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Abstract

Layered double hydroxides (LDH) have been extensively studied as high-capacity adsorbents for dye removal from water. However,
a comprehensive understanding of why one dye is adsorbed more than another remains unknown. In addition, very little is known about
how the adsorption mechanisms scale when more than one dye is present in the solution. The adsorption capacity of cobalt-aluminum
(CoAl) LDH was investigated for methyl orange (MO), remazol brilliant blue (RBBR), and allura red (AR) at different dye
concentrations. The maximum mass of dye adsorbed was obtained for MO (2.267 mmol/g), followed by RBBR (0.258 mmol/g) and
AR (0.195 mmol/g). X-ray diffraction and Fourier transform infrared analysis results demonstrated that surface adsorption and
electrostatic interactions contributed to adsorption, while intercalation did not. In a binary solution of MO and RBBR, the highest mass
of adsorbed MO was reduced to 1.521 mmol/g, whereas the maximum RBBR mass adsorbed increased to 0.268 mmol/g. CoAl LDH
preferentially adsorbed RBBR within a concentration range of up to 0.026 mmol/L, while MO was preferred at higher concentrations.
Overall, the findings suggest that the adsorption capacity of an LDH is highly dependent on the number, characteristics, and equilibrium
concentrations of the dyes present in the solution.
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Introduction capacity, water resistance, and high thermal stability
(Sajid and Basheer, 2016). The synthesis of LDH is
Synthetic dyes released by effluents from various economical because of the common and abundant metals
industries have been detected in water bodies and cause in their structures. Faster kinetics and full regeneration
environmental pollution (Slama et al., 2021). There are capacities in a short time for reuse are advantages of LDH
many adverse impacts of persistent dyes in aquatic compared to other adsorbents (Goh, et al., 2008).
environments such as inhibition of photochemical The adsorption of dyes on LDH made of different metal
activities (Pereira and Alves, 2012) and carcinogenic hydroxide combinations and prepared using various
effects on living organisms (Chung, et al., 1981; Golka,et methods has been studied extensively (Abdellaoui, et al.,
al., 2004) 2017; Aguiar et al., 2013; de Sa, Cunha, and Nunes, 2013;
Gidado and Akanyeti, 2020; Guo, et al., 2013; Ni, et al.,
Conventional wastewater treatments are not efficient 2007). However, understanding why one dye is adsorbed
enough to remove these synthetic dyes because of their more than another requires clarification (Goh et al., 2008;
persistent characteristics, such as non-biodegradability Yagub et al., 2014). Studies on competitive dye
and chemical stability (Wong and Yu, 1999). To date, adsorption on various adsorbents have shown that
many methods, including adsorption, chemical oxidation, adsorption capacity is influenced by the presence of

photodegradation and microbial  decoloration / different dyes in the solution (Chiou and Chuang, 2006;
degradation, have been widely used for dye removal Turabik and Gozmen, 2013; Zhu et al., 2020).

(Forgacs, et al., 2004). Adsorption is considered an Nevertheless, further investigation is required to fully

economical and technically viable process with good understand how the adsorption affinity of LDH changes

performance for removing synthetic dyes from water at when more than one dye is present in the solution.

low operating costs (Geethakarthi, A. and Phanikumar,

2011; Kumar et al., 2019). MO is a reactive azo dye used in various industries
including textiles and cosmetics. The adsorption of MO

Layered double hydroxides (LDH) have recently received on LDH has been studied extensively by many researchers

attention as high-capacity adsorbents for water pollutants as a model dye (Ni et al. 2007; Monash and Pugazhenthi

owing to their large surface area, high anion exchange 2014; Luetal. 2016; Ling et al. 2016; Hassani et al. 2017).
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Remazol brilliant blue reactive (RBBR) is a toxic and
refractory organopollutant and commonly used in the
textile and dye production industries (Ada, et al., 2009).
Allura red (AR) is another azo dye that is widely used in
the food and cosmetic industries, with a debate on its
potential security risks (Esmaeili et al., 2016). Studies on
the adsorption of RBBR (Elkhattabi et al., 2013; Gidado
and Akanyeti, 2020) and AR (Choy et al., 2008; Sohrabi
etal., 2023) on LDH powder are limited. Various dyes can
be present simultaneously in water resources as pollutants
to be treated owing to industrial discharge.

In this study, CoAl LDH was prepared using a simple co-
precipitation method and used as an adsorbent to remove
MO, RBBR, and AR from agueous single and binary
solutions. The adsorption affinity and mechanisms of
CoAl LDH for RBBR were studied for the first time in
comparison to those of two azo dyes, MO and AR, in

Table 1 Physical and chemical characteristics of dyes

single dye solutions. Moreover, the adsorption capacity of
CoAl LDH inabinary dye solution of RBBR and MO was
elucidated, shedding more light on the competitive
adsorption affinity.

Materials and Methods
Chemicals

Analytical grade Co(NO3)2+6H20 (>99%),
AI(NO3)3+9H,0 (>95%), MO (>95.0%) and ammonia
(NHs«H,0O, 28-30%) were purchased from Merck
(Darmstadt, Germany). AR (80%) and RBBR (50%) were
purchased  from  Sigma-Aldrich  (USA). The
characteristics of the dyes are presented in Table 1.
Distilled water produced using Sartorius 61316 and 611
UV ultrapure water system (UK) was used to prepare the
experimental solutions.

Name Molecular Chemical Structure Molecular ~ Molecular pKa
Formula&(Molecular Size* (hm)  Width&Length&
Weight, g/mol) Height (A°)
Methyl C14H14N3NaOsS (327.3) o 1.3152 5.5&15° 3.46°
Orange N{%égo
\ 1 \
(MO) /NQN 0~ Na*
Allura Red CisH14N2Na20sS2(496.4) n& o ~1d NA <0.3¢
(AR) G_d=0
HsC o}
N=N o]
(-
o
Na®
Remazol ~ Cz2H16N2Na2011Ss 0 NH0 0 13&26&8.5' <1h
Brilliant  (626.5) SO 11.3&18.49
C
Reactive
(RBBR) % o

athe length of the long side (Ni et al., 2007), °(Huang et al., 2017), °(Zaghouane et al., 2012b), “approximated diameter et
al., 2014) ¢(Bevziuk et al., 2017) f(Yahya, et al., 2016), 9(Silva et al., 2016), " (Momenzadeh, et al., 2011; Saquib and

Muneer, 2002)

Preparation and characterization of CoAl LDH

CoAl LDH with a 4:1 molar ratio of Co?/AP* was
prepared by the co-precipitation method as described by
Ling etal., (2016). Briefly, 5.80 g of Co(NO3),*6H,0 was
mixed with 1.88 g of AI(NO3)3*9H,0 in 25 mL distilled
water, making a total cation concentration of 1 M. 20 mL
of the solution was then added drop wise at 2 mL/min into
100 mL of a 0.5 M ammonia solution under constant
mixing and then stirred for 30 minutes. The suspension
formed was aged at 65°C for 18 hours under constant
mixing and then centrifuged for 30 minutes at 3824xG,
(6000 rpm). The pellet was repeatedly washed with
distilled water to remove the trace of unreacted nitrates
and then oven dried at 65°C for 24 hours.
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The crystallinity of LDH was characterized with an
Ultima IV powder X-ray diffractometer (XRD) (Rigaku)
at40 kV, 20 mA, CuKa radiation (A: 0.154056 nm), in the
reflection scanning mode from 26=10 to 80° at a scan rate
of 1°/min. Fourier transform infrared (FT-IR) spectra were
recorded in the wavelength range of 400-4000 cm™ using
an IR Prestige-21 FT-IR Spectrophotometer (Shimadzu,
Japan). FT-IR and XRD analysis were conducted before
and after the adsorption of each dye on CoAl LDH. The
zero point charge (pHzpc) of LDH was determined using a
titration method adapted from Wang and Reardon (2001).
The sorbent (0.1 g) was added to 9 mL of distilled water.
The solution pH was adjusted, and readings were recorded
after 15 min. A KCI solution (0.005 M) was prepared by
adding 0.5 mL of 0.1 M KCI in each solution and bringing
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the volume to 10 mL using distilled water. The 0.005 M
solutions were mixed for one hour in a shaker at 25°C and
200 rpm, and the pH (pHO0.005M) in each bottle was
recorded. 0.5 mL of 2 M KCI was added to each bottle,
bringing the KCI molarity up to 0.1 M, and the pH
(pHO0.1M) was recorded for the last time while swirling
the solution. For each sample, the difference between
pHO.1M and pH0.005M was calculated and plotted
against pH0.005M to determine the zero-point charge.

Adsorption Experiments

Dye solutions of 0.008-0.580 mmol/g for MO, RBBR, and
AR were prepared using the stock dye solutions. For each
experiment, 26 mg of LDH was added to a flask
containing 130 mL of dye solution, except for the blank
experiments, where no LDH was added. The solutions
were mixed throughout the experiment at 150 rpm at
25+1°C in a water bath. The solution pH was not adjusted
but was measured throughout the experiments. For all
experiments, the solution pH was around pH 7.0+0.2. The
initial sample was taken before the LDH was added to the
solution. After the LDH was added, at various time
intervals, 4 mL of samples were collected and centrifuged
for 15 minutes at 3824xG (6000 rpm) at 25°C. The
absorbance of the dye in the supernatant was measured
using a UV-2450 UV-visible spectrophotometer
(Shimadzu, Japan) at maximum light absorption
wavelengths (Amax) Of 463 nm, 593 nm, and 498 nm for
MO, RBBR, and AR, respectively. The calibration curve
with R?>0.99 for all three dyes in single and binary
solutions was obtained for a concentration range of 0-35
mg/L. Solutions with dye concentrations above the
calibration curve range were diluted before the analysis.
Binary solutions of MO and RBBR, each dye at a
concentration range of 0.008-0.580 mmol/g were
prepared from a binary stock solution. The same
experimental conditions were used for both the single-
and binary-solution experiments.

Data Analysis

The amount of dye adsorbed onto LDH, Q: (mmol/g) at
time t (min) was determined using equation 1, where V is
the volume of the dye solution (L), Co (mmol/L) is the
initial dye concentration, C;(mmol/L) is the concentration
of the dye in the solution at time t and m (mg) is the mass
of the LDH used.

0, = w (Eq.1)
For adsorption isotherms, the amount of dye adsorbed on
LDH at equilibrium Qe (mmol/g), was calculated using
equation 2, where Ce (mmol/L) is the equilibrium dye
concentration.

_ G-V (Eq.2)
Qe="—""

For the adsorption kinetics, the non-linear form of the
pseudo-first and second-order reaction model equations
are given in equations 3 and 4, respectively, where k;
(1/min) and k2 (g/mmol.min) are the rate constants.

(Eq.3)
Qr = Q.(1 —e™t)
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2
. (Ea4)
+ k,Q,t
The Elovich chemisorption model is presented in equation
5, where o (mmol/g.min) is the initial adsorption rate and
B (g/mmol) is related to the extent of surface coverage and
the activation energy involved in chemisorption.

1
Q, = Eln(l + aft) (Ea.5)
Freundlich, Langmuir, Redlich-Peterson, Dubinin-
Radushkevich and Brunauer—-Emmett-Teller (BET)

isotherm models were used to describe the adsorption of
the dyes on CoAl LDH. The non-linear form of the
Freundlich and Langmuir isotherm models, are given in
equations 6 and 7, respectively, where ke and n are the
Freundlich constants indicating the dye adsorption
capacity and intensity, Qm (mmol/g) is the maximum dye
adsorption capacity of LDH, and k_ (L/mmol) is the
Langmuir constant.

N (Eq.6)
QeszC
kaLCe
=T -"° Eq.7
%= Tirc (Eq.7)
The non-linear equation of Redlich-Peterson and
Dubinin-Radushkevich isotherms are provided in

equations 8 and 9, respectively where Kgp (L/Q), are
(mmol/L) 9 are the Redlich-Peterson constants and g is the
dimensionless exponent the value of which should be
0<g<1, Qpr (mmol/g) is the adsorption capacity, Kpr
(mol?/kJ?) is a constant related to the adsorption energy, E
(kJ/mol) is the mean adsorption energy which can be

obtained by J% and ¢ is the Polanyi potential.
DR

KRP Ce

—__RPZe Eq.8
1+ agpC? (Ea8)

e

Q. = QpreKore (Eq.9)

The non-linear equation of the BET model is given in
equation 10, where Ks (L/mmol) is the equilibrium
constant of adsorption for first layer in BET isotherms and
Ky (L/mmol) is the equilibrium constant of adsorption for
upper layers in BET isotherm.

Q _ Q KSCE
e xm (1 - KLCe)(1 - KLCe + KSCe)
Randomly selected experiments were repeated at least
twice and the reliability of the data was confirmed.

(Eq.10)

Results and Discussion
Adsorption kinetics of MO, RBBR and AR in single dye
solutions

The results presented in Figure la-b show that MO
adsorption on CoAl was the fastest among the three dyes,
reaching equilibrium in 70 min for initial MO
concentrations of 0.015, 0.031, and 0.061 mmol/L, and
450 min for initial MO concentrations of 0.153 and 0.306
mmol/L. For RBBR (Figure 1c-d), at 450 min,
equilibrium was reached for the initial dye concentration
of 0.016 mmol/L, 1400 min for 0.032 mmol/L, and 1600
min for 0.080, 0.160, and 0.319 mmol/L, respectively. For
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AR, the system reached equilibrium in 200 min for 0.010
mmol/L, 1400 min for 0.020, 0.040, and 0.101 mmol/L,
and 1600 min for 0.201 mmol/L initial AR concentrations
(Figure 1e-f). In order to explain the kinetics of the dye
adsorption on CoAl LDH, pseudo-first-order (equation 3),
pseudo-second-order (equation 4) and Elovich models
(equation 5) were fit to the data for each dye separately as
shown in Figure 1. The adjusted coefficient of
determination (Rag?) and root of mean square error (SD)
obtained for each dye at various initial dye concentrations
are presented in Table 2. The Rag? (>0.99) values showed
that a pseudo-second-order model described the
adsorption kinetics for MO better than the other models.
At all initial MO concentrations, the experimental dye
adsorption capacity Qeexp), agrees well with the
theoretical capacity, Qehe), calculated using the second-
order model equation. For MO, the pseudo-second-order

g/(min.mmol) as the initial dye concentration increased
from 0.015 to 0.306 mmol/L, indicating that the
adsorption slowed down as the initial dye concentration
increased (Table 2).

For RBBR and AR, the highest Rag? (>0.97) values were
obtained with Elovich equation, supporting a
chemisorption nature (Mclintok, 1967) of both dyes on
CoAl LDH. Elovich equation is often valid for adsorption
systems including sorbents with heterogeneous surface
and the equation covers a wide range of slow adsorption
rates (Lima, et al., 2015). The constant f, related to the
extent of surface coverage, decreased from 140 to 31
g/mmol when the initial RBBR concentration increased
from 0.016 to 0.319 mmol/L. Similarly, for AR, B
decreased from 172 to 44 g/mmol when the initial dye
concentration was increased from 0.010 to 0.201 mmol/L.

rate constant, k, decreased from 6.715 to 0.170
0.35
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Fig. 1 Time dependent dye adsorption of a) MO (C,:0.015-0.061 mmol/L), b) MO (C,:0.153-0.306 mmol/L), c) RBBR
(C0:0.016-0.080 mmol/L), d) RBBR (C,:0.160-0.319 mmol/L), €) AR (C,:0.010-0.040 mmol/L) and f) AR (C,:0.101-

0.201 mmol/L) on CoAl LDH.
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Table 2 Coefficients of adsorption kinetic models for MO, RBBR and AR in single dye solutions.

| SINGLE First order Second order Elovich |
Co Qe(exp) Rz SD k1 Qe(the) Rz SD k2 Qe(the) Rz SD o B
mmol/L mmol/g 1/min mmol/g g/min.mmol mmol/g mmol/g.min g/mmol
MO
0.015 0.076 0.97 0.004 0.281 0.074 0.99 0.002 6.715 0.076 0.98 0.003 226.9 708.6
0.031 0.146 0.95 0.009 0.208 0.145 0.98 0.006 2.247 0.150 0.93 0.012 11547 137.0
0.061 0.286 0.99 0.007 0.273 0.286 1.00 0.003 1.934 0.291 0.97 0.015 3.2x10° 113.7
0.153 0.699 0.98 0.027 0.244 0.673 1.00 0.010 0.632 0.689 0.97 0.032 1.0x108 34.35
0.306 1.250 0.96 0.074 0.135 1.172 0.99 0.026 0.170 1.219 0.95 0.077 325.0 12.03
RBBR
0.016 0.073 0.82 0.009 0.046 0.064 0.92 0.006 1.140 0.067 0.99 0.002 0.124 140.3
0.032 0.131 0.70 0.021 0.020 0.110 0.83 0.016 0.256 0.118 0.98 0.006 0.031 65.31
0.080 0.203 0.67 0.033 0.023 0.164 0.80 0.026 0.188 0.177 0.97 0.010 0.023 40.73
0.160 0.234 0.71 0.038 0.015 0.198 0.83 0.029 0.110 0.213 0.97 0.012 0.036 35.01
0.319 0.232 0.72 0.037 0.016 0.206 0.84 0.029 0.126 0.217 0.97 0.013 0.030 31.02
AR

0.010 0.054 0.76 0.005 0.354 0.143 0.97 0.003 2.891 0.047 0.99 0.002 0.072 172.1
0.020 0.093 0.82 0.010 0.149 0.071 0.92 0.007 2.078 0.076 0.99 0.002 0.336 117.8
0.040 0.135 0.72 0.020 0.030 0.108 0.84 0.015 0.404 0.116 0.99 0.004 0.064 71.76
0.101 0.173 0.70 0.024 0.026 0.123 0.83 0.018 0.270 0.133 0.97 0.007 0.040 58.13
0.201 0.195 0.75 0.029 0.029 0.172 0.87 0.022 0.236 0.184 0.98 0.009 0.086 44.30

Adsorption in single dye solutions

Figure 2 presents the dye molar mass adsorbed on CoAl-
LDH versus the equilibrium dye concentration for MO,
AR 2r;d RBBR in single dye solutions.
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Fig. 2 a) Freundlich and BET fits for the adsorption of MO
(Ce range: 0.00-0.13 mmol/L), Langmuir fit for the
adsorption of MO (Ce range: 0.00-0.08 mmol/L),
Freundlich fit for the adsorption of MO (Ce range: 0.08-
0.13 mmol/L) b) Redlich Peterson and Dubinin
Radushkevich fits for the adsorption data of RBBR and
AR on CoAl-LDH in single dye solutions.

The largest amount of MO adsorbed on CoAl-LDH (2.267
mmol/g) was much higher than that adsorbed on RBBR
and AR. In contrast, the maximum RBBR mass adsorbed
(0.258 mmol/g) was larger than that for AR (0.195
mmol/g). To further explain the adsorption affinity of
CoAl-LDH for the three dyes, various dye characteristics
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and the potential for intermolecular interactions were
considered.

All three dyes were negatively charged in the
experimental solution (pH 7.0+0.2), considering the
dissociation constants (pKa) given in Table 1. The zero-
point charge of CoAl LDH was obtained at a solution pH
of 8, as displayed in Figure 3.

15

1.0 1

0.54

0.0

-0.5 4

0.1M KCI - 0.005M KClI

-1.0 4

-1.5 T T T T T T
5 10 11

0.005M KCI

Fig. 3 The zero point charge of CoAl LDH

Therefore, the electrostatic interactions between the
negatively charged dye molecules and the positively
charged CoAl LDH are expected to contribute to
adsorption.

In Figure 4, the diffraction patterns of Co-Al LDH before
and after the adsorption of the dyes are presented. The
well prepared crystalline structure of Co-Al LDH was
demonstrated by the diffraction peaks obtained at 11.27°,
22.63°,34.07°,45.70° and 59.99° with interlayer space of
0.78, 0.39, 0.26, 0.20 and 0.15 nm, respectively, agreeing
well with the pattern reported by Zubair et al., (2017). The
intensities of the XRD peaks, especially those of (003)
and (006), were reduced. The intensity reduction was
correlated with the adsorbed dye mass. For example, the
intensity reduction of MO was higher than those of RBBR
and AR.

The basal spacing of the intrinsic CoAl LDH is d003=0.78
nm and the layer thickness of brucite like materials is 0.48
nm (Darmograi et al., 2015). Subtracting the layer
thickness of the brucite-like layer (0.48 nm) from the
basal spacing, the interlayer space is calculated as 0.30
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nm, similar to the diameter of a nitrate ion (0.40 nm) (Ay
et al., 2009; Darmograi et al., 2015) present in between
the double layers. The basal spacing of the CoAl LDH
after dye adsorption was calculated as 0.79 nm, 0.79 nm
and 0.78 nm for MO, RBBR and AR, respectively. Unlike
other studies (Elkhattabi et al., 2013; Ling et al., 2016), in
this study, no change was observed in the basal spacing
after dye adsorption. Therefore, external surface
adsorption is expected to play a role in the adsorption of
the three dyes on the CoAl LDH. The dye molecules are
three-dimensional, and it is possible that the smallest
dimension of the MO was aligned with the interlayer
spacing without causing any substantial change in the
basal spacing.

(003 005  (012)  l(018) 110)
[ W A PO
S ﬁ , . . .
o] | ! \COoAI_RBBR;
2 5 | : :
‘n | f CoAI_MO ¢
c | |
[ORE 1 1 I
h— | | |
< | | '
A ! A i
10 20 30 40 50 60 70

2 theta (degree)
Fig. 4 X-ray patterns of CoAl LDH samples before and
after the adsorption of MO, RBBR and AR.

In Figure 5, the FT-IR spectra of each dye together with
the scan of Co-Al LDH before and after dye adsorption
are displayed for MO(a), RBBR(b), and AR(c),
respectively. The FT-IR peaks obtained for the Co-Al
LDH before adsorption are in agreement with those
reported by Zubair et al. (2017). The peak at 1634 cm™
was attributed to the O-H bending vibration of water
molecules, and the peak near 1350 cm™* corresponded to
the bending vibrations of N-O (the nitrate ions in between
the layers). In Figure 5a, the spectrum of MO displays a
peak near 1600 cm? for the C=C-C aromatic ring stretch,
near 1365 cm* and 1190 cm for the C-N vibrations, and
near 1110 cm for the S=0O vibration. In Figure 5b, the
spectrum of RBBR presents a peak near 1500 cm™ and
1600 cm for the C=C-C aromatic ring stretch and near
1200 cm* and 1100 cm' for the S=0 vibration. In Figure
5¢, the spectrum of AR displays a peak near 1065 cm
and 1180 cm* for the S=0 vibration and near 1400 cm',
1500 cm?, and 1620 cm? for the skeletal vibration of the
benzene ring.

Comparing Figure 5a, b, and c, it was observed that the
peak for the nitrate ion near 1350 cm* disappeared for
CoAl LDH after adsorption of MO. However, the spectra
of CoAl after the adsorption of RBBR and AR showed
that the nitrate peak was still present, but at a lower
intensity. As demonstrated by the XRD data in Figure 4,
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intercalation did not occur, and dye molecules were
mainly adsorbed on the surface. Adsorption possibly
occurred by ligand exchange, where OH™ or H,O groups
on the surface were displaced by dye molecules (Gidado
and Akanyeti, 2020; Lei, et al., 2014). The positive charge
of the LDHs was possibly balanced by the negatively
charged dye molecules adsorbed; hence, fewer nitrate
anions were intercalated than those present in the CoAl
LDH before adsorption. A larger amount of adsorbed MO
possibly resulted in the release of almost all the nitrate
ions, resulting in the disappearance of the nitrate peak.
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Fig. 5. FT-IR scan of the dye, CoAl LDH before and after
the adsorption for MO (a), RBBR (b) and AR (c), ---- FT-
IR peak for NOs ions in between the LDH, ////// FT-IR
peak interval for sulfonic group (SOs’) on dye molecule

However, the nitrate peaks were still present when RBBR
and AR were adsorbed in smaller quantities. The presence
of the S=0 vibration on CoAl LDH after the adsorption of
all dyes indicated that the dye molecules were adsorbed
on LDH. The much higher S=O peak intensities for MO
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compared to those of RBBR and AR is further evidence
of the high affinity of CoAl LDH for MO.

The molecular structures of the dyes in Table 1 show that
MO contains two hydrophobic methyl groups, besides
SO3, while RBBR contains hydrophilic C=0 and NH;
groups (Table 1). AR contains a hydrophobic methyl
group and hydrophilic OH group, which reduces the
hydrophobicity of the molecule. The hydrophobic
characteristics of MO in comparison to the hydrophilic
AR and RBBR molecules may also explain why a larger
amount of MO was adsorbed on the LDH. Unlike RBBR
and AR, once the MO molecules are adsorbed on LDH,
the hydrophilic character of LDH is likely to become
hydrophobic. Hence, hydrophobic interactions might
contribute to enhancing the adsorption capacity of LDH

for MO, which was similarly reported by Darmograi et al.
(2015) for MO adsorption on MgAl LDH.

MO, RBBR, and AR possess two, four, and three benzene
rings, respectively, which can contribute to hydrophobic
and n-m interactions between the adsorbed molecules
(Ferreira et al., 2017). When two dye molecules approach
each other, they require a face-to-face arrangement to
increase the chances of n-n interactions. For RBBR and
AR, - and hydrophobic interactions are likely to be
hindered by the steric hindrance caused by the extra
sulfonate groups in both the RBBR and AR structures.
However, for MO molecules, no additional charged
groups are present, which likely favors interactions
between the adsorbed and free dye molecules in the
solution.

Table 3 Isotherm parameters for dye adsorption on CoAl-LDH in single and binary dye solutions.

Single Binary
Isotherm Parameter Unit MO RBBR AR MO RBBR
Rud? 0.959 0.933 0.870 0.952 0.989
. SD mmol/g 0.155 0.020 0.020 0.108 0.011
Langmuir
Qnm mmol/g 6.407 0.238 0.178 10.88 0.280
KL L/mmol 4.026 281.9 592.3 0.508 283.6
Radi® 0.974 0.958 0.890 0.962 0.828
Freundlich SD mmol/g 0.124 0.016 0.018 0.097 0.043
Ke mmol/g. (mmol/L)¥" 9.875 0.345 0.237 3.718 0.418
n 0.736 0.201 0.150 0.809 0.218
Rag? - 0.984 0.940 - 0.986
SD mmol/g 0.010 0.013 0.012
Redlich-Peterson Kp L/g 242.0 277.0 80.40
Anp (mmol/L)* 789.0 1290 2845
g - 0.864 0.907 0.995
Radi® - 0.990 0.980 0.936
SD mmol/g = 0.008 0.008 0.026
Dubinin-Radushkevich ~ Qur mmol/g - 0.265 0.199 0.320
Kar mol?/kJ? = 0.004 0.003 0.005
E kJ/mol = 11.18 12.91 = 10.14
Raa? 0.991 0.984 -
SD mmol/g 0.073 0.063 -
BET Ky L/mmol 4.728 2.253 -
Ks L/mmol 68.37 40.59 -
Qn mmol/g 0.965 0.507 -
The Langmuir (equation 6), Freundlich (equation 7), model fit was better at lower equilibrium MO

Redlich-Peterson (equation 8), Dubinin-Radushkevich
(equation 9), and BET (equation 10) isotherms were fitted
to the equilibrium data for the dyes in single dye solutions.
The isotherm model fits are displayed in Figure 2a for MO
and Figure 2b for RBBR and AR, respectively. The Rag?,
SD, and adsorption isotherm constants are listed in Table
3. BET isotherm model with the R4q?>0.99 and SD value
of 0.073 has the best fit for MO equilibrium data. The MO
adsorption on CoAl LDH appears to have a different
behavior at lower dye concentration ranges compared to
higher concentrations, as observed in Figure 2a. Within
the equilibrium MO concentration below 0.08 mmol/L,
Langmuir isotherm model describes MO adsorption on
the LDH with an R.g;? of 0.996 and SD value of 0.029 and
Freundlich isotherm model has a better fit at higher
equilibrium concentration range with an Rag? of 0.981 and
SD value of 0.073. The MO adsorption behavior on CoAl
LDH obtained in this study is similar to the MO
adsorption on CoFe LDH studied by Ling et al. (2016),
where the authors showed that the Langmuir isotherm
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concentrations, whereas the Freundlich model had the
best fit at higher concentrations. Therefore, at lower MO
equilibrium concentrations, the coverage is a monolayer,
whereas at higher concentrations, multilayer adsorption is
possible. Dubinin-Radushkevich model describes the
RBBR and AR adsorption the best with Ra4?>0.99 and
Radi>>0.98, respectively and SD value of 0.008. Redlich-
Peterson also has a good fit to the RBBR adsorption data
with a slightly lower Rqq? value of 0.984 and higher SD
of 0.010 compared to Dubinin-Radushkevich model fit.
The adsorption capacity (Qqr) was larger for RBBR (0.265
mmol/g) than for AR (0.199 mmol/g). The magnitude of
E obtained from the Kg value using the Dubinin-
Radushkevich isotherm model provides information on
whether the adsorption process is physical or chemical.
For RBBR and AR adsorption on CoAl LDH, E values
calculated as 11.18 and 12.91 kJ/mol, respectively are
within  8-16 kJ/mol, indicating a chemisorption
confirming ligand exchange (Helfferich, 1964).



Akanyeti and Abdullahi / IJEGEO 10(3): 000-000(2023)

Comparison of dye adsorption kinetics in single and
binary dye solutions of MO and RBBR

As shown in Figure 6a-b, MO adsorption on CoAl reached
adsorption equilibrium in less than 250 min for 0.015
mmol/L, 430 min for 0.031 mmol/L, 1630 min for 0.153
mmol/L, and 0.306 mmol/L for the initial dye
concentrations. For RBBR (Figure 6c¢c-d), at 430 min,
equilibrium was reached for the initial dye concentration
of 0.016 mmol/L, 1370 min for 0.032 mmol/L, and 1630
min for 0.160 and 0.319 mmol/L, respectively. When the
kinetic data were compared to those obtained in single dye
solutions, MO adsorption on CoAl LDH became slower
in the binary solution at all initial dye concentrations,
whereas the equilibrium time did not change considerably
for RBBR.

In the binary solution, the Elovich model described the
kinetic data better than the pseudo-second-order model
for both MO and RBBR dyes at all initial concentrations
(Figure 6). Pseudo-second-order and Elovich model
coefficients and constants together with R, and SD
values are presented in Table 4. For MO, both the rate
constant (k2) and the initial adsorption rate (o) decreased
in binary solutions compared to the values obtained in
single-dye solutions. In contrast, for RBBR adsorption in
the binary solution, a increased compared with the values
obtained in a single dye solution at all initial dye
concentrations.
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Fig. 6 Pseudo second order kinetics model of MO and RBBR a) MO (C0:0.015-0.061 mmol/L), b) MO (C0:0.153-0.306
mmol/L), ¢) RBBR (C0:0.016-0080 mg/L), d) RBBR (C0:0.160-0.319 mmol/L), adsorption on CoAl LDH in single and

binary solutions.

Table 4 Kinetics sorption models and related coefficients for binary dye solutions

BINARY Second order Elovich
Co Qe(exp) Rz SD K2 Qe(the) Rz SD o B
mmol/L mmol/g g/min.mmol  mmol/g mmol/g.min  g/mmol
MO
0.015 0.071 0.98 0.004 2.841 0.071 0.97 0.004 1.570 161.8
0.031 0.122 0.96 0.007 0.976 0.119 0.98  0.006 0.667 89.82
0.061 0.228 0.91 0.020 0.857 0.195 0.10 0.004 1.753 56.43
0.153 0.448 0.97 0.024 0.533 0.402 099 0.011 24.66 32.67
0.306 0.731 0.97 0.037 0.318 0.694 0.99 0.024 63.28 19.55
RBBR
0.016 0.076 0.96 0.005 3.908 0.073 0.96 0.004 73.53 221.0
0.032 0.145 0.86 0.017 0.741 0.132 0.97  0.008 0.245 71.19
0.080 0.257 0.89 0.026 0.217 0.225 0.99  0.007 0.114 36.83
0.160 0.287 0.89 0.029 0.255 0.246 0.99  0.008 0.182 34.99
0.319 0.280 0.76 0.041 0.477 0.239 0.96 0.018 0.394 38.15

Comparison of dye adsorption in single and binary dye
solutions of MO and RBBR

A comparison of the adsorption capacities of CoAl LDH
in single and binary dye solutions for MO and RBBR is

displayed in Figure 7a and 7c, respectively. Figure 7a
clearly demonstrates that the adsorption affinity for MO
was reduced at all equilibrium dye concentrations when
MO and RBBR were present together in the solution
matrix.
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Fig.7 Adsorption isotherm of a) MO in single and binary solutions, b) MO and RBBR in single solution, ¢) RBBR in
single and binary solutions, d) MO and RBBR in binary solution

The highest MO adsorption decreased by ~33% from
2.267 mmol/g in the single-dye solution to 1.521 mmol/g
in the binary solution. Surprisingly, the mass of RBBR
adsorbed did not change at very low equilibrium dye
concentrations up to 0.0025 mmol/L but increased at
higher concentrations (Figure 7c¢). The largest amount of
RBBR adsorbed increased by ~4%, from 0.258 mmol/g in
the single dye to 0.268 mmol/g in the binary solution.

At equilibrium dye concentrations up to 0.0025 mmol/L,
the MO and RBBR molecules may not be influenced by
each other because of the presence of excess vacant
adsorption sites. At larger surface coverages, cooperative
adsorption on solid surfaces is dominated by interactions
between adsorbates on the LDH surface. In addition,
interactions between the adsorbate adsorbed on the LDH
and the adsorbate approaching the neighboring active
sites contribute to cooperative adsorption (Liu, 2015).
Allen et al., (1988) reported that the reduced mass of dye
adsorbed on peat in multisolute matrices is possibly due
to three main factors: 1) interactions between the dye
molecules in the solution, 2) change in the adsorbent
surface charge after the dye adsorption and 3) different
dyes competing for the available adsorption sites. In this
study, at equilibrium dye concentrations above 0.0025
mmol/L, two possible mechanisms were suggested. First,
as MO and RBBR adsorption takes place, negatively
charged MO molecules cannot approach the sites
occupied by RBBR because of the free negatively charged
functional groups available on RBBR molecules, which
may explain why the MO mass adsorbed is clearly
reduced. Second, the MO molecules adsorbed on CoAl
LDH might have preferential intermolecular interactions
with the RBBR molecules at higher equilibrium dye
concentrations. Hence, the increased RBBR mass
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adsorbed in the binary solution can be attributed to the
interactions between the MO and RBBR molecules on the
LDH surface.

In a single dye solution, at all equilibrium dye
concentrations, the amount of MO adsorbed onto the
CoAl LDH was higher than the RBBR amount (Figure
7b). However, in the binary solution, the molar mass of
RBBR adsorbed was higher than the MO mass adsorbed
at equilibrium dye concentrations up to 0.026 mmol/L
(Figure 7d). At equilibrium dye concentrations above
0.026 mmol/L, the adsorbed MO molar mass became
larger than that of RBBR. Similarly, Chiou and Chuang
(2006) showed that chitosan beads had a higher
adsorption capacity for RB15 at lower metanil yellow
(MY) concentrations, whereas the capacity was higher for
metanil yellow at higher MY concentrations in binary
solutions. In this study, up to 0.026 mmol/L, surface
adsorption due to electrostatic interactions could play a
more important role than ligand exchange. RBBR
molecules are preferentially adsorbed compared to MO
molecules because of their higher electronegativity. At
higher concentrations, the hydrophobic properties of MO
may enhance adsorption via hydrophobic interactions.

The adsorption isotherm models were fitted to the data
obtained in the binary solution, and the Rag? and SD
values (Table 3) showed that the Langmuir and Redlich-
Peterson models best described the RBBR adsorption,
while the BET isotherm had the best fit for MO adsorption
in binary systems. Maximum adsorption capacity (Qm)
obtained with Langmuir isotherm for RBBR increased
from 0.238 mmol/g in single dye solution to 280 mm/g in
binary solution while the Redlich constant, are decreased
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from 789 (mmol/L)? in single dye solution to 284.5
(mmol/L) ¢ in binary solutions (Table 3). The changes in
the isotherm model constants of both Qn, and agp indicate
that the RBBR adsorption capacity of CoAl LDH
increased when MO and RBBR were present together in
the solution. The BET constant Ks decreased from 4.728
L/mmol in the single solution to 2.253 L/mmol in the
binary solution, while the K. constant from 68.37 to 40.59
L/mmol. Similar to the behavior of MO in a single dye
solution, monolayer adsorption occurred at lower
equilibrium concentrations, and multilayer adsorption
occurred at higher concentrations (Figure 7a).

Conclusion

The adsorption of MO, RBBR, and AR on CoAl LDH was
studied in a single-dye solution, and the mechanisms
involved were elucidated. CoAl LDH showed the highest
adsorption capacity for MO followed by RBBR and AR.
Surface adsorption and electrostatic interactions were
considered to play a role in the adsorption of all three
dyes, whereas intercalation did not contribute to the
adsorption. When tested in a binary dye solution, the
adsorption capacity of the CoAl LDH changed
considerably. In the solution where MO and RBBR were
present together, the mass of MO adsorbed was noticeably
reduced at all equilibrium dye concentrations, while the
RBBR adsorption increased at equilibrium dye
concentrations above 0.0025 mmol/g owing to the
cooperative interactions. CoAl LDH had a higher
adsorption capacity for MO than RBBR at all equilibrium
dye concentrations in single-dye solutions. However, in
the binary solution, CoAl LDH showed preferential
adsorption for RBBR up to 0.026 mmol/L, while above
0.026 mmol/L, the LDH showed preferential adsorption
for MO. The results demonstrated that the dye adsorption
capacity of an LDH is highly dependent on the number,
characteristics, and equilibrium concentrations of dyes
present in a solution, and it cannot be predicted based only
on studies conducted in single-dye solutions.
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