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AbstractLayered double hydroxides are traditional positively charged inorganic materials generally considered as
efficient and low-cost adsorbents for the removal of anionic organic molecules. In this study, we prepared a series of g-
C3N4@NiCo LDH composites by loading 10-30 wt% of g-C3N4 onto the LDH through the electrostatic self-assembly
method. The bare LDH and g-C3N4 loaded LDH composites were characterized by XRD, SEM-EDS, Zeta, DLS, and
FTIR techniques. Results revealed that extra peak corresponds to g-C3N4 originating in the XRD patterns, distorted
morphology of LDH, reduction in positive surface zeta potential, and enhancement in hydrodynamic size after load-
ing of g-C3N4 affirmed the successful formation of the composite. The adsorption performance of as-modified LDH
was evaluated by removing the most commonly used salicylic acid and methylene blue as anionic and cationic model
pollutant, respectively, from aqueous solution. The adsorption mechanism for both the pollutants by as-synthesized
samples follows Langmuir isotherm. The results demonstrated that the bare LDH exhibited maximum adsorption effi-
ciency of 75.16 mg/g and only 3.66 mg/g for salicylic acid and methylene blue, respectively. With 30 wt% loading of g-
C3N4, the adsorption capacity for methylene blue increased to 25.16 mg/g almost 6-7 times higher than that of bare
LDH. On the other hand, the opposite effect on adsorptive removal of salicylic acid was observed with increase in the
wt% loading of g-C3N4. With 30 wt% loading of g-C3N4, the adsorption capacity for salicylic acid decreased to
38.37 mg/g, almost half that of bare LDH. A possible mechanism has been proposed. The kinetics for adsorption of
salicylic acid onto bare LDH obeys the second-order model aside from the methylene blue adsorption which follows
first-order kinetics. On the other hand, the kinetics of adsorption for both the pollutants onto (10-30) CN- LDH com-
posites follows second order kinetics.
Keywords: g-C3N4@NiCo LDH Composite, Adsorptive Removal, Interactions Of Ionic Pollutants, Electro-kinetic Stud-

ies, Adsorption Isotherms, Surface Charge Variation

INTRODUCTION

Water contamination has become a most serious issue in the pub-
lic arena causing several medical problems. One of the main reasons
is the release of organic pollutants as effluents from industries into
water sources [1-3]. To get rid of such kind of pollution, various
techniques such as ion exchange [4], photocatalytic degradation [5],
coagulation [6], adsorption [7], membrane separation [8] are used for
water purification. Among them, adsorption is considered an easy,
simple, economic, and highly effective method that is being exten-
sively adopted worldwide to remove organic pollutants from water.

For the last few years, layered double hydroxides (LDH), meso-
porous inorganic compounds commonly known as hydrotalcite or
anionic clays are receiving incredible consideration in the adsorp-
tion research field. Their chemical composition is described as
[M2+

(1x)M3+
(x)(OH)2]x+(An)x/n·mH2O, where M2+ and M3+ represents

bivalent and trivalent metal ions, respectively, while An are inter-
calated anions, and x is the stoichiometric ratio of M3+/(M2++M3+),
having value within 0.2-0.33 range. They consist of positively charged
hydroxide layers known as brucite layers and exchangeable anions

in the interlayer region between two brucite layers [9-11]. Owing
to low cost, high surface area, porous structure, non-toxicity, and
excellent anion exchange capability, they are serving as efficient
adsorbents capable of adsorbing toxic metal cations and anions,
harmful organic dyes, herbicides, pesticides, toxic gases, pharma-
ceutical wastes, and various other pollution causing compounds
[3,12,13]. Adsorption is a surface phenomenon that usually occurs
due to certain kinds of intermolecular interactions between the
adsorbate and adsorbent. Because of the positively charged surface,
LDHs are highly effective adsorbents for the adsorption of harm-
ful anionic organic compounds, whereas have low affinity towards
cationic organic species due to ionic repulsions. Several modifica-
tions such as the intercalation of surfactants into their interlayer
gallery [14], coupling with other adsorbing materials (graphene
oxide [15], multiwalled carbon nanotubes [16], biochar [17], etc.)
are being adapted to LDHs for improving their adsorption activ-
ity towards anionic as well as cationic organic compounds.

Recently, Zhang et al. fabricated NiFe LDH-montmorillonite com-
posite consisting of the positively charged LDH nanoflakes on the
negatively charged surface of montmorillonite. They investigated
the adsorption performance of the composite towards both the
anionic and cationic dye [18]. Li et al. modified the surface of MgAl
LDH from hydrophilic to hydrophobic by intercalating organic sur-
factant for efficient removal of non-ionic, anionic, and cationic
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dyes [19]. However, utilization of cost-effective, easily synthesized,
non-toxic materials as adsorbents is of high concern nowadays.
Graphitic carbon nitride (g-C3N4), one of the most stable allotropes
of carbon, is a non-toxic, easily synthesized, and environment-
friendly compound having a high surface area. It consists of uni-
formly arranged tri-s-triazine (C6N7) units containing hydropho-
bic and - interactions, and can be used as an efficient adsorbent
for various toxic metal cations and organic molecules. The surface
of g-C3N4 is charged negatively due to the lone pair of electrons on
nitrogen atoms present in tri-s-triazine units [20-22]. The forma-
tion of composite constituting LDH and g-C3N4 can come out as
an effective adsorbent towards organic pollutants owing to their
environment-friendly nature, non-toxicity, and synergic effect.

In this report, the positively charged NiCo LDH was coupled
with negatively charged g-C3N4 and the effect of g-C3N4 loading
onto the surface of LDH has been demonstrated for the adsorp-
tion of anionic and cationic pollutants. Salicylic acid having the
chemical formula C7H6O3 is an anionic organic compound gener-
ally utilized in dyestuff and pharmaceutical industries as a key ingre-
dient in numerous skincare products. A large amount of salicylic
acid as waste is generated due to poor separation of products caus-
ing various health issues like headaches, gastric irritation, and diar-
rhea, and can even bring about death if consumed in high con-
centrations [23,24]. On the other hand, methylene blue having the
chemical formula C16H18ClN3S is a cationic organic compound
broadly utilized in numerous industries such as pharmaceuticals,
textiles, paper, and cosmetics. The waste dye discharged from indus-
tries into the environment can cause genuine health problems like
hypertension, abdominal pain, bladder irritation, and nausea [25,
26]. Thus, these harmful pollution causing compounds need to be
removed from the environment.

The main objective of the current report was to evaluate the
adsorption performance of NiCo LDH itself and to investigate the
effect of g-C3N4 loading on its adsorption behavior towards sali-
cylic acid and methylene blue chosen as model pollutants. Param-
eters like adsorbent dosage, initial pollutant concentration, and
contact time were optimized using bare LDH. The adsorption per-
formance of bare LDH, different 10-30 wt% g-C3N4 loaded LDH
composites were then analyzed and compared under optimum
conditions. The Langmuir and Freundlich isotherm models were
used to discuss the adsorption phenomenon. The kinetics of ad-
sorption was demonstrated using the two most important first and
second order kinetic models.

EXPERIMENTAL SECTION

1. Chemicals and Reagents
Cobalt nitrate hexahydrate (Co(NO3)2·6H2O), Nickel nitrate hexa-

hydrate (Ni(NO3)2·6H2O), Ammonium Chloride (NH4Cl), Sodium
Hydroxide (NaOH), Melamine, Salicylic acid, and Methylene blue
were purchased from Loba Chemie, India. Distilled water (D.I.)
was obtained from Milli-Q, Millipore an ultrafiltration system.
2. Synthesis of NiCo LDH, g-C3N4 Nanosheets, and g-C3N4/
NiCo LDH Composites
2-1. Synthesis of NiCo LDH

NiCo LDH was synthesized by the easy and simple co-precipi-

tation method [27]. A metallic solution was prepared by dissolv-
ing 0.45 mmol of Ni(NO3)2·6H2O and 0.30 mmol of Co(NO3)2·
6H2O in 20 ml of distilled water. Then, 4 mmol of NH4Cl, and
2.06 mmol of NaOH were added simultaneously to the above pre-
pared metallic solution and magnetically stirred at 600rpm for about
30 min. The mixture was transferred to an oven and aged at 55 oC
for 15 h. After cooling to room temperature, the obtained precipi-
tates were collected by centrifuging the solution at 6,000 rpm for
5 min, washed with distilled water several times followed by etha-
nol. The sample was then dried for 12 h at 60 oC. The as-prepared
NiCo LDH sample is abbreviated as bare LDH.
2-2. Synthesis of g-C3N4 Nanosheet

First, bulk graphitic nitride powder was prepared by placing
about 5 g of melamine in a silica crucible, covered, and heated in a
muffle furnace at 550 oC for 4 h with a heating rate of 5 oC/min. The
bulk g-C3N4 yellow powder was collected until it cooled to room
temperature and was crushed into a fine powder using a mortar
pestle.

To prepare the g-C3N4 nanosheet, the obtained bulk g-C3N4 yel-
low powder was further calcined for another 2 h at 530 oC with a
heating rate of 5 oC/min. The obtained pale yellow product was g-
C3N4 nanosheet powder [28,29]. The prepared g-C3N4 nanosheet
is abbreviated as CN.
2-3. Preparation of g-C3N4 Loaded NiCo LDH Composites

The g-C3N4@NiCo LDH composites with different weight per-
centages of g-C3N4 were prepared by the electrostatic assembly
method. An appropriate amount of g-C3N4 powder was added into
a beaker containing water and sonicated for 60 minutes to com-
pletely disperse the g-C3N4 particles. The LDH powder was taken
in another water containing beaker and sonicated for 60 minutes.
After the complete dispersion, both the solutions were mixed to-
gether and magnetically stirred at 600 rpm for about 24 hours [30].
The different 10, 20, and 30 wt% g-C3N4@LDH composites are
abbreviated as 10CN-LDH, 20CN-LDH, and 30CN-LDH, respec-
tively.
3. Adsorbent Characterization

The XRD patterns were studied using X-ray diffractometry
(XRD, Xpert pro) using Cu-K (1.54 Å) operating at 45 kV with
diffraction angle 2 (10o to 80o). Scanning electron microscopy
and energy dispersive microscopy (SEM-EDS, JEOL JSM-7600 F,
01 operating at 30 kV) were used for morphological study and ele-
mental composition analysis. The zeta potential value of synthe-
sized samples was evaluated using a Zeta analyzer (ZEN 3600,
Malvern, U.K.) and their hydrodynamic size was analyzed using
the dynamic light scattering technique (DLS). For this purpose,
about 2 mg of prepared adsorbent was dispersed in 10 ml of dis-
tilled after sonicating for about 30 min. The FTIR spectra of sam-
ples were recorded using an Agilent FTIR spectrophotometer. The
concentration of a pollutant in the solution was determined by a
Shimadzu UV-2600 spectrophotometer.
4. Adsorption Activity

The adsorption behavior of adsorbents (bare LDH and different
(10-30) CN-LDH composites) was observed using a 30 ml solution
of pollutants. The effect of various parameters such as the concen-
tration of pollutants (5-55 mg/L for salicylic acid and 2-50 mg/L
for methylene blue), amount of adsorbent (2-20 mg), and contact
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time (2-30 min for salicylic acid and 15-210 min for methylene blue)
was investigated. A set of beakers, each beaker containing 30 ml of
pollutant solution of a particular concentration and the appropri-
ate amount of adsorbent, was prepared and stirred at 600rpm using
a magnetic stirrer under dark for different time intervals. After
stirring for a fixed time, each beaker was removed, 5ml of its aque-
ous sample was taken and centrifuged to separate the adsorbent.
The concentration of adsorbate in the supernatant was measured
using a UV-Visible spectrophotometer at maximum absorbance
(max=296 and 664nm for salicylic acid and methylene blue, respec-
tively). The adsorption capacity (adsorbed mass per unit mass, mg/
g) of the adsorbents was calculated using the following equation:

(1)

where Co signifies the initial concentration of pollutant (mg/L), Ce

is the concentration of the pollutant in the solution at equilibrium
(mg/L), V is the volume of solution (L), W is the amount of ad-
sorbent (g), and Qe is the adsorption efficiency of the adsorbent
(mg/g) at equilibrium. The percentage (R%) of salicylic acid and
methylene blue adsorbed onto adsorbents was calculated using the
following equation:

(2)

where R% is the pollutant adsorbed (%), Co and Ce is the initial
and equilibrium concentration of pollutant in the solution, respec-
tively [47,48].

RESULTS AND DISCUSSION

1. Characterization
The XRD spectra of bare NiCo LDH, g-C3N4, and 10CN-LDH,

Qe   Co   Ce 
V
W
-----

R%  
Co   Ce 

Co
-------------------- 100

Fig. 1. X-ray diffraction patterns of g-C3N4, NiCo LDH, and differ-
ent 10, 20, and 30 CN-LDH composites.

Fig. 2. SEM images of NiCo LDH ((a) and (b)) and 30CN-LDH composite ((c) and (d)).

20CN-LDH, 30CN-LDH composites were studied. Fig. 1 shows
the XRD pattern of prepared samples. The peaks observed at 2
value of 11.0o, 22.2o, 34.1o, and 60.6o correspond to (003), (006),
(009), and (110) planes, respectively, of a regular LDH material
(JCPDS No. 38-0486) [27,31]. The peak at 2 value of 27.5o was
indexed to pure g-C3N4 [20]. In the case of CN-LDH composites,
all the peaks of pure LDH are present along with an additional
peak originating at 2=27.5o corresponding to g-C3N4 confirming
its presence in composites. This peak intensity increases with an
increase in the wt% loading (10-30) of g-C3N4 in the LDH sam-
ple demonstrates the successful formation of the composite. More-
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over, after being modified with g-C3N4, no significant change was
observed in diffraction peak intensity and peak position of pure
LDH, confirming the preservation of its crystal structure phase.

SEM analysis was performed to examine the surface morphol-
ogy of bare LDH and CN-LDH composites. The SEM image (Fig. 2)
of bare LDH shows the petal-like morphology comprised of sharp
petals oriented and interconnected in certain directions. Such mor-
phology provides more contact area and space for the reaction to
take place on the surface [27,32]. On the other hand, in the case of
the 30CN-LDH composite, a significant change in morphology

Fig. 4. Zeta potential variation (a), and hydrodynamic particle size (b) of NiCo LDH, CN, and different 10, 20, and 30 CN-LDH composites.

Fig. 3. Elemental dot mapping and EDS spectra of 30CN-LDH composite showing elemental composition.

than bare LDH is observed. The sharp petals are missing and the
petal-like surface morphology gets distorted, which can be due to
the stacking of negatively charged g-C3N4 nanosheets on the posi-
tively charged surface of LDH.

The elemental dot mapping and EDS spectra for the 30CN-
LDH composite representing the atomic and weight percentage of
elements are shown in Fig. 3. The elemental mapping confirms the
presence of Ni, Co, O, Cl, C, and N elements appearing in purple,
blue, green, sky-blue, red, and yellow regions, respectively. Simi-
larly, EDS spectra confirm their elemental composition. The wt%
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distribution of elements is as 17.51, 23.67, 33.36, 2.81, 10.33, and
12.32% for C, N, O, Cl, Co, and Ni, respectively.

The electrokinetic studies of as-synthesized samples were exam-
ined using zeta and DLS analysis. As shown in Fig. 4(a), the zeta
potential of bare LDH is observed at +27.7 mV due to the posi-
tive charge of brucite layers that arises through partial substitution
of Ni2+ by Co3+ ions in the formation of double hydroxide layers.
The zeta potential value of pure g-C3N4 is to be 19.3 mV due to
the presence of tri-s-triazine units containing nitrogen pots having
a lone-pair of electrons responsible for its negatively charged sur-
face. For composites, the zeta potential value is observed at +10.6,
+6.69, and +3.36 mV for 10, 20, and 30CN-LDH composite. The
decrease in the zeta potential with an increase in the wt% loading
of g-C3N4 is due to electrostatic interactions between the posi-
tively charged LDH and the negatively charged g-C3N4 that neu-
tralize the positive charge on the LDH surface [30].

As per the dynamic light scattering technique, a variation in
hydrodynamic particle size of LDH is observed with variable wt%
stacking of g-C3N4 (Fig. 4(b)). The particle size of bare LDH is
1,057 nm, which increases to 1,251, 1,488, and 1,681 nm in the case
of 10, 20, and 30CN-LDH composites, respectively. The expansion
in the particle size of CN-LDH composites can be due to the deposi-
tion of g-C3N4 nanosheets onto the surface of LDH.

The FTIR spectra of bare LDH and 30CN-LDH composite are
shown in Fig. 5. The spectra of LDH reveal the presence of hydroxyl
groups, intercalated anions, and metal ions in the brucite layers. A
broad absorption band positioned at about 3,400 cm1 is the O-H
stretching band that corresponds to the metal hydroxyl groups
and interlayer water molecules. The band at 1,622 cm1 is due to
the bending vibration of water molecules. The band at 1,350 cm1

emerges due to the presence of intercalated nitrate anions [33,34].
The bands in the low-frequency region 500-900 cm1 corresponds
to metal-oxygen (Ni-O and Co-O) and metal-oxo-bridge linkage
(Ni-O-Co) bands [30,35]. In the case of the 30CN-LDH composite,
the additional peak originating at about 3,500 cm1 can be ascribed
to the stretching vibration modes of uncondensed N-H groups of
g-C3N4 [29]. The presence of g-C3N4 can be credited to the sharp-
ness of bands appearing in the region 1,350 to 1,650 cm1 due to
vibration modes of sp2 C-N stretching and out-of-plane bending
vibrations of sp3 C-N bonds. The peak originating at 834 cm1 cor-
responds to the out-of-plane bending vibration of s- triazine units

[20,36]. Moreover, after the addition of g-C3N4, the bands repre-
senting the pure LDH phase in CN-LDH composite spectra show
little shift from that in bare LDH spectra. These results indicate the
effect and presence of g-C3N4 on LDH through interfacial electro-
static interaction [29].
2. Adsorption Studies
2-1. Parameter Optimization
2-1-1. Effect of Adsorbent Dosage

The adsorption process of adsorbate on the surface of the ad-
sorbent varies directly with its dosage. It is because the number of
adsorption sites increases with the increase in the dose of adsor-
bent until saturation [37]. The effect of the dosage of bare LDH
towards the adsorption of negatively charged salicylic acid and
positively charged methylene blue is represented in Fig. 6. Accord-
ing to the observation, 0.012 g of LDH removes about 73.8% of
salicylic acid. No significant change in adsorption efficiency of LDH
was observed with further increasing its dosage due to reaching
saturation. On the other hand, 0.012 g of LDH dosage exhibits the
maximum of only 12.5% removal of methylene blue dye showing
saturation with more amount of LDH dosage. Here, no rise in
adsorption efficiency is found by further increasing the concentra-
tion of LDH, which indicates the saturation of active sites. There-
fore, 0.012 g of LDH dosage is optimized for the adsorption of
both the pollutants.
2-1-2. Effect of Initial Concentration of Adsorbate

The effect of initial concentration of pollutants on the adsorp-
tion efficiency of LDH was investigated by varying the concentra-
tion of salicylic acid and methylene blue in the range 5-55 mg/L
and 2-50 mg/L, respectively. As illustrated in Fig. 7, the highest
adsorption efficiency of 73.7 mg/g is observed at 35 mg/L initial
concentration of salicylic acid and a plateau at higher concentra-
tions representing the saturation of adsorption sites [38,39]. On the
other hand, for methylene blue, the adsorption efficiency is a max-
imum 3.03 mg/g at 10 mg/L of its initial concentration. It then de-
creases with further increasing the initial concentration of methy-
lene blue and even becomes zero at higher concentrations show-

Fig. 5. The FTIR spectrum of as prepared bare LDH and 30CN-
LDH composite.

Fig. 6. Effect of dosage of bare LDH on salicylic acid and methylene
blue removal from the aqeous solution. Salicylic acid concen-
tration- 40 mg/L, and methylene blue concentration-10 mg/L.
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ing no adsorption.
2-1-3. Effect of Contact Time

The contact time between adsorbate and adsorbent plays a cru-
cial role in the adsorption process, as the adsorption increases with
an increase in contact time until reaching equilibrium [37,39]. As
shown in Fig. 8(a), more than 60% of salicylic acid was rapidly
adsorbed in first 2 min on the surface of bare LDH and then ad-
sorbed slowly with time. The maximum adsorption of about 84%
of salicylic occurred within only 20 min with no further incre-
ment as equilibrium was achieved. For methylene blue (Fig. 8(b)),
equilibrium was achieved in 150 min with only 12.5% of dye ad-
sorbed. The adsorption of salicylic acid was efficiently high on the
surface of LDH. It can be due to its petal-like morphology that
provides a large contact area and electrostatic interactions between
its surface and salicylic acid molecules. On the other hand, the ionic
repulsion between the positively charge brucite layers of LDH and
methylene dye molecules was responsible for the lesser adsorp-
tion of methylene blue.

Fig. 7. Effect of pollutant concentration on adsorption efficiency by
bare LDH. Adsorbent dosage- 0.012 g, salicylic acid concen-
tration (5-55mg/L), methylene blue concentration (2-55mg/L).

Fig. 9. Influence of g-C3N4 loading on adsorption behavior of bare LDH, (a) for salicylic acid, (b) for methylene blue. Adsorbent dosage-
0.012 g, Salicylic acid concentration- 35 mg/L, methylene blue concentration-10 mg/L.

Fig. 8. Effect of contact time on adsorption behavior of bare LDH towards salicylic acid and methylene blue. Adsorbent dosage- 0.012 g, Sali-
cylic acid concentration- 35 mg/L, methylene blue concentration-10 mg/L.
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2-2. Influence of g-C3N4 Loading
As represented in Scheme 1, the loading of negatively charged

g-C3N4 onto the surface of LDH brought an adverse change in its
adsorption behavior by decreasing its surface positive charge. The
decrease in surface positive charge of LDH with loading of g-C3N4

onto its surface improved its adsorption efficiency towards methy-
lene blue, whereas showing an exactly opposite behavior for sali-
cylic acid. As shown in Fig. 9, with an increase in the wt% loading
of g-C3N4 on LDH, the adsorption efficiency of LDH decreases
towards salicylic acid but increases towards methylene blue. The
30CN-LDH composite with the highest 30 wt% g-C3N4 loading
exhibiting maximum adsorption efficiency of 79% for methylene
blue is almost 6-7 times higher than bare LDH. It can be due to
the presence of negatively charged g-C3N4 nanosheets onto the
surface of LDH that results in a decrease in its surface charge and
provides adsorption sites for methylene blue. For salicylic acid, in
the case of 30CN-LDH composite, the adsorption efficiency decrease
to 43.75% is about two times less than bare LDH.
2-3. Adsorption Isotherms

To confirm the adsorption phenomenon, the 30 ml of solutions
of salicylic acid and methylene blue with an initial concentration
of 35 mg/L and 10 mg/L, respectively, were stirred in the presence
of 0.012 g of adsorbent under dark for 12 hours. As shown in Fig.
S1 and Fig. S2, no significant change in the absorbance value was
observed with 12 hours of contact time than 20 and 150 min for
salicylic acid, methylene blue, respectively. It affirmed that the
adsorption of pollutants takes place on the surface of the adsor-
bent. Fig. S3(a), (b) shows the graph between Ce vs Qe represent-
ing the adsorption of salicylic acid and methylene blue over bare
LDH and (10-30) CN-LDH composites. The adsorption capacity
increased initially with an increase in the equilibrium concentra-
tion and then reached a plateau due to saturation of active sites.

The adsorption process of adsorbate at equilibrium was described
using the two most common adsorption isotherm models: Lang-
muir and Freundlich. The adsorption isotherms were investigated

by changing the initial concentration of pollutants (5-55 mg/L for
salicylic acid and 2-10 mg/L for methylene blue) added to a cer-
tain amount (0.012 g) of the adsorbent. Langmuir isotherm is
based on the homogeneous adsorption through the formation of a
monolayer of adsorbate on the surface of the adsorbent with iden-
tical adsorption sites having equivalent energy. It is also assumed
that there are no interactions between the adjacent adsorbed mol-
ecules as one molecule adsorbs on one adsorption site. The Lang-
muir adsorption isotherm is expressed as follows:

(3)

The linear form of the Langmuir isotherm equation is as follows:

(4)

where kL (L/mg) is Langmuir constant representing affinity of ad-
sorbate towards adsorbent, Ce (mg/L) is the concentration of ad-
sorbate at equilibrium, Qe (mg/g) is the adsorption capacity of ad-
sorbent at equilibrium, Qmax (mg/g) is the maximum adsorption
capacity of adsorbent up to complete monolayer formation. The
graph was plotted between Ce/Qe vs Ce (Fig. 10) and the intercept
and slope obtained from the graph were used to calculate kL and
Qmax values. The nature of adsorption whether the process is favor-
able or unfavorable can be concluded through a dimensionless con-
stant, RL expressed as:

(5)

where kL is the Langmuir constant, Co is the highest initial concen-
tration of pollutant. The value of RL suggests the adsorption nature,
RL=0 (irreversible), 0<RL<1 (favorable), RL=1 (linear), or RL>1 (non-
favorable) [40].

The Freundlich isotherm is based on the assumption that the
surface of the adsorbent is heterogeneous and there exist strong

Qe  
QmaxKLCe

1  KLCe
-----------------------

Ce

Qe
------  

1
QmaxKL
-----------------  

Ce

Qmax
-----------

RL  
1

1 KLCo
-------------------

Scheme 1. A schematic representation of surface modification of LDH with loading of g-C3N4 and adsorption mechanism of cationic and
anionic pollutants.
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interactions between the adsorbate molecules. The adsorption takes
place on the surface of the adsorbent through the multilayer for-
mation of the adsorbate molecules. The equation of the Freun-
dlich isotherm is represented as follows:

(6)

The linear form of Freundlich model is described by the follow-
ing equation:

(7)

where kF is the Freundlich constant, 1/n is the heterogeneity fac-
tor that describes the favorability of adsorption, Qe (mg/g) is the
amount of pollutant adsorbed at equilibrium, Ce (mg/L) is the
concentration of the pollutant in solution at equilibrium. The val-
ues of n greater than unity indicate the process to be favorable
[41,42]. The plot of logQe vs logCe for both pollutants is shown in
Fig. 11. Both the Langmuir and Freundlich models fitted the exper-
imental data. Their corresponding parameters calculated from the
slope and intercept of their respective graphs are mentioned in
Table 1. According to the results displayed, the value of R2 (cor-

Qe   kFCe
1/n

Qelog   
1
n
--- Ce   kFloglog

Fig. 10. Modeling of adsorption equilibria by Langmuir isotherm. (a) sal-
icylic acid and (b) methylene blue by NiCo LDH and (10-30) CN-
LDH composites.

Fig. 11. Modeling of adsorption equilibria by Freundlich isotherm. (a) salicylic acid and (b) methylene blue by NiCo LDH and (10-30) CN-
LDH composites.

relation coefficient) for Langmuir model was found in the range
0.9957-0.9996, higher and closer to unity than the R2 values for
the Freundlich model in the range 0.7987-0.9694 for bare LDH
and CN-LDH composites. Therefore, a better fit was observed for
Langmuir than the Freundlich model, which suggests the adsorp-
tion of pollutants through monolayer formation at the surface of
adsorbents. Also, the adsorption capacity calculated using the Lang-
muir model equation was found closer to that obtained from ex-
perimental data. Hence, the adsorption of pollutants follows the
Langmuir model and takes place at a homogeneous surface of the
adsorbent where each pollutant molecule is fairly distributed on its
surface. Moreover, the calculated RL values using the Langmuir
model equation lie in the range of 0-1, indicating the favorable
adsorption of both the pollutants. The favorability of adsorption
can also be deduced from the Freundlich parameter, n, which was
found more than unity (1.936-3.941).
2-4. Kinetic Study

The kinetics of adsorption of salicylic acid and methylene blue
over bare LDH and CN-LDH composites were studied to analyze
their adsorption performance. To find their adsorption kinetics,
pseudo-first-order and pseudo-second-order models were studied.
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The equation for pseudo-first-order model in linear form is ex-
pressed as follows:

Fig. 12. Kinetics of adsorption of (a) salicylic acid and (b) methylene blue by NiCo LDH and (10-30) CN-LDH composites according to first
order model.

Fig. 13. Kinetics of adsorption of (a) salicylic acid and (b) methylene blue by NiCo LDH and (10-30) CN-LDH composites according to sec-
ond order model.

(8)Qe  Qt    Qe  
k1

2.303
------------tloglog

Table 1. The calculated parameters of Langmuir and Freundlich models for adsorption of salicylic acid over bare LDH and CN-LDH com-
posites are as follows

(a) Salicylic acid
Langmuir model Freundlich model

Adsorbent Qmax KL R2 RL KF n R2

Bare LDH 75.18 2.560 0.9996 0.007 42.4 2.305 0.9094
10CN-LDH 53.76 1.630 0.9996 0.011 26.0 2.929 0.7987
20CN-LDH 46.50 1.200 0.9996 0.149 21.6 3.254 0.8221
30CN-LDH 40.08 0.613 0.9996 0.028 18.0 3.941 0.8803
(b) Methylene blue

Langmuir model Freundlich model
Adsorbent Qmax KL R2 RL KF n R2

Bare LDH 03.66 0.566 0.9957 0.150 01.48 2.845 0.8924
10CN-LDH 19.02 3.827 0.9981 0.025 08.37 2.069 0.9648
20CN-LDH 21.34 1.444 0.9984 0.064 11.33 2.118 0.9694
30CN-LDH 25.07 1.819 0.9984 0.052 15.12 1.936 0.9688
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where, Qt and Qe are termed as adsorption efficiencies (mg/g) at
time t (min) and equilibrium, respectively, k1 is the first-order rate
constant (min1) [43,44]. The plots of log(QeQt) vs t for both the
pollutants salicylic acid and methylene blue are shown in Fig. 12(a)
and (b).

The equation for pseudo-second-order model in linear form is
expressed as follows:

(9)

where, k2 is the second-order rate constant, Qt and Qe represent
the amount of adsorbate adsorbed per unit mass of the adsorbent
(mg/g) at time t (min) and equilibrium, respectively [45,46]. The
second-order kinetic model is based on the assumption that the
rate-limiting step is chemisorption that involves share or exchange
of electrons between the adsorbate and adsorbent. The plots of t/
Qt vs t for both the pollutants are shown in Fig. 13(a) and (b). The
slope and intercept obtained from the graphs were used to calculate

t
Qt
-----  

1
k2Qe

2
-----------   

t
Qe
------

Table 2. The calculated parameters of first order kinetics and second order kinetics for the adsorption of (a) salicylic acid and (b) methylene
blue over bare LDH and CN-LDH composites are as follows

(a) Salicylic acid
First order kinetics Second order kinetics

Adsorbent Qe k1 R2 Qe k2 R2

Bare LDH 45.19 0.266 0.9682 78.30 0.011 0.9995
10CN-LDH 40.24 0.260 0.9708 57.10 0.010 0.9995
20CN-LDH 57.05 0.343 0.9380 50.55 0.010 0.9982
30CN-LDH 45.45 0.268 0.9607 13.90 0.235 0.9936
(b) Methylene blue

First order kinetics Second order kinetics
Adsorbent Qe k1 R2 Qe k2 R2

Bare LDH 02.67 0.013 0.9587 03.25 0.006 0.9384
10CN-LDH 56.65 0.067 0.8055 24.18 0.007 0.9370
20CN-LDH 21.22 0.035 0.9109 22.66 0.001 0.9507
30CN-LDH 18.75 0.031 0.9713 24.00 0.001 0.9903

Fig. 14. Comparison of adsorption efficiency (%) of (a) salicylic acid and (b) methylene blue by variation of zeta potential of NiCo LDH and
(10-30) CN-LDH composites.

the parameters of first- and second-order kinetics as mentioned in
Table 2. For salicylic acid, the R2 values of the second-order model
were found higher and closer to unity than that for first-order kinet-
ics. It indicates that the adsorption of salicylic acid onto bare LDH
and CN-LDH composites follows second-order kinetics. On the
other hand, in the case of methylene blue, the R2 values of the sec-
ond-order model were closer to unity than that of the first-order
model for CN-LDH composites except for bare LDH. The R2 value
of the second-order model was lower than that of the first-order
model for bare LDH. The adsorption of methylene blue at the sur-
face of bare LDH followed the first-order kinetics, whereas followed
second-order kinetics at the surface of CN-LDH composites.

MECHANISTIC UNDERSTANDING

The NiCo LDH shows efficient adsorption towards salicylic acid,
an anionic pollutant. It can be due to the electrostatic interaction
between the negatively charged salicylic acid molecules and the
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positively charged surface of LDH. To confirm the adsorption phe-
nomenon, the zeta potential values of adsorbents after the adsorp-
tion of pollutants were analyzed (Table S1). The zeta potential value
of bare LDH after the adsorption of salicylic acid changed from
+27.7 to 0.41 mV, suggesting the adsorption of salicylic acid on
the surface of LDH through electrostatic interactions. Similarly, the
zeta potential value for CN-LDH composites becomes more nega-
tive after the adsorption of salicylic acid. It may be due to the neu-
tralization of the positive surface charge of LDH by adsorbed salicylic
acid molecules and the presence of negatively charged g-C3N4. On
the other hand, in the case of methylene blue, the surface zeta
potential of bare LDH after contact with methylene blue increased
from +27.7 to +29.7 mV. It can be due to the presence of adsorbed
methylene blue molecules on the surface of LDH. Similarly, the
zeta potential value of CN-LDH composites becomes more posi-
tive after the adsorption of methylene blue. It could be due to elec-
trostatic interactions of methylene blue molecules with nitrogen
atoms and - interactions with sp2 hybridized carbon atom of g-
C3N4 loaded on the surface of LDH [56,57]. The comparison study
regarding the removal of pollutants depending upon the surface
zeta potential of adsorbent is shown in Fig. 14.

CONCLUSION

This study explored that bare LDH having a positively charged
surface was an efficient adsorbent for anionic pollutants but showed
poor affinity towards cationic pollutants. After loading of g-C3N4,
the adsorption behavior of LDH towards cationic pollutants im-
proved as the coupling of LDH with negatively charged g-C3N4

nanosheets resulted in neutralizing its surface positive charge. Ac-
cordingly, by varying the content of g-C3N4 on LDH, the surface
charge of the composite can be adjusted as desired to effectively
remove the cationic and anionic pollutants from the aqueous solu-
tion. Hence, the formation of such hybrid materials can be a very
beneficial strategy to design non-toxic, environment friendly, low
cost, easily synthesized materials for wastewater treatment.
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Fig. S1. Absorbance spectra of adsorption of methylene blue over bare LDH and (10-30) CN-LDH composites in 150 min (left) and 12 hours
(right).

Fig. S2. Absorbance spectra of adsorption of salicylic acid over bare LDH and (10-30) CN-LDH composites in 20 min (left) and 12 hours
(right).
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Fig. S3. Adsorption of salicylic and methylene blue over bare LDH and (10-30) CN-LDH composites.

Table S1. The analysis of zeta potential of bare LDH and (10-30) CN-LDH composites after the adsorption of salicylic acid and methylene blue

 Adsorbent Initial zeta
potential (mV)

Zeta potential after salicylic
acid adsorption (mV)

Zeta potential after methylene
blue adsorption (mV)

Bare LDH +27.7 0.41 +29.7
10CN-LDH +10.6 1.21 +12.3
20CN-LDH +6.69 2.94 +9.98
30CN-LDH +3.36 4.82 +8.46


