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Abstract

In the present research, an effective adsorbent as titled multiwall carbon nanotube/ZnCo- Zeolite imidazole
frameworks (MWC/ZIF) was prepared and used for removal of Pb(Il) ion from effluent samples. After
separating the adsorbent from the solution, the amount of Pb(ll) ion in the solution was measured using an
atomic absorption device. Based on this, various experimental parameters effective on lead removal including
pH, ionic strength, time, temperature, and Pb(11) ion concentration were investigated. Various kinetic models
were also studied to assess adsorption kinetics of Pb(l1) ions onto surface of MWC/ZIF nanocomposite. With
reference to the obtained findings, the produced nanocomposite was assumed as an effective adsorption

approach for removal of Pb(l1) ions from effluent samples.
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1.INTRODUCTION

Recently, due to the rapid rate of industrial
development and urbanization, the existing water
sources have been polluted by heavy metal ions
such as nickel, zinc, copper, cadmium and lead.
Unfortunately, these pollutions are increased due
to discharge of effluent from various factories into
the environment. [1-3]. When these toxic ions
enter the environment, they are not decomposed
and enter the human body through the food chain
and accumulate in it, causing serious health
problems such as the brain, liver, kidneys, and
lungs [1,4,5]. Lead is a widely used metal and used
in many industries such as battery making, metal
finishing, painting and ammunition making, and
therefore it is present in the effluent of these
factories and if these effluents enters the
environment  without  pre-treatment  and
purification, could cause many problems for
human health [6]. Lead ion accumulates in
different body tissues therefore, human contact
with contaminated sources of lead even in low
concentrations can cause problems in adults such
as memory loss, biological disorders and serious
damage to the kidney and nervous systems [4,5].
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Poisoning of children with lead can cause many
problems, such as serious damage to the brain and
nervous system, learning problems and reduced
growth [6,7].

So far, different methods were used for the
elimination of lead ions from water specimen,
including precipitation, coprecipitation, ion
exchange, flotation ~membranes, chemical
precipitation, electrochemical treatment,
ultrafiltration, desalination, filtration, biosorption,
membrane filtration, extraction and adsorption [6-
14]. Among these methods, the adsorption method
has been widely used by all researchers due to its
simplicity, cheapness, variety of adsorbents and
high efficiency [1,15,16]. The type of absorbent
used in absorption methods is very important and
effective. Various types of adsorbents have been
used by researchers to remove lead ions such as
Chitosan  cross-linked and grafted with
epichlorohydrin and 2,4-dichlorobenzaldehyde
[1], modified activated carbon by amine and thiol
[17], activated carbon[18,19], polyacrylic acid
capped Fes0s — Cu-MOF [20], ninhydrin-
functionalized chitosan [21], Low cost bio-sorbent
derivated from Melon Peel [22], the modified
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Cassia fistula seeds [23], Co304@SiO2 magnetic
nanoparticle-nylon 6 [24], magnetic nanoparticles-
embedded nitrogen-doped carbon nanotube/porous
carbon hybrid [25], Graphene oxide decorated with
fullerenol  nanoparticles [26], green algae
(spirogyra) supported with treated NaOH- rice
husk ash [27], calcium oxide nanoparticles [28],
modified powdered peanut shells as a bio-sorbent
[29], magnetic  activated  carbon—cobalt
nanoparticles [30] and so on.

Among the physical adsorbents, carbon based
porous materials such as multiwalled carbon
nanotubes (MWC) hold the greatest potential for
commercial use, due to its properties such as
excellent electrical conductivity, high surface area
and excellent stability, in the last decades used in
various fields such as nanotechnology, the design
of various sensors and adsorption [31]. Further,
another class of porous materials are metal organic
frameworks (MOFs). MOFs are flexible crystalline
solids that composed from organic ligands and
metal links. The MOFs have diverse and very
attractive structures due to having adjustable and
completely regular pores, which has made them
have various applications in different fields such as
sensors, catalysis, energy storage, absorption, etc
[32,33]. Zeolitic imidazolate frameworks (ZIFs)
are a subset of MOFs that have imidazole bridges
with metal nodes (such as Zn, Co) that have a cage-
like structure similar to zeolites. The unique
properties of ZIFs, such as permanent porosity and
unique thermal and chemical stability, have made
these materials unique candidates for attractive
applications such as catalysis, separation, gas
absorption/storage, and etc [31, 34,35].

ZIFs have been investigated for the preparation of
porous carbon/metal oxides due to their porous
structures [34]. Therefore, in the present work, we
intend to combine the excellent and unique
properties of MWC and ZIFs and provide a new
adsorbent as  titled  multiwall  carbon
nanotube/ZnCo- Zeolite imidazole frameworks
(MWC/ZIF) for the removal of Pb(ll) ions from
environmental samples.

2.EXPERIMENTAL

2.1. Instruments and materials

SensAA GBC atomic adsorption spectrometer
(FAAS) manufactured by Dandenong Ltd.
(Australia) was used for measuring absorbance of
Pb with regard to the manufacturer's guidelines. Pb
hollow cathode lamp was applied at wavelength of
217 nm. The pH all solutions were adjusted by
using a Metrohm (Herisau, Switzerland) pH-meter
model 692. All solutions were agitated by KA
stirrer model KS (Staufen; Germany).

A stock solution of Pb(11) ion (1000.0 mg L) was
prepared from Merck Co.; Darmstadt (Germany).
The other solutions with low concentrations were

prepared by serial dilutions of initial Pb(Il) ion.
Milli-Q water purifier manufactured by EMD
Millipore Co. was used for production of deionized
water. MWCNTs-COOH with a purity higher than
95% was purchased from US-nano Co. N-hexyl-3-
methylimidazolium hexafluorophosphate with a
purity higher than 97%, sodium hydroxide 98%,
polyvinylpyrrolidone (PVP) 99%, methanol 99%,
Zn(NO3),.6H,O 98%, Co(NOs),.6H,O with a
purity higher than 98% and 2-methylimidazole (2-
Melm) with a purity higher than 99% were
prepared from Sigma-Aldrich or Merck Co.

2.2. Synthesis of MWC/ZIF nanocomposite

The MWC/ZIF was synthesized according to the
previously published article with a little
modification [31]. For this purpose, 30 mL of
methanol was transferred to an Erlenmeyer and
polyvinylpyrrolidone (PVP) (0.35 g) and
carboxylic acid functionalized MWC (0.07 g) were
added to it and ultrasonicated (30 min). Then,
Zn(NO3),.6H,O (1.026 g) and Co(NO3),.6H,O
(0.996 g) were added to this mixture and stirred at
room temperature (60 min). In another beaker, 30
mL methanol was poured and 2-Melm (1.53 g) was
added to it, and then the resulting solution was
added dropwise to the previous solution and stirred
slowly at room temperature (24 h). After 24 h, the
obtained MWC/ZIF, were separated by using a
centrifuge, followed by repeatedly washing with
methanol and dried for 24 h in a vacuum oven at
65°C.

2.3. Batch sorption studies for removal of Pb(ll)
ions

In order to determine the amount of Pb(Il) ion
removal by the MWC/ZIF, adsorption tests were
performed at ambient temperature and in a batch
manner, and each study was repeated 3 times. For
this assesses, the effective factors on the removal
of Pb(Il) ions such as concentration, temperature,
pH of solution, time and ionic strength were
investigated in an aqueous solution containing
Pb(ll) ion with a concentration of 80 mg L™
Adsorption experiments were further completed by
adding 0.1 g MWC/ZIF into 50 mL of an aqueous
solutions containing of Pb(Il) ions in a 250-mL
Erlenmeyer flask. The shaking of the mixtures was
done using an IKA stirrer KS model at a speed of
300 rpm and for certain periods of time. After the
adsorption of Pb(Il) ion on the MWC/ZIF was
completed, the mixtures were transferred to a
centrifuge and then the concentration of Pb (II)
ions in the supernatant solutions were measured
using FAAS. The influence of the initial
concentrations of Pb(I1) ions (75 to 200 mg L™) on
adsorption at the pH value of 5 was also examined.
With respect to the obtained results, the
concentration of 80 mg L™ was used to investigate
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adsorption in further situations. The effect of the
pH of the solution on removal of Pb(Il) ions was
correspondingly assessed from pH 2 to 5.5.
Moreover, the adsorption thermodynamic was
assessed at various temperatures (273, 280, 290,
298, and 310 K). Different concentrations of
sodium chloride (0, 0.01, 0.05, 0.1, 0.25, and 0.5
M) were also utilized for assesses the impact of
ionic strength on the Pb(Il) ions removal. The
removal percentage (Re%) was computed using
Equation 1:

Re o = 20 Ct i Eq. (1)
c

The amount of Pb(ll) ion adsorbed by the
MWC/ZIF after time t (o, mg g') was also
computed via Equation 2.

c,-C)v
g = L=V £ )
w

Where, Co denoted to initial concentrations of
Pb(I1) ions (mg L"), C; denoted to concentrations
of Pb(ll) ions (mg L") after time t, V denoted to
volume of solution (L) and W denoted to mass of
MWCI/ZIF (g)

2.4. Assesses of desorption

Desorption tests were fulfilled in a batch manner.
As in adsorption tests, 0.1 g MWC/ZIF was added
to 50 mL of an aqueous solution contain Pb(l1) ions
(80 mg L") and stirred 30-min at 298 K. The
MW(C/ZIF adsorbents loaded with Pb(ll) ions were
then separated by a centrifuge.

Solvent desorption method was wused for
regeneration of the MWC/ZIF saturated with
Pb(1l) ions. For this study, 20 mL HCI was added
to the MWC/ZIF saturated with Pb(ll) and shake
(300 rpm) for 30 min. Once desorption was
completed, the adsorbent was separated from
mixture, washed with deionized water, and in the
following dried in an oven at 80 °C for successive
cycles. To check the reusability of the adsorbent
used in the first step, the aforementioned
adsorption-desorption experiment was repeated
five times using the same adsorbent. The amount
of Pb(Il) ion absorbed per 1 gram of adsorbent in
equilibrium conditions (e, mg/g) was calculated
using equation 3:

cC,-C)v
g, - L=t £q. (3)
W

3.RESULTS AND DISCUSSION

3.1. Characterization of MWC/ZIF nanocomposite
For investigation of functional groups onto surface
of the carboxylic acid functionalized MWC and

MWC/ZIF, the FT-IR spectra (Fig. 1) of these two
materials was assessed (400 to 4000 cm™).

In Fig. 1a, the appeared band at 1633 cm is due to
the stretching vibration of C=C, which indicates
that MWC have a graphitic structure. The appear
band at 1721 cm™ is due to the stretching vibration
of C=0, which indicates the presence of carboxylic
acid groups on the surface of carbon nanotubes.
Also, the appear bands at 1022 and 3446 cm™ are
due to the C-O and O-H stretching vibrations of
carboxylic acid groups, respectively. Symmetric
and antisymmetric stretching vibrations of CH;
were appeared at 2851 and 2920 cm?, respectively.
In Fig. 1b, the appeared bands at 690 and 750 cm-
! were due to bending vibrations of 2-Melm ring
(out-of-plane). The appeared bands at 990-1310
cm! region were due to bending vibrations of the
2-Melm ring (in-plane). The appeared bands at
1422 and 1455 cm™ could be assigned to the
stretching vibrations of the entire ring. The
appeared bands that can be observed at 1582 and
1632 cm™ could be assigned to the stretching
vibrations of C=C and C=N in the 2-Melm ring.
The appeared bands that can be observed at 2925
and 3134 cm™ could be assigned to the stretching
vibrations of aliphatic and aromatic C-H bands in
the 2-Melm ring. The appeared band that can be
observed at 420 cm™ is due to the stretching
vibration of Zn—N and Co-N [36]. A wide band
that can be observed at 3446 cm could be
specified to the stretching vibrations of O-H
groups.

3446

Transmittance/a.u.

4000 20 1600 m
Wavenumber/cm-*

Fig. 1. FT-IR spectra of MWC (a) and MWC/ZIF
nanocomposite (b).

The XRD spectrum (Fig. 2) was used for assesses
of crystal structure of MWC/ZIF nanocomposite.
High crystallinity and the phase purity of
nanocomposite was confirmed by XRD pattern.
The prominent and important peaks appearing in
Fig. 2 are in good agreement with the X-ray peaks
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reported in previous papers [36,37]. In addition, =

the high intensity of nanocomposite peaks makes &

the peaks of carbon nanotubes not visible.

The field emission scanning electron microscopy s

(Fig. 3) (FE-SEM) was used for assesses of T;

morphology and structure of the synthesized @

nanocomposite. The FE-SEM image showed that £ 5

ZIF  crystals with regular dodecahedron 0

morphology are intertwined with carbon Sl geY < 5:% sem
nanotubes. Se): sab saw

The existence of Co, Zn, C, N, and O elements in 5 B eidegree “
the synthesized nanocomposite was confirmed by Fig. 2. XRD pattern of MWC/ZIF nanocomposite.

the EDS spectrum of nanocomposite (Fig. 4).
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Fig. 3. FE-SEM images of MWC/ZIF nanocomposite with different magnifications: 10000 (a), 35000 (b), and 135000 (c)
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Fig. 4. EDS spectrum of MWC/ZIF nanocomposite.

3.2. The effect of pH

The pH of solution is a very important factor in the
adsorption process because the functional groups
on the surface of the adsorbent as well as the
chemical structure of adsorbate could be affected
by pH of solution [38,39]. Therefore, the effect of
pH on the Re% of Pb(Il) ion was evaluated over a
pH range of 2-5.5 (Fig. 5a). The results showed
that the maximum sorption of Pb(Il) ions occurred
in the pH range of 4.5-5.5. Since, at pHs higher
than 5.5, Pb(I1) ion could be precipitate in the form
of Pb(OH),, therefore, pHs higher than 5.5 were
not investigated in the present study. According to
the results, other studies were carried out at pH 5.

3.3. The assesses of contact time and initial
concentrations

The impact of initial concentration and contact
time on the Re% of Pb(ll) ion can be seen in the
Fig. 6a and Fig. 5h, respectively.

According to Figure 5b, the Pb(ll) adsorption
enhances quickly in the early 20 min and reaches
to balance at 30 min. With the start of the
adsorption process, Pb(Il) ions gradually occupy
the active sites on the MWC/ZIF surface, in the
next step, Pb(ll) ions must be transferred from the
bulk solution to the surface of the MWC/ZIF
nanocomposite. This gradual diffusion would
decline the sorption level of Pb(ll) ions after 20
min.

Various initial concentrations of Pb(ll) ions (75,
100, 125, 150 and 200 mg/L) were also used to
examine the impact of initial concentration of
Pb(ll) ions on adsorption by the MWC/ZIF.
According to Figure 6a, adsorption capacity of
Pb(I1) ions by the MWC/ZIF enhances when initial
concentration of Pb(ll) ions increases. By
increasing the initial concentration of Pb(ll) ions,
the concentration gradient increases and acts as a
driving force and as a result causes more
absorption of Pb(ll) ions [39]. Clearly, adsorption
procedure largely depends on contact time and
initial concentration of Pb(Il) ions. Therefore, a

contact time (30 minutes) and a Co (80 mg/L) can
be chosen for other experiments.

100, (@)

1004 (b)

0 - v v
0 20 40 60
Time (min)

Fig. 5. (a) pH impact on Re% of Pb(ll) ion. Conditions:
50 mL Phb(ll) ion 80.0 mg L. Agitation time: 30
minutes. Agitation velocity: 300 rpm. MWC/ZIF, 0.1 g
and (b) The contact time effect on Re% of Pb(ll) ion.
Conditions were same as part (a) of this Figure except
for the agitating time.

3.4 Adsorption isotherm
To explain the adsorption capacities of Pb(ll) ions
on the MWC/ZIF, the equilibrium experimental
data was analyzed to assess the fitness of the data
to the Langmuir, Freundlich, and Temkin isotherm
models. The non-linear Langmuir isotherm model
(Equation 4) is given in Eq. 4 [40]:

_ QoK1Ce
Qe = Gikico
(4)

In Eg. 4, the equilibrium concentration of Pb(ll)
ions (mg/L) has been denoted to Ce, the adsorbed
Pb(11) ions (mg/g) in the equilibrium time has been
denoted to ge, the monolayer adsorption capacity
of MWC/ZIF nanocomposite has been denoted to
Qo (mg/g) and the Langmuir constant has been
denoted to K (L/mg).

The Langmuir model assumes that adsorption
occurs on a homogeneous surface with a finite
number of identical sites, and the adsorption of one
analyte does not affect the adsorption of another.
Using the linear form of Langmuir isotherm model
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(Equation 5), we can obtain the Langmuir isotherm
variables.

Ce 1 Ce
de QoKL Qo (5)
The plot of Ce/ge versus Ce is a straight line with
a slope of 1/Qo and an intercept of 1/QoK.. The
values of Qo and K can be obtained from the slope
and intercept of the linear plot, respectively (as
shown in Fig. 6b).

According to Table 1, the Langmuir isotherm
parameters Qo and K were determined to be 81.3
mg/g and 0.193 L/mg, respectively, with a
correlation coefficient (R) value of 0.9986. The
highest monolayer adsorption capacity for Pb(ll)
ions onto the MWC/ZIF at 298 K was found to be
81.3 mg/g. This suggests that the MWC/ZIF has a
good adsorption capacity for removal of Pb(ll)
ions from aqueous solutions.

Table 1. The isotherm constants to adsorb Pb(ll) ions
onto the surface of MWC/ZIF.

Isotherm models constants Value
Langmuir Q (mg/g) 81.3
Kv (L/g) 0.193
R? 0.9973
Freundlich Ks (mg/g) 27.68
1/n 0.261
R? 0.9866
Temkin K: (L/mol) 4.32
B 13.839
R? 0.9928

The Freundlich isotherm is another empirical
equation used to describe adsorption on a
heterogeneous surface. It assumes that the
adsorption occurs at sites with different adsorption
energies, and the amount of adsorbate adsorbed
increases with increasing of concentration. The
linearized form of the Freundlich isotherm
equation is given by Equation 6 [41]:

log q. = log K + % log C,

(6)

where . is the amount of adsorbed Pb(ll) at
equilibrium (mg/g), Ce is the equilibrium
concentration of Pb(ll) ions (mg/L), Ks is the
Freundlich constant related to the adsorption
capacity (mg/g)*(L/mg)®™, and n is the Freundlich
exponent related to the intensity of adsorption.
The plot of log (qe) versus log (Ce) is a straight line
with a slope of 1/n and an intercept of log(Ky). The
values of n and Ky can be obtained from the slope
and intercept of the linear plot, respectively (as
shown in Figure 6c).

Table 1 presents the Freundlich isotherm
parameters for the adsorption of Pb(Il) ions onto
surface of MWC/ZIF. The value of n, which is an
experimental parameter, changes with the degree
of inhomogeneity of the bonded Pb(Il) ions on the

surface of adsorbent. The n value greater than 1
indicates the optimal adsorption. The value of Ky
indicates the capacity of Pb(ll) ions adsorption. In
addition, the higher the value of n, the more
significant the absorption intensity [41].

The linear form of the Temkin isotherm is
expressed by Equation 7 [41]:

go= B In K,+ B In C, @)
The adsorbate-adsorbent interactions considered
by Temkin isotherm and assumes that the heat of
adsorption decreases linearly with the covering the
absorbent surface by the adsorbate substance. In
Eg. 7, ge and C. have the same definitions as
before, B refers to the Temkin constant associated
with the adsorption heat, and K; refers to the
constant of equilibrium (L/mg).

The plot of ge versus In (Ce) is a straight line with
slope of B and an intercept of B In (Ky). B and K;
can be obtained from the slope and intercept of the
resulting line, respectively. The linear plot of ge
versus In (C.) for the adsorption of Pb(ll) ions on
the MWC/ZIF was showed in Figure 6d.

Table 1 provides the Temkin constants and R2
value for the adsorption of Pb(Il) ions on the
MWC/ZIF. These constants give information
about the adsorption heat and maximum binding
energy of the adsorbate on the adsorbent.

Table 1 indicates that the Langmuir model
provides a better fit to the experimental data, as
evidenced by its higher R? value. The maximum
monolayer adsorption capacity for Pb(Il) ions on
the MWC/ZIF was found to be 81.3 mg/g at 25°C.
Since the value of n in the Freundlich equation
(3.831) is between 1 and 10, therefore the
absorption of Pb(ll) ions is favorable [41].

Table 2 presents a comparison of the highest
monolayer adsorption capacity of Pb(ll) ion on
various adsorbents in previous studies [1,17-24,
42-46]. The adsorption capacity of MWC/ZIF
obtained in this study was found to be comparable
to or greater than the reported amounts in several
previous studies [19, 23, 42-46]. Additionally, the
removal of Pb(ll) ion by MWC/ZIF was faster
compared to most of the previous studies [1, 17,
20,22,24, 42-46], indicating that MWC/ZIF could
be an excellent adsorbent for removing Pb(ll) ion
from wastewater samples.

3.5. Kinetic examination

To assesses of Pb(Il) adsorption kinetics on the
MW(C/ZIF, the intraparticle diffusion model (IPD),
the Lagergren's pseudo-first and second-order
models and the Elovich model were assessed. The
pseudo-first order model (Equation 8) is as follows
[46]:

n(G—q)=1In q. — Ki t €))
In Equation 8, g: and ge represent the amount of
Pb(I1) ions adsorbed (mg/g) at any time t (min) and
at equilibrium, respectively. K; is the rate constant
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of the pseudo-first order sorption (min?). The
value of ge. and K; can be determined from the
intercept and the slope of the plot of log(ge-0)
versus t, as shown in Figure 7a.

Pseudo second-order model is defined as follows
(Eq. 9) [46]:

d
= ka(qe — 1) )
Rearranging the variables gives (Eq. 10):
a9 _
(@e—ar)? kpdt (10)

When equation 10 has been integrated in the
boundary conditions t=0 (g=0) to t=t (g=qt),

equation 11 has been obtained.
t 1 t

— = > + — (11)
qat Kaqe de

In the above equation, K; represents the rate
constant of pseudo-second order adsorption (g/mg
min). The value of ge and K; can be also calculated
from slope and intercept of plot (t/qt versus t), as
shown in Figure 7b.

The Elovich equation was also used to
qualitatively describe the chemisorption process
[41]. The linear form of the Elovich model is
expressed by Equation 12:

1 1
q: = Elnaﬁ + Elnt (12)
100 -
(a)
75 +
C
2’50 -
=25 -
0 r r r
50 100 150 200
, Cp (mg/L)
(©)
1.8 4
o
=1 1]
=
= 1.6 - v=0.261x+ 1.4422
R*=0.9866
1.4 r y
0 1
log C,.

In Equation 12, o (g/mg min) refers to the sorption
rate and B (g/mg) refers to activation energy of
chemisorption. The sorption rate (o) represents the
rate at which the adsorbate molecules are
chemically bonded to the surface of the adsorbent.
The activation energy (B) represents the minimum
energy required for the adsorbate molecules to
overcome the energy barrier and form chemical
bonds with the adsorbent surface. The values of a
and P can be determined from the plot of q; versus
In t, as shown in Figure 7c.

In the intraparticle diffusion model, the plot of g
versus t¥2 gives a straight line, which can be
expressed by Equation 13 [47]:

1

q = Kigtz + C (13)
In this equation, the rate constant of intraparticle
diffusion (mg/g min%?) was denoted to Kigand the
intercept of the line denoted to C (Figure 7d).

The resulted kinetic parameters from these models
summarizes in Table 3. The calculated ge value for
the Elovich model is in close agreement with the
experimental ge value, indicating a good fit of this
model to the experimental data. The Kiq for Pb(Il)
was 7.633 mg/g min*2, which shows the high
tendency of the MWC/ZIF for removal of Pb(ll)
ions [48].

1.2 1
(b)
2 08 1v=0.0123x+ 0.0638
= R*=0.9973
=
04 4
0 . . .
0 20 40 60
Ce (mg/L)
90 -
(d)
70 4 ¥=13.830x+20253
S 2=0.9028
g
& 50 -
30 Y T g
0 1.5 3 4.5

Fig. 6. (a) The impact of initial concentrations of Pb(ll) ions, (b) Langmuir, (c) Freundlich and (d) Temkin adsorption
isotherms to adsorb Pb(ll) ions onto the MWC/ZIF at room temperatures.
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Table 2. Comparing the adsorption power of MWC/ZIF with the additional prepared adsorbents.

Adsorbent Equilibrium Q°(mgg™) Ref.
time (min)
Chitosan cross-linked and grafted with epichlorohydrin and 2,4- 60 170 [1]
dichlorobenzaldehy
chemical modification of activated carbon by 2-aminothiazole 60 310.9 [17]
Activated carbon 20 200 [18]
Activated carbon 25 90.91 [19]
Polyacrylic acid capped FesO4 — Cu-MOF hybrid 60 641 [20]
Ninhydrin-functionalized chitosan 120 196 [21]
Melon Peel as a bioadsorbent 40 191.9 [22]
Modified Cassia fistula seeds- 30 13.2-129.3 [23]
Co304@Si02 magnetic nanoparticle-nylon 6 70 666.7 [24]
Modified chitosan 120 55.55 [42]
Epichlorohydrin crosslinked chitosan Schiff’s base@Fe304 105 86.2 [43]
Chitosan derivatives beads 100 34.98 [44]
Chitosan-vanillin derivatives 240 66.23 [45]
magnetic activated carbon—cobalt nanoparticles 30 312.5 [46]
MW(C/ZIF 30 81.3 This work
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Fig. 7. The Pb(Il) ions adsorption kinetic onto the MWC/ZIF at room temperature: (a) pseudo first order, (b) pseudo second
order, (c) Elovich and (d) intraparticle diffusions plots.
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Table 3. Kinetics constants for Pb(ll) sorption
onto the MWC/ZIF.

Kinetics Coefficients Value
model

ge experimental 38.28

(mg/g)
Pseudo first ki (1/min) 0.0433
order ge calculated 5.71

(mg/g)

R? 0.9483
Pseudo k2 (g/mg min) 2.137
second order (e calculated 99.01

(mg/g)

R? 0.9778
Elovich o (mg/ g min) 5.26
model B (g/mg) 0.0654

ge calculated 35.57

(mg/g)

R? 0.9699
Intra-particle  kia (mg/g min¥2) 7.633
diffusion ge calculated 38.5
model (mg/g)

R? 0.9841

3.6. Thermodynamic analysis

In order to define the related mechanisms,
thermodynamic examinations were done at
different temperatures. Equations 14 and 15 were
also used to estimate various thermodynamic
variables, including changes in standard free
energy (AG®), enthalpy (AH®), and entropy (AS°®)
[49]:

AS’ AH’

Log K, = - (14)
2.33 R 2.303 RT

AG®=AH®-TAS® (15)

where R(J-mol*-K) refers to the gas constant,
T(K) refers to the absolute temperature and Kc
refers to the thermodynamic equilibrium constant.
The values of AS® and AH® were calculated from
the intercept and slope of the plot of log Kc versus
1/T, as shown in Figure 8. Table 4 summarizes the
different thermodynamic variables at five
temperatures. The results indicate that the values
of AG° were negative at each temperature,
suggesting the spontaneity of the adsorption
process of Pb(I1) ion on the active adsorption sites.
The decrease in AG° values with increasing
temperature indicates that the higher temperatures
facilitate the adsorption of Pb(ll) ion on the
MWC/ZIF.

Moreover, changes in the AH® enthalpy (43.35
kj/mol) were positive, implying endothermic
feature due to enhancement of adsorption on later
enhancements in temperatures. However, positive
values of AS°(172.35 j/mol) showed the higher
randomness at the solid liquid solution interface.

Table 4. Thermo-dynamic variables to adsorb
Pb(11) on the MWC/ZIF.

T(K) 275 282 288 298 309

AGY - - - - -
(/mol) 42714 51842 5930.6 8127.4 9998.2
AHC (kj/mol) 4335

AS° (jimol) 172.35
| By
(5} 13 b
g ¥ =-2263.9x + 9.0014
o0 R?=10.9867
(=]
—
0.9 1
0.5 T T ]
0.0032 0.0034 0.0036 0.0038

UT (KD
Fig. 8. Thermo-dynamic examination of Pb(Il) ions
adsorption on MWC/ZIF

3.7. Impact of ionic strength

It is known that wastewater mostly contains
common ions; therefore, the impact of ionic
strength on Pb(Il) adsorption was studied by
addition of NaCl (0, 0.01, 0.05, 0.1, 0.25, and 0.5
M) to a solution containing 80 ppm Pb(ll) ion at
pH=5. The results in Figure 9 showed that with
increasing of NaCl concentration, the removal
efficiency of lead (1) ions decreases slightly. The
reason for this phenomenon may be the
competitive adsorption of NaCl and Pb(ll) ion to
occupy places on the absorbent surface [46].

100 1
80

60 1

Re %

40 »

20 1

0 =
0 0.01 005 01 025 05
NaCl (mol L)

Fig. 9. lonic strength impact on adsorption of Pb(ll) ions
onto the MWC/ZIF.

3.8. MWC/ZIF reusability

Adsorbent reusability is a leading factor in the
environmentally-friendly and economical process
of adsorption. The problem with contaminated
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adsorbent disposal to the environment may be thus
decreased due to adsorbent reusability. The results
(Fig. 10) demonstrated that the Re% of Pb(ll) ion
dropped to 80.9% at the fifth round from 97.8% at
the first cycle, that indicating the excellent
reusability performance of MWC/ZIF in removing
Pb(Il) ion.

100 »

111

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Re %
& =3
= =

Fig. 10. Reusability test to adsorb Pb(ll) ions onto the
MW(C/ZIF at room temperatures. Condition has been
similar to Figure 5 using the same adsorbent.

3.9. Treatment of wastewater sample

The real wastewater samples were collected from
an industrial center in Kerman Province, Iran, and
then examined for the respective content using
inductively coupled plasma-optical emission
spectrometry (ICP-OES) as shown in Table 5. In
the next step, real wastewater sample was spiked
with Pb(Il) ion (80 mg/L) and treated with the
MWC/ZIF under optimized conditions. The
mixture was then separated and analyzed for metal
ion levels using ICP-OES (Table 5). The results
showed that the MWC/ZIF was highly efficient in
removing Pb(l1) ions and some metal ions from the
wastewater samples.

Table 5. Application of the MWC/ZIF to remove
Pb(I1) ions from wastewater sample.

Metal Concentration Concentrat Re
ions before ion after (%)
treatment treatment
(mg/L)* (mg/L)
Pb 83.8 4.1 95.1
Cr 3.9 0.3 92.3
As 4.1 0.2 95.1
Cu 6.5 0.4 93.8
Ni 4.4 0.6 86.4
Cd 5.3 0.3 94.3
Mn 3.8 0.2 94.7
Co 4.7 0.5 89.4

*QOriginal sample spiked with 80 mg/L of Pb(Il) ion.

4.CONCLUSION

In this study, multiwall carbon nanotube/ZnCo-
Zeolite imidazole framework was developed as an
effective adsorbent for removal of Pb(l1) ions from
wastewater samples. The successful synthesis of
MCN/ZIF confirmed by the obtained results from
FT-IR, SEM, XRD and XPS analyses. The
applicability of the MCN/ZIF as an efficient
adsorbent was further confirmed by its ability to
effective removal of Pb(Il) ions from an effluent
sample. The equilibrium data showed that the
adsorption of Pb(ll) ion follows the Langmuir
isotherm model and the highest adsorption
capacity of Pb(ll) ion on the MCN/ZIF surface
using this model was 81.3 mg/g. The desorption
experiment results showed that the MCN/ZIF can
be recovered and reused for up to five cycles. The
assesses of the adsorption kinetics showed that the
adsorption of Pb(ll) ion on the adsorbent follows
the Elovich equation. The results of the
thermodynamic study showed that the adsorption
of Pb(Il) ion on the adsorbent surface is
spontaneous and is an endothermic process.
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