB,
EBT and CR over CuMgAI LDH (Vsoiution = 20 mL, adsorbent amount =5 mg, T = 25 °C,
pH =7).

It is seen that the % dye removal gradually decreases with increase in dye concentrations
from 10 to 70 mg/L in all the cases. For MO, dye removal (%) decreases from 98 to 24%.
Similarly, for BTB, EBT and CR, the decrease in dye removal (%) occurs from 93 to
16%, 92 to 31% and 70 to 16%, respectively. At higher dye concentration, the ratio of
available adsorbent surface sites to the initial mole numbers of dye is high; as a
consequence the fractional adsorption is dependent on the initial dye concentration [27].
Adsorption of a certain fixed amount of dye concentration over the adsorbent surface
results in the unavailability of the free adsorptive sites and thereby results in the decrease
of dye removal (%) with increase in initial concentration of dye for the all cases.
Adsorption of a certain fixed amount of dye concentration over the adsorbent surface
results in the unavailability of the free adsorptive sites due to which decrease in the dye

removal (%) took placed with increase in initial dye concentration.
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3B.1.5 Adsorption kinetics

The adsorption kinetics was evaluated with pseudo-first and second order kinetic models
for understanding the characteristics of the adsorption process using equations 2.6 and 2.7,
respectively. Figure 3B.12 shows the pseudo-first order kinetic plots for adsorption of
MO, BTB, EBT and CR over CuMgAl4 LDH. Various kinetic parameters have been
calculated from the linear plots of log (ge—q:) versus t and are summarized in the Table
3B.2. The correlation coefficient value, R? for MO, BTB, EBT and CR are 0.906, 0.965,
0.885 and 0.981, respectively.
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Figure 3B.12. Pseudo-first order kinetic plots for adsorption of MO, BTB, EBT and CR
over CuMgAIl4 LDH (Vsotion = 20 mL, C, = 20 mg/L, adsorbent amount =5 mg, T = 25
°C,pH=7).

Figure 3B.13 shows the pseudo-second order kinetic plots for adsorption of MO,
BTB, EBT and CR over CuMgAIl4 LDH. The kinetic parameters have been obtained from
the linear plots of t/g; versus t and are summarized in the Table 3B.2. The observed
correlation coefficient (R%) values are 0.998, 0.996, 0.995 and 0.985 for MO, BTB, EBT
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and CR, respectively. Thus, for all the dyes, it is seen that the adsorption process is better
described with a pseudo-second order kinetic model in terms of higher correlation

coefficient value (R?) than that of first order kinetic model.

Table 3B.2. Pseudo-first order and second order kinetic parameters for adsorption of
different dyes over CuMgAl4 LDH.

Dye Pseudo-first order Pseudo-second order
Qe ky R Qe ko R®
(mg/g)  (min™) (mg/g)  (g/mg-min)
MO 374 0.0321 0.906 79.2 0.0021 0.998
BTB 46.1 0.0245 0.965 81.1 0.0012 0.996
EBT 22.9 0.0348 0.885 54.8 0.0023 0.995
CR 52.7 0.0257 0.981 74.6 0.0001 0.985
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Figure 3B.13. Pseudo-second order kinetic plots for adsorption of MO, BTB, EBT and
CR over CuMgAl4 LDH (Vsotion = 20 mL, C, = 20 mg/L, adsorbent amount =5mg, T =
25°C,pH=7).
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The diffusion mechanism of the adsorption process was investigated by the
intraparticle diffusion kinetic model using equation 2.8. Various kinetic parameters have
been calculated from the slope and intercept of the plots of g versus t' (Figure 3B.14).
For all cases, it is observed that the adsorption process is affected by more than one
process. Besides the intraparticle diffusion mechanism, some other kinetic mechanism
may play important role simultaneously [5]. The plots are linear and do not passes through
the origin. The first portion of the plot indicates the adsorption on the external surface and
the second portion indicates adsorption through pores of the adsorbent (intraparticle
diffusion). The third portion of the plot indicates the unavailability of the free adsorptive

sites reaching the equilibrium stage [11].
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Figure 3B.14. Intraparticle diffusion kinetic plot for adsorption of MO, BTB, EBT and
CR over CuMgAl4 LDH (Vsoiution = 20 mL, C, = 20 mg/L, adsorbent amount =5mg, T =
25°C,pH =7).

3B.1.6  Adsorption isotherm

The adsorption capacity of the adsorbent at different equilibrium concentrations was
studied using Langmuir and Freundlich isotherm models using equations 2.9 and 2.11,
respectively. The isotherm study also provides information about the distribution of the
adsorbates between solid and liquid phase on reaching the equilibrium state of adsorption.
Figure 3B.15 shows the Langmuir isotherm plots for adsorption of MO, BTB, EBT and
CR over CuMgAl4 LDH.
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Figure 3B.15. Langmuir isotherm plots for adsorption of MO, BTB, EBT and CR over
CuMgAI4 LDH (Vsowtion = 20 mL, adsorbent amount=5mg, T =25 °C, pH =7).

Various isotherm parameters have been calculated from the linear plot of C./qe versus Ce
and are summarized in Table 3B.3. The adsorption data shows best fitting with the
Langmuir isotherm model with relatively higher correlation coefficient (R?) values for all
the cases. The calculated R? values are 0.985, 0.998, 0.975 and 0.959 for MO, BTB, EBT
and CR, respectively. The maximum adsorption capacity, gn calculated from the isotherm
are 123.5, 146.2, 90.5 and 44.5 mg/g for MO, BTB, EBT and CR, respectively. The
isotherm also provides information on the favorability of the adsorption process from the
value of dimensionless constant separation factor or equilibrium parameter (R.) which is
given by equation 2.10. The calculated R, values are between 0 and 1 for all the cases,
indicating favorable adsorption of MO, BTB, EBT and CR over CuMgAIl4 LDH (Table
3B.3).
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Table 3B.3. Langmuir, Freundlich and Dubinin—-Radushkevich (D-R) isotherm
parameters for adsorption of different dyes over CuMgAIl4 LDH.

Dye Langmuir model Freundlich model D-R model

Ke

2 Om b 2 2 Jdo Kor E
R mg/g L/mg Ru R (Snn%gzlnn R mg/g mol*kJ* kJ/mol

MO 0985 1235 0.199 0.2 0942 385 3 0921 949 0469 1.03

BTB 0.998 146.2 0.189 0.2 0971 345 3 0950 109.2 0.763 8.09

EBT 0975 905 0040 06 0923 393 5 0.799 771 0337 1.22
CR 0959 445 0335 01 0542 246 4 0845 606 3.19 0.396
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Figure 3B.16. Freundlich isotherm plots for adsorption of MO, BTB, EBT and CR over
CuMgAIl4 LDH (Vsolution = 20 mL, adsorbent amount=5mg, T =25 °C, pH =7).

Figure 3B.16 shows the Freundlich isotherm plots for adsorption of MO, BTB,
EBT and CR over CuMgAI4 LDH. The values of various isotherm parameters have been
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calculated from the linear plot of log ge versus log C. and are summarized in Table 3B.3.
It is observed that the correlation coefficient (R?) values are comparatively less than that
of Langmuir isotherm model for all the dyes. The calculated n values are in the range of
1-10 for all the cases indicating favourable adsorption of MO, BTB, EBT and CR over
CuMgAl4 LDH.

The adsorption isotherm was also analyzed with Dubinin—Radshkevich (D-R)
isotherm model using equation 2.12 and plots are displayed in Figure A.1 of Appendix.
Various isotherm parameters have been calculated from the linear plot and are
summarized in Table 3B.3. The mean adsorption energies (E) for all the dyes have been
calculated using the equation 2.14. The E values between 1-16 kJ/mol imply that the
adsorption process is a physical phenomenon while the values more than 16 kJ/mol imply
chemisorption process [51]. In this study, the obtained E values are in the range of
0.3961-8.09 kJ/mol for all the dyes (Table 3B.3), indicating physical nature of the

adsorption process.

To gain insights into the adsorption mechanism, FTIR analysis of the CuMgAl4
LDH, pure and adsorbed MO, BTB, EBT and CR have been carried out and are shown in
Figure 3B.17. In case of MO adsorbed LDH, appearance of some new bands in the range
of 1000-1300 cm* indicate that MO has been well adsorbed on the surface of CuMgAl4
LDH. The bands at 1021 and 1118 cm™ correspond to the vibration of the ~SO3~ group
and 1, 4-substitutent of the benzene ring of MO dye, respectively [13,52]. The band at
1177 cm ' is due to the C—N stretching vibration of MO and the band around 1609 cm™
corresponds to C=C stretching vibration of the MO benzene ring. Similarly, for BTB,
EBT and CR, appearance of some new bands in the range of 1000-1300 cm™* confirms
their presence in the LDH structure. These new bands assigned to —SO3 group in all the

three cases and C—N stretching vibration in CR and EBT.
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Figure 3B.17. FTIR spectra for adsorption of MO, BTB, EBT and CR over CuMgAl4
LDH.
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Figure 3B.18. Multicyclic adsorption of MO, BTB, EBT and CR over CuMgAl4 LDH
(Vsotution = 20 mL, C, = 20 mg/L, adsorbent amount =5 mg, T =25 °C, pH =7).

Multicyclic adsorption study of CuMgAIl4 LDH was carried out for each case and
the results are shown in Figure 3B.18. Desorption study was first performed before the

recyclability test by suspending the used adsorbent in the solution of Na,CO3 and stirred
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for 24h. The adsorbent was then separated by centrifuging, washed thoroughly with
distilled water and dried overnight at 80 °C. After the recovery, the adsorbent was again
subjected to multicyclic adsorption for all dyes under same reaction conditions. The
recovered adsorbent shows dye removal efficiencies of 98, 92 and 88% for MO in the
three respective cycles. For BTB, the removal efficiencies are 89, 82 and 79% for 1°, 2"
and 3" cycle, respectively. Again, for EBT, the dye removal efficiencies are 80, 75 and

71%, while the efficiencies are 55, 50 and 47% for CR in the respective three cycles.
3B.1.7  Selective adsorption of dye from a mixture of anionic and cationic dyes

The selective adsorption study with a mixture of anionic and cationic dyes have been

carried out by pH variation over CuMgAI4 LDH and are shown in Figure 3B.19.
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Figure 3B.19. Selective adsorption of dye from a mixture of anionic and cationic dyes

over CuUMgAI4 LDH (Vsotion = 20 mL, C, = 20 mg/L, adsorbent amount =5 mg, T = 25

°C, pH =7 for MO and 11 for MB).

Here, we have used methyl orange (MO) and methylene blue (MB) as anionic and cationic
dye, respectively. The removal of the respective dyes from the mixture depends upon the
solution pH. CuMgAIl4 LDH can efficiently remove anionic dye, MO from the mixture of
anionic and cationic dyes at pH 7 with dye removal (%) of 98%. This is due to the
electrostatic attraction between the positive surface site of LDH adsorbent and negative
counterpart (R-SO3") of anionic MO dye. Again, for cationic MB dye in the dye mixture,
LDH shows efficient adsorption activity with dye removal (%) of 98.5% at higher pH (pH
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= 11). This is because at higher pH, LDH surface acquire highly negative charges,
resulting in the electrostatic interaction with the positive counterpart (R-S*) of cationic
MB dye. Thus, CuMgAIl4 LDH can selectively remove dye from a mixture of anionic and

cationic dyes.

In summary, a comparative study was employed for adsorption of various anionic
and cationic dyes over ternary CuMgAIl LDH. A co-precipitation method has been used to
synthesize the LDH samples with varying compositions of Cu and Mg. The activity
measurements of the synthesized materials have been tested for adsorptive removal of
various anionic and cationic dyes from aqueous solution. The Cu-rich LDH, CuMgAl4
LDH with Cu/Mg 2:1 shows efficient adsorption activity for removal of organic dye
pollutant. Moreover, a comparative study shows that the anionic dyes such as methyl
orange (MO), bromothymol blue (BTB), eriochrome black T (EBT) and congo red (CR)
efficiently adsorbed over the LDH surface compared to the cationic dyes, methylene blue
(MB) and rhodamine B (RhB) at pH 7. The electrostatic attraction between the positive
surface sites of LDH adsorbent and anionic counter parts of the respective dye molecules
are mainly responsible for the preferable adsorption of anionic dyes over the LDH surface.
The adsorption process follows a pseudo-second order kinetic model. Langmuir isotherm
model shows best fitting to the isotherm data compared to Freundlich isotherm model in
terms of higher correlation coefficient value indicating a monolayer adsorption of MO,
BTB, EBT and CR over LDH surface. A physisorption process is found to involve in the
adsorption of anionic dyes over the LDH surface. The adsorbent could be reused for

multicyclic adsorption process with significant adsorption efficiency.
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Section 3C: Adsorptive removal of congo red from aqueous solution by

sonochemically synthesized NiAl layered double hydroxide

In this section, we have demonstrated the synthesis of NiAl LDHs via co-precipitation
method followed by ultrasonic irradiation and tested as adsorbents for removal of congo
red (CR) dye from aqueous solution. During the synthesis, the material was subjected to
various ultrasonic irradiation times to see the effect of irradiation time on structural as
well as on the adsorption property of the materials. The complete characterizations of the
synthesized LDHs have been described herein. The synthesis procedures of LDHs,

detailed characterization techniques and adsorption methods were discussed in Chapter 2.

3C.1 Results and discussion
3C.1.1 Characterization of the adsorbents

The powder XRD patterns of the samples are displayed in Figure 3C.1. The formation of
typical hydrotalcite (HT)-type LDH materials can be revealed from the figure which
exhibit the characteristic sharp and highly intense peaks at lower side of the 26 angles; and
broad and very less intense peaks at higher side of 26 angles [14,61]. The diffraction
peaks approximately at 26 = 11.6, 23.4, 34.8, 60.85 and 62.1° are indexed as (003), (006),
(012), (110) and (113) reflections, respectively. The d-spacing and unit cell parameters of
the adsorbents have been calculated and presented in Table 3C.1. The value of cell
parameters ‘a’ and ‘C’ can be obtained from (110) and (003) reflections as a = 2d;10 and ¢
= 3doos, respectively. The unit cell parameter ‘a’ characterizes the average metal-metal
distances within the brucite layers [42]. The cell parameter ‘C’ is associated with the
thickness of the interlayer governed by the average metal cation charge, nature of the
anions in the interlayer region and water molecules present [14,42]. All the adsorbents
exhibit similar values of cell parameter ‘a’. The ¢ value is higher for sonochemically
synthesized NiAl LDH (NiAl-S; LDH) than synthesized under normal reflux condition
(NIAI-R) (Table 3C.1). However, ultrasonic irradiation time doesn’t affect so much on the
c parameter. For NiAl LDH synthesized under 0.5h (NiAl-Sos LDH) and 2h (NiAl-S;

LDH) ultrasonic irradiation time, ¢ values are even lower than NiAl-R. The average



Chapter 3 | 3-47

crystallite size for (003) and (110) reflections has been calculated for all the adsorbents

and presented in Table 3C.1. The crystallite sizes of sonochemically synthesized LDHs

are lower compared to the LDH synthesized under normal reflux condition. This is

because on exposure to ultrasound waves, cavitation is created within the materials in

which bubbles are formed and collapsed. This results in the creation of unique hot spots

achieving high pressures, temperatures and excess heating and cooling rates resulting in

the formation of materials with smaller crystallite sizes [14,62]. However, the crystallite

sizes for NiAI-S; LDH is higher compared to the other two sonochemically synthesized

LDHs.
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Figure 3C.1. Powder X-ray diffraction patterns of all the samples.

Table 3C.1. Unit cell parameters and average crystallite sizes of all the samples.

Samples doos d110 Unit cell parameters®(A)  Crystallite size” (A)
(A) (A) c a (003) (110)
NiAI-R LDH 7.87 151 23.61 3.02 27.2 37.8
NiAl-Sps LDH  7.73 151 23.19 3.02 23.8 36.5
NiAl-S; LDH 7.94 151 23.82 3.02 24.8 36.7
NiAl-S, LDH 7.81 151 23.39 3.02 23.3 35.0

24 = 2d110 € = 3dooz. ° Calculated using Debye-Scherer formula.
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FTIR spectra of the LDH samples show stretching vibrations of the typical LDH
materials (Figure 3C.2a). The broad peak around 3439.5 cm™' is corresponding to the
stretching vibration of —OH group of the LDH layers and the water molecules present
within the interlayer region [5]. The weak peak observed around 1638.2 cm™' is associated
with the —OH bending vibrations of water molecules [5]. The FTIR peak observed around
1393.3 cm' can be assigned as the asymmetric stretching vibration of carbonate ions [63].
The bands observed below 1000 cm™' (near 500-800 cm') is associated with the
stretching vibrations of metal-oxygen—metal and metal—oxygen—hydrogen bands (metal =
Ni and Al) [42]. Figure 3C.2b shows the TGA plots of the LDH samples. Two major
weight loss steps can be observed for LDH materials with first weight—loss between 50—
200 °C and second loss in the temperature range of 250-400 °C. The first weight—loss is
associated with the dehydration of water molecules physically adsorbed on LDH surface.
The second loss is associated with the dehydroxylation and decomposition of the

carbonate anions within interlayer region [64].
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Figure 3C.2. (a) FTIR spectra and (b) TGA curves of all the samples.

Figure 3C.3a displays the SEM image of NiAl-S; LDH. It can be observed that
small plate-like shapes of the LDH material get agglomerated resulting in the crystallites
of large irregular particle size. Similar results can be observed in case of other LDH
materials also (Figure A.2 of Appendix). Overlapping of the particles with plate-like
shapes of NiAI-S; LDH is clearly observed from the TEM image (Figure 3C.3b). The
lattice fringes of NiAl-S; LDH is displayed in Figure 3C.3c and it is indexed as the (003)
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plane with d spacing of 0.78 nm. Figure 3C.3d shows the selected area electron diffraction
(SAED) patterns of NiAl-S; LDH. Appearance of different concentric diffraction rings
reveals the formation of uniform, well crystalline LDH materials with plate-like

morphology.

Figure 3C.3. (a) SEM image, (b) TEM image, (c) lattice fringes of (003) plane and (d)
SAED pattern of NiAI-S; LDH.

3C.1.2 Adsorption experiments

The adsorption experiments were employed to study the adsorption efficiency of the
sonochemically synthesized NiAl LDHs under different ultrasonic irradiation time
towards the removal of CR and results are presented in Figure 3C.4. The study was done
using 10 mg/L of the dye solution (20 mL) with 10 mg of the adsorbents at 25 °C and pH
6. NiAI-S; LDH significantly removes almost 96.1% of CR within a very short period of
time (30 min). The other two LDHs synthesized under 0.5 and 2h ultrasonic irradiation
time (NiAI-Sps and NiAl-S, LDH) remove 85.5 and 85.3% of CR and require 90 min to
reach the equilibrium position. The effect of the synthetic method has also been studied by
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comparing the dye removal efficiencies of NiAl LDH synthesized under ultrasound
irradiation (NiAI-S; LDH) and normal reflux method (NiAl-R LDH). The dye removal
(%) is higher for NiAl-S; LDH (96.1%) than NiAIl-R LDH (83.4%). The adsorption
equilibrium time is also shorter for NiAl-S; LDH (30 min) than NiAl-R LDH. During the
synthesis, application of ultrasound wave increases the liquid mixture movement resulting
in the formation of bubbles which are capable of controlling the temperature and pressure
within the reaction medium in order to achieve rapidity in the reaction time [14,65]. Also
ultrasound irradiation time of 1h is the optimum time to produce sufficient microbubbles
required for controlling the particle size and surface area. The N, adsorption-desorption
measurement for NiAl-S; LDH was carried out as surface area is one of the essential
factors for an efficient adsorbent. The measurement shows the BET surface area value of
29 m?/g, along with the pore diameter and volume of 3.194 nm and 0.008 cm®/qg,
respectively. Thus, NiAl-S; LDH shows preferable adsorption capacity for CR and we

have selected it as the best adsorbent over the other adsorbents for our further study.
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Figure 3C.4. Dye removal (%) of CR on various LDHs with time (10 mg/L CR, 10 mg

adsorbent, T = 25 °C).

3C.1.3 Effect of contact time, adsorbent amount, initial dye concentration and solution

pH on adsorption of CR

The corresponding UV-vis spectral change for adsorption of CR on NiAI-S1 LDH is
depicted in Figure 3C.5a. The maximum absorption peak of CR (Amax = 497 nm) gradually



Chapter 3 | 3-51

diminishes with time and attain an equilibrium position after a particular time (equilibrium
time). The effect of contact time on adsorption process towards the removal of CR was
determined with 20 mL of the CR solutions and 10 mg of NiAl-S; LDH for 180 min and is
shown in Figure 3C.5b. Here, we have used two different concentrations of CR solution
(10 and 30 mg/L). For both the cases, it is observed that the adsorption of CR on NiAl-S;
LDH increases considerably upto a particular time. A sharp increase in the adsorption rate
is observed within the first 30 min, and after that it goes slow and reaches an equilibrium
position within 30-60 min. The presence of the active free adsorptive sites on the
adsorbent surface results in fast adsorption of the dye from solution within the first 30

min.
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Figure 3C.5. (a) UV-vis spectra of CR on adsorption with different time (10 mg/L CR,
10 mg adsorbent), (b) effect of time (10 mg adsorbent), (c) effect of adsorbent amount (5—
20 mg adsorbent) and (d) effect of initial dye concentrations (10-60 mg/L CR, 10 mg
adsorbent) on adsorption of CR onto NiAI-S; LDH at T = 25 °C.

Figure 3C.5¢c shows the effect of adsorbent amount on adsorption process towards the

removal of CR from aqueous solution. The adsorption experiment was carried out with 20
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mL of 10 and 30 mg/L CR solutions and varying adsorbent amount in the ranges of 5-20
mg. A considerable increase in % dye removal of CR has been observed from 84.4 to
95.7% for 10 mg/L dye solution and from 79.3 to 91.2% for 30 mg/L dye solution with
increase dosage of adsorbent from 5 to 10 mg. Again, on increasing the adsorbent amount
upto 20 mg, no considerable increase in % dye removal of CR is observed (97.6 and
93.2% in case of 10 and 30 mg/L dye solutions, respectively). The adsorbent surface
becomes saturated at higher concentration of adsorbent resulting in the lower in % dye
removal. Moreover, aggregation of particles takes place at higher concentration of
adsorbent through collision between the particles resulting in the decrease of surface area
which increases the path length for diffusion [27]. Therefore, 10 mg is selected as an
optimum adsorbent amount for further investigation. Figure 3C.5d displays the effect of
initial dye concentration on the adsorption process. We carried out the study with a series
of CR solutions with various concentrations in the range of 10-60 mg/L and 10 mg of the
adsorbent (NiAl-S; LDH) for 60 min (equilibrium time). The % dye removal is decreased
from 96.9 to 59.0% with increase in initial dye concentrations from 10 to 60 mg/L. This
decrease in removal efficiency is because of the unavailability of the free active sites after
the adsorption of a particular fixed quantity of dye concentration over the surface of the

adsorbent.

The effect of solution pH on adsorption efficiency of NiAl-S; LDH towards the
removal of CR has been investigated and results are shown in Figure 3C.6. We have done
the experiment with two dye concentrations (10 and 30 mg/L) over the pH range of 2-10.
The adsorbent amount used was 10 mg and volume of CR solution is 20 mL. For both
cases it is observed that, the dye removal (%) is lower in the lower pH (pH<4) range. At
lower pH, dissolution of the adsorbent materials results in the decrease of percentage dye
removal. On increasing the solution pH from 4 to 6, the removal efficiency of CR
increases, achieving a maximum % removal at pH 6. The enhanced adsorption efficiency
of the adsorbent at pH 6 is attributed to the electrostatic attraction between the LDH
adsorbent surface and anionic CR dye. Again, increase in the pH above 6, results in the
decrease of dye removal (%) for both the cases. At higher pH, surface of the adsorbent

becomes negatively charged and due to which electrostatic repulsion arises between the
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anionic CR dye and surface of the adsorbent resulting in the lower in % removal [50].
Thus, we observed that NiAI-S; LDH shows good adsorption activity towards removal of

CR at pH 6 and so further studies have been performed at this pH.
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Figure 3C.6. Dye removal (%) of CR on NiAl-S; LDH at various pH ranges.
3C.1.4 Adsorption isotherms

The information regarding the affinity of adsorbates towards the adsorbent surfaces by
distributing themselves between solid and liquid phase upon reaching an equilibrium
position can be obtained with the help of adsorption isotherms [66]. The study was
employed using 20 mL of each of the CR solutions with varying concentrations (10-60
mg/L) and a constant adsorbent amount (10 mg) under similar experimental conditions.
Figure 3C.7a shows the isotherm plot for adsorptive removal of CR from agueous solution
using NiAI-S; LDH. The equilibrium adsorption capacity of the LDH goes on increasing
with the equilibrium CR concentrations and reached the equilibrium position after
complete coverage of the LDH surface. Figure 3C.7 (b and c) show the Langmuir and
Freundlich adsorption isotherm plots for adsorptive removal of CR from aqueous solution
by NiAl-S; LDH and the calculated parameters are summarized in Table 3C.2. The
equilibrium isotherm data exhibits best fitting to the Langmuir model with correlation
coefficient value almost unity (R? = 0.999), as compared to the Freundlich model (R? =
0.953) and thus prevails a monolayer adsorption process. The monolayer adsorption

capacity, qm for the adsorbent is 120.5 mg/g as calculated with the help of Langmuir
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isotherm. The value is consistent with the experimental value, indicating the best fitting of

adsorption data with the Langmuir isotherm. Table 3C.2 shows that the calculated R_

value in present study is 0.389 (R, value between 0 and 1) and thereby confirming the

favorable nature of the adsorption isotherm. The favorable nature of the adsorption

process can also be depicted from the Freundlich constant, n and the value should lies in

between 1 and 10. Here, the obtained n value 3 indicates a favorable adsorption of CR

onto NiAl-S; LDH.

Table 3C.2. Langmuir, Freundlich and D-R adsorption isotherm parameters for

adsorption of CR on NiAl-S; LDH.

Langmuir model Freundlich model D-R model
Om b R R. n ke R? Je B E R?
(mg/g) (L/mg) (mg/g) mg/g mol¥/kJ* kd/mol
(L/mg)""
1205 0.346 0.999 0.389 3 404 0.953 99.6 0.528 1 0.977
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Figure 3C.7. (a) Adsorption isotherm, (b) Langmuir, (c) Freundlich and (d) D-R isotherm
models for adsorption of CR on NiAl-S; LDH (10 mg adsorbent, T = 25 °C).
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In addition, the isotherm data have been analyzed using Dubinin—Radushkevic (D-R)
isotherm model in order to understand whether the nature of the adsorption process is
physisorption or chemisorption. The isotherm parameters, f and ge are obtained from the
D-R isotherm plot of In g versus ¢* (Figure 3C.7d) and the values are summarized in
Table 3C.2. The value of E determines the characteristics of the adsorption process,
showing physical or chemical nature of the adsorption process. The E values between 1
16 kJ/mol denote a physical adsorption while the values above 16 kJ/mol signifies a
chemisorption. In our study, the calculated E value for CR is 1 kJ/mol indicating that
physisorption is the denominating one over the chemisorption process controlling the

efficient removal of CR from aqueous solution by NiAl-S; LDH.
3C.1.5 Adsorption kinetics

To study the rate and the adsorption mechanism, the adsorption process was analysed by
various adsorption kinetic models. We employed the study by using 20 mL of each of the
CR solution (10 and 30 mg/L) and 10 mg of NiAl-S; LDH under similar experimental
conditions. Figure 3C.8a shows the pseudo-first order kinetic plots for adsorptive removal
of CR by NiAIl-S; LDH for 10 and 30 mg/L dye concentrations. The rate constants and
correlation coefficient (R?) values have been calculated and presented in Table 3C.3. The
R? values are 0.821 and 0.994 for 10 and 30 mg/L dye solutions, respectively. The second
order kinetic model showed better R? values of 0.999 and 0.998 for 10 and 30 mg/L dye
solutions, respectively (Figure 3C.8b, Table 3C.3). Thus the results show best fitting of
kinetic data with the second order model signifying that the adsorption process follows a
second order Kinetics. The intraparticle diffusion kinetic study was employed for
investigating the diffusion mechanism of the adsorption process for removal of CR by
NiAl-S; LDH. The kinetic parameters, k; and C are obtained from the plot of g versus t''2
(Figure 3C.8c) and the values are summarized in Table 3C.3. The plot is curved and also
does not pass through the origin, indicating that more than one process have been involved
as the rate limiting step in the adsorption process. The intraparticle diffusion mechanism is
not the only rate limiting step. The external mass transfer plays a significant role for

determining the rate limiting step of the adsorption process [5].
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Figure 3C.8. (a) Pseudo-first order, (b) pseudo-second order, (c) intraparticle diffusion
and (d) van’t Hoff plot for adsorption of CR on NiAl-S; LDH (10 mg adsorbent).

Table 3C.3. Adsorption kinetic parameters for adsorptive removal of CR on NiAl-S;

LDH.
Initial Pseudo-first order Pseudo-second order
concentration
of dye (C,)
mg/L e ky R e ko R
(mg/g)  (min™?) (mg/g)  (g/mg-min)

10 8.4 0.0211 0.821 31.9 0.0160 0.999
30 62.4 0.0224 0.994 79.9 0.0005 0.998

3C.1.6  Adsorption thermodynamics study

Adsorption thermodynamics study was carried out to determine the influence of

temperature on adsorption process considering various thermodynamic parameters like

AG°®, AH® and AS°. We carried out the experiment in temperature range of 25 to 55 °C
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(298-328 K). Using k values obtained from the intercept of isotherm plot (Cc/qe versus Ce)
at different temperatures (data not shown), AG® values are calculated using equation 2.15
for CR adsorption by NiAl-S; LDH (Table 3C.4) [67—71]. Negative values of AG® for CR
adsorption are observed at all the studied temperature and these negative values signify
that the adsorption process is feasible and spontaneous in nature. Again, with increase in
temperature, the AG® values become more negative, indicating that higher temperature
favours the adsorption process. At higher temperature, the CR dye molecules gain
sufficiently higher energy (Kinetic energy) and thereby able to overcome the energy
barrier restricting the bonding between the LDH adsorbent and CR molecules, reflecting
energetically more favourable adsorption of CR by NiAIl-S; LDH [14]. Figure 3C.8d
shows the van’t Hoff plot for CR adsorption by NiAl-S; (equation 2.17). The enthalpy
change (AH®) and entropy change (AS°) values are calculated from the respective slope
and intercept of the of In k versus 1/T plot. The adsorption enthalpy change can determine
whether the adsorption process is physical or chemical in nature. The values of AH°
within the range of —20 to 40 kJ/mol correspond to the physical adsorption while the
values within the range of —400 to —80 kJ/mol represent the chemisorption [27,72]. The
value of AH° obtained is 39.2 kJ/mol, and that of AS® is 0.235 kJ/mol-K (Table 3C.4). The
AH°® value demonstrates that the adsorption process is physical in nature and the positive
sign signifies the endothermic nature of adsorption. The positive value of AS® signifies
increased randomness of the solid/liquid interface of the adsorbent material during the
adsorption process and its low value signifies no remarkable change in entropy during the
process [67,73].

Table 3C.4. Thermodynamic parameters for adsorptive removal of CR over NiAl-S;
LDH.

Temperature AG® AH° AS°
(K) (kJ/mol) (kJ/mol) (kJ/mol-K)
298 -30.8
308 33.2
39.2 0.235
318 355

328 -37.8
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3C.1.7 Adsorption mechanism

The NiAI-S; LDH exhibits the efficient adsorption performance towards the removal of
CR from aqueous solution. The adsorption mechanism has been investigated to
understand the adsorption process clearly. The adsorption of CR by the LDH adsorbent
can be understood in terms two pathways: (1) adsorption on the external surface and (2)
anion exchange [74]. In the first path, adsorption occurs on the external surface of the
adsorbent via the H-bonding and electrostatic attraction. In second path, intercalation of
the dye molecule takes place in LDH structures via anion exchange between the interlayer
anions and anions of the dye molecule [63]. Congo red (CR) is an anionic organic dye and
contains negatively charged sulfonated group (-SOs; Na*) [75]. Therefore, electrostatic
attraction arises between the negatively charged sulfonated group of CR dye and the LDH
surface which favors the adsorption process towards the removal of CR. Also, formation
of the H-bonding between the surface hydroxyl groups of the LDH and electronegative
group of CR dye, aid in the enhanced adsorption performance of NiAl-S; LDH for
removal CR from aqueous solution. Thus, the H-bonding and electrostatic attraction plays
the major role in the adsorption mechanism for removal CR by NiAl-S; LDH. To
understand the adsorption process further, XRD and SEM analyses of the LDH adsorbent
have been carried out after CR adsorption. The XRD pattern shows that no characteristic
changes arise on adsorption of CR dye as compared to the bare NiAl-S; LDH, showing
that the LDH structure is retained after adsorption process and thus indicating physical
nature of the adsorption process (Figure 3C.9).
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Figure 3C.9. XRD patterns of NiAl-S; LDH before and after adsorption of CR.
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The SEM image shows that after adsorption the smooth surface of the LDH

become rough with formation of a layer over the surface indicating the successful
accumulation of CR dye on the surface NiAl-S; LDH (Figure 3C.10).
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Figure 3C.10. SEM images of NiAl-S; LDH before and after adsorption of CR
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Figure 3C.11. FTIR spectra of CR, bare NiAI-S; LDH and CR adsorbed NiAl-S; LDH.

Furthermore, the interaction of CR dye onto the surface of NiAl-S; LDH can be
understood well with the help of FTIR analysis. Figure 3C.11 shows the FTIR spectra of
CR, bare NiAI-S; LDH and CR adsorbed NiAl-S; LDH. In the spectrum of CR, strong
peaks can be observed around the wavelength region of 1000-1300 cm, which is

associated with the S=O stretching vibrations [76]. On adsorption over NiAl-S; LDH,
these strong bands of CR get reduced and slightly broadened. The band due to —N=N-
stretching vibration at around 1610 cm™ gets diminished due to adsorption of CR over
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LDH surface. The bands observed in the range of 8501150 cm ™ are associated with the

Si-O bands which on adsorption with LDH get reduced strongly.

Table 3C.5. Comparison of adsorption efficiency of NiAl-S; LDH for removal of CR

with various reported adsorbents.

Entry Adsorbents Adsorbent Co t % Dye  QOm [Ref.]
dosage (mg) (mg/L) (min) removal (mg/qg)

1 NiAl-S; LDH 10 10 30 96.1 120.5 This Work

2 MgAI-LDH 50 20 20 - 111.1  [77]

3 NiO/GO nanosheets 50 20 180 99.6  123.9 [78]

4 Fe;0,@graphene 10 10 30 - 33.7 [79]

nanocomposite
5 pTSA-Pani@GO- 20 100 300 - 66.7 [80]
CNT

6  Anilinepropylsilica 0.1 (g) 4-120 40 97 22.6 [81]
xerogel

7 Lignocellulosic Jute 10 (g/L) 15-30 50 99.9 27.1 [12]

Fiber

8 Coir pith activated 200 20 40 70 6.72 [82]
carbon

9  Activated red mud 8 (g/L) 10 90 85 7.08 [83]

10  Neem leaf powder 0.6 (g/L) 0.00287 300 99 41.2 [84]

(mmol/L)
11 Cellulosic waste 0.5(g) 60 90 92 22.4 [85]
orange peel

12  Chitosan hydrobeads 1(g) 500 48 (h) - 92.6 [86]

13 Aspergillus niger 0.2 (9) 50 30 (h) - 14.2 [87]
biomass

14 AgNPs-coated AC 7(9) 2 270 75 64.8 [88]

15  AuNPs-coated AC 7(9) 2 270 88 71.1 [88]
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Table 3C.5 shows the comparison of adsorption efficiency of NiAl-S; LDH for
removal of CR with various reported adsorbents. Thus it is observed that NiAl-S; LDH is
the efficient and potential adsorbent with high adsorption capacity towards the adsorptive

removal of CR from aqueous solution.

Recyclability test of the used adsorbent (NiAl-S; LDH) was carried out and are
presented in Figure 3C.12. Before the test, recovery of the adsorbent was first carried out
by subjecting the used adsorbent with a solution of Na,COs and stirring for 24h. The
adsorbent was then centrifuged, washed properly using distilled water and finally dried at
80 °C overnight. The recovered adsorbent was subjected to three more consecutive cycles
with 10 mg/L CR and 10 mg adsorbent under similar adsorption parameters. The
recovered adsorbent shows three successful cycles without any significant loss of the
adsorption capacity. The figure shows 91, 86 and 80% removal for 1%, 2" and 3" cycle
assuming 100% for the initial adsorption capacity of the adsorbent. Thus, NiAI-S; LDH is

the highly potential adsorbent for removal of CR from aqueous solution with good

recyclability.

100 +
< 90 o
©
>
o 80 9
=
i
9 70 1
a

60 : r v

Number of cycles

Figure 3C.12. Dye removal (%) of CR with number of cycles on NiAI-S; LDH (10 mg/L
CR, 10 mg adsorbent, T = 25 °C).

In summary, we have synthesized NiAl LDH by using co-precipitation method
followed by ultrasonic irradiation for various irradiation time and the resulting materials
have been employed for the adsorptive removal of congo red (CR) from aqueous solution.
The powder XRD patterns reveal the formation of LDHSs that exhibits sharp, intense peak
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at low 20 angles and broad as well as less intense peaks at higher 20 angles. NiAl-S; LDH
synthesized at 1h ultrasonic irradiation time exhibits efficient adsorption capacity for
removal of CR compared to the LDH synthesized under normal reflux condition. The
effects of various parameters such as ultrasonic irradiation time, contact time, adsorbent
dosage and initial dye concentration on the adsorption capacity of CR onto NiAl LDH
materials have been studied thoroughly. The equilibrium adsorption data are fitted well
with Langmuir isotherm model, indicating monolayer adsorption of CR over NiAl-LDH
with adsorption capacity of 120.5 mg/g at pH 6. The adsorption kinetics study shows that
the adsorption process followed pseudo-second order Kinetics. The thermodynamic study
reveals feasible and spontaneous nature of the adsorption process. The change in value of
adsorption enthalpy also reflects the physical and endothermic nature of the adsorption
process.
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