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HIGHLIGHTS

e By reduction reaction, silver nanoparticles were impregnated in banana leaves homogeneous powder and used as an adsorbent.

o The fabricated composites are used as adsorbent for the removal of Zn (II), Pb (II), and Fe (III) ions from aqueous solutions.

e The new adsorbent exhibited high adsorption capacity with three metal ions and followed the order Pb (II)> Fe (III) >Zn (II) ions.
e The metal ions vanished from the solution within approximately 40 min.
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The purpose of this study is to investigate the development of a new and inexpensive adsorbent by immobilization
synthesized silver nanoparticles (AgNPs) onto banana leaves powder (BLP), and the prepared composite (BLP)/
(AgNPs) was used as an adsorbent for Zn(II), Pb(Il), and Fe(III) ion removal from aqueous solutions under the
influence of various reaction conditions. (BLP)/(AgNPs) demonstrated remarkable sensitivity toward Zn (II), Pb
(ID), and Fe (III) ions; metal ions eliminations increased with increasing contact time, agitation speed, adsorbent
dose, and temperature, yielding adequate selectivity and ideal removal efficiency of 79%, 88%, and 91% for Zn
(ID), Pb (1), and Fe (III) ions, respectively, at pH = 5 for Zn(II) and pH = 6 for Pb(II), and Fe(IIl). The equilibrium
contact time for elimination of Zn (II), Pb (II), and Fe (III) ions was reaches at 40 min. Langmuir, Freundlich, and
Temkin equations were used to test the obtained experimental data. Langmuir isotherm model was found to be
more accurate in representing the data of Zn(II), Pb(II), and Fe(IIl) ions adsorption onto (BLP)/(AgNPs), with a
regression coefficient (R? = 0.999) and maximum adsorption capacities of 190, 244, and 228 mg/g for Zn(Il),
Pb(II), and Fe(Il) ions, respectively. The thermodynamic parameters proved that adsorption of metal ions is
spontaneous, feasible, and endothermic, whereas Kinetic studies revealed that the process was best described by a
pseudo second order kinetics.

1. Introduction technologies are effective ways to conserve limited freshwater resources

and successfully contribute to the world's clean water [1, 2]. Heavy

Clean water is the aspiration and basic requirement of people all over
the world. Clean, safe water resources are in short supply and this crisis is
caused by the rapid growth of the world population, global warming, and
the natural, rapid decline of water resources. Therefore, the economical
use of water resources, the use of treated wastewater for agriculture and
industry, and the use of low-cost and environmentally friendly
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metals' presence in water resources is a global problem, as most of them
are toxic to organisms, are not biodegradable, and tend to accumulate in
biota, compromise the immune system, cause cancer, and threaten life on
earth [3]. The coexistence of pollutants such as heavy metals in water
sources may be due to common geological sources or increased waste-
water discharge from different industries, such as: metallurgical, tanning,
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plating, mining, fertilizer, metal finishing, welding alloy manufacturing
plants, fertilizers, chemicals, etc. [4, 5]. Trivalent, and divalent heavy
metal ions such as, Fet3 Zn"2 and Pb*2, are irreplaceable in all walks of
life, and even small concentrations can pose a serious threat to human
health since they can be effective in the food chain and may threaten all
forms of life [6]. The high threat of heavy metal ions propels researchers
to look for changed strategies to safeguard the environment and in-
dividuals through different remediation processes [7]. Traditional
methods similar to chemical precipitation, reduction, solvent extraction,
electrochemical deposition, electrolysis, filtration, and ion exchange
have been used, but the majority of these methods are either economi-
cally unsuitable or inefficient, particularly for a lower concentration of
heavy metal ions [8]. The adsorption method is one of the most widely
used ideals, productive, and cost-effective methods for purifying water
and wastewater [9, 10]. Different adsorbents such as clays, agriculture
waste, carbon nanotubes, silica, polymers, and activated carbons have
been studied to purify wastewater from heavy metal ions [11, 12, 13].
Adsorbents derived from agriculture waste are regarded as widely
abundant, environmentally friendly, and fitting for varied environmental
conditions due to their efficiency over wide pH ranges, but slow
adsorption and feeble affinity for heavy metals motivate researchers to
investigate chemical modification of agriculture waste adsorbents [14].
Some crops are common and grown all year round, such as bananas
which are grown in more than 130 countries in the world, and the world
production of bananas every year is estimated by millions tons [15];
Therefore, banana agricultural waste may be a source of adsorbents, and
the extracted sieved banana leaves homogeneous powder (BLP) can be
used as adsorbents to purify wastewater. Nanomaterials have been used
as adsorbents in wastewater treatment and have received considerable
attention because of their higher efficiency and lower cost compared to
ancient materials [16]. The high surface area, high surface free energy,
and great density of active sites per unit mass, result in enhanced surface
reactivity of nanomaterials, making them good adsorbents [17, 18]. Due
to their favorable chemical and physical properties, silver nanoparticles
(AgNPs) have been investigated as suitable adsorbents due to their good
performance, their high surface area, high catalytic activity, excellent
biocompatibility, relatively low cost, and high adsorption capacity [19,
20]. There are different studies in the literature using silver nanoparticle
composites as adsorbents to eliminate heavy metal ions and organic
pollutants in aqueous solutions, showing good applicability and high
efficiency [21, 22]. But, the applicability of NPs in wastewater purifi-
cation may be restricted due to their low stability and tendency to
aggregate [2]. Therefore, mechanical support such as banana leaves
powder (BLP) is used to hold AgNPs for possible applications in waste-
water treatment. (BLP) is considered an abundant and environmentally
friendly agricultural waste that can be used as an adsorbent [14]. To
maximize the adsorption efficiency, take advantage of both (BLP) and
(AgNPs), overcome AgNPs aggregation and avoid release into solution,
silver ions were impregnated into the (BLP) by taking advantage of their
inherent porosity, followed by reduction of silver ions into silver nano-
particles. (BLP) was used to hold (AgNPs) because of its high oxygen
density, which acts as a binding site for AgNPs [23]. The objective of this
work is to fabricate (BLP)/(AgNPs) composite with the advantages of
both (BLP) and (AgNPs) for removing Fe (III), Pb (II), and Zn (II) from
aqueous solutions. Several reaction conditions that influence heavy metal
ion uptake were investigated, including initial metal ion concentration,
adsorbent dose, temperature, agitation speed, and solution pH.

2. Experimental
2.1. Materials

Silver nitrate was supplied by GAMMA laboratory chemicals. Glucose
was purchased from El-Nasr Chemicals Co. (ADWIC, Egypt). Anhydrous

ferric sulfate, Lead nitrate, and Zinc Nitrate Hexahydrate were purchased
from Research-Lab Fine Chemical industries. All chemicals were of high
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grade quality, and all solutions were prepared in demineralized water
following the standard procedures.

2.2. Preparation of metal solution

The stock solutions of Zn(II), Pb (II), and Fe (III) were prepared by
dissolving the desired amount of metal salts in double-distilled water.
The working solutions (50-250 mg/L) of the examined metal ions were
adjusted by appropriate dilution of the stock solutions with double-
distilled water.

2.3. Banana leaves powder preparation

The collected banana leaves were washed with hot distilled water to
separate the impurities, and dried for 24 h, before being used as me-
chanical support to hold AgNPs in the reduction reaction.

2.4. Synthesis of silver nanoparticles impregnated in banana leaves powder

Silver nanoparticles (AgNPs) were trapped on the given banana
leaves powder via reductions of Ag' ions in aqueous solution. In a re-
action mixture, 1 g of BLP was soaked with 50 ml of water, stirred with
AgNO3, and followed by the addition of glucose solution. The total vol-
ume of reaction mixture was 100 ml. The concentration of AgNO3 was in
the range of 0.005-0.07 mol/L, while the glucose concentration was 0.05
mol/L. The mixture was then stirred for 45 min at 75 °C. The surface of
BLP appeared coated with a dark brown precipitate, referring to the
formation of AgNPs. The resultant material was filtered, washed with
distilled water, and dried at 60 °C for 2 h. The generation of AgNPs was
assured by obtaining the absorbance of the reaction mixture filtrate
spectrophotometrically at Apax = 420 nm. The intense band that
appeared around 420 nm is indicated to be a surface plasmon resonance
band that appeared due to the excitation of the free electrons in AgNPs
[22].

2.5. Characterization techniques

The crystalline phases were determined using X-ray diffraction (XRD,
GNR APD-2000 PRO X-ray). Infrared transmittance measurements of
(BLP) and (BLP)/(AgNPs) were performed on a PerkinElmer 1430 spec-
trometer using KBr pellets. The morphology of BLP/AgNPs was examined
using a scanning electron microscope (SEM), Joel-JSM-6510 TV.

2.6. Adsorption measurements

Batch adsorption experiments were used for the removal of Zn (II), Pb
(ID), and Fe (III) from synthetic solutions by (BLP)/(AgNPs) composite. A
digital magnetic stirrer MS-H-Pro with a temperature sensor PT 1000 and
a Teflon coated magnetic stir bar of 2 cm length is used to stir the heavy
metal ion solution with (BLP)/(AgNPs) composite. A predetermined
volume of heavy metal ions solution with a predetermined initial con-
centration is stirred with a predetermined amount of (BLP)/(AgNPs)
composite for a predetermined time at a fixed agitation rate, tempera-
ture, and pH of the solution, which was modified by the addition of
NaOH (0.1 mol/L) or HCl (0.1 mol/L) and measured using a digital pH
meter (Model pH System-361, India). For one analysis, 1 ml samples were
taken at regular intervals and filtered out of the (BLP)/(AgNPs)/heavy
metal ions solution chemical reaction. The atomic absorption spectro-
photometer, AAS, (Model, AA55; Varian Inc., USA), was used to measure
the concentration of heavy metal ions in the filtrate. The amount of heavy
metal ions adsorbed per unit mass of adsorbent (mg/g) at time t, (q;) was
determined by Eq. (1) and the removal percentage (R %) was determined
by Eq. (2),
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qe:(cofce)a (€D)
(Co - Ct)

R(%) = x 100 )
where, the initial concentration of heavy metal ions represented by C,, C¢
determines the heavy metal ions concentration at time t (mg/1), V is the
solution volume (L), and m is the mass per gram of adsorbent.

3. Results and discussion
3.1. Characterization

3.1.1. X-ray diffraction pattern

XRD is characterized as a good fingerprint fitting characterization
technique, which is used to explore phase and crystal structure [24]. The
results of the X-ray are shown in (Figure 1). The detected peak for BLP is
due to the cellulose group crystal plane [25]. The values obtained for the
intense peak at 22.55 are attributed to the presence of native cellulose as
the prime component, which may be crystalline or amorphous [26]. The
new composite produced from (AgNPs) impregnated (BLP) can be crys-
tallographically characterized by peaks of AgNPs around 26 = 38.2,
45.15, and 64.36, characterize the diffraction planes of (1 1 1), (2 0 0),
and (2 2 0) respectively, which relate to the face centered cubic crystal
structure of silver, Generally, the broad and small peaks in the X-ray
diffraction pattern are related to the small particle size, and the peaks of
AgNPs around 20 = 45.15, and 64.36, suggest that the smaller AGNPs are
embedded in the BLP. This obviously confirms the fabrication of stable
Ag nanoparticles on BLP [27].

3.1.2. FT-IR spectra

The FTIR spectroscopy was used to identify the functional groups of
(BLP) and to prove that silver nanoparticles are formed. It helps in
studying the chemical composition of fabricated (BLP)/(AgNPs) com-
posites, hence feasible interactions between its functional groups with
heavy metal ions [28]. The FT-IR spectra of (BLP) and (BLP)/(AgNPs) are
shown in Figure 2 As indicated, the strong adsorption peaks at 3420.54
em™! confirms the presence of O-H stretch (alcohol, phenol, carboxylic
acid) group [29]. The peaks observed at 2920.39 cm~! and 2852 cm ™!
are assigned to asymmetric C-H and symmetric C-H groups stretching
[30]. The peaks at 1732.58 cm ™! are characteristics of the bending of the
C=0 group [31]. The peak at 1518.25 cm™! was assigned to C=C

— (BP)
— (BLP)(AgNPs)
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Figure 1. XRD spectra of BLP and (BLP)/(AgNPs) composite.
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Figure 2. FTIR spectra of BLP and BLP/AgNPs composite.

stretching vibration of the aromatic ring, and that at 1380.73 cm ™! was

assigned to Aliphatic C-H stretching in CH3,C-O stretching, CH bending
[32]. The band at 1322.59 ¢cm ™! represented C-C and C-O ring stretching
vibrations [33], whereas those at 1246.23 cm ! could be assigned to the
C-C, C-0O and C=O stretching [34]. In addition, the peaks at 897 cm !
and 665 cm™! are attributed to the C-H rocking vibrations of cellulose
and C-O-H group,respectively [33, 34, 35]. Thus, the disappearance of
some peaks, and shifts in the intensity of some bands, after impregnation
with AgNPs indicate that AgNPs were successfully loaded onto the (BLP).
The presence of these functional groups can facilitate the adsorption of
heavy metal ions.

3.1.3. Morphology of composite

The SEM image characterization is technique used to obtain the
surface morphology of the created adsorbent (BLP/AgNPs). As shown in
Figure 3, it is clear that the AgNPs (white spots) have a semispherical
form and a uniform size distribution. Due to the strong affinity of silver
for oxygen and nitrogen in the functional group of BLP, AgNPs were well
adhered to the BLP surface [22].

3.2. Adsorption of heavy metal ions and effect of reaction parameters

The adsorption experiments were conducted by examining the (BLP)/
(AgNPs) composite for Zn (II), Pb(II), and Fe(IIl) ions elimination from
aqueous solutions. The adsorption process was carried out by varying
contact time, initial heavy metal ion concentration, temperature, adsor-
bents dose, agitation speed, and pH of the solution. The specific effect of
each parameter is examined and methodically studied. The experimental
findings demonstrated the expected sensitivity to Zn (II), Pb (II), and Fe

| W
% | 2000k

Figure 3. SEM image of BLP/AgNPs composite.
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(I11) ions in aqueous solutions and exhibited priority for each metal ion at
a particular pH. The following optimum experimental conditions:
adsorbent mass of 0.1 g, metal ion concentration of 100 ppm, agitation
speed of 300 rpm, and 0.1 L of aqueous solutions at 30 °C, pH = 5, for Zn
(ID), and pH = 6 for Pb (II) and Fe (II) ions, were adjusted barring
otherwise specified.

3.2.1. Effect of contact time

The effect of contact time on (50-250) ppm of Zn (II), Pb (II), and Fe
(I11) ions adsorption onto BLP/AgNPs was studied, while all other vari-
ables were kept constant. Figure 4 indicates the effect of contact time on
the removal percentage of initial concentration of 50 ppm of Zn (II), Pb
(ID), and Fe (III). The removal percentage of Zn (II), Pb (II), and Fe (III)
ions removed at time t, increased sharply over time and reached a stage
of stability after ~35 min. Almost 70%, 70%, and 75% of Zn (II), Pb (II),
and Fe(IIl) ions, respectively removed with 35 min of stirring. Increasing
the contact time raises the metal ions uptake efficiency. The equilibrium
contact time for Zn (II), Pb (II), and Fe(III) ions removal was estimated by
35 min, because of the sorption efficiency is approximately close to 35
min contacted time as increasing contact time up to 120 min. The
adsorption of Zn (II), Pb (II), and Fe (III) ions onto the BLP/AgNPs
adsorbent mainly follows the intraparticle diffusion model and adsorp-
tion complexation mechanisms [36]. The percentage of Zn (II), Pb (II),
and Fe(III) ions adsorption increased rapidly during the initial stage, This
is because the active sites on the (BLP)/(AgNPs) surface were available.
Subsequently, the adsorption of heavy metal ions decreased as the
availability of the vacant sites for adsorption reduced over time.

3.2.2. Adsorbent dose effect

The adsorption efficiency of the batch adsorption process is sub-
stantially governed by the quantity of adsorbent dose and adsorbent/
solution ratio [37]. The removal percentages of Zn (II), Pb (II), and Fe(III)
ions were obtained at different doses of BLP/AgNPs and fixed metal ions
concentrations. As shown in Figure 5 the removal percentage increased
from (73-95%), (84-100%), and (86-100%) for Zn (II), Pb (II), and Fe
(IID) ions, respectively, by increasing the amount of BLP/AgNPs dose
from 0.05 to 0.25 g. This behavior may be due to the fact that, the higher
quantity of adsorbent dose in adsorption process, the greater surface
area, hence available exchangeable sites for the ions [38].

3.2.3. The effect of initial Zn (II), Pb (ID), and Fe (III) ion concentrations
In order to examine the effect of the initial concentration of Zn (II), Pb
(ID, and Fe (III) ions on adsorption reactions, the metal ion concentration
was varied in the range of 50-250 ppm with a fixed dose (0.1) g of BLP/
AgNPs. Figure 6 shows that, the removal percentage of Zn (II), Pb (II),
and Fe (III) ions decreases with increasing the initial concentration from
(84-60%), (90-73.6%) and (98-76%), respectively, as the metal ions

—a— Fe(lll))
—e— Ph(ll))
Zn (II)

100

80

60

%Removal

40

20

0 P 1 1 1 1
0 20 40 60 80 100 120

Time (min)

Figure 4. Effect of contact time on the removal percentage of (50 ppm) Zn (II),
Pb (II), and Fe (III) ions on BLP/AgNPs.
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Figure 5. Effect of adsorbent dose on the removal percentage of Zn (II), Pb (II),
and Fe (III) ions.
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Figure 6. Effect of metal ions' concentration on the removal percentage of Zn
(I1), Pb (II), and Fe (III) ions.

concentration increases from 50 to 250 ppm. The percentage of removal
depended upon the initial metal ions concentration may be due to the
presence of abundant active sorption sites on the BLP/AgNPs surface at
low concentrations of metal ions, and free BLP/AgNPs surface of metal
ions, but at high concentrations, a few active sites on the BLP/AgNPs
surface hinder the adsorption of more metal ions present in the solution
[39].

3.2.4. The influence of temperature

The experimental results confirmed the great effect of temperature on
the adsorption capacity of BLP/AgNPs, and Zn (II), Pb (II), and Fe (III)
ions removed from aqueous solutions. The adsorption experiments were
conducted at defined temperatures in the range of 25 °C-40 °C Figure 7
depicts an increase in the percentage of Zn(II), Pb(Il), and Fe(III) ions
removed by (BLP/AgNPs) from (70-86%), (82-96%), and (82-95%),
respectively, as temperature increases from 25 to 40 °C). This improve-
ment in Zn(Il), Pb(II), and Fe(Ill) ion removal with high temperature
could be attributed to an increase in the sorbate diffusion rate within the
pores of the sorbent, as well as a reduction in liquid viscosity [40]. This
reaction behavior confirms the endothermic nature of the adsorption
process.

3.2.4.1. Thermodynamic parameters. Thermodynamic behavior of Zn
(I, Pb (1), and Fe (III) ions adsorption onto (BLP/AgNPs) surface and
the changes in the energies can be described via parameters such as the
change in Gibbs free energy (AG®), enthalpy change (AH°) and entropy
change (AS°) which were determined by Eq. (3),
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Figure 7. Influence of temperature on the removal percentage of Zn (II), Pb (II),
and Fe (III) ions.

AG®° = — RTLnK¢ 3

where K, represents the distribution coefficient of the solute, which is
equal to qe/Ce, R is the gas constant (8.314 J/mol K). The K, values are
used in Eq. (3) determine (AG®), (AH®) and (AS°) by Eq. (4).

AG®° = AH° - T AS° (€]

The values of other thermodynamic parameters may be obtained from
the Van't Hoff equation, which is given by Eq. (5),

AS®  AH°

lIlKC = —
R RT

)

Thermodynamic parameters were extracted from van't Hoff linear
plots (InK. vs 1/T) by determining the slope and intercept (Figure 8).
According to results tabulated in Table 1, the positive values of AH® refer
to endothermic adsorption of Zn(II), Pb(Il), and Fe(IIl) ions onto (BLP/
AgNPs), The positive values of AS° propose increased randomness at the
solid/solution interface. The spontaneity and feasibility of Zn (II), Pb (II),
and Fe (III) ions adsorption were confirmed by the negative values of AG®
[41].

3.2.5. The influence of agitation speed

Agitation speed of the reaction mixture is an intrinsic factor that in-
fluences the adsorption process by affecting the dispersion of the re-
actants, adsorbent/adsorbate rapprochement, and mass transfer. Figure 9

34
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Figure 8. Plot of In K. and 1/T at the temperature range under consideration.

Table 1. Thermodynamic parameters of Zn (II), Pb (II), and Fe (III) ions
adsorption onto the (BLP/AgNPs) surface.

Metal AH° AS° AG® (J.mol™!)
: -1 T
ron (Jmol ) (Jmo ) Temperature (K)
298 303 308 313
Zn(II) 694 2.44 - - - -
2099.2 3337.6 4246.2 4723.9
Pb(ID) 1195.9 4.1 - = - -
3756.8 5019.2 6623.7 8270.2
Fe(1II) 819 2.97 - = = @
4497.5 5828.3 7045.9 7662.2
95
—m—Fe(lll)
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Figure 9. Agitation speed effect on the removal percentage of Zn(II), Pb(Il), and
Fe(III) ions.

exhibits experimental results for the effect of agitation speeds of (100,
200, 300, and 400) rpm, on the adsorption of Zn(II), Pb(II), and Fe(IIl)
ions onto the BLP/AgNPs surface, at constant other parameters. The
removal efficiency increased from (63-82 %), (76-92 %) and from
(80-94 %) for Zn(II), Pb(Il), and Fe(Ill), respectively, as the agitation
speed increased. The increase in removal percentage may be due to an
increase in the diffusion rate of Zn(II), Pb(II), and Fe(III) ions in the bulk
solution, decrease of the boundary layer, and increases the transfer rate
of the ions in solution [42], whereas the slow agitation speed may cause
adsorbent particle aggregation in the solution.

3.2.6. The influence of solution pH

The solution pH has a great influence on the adsorption of heavy
metal ions by affecting the solution chemistry of the heavy metals and the
surface charge density of the adsorbent [43]. The effect of pH on the
removal of Zn (II), Pb (II), and Fe (III) ions by the BLP/AgNPs composite
was investigated, and the results are shown in Figure 10. The adsorption
process was investigated at pH < 7 because, at higher pH values, heavy
metal ions started to form insoluble metal hydroxides, which restricts
true adsorption studies [44]. Figure 10 shows that for Zn (II), Pb (II), and
Fe (III) ions, the removal percentage increased as a function of pH from
(27-77%), (23-88%), and (30-91%), respectively. With Zn (II), Pb (II),
and Fe (III) ions, removal percentages reached maximum values of 79%
at pH (5), 88%, and 91% at pH (6), respectively. At low pH, the low
adsorption and removal efficiency of Zn(II), Pb(II), and Fe(III) ions could
be attributed to the competition of the binding sites on BLP/AgNPs
surface for hydrogen ions, so metal ions cannot easily bond to the
adsorbent surface [45]. In contrast, the removal percentage increases as
pH increases due to the decrease in competition between protons (H™)
and positively charged metal ions at the surface sites. The BLP/AgNPs
adsorbent is expected to have high adsorption efficiency at neutral or
higher pH values, but precipitation of heavy metal ions as insoluble metal
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Figure 10. Effect of pH on the removal percentage of Zn(II), Pb(Il), and
Fe(III) ions.

hydroxides above pH 6 limits true evaluation of the adsorption process
[46]. The metal ions may be bind strongly to the functional groups on the
BLP/AgNPs surface with high stability via complexation formation. Ac-
cording to the experimental findings, the present adsorbents exhibited
high Zn (II), Pb (II), and Fe (II) ions removal efficiency, and high
adsorption capacities in regard to agricultural waste-based adsorbents.

3.3. Adsorption isotherms

The adsorption isotherms models are used to determine the mecha-
nism of the adsorption process and indicate the distribution of adsorbate
between solution and adsorbent at equilibrium [47]. The data obtained
from adsorption of Zn (II), Pb (II), and Fe (III) ions onto BLP/AgNPs were
analyzed using three isotherm models: Langmuir, Freundlich, and Tem-
kin. The Langmuir adsorption isotherm assumes adsorption of homoge-
neous and monolayer surfaces. Eq. (6) defines the Langmuir adsorption
isotherm,

C_ 1 .G
e KLqm dm

©)

Where C; is the concentration of the metal in solution at equilibrium
(mg/L), qe is a capacity of adsorption process at equilibrium (mg/g), qm is
a maximum capacity of active site (mg/g), and K (L mgfl) is the
Langmuir constant to determine the energy of adsorption. By drawing
relation of Ce/qe against C, as shown in Figure 11, the values of qn, and K,
can be calculated from the slope and intercept of the plots, respectively,

070 F =
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Figure 11. The Langmuir isotherm for Zn (II), Pb (II), and Fe (III) ions
adsorption onto BLP/AgNPs surface.
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and summarized in Table 2. In Langmuir isotherm model the affinity
between the adsorbent and adsorbate were indicated via dimensionless
separation factor (Ry) which is given by Eq. (7);

1

Rp=—
LT1¥K.C

@)

C, represents initial metal ion concentration (mg/L). The character-
istics of the Ry, value indicate the nature of adsorption as favorable when
its values lie between zero and one. The values of Ry, calculated for Zn(II),
Pb(II), and Fe(III) ions adsorption onto BLP/AgNPs are respectively 0.38,
0.28 and 0.2 at 50 mg L™}, which indicate a favorable adsorption re-
actions. The empirical Freundlich equation is based on multilayer
adsorption and a heterogeneous surface. The linear form of the Freund-
lich isotherm can be defined by Eq. (8).

Inq, =InKg + <%> InC. (8)

where Ky and n are respectively determine the adsorption capacity and
the adsorption intensity, and were determined from the intercept and
slope of the plot of Inqge versus InCe, as shown in Figure 12. The resulted
1/n values which given in Table 2, confirm a great adsorption capacity of
BLP/AgNPs. Temkin isotherm assumes a uniform distribution of binding
energies and contains a factor that considers the heat of adsorbent in-
teractions [48]. The model is given in linear form by Eq. (9),

q. =BnA + BInC, 9

where B; = RT/b, b is corresponding to the heat of sorption (J/mol), and
A is the equilibrium constant related to the maximum binding energy (1/
g), T and R, are respectively, the absolute temperature (K) and gas con-
stant (8.314 J/mol K), A graph of q. against InC, are shown in (Figure 13)
and the values of isotherm constants were determined and listed in
Table 2. According to the adsorption constants obtained in Table 2, The
Langmuir isotherm was found to be the most suitable model to describe
the Zn(II), Pb(II), and Fe(Ill) ions adsorption onto BLP/AgNPs surface
with correlation coefficient values is almost unity. The Langmuir
isotherm agreement with the experimental findings, suggest a homoge-
neous surface and monolayer coverage. For evaluation of BLP/AgNPs as
an adsorbent, the adsorption capacity of the BLP/AgNPs was compared
with that of other previously studied adsorbents and listed in Table 3.
Some previous studies discussed the employment of banana leaves, as
adsorbent and exhibited moderate adsorption capacity [49], so there was
an urgent need to improve the adsorption capacity of cheap and abun-
dantly available adsorbents (banana leaves). This paper studied the
modification of banana leaves surfaces by AgNPs to improve adsorption
capacity. The new adsorbent BLP/AgNPs composite is employed to
remove all coexisting metal ions and impurities, and will be an accurate
relevant adsorbent for various effluents and wastewater.

Table 2. Isotherms data for adsorption of Zn(II), Pb(Il), and Fe(IIl) ions onto
BLP/AgNPs surface.

Adsorption isotherm Parameters Values for metal ions
Zn(ID) Pb(ID) Fe(III)
Langmuir Ky 0.0321g7! 0.051g7! 0.081g7!
Qm 190 mg g ! 244mgg ! 228mgg !
R? 0.995 0.993 0.999
Freundlich Ke 16.2molg! 21 molg! 30.5 mol g !
1/n 0.49 0.55 0.47
R? 0.97 0.96 0.98
Temkin Bt 41.7Jmol ' 58 Jmol ! 49 J mol !
A 0.3241g71 0.811g7! 0.811g7!
R? 0.99 0.99 0.99
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Figure 12. The Freundlich isotherm for Zn (II), Pb (II), and Fe (III) ions
adsorption onto BLP/AgNPs surface.
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Figure 13. The Temkin isotherm for Zn (II), Pb (II), and Fe (III) ions adsorption
onto BLP/AgNPs surface.

Table 3. Adsorption capacities of BLP/AgNPs composite for Zn (II), Pb (II), and
Fe (III) ions compared to other previously studied adsorbents.

Adsorbents Qm (mg/g) for metal ions as  Reference
adsorbate
Zn(II) Pb(ID) Fe(III)
BLP/AgNPs composite 190 244 228 This study
flax fibres 8.453 10.741 [50]
Albizia lebbeck pods 8.26 7.17 [51]
manganese dioxide-modified green biochar ~ 22.38 70.67 [52]
bael leaves 125 [531
tannic acid immobilised activated carbon 1.8 2.8 [54]

3.4. Adsorption kinetics

To further understand the adsorption behaviors; whether chemical
reaction or mass transfer, and describe the metal ions' uptake, several
kinetic models were used to model the rate of adsorption of Zn (II), Pb
(I1), and Fe (III) ions adsorption onto the BLP/AgNPs surface.

3.4.1. Pseudo-first-order kinetic model

This model describes the adsorption rate based on adsorption ca-
pacity, where it assumes that the heavy metal ions removal rates are
associate with the quantity of the vacant adsorptive sites [55]. Eq. (10) is
a general expression for the first-order Lagergren model.
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k
log(q. —q,) =logq. — (—2.3103>t (10)

Where q. and q; are, respectively, the amounts of heavy metal
ions adsorbed onto the BLP/AgNPs surface (mg/g) at equilibrium and at
time t (min). The slope and intercept of plotting log(q. —q;) Vs t,
(not shown) are used to determine the Pseudo-first-order kinetic
constant k; (1/min) and the equilibrium capacity qe, respectively.
The resultant values of qe, ky, and R? are tabulated in Table 4. The
calculated values of q. were greatly different from the experimental
values, which suggest that, the adsorption of Zn (II), Pb (II), and Fe (III)
ions onto BLP/AgNPs is not compatible with the Pseudo-first-order ki-
netic model.

3.4.2. Pseudo-second-order kinetic model

Pseudo-second-order reaction measures the metal ions adsorbed at
time t and that adsorbed at equilibrium on the adsorbent surface [56,
571. It is represented by Eq. (11);

t 1 4
q ko @ g

(1)

The t/q; versus t plots (not shown) are used to determine parameters
such as kg, qe, and R2. Calculated values of the second-order rate constant
ko (g mol ! min’l), and q. (mg/g) were respectively extracted from the
intercept and slope of the plot and presented in Table 4. The initial
adsorption rate (h) was determined by calculated values of ky and q. and
defined by Eq. (12),

h = koq? 12)

The high correlation coefficient close to unity, R> = 0.999 and the
satisfactory fitting of kinetic data in the second-order-model with ob-
tained experimental results shows the compatibility of this model with
the Zn(II), Pb(Il), and Fe(IIl) ions adsorption onto the BLP/AgNPs sur-
face, as shown in Table 4.

3.4.3. Intraparticle diffusion model

The previous pseudo-second-order models were unfitted to determine
the diffusion mechanism, Weber and Morris developed Intraparticle
diffusion model to study the steps of the diffusion mechanism, and
investigate the nature of the rate-determining step [58]. The
intra-particle diffusion is given by Eq. (13),

q =kt** +C 13)

where q; (mg g’l) is the amount of metal ions (Zn(II), Pb(II), and Fe(III))
adsorbed onto the adsorbents (BLP/AgNPs) at time t, K;, (mg/g min®®) is
the intraparticle rate constants and C indicates to the boundary layer
thickness caused by Zn(II), Pb(II), and Fe(IIl) adsorption onto BLP/
AgNPs. The intraparticle diffusion plot (not shown), confirm that the
adsorption process passes through two different stages. The first linear
segment describes the external surface adsorption. The second linear
segment describes the second stage in which the Zn (II), Pb (II), and Fe
(IID) ions are gradually adsorbed within the pores of BLP/AgNPs particles
The rate constants of the two stages kj; and k, are presented in Table 5,
Additionally, the plot exhibited deviation from the origin which refers to
that the intraparticle diffusion is not the only rate-limiting step and
Zn(II), Pb(I), and Fe(III) ions adsorption process may be controlled by
other kinetic models [59, 60].

3.4.4. Reaction mechanism

The adsorption mechanisms of Zn(II), Pb(Il), and Fe(IIl) ions on the
BLP/AgNPs composite could be due to physical adsorption and/or pre-
cipitation of metal ions. It is also suggested that the metal ions adsorption
process may be due to chemisorption, electrostatic attraction between
positively charged metal ions and nanosilver (Ag®), and complex
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Table 4. Adsorption kinetics models for the adsorption of Zn (II), Pb (II), and Fe (III) ions onto BLP/AgNPs.

Metal ion (adsorbate) Co mg/1 Qe,exp ME/E Pseudo-first-order model Pseudo -second-order model
Qe,cal ME/g K1X10’3 min* R? Qe, cal ME/8 K;;XlO’3 min ! R?
Zn(I1) 50 42 30.3 6.9 0.98 45.2 2.2 0.999
100 79 61.2 6.21 0.99 86.4 0.91 0.999
150 106 66.9 4.4 0.95 112 1 0.999
200 129 84.6 4 0.95 138 0.81 0.999
250 150 104 3 0.93 158 0.73 0.998
Pb(ID) 50 45 35.3 3.8 0.97 50.2 1.4 0.999
100 88 54.9 582 0.96 94.4 1.2 0.999
150 131 82.3 5.1 0.95 136.7 0.79 0.997
200 165 107 6.8 0.98 173.3 0.75 0.998
250 184 114 3.9 0.95 191.6 0.82 0.999
Fe(IID) 50 47 31.7 6.7 0.95 49.6 2.5 0.999
100 91 63.5 6.7 0.98 96.7 1.1 0.999
150 133 80.7 6.5 0.977 135.8 1.06 0.999
200 166 98.8 5.2 0.95 171.5 0.94 0.999
250 190 113 6.4 0.98 197.6 0.9 0.999

Table 5. Intraparticle diffusion model for Zn(II), Pb(Il), and Fe(Ill) ions
adsorption onto BLP/AgNPs.

Metal ion Co, mg/1 Intraparticle diffusion model
Kp1 mg/g min®® R? Kp2 mg/g min®® R?
Zn(II) 50 8 0.98 0.62 0.97
100 4.8 0.99 1.6 0.98
150 5.5 0.98 2.1 0.94
200 6.1 0.99 2.3 0.94
250 6.8 0.98 2.9 0.97
Pb(ID) 50 6.6 0.99 1.5 0.98
100 9.7 0.99 3.3 0.95
150 11.9 0.99 3.7 0.98
200 12.3 0.99 4.3 0.94
250 15.3 0.98 6.3 0.97
Fe(III) 50 6.6 0.99 1.4 0.98
100 9.7 0.99 3.3 0.95
150 11.9 0.99 3.7 0.98
200 12.3 0.99 4.3 0.94
250 15.3 0.98 6 0.97

formation of reduced metal ions. Reduction and complexation may occur
according to Egs. (14) and (15),

A + M/2) Zn?t — mAgt+ (m/2) Zn® (14)

A + Zn*T — Ag® () Zn°+2Ag" (15)

The functional groups on (BLP) surfaces may contribute to the
adsorption of Zn(II), Pb(II), and Fe(Ill) ions as metal-H ion exchange or
metal ion surface complexation adsorption or both. The adsorption of
heavy metal ions may occur according to Eq. (16),

BLP/AgNPs + Fe*t(aq)—Fe®*-BLP/AgNPs (16)

The experimental study confirmed that the adsorption of heavy metal
ions is reduced in an acidic medium and enhanced by increasing pH.

4. Conclusion

The present study focused on the fabrication of a cost-effective, new
adsorbent. On banana leaves powder (BLP), silver nanoparticles (AgNPs)
were synthesized and supported. The formation of (AgNPs) was
confirmed spectrophotometrically at Aypax = 420 nm, impregnation of

(AgNPs) with (BLP) was confirmed by the scanning electron microscopy,
X-ray diffraction (XRD) patterns, and Fourier transform infrared spec-
troscopy analysis. The produced adsorbents (BLP/AgNPs) tested for Zn
(I, Pb (II), and Fe (III) ions adsorption from aqueous solutions, The
experimental findings revealed that the adsorption capacities of the
adsorbent and sensitivity to Zn (II), Pb (II), and Fe (III) ions were greatly
affected by the conditions of the adsorption process, the adsorption
increased with increasing contact time, the dose of adsorbents, agitation
speed, and temperature. It was also enhanced at low initial adsorbate
concentrations but only slightly at high concentrations. The metal ions
uptake was pH-controlled and the maximum sorption uptake was ach-
ieved at an optimum pH = 5 for Zn (II) ion, pH = 6 for Pb (II) and Fe (III)
ions. The Zn (II), Pb (II), and Fe (III) ions uptake followed pseudosecond-
order kinetics together with the intraparticle diffusion model. The
adsorption processes were best fitted with Langmuir model, the removal
of Zn (II), Pb (II), and Fe (III) ions by BLP/AgNPs were spontaneous and
endothermic. The great adsorption capacity of BLP/AgNPs qualifies their
use with effluents from a wide variety of industries.
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