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Abstract

The objective of this study was to investigate the removal of lead from aqueous solutions using
Lignin-containing cellulose (LCNF) as natural adsorbent and advanced material in the batch system.
The water sources contaminated with heavy metals, such as lead, have now become one of the
major issues in the world due to non-degradability and huge adverse effects on the health of living
organisms. X-ray diffraction (XRD), Fourier transform-infrared spectroscopy (FT-IR), and transmission
electron microscopy (TEM) were used to analyze the physical, chemical, and structural properties of
2021 LCNFs. The parameters measured in the batch system included pH (4-9), adsorbent dosage (0.1-1 g),
contact time (15-120 minutes), initial lead concentration (10-50 mg/L), and temperature (15-40°C).
The data for each treatment were statistically studied by analysis of variance (ANOVA) and Duncan’s
test. Based on the results, the optimal parameters were determined to be initial lead concentration
of 10 mg/L, pH of 6, and adsorbent dosage of 0.3 g/L. The highest lead removal efficiency was
achieved at 25°C. The system reached equilibrium at 60 minutes, and then there was little change in
lead removal. The results of this study showed that LCNF, by removing more than 99% of lead from
aqueous solutions, is a suitable adsorbent for removing lead from aqueous solutions.

Keywords: Adsorption, Aqueous solutions, Lead, Lignocellulose, Nanofiber

Published online June 29,

Scan to access more

Received Decemebr 3, 2020; Revised January 4, 2021; Accepted January 29, 2021

1. Introduction

Heavy metals such as cadmium (Cd), mercury (Hg),
and lead (Pb) are among the most common pollutants
commonly found at high concentrations in industrial
wastewaters, contaminating aqueous solutions and
endangering the health of living organisms, especially
humans (1). Pb is a major toxic metal that is classified
into a category of special pollutants and enters the
environment as a result of industries such as metal plating
and production of dyes and plastics (2). Long-term
drinking of water containing high concentrations of Pb
causes serious disorders such as nausea, anemia, renal
failure, mental retardation, seizure, and cancer, as well as
death (3).

The maximum allowable concentration of Pb in surface
and underground waters has been determined to be 1 mg/L
by the Iranian department of environment. Therefore, the
separation of this metal is necessary prior to the discharge
of wastewaters containing Pb into urban wastewater or
disposal in the environment (4). Conventional methods
for the removal of heavy metals include chemical
deposition, ion exchange, and electrochemical technique
(5). The use of any of these methods depends on a variety of
factors such as wastewater status, type and concentration
of heavy metals, the amount of treatment required, but

most importantly, the constraints such as the cost of the
devices required and the high cost of executive operations
and treatment of toxic sludge (6). Therefore, due to the
problems mentioned, it is necessary to introduce novel
methods, such as metal nano-adsorbent. The adsorption
of heavy metals is a relatively new technology for the
treatment of industrial wastewater, whose purpose is
toxic metals removal and environmental remediation as
well as the recycling of precious metals (7). One of the
reasons for the broader application of nanoadsorbent is
the greater surface area to volume ratio, the reactivity,
and the ability to absorb higher contamination relative to
the macro and micro scales of the same substance. The
lignin-containing cellulose nanofibrils (LCNFs) consists
of lignin and hemicellulose, one of the thinnest and
newest fibers in the world with attractive features such
as renewability, non-toxicity, reasonable cost, and high
specific resistance (8,9).

Deng et al used electrospun nanofibers to remove Pb
from aqueous solutions. They reported that nanofibers
with diameters less than 400 nm have high potential for
Pb removal (10). Rajawat et al used cellulose nanofibers
(CNs) to remove Pb and Cd from aqueous solutions
in the batch system by analyzing the effect of pH; the
greatest removal occurred at pH of 5 for both metals. The
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pH parameter had the greatest impact on the removal
of Pb and Cd, and they concluded that this method was
very effective in removing Pb and Cd (11). Kardam et
al applied the CNs as adsorbents to remove Cd, nickel,
and Pb from aqueous solutions in the batch system. They
investigated the effect of adsorbent dosage, contact time,
pH, and metal concentration on adsorption efficiency,
and reported that CNs because of being environmentally
friendly and cost-effective are appropriate and effective
alternative to chemical adsorbents (12). Yang et al
removed chromium and Pb using alcohol and CNs
reinforced composites in the batch system, and concluded
that this adsorbent had the potential to be reused without
any significant reduction in its adsorption capacity and it
was able to remove two metals (13). Arias et al evaluated
lignocellulose for eliminating Hg in the batch system by
examining the effect of adsorbent dosage, contact time,
pH, and metal concentration on adsorption efficiency.
They reported that this adsorbent is suitable for removing
Hg and other heavy metals (14). Jain et al conducted a
study to assess the CNs for the removal of Pb in the batch
system and to evaluate the effect of adsorbent dosage,
contact time, pH, and metal concentration on adsorption
efficiency. Eventually, they reported that the CNs are
appropriate adsorbents for the removal of Pb and other
heavy metals (15).

Considering that the pollution of industrial and
agricultural wastewaters with heavy metals, including
the Pb, is a global problem, this research can be useful
for managing the Pb removal from the environment,
especially the aquatic environment, with the aim of
preserving the health of all living organisms whose life
depends on aquatic environments. In this research,
the LCNF was selected as the natural adsorbent for Pb
removal taking into account many benefits including
biodegradability, abundance, and high specific surface
area, as well as easier separation of contaminated solutions.
Therefore, according to previous studies, LCNFs is one
of the most effective adsorbents in removing pollutants
from aquatic environments. In this study, LCNFs were
prepared for the removal of Pb and structural properties
of the synthesized adsorbent were characterized using
transmission electron microscopy (TEM), X-ray
diffraction (XRD) spectrometry, and Fourier-transform
infrared spectroscopy (FTIR) techniques.

2. Materials and Methods

2.1. Materials

2.1.1. Preparation of LCNFs

The nanofiber was obtained from Nano Novin Polymer
Co. (Sari city, Iran). First, lignocellulosic pulp prepared
from beech, common hornbeam, and populus trees
under the neutral sulfite semichemical process containing
unbleached cellulose fibers (including lignin and
hemicellulose) was provided from Mazandaran Wood
and Paper Industries, Iran. The pulp was washed several

times with distilled water, and then a suspension of 1%
LCNFs was prepared and passed twice through a disc mill
(MKCAG6-3; Masuko Sangyo Co., Ltd., Japan) to prepare
LCNFs. The disk mill has two discs, fixed and rotating.
The LCNFs were produced during the passage of fibers
between two discs due to the shear and compressive
forces.

2.1.2 Chemicals

All chemicals (Pb (NO,),. 6H,0, hydrochloric acid, and
sodium hydroxide) used were of analytical grade. They
were used as received without any further purification
and were obtained from Sigma-Aldrich (Steinheim,
Germany). The pH was adjusted using 0.1 M NaOH and
0.1 M HCL. The stock solution (1000 mg/L) was prepared
from Pb (NO,), in distilled water. Other metal solutions
required for further experiments were prepared from this
solution.

2.1. 3. Instrumentation

The devices used for testing included atomic absorption
spectroscopy (AAS, Unicam-919) to obtain the final
equilibrium concentration (absorbed heavy metal
concentration), pH meter (AZ86552) to measure pH,
incubator shaker (IKA KS 4000 ic, Germany) for mixing
adsorbent and adsorbate according to the parameters
tested, centrifuge (HERMLE Z300, the USA) for
separating suspended particles from the solution, digital
scale (BANDS, BS-3003) to weight adsorbent and Pb
with high accuracy, XRD (X'Pert Pro, Analytical Co.,
the Netherlands) to investigate the adsorbent structure,
FT-IR (WQF-520) for obtaining spectra and also
identifying molecules and functional groups, and TEM
(Zeiss-EM10C) to determine the characteristics and size
distribution of LCNFs.

2.2. Methods

2.2.1. Preparation of Standard Lead Stock Solution

The standard lead stock solution (1000 mg/L) was
prepared with distilled water and Pb (NO,),. 6H,0. To
this end, 1000 mg (1 g) of Pb was dissolved in 1 L of
distilled water. The amount (g) of Pb salt required to
make this solution was calculated to be about 1.598 g
based on the molecular mass of Pb nitrate (331.02 g/mol),
the molecular weight of Pb (207.02 g/mol), and the purity
of Pb nitrate (99%). The nitrate salt was diluted with the
distilled water in a 1000 mL Erlenmeyer flask. Other
test solutions were prepared daily by diluting the stock
solution with the distilled water. Variable factors included
pH (4, 5, 6, 7, and 8), initial Pb concentration (10, 20, 30,
40, and 50 mg/L), and adsorbent dosage (0.1, 0.3, 0.6, 0.8,
and 1 g).

2.2.2. Effect of pH
To this end, 0.3 g of LCNF was poured into 250-mL flasks.
Then, metal solutions with an initial Pb concentration of
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10 mg/L were added to each of the flasks. The solutions of
0.1 M NaOH and 0.1 M HCI were used to adjust the pH
values to 4, 5, 6, 7, and 8. The solutions were shaken for
60 minutes at 100 rpm and 25°C and centrifuged at 4000
rpm for 5 minutes in order to separate the metal solution
and the adsorbent. The metal solution concentration was
measured by atomic absorption spectroscopy (AAS) and
the adsorption rate was calculated.

2.2.3. Effect of Lead Concentrations

At this stage, the initial Pb concentration was considered
variable, but the other parameters were constant. The
Pb solutions were made with initial concentrations of
10, 20, 30, 40, and 50 mg/L. The pH of the solutions was
adjusted to 6. To each solution, 0.3 g of LCNFs was added
and then shaken for 60 minutes at 25°C in the shaker.
For this purpose, the flasks used inside the incubator
shaker (at 4000 rpm and 5 minutes) were taken and then
a two-phase solution was made by centrifugation. The
remaining heavy metal solution was measured by AAS.

2.2.4. Effect of Adsorbent Dosage

The Pb solution with the initial concentration of 10 mg/L
was made to determine the optimal adsorbent dosage.
At this stage, the pH of the solutions was adjusted to 6.
To each of the solutions, different amounts of LCNFs
(0.1, 0.3, 0.6, 0.8, 1 g) were added and then shaken for 60
minutes at 25°C in a shaker. Finally, the flasks used inside
the incubator shaker (at 4000 rpm and 5 min) were taken
and then a two-phase solution was made. The remaining
heavy metal solution was measured by AAS.

2.2.5. Effect of Contact Time

At this stage, the time was considered variable, but other
parameters were constant. The Pb solution was made at
the concentration of 10 mg/L. The pH of the solutions was
adjusted to 6. To each solution, 0.3 g of LCNFs was added
and then stirred at 25°C in the incubator shaker (at 4000
rpm and 5 minutes) at contact times of 15, 30, 60, 90, and
120 minutes. In the end, the flasks used in the incubator
shaker were taken and then a two-phase solution was
made. The remaining heavy metal solution was measured
by AAS.

2.2.6. Effect of Temperature

The Pb solution was made with initial concentration of
10 mg/L to evaluate the effect of reaction temperature on
the removal efficiency. At this stage, the pH of solutions
was adjusted to the optimum value. To each of the Pb
solutions, 0.3 g of LCNFs was added and then was stirred
at temperatures of 15, 20, 25, 30 and 40°C in the incubator
shaker for 60 minutes. Finally, the flasks used inside the
incubator shaker (at 4000 rpm and 5 minutes) were taken
and then a two-phase solution was made. The solutions
were prepared for measurement.

2.2.7. Calculation of Adsorption Percentage and Lead
Adsorption Capacity
The removal percentage and the Pb adsorption capacity
by LCNFs in equilibrium state are calculated as follows
(16):

Cp—C,
%Removal = ("c—e} x 100 (1)

o

_ (l.’.'t:-—l:a}v )

Where q: the amount adsorbed per unit mass of
adsorben in mg/g, Co: initial metal concentration
before adsorption in mg/L, Ce: the remaining metal
concentration in solution at equilibrium after adsorption
in mg/g, v: the solution volume in liter, M: the adsorbent
mass in gram (17).

The various stages of the experiments were performed in
an in vitro batch system with three replications. The data
were analyzed by SPSS version 21.0. The charts and the
averages were obtained using this software. The ANOVA
and Duncan’s test were applied at the significance level of
0.05 for assessing each variable.

3. Results and Discussion

3.1. Transmission Electron Microscopy Images of LCNFs
In order to study the diameter of LCNFs, TEM analysis
was applied. Fig. 1 shows the TEM images of LCNFs; the
diameter of the used material was less than 100 nm (in
the range of nanometers). The mean diameter of LCNFs
was 65+10 nm.

3.2. X-Ray Diffraction Spectrometry
Fig. 2 shows the XRD analysis determining the crystalline
structure of the adsorbent. As can be seen, the peaks of

Fig. 1. TEM Images of LCNFs.
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Fig. 2. XRD Analysis of Lead Adsorption by LCNFs.
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nano-adsorbent have been observed at 20 of 15, 16, 22.5
and 35, all of which represent the crystalline cellulose.
Therefore, since hemicelluloses and lignin in the
nanoadsorbent have no crystalline structure, no peak has
been observed in the XRD curve.

3.3. Fourier Transform-Infrared Spectroscopy

The FT-IR analysis was used to determine the superficial
groups of LCNFs. Fig. 3 indicates the FT-IR spectra of
LCNF:s prior to the Pb adsorption (red curve) and after
Pb adsorption (blue curve). As shown in Fig. 3, the
wide peak (the left side) in the region of 3000-3600 cm™!
(3469.31 cm™) is related to the ~-OH (hydroxyl) or -NH
functional groups in the FTIR spectrum before absorbing
Pb by LCNFs. The peak in the region of 1635.34 cm™ is
related to the functional group of C = O. The next weak
band in the region of 2098.17 cm™ is probably related
to the C=C or C=N functional groups. In the FT-IR
spectrum after absorbing Pb by LCNFs, the -OH group
in 3469.31 cm™ band was shifted to 3461.6 cm™ band after
absorbing Pb ions, and the C=0 group in 1635.34 cm
band was shifted to 2861.84 cm™ band after absorbing Pb
ions, which indicates the involvement of these functional
groups in the adsorption process (18). The weak band in
the region of 2925.48 cm™ after adsorption is probably
related to the SP* C-H stretch (C=C band in the region of
2098.17 cm™ reacts with the Pb and converts to C-C band
in the region of 2925.48 cm™" after being absorbed).

3.4. Results of the Effects of Five Parameters

The ANOVA analysis was used to investigate the
significant effect of variable factors on adsorption
percentage and adsorption capacity of Pb ions. In this
statistical method, the goal was to determine the existence
of significant difference between the means. The results
of ANOVA analysis of the effects of variable factors on Pb
ion adsorption are presented in Table 1.

130235
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Fig. 3. FTIR Spectra of LCNFs Before and After Lead Adsorption.

3.4.1. Effect of pH

Based on ANOVA analysis, the effect of pH on adsorption
percentage and Pb ion adsorption capacity at the 5%
probability level was statistically significant (Table
1). The results of the evaluation of the pH effect on
adsorption percentage and Pb ion adsorption capacity
are presented in Fig. 4. According to the Fig. 4, the
adsorption percentage and Pb ion adsorption capacity
are very low in acidic environments (pH<3) because the
functional groups on the adsorbent surface at lower pH
values become protonated and lose their ability to bind to
Pb ions (18). The Pb ion adsorption process reached its
maximum at pH of 6, and the highest removal efficiency
and adsorption capacity occurred at pH of 6. In this range,
the amount of H* ions reduced, followed by a decrease
in the competition between H and Pb. Pb ions were
more readily bound to the adsorbent and the adsorption
percentage was increased (19).

The removal percentage and the adsorption capacity
decreased again at pH of 7 due to the competition
between OH- ions and (-COOH)" functional group of the
adsorbent for binding to Pb** cation with increasing pH
and the change of H* to OH ions. Increased competition
reduces the possibility of the binding Pb** ion to functional

Table 1. Results of ANOVA Analysis of the Effect Variable Factors on Pb lon Adsorption

Mean Squares

Source of Variation Degree of Freedom

Metal Removal Percentage

Metal Adsorption Capacity

Treatment (pH) 4
Error 10
Treatment (time) 4
Error 10
Treatment (temperature) 4
Error 10
Treatment (initial Pb concentration) 4
Error 10
Treatment (adsorbent dosage) 4
Error 10

410.066** 0.456%*
0.173 0
32.156** 0.036**
0.045 4.880x10°
138.110%* 0.153**
0.322 0
137.179%* 51.962**
0.091 0.001
102.906** 30.193
0.028 0

** Significant at the 5% probability level.
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group of the adsorbent (20). Deng et al used electrospun
nanofibers to remove Pb from aqueous solutions. The
results demonstrated that the maximum removal occurred
at pH of 8.5 and the Pb adsorption percentage improved
significantly with increasing pH in the range of 5 to 8.5.
Their findings contradicted the results of this part of the
study, because contrary to this study, the adsorption trend
was on the rise with increasing pH (10). Arias et al applied
the LCNFs to remove Hg; the results showed that the
highest removal occurred at pH of 6 and Pb adsorption
efficiency decreased significantly with increasing pH in
the range of 6 to 8. Their findings were consistent with the
results of this part of the study because of the decreasing
trend observed in the adsorption of contaminant in both
experiments with increasing pH (14).

3.4.2. Effect of Initial Pb Concentration

Based on the ANOVA analysis, the effect of initial
concentration of Pb ion on adsorption percentage and
Pb ion adsorption capacity was statistically significant
at the 5% probability level (Table 1). As shown in Fig. 5,
the adsorption percentage of Pb ion decreased gradually
with increasing Pb concentration, because more
adsorption sites were available to absorb Pb cations at
low concentrations, and Pb ions were able to react with
adsorption sites on the surface of the adsorbent, and thus
increasing the adsorption efficiency (21). This trend was
reversed in relation to the adsorption capacity; therefore,
it enhanced with increasing metal ion concentration
because each active adsorption site is surrounded by
further Pb ions in high concentrations, and the adsorption
rate increased per unit mass of adsorbent. Therefore, the
adsorption capacity increased with the occupation of
more adsorption sites (22).

Chitpong and Husson employed LCNFs to absorb Pb
and Cd from aqueous solutions. They concluded that
high initial Pb concentration had negative effect on the
removal efficiency. As a result, their findings were in line
with the results of this section of the study (23). Bhatti

et al used the LCNFs to remove Pb and cobalt. They
reported that an increase in the initial concentration of Pb
and cobalt had negative effects on the removal efficiency,
and their findings were consistent with the results of this
section of the study (24).

3.4.3. Effect of Adsorbent Dosage

According to ANOVA analysis, the effect of adsorbent
dosage on adsorption percentage and Pb ion adsorption
capacity was statistically significant at the 5% probability
level (Table 1). By examining the results presented in Fig.
6, the total metal adsorption rate increased with increasing
the adsorbent mass per liter (adsorbent concentration)
and higher percentage of the metal content was removed
because the number of accessible adsorption sites
increased, thereby increasing the adsorbent efficiency for
Pb removal (25).

This incremental trend in the adsorption rate continued
until no significant change occurred in the adsorption
level by increasing the adsorbent concentration, and until
the adsorption equilibrium was reached. However, the
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Fig. 5. Effect of Initial Lead Concentration on Adsorption Percentage
and Lead lon Adsorption Capacity at Contact Time of 60 minutes,
Temperature of 25°C, pH of 6, and Adsorbent Dosage of 0.3
g (Mean = Standard Error). Means with the same letter are not
significantly different from each other (P>0.05, ANOVA followed
by Duncan's test)
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(P>0.05, ANOVA followed by Duncan's test)
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adsorbent capacity decreased significantly as a result of
increasing adsorbent mass per liter because the adsorption
capacity reduced with increasing the adsorbent dosage
so that adsorbate concentration was constant in this
case but the adsorbent dosage was increased. Largitte et
al used LCNFs to remove Pb. In the moderate level of
adsorbent, the Pb adsorption efficiency was 97%-98%,
which is in line with the results of this section of the study
(26). Gopakumar et al applied the CNs for dye removal.
The data showed that the highest removal occurred at
the adsorbent dosage of 0.05 g (27). The findings are
consistent with the results of this part of the research (26,
27).

3.4.4. Effect of Temperature

According to ANOVA analysis, the effect of temperature
on adsorption percentage and Pb ion adsorption capacity
was statistically significant at the 5% probability level
(Table 1). The results of temperature effect on adsorption
percentage and Pb ion adsorption capacity are presented
in Fig. 7. As it can be seen, with increasing temperature up
to 25°C, the adsorption percentage and Pb ion adsorption
capacity significantly increased at 5% test error because
the adsorbent expansion and subsequent increased
active sites for Pb removal were obtained by increasing
probability of collision between the Pb ions and the
adsorbent surface (28).

The removal percentage and ion adsorption capacity
significantly reduced with increasing the temperature. The
temperature over 25°C caused a change in the adsorbent
structure, a decrease in the penetration rate of Pb ion on
the outer and inner layers of the adsorbent, and thus on
the ability to absorb Pb. In fact, the structure of LCNFs
changed at high temperatures, reducing the binding of Pb
molecules to active sites of LCNFs (29). Nasiruddin Khan
et al used activated carbon produced from lignocellulose
materials to remove the Pb. The highest removal rate
occurred at 45°C and the adsorption efficiency increased
with increasing temperature, while the adsorption
efficiency decreased with increasing temperature in this
study, which is inconsistent with the results obtained
from this section (30). Cai et al used the CNs reinforced
composite to remove the chromium. The highest
adsorption was observed at 25°C and the adsorption
efficiency decreased with increasing temperature, which
is consistent with the results obtained from this section
(31).

3.4.5. Effect of Contact Time

Based on ANOVA analysis, the effects of contact time on
adsorption percentage and Pbion adsorption capacity were
statistically significant at the 5% probability level (Table
1). The effects of contact time on adsorption percentage
and Pb ion adsorption capacity are presented in Fig. 8.
As can be seen, the adsorption percentage and the Pb ion
adsorption capacity significantly increased with rising

120 | b a c T35
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- 100 ° £ |—O—Absorption
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= 80 | =y
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- T2 2
S 60+ g
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Fig. 7. Effect of Temperature on Adsorption Percentage and Lead
lon Adsorption Capacity at Contact Time of 60 Minutes, pH of 6,
and Adsorbent Dosage of 0.3 g (Mean + Standard Error). Means
with the same letter are not significantly different from each other
(P>0.05, ANOVA followed by Duncan's test).
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Fig. 8. Effect of Contact Time on Adsorption Percentage and
Lead lon Adsorption Capacity at Temperature of 25°C, pH of 6,
and Adsorbent Dosage of 0.3 g (Mean + Standard Error). Means
with the same letter are not significantly different from each other
(P>0.05, ANOVA followed by Duncan's test).

the contact time at 5% test error because of increasing
probability of collision between Pb ions and adsorbent
particles. The Pb adsorption with LCNFs occurred at high
speed. This is due to the presence of many active sites on
the adsorbent surface at the beginning of the adsorption
process, which nearly reached the saturation point after
about 30 minutes, and the adsorption rate reduced (32).
On the other hand, the reason for constant adsorption
after a certain period can be the great availability of
adsorption sites of the adsorbent to be occupied over time
due to the repulsive force between the molecules adsorbed
in the solid phase and solution (33).

Jain et al used CNs to remove the Pb from water. The
highest Pb adsorption was obtained at contact time of
120 minutes while the highest Pb adsorption in this study
occurred at the contact time of 60 minutes; therefore, it
contradicted the findings of this section of the study (15).
Li et al used lignin to remove Pb from aqueous solutions.
The highest Pb adsorption was achieved at the contact
time of 60 minutes, which is consistent with the findings
of this section of the research (34).
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4. Conclusion

The objective of this study was to investigate the
adsorption efficiency and optimize the conditions of Pb
adsorption process from aqueous solutions. Regarding
the FT-IR spectra, the carboxylic acid group was known
to be effective in absorbing Pb by LCNFs. The effects of
pH, contact time, initial Pb concentration, temperature,
and adsorbent dosage were assessed on the Pb adsorption
efficiency. The highest removal efficiency (99.8%) was
obtained at pH =6, initial Pb concentration of 10 mg/L,
temperature of 25°C, contact time of 60 minutes, and
adsorbent dosage of 0.3 g. Determining the adsorbent
dosage and estimating its adsorption capacity are
important parameters in testing the adsorption. This
could help to reduce the operational cost of treatment,
contamination, and sludge production. In this study, the
adsorption efficiency improved with increasing pH, but
it decreased at pH values over 6. The optimal adsorption
occurred at pH of 6. Additionally, it was observed that
increasing the initial Pb concentration led to a reduction
in the removal efficiency, and increasing the adsorbent
dosage elevated removal efficiency. Based on the findings
of this study (removal efficiency over 99%), the LCNF
has a great potential for removing the Pb from aqueous
solutions. The speed and capacity of Pb adsorption by
the adsorbent is high due to small size, large surface area,
unique network arrangement, and high reactivity of the
nano-adsorbent.
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