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Abstract: Due to rapid development, heavy metal pollution has resulted in water pollution, causing a
reduction in water sources. Hence, remediation actions should be taken to remove heavy metals.
Adsorption is a physical remediation that is cost-effective and efficient in heavy metal removal.
Developing adsorbents from low-cost materials, including leaves, could reduce the remediation cost. In
this research, four types of leaves were collected and activated chemically into the adsorbents. The
adsorbent with the highest adsorption capacity was determined through adsorbent screening, and the
selected adsorbent was used in the following equilibrium study, batch study, and Fourier-Transform
Infrared Spectroscopy analysis. Central composite design in Design Expert was used to design the batch
study. Mango leaves adsorbent was found to have the highest adsorption capacity. The equilibrium time
for copper and lead adsorptions was found to be 20 minutes and 30 minutes, respectively. The functional
groups on adsorbents were identified by FTIR analysis. The fittest adsorption isotherm and adsorption
kinetics were found to be Langmuir isotherm and Pseudo-second-order kinetic model. The Langmuir
adsorption capacity constant was found as 12.7139 mg/g for copper adsorption. This leaf powder is
valuable since they are green, economical, and easy to prepare with a simple design biosorption
technique.
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1. Introduction

Rapid development has resulted in the pollution of precious water sources. One of the
water pollutants is heavy metal, which refers to a group of metals or metalloids that are four
times denser than water. Weathering of bedrock, which contains heavy metals, will indirectly
release the heavy metals into the environment [1, 2]. Nevertheless, the main contributor to
heavy metal pollution is anthropogenic activities. Adsorption is a cost-effective remediation
method that is efficient in heavy metal removal and flexible enough to be used in different
working conditions [3-5]. Therefore, this research studies the adsorption of heavy metals by
using adsorbents developed from leaves. Developing adsorbents from low-cost materials, such
as leaves, could help reduce the manufacturing costs of adsorbents and the remediation costs
of adsorption.
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Among the 28000 species on the Earth, around 33% of the species depend on freshwater
for survival. Freshwater pollution has greatly reduced the species' survival chances, which may
eventually lead to their extinction, causing ecosystem imbalance. Anthropogenic activities are
the main cause of the increment of heavy metals in the environment. Untreated effluent
discharge from industries such as tannery-related industries and municipal sewage will
contribute to the increment of heavy metal ions in the environment [6, 7]. Furthermore, the
mining industry's tailings, which contain high heavy metal concentrations, will cause severe
heavy metal pollution to nearby land if not properly treated. When fungicides and organic or
inorganic fertilizers are applied to agricultural land, the copper concentration in the soil rises,
resulting in copper pollution of the farmland. Heavy metal pollution is very dangerous to
humans and the environment due to its high toxicity [8-10]. Without proper remediation
actions, the heavy metals in the environment will eventually affect human health through food
chains in an ecosystem, apart from disturbing the natural ecosystem. Copper is one of the heavy
metals found in the environment that is a micronutrient for the human body. To maintain a
healthy life, 0.9 mg/L of copper is required for an adult. As a micronutrient, copper will act as
a cofactor in catalyzing enzyme actions in the human body [8]. However, heavy metal pollution
in the environment has increased the risk of copper over intake, causing copper accumulation
in the human body. The common symptoms of copper poisoning include vomiting, diarrhea,
nausea, and abdominal pain, but severe copper poisoning will cause organ damage and even
organ functionality failure [10]. The presence of inorganic copper in the body of an individual
who has high homocysteine levels will increase the risk of Alzheimer's disease [11]. Copper
ions in the human body could cause oxidative damage to the DNA by producing reactive
oxygen species that cause structural damage to the biomolecules [11-13]. Consequently, human
health will be negatively affected when an individual.

Heavy metal pollution will have a negative effect on the natural ecosystem through
bioaccumulation and biomagnification. Bioaccumulation allows heavy metals to be
accumulated in the bodies of organisms, while biomagnification will amplify the heavy metal
concentration in the bodies of organisms along the food chain [13], causing consumers at higher
trophic levels to have higher heavy metal levels in their bodies. High copper concentration
exposure will trigger mucus secretion for Scutus species to prevent the entry of heavy metals
into the gills, but the mucus could cause osmoregulatory disruption [14]. When the soil copper
concentration exceeds 100 mg/kg, crop yields for rice plants are found to be reduced by 10%,
and further increment of the soil copper concentration has led to a further reduction of crop
yields [15]. The adsorbents used in adsorption could be prepared through chemical activation,
physical activation, or a combination of both. For chemical activation, dehydrating chemicals
will be used to carbonize and perform pyrolysis of carbon-rich organic materials
simultaneously, while physical activation requires the carbonization and thermal activation to
be carried out separately at high temperatures [16-18]. The objectives of this research include
determining the adsorption capacity of copper by the adsorbents, identifying the surface
chemistry of adsorbents in the adsorption process, and investigating adsorption isotherms and
adsorption kinetics of the adsorbents.
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2. Materials and Methods

2.1. Adsorbate and adsorbent preparation.

Copper sulfate and other solvents and chemicals were purchased from Sigma Aldrich
(St. Louis, USA). Stock solutions for Copper (I1) sulfate were prepared from 500 mg/L of
copper ions and 1.3 g of copper (I1) sulfate in 1 liter of ultrapure water, respectively. Chemical
activation is chosen to produce the adsorbents from the leaves collected, including decorative
palm leaves, longan leaves, mango leaves, and pineapple leaves. The collected leaves are
cleaned and dried separately in an oven at 105 °C until a constant mass is achieved. The dried
leaves are ground into powder using a blender separately. The leaf powder will be activated
chemically in a furnace using sodium hydroxide with an impregnation ratio of 1: 1 at 600°C.
The adsorbents produced are washed with 1 M hydrochloric acid and then rinsed with hot
ultrapure water until the pH is within 6.5-7 [19-21]. The rinsed adsorbents were dried and
stored in separate zipper bags. Adsorbent screening is important to identify the adsorbents with
the highest adsorption capacity among the four types of adsorbents produced. The selected
adsorbents were used in the following experiments: The adsorption conditions are standardized
at 0.01 g of adsorbents, 100 mL of 50 mg/L copper (I1) sulfate solution, agitation speed of 150
rpm, and contact time of 15 minutes. The final copper concentration was determined using
Atomic Adsorption Spectroscopy (AAS), and the adsorption capacity was calculated using

Equation 1:
C; — C;

XV 1)

where adsorption capacity is in mg/g, Ci is the initial heavy metal concentration in mg/L, Cs is
the remaining heavy metal concentration after adsorption in mg/L, m is the adsorbent dosage
in g, and V is the volume of heavy metal solution in L.

Adsorption capacity =

2.2. Batch study.

An equilibrium study will be conducted to investigate both equilibrium time and
equilibrium concentration. For equilibrium time determination, the heavy metal concentration,
adsorbent dosage, and agitation speed will be kept constant while the contact time will be
altered. In this research, 100 mL of heavy metal solution is set at 30 mg/L of concentration, the
adsorbent dosage is set at 0.03 g, and the agitation speed is set at 150 rpm. After the
determination of equilibrium time, the contact time will be standardized at equilibrium time,
and the initial heavy metal concentration will be replaced with 10 mg/L, 20 mg/L, 40 mg/L,
and 50 mg/L to find the equilibrium concentration. The batch study in this research was
designed using the Central Composite Design function in Design Expert software. The
maximum and minimum values of each parameter are inputted into Design Expert for
experiment design, as shown in Table 1. The batch study will be carried out based on the
parameters generated by the design expert.

Table 1. Data input for Central Composite Design in Design Expert.

Batch Agitation speed, Contacttime, min | Adsorbent dosage, g Initial heavy metal concentration,
rpm mg/L
Low High Low High Low High Low High

COPPEr | 400 200 10 30 0.01 0.05 10 50
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2.3. FTIR analysis.

The surface functional groups of adsorbents were determined using Fourier Transform
Infrared Spectroscopy (FTIR) analysis (Agilent Model: Cary 630). It was detected in the
spectral range between 650 and 4000 cm™.

2.4. Adsorption isotherms and adsorption kinetics.

Adsorption isotherm was used to determine the adsorption equilibrium and the
adsorption capacity of the adsorbents, whereas adsorption Kinetic was used to determine the
adsorption rate at the solid-liquid interface, which can then be used to analyze the reaction
pathways and mechanisms of adsorption [22, 23]. Three models were used in this research's
isotherm study: the Langmuir, Freundlich, and Elovich isotherms:

Langmuir equation; <& = e 4 1
g g e dm bdm (2)
where ce is the equilibrium concentration in mg/L, ge is mass of adsorbate adsorbed by
adsorbents at equilibrium in mg/g, gm is the Langmuir constant for adsorption capacity in mg/g,
and the b is the Langmuir constant for adsorption energy in L/mg.

Freundlich equation: logq, = logK +~logc, (3)

where @ is the mass of adsorbate adsorbed by adsorbents in mg/g, ce is the equilibrium
concentration of adsorbate in mg/L, K is constant related to adsorption capacity in L/mg, and
n is constant related to adsorption intensity.

Elovich equation: Infe = In K,q,, — = @)

where (e is the mass of adsorbate adsorbed by adsorbents in mg/g, ce is the equilibrium
concentration of adsorbate in mg/L, Ke is Elovich equilibrium constant in L/mg, and qm is
Elovich maximum adsorption capacity mg/g.

The following three models were used to analyze the kinetics of the adsorption process:
pseudo-first-order, pseudo-second-order, and intra-particle diffusion:

Pseudo-first-order equation: in(q, — q;) = Inq, — k¢ (5)

where (e is the mass of adsorbate adsorbed by adsorbents at equilibrium in mg/g, gt is the mass
of adsorbate adsorbed by adsorbents at the time, t in mg/g, k1 is the rate constant for the Pseudo-
first-order model in L/min, and t is time in minutes.

Pseudo-second-order equation: < = —— +— (6)
a4  k2qe°  ge

where kg is the rate constant for the Pseudo-second-order model in g/mg.min, ge is the mass of
adsorbate adsorbed by adsorbents at equilibrium in mg/g, g is the mass of adsorbate adsorbed
by adsorbents at the time, t in mg/g, and t is time in minutes.

Intra-particle diffusion equation: g, = k,vt + C (7
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where kj, is the rate constant for the intra-particle diffusion model in mg/(g.(min*2)), C is the
constant for the experiment in mg/g, g: is the mass of adsorbate adsorbed by adsorbents at the
time, t in mg/g, and t is time in minutes.

3. Results and Discussion

3.1. Adsorbent screening and equilibrium study.

Based on Figure 1, mango leaf adsorbent was found to have the highest adsorption
capacity for both copper and silver if compared to decorative palm leaves, longan leaves, and
pineapple leaves. The copper adsorption capacity for mango leaves was found to be 22.45
mg/g. As a result, mango leaf adsorbent was selected to be used in the following equilibrium
study, batch study, and AAS analysis. The time when there was no noticeable increase in
adsorption capacity was called the "equilibrium time," so it was called that, the equilibrium
times for copper adsorption were identified as 20 minutes and 30 minutes based on the
equilibrium curves.
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Figure 1. (A) Adsorption capacity of different adsorbents in adsorbent screening and (B) equilibrium curve for
copper adsorption.

3.2. Batch study.

According to Figure 2, when the adsorbent dosage was increased, the adsorption
capacity decreased because many empty active sites remained available for binding following
the adsorption process, resulting in adsorbent waste. Additionally, burying the adsorbents may
have occurred due to increasing the adsorbent dosage, resulting in a decrease in adsorption
capacity due to some empty active sites for adsorption being buried by the adsorbents on the
upper level. The increase in the number of available active sites for heavy metal binding was
caused by the decrease in adsorbent aggregation; thus, more heavy metals were allowed to
participate in the binding process due to the increased number of available empty active sites,
resulting in an increased adsorption capacity. Nonetheless, the increment effect of agitation
speed was not evident in Figure 2, which was explained by the study's low adsorbent dosage,
ranging from 0.01 to 0.05 g. According to the observed data, the maximum increment in
adsorption capacity occurred when the contact time was set to equilibrium. Copper adsorption
equilibrium times were determined in this research to be 20 minutes and 30 minutes,
respectively. As a result, the maximum adsorption capacity for copper was determined to be
20 minutes. Beyond the equilibrium time, it was discovered that the adsorption capacity
remained relatively constant or even increased slightly. In both graphs, the adsorption capacity
increased in lockstep with the initial heavy metal concentration. Due to the initial heavy metal

concentration increase, more active sites on the adsorbents were allowed to bind with the heavy
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metals. Increased utilization of active sites on adsorbents results in an increase in adsorption
capacity when the initial heavy metal concentration is higher. The initial heavy metal
concentration had an effect on the adsorption capacity by altering the number of adsorbates
available for the adsorption process. When the initial concentration of heavy metals was
increased, the adsorbents' adsorption capacity was increased [24]. This phenomenon was
explained by the fact that more active sites on the adsorbents became entangled with the heavy
metals throughout the experiment. As a result, the limiting factor affecting the removal
efficiency of heavy metals was the availability of active sites on the adsorbents. When the
empty active sites available for heavy metal binding were fully saturated, there was little or no
increase in the adsorption capacity of the adsorbents, even when the initial heavy metal
concentration was increased further. As a result, the heavy metal removal percentage decreased
as the adsorbates' initial concentration increased, despite the increased adsorption capacity
[25].

A B c

Figure 2. 3D surface model graph of (A) adsorbent dosage and agitation speed, (B) adsorbent dosage and
contact time, and (C) adsorbent dosage and copper concentration.

Equation 8 illustrates the actual equations generated for copper adsorption. Quadratic
models were used to generate the equation. The fitness data was supplied in order to investigate
the fit statistics for the generated equation. Copper adsorption has an R2 value of 0.8323. The
closer the R2 value is to 1, the more fit the data is to the generated equation:

Yo = 51.78049 — 0.4404A + 0.025906B — 361.46457C — 0.064531D + 0.0039224B — 1.13244AC +
0.002157AD + 12.15219BC — 0.004415BD — 3.06922CD + 0.001226A4% — 0.027212B% +

3359.42982C2 + 0.000928D? (8)

where Y is the predicted adsorption capacity in mg/g, A is agitation speed in rpm, B is contact
time in minutes, C is the adsorbent dosage in g, and D is the initial heavy metal concentration
in mg/L.

3.3. FTIR analysis.

In FTIR analysis, the wavenumbers 400 cm-1 to 4000 cm-1 were classified as the mid-
IR spectrum. The fingerprint region was defined between 400 and 1500 cm-1, while the
functional group was defined between 1500 and 4000 cm™. The FTIR results for raw
adsorbents, adsorbents after copper adsorption, and adsorbents after copper adsorption are
plotted in Figure 4 and summarized in Table 2. Within the functional group region, four peaks
were observed. For raw adsorbents, the first peak was observed at 3403.6 cm™. The peak was
shifted to 3382.56 cm™ following the adsorption process. The peak was identified as an H-
bonded OH stretch under hydroxy compound due to its broad nature and wavenumber range of
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3570 cm™ to 3200 cm™. The raw adsorbent exhibited a second peak at 2132.04 cm™. After
copper adsorption, the peak was shifted to the right by 20.5 cm™. The peak was identified as a
terminal alkyne with a monosubstituted carbon-carbon triple bond because the wavenumbers
ranged between 2140 and 2100 cm™ [26].
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Figure 3. FTIR results for raw adsorbents and adsorbents after copper adsorption.

Transmittence (%)

The presence of a second peak established the presence of alkyne as one of the
functional groups in the adsorbents. The third peak was determined to be undetectable because
the signal from the fourth peak immediately followed it. In raw adsorbents, the third peak was
located at 1699.67 cm™. After copper adsorption, the peak was shifted to the left by 1.86 cm™.
Due to the wavenumbers being between 2000 and 1660 cm-1, the peak was assigned as
aromatic combination bands composed of several substituted aromatic molecules; thus, an
aromatic ring in adsorbents was demonstrated by the presence of the third peak. The final peak
in the functional group region was observed in raw adsorbents at 1593.44 cm™. The peaks were
shifted to 1578.53 cm™ following copper adsorption. The fourth peak was identified as a
secondary amine with an N-H bend due to its round tips and location within the functional
group of secondary amino between 1650 cm™ and 1550 cm™. The peak was assigned as a C-O

stretch under alcohol because the peak located around 1050 cm™ established the presence of
primary alcohol [27-29].

Table 2. FTIR data for raw adsorbents and adsorbents after adsorption.

Wavelength, cm™

Raw After copper | Assignment Functional group
adsorbents | adsorption

3403.6 3382.56 H-bonded OH stretch Hydroxy compound
2132.04 2111.54 C=C Terminal alkyne (monosubstituted) | Acetylenic (alkyne)
1699.67 1701.53 Aromatic combination bands Aromatic ring (aryl)
1593.44 1578.53 N-H bend, secondary amine Secondary amino
1084.66 1080.93 C-O stretch Alcohol

3.4. Adsorption isotherm and kinetic.

Figure 4 depicts the adsorption isotherms. The Langmuir isotherm was determined to
be the fittest isotherm model for copper adsorptions, with an R? value of 0.9368. The Langmuir
constant was determined to be -0.4869 L/mg for adsorption energy. Thus, the Langmuir
isotherm could be used to predict copper's adsorption behavior. The high fitness of the
Langmuir isotherm was attributed to the presence of monolayer adsorption in copper via the
leaves adsorbent [30-32]. Our results are consistent with previous research, which determined
the Langmuir adsorption capacity constant of saffron leaves adsorbent to be 62.96 mg/g, 8.36

mg/g for Hevea brasiliensis leaves adsorbent, and 11.22 mg/g for oil palm leaf powders
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adsorbent. Mango leaves adsorbents were found to be more effective at monolayer copper
adsorption than Hevea brasiliensis leaves adsorbents and oil palm leaf powders adsorbents but
less effective than saffron leaves adsorbents. Nonetheless, different studies used various leaf
pretreatments and experimental parameters [33, 34]. The monolayer adsorption capacity
comparison results were possibly used to guide future research on the commercial value of
various leaf-based adsorbents.

5 125 1
y=0.0783x - 0.1608 y=0.1132x + 0.9889
R?=0.9368 RZ=0.197
4 1.2
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Figure 4. Isotherm model for copper adsorption: (A) Langmuir isotherm, (B) Freundlich isotherm, and (C)
Elovich isotherm.

Figure 5 depicts the adsorption kinetics models. With an R? value of 0.534, the pseudo-
second-order kinetic model was identified as the fittest kinetic model for copper adsorption.
However, the R? value of 0.534 was considered low compared to 0.9808, indicating that copper
adsorption better fit the pseudo-second-order kinetic model. The rate constant for copper
adsorption in the pseudo-second-order kinetic model was determined to be 0.005203 L/min.
Thus, it was suggested that pseudo-second-order be used to predict the kinetics of copper
adsorption.

2.5

. 16 20

2 1.4 ° y = 2.4521x + 3.8207

° y =-0.113x +2.5038 @12 15 R?=0.4117 °
_ 15 R?=0.4775 = 1 ° K
¥ £038 210 b
g 1 £ y=0.0473x + 0.43 >
= &2t R?=0.534 i °
~ 05 L] = 04 ® ' 5
0.2
0 0 0
0 5 10 £ 20 25 0 5 10 15 20 25 0 1 2 3 4 5
s t, min t, min 1172, mint/?
A B C

Figure 5. Kinetic model for copper adsorption: (A) Pseudo-first-order, (B) Pseudo-second-order, and (C) Intra-
particle diffusion.

4. Conclusions

The optimum operating condition for copper adsorption was found at 200 rpm of
agitation speed, 10 minutes of contact time, 0.01 g of adsorbent dosage, and 50 mg/L of initial
copper concentration, where the adsorption capacity was found to be the largest, at 30.6 mg/g.
The functional groups of the adsorbents and the effects of adsorption on the adsorbents were
successfully identified using the FTIR analysis. The Langmuir isotherm and a pseudo-second-
order kinetic model were identified as copper's fittest adsorption isotherm model and
adsorption kinetics. This leaf powder is valuable since they are green, economical, and easy to
prepare with a simple design biosorption technique.
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