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Abstract: This study introduces a merlinoite synthesized from sugarcane bagasse ash (SBA) and
kaolin and evaluates its application as an adsorbent to remove lead from wastewater. The synthe-
sis was performed via the hydrothermal method, and optimal conditions were determined. The
adsorption of Pb by merlinoite was also optimized. Determination of the Pb2+ remaining in the
aqueous solution was determined by atomic absorption spectroscopy (AAS). Adsorption isotherms
were mainly studied using the Langmuir and Freundlich models. The Langmuir model showed the
highest consistency for Pb adsorption on merlinoite, yielding a high correlation coefficient (R2) of
0.9997 and a maximum adsorption capacity (qmax) of 322.58 mg/g. The kinetics of the adsorption
process were best described by a pseudo-second-order model. Thermodynamic studies carried out at
different temperatures established that the adsorption reaction was spontaneous and endothermic.
The results of this study show that merlinoite synthesized from kaolinite and SBA is an excellent
candidate for utilization as a high-performance adsorbent for lead removal from wastewater.

Keywords: merlinoite; sugarcane bagasse ash; kaolin; lead; adsorption

1. Introduction

Water pollution is a significant problem globally. This type of pollution is an increasing
international concern, affecting economic growth and the health of people. Lead (Pb) is
well known to be a highly toxic metal, and as such it is a pollutant of great concern. The
release of Pb into the environment from industrial processes and the resulting impact on
ecosystems and human health continues to be a serious issue [1]. The effects of lead toxicity
are known to include kidney damage, brain damage, nervous system damage, anemia, and
hypertension [2]. The World Health Organization (WHO) sets the maximum permissible
level of Pb in drinking water at 0.01 mg/L [3]. The maximum allowable contaminant
level of Pb in wastewater effluent from factories in Thailand is 0.2 mg/L, based on the
Industrial Effluent Standard [4]. Strict and comprehensive management is essential for
controlling the release of lead into the environment and preventing potentially devastat-
ing damage [1,2]. Lead can cause renal, gastrointestinal, and cardiovascular problems in
humans. Various treatment techniques such as ion exchange [5], electrocoagulation [6],
chemical precipitation [7], membrane separation [8], and adsorption [9] have been devel-
oped for removing lead from wastewater. However, adsorption is the most extensively
used treatment technique because of its simplicity, effectiveness, and low cost [10]. The
most common adsorbent materials are alumina, silica, activated carbon, chitosan, natural
substances, and zeolites [10,11].

Zeolites are microporous crystalline alumina silicates in which SiO4 and AlO4 tetra-
hedra are covalently bound together by oxygen atoms [12]. The tetrahedra are arranged
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in three-dimensional frameworks. The net negative charge of the tetrahedral unit is bal-
anced by exchangeable cations (K+, Na+, Ca2+) [12,13]. These cations can be exchanged
with various heavy metals via the ion exchange reaction. Zeolites, formed in nature or
synthesized from diverse sources, have a wide range of applications for purposes of ad-
sorption, catalysis, and ion exchange [12,13]. Unfortunately, the synthesis of zeolites from
commercial chemicals can be expensive [13]. Recently, there has been interest in using
low-cost, readily available materials and waste materials from industry, such as natural
clay [14], diatomite [15], coal fly ash [16], rice husk ash [17], and sugarcane bagasse fly
ash [18]. Synthesizing zeolites from these types of materials has the added benefit of
minimizing waste. In the current study, sugarcane bagasse ash (SBA) and kaolinite were
selected as the raw materials for synthesizing zeolite, for environmental and economic
reasons. SBA, mainly composed of SiO2, is a solid waste product produced extensively
in Thailand, in amounts of approximately 651,000 tons per year, from the sugar industry
and from electricity generation via bagasse–biomass fuel [19]. Kaolin, mainly composed of
SiO2 and Al2O3, is a clay mineral that is both inexpensive and readily available [20].

Merlinoite is a small-pore zeolite containing interconnected eight-membered-ring
pores. The crystallization system of this mineral is orthorhombic [21,22]. Synthetic mer-
linoite, also known as zeolite W, has a high capacity for ion exchange and adsorption.
For example, the synthesis of merlinoite by conversion of coal fly ash with KOH solution
has been reported [23]. The resultant merlinoite product demonstrated effectiveness as
a fertilizer, and can be used for slow release of potassium into the soil. The preparation
of merlinoite using the hydrothermal technique without an organic template was also
investigated [24]. The merlinoite obtained in that study has a propensity for selecting K+

and is therefore useful for specifically extracting potassium from seawater. The fabrication
of NH4+-loaded merlinoite by modifying K+-loaded merlinoite with ammonium ions was
previously demonstrated [25]. This merlinoite is also suitable for extracting potassium
from seawater. In addition, research based on the synthesis of two kinds of merlinoite
with Si/Al ratios of 2.3 and 3.8 under completely inorganic conditions was undertaken.
The prepared merlinoites demonstrated CO2 adsorption properties in their Na+, K+, Rb+,
and Cs+ forms [26]. Thus, previous studies suggest that merlinoite could be a promising
adsorbent for metal ion removal.

This study describes the synthesis of a merlinoite based on sugarcane bagasse ash
(SBA) and kaolin with excellent adsorbent properties and the application of this environ-
mentally friendly, low-cost adsorbent to Pb removal. Merlinoite can be synthesized easily
via the hydrothermal route by combining the raw materials in a potassium hydroxide solu-
tion, which dissolves the various crystalline phases of the raw materials and then causes
zeolite to precipitate out. The optimum conditions for hydrothermal synthesis of merlinoite
from sugarcane bagasse ash and kaolin were studied. The lead adsorption capacity of mer-
linoite was investigated in terms of its adsorption isotherm, kinetics, and thermodynamics.
Finally, the Pb adsorption capacity of merlinoite in wastewater was evaluated.

2. Materials and Methods
2.1. Materials

Sugarcane bagasse ash was provided by Kaset Thai Bio Power Co., Ltd., Nakhon
Sawan, Thailand. Kaolin came from Ranong, Thailand. The chemical compositions of
these materials, as determined by X-ray fluorescence spectrometry, are listed in Table S1.
The following experiments also used potassium hydroxide (85%KOH, AR grade, Ajax
Finechem, Seven Hills, NSW, Australia), lead (II) nitrate (99% Pb(NO3)2, AR grade, Merck,
Darmstadt, Germany), Whatman filter paper (No. 5, Whatman, Kent, England), and
deionized water.

2.2. Merlinoite Preparation

In this study, the merlinoite sample was prepared using the method that has been
reported previously [23]. Sugarcane bagasse ash and kaolin were dried in an oven at 100 ◦C.
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The hydrothermal method was used for the synthesis of the merlinoite. Sugarcane bagasse
ash, kaolin, and 2 M KOH (10 g:10 g:80 mL) were combined. The following parameters were
investigated in order to determine optimal conditions for preparing the zeolite: reaction
temperature (180 or 200 ◦C), reaction time (4, 8, 12, or 16 h), concentration of KOH solution
(1, 2, 3, or 4 M), ratio of sugarcane bagasse ash to kaolin (1.1, 1:2, or 2:1), and ratio of raw
materials to KOH solution (1:2, 1:3, 1:4, or 1:5). The mixture was placed in a stainless-steel
PPL-lined autoclave and kept at the given temperature for the given amount of time in
an oven under autogenous pressure. After synthesis, the material was washed with hot
deionized water to remove excess KOH and then filtered. The material was dried at 105 ◦C
for 16 h in an oven prior to analysis.

2.3. Characterization

The structural features of the merlinoite and the raw materials were analyzed using
X-ray diffraction (XRD) (D2 PHASER, Bruker, Billerica, MA, USA). The X-ray diffraction
patterns were recorded for a 2θ scan angle between 5 and 60◦, with steps of 0.2◦ and a
0.02 deg/min scan rate. The chemical composition of the raw materials was analyzed
using wavelength-dispersive X-ray fluorescence (WDXRF) (S8 TIGER, Bruker, Billerica,
MA, USA). The surface topography and elemental analysis of merlinoite were investigated
by scanning electron microscopy (SEM-EDS) (LEO 1455 VP, Leo, Sauerlach, Germany).
Functional groups of merlinoite were identified by Fourier transform infrared spectroscopy
(FTIR) (Spectrum GX, PerkinElmer, Waltham, MA, USA). Lead concentrations were deter-
mined by flame atomic absorption spectrophotometry (FAAS) (contrAA 800F, Analytik
Jena, Jena, Thuringia, Germany).

2.4. Adsorption Experiments

The adsorption of Pb by the synthetic merlinoite zeolite was evaluated using a batch
system. Different operating conditions were investigated including the solution pH (2–6),
which was adjusted using 0.5 M HNO3 or 0.5 M NaOH, contact time (5–300 min), initial
concentration (500–1200 ppm), and temperature (30–60 ◦C). In general, 50 mL of Pb solution
was mixed with 0.1000 g of merlinoite using a temperature-controlled shaker (Thermo
Fisher Scientific, Waltham, MA, USA) at a speed of 200 rpm. The suspension was then
filtered using Whatman No. 5 filter paper. Flame atomic absorption spectrometry (FAAS)
was used to determine the Pb concentration of the resulting supernatant. Air–acetylene
was used as the flame type. A fuel flow of 65 L/h was used. A burner height of 5–9 mm
was selected. The wavelength of 217 nm was used. All experiments were performed in
triplicate, and the results were averaged.

The Pb adsorption percentage, Pb adsorption capacity (qt), and equilibrium amount
of Pb adsorption (qe) were calculated using the following equations:

%Adsorption =
(C o − Ct)

Co
× 100 (1)

qt =
V(C o − Ct)

W
(2)

qe =
V(C o − Ce)

W
(3)

where Co (mg/L) is the initial Pb concentration, Ct (mg/L) is the Pb concentration at time t,
Ce (mg/L) is the equilibrium concentration, V (L) is the volume of the solution, and W (g)
is the weight of merlinoite zeolite [27–29].

2.5. Application of Merlinoite for Pb Adsorption in Wastewater Samples

Wastewater samples were collected from three factories manufacturing batteries, paint,
and religious statues in Samutprakarn and Phitsanulok, Thailand. The wastewater was
filtered with Whatman No. 5 filter paper to eliminate suspended particles and then spiked
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with the stock Pb solution to a final Pb concentration of 50 ppm. A 50 mL sample and
0.1000 g of merlinoite were then mixed and shaken at 200 rpm on a temperature-controlled
shaker at 30 ◦C for 150 min. After that, the suspension was filtered with Whatman No. 5
filter paper. FAAS was used to determine the Pb concentrations of both the initial solution
and the supernatant that resulted after adsorption.

3. Results and Discussion
3.1. Merlinoite Synthesis Results

The synthesis of merlinoite from SBA and kaolin via hydrothermal conversion was
found to be affected by the synthesis conditions investigated in this study: the hydrothermal
temperature, hydrothermal time, concentration of KOH solution, ratio of sugarcane bagasse
ash to kaolin, and ratio of raw materials to KOH solution. Figure 1 shows the XRD patterns
for the merlinoite synthesized at hydrothermal temperatures of 180 and 200 ◦C, compared
with the XRD patterns of the reference merlinoite phase (JCPDS 29-0989) and the two raw
materials. All diffraction peaks of the MZ synthesized at 200 ◦C corresponded perfectly to
those of the reference merlinoite phase, indicating complete conversion to merlinoite from
the raw materials. However, for the merlinoite synthesized at 180 ◦C, there was a peak
remaining from the raw materials, corresponding to the quartz phase at 26.7◦, indicating
incomplete conversion at the lower temperature. Thus 200 ◦C was used as the temperature
for subsequent hydrothermal synthesis.

Molecules 2021, 26, x FOR PEER REVIEW 4 of 12 
 

 

2.5. Application of Merlinoite for Pb Adsorption in Wastewater Samples 
Wastewater samples were collected from three factories manufacturing batteries, 

paint, and religious statues in Samutprakarn and Phitsanulok, Thailand. The wastewater 
was filtered with Whatman No. 5 filter paper to eliminate suspended particles and then 
spiked with the stock Pb solution to a final Pb concentration of 50 ppm. A 50 mL sample 
and 0.1000 g of merlinoite were then mixed and shaken at 200 rpm on a temperature-
controlled shaker at 30 °C for 150 min. After that, the suspension was filtered with What-
man No. 5 filter paper. FAAS was used to determine the Pb concentrations of both the 
initial solution and the supernatant that resulted after adsorption. 

3. Results and Discussion 
3.1. Merlinoite Synthesis Results 

The synthesis of merlinoite from SBA and kaolin via hydrothermal conversion was 
found to be affected by the synthesis conditions investigated in this study: the hydrother-
mal temperature, hydrothermal time, concentration of KOH solution, ratio of sugarcane 
bagasse ash to kaolin, and ratio of raw materials to KOH solution. Figure 1 shows the XRD 
patterns for the merlinoite synthesized at hydrothermal temperatures of 180 and 200 °C, 
compared with the XRD patterns of the reference merlinoite phase (JCPDS 29-0989) and 
the two raw materials. All diffraction peaks of the MZ synthesized at 200 °C corresponded 
perfectly to those of the reference merlinoite phase, indicating complete conversion to 
merlinoite from the raw materials. However, for the merlinoite synthesized at 180 °C, 
there was a peak remaining from the raw materials, corresponding to the quartz phase at 
26.7°, indicating incomplete conversion at the lower temperature. Thus 200 °C was used 
as the temperature for subsequent hydrothermal synthesis. 

 
Figure 1. XRD patterns for the synthesized MZ at hydrothermal temperatures of 180 and 200 °C 
compared with the XRD patterns of a known merlinoite phase (JCPDS 29-0989) and the raw mate-
rials. Synthesis conditions: SBA/kaolin ratio = 1:1, raw material/2 M KOH ratio = 1:4. 

Figure 2a shows the XRD patterns for the merlinoite prepared using reaction times 
of 4, 8, 12, and 16 h. Unconverted quartz was still detected at 4 h, but single-phase merli-
noite formed at 8, 12, and 16 h. The reaction time of 8 h was selected as optimal, since this 
was sufficient time for the reaction to be completed. Figure 2b shows the XRD patterns for 
the merlinoite synthesized using SBA/kaolin ratios of 1:1, 1:2, and 2:1. The merlinoite 
formed with high intensity and phase purity when an SBA/kaolin ratio of 1:1 was used 
but using a ratio of 1:2 resulted in low intensity and the presence of a quartz phase as an 
impurity. Merlinoite formed with high intensity when an SBA/kaolin ratio of 2:1 was used; 
however, there were also quartz and microcline phases. An SBA/kaolin ratio of 1:1 was 
thus chosen as optimal for the synthesis of highly crystalline merlinoite. Figure 2c shows 
the XRD patterns for the merlinoite synthesized using KOH concentrations of 1, 2, 3, and 

Figure 1. XRD patterns for the synthesized MZ at hydrothermal temperatures of 180 and 200 ◦C
compared with the XRD patterns of a known merlinoite phase (JCPDS 29-0989) and the raw materials.
Synthesis conditions: SBA/kaolin ratio = 1:1, raw material/2 M KOH ratio = 1:4.

Figure 2a shows the XRD patterns for the merlinoite prepared using reaction times of
4, 8, 12, and 16 h. Unconverted quartz was still detected at 4 h, but single-phase merlinoite
formed at 8, 12, and 16 h. The reaction time of 8 h was selected as optimal, since this was
sufficient time for the reaction to be completed. Figure 2b shows the XRD patterns for the
merlinoite synthesized using SBA/kaolin ratios of 1:1, 1:2, and 2:1. The merlinoite formed
with high intensity and phase purity when an SBA/kaolin ratio of 1:1 was used but using
a ratio of 1:2 resulted in low intensity and the presence of a quartz phase as an impurity.
Merlinoite formed with high intensity when an SBA/kaolin ratio of 2:1 was used; however,
there were also quartz and microcline phases. An SBA/kaolin ratio of 1:1 was thus chosen
as optimal for the synthesis of highly crystalline merlinoite. Figure 2c shows the XRD
patterns for the merlinoite synthesized using KOH concentrations of 1, 2, 3, and 4 M. The
results show that raising the KOH concentration to 2 M caused complete dissolution of
quartz, and only merlinoite was detected. Furthermore, at 4 M, an additional unknown
phase emerged. The principle of minimal chemical use makes 2 M the optimal KOH
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concentration for merlinoite synthesis. Figure 2d shows the XRD patterns for the merlinoite
synthesized using raw-material-to-KOH ratios of 1:2, 1:3, 1:4, and 1:5. A quartz phase
was still detected at ratios of 1:2 and 1:3. Single-phase merlinoite was obtained at ratios
of 1:4 and 1:5. Choosing the minimal amount of chemicals, a ratio of 1:4 was used for
merlinoite synthesis.
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Figure 2. XRD patterns for the synthesized MZ formed at: (a) reaction times of 4, 8, 12, and 16 h (synthesis conditions:
SBA/kaolin ratio = 1:1, raw material/2M KOH ratio = 1:4, hydrothermal temperature = 200 ◦C); (b) SBA/kaolin ra-
tios of 1:1, 1:2, and 2:1 (synthesis conditions: raw material/2M KOH ratio = 1:4, hydrothermal temperature = 200 ◦C,
reaction time = 8 h); (c) KOH concentrations of 1, 2, 3, and 4 M (synthesis conditions: SBA/kaolin ratio = 1:1, raw mate-
rial/KOH solution ratio = 1:4, hydrothermal temperature = 200 ◦C, reaction time = 8 h); (d) raw material to KOH ratios
of 1:2, 1:3, 1:4, and 1:5 (synthesis conditions: SBA/kaolin ratio = 1:1, raw material/2M KOH ratio = 1:4, hydrothermal
temperature = 200 ◦C, reaction time = 8 h).

3.2. Characterization of Merlinoite

The morphology of the synthetic merlinoite was examined by SEM. Figure 3 shows
the SEM photos at 5000× magnification. The morphology was characterized by bundles
of columns with uneven lengths. EDS was used to analyze the synthetic merlinoite’s
elemental components. The constituent elements are shown by weight percent in Figure 3b.
The results indicate that the merlinoite consists mainly of silicon, aluminum, potassium,
and oxygen.

In addition, it should be noted that the Al/Si ratio was quite small (0.46). However,
even using this low Al/Si ratio, the resultant merlinoite still showed a high Pb removal
efficiency, as shown later. This agrees well with results reported in the literature [25,30].
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The TEM micrographs (Figure S1a,b) of the synthesized merlinoite showed column-
like morphology. The SEAD pattern in Figure S1c exhibits a ring-like pattern suggesting
the monocrystalline nature of the sample [31]. In addition, the HR-TEM micrograph in
Figure S1d shows the lattice fringe with a d-spacing of 0.54 nm. This is due to the reflection
from the (121) plane of the merlinoite.

The specific surface area is an important factor affecting the adsorption efficiency
of an adsorbent [32]. Therefore, the textural properties of the synthesized merlinoite
were investigated. The nitrogen adsorption–desorption isotherms and the BJH pore size
distribution of the sample (Figure S2) showed a type IV isotherm following the IUPAC
classification. A BET surface area of about 20 m2/g was obtained. The sample showed the
mesoporous nature of the resultant merlinoite.

The FTIR spectrum of the synthesized merlinoite is shown in Figure S3. The bands
in the range of 3428–3608 cm−1 are valence vibrations of O-H bonds. The O-H band at
1635 cm−1 was assigned to deformation vibrations of adsorbed water molecules. The
strongest peak at around 1007 cm−1 was seen in zeolite as asymmetric stretching vibrations
of Si–O–Si and Si–O–Al, whereas the peak at about 753 cm−1 represented the symmetric
stretching vibration. The peak at 427 cm−1 was attributed to the internal vibration of
Si–O–Si and Si–O–Al bending [33]. These spectra indicate that the synthesized product
had Si–O–Si or Si–O–Al groups, as a specific fingerprint of zeolite. In addition, it should be
noted that the FTIR spectra of the fresh and the used merlinoite (after Pb adsorption) are
similar. However, the slight lowering of the transmittance after Pb adsorption correlates
well with that shown in previous work [27], where a small vibrational band shift was also
detected, indicating the attachment of Pb2+ on the adsorbent.

3.3. Adsorption Behavior
3.3.1. Effect of Solution pH

The pH is an important factor affecting adsorption capacity because the solution
pH influences both the surface properties of the merlinoite and the ionic forms of the
lead ions in solution. The effect of pH on Pb adsorption is displayed in Figure S4. The
results show that Pb adsorption was poor at low pH levels. At low pH, the merlinoite
surface functional groups are protonated, leading to many positively charged species and
a decrease in the number of active adsorption sites [34]. Electrostatic repulsion between
the positively charged functional groups and Pb could also inhibit the binding of Pb onto
the surface of the merlinoite, thus lowering adsorption. When the pH is higher, there are
more deprotonated functional groups and thus more active adsorption sites available. This
promotes enhanced interaction between Pb and the functional groups, so higher levels of
Pb removal can be expected [35]. The optimal initial solution pH for Pb adsorption was
found to be pH 6, which yielded 93.63% Pb removal. On the other hand, using a pH higher
than 6 causes Pb precipitation [28,36].
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3.3.2. Effect of Contact Time

The effect of contact time on Pb adsorption is shown in Figure S5. The results show that
as Pb contact time increased from 5 to 150 min, adsorption also increased from 81% to 99%,
leveling off after that. Initially, vacant active sites are abundantly available on the merlinoite
surface, so the uptake of Pb can occur readily. At around 150 min, the situation changes.
The vacant active sites have been filled, and equilibrium has been reached. Thus, a contact
time of 150 min was selected for use in the subsequent experiments.

3.3.3. Effect of Co-Existing Metal Ions

The effect of various co-existing metal ions on Pb adsorption is shown in Figure S6.
The results show that the adsorbent is selective for removing Pb2+ in the solution, in
comparison to other metal ions. The effect of the co-existing metal ions on lead removal
can therefore be neglected. An efficiency of about 80–98% was achieved.

3.3.4. Adsorption Kinetics

The adsorption kinetics and rate constants of Pb adsorbed on merlinoite were de-
termined using kinetic models. In investigations based on equilibrium adsorption, the
pseudo-first-order and pseudo-second-order kinetic models are expressed as follows:

ln(qe − qt) = ln qe − k1t (4)

1
qt

=
t

qe
+

1
k2q2

e
(5)

where qe and qt represent the amounts of Pb ions adsorbed onto the merlinoite (mg/g)
at equilibrium and at time t, respectively, and k1 and k2 are the rate constants for the
pseudo-first-order and pseudo-second-order kinetics, respectively [37].

The linear plots of the pseudo-first-order and pseudo-second-order models for Pb
adsorption process are shown in Figure S7, and the model parameters obtained from
the fitting are listed in Table 1. It was observed that the coefficient of regression value
(R2) determined from the pseudo-second-order model (0.9999) was higher than that from
the pseudo-first-order model (0.8430). In addition, the experimental adsorption capacity
(qe, exp) of 247.21 mg/g clearly fitted well with the calculated adsorption capacity (qe,cal) of
250.00 mg/g from the pseudo-second-order model. The results indicate that Pb adsorption
onto merlinoite can be described very well using a pseudo-second-order model, which means
the kinetics of adsorption are those of chemical adsorption. The positively charged Pb cation
reacts with negatively charged terminal hydroxyl groups on the merlinoite surface.

Table 1. Adsorption kinetics parameters of Pb adsorption onto merlinoite.

qe, exp (mg/g)
Pseudo-First-Order Model Pseudo-Second-Order Model

k1
(1/min)

qe,cal
(mg/g) R2 k2

(g/mg min) qe,cal (mg/g) R2

247.21 0.0144 27.17 0.8430 0.0016 250.00 0.9999

3.3.5. Adsorption Isotherms

The adsorption isotherm shows the distribution of the adsorbate molecules at the
liquid/adsorbent interface. In this study, the Langmuir and Freundlich isotherm models
were investigated to characterize the Pb adsorption process on the merlinoite. The experi-
mental data were fitted using these isotherms (Figure S8), and the obtained parameters
are presented in Table 2. The linear forms of the Langmuir and Freundlich isotherms are
shown below in Equations (6) and (7).

Ce

qe
=

Ce

qm
+

1
(q mKL)

(6)
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lnqe= lnKF +
1
n
(lnC e) (7)

where Ce is the concentration of Pb solution at equilibrium (mg/L), qe is the quantity of Pb
adsorbed by the merlinoite (mg/g), qm is the maximum adsorption capacity (mg/g), and
KL is the Langmuir constant (L/mg). The terms KF and n are Freundlich constants which
represent the adsorption capacity and the intensity of adsorption, respectively [38].

Table 2. Isotherm parameters for the adsorption of Pb on merlinoite.

Langmuir Isotherm Freundlich Isotherm

qm (mg/g) KL (L/mg) R2 n KF (L/mg) R2

322.58 0.344 0.9997 18.01 231.15 0.9248

The experimental data clearly agree with the Langmuir adsorption isotherm (R2 = 0.9997)
better than with the Freundlich adsorption isotherm (R2 = 0.9248), so adsorption of Pb
should take place in a monolayer on the surface of merlinoite. In addition, the favorability
of the adsorption process can be predicted by the separation factor (RL), which can be
calculated using Equation (8). The RL values for all Pb concentrations were found to be in
the range of 0.002–0.005, indicating the favorability of the Langmuir isotherm.

RL =
1

(1 + K LCo)
(8)

where KL is the Langmuir constant and Co (mg/L) is the initial Pb concentration. The
value of RL predicts the adsorption process: unfavorable (RL > 1), favorable (0 < RL < 1),
linear (RL = 1) or irreversible (RL = 0) [39].

For comparison, Table S2 shows the qm values for various adsorbents used for Pb
adsorption in previous studies. The merlinoite investigated in this study has superior
adsorption capacity.

Furthermore, apart from these two models, other adsorption models were also used
to fit the raw data regarding Pb adsorption [40–43]. These models included the Redlich–
Peterson isotherm, the Temkin isotherm, and the Dubinin–Radushkevich isotherm. The
results are shown in Figure S8. However, the Langmuir model still showed the best fit.

3.3.6. Adsorption Thermodynamics

Determination of the thermodynamic parameters is vital to understanding the spon-
taneity and feasibility of an adsorption process. These parameters include the change in
Gibb’s free energy of adsorption (∆G◦), the change in enthalpy of adsorption (∆H◦), and the
change in entropy of adsorption (∆S◦), which were determined using Equations (9)–(12),
respectively [34,35,44,45].

Ke = qe/Ce (9)

∆G◦ = −RTlnKe (10)

∆G◦ = ∆H◦ − T∆S◦ (11)

lnKe =
∆So

R
∆Ho

RT
(12)

where Ke represents the equilibrium distribution constant, R is the ideal gas constant
(8.314 J/K·mol), and T(K) is the temperature. The adsorption thermodynamics model was
established by plotting the value of ln(qe/Ce) against the reciprocal of temperature (1/T),
to calculate the values of ∆H◦ and ∆S◦ as well as the regression coefficient (R2), as shown
in Figure S9.

The adsorption thermodynamic parameters are summarized in Table 3. The positive
value of ∆H◦ (40.55 kJ/mol) indicates an endothermic process of Pb adsorption onto
merlinoite. The negative value of ∆G◦ over all the studied temperatures indicates a
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spontaneous process, and the degree of spontaneity of the adsorption process increases
with increasing temperature. As the temperature increases, the mobility of Pb increases and
the retardation of the diffusing ions decreases. The positive value of ∆S indicates that an
increase in the randomness of the adsorbed Pb at the merlinoite–solution interface during
the adsorption is expected.

Table 3. Thermodynamic parameters for adsorption of Pb on merlinoite.

∆G◦ (kJ/mol) ∆H◦

(kJ/mol)
∆S◦

(J/mol·K)303 K 313 K 333 K

−5.938 −7.557 −10.562 40.55 152.67

3.3.7. Application of Merlinoite for Lead Adsorption in Wastewater Samples

Table 4 shows the results of utilizing the merlinoite product in actual wastewater
samples with 50 ppm Pb. The adsorption percentages of merlinoite in all the wastew-
ater samples were in the range of 94.4–97.6%. The results indicate that the synthesized
merlinoite is an effective adsorbent for the removal of Pb from wastewater. In addition,
comparison of the lead adsorption found in the present work and those reported in the
literatures [46–51] can be shown in Table S2.

Table 4. Pb adsorption capacity of synthesized merlinoite in various wastewater samples.

Wastewater
Sample Type

Initial Concentration
(mg/L)

Equilibrium
Concentration

(mg/L)
Adsorption (%)

Battery factory
+50 ppm Pb 50.0 2.1 95.8

Painting factory
+50 ppm Pb 50.0 1.2 97.6

Religious statues factory
+50 ppm Pb 50.0 2.8 94.4

3.4. Conclusions

Merlinoite was successfully synthesized from sugarcane bagasse ash and kaolin using
a one-step hydrothermal method. The adsorption of lead by the merlinoite depended
on the solution pH, contact time, lead concentration, and temperature. The experimental
data in the adsorption process correlated well with the pseudo-second-order kinetic model
and the Langmuir adsorption isotherm. The maximum monolayer adsorption capacity of
322.58 mg/g obtained from merlinoite was higher than that obtained from other adsorbents.
The thermodynamic data revealed that the lead adsorption was a spontaneous endothermic
process. Thus, this new merlinoite, synthesized inexpensively from kaolinite and sugarcane
bagasse ash, is an excellent candidate for utilization as a high-performance adsorbent in
the removal of lead from wastewater.

Supplementary Materials: References [46–51] are cited in the Supplementary Materials. The charac-
terization of the samples and also the lead removal capacities can be found in the supporting informa-
tion. The following are available online, Figure S1: TEM micrographs (a and b), SAED pattern (c) and
HR-TEM micrograph of the merlinoite. Figure S2: N2 adsorption–desorption isotherms (a), BJH pore
size distributions (b) of merlinoite. Figure S3: FT-IR spectra of the synthetic merlinoite (before and after
Pb adsorption). Figure S4: Effect of pH on Pb adsorption by merlinoite (Pb concentration = 500 mg/L,
merlinoite wt. = 0.1000 g, time = 150 min, temperature = 30 ◦C). Figure S5: Effect of contact time
on Pb adsorption by merlinoite (Pb concentration = 500 mg/L, merlinoite weight. = 0.1000 g, pH = 6,
temperature = 30 ◦C). Figure S6: Effect of co-existing metal ions on Pb adsorption by merlinoite (Pb
concentration = 500 mg/L, merlinoite weight. = 0.1000 g, pH = 6, temperature = 30 ◦C). Figure S7:
Kinetic model graphs: (a) pseudo-first-order model and (b) pseudo-second-order model for Pb
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adsorption onto merlinoite. (Pb concentration = 500 mg/L, merlinoite = 0.1000 g, pH = 6, temper-
ature = 30 ◦C). Figure S8: Plots of (a) the Langmuir isotherm, (b) the Freundlich isotherm, (c) the
Redlich-Peterson isotherm, (d) Temkin isotherm and (e) Dubinin-Radushkevich isotherm for Pb
adsorption onto merlinoite. (initial Pb concentration = 500–1200 mg/L, merlinoite weight = 0.1000 g,
pH = 6, time = 150 min, temperature = 30 ◦C). Figure S9: Graph of adsorption thermodynamics
for Pb adsorption onto merlinoite. (Pb concentration = 600 ppm, merlinoite weight = 0.1000 g,
pH = 6, time = 150 min). Table S1: Chemical composition of sugarcane bagasse ash and kaolin (%wt).
Table S2: Comparing adsorption capacities of various adsorbents for Pb.
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28. Taşar, Ş.; Özer, A. A Thermodynamic and Kinetic Evaluation of the Adsorption of Pb(II) Ions Using Peanut (Arachis Hypogaea)
Shell-Based Biochar from Aqueous Media. Pol. J. Environ. Stud. 2019, 29, 293–305. [CrossRef]

29. Obayomi, K.; Auta, M.; Kovo, A. Isotherm, kinetic and thermodynamic studies for adsorption of lead(ll) onto modified Aloji clay.
Desalination Water Treat. 2020, 181, 376–384. [CrossRef]

30. Haouas, M.; Lakiss, L.; Martineau-Corcos, C.; El Fallah, J.; Valtchev, V.; Taulelle, F. Silicate ionic liquid synthesis of zeolite
merlinoite: Crystal size control from crystalline nanoaggregates to micron-sized single-crystals. Microporous Mesoporous Mater.
2014, 198, 35–44. [CrossRef]

31. Chankhanittha, T.; Komchoo, N.; Senasu, T.; Piriyanon, J.; Youngme, S.; Hemavibool, K.; Nanan, S. Silver decorated ZnO
photocatalyst for effective removal of reactive red azo dye and ofloxacin antibiotic under solar light irradiation. Colloids Surf. A
Physicochem. Eng. Asp. 2021, 626, 127034. [CrossRef]

32. Piriyanon, J.; Takhai, P.; Patta, S.; Chankhanittha, T.; Senasu, T.; Nijpanich, S.; Juabrum, S.; Chanlek, N.; Nanan, S. Performance of
sunlight responsive WO3/AgBr heterojunction photocatalyst toward degradation of Rhodamine B dye and ofloxacin antibiotic.
Opt. Mater. 2021, 121, 111573. [CrossRef]

33. Hou, J.; Yuan, J.; Shang, R. Synthesis and characterization of zeolite W and its ion-exchange properties to K+ in seawater. Powder
Technol. 2012, 226, 222–224. [CrossRef]

34. Mustapha, S.; Shuaib, D.T.; Ndamitso, M.M.; Etsuyankpa, M.B.; Sumaila, A.; Mohammed, U.M.; Nasirudeen, M.B. Adsorption
isotherm, kinetic and thermodynamic studies for the removal of Pb(II), Cd(II), Zn(II) and Cu(II) ions from aqueous solutions
using Albizia lebbeck pods. Appl. Water Sci. 2019, 9, 142. [CrossRef]

35. Zhang, M.; Yin, Q.; Ji, X.; Wang, F.; Gao, X.; Zhao, M. High and fast adsorption of Cd(II) and Pb(II) ions from aqueous solutions
by a waste biomass based hydrogel. Sci. Rep. 2020, 10, 3285. [CrossRef] [PubMed]

36. Guerrero-Fajardo, C.A.; Giraldo, L.; Moreno-Piraján, J.C. Preparation and Characterization of Graphene Oxide for Pb(II) and
Zn(II) Ions Adsorption from Aqueous Solution: Experimental, Thermodynamic and Kinetic Study. Nanomaterials 2020, 10, 1022.
[CrossRef]

37. Abatal, M.; Quiroz, A.V.C.; Olguín, M.T.; Vázquez-Olmos, A.R.; Vargas, J.; Anguebes-Franseschi, F.; Giácoman-Vallejos, G.
Sorption of Pb(II) from Aqueous Solutions by Acid-Modified Clinoptilolite-Rich Tuffs with Different Si/Al Ratios. Appl. Sci. 2019,
9, 2415. [CrossRef]

38. Xu, L.; Zheng, X.; Cui, H.; Zhu, Z.; Liang, J.; Zhou, J. Equilibrium, Kinetic, and Thermodynamic Studies on the Adsorption of
Cadmium from Aqueous Solution by Modified Biomass Ash. Bioinorg. Chem. Appl. 2017, 2017, 3695604. [CrossRef]

39. Zou, C.; Jiang, W.; Liang, J.; Sun, X.; Guan, Y. Removal of Pb(II) from aqueous solutions by adsorption on magnetic bentonite.
Environ. Sci. Pollut. Res. 2019, 26, 1315–1322. [CrossRef]

40. Pak, H.; Phiri, J.; We, J.; Jung, K.; Oh, S. Adsorptive Removal of Arsenic and Lead by Stone Powder/Chitosan/Maghemite
Composite Beads. Int. J. Environ. Res. Public Health 2021, 18, 8808. [CrossRef] [PubMed]

41. El-Amier, Y.; Elsayed, A.; El-Esawi, M.; Noureldeen, A.; Darwish, H.; Fakhry, H. Optimizing the Biosorption Behavior of Ludwigia
stolonifera in the Removal of Lead and Chromium Metal Ions from Synthetic Wastewater. Sustainability 2021, 13, 6390. [CrossRef]

http://doi.org/10.1021/acs.iecr.7b02885
http://doi.org/10.1007/s12649-018-0356-0
http://doi.org/10.1016/j.jclepro.2019.05.069
http://doi.org/10.1051/matecconf/201815605002
http://doi.org/10.1021/jacs.9b05539
http://doi.org/10.1016/j.apt.2016.07.025
http://doi.org/10.1016/j.jhazmat.2013.11.063
http://doi.org/10.1016/j.jiec.2013.08.003
http://doi.org/10.1016/j.jiec.2019.07.025
http://doi.org/10.1002/anie.202012953
http://www.ncbi.nlm.nih.gov/pubmed/33089637
http://doi.org/10.1039/C8RA04600J
http://doi.org/10.15244/pjoes/103027
http://doi.org/10.5004/dwt.2020.25142
http://doi.org/10.1016/j.micromeso.2014.07.011
http://doi.org/10.1016/j.colsurfa.2021.127034
http://doi.org/10.1016/j.optmat.2021.111573
http://doi.org/10.1016/j.powtec.2012.04.046
http://doi.org/10.1007/s13201-019-1021-x
http://doi.org/10.1038/s41598-020-60160-w
http://www.ncbi.nlm.nih.gov/pubmed/32094399
http://doi.org/10.3390/nano10061022
http://doi.org/10.3390/app9122415
http://doi.org/10.1155/2017/3695604
http://doi.org/10.1007/s11356-018-3652-0
http://doi.org/10.3390/ijerph18168808
http://www.ncbi.nlm.nih.gov/pubmed/34444552
http://doi.org/10.3390/su13116390


Molecules 2021, 26, 7550 12 of 12

42. Ezeonuegbu, B.A.; Machido, D.A.; Whong, C.M.; Japhet, W.S.; Alexiou, A.; Elazab, S.T.; Qusty, N.; Yaro, C.A.; Batiha, G.E.-S.
Agricultural waste of sugarcane bagasse as efficient adsorbent for lead and nickel removal from untreated wastewater: Biosorption,
equilibrium isotherms, kinetics and desorption studies. Biotechnol. Rep. 2021, 30, e00614. [CrossRef]

43. Oun, A.A.; Kamal, K.H.; Farroh, K.; Ali, E.F.; Hassan, M.A. Development of fast and high-efficiency sponge-gourd fibers (Luffa
cylindrica)/hydroxyapatite composites for removal of lead and methylene blue. Arab. J. Chem. 2021, 14, 103281. [CrossRef]

44. Jaiswal, A.; Chattopadhyaya, M. Synthesis and characterization of novel Co/Bi-layered double hydroxides and their adsorption
performance for lead in aqueous solution. Arab. J. Chem. 2017, 10, S2457–S2463. [CrossRef]

45. Adsorption of Pb(II) from wastewater by natural and synthetic adsorbents. Biointerface Res. Appl. Chem. 2020, 10, 6522–6539.
[CrossRef]

46. Alswata, A.A.; Bin Ahmad, M.; Al-Hada, N.M.; Kamari, H.M.; Bin Hussein, M.Z.; Ibrahim, N.A. Preparation of Zeolite/Zinc
Oxide Nanocomposites for toxic metals removal from water. Results Phys. 2017, 7, 723–731. [CrossRef]

47. Ahmad, R.; Mirza, A. Adsorptive removal of heavy metals and anionic dye from aqueous solution using novel Xanthan
gum-Glutathione/ Zeolite bionanocomposite. Groundw. Sustain. Dev. 2018, 7, 305–312. [CrossRef]

48. Xing, P.; Wang, C.; Ma, B.; Chen, Y. Removal of Pb(II) from aqueous solution using a new zeolite-type absorbent: Potassium ore
leaching residue. J. Environ. Chem. Eng. 2018, 6, 7138–7143. [CrossRef]

49. Utami, A.R.; Sugiarti, S.; Sugita, P. Synthesis of Nap1 and Faujasite Zeolite from Natural Zeolite of Ende-Ntt as Lead
(Pb(II))Adsorbent. Rasayan J. Chem. 2019, 12, 650–658. [CrossRef]

50. Kobayashi, Y.; Ogata, F.; Saenjum, C.; Nakamura, T.; Kawasaki, N. Removal of Pb2+ from Aqueous Solutions Using K-Type
Zeolite Synthesized from Coal Fly Ash. Water 2020, 12, 2375. [CrossRef]

51. Rahimi, M.; Mahmoudi, J. Heavy Metals Removal from Aqueous Solution by Modified Natural Zeolites Using Central Composite
Design. Period. Polytech. Chem. Eng. 2019, 64, 106–115. [CrossRef]

http://doi.org/10.1016/j.btre.2021.e00614
http://doi.org/10.1016/j.arabjc.2021.103281
http://doi.org/10.1016/j.arabjc.2013.09.010
http://doi.org/10.33263/BRIAC105.65226539
http://doi.org/10.1016/j.rinp.2017.01.036
http://doi.org/10.1016/j.gsd.2018.07.002
http://doi.org/10.1016/j.jece.2018.11.003
http://doi.org/10.31788/RJC.2019.1222056
http://doi.org/10.3390/w12092375
http://doi.org/10.3311/PPch.13093

	Introduction 
	Materials and Methods 
	Materials 
	Merlinoite Preparation 
	Characterization 
	Adsorption Experiments 
	Application of Merlinoite for Pb Adsorption in Wastewater Samples 

	Results and Discussion 
	Merlinoite Synthesis Results 
	Characterization of Merlinoite 
	Adsorption Behavior 
	Effect of Solution pH 
	Effect of Contact Time 
	Effect of Co-Existing Metal Ions 
	Adsorption Kinetics 
	Adsorption Isotherms 
	Adsorption Thermodynamics 
	Application of Merlinoite for Lead Adsorption in Wastewater Samples 

	Conclusions 

	References

