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Abstract

In this study, we have synthesised a microspherical nickel-cobalt-layered double hydroxides-
reduced graphene oxide composite (NiCo-LDHs-rGO) through a one-step hydrothermal method.
We subsequently used this composite as an adsorbent to remove Pb?" from aqueous solutions.
The instruments used for the characterisation of adsorbent included Fourier Transform Infrared
Spectrophotometry (FT-IR), Field Emission Scanning Electron Microscopy (FESEM), Mapping
Elemental Analysis, Electron Dispersive X-Ray spectroscopy (EDX), X-Ray Diffraction
Analysis (XRD) and Brunauer-Emmett-Teller (BET)analysis. We conducted a series of
experiments to investigate the factors affecting the adsorption of Pb*" ions in batch mode such as
solution pH, adsorbent dosage, contact time, competing ion and regeneration by NiCo-LDHs-
rGO. Under optimised conditions determined using the Taguchi method (pH = 5.0, adsorbent
dosage = 20 mg and contact time = 30 min), the best removal rate of 99.7% was achieved for 100
mg L' of Pb?". According to the results, NiCo-LDHs-rGO exhibited a high preference for Pb**
over Cu*", Zn*" and Cd**. This adsorbent was regenerated for several cycles (using 0.01 M HCI)
with no significant deterioration in performance. The analyses of the adsorption isotherm models
revealed that the adsorption of Pb** followed Freundlich isotherm with a maximum adsorption
capacity of 200 mg g!. The kinetic data also confirmed that pseudo second order kinetic
equation is the most accurate model for predicting the adsorption kinetics. Furthermore, the
Simulink modelling illustrated that the adsorption kinetics of Pb** onto NiCo-LDHs-rGO could
be accurately represented in a continuous stirred-tank reactor. Finally, dual interactions of the
effective parameters can be modelled by polynomial equations in MATLAB, and according to
the Taguchi model, pH emerged as the most influential factor among all the parameters.

Keywords: Nickel cobalt layered double hydroxides particles-reduced graphene oxide (NiCo-LDHs-rGO),

Lead ion removal, Water treatment
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1 Introduction

Lead (Pb) is a highly toxic element with notable impacts on renal function as well as the
reproductive and nervous systems [1]. Due to its widespread industrial use of lead in batteries,
alloys, pigments, plastic stabiliser, ammunition, glazes and etc., its release into the environment
and surface runoff poses a significant environmental challenge [2, 3]. According to the reports of
Centres for Disease Control and Prevention, the standard maximum levels of Pb?* for adults and
children are 100 ug/L and 50 pg/L, respectively [4]. Adsorption stands as the most commonly used
technique for the removal of both organic and inorganic pollutants. A wide range of efficient
natural and synthetic adsorbents could be used for this purpose [5-10]. Reusability of adsorbents
and ease of operation are considered as other advantages of this method [11-15]. In this context,
graphene oxide (GO) has been extensively used for the decontamination of water samples [16-18].
Due to the presence of hydroxyl, epoxy and carboxylic acid groups within its structure, GO is
naturally hydrophilic and can also be modified with different functional groups for developing
new adsorbents [19, 20]. In 2018, Eftekhari et al. modified GO with tannic acid for the elimination
of Pb?" in water samples, resulting in a nanocomposite with an adsorption capacity of 250 mg g™!
[21]. In 2021, Ghadirimoghaddam et al. used a GO-cyanuric acid nanocomposite for the
preconcentration/removal of Pb**, achieving a calculated adsorption capacity of 333 mg g™ [22].
Due to the convenient fabrication, environmental-friendly and high electrochemical activities,
transition metal hydroxides have drawn much attention in the area of supercapacitors [23] and
electrocatalysts [24, 25]. Despite their high surface area, layered double hydroxides (LDHs) have
a high tendency to form aggregation — due to hydrogen-bonding interactions — which consequently
reduces the available active sites [26]. To overcome this drawback, materials with high surface-
area such as graphene [27] and carbon nanotubes [28] can be considered as modifiers.

The purpose of this study is to introduce a new cost-efficient and green adsorbent for Pb*"
treatment. Hence, we have synthesised a microspherical NiCo-LDHs-rGO composite using a one-
step hydrothermal method. Subsequently, we evaluated it effectiveness in removing Pb*" from
aqueous media. Characterisation of the synthesised composite was carried out by FE-SEM, XRD,
EDX, Mapping Elemental Analysis and FT-IR spectrophotometry. The parameters affecting the
removal percentage of Pb** were optimised by the Taguchi design method, while the kinetics and

mechanism of adsorption were investigated by different kinetic and isotherm models.



2 @erimental

2.1 Instruments

The following instruments and techniques were used in this study: (1) A BRNO-Mira3 LMU
instrument manufactured by TESCAN in Czech Republic for FE-SEM, EDX and Mapping
Elemental Analysis. FE-SEM was used to visualise the microstructure and surface morphology of
the composite. EDX provided information concerning the elemental composition of the composite
while Mapping Elemental Analysis enabled the spatial distribution of elements within the
composite; (2) FT-IR spectra were recorded using an AVATAR 370 (USA); (3) The XRD analysis
was carried out using a D8-Advance Bruker Cu Kal instrument (USA); (4) The specific surface
area of the composite was determined using a Belsorp-Mini instrument (Japan) ; (5) In order to
quantify the Pb*" concentration (after adsorption), an electrothermal atomic absorption
spectrometer equipped with a Pb hollow cathode lamp (283.3 nm) was used (Perkin Elmer Analyst
700, USA). Argon (99.99 %) was used as the inert atmosphere, with a flow rate of 300 mL min™!
during drying, ashing and cleaning stages and zero during the atomisation step; (6) For pH
adjustment during the adsorption experiments, a Metrohm 827 pH-meter (Switzerland) was used;
(7) The separation of the adsorbent from the solution was carried out using an Andreas Hettich

D72 centrifuge instrument (Germany).

2.2  Reagents

Lead nitrate (Merck, Germany) was used to make a 1000 mg L' Pb** solution. Graphite (99.9%),
Co(NO3)2.6H20 (99.5%), Ni(NO3)2.6H20 (99.5%), H2SO4 (98.0%), KMnOs (99.0%), H20:
(30.0%), thiourea and HNOs3 (65.0%) were supplied by Merck (Germany).

2.3 Synthesis of GO and NiCo-LDHs-rGO

The steps for synthesising GO and NiCo-LDHs-rGO are as follows: (1) GO was first synthesised
according to the Hummers method as presented in Fig. 1 [21]; (2) The NiCo-LDHs-rGO composite
was then synthesised according to the following protocol: GO (0.35 g) underwent ultrasonication
in 50 mL of deionised water for 45 minutes. Co(NO3)2.6H20 (0.40 g), Ni(NO3)2.6H>0 (0.30 g)
and thiourea (0.10) were then added to the solution; (3) The resulting mixture underwent an

additional 30 minutes of ultrasonication and was subsequently autoclaved at 160 °C for 4 hours;
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(4) The resulting composite was washed with deionised water three times and dried at 90 °C for 6

hours.

. 15-20°C,
. S.OC’ P SltiSr-riznog ?o’r Stirring for
1 g Graphite + Stirring for 4 150 min Raise the
s 30 min Added 0.5¢ 30 min 3 g KmnO4

temp to
35°C

23 ml H2S04 (Added during 1 |—»

h)

NaNOs

35°C,
Stirring for
120 min
Ultrasonicate, v
Synthesized 500 W, 45 min Wash with 100 ml DI water
GO DI water (Gradually add)

Fig. 1. Synthetic route of GO

2.4  Removal Procedure

A 10 mL solution containing 100 mg L' Pb** solution at pH 5.0 was prepared. To this solution, 20
mg of the NiCo-LDHs-rGO composite was added and the mixture was stirred at 500 rpm for 60
minutes. The concentration of Pb®" remaining in the solution was quantified using atomic
absorption spectroscopy. removal percentage (RP) and the adsorption capacity (qe) were calculated

using Egs. (1) and (2), respectively.

RP = =% 100 (1)
Co
_ (Co— Ce)xV
Qe =—"— 2)

where C.and Cy are equilibrium and initial concentration of Pb?" in mg L', respectively, V: Sample volume in Liters,

m: Adsorbent dosage in grams).



3 Results and Discussion

3.1 Characterisation of adsorbent

The formation of NiCo-LDHs-rGO can be justified by a mechanism proposed in literature [29].
According to this mechanism, thiourea is oxidised by GO resulting in formation of NH4OH (in
aqueous form) and rGO. Then, the OH ion reacts with Ni>* and Co?" leading to creation of a
network of Ni(OH), and Co(OH), complex species on the surface of reduced GO [29, 30a]. It
should be noted that organosulfur reagents such as thiourea, thiols and sulfones have proven to be
useful tools for the functionalisation of organic materials [30]. We have investigated the structural
features of metal-complex systems for a couple of years [31].

The synthesised NiCo-LDHs-rGO material underwent comprehensive characterisation using the
FESEM, EDX, Mapping Elemental Analysis, FT-IR spectrophotometry, BET and XRD
techniques. According to the FESEM images of NiCo-LDHs-rGO (presented in Fig. 2), spherical
NiCo-LDHs microparticles have uniformly grown on the rGO nanosheets. The EDX analysis in

Fig. 3 confirms that Co, Ni, C and O are the major elements within the structure of this composite.

SEM HV: 10.0 kV WD: 5.88 mm | | | P, i \ & 2
Viewfeld:886m | DetSE | SEM HV: 10.0 kV wo:588mm | | 1 | miRa3TESCAN

SEMMAG:15.6 kx| Date{midiy): 1215/21 | View field: 31.7 ym | Det: SE

(@) (b)
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SEM HV: 10.0 kV WD: 5.84 mm

View field: 32.1 pm Det: SE
SEM MAG: 4.31 kx| Date(mid/y): 12115/21

SEM HV: 10.0 kV

View field: 20.9 pm Det: SE
SEM MAG: 6.63 kx | Date{midiy): 12/115/21

(c) (d)

SEM HV: 10.0 kV MIRA3 TESCAN

SEM MAG: 15.0 kx | Date(m/dly): 12/15/21

(e)

Fig. 2. FESEM images of the synthesized NiCo-LDHs-rGO.
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3. EDX analysis of NiCo-LDHs-rGO

The Mapping Elemental Analysis of NiCo-LDHs-rGO, as presented in Fig 4 (4a-4d) provides a
visual representation of the distribution of elements including C (4a), O (4b), N1 (4¢) and Co (4d).
The results show that the microspheres of NiCo-LDHs predominantly contain Ni, Co and O atoms
while a higher concentration of C atoms is observed on the rGO nanosheet. Moreover, the
relatively lower distribution of O atom on the rGO nanosheet serves as strong evidence for the

effective conversion of GO to 1GO.
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Fig. 4. MAP elemental analysis of NiCo-LDHs-rGOj; distribution of elements: (a) C, (b) O, (¢) Co and (d) Ni
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In the FT-IR spectrum of GO (Fig. 5), several distinct bands are observed with peaks at 1050 cm™
1,1220 cm!, 1730 cm™ and 3400 cm! that correspond to the stretching vibrations of C-O, epoxy,
carbonyl (C=0) and O-H groups, respectively [32]. However, for NiCo-LDHs-rGO, the peaks at
1388 cm™! and 832 cm™ are related to intercalated NOs™ ions (Fig. 5) [33, 34]. The absorbance at
1480 cm’! can be attributed to the C-H stretching vibration, while the broad band at about 650 cm”
! could be related to Ni-O and Co-O vibrations [34]. Moreover, the absorption band at 3400 cm!
is attributed to the stretching vibration of the OH group originating from NiCo-LDHs, rGO and/or

adsorbed water molecules.

100
90 A
= =
— B0 A E
g G 1730 cm?
E ™~ — cm
o 5
et
‘E 70 [ra] g
@ s [v1]
- E &
- - [ ] -1
- 60 - 'E o — 1480cm
U N
o N
a -
50 - Q
—
3400 cm™?
40
30 —G0
. N iC LD HS-rGO
20 T T T T T T T T 1
400 800 1200 1600 2000 2400 2800 3200 3600 4000

Wavenumber (cm)

Fig. 5. FT-IR spectra of GO and synthesised NiCo-LDHs-rGO.

To calculate the surface area of NiCo-LDHs-rGO, BET analysis was conducted (results presented
in Fig.S1 in Electronic Supplementary Material). The analysis reveals that the composite possesses
slit-shaped pores (H3) due to the observed type IV isotherm with hysteresis occurring at P/PO=

0.34-0.97. Further calculations indicate an average pore diameter of 18.8 nm and a surface area of
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50.2 m? g!, confirming the presence of mesopores within the composite (pore diameter ranging
from 2 to 50 nm). Finally, XRD analysis of NiCo-LDHs-rGO (Fig.S2) shows that the diffraction
peaks at 20 value of 11.2°, 34.0°, 38.5° and 60.5° corresponding to the (003), (009), (015) and
(110) crystal planes, respectively (JCPDS No. 38-0715) [35]. Moreover, the intense diffraction
main peak of rGO — occurring at approximately 26 = 24.0° confirms the effective conversion of
GO to rGO [36].

3.2 Optimisation of experimental parameters

The selection of input experimental parameters, including pH, adsorbent amounts (M), and Contact
Time (CT), was based on a normal statistical distribution, as illustrated in Figure 6. The average
values for these parameters are provided in level II of Table 1. Furthermore, Figure 6 demonstrates
the normal distribution analysis of the experimental output, RP, which also conforms to a normal
statistical distribution. The Taguchi design method was used in this study to determine optimal
values of three parameters with the objective of maximising RP. To initiate this process, the

permissible range of these parameters, considering their respective limitations, is defined in Table
1.

Table 1. The range of the effective parameters analysed in Taguchi design model

Parameters/Levels 1 1I 11T
pH (A) 3.0 5.0 7.0

M (mg, B) 5.0 12.5 20.0

CT (min, C) 10.0 20.0 30.0

0.25

0.2

0.15

Probability (%)

0.05

0 25 50 75 100 125

M Contact Time (min) B pH m M(mg) B RP(%)

Fig. 6. Normal distribution analysis for input and output design of experiment process
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The outputs of Cumulative Distribution Function (CDF) are presented in Fig. 7, illustrating the
statistical analysis of RP (%) in various experiments (each curve representing a specific set of input
parameters given in Table 1). The results indicate a significant enhancement in the performance
of the adsorption process when the pH value is set as the second parameter (level I, pH = 5.0 as
shown in Table 1). To explore the adsorption mechanism of Pb?*, the pHpzc of NiCo-LDHs-rGO
composite was determined which was found to be 3.8. Therefore, the surface of NiCo-LDHs-rGO
was negatively charged at pH>3.6 due to the deprotonation effect. Several mechanisms can explain
the adsorption of Pb?" onto the adsorbent: (1) Electrostatic interaction between the remaining
carboxylic acid groups of rGO and Pb*" (Fig. 8, mechanism 1); (2) Ion-dipolar interaction
involving the hydroxyl groups of NiCo-LDHs and rGO with the Pb*" ion (Fig. 8, mechanisms 2
and 3); (3) n-cation interaction between rGO and Pb*" (Fig. 8, mechanism 4). Overall, it is
expected that in acidic pH (level I, pH = 3.0) the RP of Pb?* decreases due to the abundance of H
ions which compete with Pb*" ions for adsorption sites of NiCo-LDHs-rGO and hinder the
dissociation of carboxylic acid group required for electrostatic interactions with Pb?"ions [37-44].
Fig. 7 highlights that when all effective factors are at the first level (black line in Fig. 7), the
removal percentage almost reaches to 50% at its best. However, in the optimal state (red line in
Fig. 7), it can surpass 95%. Fig. S4 represents the EDX analysis of NiCo-LDHs-rGO after
adsorption. The appearance of Pb*' peak at 10.5 keV clearly shows that Pb** ions have been
adsorbed effectively.

Fig. 7. Cumulative distribution function (vertical axis) of removal percentage (RP) for various parameter
settings
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Mechanism 3

Mechanism 4
] WSIUEYIIN

Mechanism 2

Fig. 8. The mechanism of Pb%" adsorption onto the rGO-NiCo LDHs

The evaluation of signal-to-noise (S/N) ratio (Taguchi method, Fig. 9) was conducted using the
Minitab 16 software. Upon analysis, it is found that for the first parameter (pH) the second level
(pH = 5.0) has the highest efficiency with the highest S/N ratio value. Similarly, the optimum
conditions of M and CT are related to the third values (M=20.0 mg and CT= 30.0 min). Likewise,
the dual sensitive analysis of the effective parameters is illustrated in Fig. 10. Note that S/N value
serves as an indicator of the signal’s strength relative to noise in electrical systems [45]. In the
context of the Taguchi method, this concept is used to determine the optimality of each parameter

at various levels [46]. Therefore, a higher S/N value is indicative of greater system efficiency [47].
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Fig. 9. Taguchi computation for main effects plot for SN ratio (A: pH, B: M, C: CT).

Fig. 10 provides a binary sensitivity analysis of the key parameters with respect to the removal
efficiency. In Fig. 10a, it is evident that the slope fluctuations for pH are more pronounced
compared to parameter M. This observation suggests that the obtained response (RP) is more
influenced by pH than M. The analysis of Figs. 10b and 10c leads to this conclusion that pH is the
most influential factor on RP. These findings highlight the significance of pH in determining RP
and overall effectiveness of the decontamination process. Comparing Figs. 10-a-c reveals valuable
aspects of the decontamination process using the newly synthesised composite. It is evident that
A has a greater influence than B, while A has a greater influence than C, and C has a greater
influence than B. Consequently, the order of importance for these parameters can be established
as follows: A > C > B. Furthermore, the intensity of slope variation, Fig. 9, supports the same
conclusion. The S/N (Signal-to-Noise) values obtained from A are consistently higher than those
of C and B. This reaffirms the importance of A (pH) in driving the response and underscores its
significant role for the optimisation of the decontamination process. By providing a more
comprehensive analysis and highlighting the consistent trends, observed across multiple figures,
the extended passage offers greater clarity regarding the importance of pH related to the response

variable (RP), emphasising its critical role in the decontamination process.

14



100 100

RP(%) 3¢ RP(%) 30
60 3 60 3
40 2 A 40 2 A

100

80
RP(%)

(c)

Fig. 10. Dual sensitive analysis of the surface plot of RP (%) between a) pH vs M, b) pH vs CT, ¢) M vs CT.

Based on pH, M and CT, a polynomial regression model was used to estimate RP. The correlation
coefficients of quadratic models for the interpolation of M-pH (Eq. 3 and Fig. 11a), CT-pH (Eq. 4
and Fig. 11b) and M-CT (Eq. 5 and Fig. 11c) are equal to 0.62, 0.67 and 0.47, respectively.
However, due to the low values of the coefficients, the proposed methods may be unable to
estimate RP, and thus, it is advisable to explore machine learning computations for more accurate

estimations.
f(x,¥) = Pyo + Piox + Py1y + Pyox? + Py1xy + Py,y?  where x=M and y=pH (3)

Coefficients (with 95% confidence bounds):
Pyg =-74 (-157.2,9.234)

Py =52.66 (21.46, 83.86)

Py1 =0.1962 (-5.947, 6.339)

P,y =-4.246 (-7.264, -1.229)

P;1 =-0.2695 (-0.8385, 0.2995)

Py, =0.09634 (-0.1183, 0.3109)
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f(x,¥) = Pyg + Piox + Py1y + Prox? + Piyxy + Py y*

Coefficients (with 95% confidence bounds):
Py =-85.21(-170.9, 0.4487)
Pyo = 47.66 (18.37, 76.96)

=
=
|

= 2.853 (-2.09, 7.797)

Pyo = -3.499 (-6.301, -0.6977)

P, = -0.2947 (-0.6909, 0.1015)
Py = -0.01909 (-0.1312, 0.09297)

f(x,¥) = Pyg + Piox + Py1y + Prox? + Piyxy + Py y?

Coefficients (with 95% confidence bounds):
Pyo =1.23 (-68.99, 71.45)

Pio =3.595 (-3.471, 10.66)

Py; =3.94 (-2.144, 10.02)

P,q=0.06327 (-0.1937, 0.3202)

P11 =-0.1966 (-0.3329, -0.06036)

Py, =-0.02491 (-0.1694, 0.1196)

where x=CT and y=pH

where x=M and y=CT

(4)

©)



M

(c)
'Fig.‘ 11. Outputs of dual mathematical modeling based on RP fluctuations. a) pH-M, b) pH-CT ¢) M-CT.

Lazy learning, a type of machine learning computation, is primarily designed for datasets with a
limited number of attribute data specifications. In the context of this research, where the
characterisation of adsorption process is comparatively constrained compared to other data mining
scenarios, the lazy models were applied in this study. Hence, three lazy models, i.e. lazy.IBk,
lazy.KStar and lazy. LWL were investigated due to the relatively low efficiency of mathematical
regression modeling. The distribution of data through data mining computations is presented in
Fig. 12. To implement machine learning systems, different data structuring approaches are
required. As observed in Fig. 12, the learning data is displayed as a matrix plot. Note that the data

shown in this figure are derived from experimental results and thus represent the practical
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outcomes of the processes. According to Table 2, it can be inferred that all the computation models

have appropriate performance with a correlation coefficient more than 0.9500 for the prediction of

removal percentage; the approach can fill the lack of precision in simple mathematical modeling.

Fig. 12. Data distribution in this study.
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Table 2. Results of three lazy.IBk, lazy.KStar and lazy. LWL modeling

Parameters lazy.IBk lazy.KStar lazy. LWL
Correla.tlon 0.9927 0.9922 0.9650
coefficient
Mean absolute 3 667 4.704 7.220
error
Root mean 4.262 5.724 8.479
squared error
Relative 23.40 % 30.03 % 46.08 %
absolute error
Root relative 21.70 % 2915 % 43.18 %

squared error

Description

Instances: 27
Attributes: 4
Test mode:  split
66.0% train,
remainder test
IB1 instance-based
classifier

Relation: ML
Instances: 27
Attributes: 4

Test mode:  split 66.0%
train, remainder test
KStar Beta Verion (0.1b).
KStar options: -B 20 -M a

Relation: ML
Instances: 27
Attributes: 4

Test mode:  split 66.0% train,

remainder test

Locally weighted learning
Using classifier: weka. classifiers.
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3.3 Adsorption isotherm

3.3.1 Langmuir and Freundlich

Eq. 6 (Table S1) shows the Langmuir isotherm which is related to monolayer adsorption. The
calculated values for qmax and Kags are 200 mg g and 13.44 L mg™!, respectively (Table 3) [29].
Moreover, Eq. 7 shows the multilayer adsorption of the analyte (Table S1) based on the Freundlich
isotherm. The calculated Freundlich parameters (Table 3) show that the adsorption of Pb*" onto
the NiCo-LDHs-rGO composite is a favourable process (n>1) [29]. Since R? of Langmuir (0.9930)
and Freundlich (0.9860) isotherms were very close to each other, three-parameter isotherm models

used to determine the accurate adsorption isotherm model [29].

Table 3. Results of interpretation of isotherm models

Isotherm Coefficients
. qmax(mg g_l) kads (L g_l) Rz
Langmuir
Isotherm
200 13.44 0.9930
Freundlich
Isoth
sothierm 3.99 47.55 0.9860
b(J/mol A(Lmg™? R?
Temkin ( ) ( 97)
Isoth
sothierm 93.51 421 0.9394
DR Gmax(mg g~*) kq (mol?]~2) R? E (k] (mol)™)
Isotherm
134 0.34 0.7061 1.30

3.3.2  Three-parameter isotherm

To precisely determine the adsorption mechanism, three-parameter isotherms including Sips [48],
Kobbel-Corrigan [49], Toth [50], Khan [51] and Radke—Prausnitz [52] were used. The outcome
and conditions of each isotherm are illustrated in Table 4. According to the results, it is understood
that the Freundlich model — which follows the heterogeneous surface adsorption mechanism —

dominated the monolayer system.
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Table 4. The results of three-parameter isotherm

Three-parameter . o . Correlation Selected
. Formulation Description . .
isotherm coefficient mechanism
If Bt converge to 1,
k C " Langmuir is the main Heterogeneous
Sips g4, =———3 mechanism, else, 0.98 surface mechanism
l1+a C™ Freundlich is the (Freundlich)
appropriate mechanism
If n converge to 1, Heterogeneous
AC" Langmuir is the main surface mechanism
Kobbel-Corrigan q, = —e” mechanism, else, 0.98 (Freundlich)
1+B Ce Freundlich is the
appropriate mechanism
If 1/t converge to 1, Heterogeneous
k,C, Langmuir is the main surface mechanism
Toth q, = —em mechanism, else, 0.98 (Freundlich)
(a; +C,) Freundlich is the
appropriate mechanism
If u; converge to 1, 0.98 Heterogeneous
_ qbC, Langmuir is the main surface mechanism
Khan 9. = < mechanism, else, (Freundlich)
1+5C,)" Freundlich is the
appropriate mechanism
If Br-1 converge to 1, 0.98 Heterogeneous
App rRCbRe Langmuir is the main surface mechanism
Adke-Prausnitz mechanism, else, (Freundlich)

e

bp-1
app +1,C7,

Freundlich is the
appropriate mechanism

3.3.3 Dubinin—Radushkevich (DR) model
Eq. 8 (Table S1) shows the DR isotherm formula (Egs. 9 and 10 have been used for the calculation

of DR factors). According to the physical adsorption mechanism (E<8.00 kJ mol') and the

obtained E value presented in Table 3 (E=1.30 kJ mol™'), it is concluded that a physio-sorption

process has been occurred for Pb?" adsorption [29].

3.3.4 Temkin model
Eq. 11 (Table S1) shows the Temkin model. According to value b presented in Table 3 (b =93.51

J mol™), the Pb*" adsorption is a physical process. The diagrams of Langmuir, Freundlich, DR and

Temkin isotherms are presented in Fig. S5.
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3.4  Adsorption kinetic

3.4.1 Pseudo first order kinetic model (PFO model)

The formula of PFO model is provided in Table S2 (Eq. 12) [29]. As described in Table 5, R? for
Pb*" are in the range of 0.6678 to 0.7459. Moreover, the calculated qe is different than the

experimental qe; accordingly, PFO is not applicable for analysing the kinetic results.

3.4.2. Pseudo-second-order model (PSO model)

Eq. 13 (Table S2) represents the simplified form of PSO model [29]. Table 5 displays the
calculated values of k> and R?, so that R?> was obtained >0.9800 for different Pb>" concentrations.
Also, ge (cal) is so close to ge (exp), showing that PSO is the applicable model for analysing the

kinetic data.

Table 5. Results of interpretation of kinetic models

Concentration (mg L") 50 100 200 400
ge(exp) mg/g 51 99 177 236
k, 1/min 0.030 0.020 0.018 0.018
PFO model Je mg/g 10 35 88 124
R? = 0.6678 0.7459 0.7020 0.7151
k, g/mg.min 0.0057 0.0016 0.0004 0.0003
PSO model Je mg/g 52 99 182 244
R? - 0.9983 0.9966 0.9844 0.9802
H mg/g.min 15.41 15.67 14.20 16.80
Kiq mg/gmin®3 1.90 5.10 13.13 18.46
ID model Ciq mg/g 34.49 49.20 47.10 53.65
R? - 0.7122 0.7734 0.7305 0.7476

3.4.2 Intraparticle diffusion (ID) model

Eq. 14 (Table S2) displays the formula of ID model, while Fig. 13 presents the obtained ID plots
for different concentrations of Pb?>". As observed, the plots have two zones: 1- Faster zone
contributing to the diffusion of analytes from the bulk solution to the adsorbent surface; 2- Slower
zone which is related to the intraparticle diffusion [29]. The obtained R? values of the two zones

and as well as calculated kin are shown in Table 5.
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Fig. 13. ID plots for different Pb?*concentrations

3.5 Simulink simulation for the kinetics of adsorption process

The research conducted in the lab scale used a Complete Mixed Reactor (CMR) which can be
effectively modelled in a Simulink platform using MATLAB. In the kinetic section, PSO was
selected as the most suitable model. The schematic plan of Simulink modeling process is presented
in Fig. S6. Based on our kinetic study, simulation experiments were conducted for various initial
concentration of Pb>* (50, 100, 200 and 400 mg L") under optimum conditions. The trends of Pb**
elimination in reacting with NiCo-LDHs-rGO are illustrated in Fig. 14. All the mentioned trends
have been computed by using the numerical analysis of kinetic differential equations in a Simulink
platform. According to Fig. 14, it is found that the concentration of Pb?>" decreases over a 30-
minute run (adsorption process). Fig. 15 presents the relationship between q: and t, based on the
numerical and experimental values. The main purpose of this scheme is to assess the simulated

kinetic model by comparing it to the experimental kinetic outputs.
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Fig. 14. Outputs of Simulink kinetic simulation in different Pb** concentrations such as (a) 50 mg L' (b) 100
mg L (c) 200 mg L' and (d) 400 mg L.

Analysing Fig. 15 reveals that the simulated model demonstrates a commendable level of precision
in predicting q; over time. It is worth noting that at those concentrations below 100 mg/L, the
simulation and laboratory curves converge, indicating a close agreement between the simulated
and experimental data. However, at higher concentrations, the convergence diminishes and then
the curves begins to diverge. This divergence at higher concentrations can be attributed to the
desorption process which occurs at the adsorption process progresses and the surface becomes
saturated. The intricate dynamics at play in the desorption process contribute to the lower

convergence observed at elevated concentrations.
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3.6 Selectivity

The adsorption selectivity for Pb?* was assessed in both binary and mixed solution containing co-
existing ions such as Zn?", Cu?" and Cd*". As shown in Fig. S7a (for binary analysis) the uptake
of Pb?" using NiCo-LDHs-rGO was higher than those of the other metals, so that the selectivity
sequence was determined as Pb>*>Cu?">Zn*">Cd?". This variation in selectivity can be attributed
to a range of factors including ionic radius, hydration properties and electronegativity. The
selectivity of NiCo-LDHs-rGO for Pb*" in a mixed solution is presented in Fig. S7b. The results
indicates that the adsorption capacity of NiCo-LDHs-rGO for Pb*" remained higher compared to
the other ions even in the presence of a mixed solution. Moreover, the proposed NiCo-LDHs-rGO
composite was applied for the removal of Pb?* from the synthetic and natural wastewater samples

(sourced from an industrial factory in Mashhad, Iran; Table S3). The outcomes revealed that the
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NiCo-LDHs-rGO composite removed over 90.0% of Pb*" contamination, indicating its high

selectivity for the Pb?" ion.

3.7  Reusability of adsorbent

The reusability of NiCo-LDHs-rGO was also assessed through seven consecutive
adsorption/desorption cycles using HCI (0.01 mol L) as the desorbent solution. The results in Fig.
S8 confirm that the RP of Pb** experiences a gradual decrease over the cycles. After the fourth
cycle, there is a 12.0% reduction in RP, however, it stabilises at approximately 87.0% for 100 mg
L' of Pb?" solution. By the seventh cycle, the RP drops to 70.0%, indicating that this composite

can be reliably used at least for seven times with only a 20.0% reduction in RP.

3.8 Comparison with other adsorbents

Table S4 (Ref. 53-59) presents a comprehensive comparison between our synthesised NiCo-
LDHs-rGO composite and other adsorbents used for the decontamination of water samples. The
advantages of NiCo-LDHs-rGO — such as high adsorption capacity (200 mg g™!), swift adsorption
kinetics (30 minutes) and environmentally friendly and convenient synthetic approach (one-step

synthesis) highlight its efficacy and efficiency as an outstanding adsorbent for the removal of Pb*".

4 Conclusions

In this study, a NiCo-LDHs-rGO composite was synthesised using a hydrothermal method and
fully characterised by FT-IR, FESEM, EDX, Mapping Elemental Analysis, XRD and BET
analysis. Subsequently, NiCo-LDHs-rGO was successfully employed for the efficient removal of
Pb*" from water samples. The advantages of this method include the simplicity of one-step
synthesis for the adsorbent, rapid removal kinetics and remarkable high adsorption capacity. Our
experimental findings indicated that this composite has the maximum efficiency at pH 5.0 (99.7%
for 100 mg L' of Pb*"). More importantly, the presences of co-existing ions did not significantly
affect the removal process under these optimised conditions. our experimental data on adsorption
isotherms were well-fitted to the Freundlich isotherm model, with a maximum adsorption capacity
(gmax) of 200.0 mg g!. For the interpretation of kinetic results, the PSO kinetic model proved to
be the most suitable equation. Moreover, the NiCo-LDHs-rGO composite demonstrated

remarkable resilience, with a minimal change in performance after four regeneration cycles,
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maintaining an impressive 87.0% removal percentage. This robust performance highlights the
NiCo-LDHs-rGO composite as a promising, cost-effective material for the removal of Pb*" from
water samples. Therefore, it stands as an economical and highly effective solution for wastewater

decontamination.
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