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ted NiFeTi LDH as an efficient and
selective adsorbent for elimination of heavy metals

Garima Rathee, a Sahil Kohli,a Amardeep Awasthi,a Nidhi Singha

and Ramesh Chandra *ab

The enormous increase of heavy metal pollution has led to a rise in demand for synthesizing efficient and

stable adsorbents for its treatment. Therefore, we have designed a novel adsorbent by introducing (MoS4)
2�

moieties within the layers of NiFeTi LDH-NO3, via an ion exchange mechanism, as a stable and efficient

adsorbent to deal with the increasing water pollution due to heavy metals. Characterization techniques

such as XRD, FTIR, TGA, SEM, TEM, and Raman spectroscopy were used to confirm the formation of

(MoS4)
2� intercalated NiFeTi LDH and structural changes after the adsorption process. The efficiency of

the material was tested with six heavy metal ions, among which it was found to be effective for toxic

Pb2+ and Ag+ ions. When selectivity was studied with all six of the metal ions copresent in one solution,

the material showed greater selectivity for Pb2+ and Ag+ ions with the selectivity order of Ni2+ < Cu2+ <

Zn2+ < Fe3+ < Pb2+ < Ag+, with great adsorption capacities of 653 mg g�1 for Pb2+ and 856 mg g�1 for

Ag+ metal ions. Further, the kinetics adsorption study for both the metal ions had a great correlation with

the pseudo-second-order model and supported the chemisorption process via the formation of M–S

bonding. The adsorption process obeyed the Langmuir model. Therefore, the MoS4-LDH material could

be a promising adsorbent for the removal of heavy metals.
1. Introduction

According to a recent survey by the GOES organization, water
pollution is considered to be one of the leading environmental
problems and could be a threat to existence of life on the planet
in the upcoming decades.1 Therefore, it has become a signi-
cant concern for various societies.2 Direct emission of an
enormous number of pollutants (such as dyes, pharmaceutical
compounds, organic compounds, heavy metals, etc.) into water
resources is the main root of water contamination.3,4 Among the
listed pollutants, pollution caused by heavy metals has become
a fundamental environmental issue in environmental remedi-
ation and separation science due to its harmful effects on
human health and the ecological environment.5

Heavy metals are considered to be those metals in chemistry
that have higher atomic weight, atomic number, and a density
greater than 5 g cm�3.6 They are further classied as toxic,
precious, and radioactive metals.7 Heavy metals with character-
istics of non-biodegradability, carcinogenicity and mutagenesis,
accumulate in the food chain and subsequently harm the human
beings and other living bodies.8 They are basically discarded by
various industrial activities, for instance, electronics plating,
, Department of Chemistry, University of
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metal nishing, textiles, metallurgy, mining, battery
manufacturing, tanning, and chemical manufacturing.9 Among
all heavy metals, lead (Pb), mercury (Hg), chromium (Cr),
cadmium (Cd), arsenic (As), zinc (Zn), copper (Cu), tin (Sn), nickel
(Ni), silver (Ag) and cobalt (Co) are the most toxic ones.10

However, heavy metals such as zinc and copper are also essential
elements when present at lower concentrations but harmful
when present at higher levels. Among the listed toxic metals, lead
(Pb) is ranked as the second most hazardous element, and lead
poisoning directly affects the liver, kidney, gastrointestinal
system, and central nervous system.11Moreover, direct or indirect
long-term lead exposure may cause hepatitis, anemia, nephritic
syndrome, encephalopathy, brain damage, brain swelling, and
also death.12 Lead poisoning also causes mental disabilities and
behavioral uctuations, mainly in children and nearly 143 000
deaths annually in developing countries.13 As a result, it has
become imperative to eliminate such hazardous metal ions from
wastewater before its disposal to water bodies.

Numerous methods such as ion exchange, electrical coagu-
lation, otation, bio-sorption, occulation treatment, chemical
precipitation, ltration membrane, and adsorption have been
used worldwide for heavy metals removal and recovery from
wastewater.14–21 Among these treatment methods, adsorption is
considered to be more promising because of its strong opera-
bility, low cost, and simple design.22 Several synthetic and
natural adsorbents such as activated carbon, zeolites, bioma-
terials, sorption resins, and polymers have been brought in the
RSC Adv., 2020, 10, 19371–19381 | 19371
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View Article Online
application for efficient removal of heavy metals.19–30 Clays with
characteristics of high surface area, low cost, and hydrophilicity
have gained attraction as natural adsorbents for heavy metal
ions treatment.

Layered double hydroxides (LDHs), a type of anionic clays,
comprises of positively charged layers intercalated with counter
anions. The outstanding intercalated anion exchange properties
of LDHs allow it to showmultipurpose applications in the eld of
2-D nanoreactors, catalysts, scavengers, and adsorbents.31–36 Also,
suldes are known to form strong heavy metals-suldes covalent
bonds, which can be very benecial in designing new efficient
adsorbent materials for heavy metal capture from heavy metals
contaminated wastewater.37,38 With the attractive applications of
LDHs and sulde containing groups, we can assume that aer
functionalizing LDHs with the sulde containing groups,
a single-phase having the advantages of both the materials
(oxides and suldes) would be acquired with enriched properties
of heavy metals contaminated wastewater remediation. Previ-
ously, Ma and coworkers42 have fabricated a novel adsorbent for
the removal of heavy metals by intercalating MoS4

2� ions in
binary MgAl LDH, and the same was characterized by using
various techniques conrming the intercalation of MoS4

2� ions
in the layers of binaryMgAl LDH. They employed the same for the
uptake of heavy metals for wastewater.42

Our research group has previously fabricated a ternary
NiFeTi LDH and applied it for the elimination of various
anionic dyes from wastewater.39 Herein, we have designed
a novel modied LDH form by functionalizing ternary NiFeTi
LDH with (MoS4)

2� ions in the interlayers and investigated its
ability of heavy metal removal from the wastewater system. The
ascribed MoS4-intercalated LDH material exhibits excellent
adsorption ability for Pb2+ and Ag+ at a fast rate as compared to
previously used binary LDH moieties for such uptakes. There-
fore, the ability to reduce heavy metal concentrations below
<5 ppb levels makes MoS4-LDH a good alternative for waste-
water remediation in the future.
2. Experimental section
2.1 Materials

NiFeTi–CO3 LDH was reproduced using a previously reported
hydrothermal method.39 NiFeTi–CO3 LDH was further con-
verted into NiFeTi–NO3 LDH by using the ion-exchange
method.40 Ammonium tetrathiomolybdate ((NH4)2MoS4) was
obtained from SigmaAldrich. Also, NO3

� anion from NiFeTi–
NO3 LDH was replaced by (MoS4)

2� anion to acquire brown
colored MoS4-LDH. For (MoS4)

2� anion exchange, 0.3 g NiFeTi–
NO3 LDH and 0.3 g (NH4)2MoS4 were dispersed and further
stirred for 36 hours in 20 mL of deionized water at ambient
temperature. The obtained solid was ltered, also washed with
degassed water, and then with acetone. The resulting material
was air-dried to get brown colored MoS4-LDH.
Fig. 1 XRD patterns of (a) NO3 LDH and (b) MoS4 LDH.
2.2 Uptake of heavy metals

The uptake studies of heavy metals from aqueous solutions at
various concentrations were carried out using the batch
19372 | RSC Adv., 2020, 10, 19371–19381
method. At the initial stage, heavy metal uptake experiments
were carried for six metal ions (Ag+, Pb2+, Zn2+, Fe3+, Cu2+, and
Ni2+) coming from their corresponding nitrate salts. The solid
adsorbent was dispersed in metal ion solutions for a xed
duration of time, followed by centrifugation to separate the
solid sorbent, and nally, the metal ion concentrations were
determined from their respective supernatant solutions by
using atomic absorption spectroscopy (AAS). The difference in
the metal concentrations of mother solutions and supernatant
solutions was used to evaluate the adsorption capacity. The
distribution coefficient (Kd) is estimated by using the given
equation:

Kd ¼ (V[(C0 � Cf)/Cf])/m (1)

where C0 represents initial concentrations of respective M
n+ ion

(ppm), Cf denotes the nal concentrations of respective M
n+ ion

(ppm) aer contact,m represents the amount of solid adsorbent
in g and V stands for volume of the solution used for adsorption
process.41 The heavy metal removal% is determined by

% Removal ¼ 100 � (C0 � Cf)/C0 (2)

The removal capacity of adsorbent (qm) is obtained by

qm ¼ ((C0 � Cf)V/m) � 10�3 (3)
This journal is © The Royal Society of Chemistry 2020
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The adsorption studies for the heavy metals (except for Ag)
were carried out at v/m ratio ¼ 3846 mL g�1 and for Ag at
8333 mL g�1 because when batch experiments were employed
for Ag at v/m ratio of 3846 mL g�1, the efficiency of synthesized
material for the uptake of Ag ions was very much fast and
showed 100% uptake efficiency within 5 min of experiment and
became difficult to evaluate the kinetic study. Further, the high
selectivity for Ag+ and Pb2+ was determined by using a mixture
of all the metal ions together with �100 ppm initial concen-
tration for each ion. Experiments were also carried out to
examine the removal capacity (qm) for Ag

+ and Pb2+ by varying
the initial metal ion concentrations at ambient temperature for
a contact time of 2 hours. The acquired data was used for
determining the adsorption isotherms.
2.3 Kinetics study

Adsorption kinetic study was performed for Ag+ and Pb2+ ions at
different adsorption times (5–120 min). For the kinetic study of
Ag+ ion, 0.006 g of sorbent was dispersed in 50 mL of 100 ppm
Ag solution with a v/m ratio of 8333 mL g�1. Aer xed time
intervals, suspensions were drawn out, centrifuged, and ion
content was analyzed using AAS. Similar kinetic experiment was
Fig. 2 SEM (a and b) and TEM (c and d) images of MoS4 LDH.

This journal is © The Royal Society of Chemistry 2020
performed for Pb2+ with 0.013 g of sorbent for 50mL of 100 ppm
Pb2+ solution (v/m ¼ 3846 mL g�1).

2.4 Characterization techniques

The XRD patterns of synthesized materials were collected using
an X-ray diffractometer (Model no. D8 DISCOVER). Fourier
transformed infrared (FT-IR) spectra were recorded on
IRAffinity-1S FTIR Shimadzu. Morphology was determined by
JEOL JSM 6610 SEM with an accelerating voltage of 30 kV and by
TECNAI 200 kV HRTEM (Fei, Electron Optics). BET specic
surface area of LDH was determined using Autosorb iQ Station
1, Quantachrome Instruments by Brunauer–Emmett–Teller
(BET) method. The metal ion concentrations were determined
using ZEEnit 700 Atom Absorption Spectrometer.

3. Results and discussion
3.1 Characterization of synthesized MoS4-LDH

The obtained brown colored MoS4 LDH was characterized
thoroughly using various characterization techniques such as
XRD, FTIR, SEM, TEM, BET, Raman, and TGA.

The XRD patterns of NO3 LDH and the ion-exchanged
product MoS4 LDH is depicted in Fig. 1. The comparison of
RSC Adv., 2020, 10, 19371–19381 | 19373
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Fig. 3 FTIR spectra of (a) NO3-LDH and (b) MoS4-LDH and (c)
(NH4)2MoS4.
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basal spacing of NO3 LDH (dbasal ¼ 0.80 nm) (Fig. 1a) with the
enlarged MoS4 LDH spacing (dbasal ¼ 1.10 nm) (Fig. 1b),
conrms the exchange of NO3-ions with MoS4-ions in the
interlayer spacing of LDH. The layered phase is approved by the
existence of (00l) reections at 1.10, 0.61 and 0.35 nm. The lower
intensity of (003) reection at 1.10 nm as compared to that of
(006) reection at 0.61 nm could be attributed to the heavy
nature and substantial scattering property of MoS4-ions inter-
calated in the layers of LDH.42,51

SEM and HRTEM images are depicted in Fig. 2. SEM images
illustrate the layered structures of MoS4

2� intercalated NiFeTi
LDH. SEM images clearly show that the layered structure of MoS4
LDH resembles the CO3-LDH, as reported in our previous work.39

The intercalation of MoS4-ions via the exchange of NO3
� ions

from interlayers is conrmed by FTIR analysis. Fig. 3a illus-
trates the spectrum of NO3-LDH, which conrms the formation
of NO3

� intercalated LDH. Strong band appearing at 1381 cm�1

could be attributed to the stretching vibration of nitrate ion in
the layers of LDH. A broad band at 3393 cm�1 is assigned to the
stretching vibration occurring because of the O–H group of
interlayered water molecules and metal bonded hydroxyl
groups. The existence of a weaker band at 1638 cm�1 could be
assigned to the O–H bending vibration of interlayered hydroxyl
Fig. 4 TGA (a) and BET (b) spectra of MoS4-LDH.

19374 | RSC Adv., 2020, 10, 19371–19381
and water molecules. Fig. 3b illustrates the FTIR spectrum of
MoS4 LDH. The complete disappearance of NO3

� band at
1381 cm�1 conrms the entire exchange of NO3

� ions by
MoS4

2� ions. In the case of free (NH4)2MoS4 (Fig. 3c), the
appearance of the band at 476 cm�1 is allotted to the Mo–S
vibration. The band at 3018 cm�1 could be assigned to the N–H
mode of ammonium group (NH4

+). The absorption band at
3484 cm�1 could have corresponded to the hydroxyl stretching
vibration (O–H) of water molecules. The bands existing at 1392
and 1633 cm�1 might be attributed to the in-plane N–H bending
mode.39,42,43

The thermal gravimetric analysis (TGA) is depicted in Fig. 4a.
The initial weight loss at temperature range 100–150 �C is
attributed to the elimination of interlayered water molecules
(approximately 10% weight loss). The subsequent degradation
till 330 �C is assigned to the partial loss of MoS4

2� from MoS4
LDH (31.57% weight loss). The complete elimination of MoS4

2�

from MoS4 LDH occur up to 600 �C (weight loss (water mole-
cules + MoS4 ions) ¼ 42.31%).44

Fig. 4b illustrates the N2 adsorption–desorption isotherm
carried out to study the porosity of MoS4 LDH. From the BJH
data, the surface area was found to be 64.66 m2 g�1. The pore
volume and pore diameter were found to be 0.122 cm3 g�1 and
3.832 nm, respectively. The isotherm type conrms the forma-
tion of mesopores.

Raman spectra of designed material and pure NH4MoS4 are
depicted in Fig. 5. The Raman spectra were found to be very
much helpful in studying the details of stretching bands due to
Mo–S bonds. The pure form of NH4MoS4 clearly showed two
peaks at 455 and 476 cm�1, due to the Mo–S bond stretching.
Whereas, the interaction of the intercalated MoS4

2� with the
hydroxides of LDH via hydrogen bonding results into a redshi
due to which the bands occurs at 361 and 387 cm�1.42

From all the shreds of evidence obtained from various
characterizations, it could be stated that the NO3-LDH was
successfully converted into more negatively charged MoS4-LDH.
3.2 Heavy metal uptake using MoS4 LDH

The removal of heavy metals from aqueous solution by MoS4-
LDH adsorbent was examined using batch method
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Raman spectra of MoS4-LDH.
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experiments. The MoS4-LDH affinity towards employed heavy
metals was evaluated in the form of a distribution coefficient
(Kd). The adsorption study was carried out using individual
heavy metal solutions such as Ag+, Pb2+, Zn2+, Fe3+, Cu2+, and
Ni2+ and mixture solution containing all the six ions together.
The obtained adsorption results for individual ions studies are
illustrated in Table 1. From the results, it could be stated that
MoS4-LDH showed a greater ability for Ag+ and Pb2+ as
compared to other ions. Both the metal ions were removed
entirely from 100 ppm metal ion concentrated solution with Kd
Fig. 6 (a) Adsorbent amount variation study for Pb2+ and Ag+ removal,

Table 1 Adsorption results toward individual ionsa

Entry Single ions
Initial conc.
(ppm)

1 Pb2+ 100
2 Zn2+ 100
3 Ni2+ 100
4 Fe3+ 100
5b Ag+ 100
6 Cu2+ 100

a Ion concentration 100 ppm per ion (approx.), contact time¼ 90min, V¼
(mass of solid sample) ¼ 0.0012 g, v/m ratio ¼ 8333 mL g�1.

This journal is © The Royal Society of Chemistry 2020
values higher than 105. In contrast, MoS4-LDH showed low
adsorption capacity for other heavy metals, which makes it one
of a suitable method for the elimination of such ions.

Table 2 illustrates the competitive adsorption results with all
six ions in one solution. From the results, the selectivity order
was obtained to be Ni2+ < Cu2+ < Zn2+ < Fe3+ < Pb2+ < Ag+, and it
can be stated that MoS4-LDH showed high selectivity for so
Lewis acid metal ions. As compared to the results obtained from
individual ions removal tests, Pb2+ and Ag+ were found to be in
high correlation, except for other ions. Hence, it can be said that
ascribed material can rapidly eliminate heavy metals by
reducing the concentration of so Lewis heavy metals from
aqueous solution by trapping the heavy metal ion via M–S
coordination bond formation. All the results point out towards
great potential of designed MoS4-LDH as an efficient adsorbent
for purifying heavy metals polluted water.

Adsorbent amount variation study was also evaluated for
both metal ions (Ag+ and Pb2+), and results are depicted in
Fig. 6a. From the study, it could be clearly stated that for the
elimination of Pb2+ pollutants from wastewater, 0.0026 g of
adsorbent was sufficient for complete removal of Pb2+ from
100 ppm sample and for Ag+ removal 0.0012 g of MoS4-LDH was
appropriate for complete elimination from 100 ppm sample.

Further, the pH variation was also evaluated for Pb2+ and Ag+

(varying from 4 to 8) by using 0.1 N HCl and 0.1 N NaOH solu-
tions. Interestingly, it was found that no signicant change in the
(b) effect of pH on removal efficiency.

Final conc.
(ppm)

Mn+ removal
(%) Kd (mL g�1)

0.4392 99.56 8.7 � 105

17.25 82.75 1.8 � 104

42.74 57.26 5.2 � 103

29.49 70.51 9.2 � 103

0.001 100 8.3 � 109

74.08 25 1.3 � 103

10mL,m (mass of solid sample)¼ 0.0026 g, v/m ratio¼ 3846mL g�1. b m

RSC Adv., 2020, 10, 19371–19381 | 19375
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Table 2 Adsorption results toward mixed ionsa

Entry
Mixed
ions

Initial conc.
(ppm)

Final conc.
(ppm)

Mn+ removal
(%) Kd (mL g�1)

1 Pb2+ 128.9 4.7 96.35 1.01 � 105

2 Zn2+ 108.36 87.18 19.54 934.40
3 Ni2+ 83.66 76.5 8.55 359.97
4 Fe3+ 85.97 55.76 35.14 2.08 � 103

5 Ag+ 128.1 3.358 97.37 1.40 � 105

6 Cu2+ 98.5 82.725 16.015 733.43

a Ion concentration� 100 ppm per ion (approx.), contact time¼ 90min,
V¼ 50 mL,m (mass of solid sample)¼ 0.013 g, v/m ratio¼ 3846 mL g�1.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
27

/2
02

5 
6:

11
:0

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
removal efficiency was observed for both the cases (Pb2+ and Ag+)
when pH of the solution was varied from 4 to 8 (Fig. 6b).

3.3 Kinetic study

The adsorption kinetic study was examined for heavy metal
ions, which are depicted in Fig. 7 (for Pb2+ and Ag+) to deter-
mine the adsorption rate and its pathway towards equilibrium.
The sorption rates for the elimination of Pb2+ and Ag+ from
respective individual solutions were found to be very fast, as
depicted in Fig. 7a. MoS4-LDH efficiently removed >90% of Pb2+

within 5 min and 98% of Ag+ within 40 min. The adsorption
equilibrium was attained within 80 min for all the employed
heavy metals pollutants. The adsorption rate was estimated
with the help of two different kinetic rate equations: pseudo-
rst-order and pseudo-second-order kinetics rate equations
which can be dened as:

Pseudo-first-order : logðqe � qtÞ ¼ logðqeÞ � k1

2:303
t (4)
Fig. 7 Kinetics plots for Pb2+ and Ag+ removal: (a) contact time effect on
order plot for Ag+ removal, (d) adsorption capacity (qt) as a function of tim
order plot for Ag+ removal.

19376 | RSC Adv., 2020, 10, 19371–19381
Pseudo-second-order :
t

qt
¼ 1

k2qe2
þ 1

qe
t (5)

where qe (mg g�1) represents the amount of heavy metal
adsorbed at equilibrium stage, qt (mg g�1) is the amount of
heavy metal adsorbed at time t, k1 (min�1) is the rate constant
for pseudo-rst-order kinetic rate equation, k2 (g mg�1 min�1)
denotes the rate constant for the pseudo-second-order kinetic
equation. The values of k1 and k2 were obtained by linear plots:
ln(qe � qt) vs. t and t/qt against t, respectively. The kinetic
parameters obtained from the linear kinetic plots for Pb2+ and
Ag+ are summarized in Table 3. The pseudo-rst-order linear
plots are depicted in Fig. 7b and c, and the pseudo-second-order
linear kinetic plots for adsorption of Pb2+ and Ag+ are depicted
in Fig. 7e and f. From the kinetic plots of the metal ions, it could
be easily stated that the adsorption process follows the pseudo-
second-order rate equation and the correlation coefficient (R2) is
close to one, which suggests that the process involved is
chemisorption.42,50 The kinetic data displays that the adsorption
of Ag+ ions attained the equilibrium faster than Pb2+ ions.
3.4 Adsorption isotherm study

Selective studies clearly illustrated that the MoS4-LDH was
highly efficient for the removal of Ag+ and Pb2+. Further, the
adsorption isotherm study was used to estimate the maximum
sorption capacity of MoS4 LDH for Ag+ and Pb2+. From the
studies, it was witnessed that Ag+ and Pb2+ capture by MoS4
LDH increased successively when the concentration was
increased (50–500 ppm). The percentage of heavy metals
removed as a function of the concentration of Ag+ and Pb2+ is
depicted in Fig. 8a and b. From the obtained results, the
ascribed material effectively captured Ag+ and Pb2+ over a broad
removal%, (b) pseudo-first order plot for Pb2+ removal, (c) pseudo-first
e, (e) pseudo-second order plot for Pb2+ removal, (f) pseudo-second

This journal is © The Royal Society of Chemistry 2020
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Table 3 Kinetic parameters toward individual ions adsorption (Pb2+ and Ag+) over MoS4-LDH

Adsorbate

Pseudo-rst order Pseudo-second order

Calculated qe (mg g�1)qe (mg g�1) k1 (min �1) R2 qe (mg g�1) k2 (g mg�1 min�1) R2

Pb2+ 337.427 0.151 0.91 387.59 2.7 � 10�3 0.999 385.23
Ag+ 385.363 0.0817 0.92 847.48 7.2 � 10�4 0.999 839.16
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range of concentrations. The maximum removal capacity (qm)
reached 856 and 653mg g�1 for Ag+ and Pb2+, respectively which
is extraordinarily higher than the nest adsorbents for Ag+

removal such as magnetic cellulose xanthate (166 mg g�1),42 S4-
LDH (383 mg g�1)46 and Mg/Al–MoS4-LDH (450 mg g�1).42

Similarly, the obtained qm value for Pb2+ is exceptionally higher
than the previously reported adsorbents employed for the
uptake of lead ion from contaminated water such as Mg/Al–
MoS4-LDH (290 mg g�1),42 DTPA-LDH (170 mg g�1)47 and MNP–
CTS (140 mg g�1).48 The comparison of the obtained qm values
of the ascribed material is depicted in Table 4.42,45–49 From the
comparison table, it can be stated that the synthesized MoS4-
LDH illustrates excellent elimination capacities for heavy metal
ions, which could be attributed to the intercalation of MoS4

2� in
the gallery of NiFeTi-LDH.

Langmuir isotherm model was also used to evaluate the data
in which adsorbate is assumed to form monolayer coverage on
the surface of the adsorbent, and once such coverage is formed,
no further sorption could occur at that active site. The Langmuir
isotherm is dened by the following equation:
Fig. 8 Isotherm plots for Pb2+ and Ag+ removal: (a) removal% with respe
concentration variation of Ag+ ions, (c) sorption isotherm for Pb2+ ions, (d
removal, (f) Langmuir isotherm model for Ag+ removal.

This journal is © The Royal Society of Chemistry 2020
Ce

qe
¼ 1

qmb
þ Ce

qm
(6)

where qe (mg g�1) denotes adsorption capacity aer achieving
equilibrium, qm (mg g�1) represents theoretical maximum
adsorption capacity, Ce (mg L�1) denotes heavy metal ion
equilibrium concentration, and b (L mg�1) is the Langmuir
constant. The equilibrium adsorption capacity as a function of
equilibrium concentrations for both the ions are depicted in
Fig. 8c and d. Also, the Langmuir isotherms are depicted in
Fig. 8e and f. The data for both the heavy metal ions were found
to be in great correlation with the Langmuir model and theo-
retically obtained qm values (848 (mg g�1) for Ag+ and 653 (mg
g�1) for Pb2+) are approximately equal to the obtained experi-
mental values. The Langmuir parameters are summarized in
Table 5. Correlation coefficient approaching unity (R2 > 0.99)
shows a linearly well-tted curve with the Langmuir model,
which conrms the monolayer adsorption and no occurrence of
transmigration in the adsorbates.44

Further, the Freundlich isotherm model is also evaluated. In
general, this model is based on the assumption that the non-
ct to concentration variation of Pb2+ ions, (b) removal% with respect to
) sorption isotherm for Ag+ ions, (e) Langmuir isothermmodel for Pb2+

RSC Adv., 2020, 10, 19371–19381 | 19377
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Table 5 Langmuir and Freudlich parameters

Adsorbates

Langmuir model Freundlich model

qm (mg g�1)
b
(L mg�1) R2 Kf (mg g�1) (L mg�1)1/n 1/n R2

Pb2+ 654 0.134 0.998 490.90 0.032 0.76
Ag+ 848 0.011 0.999 616.59 0.06 0.93

Table 4 Comparison of maximum adsorption capacities of MoS4 LDH with different adsorbents

Adsorbents Adsorbates qmax (mg g�1) References

Magnetic cellulose xanthate Ag+ 166 45
S4-LDH Ag+ 383 46
Mg/Al–MoS4-LDH Ag+ 450 42
KMS-2 Ag+ 408 49
Ni/Fe/Ti–MoS4-LDH Ag+ 856 Present study
Mg/Al–MoS4-LDH Pb2+ 290 42
DTPA-LDH Pb2+ 170 47
MNP–CTS Pb2+ 140 48
Ni/Fe/Ti–MoS4-LDH Pb2+ 653 Present study
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uniform distribution of heat occurred over a heterogeneous
surface and is represented as:

log qe ¼ log Kf þ 1

n
log Ce (7)

where qe and Ce have their usual meanings, and Kf and n denote
Freundlich constants. These constants are obtained from the
intercept and slope of a linear plot between log qe and log Ce.
The linear Freundlich tting is illustrated in Fig. 9, and the
parameters are clubbed in Table 5. From the summarized data
in Table 5, it can be claimed that the Langmuir model was in
high correlation for both the metal ions. Hence, it could be
stated that the metal adsorption is a monolayer.
3.5 Adsorbent stability aer heavy metal ion adsorption

Aer the sorption study, the adsorbent was recollected using
the centrifugation technique, and the stability of MoS4-LDH
Fig. 9 (a) Freundlich isotherm model for Pb2+ removal, (b) Freundlich is

19378 | RSC Adv., 2020, 10, 19371–19381
and adsorption were analyzed by FTIR spectroscopy (depicted in
Fig. 10). The band which occurred at 1360 cm�1 in the spectrum
of NO3-LDH, which is the characteristic band of nitrate ion was
absent in all the six samples aer metal ion adsorption, which
indicates that no NO3

� ions accompanied the heavy metal ions
during the adsorption process. The constant vibrations at 1628,
1422, 1233, and 1105 cm�1 imply the LDH stability during the
sorption process.42 Based on previously reported studies and the
complexation chemistry of (MoS4)

2� ions, three mechanisms
could be held responsible for such metal ion capture. The rst
mechanism is based on the condition when lower content of
metal ions is present, and adsorbent is present in large
concentration. Under such circumstance, the amount of active
intercalated (MoS4)

2� sites are much higher than the metal ion
(Mn+), and the excess (MoS4)

2� ions combine with Mn+ resulting
into the formation of complex moiety such as [M(MoS4)2]

2�

(when the charge on themetal ion is 2), which retains within the
otherm model for Ag+ removal.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 FTIR spectra of MoS4-LDH after metal ions adsorption.
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LDH layers. The second mechanism occurs when both the ions
are present in almost equal amounts. In such a case, (MoS4)

2�

ions are still present in excess quantity compared to the M2+

ions, and [M(MoS4)2]
2� complex is dominant with an almost

equal amount of LDH-NO3. The third mechanism occurs when
the metal cations are present in excess amount and the LDH-
(MoS4)

2� gets saturated with the coordinated metal ions.
Hence, the formation of amorphous neutral salt occurs along
with the intercalated nitrate phase.42
4. Conclusion

MoS4-LDH follows ion-exchange chemistry, during the forma-
tion process by replacing the nitrate ions with (MoS4)

2� ions in
the layer spacing of hydrothermally synthesized NiFeTi LDH.
Due to the tremendous increase in pollution caused by heavy
metals and the scarcity of available techniques, it has become
essential to design an efficient adsorbent for heavy metals
uptake. Sulde groups present in the (MoS4)

2� ions show
excellent uptake towards so Lewis metal ions due to their so
Lewis basic properties. When all the heavy metal ions are
present in aqueous solution, the material showed greater
selectivity for Pb2+ and Ag+ ions (Ni2+ < Cu2+ < Zn2+ < Fe3+ < Pb2+

< Ag+) and high adsorption capacities, 653 and 856 mg g�1, for
Pb2+ and Ag+ ions, respectively. The adsorption was found to
obey the pseudo-second-order model towards Pb2+ and Ag+ ions
supporting the chemisorption process via the formation of M–S
bonding. All the above-mentioned features suggest ternary
MoS4-LDH material be very efficient for the removal of heavy
metals from polluted water.
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