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Abstract
In this study, graphene (G) was used as a substrate for NiMgAl ternary-layered hydroxide using coprecipitation technique. 
The pristine NiMgAl (NMA), graphene-NiMgAl (G/NMA) and their respective calcined products NMA-C and G/NMA-C 
were investigated as adsorbents for the removal of hazardous eriochrome black T (EBT) dye from an aqueous phase. Char-
acterization results revealed that the incorporation of graphene nanoparticles with NMA with subsequent calcination leads 
to a significant improvement in surface functionalities, thermal stability, and specific surface area. This resulted in high and 
fast uptake of EBT molecules from the water phase. The equilibrium time for NMA, NMA-C, G/NMA, and G/NMA-C was 
achieved at 240 min, 180 min, 90 min, and 60 min, respectively, with optimum pH 4 and dosage of 10 mg. The Langmuir 
isotherm model describes the adsorption process more appropriately with maximum achievable adsorption capacities of 
156.25, 263.16, 238.14, and 384.62 mg/g for NMA, G/NMA, NMA-C, and G/NMA-C, respectively. The kinetic study 
indicates the adequacy and fitness of the pseudo-second-order model to the experimental data for all four adsorbents. The 
thermodynamic evaluation substantiates the exothermic nature of the adsorption processes. The mechanism of EBT-G/
NMA-C adsorption system involved surface adsorption, electrostatic, strong chemical, and ion exchange interactions along 
with surface reconstruction. Integration of graphene with subsequent calcination substantially improved the surface and struc-
ture characteristics of NMA which facilitated enhanced adsorption performance with sorption rate and excellent reusability 
performance, confirming it as a highly promising adsorbent for the efficient remediation of dye-contaminated wastewater.
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1  Introduction

Azo dyes are some of the world most demanded prod-
ucts due to their extensive use in textiles, printing, paints, 
plastic industries and account for more than 60% of total 
world dye usage [1]. More than 700,000 tonnes of these 
dyes is produced worldwide, and about 15% of them find 
a way into water bodies as effluents [2]. Their disposal in 
the environment has generated a lot of health, socioeco-
nomic, and environmental concerns due to their potential 
antiaesthetic, carcinogenic, and biotoxic effects [3]. The 
recalcitrance of azo dyes to biodegradation has motivated 
research into physicochemical techniques such as solvent 
extraction, ion exchange, membrane filtration, evapora-
tion [3] to comply with stringent regulation on the allow-
able limits of dye concentration in the discharged effluent. 
Adsorption technique is an affordable, easy, and efficient 
process for removing dyes from the aqueous phase [4, 5]. 
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Utilization of proper adsorbent material is one of the crucial 
steps for effective decontamination process. A lot of adsor-
bents were previously utilized for dye-contaminated water 
remediation among which are activated carbon, bentonite, 
zeolite, etc. Due to high production cost and low sorption 
performance, researchers are expending extensive efforts 
to produce new eco-economic adsorbents, exhibiting high 
removal efficiencies.

Layered double hydroxides (LDHs), also termed as 
hydrotalcites, have huge applications in water remediation 
due to excellent properties of high specific surface area and 
ion exchange capacity [6]. LDHs derived from parent min-
eral Mg6Al2(OH)16CO3.4H2O are a member of the family 
of 2D nanostructured anionic clays which possess hydrotal-
cite morphology and characterized by a positively charged 
host and charge-balanced by substitutable interlamellar ani-
ons. LDHs possess unique structural formula of [M1−x

2+ Mx
3+ 

(OH)2]x+(An−)x/n·mH2O [7, 8]. M3+ stands for trivalent cati-
ons, while the M2+ represents the divalent cations and An− is 
the interlayer anions and n has been reported to lie between 
0.22 and 0.33 [8]. Intercalation of various materials (carbon 
nanomaterials, polymers, anions, etc.) into layered double 
hydroxides has been reported as a promising approach for a 
significant improvement in properties of LDHs.

For wastewater treatment, carbon nanostructures such as 
amorphous carbon [9], carbon nanotube [10], multi-walled 
carbon nanotubes [11], carbon dot [12], and graphene [13] 
were reported as a suitable support for LDHs for outstanding 
adsorption performance. Particularly, high specific surface 
area (~ 2700 m2/g) has attracted graphene as a potential can-
didate for the treatment of toxic dyes in wastewater [8]. Pre-
viously, graphene/LDH composites have been investigated 
and exhibited superior physical properties when compared 
to either LDHs or graphene [14]. Graphene/LDH nanohy-
brids also revealed outstanding remediation of anionic and 
cationic dyes wastewater [8]. Ternary LDHs, comprising 
three metallic ions, have been recently exploited, and they 
revealed superb removal efficiency of dyes from the aque-
ous phase. For instance, Bharali and Deka demonstrated the 
high adsorptive property of CuMgAl LDH for the removal 
of both anionic and cationic dyes [15]. They reported an 
increase in removal efficiency of methyl orange (MO) dye 
with increased Cu2+ composition ratio despite the reduction 
in surface area. They proposed that Cu2+ ratio induces lower 
basicity which contributed to the attraction between the dye 
molecules and LDH surface. Likewise, Zaghouane et al. [16] 
removed methyl orange effectively from the aqueous phase 
using uncalcined and calcined MgNiAl LDHs. Other studies 
also reported ternary-layered double hydroxides as prom-
ising adsorbents for adsorption of dyes [17, 18]. Previous 
studies have revealed that coupling of LDHs with graphene 
as a substrate [19, 20] not only prevented aggregation of 
the LDHs but also leads to a significant enhancement in 

surface area and formation of mixed metal oxides after sub-
sequent calcination. Based on detailed literature, up to date, 
the coupling of ternary LDHs with carbon nanostructures 
such as graphene has for wastewater treatment limited stud-
ies. Therefore, it is expected that intercalation of graphene 
with ternary LDHs may result in improved surface charac-
teristics, stability and facilitate the adsorption of dyes from 
the water phase.

The focus of this study was to assess the removal poten-
tial of azo dyes from aqueous solution by facilely synthe-
sized ternary LDH and graphene/ternary LDH composite. 
Eriochrome black T (EBT) was chosen as a model dye due 
to its recalcitrance to chemical and biological degradation. 
FTIR, XRD, BET SEM, TEM, and TGA analyses were 
used to characterize the composites to reveal their physico-
chemical properties. Effects of various influential param-
eters such as pH, contact time, dosage, and temperature on 
EBT removal were performed in batch experiments. The 
adsorption equilibrium data were analyzed using isotherm 
models, while time dependence was fitted to kinetic mod-
els. In addition, the mechanism behind the adsorption was 
proposed. Furthermore, regeneration of the spent adsorbent 
was investigated to evaluate its potential for industrial appli-
cation. The uncalcined NiMgAl, calcined NiMgAl, uncal-
cined graphene-NiMgAl, and calcined graphene-NiMgAl 
are referred to as NMA, NMA-C, G/NMA, and G/NMA-C, 
respectively.

2 � Materials and Methods

2.1 � Materials

Aluminum nitrate nonahydrate (Al(NO3)3·9H2O), mag-
nesium nitrate hexahydrate (Mg(NO3)2·6H2O), and nickel 
nitrate hexahydrate (Ni(NO3)2·6H2O) were purchased from 
Sigma-Aldrich Co. (Germany). Graphene (GRAFEN®-SEG/
Semi-exfoliated Graphene Sheets) was procured from 
GRAFEN future engineering (Ankara, Turkey). NaOH and 
HCl were purchased from PanReac AppliChem (Darmstadt, 
Germany) and EUROSTAR (Liverpool, UK), respectively. 
All the solutions were prepared using deionized water.

2.2 � Synthesis of Ternary LDH and Graphene/Ternary 
LDH Composite

The ternary LDH (NMA) was synthesized via coprecipitation 
technique as described by other authors with a slight adjust-
ment [21]. About, 0.02 mol of Al(NO3)3·9H2O, 0.02 mol 
of Ni(NO3)2·6H2O, and 0.04 mol of Mg(NO3)2·6H2O (total 
ratio of M2+ to M3+ is 3) were dissolved in 60 mL of deion-
ized water in a 500-mL round-bottom flask. The mixture 
was stirred vigorously at 600 rpm in an oil bath at 60 °C for 
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15 min. Subsequently, 1 M NaOH was added dropwisely 
to stabilize the pH at 10 ± 0.5 while maintaining the stirrer 
speed and temperature of 60 °C. Thereafter, the tempera-
ture was raised to 90 °C and stirring increased to 900 rpm, 
while the reaction was refluxed for 24 h. The suspension 
obtained was subjected to centrifugation and washed twice 
with deionized water and then followed by twice washing 
using ethanol to remove impurities. The densely obtained 
slurry was dried in a vacuum oven at 90 °C for 24–48 h.

For the preparation of graphene/ternary LDH composite, 
300 mg of graphene was added to 60 mL NaOH (0.2 M) and 
the mixture was ultrasonicated at 60 rpm for 90 min. The 
obtained mixture was then added to a prepared mixture of 
the ternary LDH precursor, and two to three drops of hydra-
zine were added as a complexing agent. Other procedures 
were followed as outlined in the synthesis of NMA. Both 
ternary NMA and G/NMA were calcined at 400 °C for 3 h 
under 120 mL/min N2 environment to produce NMA-C and 
G/NMA-C, respectively, and stored for use in adsorption 
experiment.

2.3 � Characterization

XRD reflection patterns of the NMA, G/NMA, NMA-C, and 
G/NMA-C were obtained by utilizing Rigaku Miniflex II 
utilizing Cu Kα monochromatic radiation (λ = 0.15406 nm, 
40 mA, 30 kV) with a step size of 0.03 and scan rate of 3 
scans/min with a range of 5–70° 2θ. The morphologies of 
the LDHs were obtained by scanning electron microscopy 
using TIMA TESCAN SEM Integrated system. The FTIR 
spectra were recorded by Nicolet 6700 spectrometer. BET 
analyzer (Micrometrics, Tristar II series) was used to deter-
mine the specific surface area, pore volume, and pore radius. 
Thermogravimetry analysis (TGA) was carried out using 
SDT-Q600 instrument by heating dry powder at 10 °C/min.

2.4 � Preparation of EBT Solution

In total, 1000 mg/L stock solution of EBT dye was obtained 
by dissolving 1 g of EBT dye into 1 L of deionized water. 
Other concentrations were obtained by diluting to a required 
concentration of 40 to 200 mg/L.

2.5 � EBT Adsorption Studies

Batch adsorption studies of EBT onto the composites were 
carried out to investigate the effects of important param-
eters such as pH, contact time, adsorbent dosage, initial 
dye concentration, and temperature. Nearly, 10 mg of each 
adsorbent in 30 mL of 40 mg/L EBT solution was agitated 
for 15–300 min on a shaker (Lab Companion SK-600 Bench-
top, 120 VAC, 60 Hz, 0.4 A) set at 180 rpm. The shaker 
which has a coupling of water bath and thermostat allows 

temperature control (25, 35, and 50 °C for this study) of the 
adsorption process. The required pH (2–9) of the mixture 
was obtained using 0.1 M NaOH or 0.1 M HCl solution 
with a HANNA (HI 2211) pH/ORP meter. After agitation, 
the adsorbent and adsorbate were separated by centrifu-
gation set at 3500 rpm for 5 min. The final concentration 
of EBT was calculated from the area under the curve of 
maximum absorbance (425–707  nm) by JASCO V-670 
UV–visible spectrometer. The percentage dye removal (%), 
time-dependent adsorption capacity (qt), and equilibrium 
adsorption capacity (qe) were computed from the following 
equations [22] 

where Co, Ce, and Ct, respectively, represent initial, equi-
librium, and time-dependent dye concentrations (mg/L). M 
and VS are the mass of adsorbents (g) and the volume of dye 
solution used (L), respectively.

2.6 � Adsorption Isotherms

The adsorption isotherm is an indication of the extent of 
distribution of adsorbate between the liquid phase and solid 
phases upon reaching equilibrium in the adsorption process 
[23]. In this study, three well-established isotherm models, 
Langmuir isotherm, Freundlich isotherm, and Temkin iso-
therm, are considered at three different temperatures. Lang-
muir isotherm which is based on monolayer adsorption 
assumes homogeneous adsorption sites with equal energy 
[24], and nonlinear form is given by

In linear form, Eq. 4 is expressed as

where qe is quantity of dye adsorbed (mg/g), Ce is the 
amount of dye adsorbed at equilibrium (mg/L), and the 
Langmuir constants qm (mg/g) and KL (L/mg) are the maxi-
mum monolayer adsorption of the adsorbent and relation to 
free energy of adsorption, respectively [25]. A consolidating 
parameter to determine the favorability or nonfavorability of 

(1)%Dye removal =
Co − Ce

Co

∗ 100

(2)qt =
Co − Ct

M
∗ VS

(3)qe =
Co − Ce

M
∗ VS

(4)qe =
qmKLCe

1 + KLCe

(5)
Ce

qe
=

1

KLqm
+

Ce

qm
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the adsorption system is the essential factor (or separation 
factor), RL, defined as

where RL > 1 is unfavorable, RL = 1 is linear, 0 < RL < 1 is 
favorable, and RL = 0 indicate irreversible adsorption. C0 is 
the highest initial dye concentration (mg/L).

Freundlich isotherm, which is appropriate for low con-
centration, assumes a heterogeneous surface with the heat of 
adsorption distribution [23] and mathematically represented as

Linearization of Eq. 7 leads to

KF and n are Freundlich constants. n is an indication of 
adsorption intensity and extent of nonlinearity between 
adsorption and concentration of the solution and provides 
information on the favorability of adsorption, while KF relates 
to the adsorption capacity [26].

Temkin isotherm [27] considers the adsorbate/adsorbent 
interaction where the heat adsorption reduces linearly with 
coverage for all molecules. In nonlinear and linear forms, it is 
represented, respectively, as

B is defined by

1/bT defines the adsorbent/adsorption potential, T (K) is 
absolute temperature, and R is the gas constant.

2.7 � Adsorption Kinetics

To predict feasible sorption process mechanism, adsorption 
rates were investigated using four kinetic models: pseudo-first-
order (PFO), pseudo-second-order (PFO), intraparticle diffu-
sion (IPD), and Elovich kinetic models shown in linearized 
forms Eqs. 12, 13, 14, and 15, respectively.

(6)RL =
1

1 + KLC0

(7)qe = KFC
1∕n
e

(8)log qe = logKF +
1

n
logCe

(9)qe = B ln
(

ACe

)

(10)qe = B lnA + Y lnCe

(11)B = RT∕bT

(12)log(qe − qt) = log qe −
k1t

2.303

(13)
t

qt
=

1

k2q
2
e

+
t

qe

where qt and qe are the time-dependent amount of dye 
adsorbed per unit of adsorbent (mg/g) during time contact 
time t (min) and at equilibrium, respectively, k1 (1/min) is 
the pseudo-first-order rate constant, and k2 (g/mg/min) is the 
pseudo-second-order rate constant. kd (g/mg/min1/2) repre-
sents the intraparticle diffusion rate constant. α (g/mg/min) 
and β (g/mg) denote initial adsorption and desorption coef-
ficients, respectively. All parameters are obtained from the 
linear regression of their respective equations.

3 � Results and Discussion

3.1 � Characterization of NMA, G/NMA, NMA‑C, 
and G/NMA‑C

XRD patterns of the NMA, G/NMA, NMA-C, and G/
NMA-C are displayed in Fig. 1a. Both the NMA and G/
NMA exhibited high reflection peaks at 10.96°, 22.08°, and 
34.77° with interplanar spacings of 8.06 A, 4.02 A, and 
2.58 A and corresponding to (003), (006), and (009) planes, 
respectively. The peaks at 38.75°, 45.7°, 60.89°, and 61.42° 
are assigned to (015), (018), (110), and (113) planes, respec-
tively [16]. The result indicates the as-synthesized LDHs 
possess high crystallinity with well-layered structure. The 
additional peak observed in G/NMA at 26.46° corresponds 
to (002) plane associated with graphene crystallinity [28], 
indicating the presence of graphene in the LDH structure, 
and this may inherently improve its adsorption performance. 
It can be observed that the interlayer spacing did not increase 
in G/NMA; rather, graphene serves as a substrate for the 
LDH. Calcination led to the elimination of physisorbed and 
interlayer H2O molecules as well as interlayer anions with a 
resultant collapse of the LDH lamellar structure. The result 
for the NMA-C and G/NMA-C shows the destruction of the 
LDHs structures after calcination with a resulting formation 
of mixed metal oxides MgO/NiO accompanied by the (200) 
and (220) planes [29]. Due to the relatively low temperature 
of calcination (below 600 °C), no peak was assigned to any 
aluminum oxide species such as spinel (MgAl204) which 
crystallizes at high temperature and it indicates dispersion 
of Al3+ into the solid matrix solution of MgO [30].

FTIR analysis contributes to understanding the func-
tional groups on the active sites and the interactions among 
the groups influencing the adsorption. Figure 1b depicts 
the characteristic FTIR spectra of a typical LDH. The 
broad between 3300 and 3800 cm−1 is associated with the 

(14)qt = kdt
1∕2 + C

(15)qt =
1

�
ln (��) +

1

�
ln (t)
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stretching vibrations of OH group of interlayer H2O in the 
brucite-like layers [31]. This band becomes [24] attenu-
ated upon the calcination of the hydrotalcites as seen in the 
NMA-C and G/NMA-C. NMA and G/NMA have a weak 
band at 1640 cm−1 corresponding to bending vibration of 
OH of water molecules and a strong band at 1350 cm−1, indi-
cating antisymmetric vibrations associated with nitrate ions. 
Though these bands become attenuated in NMA-C and G/
NMA-C after calcination, they are not completely removed, 
indicating alteration of the structures of the LDHs (previ-
ously established from XRD). A new peak at 1060 cm−1 
corresponding to C–O–C bond appeared after calcination. 
In addition, the presence of stronger peaks at about 670 cm−1 
(Fig. 1c) in MCA-C and G/MCA-C indicates the abundant 
formation of mixed metal oxide (MMO) which has a pro-
found impact on the adsorption performance.

Figure 1d depicts the thermogravimetric analysis (TGA) 
which shows the decomposition pattern and thermal sta-
bility of the LDH and its graphene hybrid. Three stages 
of weight loss occur under the thermal treatment up to a 
temperature of 800 °C. Physisorbed and intercalated water 
molecules are removed up to a temperature of 170 °C with 
a resultant weight loss of 11.5% and 10.5% for NMA and 
G/NMA, respectively. At the second stage, 23.5% for NMA 

and 22% for G/NMA in weight loss occurred between 170 
and 370 °C. This was due to decarbonation, dehydroxyla-
tion, and elimination of other interlayer anions [25]. The 
second weight loss resulted in the formation of mixed metal 
oxides (MMO). The thermal treatment above 370 °C with 
little weight loss led to continuous decarbonation and decar-
boxylation and more formation of MMO. The total weight 
loss upon thermal exposure suggests good thermal stability 
of the synthesized materials with G/NMA, possessing better 
and higher stability.

The BET surface area, pore volume, and average pore 
size of NMA, G/NMA, NMA-C, and G/NMA-C are listed in 
Table 1. The nitrogen adsorption–desorption isotherm plots 

Fig. 1   X-ray diffractions (a), FTIR spectra for high range (b), FTIR spectra for low range (c), thermogravimetric analysis (d) of NMA, G/NMA, 
NMA-C, and G/NMA-C

Table 1   Surface area, pore size, and pore volume of the NMA and G/
NMA composites

Surface area 
(m2/g)

Pore size (A) Pore 
volume 
(cm3/g)

NMA 236.63 15.895 0.619
G/NMA 272.79 15.468 0.801
MCA-C 258.30 85.572 0.415
G/NMA-C 294.31 86.320 0.527
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are displayed in Fig. S1 (supplementary data), and it repre-
sents type-IV isotherm (in accordance with IUPAC classi-
fication of adsorption isotherm) with hysteresis loop which 
is characteristic of mesoporous materials. This is evident in 
the pore size distributions of Fig. S2 (supplementary data) 
which show the materials contain predominantly mesopores. 
This is indicated in the average pore sizes which are 154.9 A, 
150.5 A, 85.6 A, and 86.320 A for NMA, G/NMA, NMA-C, 
and G/NMA-C, respectively. The adsorbent materials are 
characterized by high surface areas which are significant for 
adsorption. Addition of graphene resulted in an increase in 
surface area from 236.63 to 272.79 m2/g depicting an incre-
ment of about 16%. In addition, the surface area of NMA 
and G/NMA upon calcination was increased to 258 m2/g 
and 294.31 m2/g, respectively. Due to the synergistic con-
tribution of both calcination and graphene introduction, G/
NMA-C possesses the highest surface area of 294.31 m2/g. 
Such synergistic contributions have been previously reported 
with respect to Cr(IV) sorption by calcined G-MgAl LDH 
[19]. Thus, G/NMA-C is expected to have profound uptake 
of EBT anions which can make it a potential superb sorbent 
material for the treatment of dye-contaminated wastewater.

Figure 2a–d shows the SEM microstructures of the as-
synthesized NMA, G/NMA, NMA-C, and G/NMA, respec-
tively. As shown in Fig. 2a, the surface of NMA comprises 
of tiny particles which aggregate to form a coarse platelet 
morphology. The SEM image of G/NMA showed that the 

incorporation of graphene into the layers of NMA trans-
formed the surface morphology of NMA into a highly 
porous and smooth surface. This is attributed to the over-
lapping and uniform dispersion of the graphene nanosheets 
within NMA layers. Similar behavior was also reported 
after the addition of graphene into MgCoAl LDH [32]. As 
expected, after calcination, the G/NMA-C morphology has 
completely changed to rough, compact, and homogeneous 
surface with nanoparticles. The compact nature is accompa-
nied by a tighter pore (as previously established from aver-
age pore size values). The TEM images in Fig. 2e–f show 
the presence of nanosheet-like morphology of G/MCA with 
homogeneous dispersion of irregular plate-like LDH on the 
graphene. The homogenous dispersion contributed to the 
observed higher porous surface area of the composite mate-
rial. Therefore, the presence of graphene nanoparticles with 
subsequent calcination provided a substantial improvement 
in the surface structure of ternary LDH which resulted in 
a significant enhancement in the removal performance of 
anionic dyes from the water phase.

3.2 � Adsorption Parameters

3.2.1 � Effect of Initial pH

The surface charge, as well as the degree of ionization of 
adsorbates and the adsorbent, is influenced by the solution 

Fig. 2   SEM of NMA (a), G/NMA (b), NMA-C, (c) G/NMA-C (d); TEM images of G/MCA at low magnification (e), high magnification (f)
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pH which has a significant effect on the adsorption perfor-
mance [25, 33]. The influence of pH (range of 2 to 9) on 
the percent removal of EBT was carried using 0.01 g of 
adsorbates in 30 mL of 40 mg/L dye solution operated at 
180 rpm and 25 °C for 480 min, and results are displayed in 
Fig. 3a. As depicted, the percent removal of EBT increases 
as pH increases from 2 to 4. Further increase in pH showed 
a decrease in EBT removal efficiency except for G/NMA-C 
which maintains a relatively constant percentage removal 
at higher pH values. This can be a significant advantage 
in the practical use of the calcined graphene-LDH com-
posite in dyes removal due to its pH independence when 
compared to other adsorbents in which performances sig-
nificantly depend on pH adjustment. The maximum percent-
age removals recorded for NMA, G/NMA, NMA-C, and G/
NMA-C were 88.8, 92.3, 96.5, and 99.3%, respectively. The 
higher dye removal experienced by calcined graphene-LDH 
composite was due to the following reasons (1) increased 
in surface area, (2) formation of mixed metal oxides, pro-
viding higher binding sites on the surface of the compos-
ite. It is expected that at low pH, protonation of the oxygen 
functionalities of LDH results in positive surfaces which 
enhances their interaction with negatively charged anionic 

dyes [31]. Further lowering the pH (pH < 4) may expectedly 
lead to the acid dissolution of adsorbents attributed to the 
release mechanism of metal ions from LDH structure [16, 
34]. The highly polarized surface with weak M–O bonds 
leads to an increase in dissolution rate of the hydroxide, thus 
reducing the adsorption performance of the adsorbents. A 
similar result was demonstrated by Bakr et al. [35] using 
Co/Mo LDH for Mn removal. At higher pH (pH > 6-) val-
ues, increasing competition between OH− and the anionic 
EBT molecules for the adsorption sites lowers the removal 
efficiency of the anionic dye [16]. The optimum pH for the 
adsorption study was 4, and this was used for the rest of the 
experiment.

3.2.2 � Effect of Contact Time

Figure 3b shows the influence of contact time on percent-
age removal of EBT for a time range of 0 to 480 min. The 
percentage removal rises with an increase in the contact 
time with rapid sorption in the first 15 min. This involves 
physisorption behavior associated with the strong polarity 
(electrostatic attraction) of the LDH surface leading to rapid 
attraction of a high number of dye molecules [36, 37]. This 

Fig. 3   Effect of pH on percentage removal of EBT (a); effect of con-
tact time on percentage removal of EBT. [Adsorbent dosage 10 mg; 
C0 = 40 mgL−1] (b); effect of dosage on percentage removal of EBT. 

[Contact time = 180 min; C0 = 40 mgL−1] (c); effect of concentration 
on percentage removal of EBT. [Contact time = 180  min; adsorbent 
dosage = 10 mg] (d)
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is an indication of the strong polarity of the LDH surface 
to rapidly attract a high number of dye molecules enhanced 
by large surface area [36]. Thereafter, the rate gradually 
reduced until equilibrium was established at 240, 180, 90, 
and 60 min for NMA, NMA-C, G/NMA, and G/NMA-C, 
respectively. The faster absorption rate of the graphene-ter-
nary LDH composite compared to the pristine ternary LDH 
may be due to the higher surface area and functional groups, 
due to graphene presence, facilitating quick uptake of dyes 
molecules. In addition, the fast adsorption rate of the cal-
cined composites, compared to the uncalcined composites, 
can be attributed to memory effect [7, 19].

3.2.3 � Effect of Dosage

Figure  3c displays the effect of adsorbents dosages on 
adsorption of EBT. As shown in Fig. 3c, two stages of 
adsorption are established. The first stage shows an increase 
in EBT removal with a rise in adsorbent dosage. This is 
related to an increase in active adsorption sites with an 
increased supply of adsorbent. The second stage involves 
the occurrence of a plateau signifying no further increase 
in adsorption with increased dosage. This indicated that the 
number of available adsorption sites exceeds the number 
of available dye molecules, and thus, there will be excess 
unadsorbed sites. As shown, the calcined samples recorded 
higher adsorption performance with increased dosage when 
compared to its uncalcined counterpart. Likewise, the gra-
phene-ternary composite shows better sorption performance 
than the pristine ternary LDH which may be associated with 
the existence of abundant oxygen functionalities and specific 
surface area resulting in increased active binding sites for 
dyes adsorption. In detail, an increase in adsorbent dosage 
from 2 to 10 mg resulted in percentage increase of EBT 
adsorption from 6, 23, 11, and 36 to 87, 91, 96, and 99% 
for NMA, G/NMA, NMA-C, and G/NMA-C, respectively. 

For calcined G-LDH, percentage removal plateaus at 10 mg, 
whereas G/NMA showed increased adsorption with adsor-
bent dosage. On the other hand, both NMA and NMA-C 
establish a plateau at 15 mg for removal of 92% and 99% 
EBT, respectively. This shows the superior advantage of cal-
cined graphene-LDH which possesses synergistic properties 
of hybridization and calcination.

3.2.4 � Effect of EBT Concentration

Figure 3(d) shows the effect of initial EBT concentration 
on the percentage removal of dye. As the initial concen-
tration of dye increases, the percentage removal reduces. 
Since the adsorbent dosage is fixed, the number of adsorp-
tion sites is fully saturated with dyes molecules rendering 
more dye molecules unadsorbed as the initial dye concentra-
tion is increased. This thus causes a reduction of percentage 
removal with an increase in initial dye concentration [16]. 
The percentage removal of EBT decreased from 87.8, 91.1, 
96.1, and 99.9 to 34.0, 64.9, 69.0, and 93.3% for NMA, G/
NMA, NMA-C, and calcined G/NMA-C, respectively, when 
initial dye concentration increased from 45 to 110 mg/L. The 
results further confirm that the graphene with ternary LDH 
showed higher performance in adsorbing EBT.

3.3 � Isotherm Studies

The three isotherms are fitted to the experimental data, and 
the parameters obtained are listed in Table 2. Figure 4a–c 
displays the linear plots of all the three considered models. 
As shown in Table 2, Langmuir isotherm model showed 
highest correlation coefficient (R2 > 0.99) in comparison 
with Freundlich (R2 > 0.94) and Temkin isotherm (R2 > 0.89) 
for all adsorbents (NMA, G/NMA, NMA-C, and G/NMA-C) 
and temperatures (25–45) °C. This demonstrated that the 
distribution of EBT molecules on the surface of sorbents 

Table 2   Parameters of isotherm 
models for adsorption of EBT

Sample T (K) Langmuir Freundlich Temkin

qm (mg/g) RL R2 KF 1/n R2 A × 10−3 B R2

NMA 298 156.25 0.035 0.992 104.18 0.06 0.699 9.282 8.84 0.681
308 136.97 0.026 0.997 98.31 0.05 0.967 9.636 96.00 0.956
323 126.97 0.030 0.999 84.15 0.07 0.994 3.947 7.69 0.995

G/NMA 298 263.16 0.031 0.998 95.89 0.21 0.964 6.231 39.54 0.977
308 256.41 0.067 0.979 94.01 0.17 0.953 10.93 30.83 0.944
323 217.39 0.067 0.992 90.30 0.15 0.970 23.34 24.28 0.977

NMA-C 298 238.14 0.022 0.997 146.79 0.11 0.866 1.312 20.81 0.882
308 204.23 0.019 0.984 122.51 0.09 0.991 1.276 16.33 0.993
323 188.68 0.017 0.988 107.10 0.11 0.968 4.498 16.69 0.985

G/NMA-C 298 384.62 0.002 0.999 283.79 0.07 0.983 1.381 18.35 0.972
308 370.37 0.018 0.997 248.42 0.08 0.974 1.661 18.41 0.988
323 322.58 0.024 0.997 227.24 0.06 0.973 1.109 14.69 0.993
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involves monolayer adsorption phenomena as assumed by 
Langmuir model [24]. The maximum adsorption capaci-
ties, computed at 25 °C, are 156.25 mg/g, 263.16 mg/g, 
238.14 mg/g, and 384.62 mg/g for NMA, G/NMA, NMA-C, 
and G/NMA-C, respectively. The highest adsorption perfor-
mance of G/MCA-C is attributed to substantial improvement 
in surface and structure characteristics of ternary LDH after 
incorporation of graphene and calcination which facilitated 
the removal of EBT dye molecules from the water phase. 
The values of RL estimated using Eq. 5 vary with tempera-
ture and ranged from 0.0350 to 0.0020 at 25 °C, 0.0265 to 
0.0180 at 35 °C, and 0.0307 to 0.0241 at 45 °C for NMA, 
G/NMA, NMA-C, and G/NMA-C composites, respectively. 
These results concluded that, at all temperatures, the sorp-
tion of EBT is favorable.

3.4 � Kinetic Studies

The kinetic parameters calculated from the linear regression 
using the above equations and the correlation coefficients are 
summarized in Table 3. Figure 5a–d shows the linear plots of 
the PFO, PSO, IPD, and Elovich models. Table 3 shows that 
the correlation coefficient (R2) for all adsorbents is found in 
order PSO > IDP > Elovich > PFO. This demonstrated that 
the rate of adsorption of EBT molecules onto ternary LDH 

and graphene-ternary LDH composite is well described 
by the PSO model with the highest correlation coefficient 
(R2 > 0.99). In addition, the qe,cal obtained from the PSO 
model was close to the experimental value, qe,exp. Therefore, 
it can be stated that the dominating rate-controlling mecha-
nism is predominated by chemisorption [38]. Similar results 
have been reported concluding chemisorption as the main 
controlling step in the removal of anionic dyes by various 
LDHs [3, 31, 32, 39, 40].

3.5 � Effect of Temperature and Thermodynamic 
Studies

The thermodynamic study was undertaken to know the 
effects of temperature on the adsorption process via changes 
in enthalpy (ΔH), Gibb’s free energy (ΔG), and entropy 
(ΔS) according to the following relations

where T (K) is absolute temperature and R (8.314 J/mol/K) is 
molar gas constant. KD (L/g) is a thermodynamic equilibrium 

(16)ΔG = −RT lnKD

(17)lnKD =
ΔS

R
−

ΔH

RT

Fig. 4   a Langmuir, b Freundlich, and c Temkin isotherm models for NMA, NMA-C, G/NMA, and G/NMA-C at 298 K
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constant defined as distribution coefficient which is obtained 
by plotting ln(qe/Ce) versus qe and extrapolating qe to zero 
[32]. ΔG is estimated from Eq. (16), while ΔH and ΔS are 
computed from the slope and intercept of the linear plot of 
lnKD versus 1/T in Eq. 17. The thermodynamic variables are 
documented in Table 4 based on the three temperatures used 
(298, 308, and 318 K).

The adsorption of EBT on all the as-synthesized adsor-
bents is thermodynamically feasible and spontaneous 
with a strong affinity between the EBT molecules and all 
adsorbents as indicated by a negative value of ΔG [41]. 
The value of ΔG increased from − 6.60 to − 6.23 (NMA), 
− 5.96 to − 4.82 (NMA-C), − 4.39 to − 4.03 (G/NMA), 
and − 7.47 to − 5.36 (G/NMA-C) when the temperature 

Table 3   Parameters of kinetic models for adsorption of EBT onto NMA and G/NMA composites

Adsorbent qe (exp) Pseudo-first order Pseudo-second order

qe (cal) k1 R2 qe (cal) k2 * 10−2 R2

NMA 118.50 72.23 0.006 0.951 111.11 2.95 0.991
G/NMA 124.76 37.16 0.006 0.949 120.48 8.87 0.999
NMA-C 134.34 106.29 0.008 0.933 161.29 0.76 0.960
G/NMA-C 137.02 39.26 0.010 0.899 138.88 7.86 0.999

IPD Elovich

Kd C R2 α β R2

NMA 4.58 32.20 0.945 12.03 0.05 0.952
G/NMA 2.57 79.31 0.931 1428.19 0.08 0.965
NMA-C 8.12 1.87 0.888 4.30 0.02 0.956
G/NMA-C 3.48 85.93 0.802 339.40 0.06 0.928

Fig. 5   a Pseudo-first-order, b pseudo-second-order, c intraparticle diffusion, d Elovich models for NMA, G/NMA, NMA-C, and G/NMA-C at 
298 K
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was increased from 298 to 318 K, showing an exother-
mic process. This was further confirmed by the decline 
in adsorption capacity with an increase in temperature 
(Table 2) and negative values of ΔH for all adsorbents. In 
addition, the negative values of ΔS for NMA (− 14.08), 
NMA-C (− 46.62), G/NMA (− 7.70), and G/NMA-C 
(80.58), describe a greater order of reaction during the 
EBT adsorption. Similar conclusions have been reported 
in previous relevant studies.

3.6 � Adsorption Mechanism

From FTIR spectra of Fig. 6a, the reduction and shift of the 
peak from 3440 cm−1 to about 3690 cm−1 assigned to the 
stretching vibration of interlayer water and the disappearance 
of the peak at 1640 cm−1 assigned to the bending mode of 
interlayer water molecules suggest a contribution of hydro-
gen bonding in the adsorption process [42]. In addition, the 
weakening of the strong band at 1350 cm−1 associated with 
nitrate ion as well as the emergence of new peaks between 
2400 and 2900 cm−1 suggests the interplay of chemical and 
electrostatic interaction between the adsorbents surfaces 
and the EBT dye molecules. Figure 6b shows the XRD of 
the spent adsorbents which shows no significant shift in 
the positions of diffraction peaks when compared to fresh 
samples (Fig. 1a), implying no intercalation of anionic EBT 
molecules into the LDH, but rather surface adsorption of the 
dye molecules onto the LDH indicates more random crystal 
deformation [43, 44]. The XRD patterns of used calcined 
samples display peaks assigned to d003 and d006 similar to 
their original LDHs which form through rehydration and 
surface reconstruction upon contact with an aqueous solu-
tion. The peaks were broad with decreased intensity imply-
ing reduced crystallinity. The calcined samples regained 
their original LDH structure through memory effect upon 
rehydration. Structural reconstruction via ‘memory effect’ 
along with surface adsorption forms the basis of dye removal 
by NMA-C and G/MCA-C. Figure 7 shows the microstruc-
ture of adsorbents after EBT adsorption. It was observed 
that the surface of all the adsorbents transformed into very 
smooth and flat surface morphology after EBT adsorption. 

Table 4   Thermodynamics parameters for adsorption of EBT onto 
NMA and G/NMA composites

Sample T (K) KD ΔG (kJ/
mol)

ΔH (kJ/
mol)

ΔS (J/mol K)

NMA 298 14.38 − 6.60 − 10.63 − 14.08
308 10.42 − 6.00
323 10.13 − 6.23

NMA-C 298 11.07 − 5.96 − 20.01 − 46.62
308 10.11 − 5.92
323 6.03 − 4.82

G/NMA 298 5.87 − 4.39 − 6.58 − 7.70
308 4.83 − 4.03
323 4.73 − 4.17

G/NMA-C 298 20.40 − 7.47 − 30.96 − 80.58
308 8.25 − 5.40
323 7.35 − 5.36

Fig. 6   FTIR of spent NMA, G/NMA, NMA-C, and G/NMA-C (a); XRD of spent NMA, G/NMA, NMA-C, and G/NMA-C (b)
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This indicated that the EBT molecules were homogene-
ously distributed on the surface of the adsorbent, result-
ing in entire coverage of binding sites on the surface of the 
adsorbent. Therefore, based on the results, the mechanism 
of adsorption of EBT molecules onto uncalcined composites 
involves surface adsorption, strong electrostatic interaction, 
and chemical bonding between EBT anions and adsorbent 
oxygen functionalities, whereas along with these, structural 
reconstruction (memory effect) was also dominant for the 
calcined composites.

3.7 � Regeneration and Reuse of Adsorbents

Regeneration and reuse account for a substantial part 
(> 70%) of operating and maintenance cost [45]. Hence, 
great consideration is given toward choosing materials 
for the economic feasibility of any process. Due to ani-
onic nature of the dye, an alkaline solution can desorb the 
dyes molecules by weakening the electrostatic attraction 
between the surfaces of adsorbents and the dye [46]. 0.1 M 
NaOH solution was employed to regenerate the adsorbent. 
In addition to the basic treatment, calcination at 500 °C 
for 4 h under nitrogen environment was used to regenerate 
the spent calcined NiMgAl and its graphene hybrid. For 
subsequent regeneration, the same desorption and calcina-
tion treatments were employed. After each regeneration 

procedure, the adsorbents were directly applied to the EBT 
dye solution adjusted to pH 4 (pH used throughout the 
study). Figure 8 shows EBT dye removal after each cycle 
reuse and regeneration. On NMA, the percentage of EBT 
removed decreased from 88 to 81% in the first 2 cycles 
and reached 57% at the end of the fourth cycle. G/NMA 
reached 74% removal efficiency at the end of the fourth 
cycle. This lesser reduction may be due to the influence 
of graphene in the LDH structure. After each regenera-
tion cycle, there is continual loss of surface area on the 
regenerated adsorbents when compared to fresh adsorbents 
due to irreversible and permanent adsorption of some of 
the dye molecules onto the surface of the adsorbent which 
will inherently result in reduction adsorption inefficiency. 
Comparing the FTIR plots (Fig. S3) between the fresh 
and used adsorbents, there is a significant reduction in the 
peaks on the oxygen-carrying functional groups on the 
spent adsorbents. This occurrence denotes the continu-
ous loss of adsorption performance on the materials with 
each regeneration cycle as observed in Fig. 8. Calcination 
helped improved the recovery of the adsorbent as NMA-C 
and G/NMA-C had percentage removal of 80% and 87% at 
the end of the fourth cycle. This implies the regeneration 
of the adsorbents was efficient, and they could be deployed 
as affordable reusable adsorbents.

Fig. 7   SEM of spent a NMA, b G/NMA, c NMA-C, and d G/NMA-C
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3.8 � Comparison with the Literature

Table 5 compares the maximum adsorption capacity of the 
adsorbents synthesized in this work with other conventional 
adsorbents previously reported in the literature. It clearly 
shows that those from this work exhibits superior perfor-
mances than others, implying it could be deployed for the 
remediation of anionic dye-contaminated water. The higher 
performances may be attributed to the synthesis techniques 
which facilitated the formation of abundant function groups 
of oxygen, and higher surface area resulting from calcina-
tion [47, 48] was further improved by hybridizing the LDH 
with graphene.

4 � Conclusion

We have established in this study the potentiality of use 
ternary LDH (NMA) and graphene-ternary LDH (G/
NMA) along with their calcined products, NMA-C, and G/
NMA-C, in the removal of an azo dye, EBT, from an aque-
ous solution. Structural characterizations of the adsorbents 
by FTIR and XRD show the presence of abundant oxygen 

functionalities and excellent integration of graphene and 
LDH. The characterization techniques also showed the for-
mation of layered double oxide (LDO) after calcination. 
Addition of graphene significantly improves the surface 
functionalities and surface area of NMA which facilitates 
the dye uptake performance. The parametric studies reveal 
that the optimum pH is 4, the optimum dosage is 10 mg, and 
equilibrium was established from 60 min for G/NMA-C and 
180 min for NMA. It was further revealed that the adsorption 
on calcined graphene-ternary LDH composite (G/NMA-C) 
was highly pH-independent which makes it more promising 
for industrial application. Isotherm study also revealed that 
Langmuir isotherm better qualifies the adsorption process 
with a maximum adsorption capacity of 156.25, 263.16, 
238.14, and 384.62 mg/g for NMA, G/NMA, NMA-C, and 
G/NMA-C, respectively. The kinetic study indicated the 
suitability of the pseudo-second-order model. The thermo-
dynamic evaluation showed the exothermic nature of the 
adsorption with lower adsorption at a higher temperature. 
The adsorption mechanism of EBT-graphene-ternary LDH 
composite follows surface adsorption, hydrogen bonding, 
and chemical interactions between dyes molecules and sur-
face functional groups. The adsorbents are easily recovered 

Fig. 8   Percentage removal of 
EBT dye adsorbents after four 
regeneration cycles

Table 5   Comparison of capacity 
and parameters of various 
adsorbents for EBT adsorption

Adsorbent pH Time (min)/
temp (°C)

Models qm (mg/g) References

Bottom ash 3.5 270/40 Langmuir/2nd 94.122 [49]
Activated carbon 2 Freundlich/2nd 160 [50]
Almond shell MW irradiated 4 180/30 Langmuir/2nd 29.41 [51]
Acid-modified graphene 2–4 Langmuir/2nd 128 [52]
Eucalyptus bark 2 −/30 52.36 [53]
Date palm ash/MgAl 2 180/25 Langmuir/2nd 167.84 [40]
NMA 4 180/25 Langmuir/2nd 156.25 This work
G/NMA 4 180/25 Langmuir/2nd 263.16 This work
NMA-C 4 180/25 Langmuir/2nd 238.14 This work
G/NMA-C 4 180/25 Langmuir/2nd 384.62 This work
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with high reusability up to the 4th cycle, indicating their 
potential for industrial applications. Calcined graphene-ter-
nary LDH composite showed superb removal performance 
of EBT dye and is attributed to the synergistic effect of 
hybridization and calcination.
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