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This investigation suggests the implementation of ZSM-5 activated carbon composite as a prolific adsorbent for the continuous
elimination of Pb2+ ions from water. Continuous adsorption experiments were performed by varying three parameters such as
process flow rate (2-6mLmin-1), bed height (2-6 cm), and initial concentration (250–750mg L-1). The highest loading capacity
of the fixed-bed 213.3mg L-1 was achieved with optimal values of 2mLmin-1 of flow rate, bed height of 6 cm, and initial
concentration of 750mg L-1, respectively. The breakthrough curves and saturation points were found to appear quickly for
increasing flow rates and initial concentration and vice versa for bed depth. The lower flow rates with higher bed depths have
exhibited optimal performances of the fixed-bed column. The mechanism of adsorption of Pb2+ ions was found to be ion
exchange with Na+ ions from ZMS-5 and pore adsorption onto activated carbon. The breakthrough curves were verified with
three well-known mathematical models such as the Adams-Bohart, Thomas, and Yoon-Nelson models. The later models
showed the best fit to the column data over the Adams-Bohart model that can be utilized to understand the binding of Pb2+

ions onto the composite. Regeneration of ZSM-5/activated carbon was achieved successfully with 0.1M HCl within 60min of
contact time. The outcomes conclude that ZSM-5 activated carbon composite is a prolific material for the continuous removal
of water loaded with Pb2+ ions.

1. Introduction

The burgeoning population and swift industrialization have
led to the intense release of contaminant-loaded effluents
into the natural ecosystem. Industries such as batteries, pig-
ments, and glass widely use lead (Pb), and the effluents con-
tain a considerable amount of Pb2+ ions. Lead is a heavy
metal that is nonbiodegradable and carcinogenic to human
and aquatic life [1]. Therefore, it is highly essential to remove
the Pb2+ ions from industrial effluents to conserve the natural
ecosystem.

Various physical and chemical treatment techniques
such as ion exchange [2], membrane filtration [3], floccula-
tion [4], coagulation [5], adsorption [6], solvent extraction

[7], chemical precipitation [8], and electrochemical treat-
ments [9] are developed for the remediation of wastewater
laden with heavy metal ions. Ion exchangers were quite pop-
ular for the removal of heavy metal ions from wastewater,
and resins are usually employed as prolific ion exchangers
[2]. Membranes are another important class of technique
that is efficient in the removal of heavy metal ions from
wastewater [3]. However, the cost of the ion exchangers
and membranes limits the applications [10]. Similarly, floc-
culation and coagulation have disadvantages such as dis-
posal and use of toxic chemicals [11]. The chemical
extractions are quite useful, but the cost of the solvents, dis-
posal of precipitations, and energy requirements limit the
applications [12].
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Adsorption is one of the powerful and well-established
techniques for wastewater treatment due to its simplicity
and economic factors [13]. In recent decades, adsorbents
from agricultural sources have been developed, and these
adsorbents are economical and do not cause any disposal
issues unlike chemical precipitations or coagulation and
flocculation [14]. Adsorption does not require any energy
requirements such as electrochemical treatments [15]. Fur-
thermore, the aptness of adsorption to eliminate hazardous
contaminants without generating any toxic byproducts and
retaining the standards of water unaltered has also favored
it [16]. Adsorbents such as activated carbon [17], zeolites
[18], nanosorbents [19], and biopolymers [20] were found
to be effective and efficient sorbents for the remediation of
contaminated water. In an interesting study, Hanbali et al.
[21] reported the use of magnetic multiwalled carbon nano-
tubes as potential adsorbents for the removal of Pb2+ ions.
The loading capacity was found to be 9.09mg g-1 at a pH
of 8. Mohd et al. [22] reported the modified palm oil indus-
try solid waste as a useful adsorbent for the removal of Pb2+

ions. The maximum removal efficiency of fruit bunch of
palm was reported to be 92.2mg g-1 at a pH of 1 with a con-
tact time of 15min. Iron oxide nanocomposites produced
from biowaste were reported for the removal of Pb2+ ions
[23]. The T-Fe3O4 exhibited 95% removal efficiency with a
contact time of 95min at pH4.5.

Zeolites are naturally available crystalline microporous
solids that form a network of cavities and channels [24].
They are proven to be very good adsorbents, ion exchangers,
and catalysts [25]. Aluminosilicate zeolites (ZSM-5) are
microporous materials that are commonly used in the isom-
erization of hydrocarbons in the petro industry as catalysts
[26]. Natural zeolites are prolifically utilized as adsorbents
for the sequestration of Pb2+ ions [27]. The NaX zeolite
exhibited an adsorption capacity of 14.2mg g-1 at pH6 with
a contact time of 60min. ZSM-5 zeolites are modified with
several organic and inorganic compounds and elements to
enhance the sorption capacity. Polyvinyl alcohol and car-
boxymethyl cellulose-incorporated zeolites are utilized for
the effective adsorption of synthetic organic molecules from
aqueous solution [28]. ZSM-5 modified with mixed metal
oxides was found to be potential adsorbents for the removal
of elemental mercury [29]. However, the literature reveals
that very little study is available on the application of the
natural and modified ZSM-5 zeolites for the sequestration
of cations. The majority of studies report the elimination
of cationic contaminants from aqueous solution by batch
and fixed-bed method. The potential of ZSM-5 zeolites for
the elimination of cations in the batch process is investigated
but in continuous columns is yet to be explored. The synthe-
sis of ZSM-5 activated carbon composite and its potential
use for the remediation of Pb2+ and Cd2+ ions from contam-
inated water have been reported [30].

In continuation of the above, the present investigation
describes the sequestration of Pb2+ ions through the fixed-
bed process by using ZSM-5 activated carbon composite as
an ecofriendly sorbent. The impacts of various governing
components were investigated, and various breakthrough
models were adopted to analyze the experimental data.

2. Materials and Methods

2.1. Reagents. Tetraethyl orthosilicate and Sodium Alumi-
nate were obtained from Sd fine chemicals. Tetra propyl
ammonium hydroxide and lead nitrate were obtained from
Merck chemicals. Distilled water was used for all the exper-
iments. Hydrochloric acid, acetic acid, and Sodium Hydrox-
ide were obtained from Sd fine chemicals. Activated carbon
was obtained from local chemical suppliers, and all the
reagents used were of AR grade.

2.2. Preparation of ZSM-5/Activated Carbon Composite and
Metal Stock Solution. The ZSM-5 activated carbon compos-
ite was prepared by mixing 10mL of tetraethyl orthosilicate
(TEOS), 3 g of Sodium Aluminate (NaAlO2), and 2 g acti-
vated carbon (AC). The mixture was stirred overnight
followed by drying at 80°C for 12h. After drying, a gel was
obtained which was added to 15mL of tetra propyl ammo-
nium hydroxide, mixed by stirring, and dried overnight at
100°C. The dried gel was kept in a vial which was then
placed in an autoclave containing 2mL of water. Then, it
was heated in an oven at 170°C for 72 h. The added water
that generated steam assisted in the dry gel conversion.
The resulting dried sample was calcined in a tubular furnace
at 550°C for 3 h under N2 flow (150mL/min). The dried and
calcined sample was named ZSM-5/AC which was found to
be around 0.5μm in size and used for further investigation.
Lead (II) nitrate (1.6 g) was solubilized in one litre of demi-
neralized water to prepare 1000mgL-1 of metal ion stock
solution, and 0.01M hydrochloric acid (HCl) and Sodium
Hydroxide (NaOH) were used for the pH adjustments.

2.3. Fixed-Bed Column Investigations. A small-scale glass
column with a height of 15 cm having an internal diameter
of 10mm was chosen for performing the fixed-bed column
investigations (Figure 1). Firstly, the glass column was filled
with ZSM-5/AC (1.112 g cm-1), and the Pb2+ ions were
pumped into the top of the column with the help of a peri-
staltic pump with a desired rate of flow. The eluents were
saved at various preset time intervals at the exit of the
fixed-bed. An atomic absorption spectrophotometer
(AA240, Varian) was utilized to estimate the residual con-
centrations of collected samples. To investigate the influence
of rate of flow for the elimination of Pb2+ ions by ZSM-
5/AC, investigations were performed with varying flow rates
from 2 to 6mLmin-1 with a difference of 2mL. The influ-
ence of bed depth was investigated by deferring the bed
depth from 2 to 6 cm in height with a height interval of
2 cm, and the remaining influential parameters were kept
constant. Further to the optimization of bed height and flow
rate, the influence of adsorbate concentration was experi-
mented with by deferring the initial concentration of Pb2+

ions from 250 to 750mgL-1. The inlet of Pb2+ ions was con-
tinued until the inlet and exit concentration was found to be
unchanged suggesting the saturation of the column [31]. To
ensure that the data analysis was accurate and reproducible,
the fixed-bed investigations were performed thrice and the
mean values were considered with a standard deviation of
less than 4%.
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2.4. Fixed-Bed Data Analysis. The breakthrough curves are
the output of experimental runs from packed bed column
studies. In general, the behaviour and dynamic reply of
adsorption in columns can be easily determined from the
time and figure of the breakthrough curve that is considered
to be an imperative characteristic [32]. The breakthrough
position of the S form curve is examined when the eluent
concentration (Ct) from the fixed-bed attains about 0.1%
of influent concentration. The exhaustion of fixed-bed is
attained when the position of concentration of eluent attains
95% or above. The volume of effluent (Veff ) can be under-
stood with equation

Veff =Qttotal, ð1Þ

where Q is the volumetric rate of flow and ttotal is the com-
plete flow time (min).

The amount of Pb2+ taken up, Mad (mg), in the sorption
bed can be determined by the following equation:

Mad =
Q

1000

ðt=total
t=0

Caddt, ð2Þ

where Cad is the amount of Pb2+ ions removed (mgL-1).
The absolute quantity of Pb2+ ions getting into the bed

(Mtotal) can be estimated from equation

Mtotal =
CoQttotal
1000

, ð3Þ

where C0 is the initial concentration of the Pb2+ ions.
Finally, the total Pb2+ ion removal percentage is known

from equation

Y %ð Þ = Mad
Mtotal

× 100, ð4Þ

where Y is the yield percentage.

2.5. Column Breakthrough Curve Modeling. The simple
mathematical models can well explain the prolific behaviour
of lab-scale column processes to large-scale processes typi-

cally used in industries [33, 34]. The familiar and common
mathematical models such as Adams-Bohart, Thomas, and
Yoon-Nelson models were employed in understanding the
breakthrough curves obtained for various influential param-
eters of the column.

One of the commonly considered models in the under-
standing of breakthrough curves is the Adams-Bohart model
[35]. This model suggests that the fraction of loading magni-
tude is proportional to the rate of sorption and further sug-
gests that the equilibrium is not instantaneous [36, 37]. The
major advantage is that the initial part of the breakthrough
curve is very well inferred, and the equation is conveyed as
below:

ln Ct

Co
= kABCot − kABNo

z
Uo

, ð5Þ

where Co and Ct are the entry and exit concentrations of
Pb2+ ions (mg L-1), kAB is the kinetic constant (L mg-1

min-1), No is the exhaustion amount (mg L-1), z is the depth
of the bed (cm), and Uo is the peripheral velocity (cm min-1).

The Thomas model is the best-known theoretical model
for explaining the efficiency of binding of lead ions onto an
adsorbent in a packed bed column [38]. The plug flow pro-
cess in a packed column is the assumption made by the
Thomas model, and the model equation is as given below:

ln
C0
Ct

− 1
� �

=
kThqom

Q
− kThCot, ð6Þ

where kTh is considered constant of the Thomas model (mL
min-1 g-1),m is the mass of the adsorbent, and qo is the load-
ing magnitude (mg g-1).

One of the simplest methods and models for the
adsorption of gas-phase molecules onto activated coal
was proposed by Yoon and Nelson [39]. Yoon and Nelson
considered that the decrease in the rate in the likelihood
of sorption of Pb2+ is comparable to the likelihood of sor-
bate sorption and the prospect of Pb2+ ion breakthrough
on ZSM-5/AC. The linearized equation of this model is
expressed as

ln
Ct

Co − Ct

� �
= kYNt − τkYN, ð7Þ

where kYN is the proportionality constant in min-1 of the
Yoon-Nelson model and τ is the 50% retaining time of
the initial sorbate (min).

3. Results and Discussion

3.1. Influence of Rate of Flow. One of the crucial parameters
in the removal of contaminants from wastewater especially
during the continuous treatment process is flow rate. There-
fore, in the present investigation, the rate of flow was varied
between 2 and 6mLmin-1 at fixed column length (2 cm) and
opening concentration (250mgL-1) for the sequestration of

ZAM-5/AC
composite

Pb2+ solution

Solution
free from
Pb2+ ions

Peristaltic pump

Figure 1: Schematic diagram fixed-bed column setup for the
removal of Pb2+ ions by ZSM-5/AC composite.
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Pb2+ ions by ZSM-5/AC from aqueous solution. The break-
through curves obtained for different rates of flow are repre-
sented in Figure 2. It is observed that with the burgeoning
flow rate, the breakthrough and saturation time tend to
decrease. This is well elucidated on the reality that, at a min-
imal rate of flow, the time of residence of Pb2+ ions to inter-
act with the surface of the ZSM-5/AC is high. At higher flow
rates, the time for adsorption onto the surface or pore diffu-
sion decreases. It is also seen that the breakthrough curves
became steep with an increase in flow rates suggesting the
faster saturation of column and lesser time spent by the
metal ion. Hence, the efficiency and breakthrough time
decrease with burgeoning flow rates. Similar observations
have been reported for the continuous sorption of Pb2+ ions
in the column by WR powder [16].

3.2. Influence of Height of Bed. The influence of the height of
the bed for the removal of Pb2+ ions by ZSM-5/AC was
explored by changing the bed height between 2 and 6 cm,
and the breakthrough shapes attained are represented in
Figure 3. With the burgeoning bed heights, the time of satu-
ration and breakthrough extends, and further, removal effi-
ciency also increased with increasing bed heights. The time
of breakthrough extends from 150 to 400min with aug-
menting the height of the bed from 2 to 6 cm. The empty
bed column time (EBCT) also extended from 2.3 to
6.5min (Table 1). This is attributed to the fact that the
Pb2+ ions have more chance to interact with the ZSM-
5/AC and more surface active sites are available for interac-
tion. Hence, the removal efficiency and adsorption capacity
increase at higher bed heights. Similar observations have
been reported for the removal of Pb2+ ions by dead calcar-
eous skeletons [40].

3.3. Influence of Initial Concentration. The influence of Pb2+

ions on the breakthrough shapes was experimented by con-
sidering the concentrations from 250 to 750mgL-1 and the
respective breakthrough; shapes are illustrated in Figure 4.
As observed from the figure, various crucial components
decreased with burgeoning Pb2+ ion concentrations such as
removal efficiency, breakthrough, and exhaustion time. The
total amount of influent passing into the fixed-bed also
reduced with burgeoning entry concentration (Table 1).
The observations suggest that the time taken for the attain-
ment of 50% breakthrough tendency reduced with burgeon-
ing initial metal ion concentration. This can be expounded
on the basis that a minimal concentration gradient resulted
in moderate adsorption of Pb2+ ions due to the reduced dif-
fusion coefficient and reduced mass transfer coefficients
[20]. Hence, lower concentrations will benefit the increased
diffusion coefficient and increased mass transfer coefficients
resulting in greater adsorption efficiency. Similar observa-
tions have been reported for the removal of Pb2+ ions by nat-
ural clinoptilolite [41].

3.4. Modeling of Breakthrough Curves. The design of fixed-
bed columns and its prediction can be carried out from
breakthrough curves of studied parameters. The scale-up of
lab-scale process to industrial process can be performed by
various mathematical models that have been put forward.
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Figure 2: Effect of flow rate on breakthrough curves obtained for
the removal of Pb2+ by ZSM-5/AC (fixed column length 2 cm,
initial metal concentration 250mg L-1, pH 6, 303°C, and error
bars represent the standard deviation at n = 3).
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Figure 3: Effect of bed height on breakthrough curves obtained for
the removal of Pb2+ by ZSM-5/AC (flow rate 2mLmin-1, initial
metal concentration 250mg L-1, pH 6, 303°C, and error bars
represent the standard deviation at n = 3).

Table 1: Fixed-bed column parameters for the adsorption of Pb2+

ions by ZSM-5/AC.

Co (mg L-1) Q (mLmin-1)
Z

(cm)
Mad
(mg)

Mtotal
(mg)

Y
(%)

EBCT
(min)

250 2 2 136.6 200 68.6 2.3

250 4 2 190.6 300 63.5 1.7

250 6 2 186.6 330 56.5 1.2

250 2 2 136.6 200 68.6 2.3

250 2 4 161.0 225 71.5 4.5

250 2 6 213.3 270 79.0 6.5

500 2 6 154.7 225 68.7 6.5

750 2 6 93.5 175 53.2 6.5
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In the present investigations, the vital actions of the fixed-
bed column were studied and analyzed with the Adams-
Bohart, Thomas, and Yoon-Nelson models.

3.4.1. Adams-Bohart Model. For parameter assessment, the
range of t values was considered from 0 to 0.5 C0/Ct of the
breakthrough shapes. The slope kAB and intercept No were
tabulated from the graph of ln ðCt/CoÞ vs. t (figure not
shown), and the respective values and correlation coeffi-
cients are outlined in Table 2. As outlined in Table 2, the
kAB values increased with growing bed depth and tend to
drop with the growing rate of flow and preliminary Pb2+

ion concentration. The results suggested that the external
mass transfer dominated the overall kinetics of the process
[42]. The applicability of the Adams-Bohart model for
understanding the beginning of breakthrough curves of the
present process was elucidated by the moderately high corre-
lation coefficients.

3.4.2. Thomas Model. The performance prediction of the
breakthrough of columns can be very well described by the
Thomas model. The constants and respective coefficients of
correlation derived for the Thomas model from the linear
regression equation are summarized in Table 3. The values
of KTh are observed to reduce with an increase in bed height,
but the opposite trend was observed with a burgeoning rate
of flow and preliminary concentration. But qo depicted the
opposite trend to that of KTh. The correlation coefficients
obtained are found to be very high suggesting the suitability
of the model for the removal of Pb2+ ions by ZSM-5/AC.
These observations suggest that the Thomas model was
applicable for the adsorption of Pb2+ ions and the rate-
limiting step was not just due to internal and external mass
transfer [31].

3.4.3. Yoon-Nelson Model. The correlation coefficients and
values of kYN and τ acquired using the linear regression

analysis for breakthrough curves are outlined in Table 4.
The coefficients of correlation were between 0.955 and
0.993, suggesting the applicability of the Yoon-Nelson model
in addition to the Thomas model. The KYN values were
found to decrease with a surge in preliminary concentration
but increase with the growing rate of flow and bed depth.
The component τ which is considered a time for 50% reten-
tion was observed to surge with surging bed height due to
relaxed exhaustion of the column at elevated peaks of packed
beds. On the other end, the τ values profoundly reduce with
the burgeoning flow rate and preliminary entry concentra-
tion [26]. This is due to the quick attainment of exhaustion
of fixed-bed columns [41]. This observation suggests that
both Yoon-Nelson and Thomas models describe well for
the elimination of Pb2+ ions by ZSM-5/AC from an aqueous
solution.

3.5. Regeneration of ZSM-5/AC. Desorption of Pb2+ ions and
revival of ZSM-5/AC studies were carried out to investigate
the reusability capacity of ZSM-5/AC. Desorption studies
were performed with two desorbing agents such as 0.1M
CH3COOH and 0.1M HCl. Initially, the fixed-bed column
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Figure 4: Effect of initial metal ion concentration on breakthrough
curves obtained for the removal of Pb2+ by ZSM-5/AC (bed height
6 cm, flow rate 2mLmin-1, pH 6, 303°C, and error bars represent
the standard deviation at n = 3).

Table 2: Adams-Bohart model parameters for the removal of Pb2+

ions at various conditions.

Parameter
KAB (L/
mgmin)

No (mg/
L)

R2

Rate of flow

2mL/min 2:2 × 10−4 18342 0.947

4mL/min 1:2 × 10−4 21767 0.934

6mL/min 1:1 × 10−4 23608 0.915

Bed depth

2 cm 2:2 × 10−4 18342 0.947

4 cm 3:4 × 10−4 17510 0.916

6 cm 4:2 × 10−4 16072 0.933

Preliminary
concentration

250mg L-1 4:2 × 10−4 16072 0.933

500mg L-1 3:1 × 10−4 18567 0.921

750mg L-1 2:6 × 10−4 21487 0.919

Table 3: Thomas model parameters for the removal of Pb2+ ions by
ZSM-5/AC from aqueous solution.

Parameter
KTh (mL/
minmg)

qo (mg/
g)

R2

Rate of flow

2mL/min 1:7 × 10−3 141.3 0.992

4mL/min 2:1 × 10−3 187.0 0.984

6mL/min 2:2 × 10−3 185.4 0.990

Bed depth

2 cm 1:7 × 10−3 141.3 0.992

4 cm 1:6 × 10−3 169.7 0.991

6 cm 1:5 × 10−3 231.1 0.972

Preliminary
concentration

250mg L-1 1:5 × 10−3 231.1 0.972

500mg L-1 1:7 × 10−3 145.7 0.989

750mg L-1 2:6 × 10−4 100.3 0.957
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was packed with Pb2+ ion-loaded ZSM-5/AC for 6 cm, and
the desorbing agent was allowed to flow from the top of
the column with a flow rate of 2mL/min. The pH of the des-
orbing agents was pH1.2 and 3.0, respectively, for 0.1M HCl
and 0.1M CH3COOH. The eluent was collected at the exit of
the column at prefixed time intervals, and the amount of
Pb2+ ions desorbed was calculated using an atomic absorp-
tion spectrometer. Desorption of Pb2+ ions versus time plot
is represented in Figure 5. It can be observed that initially the
amount of Pb2+ ions in the eluent was found to be high and
gradually decreased with an increase in time. The high
amount of Pb2+ ion concentration released at the initial time
period is due to ion exchange with the H+ ions of desorbing
agents. The decrease in concentration with respect to time is
due to exhaustion of Pb2+ ions and regeneration of ZSM-
5/AC. The maximum desorption efficiency of ZSM-5/AC
was found to be 83% and 92%, respectively, for 0.1M
CH3COOH and 0.1M HCl solutions. The higher efficiency
observed for HCl over CH3COOH was due to the strength
of the acids. Stronger acids exhibit higher desorption effi-
ciency due to the quick release of H+ ions compared to weak
acids such as CH3COOH. The high revival efficiency exhib-
ited by ZSM-5/AC was due to the exchange of Pb2+ ions
with hydronium ions. The ion exchange capability of zeolites

helped in the effective regeneration of the composite mate-
rials. These results suggest that ZSM-5/AC could be effi-
ciently considered in repeated cycles for the elimination of
Pb2+ ions from an aqueous solution.

3.6. Adsorption Potential. The supreme adsorption potential
of ZSM-5/AC towards Pb2+ ions was calculated to be
213.3mg g-1 which was considered to be very significant in
comparison to many other reported adsorbents in the litera-
ture (Table 5). The higher loading potential was due to the
combined effect exhibited by porous ZSM-5 and activated
carbon materials. The adsorption of Pb2+ ions onto ZSM-
5/AC could be due to pore adsorption as well as binding
onto acidic sites present on the surface of the activated
carbon.

4. Conclusion

This study utilized the ZSM-5/AC composite as an adsor-
bent for the removal of Pb2+ ions from an aqueous solution
and explored its potential in a fixed-bed column. It was
observed that low flow rate, higher bed height, and lower ini-
tial inlet concentration yielded maximum removal efficiency
for Pb2+ ion removal by ZSM-5/AC. The breakthrough
curves were predicted with linear regression models such
as the Adams-Bohart, Thomas, and Yoon-Nelson models.
Based on the coefficients of correlation and relative con-
stants, all three models were found to fit and well describe
the breakthrough curves. Desorption and regeneration stud-
ies suggested that ZSM-5/AC could be repeatedly used for
several cycles. These results conclude that ZSM-5/AC is a
prolific composite material for the sequestration of Pb2+ ions
from water streams.
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Table 4: Yoon-Nelson model parameters for the removal of Pb2+

ions by ZSM-5/AC.

Parameter
KYN

(min-1)
τ (min) R2

Rate of flow

2mL/min 0.954 222.3 0.993

4mL/min 0.977 182.6 0.965

6mL/min 0.987 110.3 0.989

Bed depth

2 cm 0.954 222.3 0.993

4 cm 0.979 304.9 0.984

6 cm 0.986 413.7 0.971

Preliminary concentration

250mg L-1 0.986 413.7 0.971

500mg L-1 0.963 283.9 0.976

750mg L-1 0.953 171.3 0.955
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Figure 5: Desorption curves of lead ions with respect to time from
ZSM-5/AC.

Table 5: Comparison of loading capacity of various adsorbents
towards Pb2+ ions reported in literature.

Adsorbent
Loading capacity

(mg g-1)
Reference

Ferrihydrite coated brick 6.74 [42]

Titanosilicate ETS-10 30.2 [43]

Brick kiln waste 81.5 [44]

Nanomagnetite-loaded
polyhydrogel

14.4 [45]

Nanostructured γ-alumina 49.6 [46]

Modified sugarcane bagasse 73.7 [47]

Watermelon rind 55.0 [16]

ZSM-5/AC 213.3
This
study

6 Adsorption Science & Technology



Acknowledgments

Dr. Ivan Rico thanks the Department of Chemical Engineer-
ing, Central University “Marta Abreu” of Las Villas, Cuba,
for providing the necessary facilities to carry out the
investigations.

References

[1] M. Basu, A. K. Guha, and L. Ray, “Adsorption of lead on
cucumber peel,” Journal of Cleaner Production, vol. 151,
pp. 603–615, 2017.

[2] A. Bożęcka, M. Orlof-Naturalna, and S. Sanak-Rydlewska,
“Removal of lead, cadmium and copper ions from aqueous
solutions by using ion exchange resin C 160,” Gospodarka Sur-
owcami Mineralnymi., vol. 32, no. 4, pp. 129–140, 2016.

[3] A. Peigneux, J. D. Puentes-Pardo, A. B. Rodríguez-Navarro,
M. T. Hincke, and C. Jimenez-Lopez, “Development and char-
acterization of magnetic eggshell membranes for lead removal
from wastewater,” Ecotoxicology and Environmental Safety,
vol. 192, no. 2020, article 110307, 2020.

[4] J. Beltrán Heredia and J. Sánchez Martín, “Removing heavy
metals from polluted surface water with a tannin-based floccu-
lant agent,” Journal of Hazardous Materials, vol. 165, no. 1-3,
pp. 1215–1218, 2009.

[5] Q. Chang and G. Wang, “Study on the macromolecular coag-
ulant PEX which traps heavy metals,” Chemical Engineering
Science, vol. 62, no. 17, pp. 4636–4643, 2007.

[6] M. K. Uddin, “A review on the adsorption of heavy metals by
clay minerals, with special focus on the past decade,” Chemical
Engineering Journal, vol. 308, pp. 438–462, 2017.

[7] A. Mellah and D. Benachour, “Solvent extraction of heavy
metals contained in phosphoric acid solutions by 7-(4-ethyl-
1-methyloctyl)-8-hydroxyquinoline in kerosene diluent,”
Hydrometallurgy, vol. 81, no. 2, pp. 100–103, 2006.

[8] Q. Chen, Y. Yao, X. Li, J. Lu, Z. Zhou, and Z. Huang, “Compar-
ison of heavy metal removals from aqueous solutions by chem-
ical precipitation and characteristics of precipitates,” Journal of
Water Process Engineering, vol. 26, pp. 289–300, 2018.

[9] T. Tran, K. Chiu, C. Lin, and H. Leu, “Electrochemical treat-
ment of wastewater: selectivity of the heavy metals removal
process,” International Journal of Hydrogen Energy, vol. 42,
no. 45, pp. 27741–27748, 2017.

[10] H. Qin, T. Hu, Y. Zhai, N. Lu, and J. Aliyeva, “The improved
methods of heavy metals removal by biosorbents: a review,”
Environmental Pollution, vol. 258, article 113777, 2020.

[11] C. F. Carolin, P. S. Kumar, A. Saravanan, G. J. Joshiba, and
M. Naushad, “Efficient techniques for the removal of toxic
heavy metals from aquatic environment: a review,” Journal of
Environmental Chemical Engineering, vol. 5, no. 3, pp. 2782–
2799, 2017.

[12] L. Joseph, B. Jun, J. R. V. Flora, C. M. Park, and Y. Yoon,
“Removal of heavy metals from water sources in the develop-
ing world using low- cost materials: a review,” Chemosphere,
vol. 229, pp. 142–159, 2019.

[13] R. Arora, “Adsorption of Heavy Metals-A Review,” Materials
Today: Proceedings, vol. 18, pp. 4745–4750, 2019.

[14] E. Da'na, “Adsorption of heavy metals on functionalized-
mesoporous silica: a review,” Microporous and Mesoporous
Materials, vol. 247, pp. 145–157, 2017.

[15] N. K. Soliman and A. F. Moustafa, “Industrial solid waste for
heavy metals adsorption features and challenges; a review,”
Journal of Materials Research and Technology, vol. 9, no. 5,
pp. 10235–10253, 2020.

[16] R. Lakshmipathy and N. C. Sarada, “A fixed bed column study
for the removal of Pb2+ ions by watermelon rind,” Environ-
mental Science: Water Research & Technology, vol. 1, no. 2,
pp. 244–250, 2015.

[17] M. Ozacar and I. A. Sengil, “Adsorption of acid dyes from
aqueous solutions by calcined alunite and granular activated
carbon,” Adsorption, vol. 8, no. 4, pp. 301–308, 2002.

[18] H. Adel Niaei and M. Rostamizadeh, “Adsorption of metfor-
min from an aqueous solution by Fe-ZSM-5 nano-adsorbent:
isotherm, kinetic and thermodynamic studies,” The Journal
of Chemical Thermodynamics, vol. 142, article 106003, 2020.

[19] T. Sheela, Y. A. Nayaka, R. Viswanatha, S. Basavanna, and
T. G. Venkatesha, “Kinetics and thermodynamics studies on
the adsorption of Zn(II), Cd(II) and Hg(II) from aqueous solu-
tion using zinc oxide nanoparticles,” Powder Technology,
vol. 217, pp. 163–170, 2012.

[20] N. Salman Tabrizi and M. Yavari, “Fixed bed study of nitrate
removal from water by protonated cross-linked chitosan sup-
ported by biomass-derived carbon particles,” Journal of Envi-
ronmental Science and Health, Part-A, vol. 55, no. 7,
pp. 777–787, 2020.

[21] G. Hanbali, S. Jodeh, O. Hamed et al., “Magnetic multiwall car-
bon nanotube decorated with novel functionalities: synthesis
and application as adsorbents for lead removal from aqueous
medium,” PRO, vol. 8, no. 8, p. 986, 2020.

[22] M. A. Elias, T. Hadibarata, and P. Sathishkumar, “Modified oil
palm industry solid waste as a potential adsorbent for lead
removal,” Environmental Chemistry and Ecotoxicology, vol. 3,
no. 2021, pp. 1–7, 2021.

[23] L. P. Lingamdinne, K. R. Vemula, Y. Y. Chang, J. K. Yang, R. R.
Karri, and J. R. Koduru, “Process optimization and modeling
of lead removal using iron oxide nanocomposites generated
from bio-waste mass,” Chemosphere, vol. 243, article 125257,
2020.

[24] C. Bläker, C. Pasel, M. Luckas, F. Dreisbach, and D. Bathen, “A
study on the load-dependent enthalpy of adsorption and inter-
actions in adsorption of C5 and C6 hydrocarbons on zeolites
13X and ZSM-5 and an activated carbon,” Microporous and
Mesoporous Materials, vol. 302, article 110205, 2020.

[25] A. Kostyniuk, D. Key, and M. Mdleleni, “1-hexene isomeriza-
tion over bimetallic M-Mo-ZSM-5 (M: Fe, Co, Ni) zeolite cat-
alysts: effects of transition metals addition on the catalytic
performance,” Journal of the Energy Institute, vol. 93, no. 2,
pp. 552–564, 2020.

[26] A. López-Martín, A. Caballero, and G. Colón, “Structural and
surface considerations on Mo/ZSM-5 systems for methane
dehydroaromatization reaction,” Molecular Catalysis,
vol. 486, article 110787, 2020.

[27] P. K. Pandey, S. K. Sharma, and S. S. Sambi, “Removal of lead(II)
from waste water on zeolite-NaX,” Journal of Environmental
Chemical Engineering, vol. 3, no. 4, pp. 2604–2610, 2015.

[28] R. Sabarish and G. Unnikrishnan, “Polyvinyl alcohol/carboxy-
methyl cellulose/ZSM-5 zeolite biocomposite membranes for
dye adsorption applications,” Carbohydrate Polymers,
vol. 199, pp. 129–140, 2018.

[29] Z. Zhang, J. Wu, B. Li, H. Xu, and D. Liu, “Removal of elemen-
tal mercury from simulated flue gas by ZSM-5 modified with

7Adsorption Science & Technology



Mn-Fe mixed oxides,” Chemical Engineering Journal, vol. 375,
article 121946, 2019.

[30] P. J. Isaac, S. Amaravadi, M. S. M. Kamil, K. K. Cheralathan,
and R. Lakshmipathy, “Synthesis of zeolite/activated carbon
composite material for the removal of lead (II) and cadmium
(II) ions,” Environmental Progress Sustainable energy, vol. 38,
no. 6, article e13246, 2019.

[31] S. S. Baral, N. Das, T. S. Ramulu, S. K. Sahoo, S. N. Das, and
G. R. Chaudhury, “Removal of Cr(VI) by thermally activated
weed Salvinia cucullata in a fixed-bed column,” Journal of
Hazardous Materials, vol. 161, no. 2-3, pp. 1427–1435, 2009.

[32] A. A. Ahmad and B. H. Hameed, “Fixed-bed adsorption of
reactive azo dye onto granular activated carbon prepared from
waste,” Journal of Hazardous Materials, vol. 175, no. 1-3,
pp. 298–303, 2010.

[33] P. A. Kumar and S. Chakraborty, “Fixed-bed column study for
hexavalent chromium removal and recovery by short- chain
polyaniline synthesized on jute fiber,” Journal of Hazardous
Materials, vol. 162, no. 2-3, pp. 1086–1098, 2009.

[34] V. Vinodhini and N. Das, “Packed bed column studies on Cr
(VI) removal from tannery wastewater by neem sawdust,”
Desalination, vol. 264, no. 1-2, pp. 9–14, 2010.

[35] G. Bohart and E. Q. Adams, “Some aspects of the behavior of
charcoal with respect to chlorine.1,” Journal of American
Chemical Society, vol. 42, no. 3, pp. 523–544, 1920.

[36] B. J. Clark, W. W. Eckenfelder, and J. M. Morriss, Industrial
Water Pollution Control, McGraw Hill, USA, 1989.

[37] M. Lehmann, A. I. Zouboulis, and K. A. Matis, “Modelling the
sorption of metals from aqueous solutions on goethite fixed-
beds,” Environmental Pollution, vol. 113, no. 2, pp. 121–128,
2001.

[38] H. C. Thomas, “Heterogeneous ion exchange in a flowing sys-
tem,” Journal of American Chemical Society, vol. 66, no. 10,
pp. 1664–1666, 1944.

[39] Y. H. Yoon and J. H. Nelson, “Application of gas adsorption
kinetics I. A theorical model for respirator cartridge service
life,” American Industrial Hygiene Association Journal,
vol. 45, no. 8, pp. 509–516, 1984.

[40] A. P. Lim and A. Z. Aris, “Continuous fixed-bed column study
and adsorption modeling: removal of cadmium (II) and lead
(II) ions in aqueous solution by dead calcareous skeletons,”
Biochemical Engineering Journal, vol. 87, pp. 50–61, 2014.

[41] M. A. Stylianou, M. P. Hadjiconstantinou, V. J. Inglezakis,
K. G. Moustakas, and M. D. Loizidou, “Use of natural clinop-
tilolite for the removal of lead, copper and zinc in fixed bed
column,” Journal of Hazardous Materials, vol. 143, no. 1–2,
pp. 575–581, 2007.

[42] O. Allahdin, J. Mabingui, M. Wartel, and A. Boughriet,
“Removal of Pb2 + ions from aqueous solutions by fixed-
BED column using a modified brick: (micro)structural, elec-
trokinetic and mechanistic aspects,” Applied Clay Science,
vol. 148, pp. 56–67, 2017.

[43] L. Lv, K. Wang, and X. S. Zhao, “Effect of operating conditions
on the removal of Pb2+ by microporous titanosilicate ETS-10
in a fixed-bed column,” Journal of Colloid and Interface Sci-
ence, vol. 305, no. 2, pp. 218–225, 2007.

[44] S. S. Metwally, E. A. el-Sherief, and H. S. Mekhamer, “Fix-
edbed column for the removal of cesium, strontium, and lead
ions from aqueous solutions using brick kiln waste,” Separa-
tion Science and Technology, vol. 55, no. 4, pp. 635–647,
2020.

[45] N. Sharma and A. Tiwari, “Assessment of Pb2+ions removal
efficiency of nanomagnetite-loaded poly (acrylamide-co-
acrylic acid) hydrogel in fixed-bed microcolumn from aqueous
solution,” Desalination and Water Treatment, vol. 57, no. 8,
pp. 3642–3653, 2016.

[46] Z. Saadi, R. Saadi, and R. Fazaeli, “Fixed-bed adsorption
dynamics of Pb (II) adsorption from aqueous solution using
nanostructured γ-alumina,” Journal of Nanostructure in
Chemistry, vol. 3, no. 1, p. 48, 2013.

[47] W. L. Xiong, J. Zhang, J. X. Yu, and R.-a. Chi, “Competitive
adsorption behavior and mechanism for Pb2+ selective
removal from aqueous solution on phosphoric acid modified
sugarcane bagasse fixed-bed column,” Process Safety and Envi-
ronmental Protection, vol. 124, pp. 75–83, 2019.

8 Adsorption Science & Technology


	Removal of Pb2+ Ions by ZSM-5/AC Composite in a Fixed-Bed Bench Scale System
	1. Introduction
	2. Materials and Methods
	2.1. Reagents
	2.2. Preparation of ZSM-5/Activated Carbon Composite and Metal Stock Solution
	2.3. Fixed-Bed Column Investigations
	2.4. Fixed-Bed Data Analysis
	2.5. Column Breakthrough Curve Modeling

	3. Results and Discussion
	3.1. Influence of Rate of Flow
	3.2. Influence of Height of Bed
	3.3. Influence of Initial Concentration
	3.4. Modeling of Breakthrough Curves
	3.4.1. Adams-Bohart Model
	3.4.2. Thomas Model
	3.4.3. Yoon-Nelson Model

	3.5. Regeneration of ZSM-5/AC
	3.6. Adsorption Potential

	4. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments

