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The ability of Adulsa leaves powder (ALP) to adsorb Hg(II) from aqueous solutions has been investigated through batch
experiments. The ALP biomass was characterized by Fourier transform infrared spectroscopy and scanning electron microscopy.
The experimental parameters that were investigated in this study included pH, adsorbent dosage, and effect of contact time along
with initialmetal ion concentration.The adsorption process was relatively fast, and equilibriumwas achieved after 40min of contact
time.Themaximumremoval ofHg(II), 97.5%was observed at pH6.The adsorption datawere correlatedwith Langmuir, Freundlich,
and Temkin isotherms. Isotherms results were amply fitted by the Langmuirmodel determining amonolayermaximum adsorption
capacity (q

𝑚
) of ALP biomass equal to 107.5mg g−1 and suggesting a functional group-limited sorption process.The kinetic process

of Hg(II) adsorption onto ALP biomass was tested by applying pseudofirst-order, pseudosecond-order, Elovich, and intraparticle-
diffusion models to correlate the experimental data and to determine the kinetic parameters. It was found that the pseudosecond
order kinetic model for Hg(II) adsorption fitted very well. The rate determining step is described by intraparticle diffusion model.
These studies considered the possibility of using Adulsa plant leaves biomass as an inexpensive, efficient, and environmentally safe
adsorbent for the treatment of Hg(II) contaminated wastewaters.

1. Introduction

Thepresence of toxic heavymetals in aqueous stream, arising
from the discharge of untreated metal containing effluents
into water bodies has become one of the most important
environmental issues in the past few decades. Mercury is
an element, and it cannot be created by people, nor can it
be destroyed. Mercury is released into the environment by
volcanic eruptions, and it naturally occurs in the earth’s crust,
often in the form of mercury salts such as mercury sulfide [1].

Mercury, amongst other heavymetals has attracted global
concern due to its extensive use, toxicity, wide spread distri-
bution, and the biomagnifications. Several kinds of human

activities (anthropogenic) release mercury into the environ-
ment that include effluents from paint and chloralkali, pulp
paper, oil refining, battery production, fossil fuel burning,
mining and metallurgical processes, rubber processing, and
fertilizer industries [2–5]. Other major source of mercury
emission into the atmosphere is flue gases from coal com-
bustors used in electricity generation [6, 7]. The European
Union considers mercury as a priority and hazardous pol-
lutant and defines a maximum permissible concentration
of total mercury as low as 1𝜇gL−1 for drinking water and
5 𝜇gL−1 for wastewater discharge [8]. The primary targets
for toxicity of mercury and mercury compounds are the
nervous system, the kidneys, and the cardiovascular system.
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It is generally accepted that developing organ systems (such
as the fetal nervous system) are the most sensitive to toxic
effects ofmercury. Other systems thatmay be affected include
the respiratory, gastrointestinal, hematologic, immune, and
reproductive systems [9].

Conventional treatments to remove mercury from aque-
ous solution include precipitation, electrolysis, ion exchange,
adsorption, cementation, liquid membranes, and liquid-
liquid extraction [10, 11]. However, these processes are
ineffective at low metal concentration or expensive due to
toxic sludge disposal, chemical reagents for metal recovery,
and sorbent regeneration and high energy requirements.
Therefore, more effective low cost alternatives are urgently
required. In the past two decades, biosorption received a
considerable attention for the removal of heavy metals from
waste water [12–17].

Various potentially inexpensive adsorbents such as bark
[18], Carica papaya [19], Sewage sludge [20], wheat bran [21],
walnut shell [22], coffee grounds [23], waste rubber [24],
coconut husk [25], fertilizer waste slurry [26], algae [27],
peanut hull [28], jackfruit peel [29], coal-fly ash [30], coir pith
[31], and sago waste [32] have been used for the removal of
mercury from aqueous solution.

Adulsa (Justicia adhatoda) is a small evergreen herbal
plant in the family Acanthaceae. It is distributed all over
the plains of India and in lower Himalayan ranges. The
leaves of the plant contain an essential oil and alkaloids
vasicine, N-oxides of vasicine, vasicinone, deoxyvasicine, and
maiontone. The plant has been recommended by Ayurvedic
physicians for themanagement of various types of respiratory
disorders. It possesses potent bronchodilatory, expectorant,
antispasmodic and antiseptic properties. The aim of the
present study is to evaluate the potential of Adulsa leaves
powder (ALP) biomass for the adsorption of mercury from
aqueous solution by batch operation technique.The effects of
optimumbiosorption conditions such as pH, initial metal ion
concentration, contact time, and biomass dosage have been
explored. The Langmuir, Freundlich, and Temkin models
were used to describe the equilibrium isotherms. To correlate
the experimental data and to determine the kinetic param-
eters, pseudofirst order, pseudosecond-order, intraparticle
diffusion, and Elovich model were evaluated.

2. Experimental

2.1. Adsorbate Preparation. The stock aqueous solutions of
desired concentration have been prepared by dissolving the
appropriate amount of Hg(NO

3
)
2
⋅H
2
O in double distilled

water (DDW). The stock solution was used to prepare
dilute solutions of different working concentrations. All the
chemicals used in this study were of analytical grade from
Merck Company (Darmstadt, Germany).

2.2. Adsorbent Preparation. Adulsa leaves powder (ALP)
used as an adsorbent were collected from Horticulture
Department, Jamia Millia Islamia, Central University, New
Delhi, India. The plants were washed thoroughly using tap
water in order to remove the water soluble impurities and

other surface-adhered particles. Only the leaves of the plants
were utilized in this study.Thewashed plant leaveswere oven-
dried at 80∘C, ground using a blender and sieved through a
40–50 mesh BSS screens in order to obtain uniform particle
size. Leaves biomass was washed four times with DDW in
order to remove soluble material or biomolecules that might
interact with any adsorbed metal ions. So obtained biomass
was dried in oven at 80∘C and stored in desiccators.

2.3. Adsorbate Analysis. The final solutions of mercury
concentrations of the samples were determined by using
a flow injection analysis system, atomic absorption spec-
trophotometer (FIAS-AAS, Perkin-Elmer model 3100). The
analytical wavelength used was 253.7 nm with a slit width of
0.7 nm having hollow cathode lamp current of 6mA current.
Standardswere prepared by diluting a 1000mg/LHg(II) stock
solution with 3% HCl solution and 2-3 drops of KMNO

4
,

and linear calibration curves were obtained with correlation
coefficients of 𝑅2 = 0.99 or better. Three replicates of each
sample were analyzed, and the mean value was reported.

2.4. Batch Adsorption Studies. The batch adsorption studies
were carried out in 250mL Erlenmeyer flasks containing 1 g
of the adsorbent in 100mL of Hg(II) solution at 30 ± 2∘C on
a rotary shaker at 150 rpm. The effect of pH on biosorption
rate was investigated in a pH range of 3 to 9, which was
regulated by microadditions of 0.1 NHCl or 0.1 NNaOH at
the beginning of the experiment.The best amount of biomass
was determined by changing the biomass dosage from 0.25 g
to 1 g in 100mL of Hg(II) solution. The initial concentration
of Hg(II) solution taken for this study was 25, 50, 75,
and 100mg/L. For optimization of contact time, samples
were taken at predetermined time intervals (0–120min) for
determination of the residual metal ion concentration in
the solution. Before analysis, the samples were centrifuged
at 5000 rpm to separate the biomass. The residual metal
concentrations in the supernatant were analyzed by FIAS-
AAS.

The amount of the metal adsorbed (mg) per unit mass of
biomatrix was obtained by using the equation:

𝑞
𝑒
= (𝐶
𝑜
− 𝐶
𝑒
) ×
𝑉

𝑚
, (1)

where 𝑞
𝑒
is amount of metal ion adsorbed per gram of

biomass (mg⋅g−1), 𝐶
𝑜
is the initial metal ion concentration

(mg L−1), 𝐶
𝑒
is the final metal ion concentration (mg L−1), 𝑉

is the volume of the reaction mixture in liter, and 𝑚 is the
weight of biomass in the reaction mixture in g.

3. Results and Discussion

3.1. Characterization of Adsorbent. Fourier transform infrar-
ed (FTIR) spectroscopy was done to identify the chemical
functional groups present on native ALP and the Hg(II)-
loaded ALP. The spectrum was collected by PU420, JASCO
spectrometer in the range 400–4,000 cm−1 using a KBr win-
dow.The background obtained from the scan of pure KBrwas
automatically subtracted from the sample spectra. Spectra
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were plotted using the same scale on the absorbance axis.
Various functional groups such as amine (–NH), carboxylate
anions (–COO−), hydroxyl (–OH), and others: (N=O) (–
C=C), (–C–C), (–C=O), (–C–O), (–C–N), and (–C–H) have
been proposed to be responsible for the adsorption heavy
metal ions on the cell surfaces of adsorbent.Their importance
for metal uptake depends on factors such as the quantity of
sites, its accessibility and chemical state, or affinity between
site and metal. The FTIR absorption spectra of unloaded and
Hg(II) loaded were taken (Figures 1(a) and 1(b)) to confirm
the presence of different functional groups in adsorbent.

In the FTIR absorption, spectra of unloadedALP biomass
show a broadband at 3438 cm−1 which indicates the presence
of hydrogen-bonded –OH stretching modes from alcohol
and phenols and also dominated by –NH stretching. The
bands at 2900 and 2853 cm−1 in IR spectra of ALP may
be due to the C–H stretching vibrations. The peak at 2329
represents stretching vibrations of –NH+

2
, –NH+, and –NH

groups of the unloaded ALP biomass. The bands appearing
at 1629 and 1380 cm−1 are attributed to the formation of
oxygen functional groups like a highly conjugated C=O
stretching in carboxylic groups and N=O bending in nitro
groups, respectively.Thepeak appeared at 1024 cm−1 has been
assigned to C–O stretching in ethers.The peak at 607 cm−1 is
caused by C–N–C scissoring, which is found in polypeptide
structure.

The small shift was obtained in the absorbance peak of
loaded Hg(II) ALP biomass compared with that of unloaded
ALP biomass which is shown in Figures 1(a) and 1(b). The
broadband observed at 3438 cm−1 for hydrogen-bonded –
OH stretching and –NH stretching was shifted to 3449 cm−1.
The peaks at 2900 and 2853 cm−1 due to the C–H stretching
vibrations were shifted to 2924 and 2860 cm−1, respectively.
The stretching vibration band observed at 2329 cm−1 was
altered to 2352 cm−1. The peaks of highly conjugated C=O
stretching and N=O bending observed at 1629 and 1380 cm−1
were shifted to 1646 and 1400 cm−1. C–O stretching peak at
1024 cm−1 was changed to 1026 cm−1. The C–N–C scissoring
peak at 607 cm−1 was also shifted to 780 cm−1. It should also
be noted that FTIR results did not provide any quantitative
analysis as well as the information about the level of affinity
tometal of the functional groups presented in the adsorbents.
They only presented the possibility of the coupling between
the metal species and the functional group of the adsorbents.

The surface morphology of the ALP and Hg(II)-loaded
ALPwas analyzed by scanning electronmicroscopy (SEM) by
using JEOL-JSM-6380 model which is shown in Figures 2(a)
and 2(b). SEMmicrograph of fresh ALP (Figure 2(a)) reveal-
ing the nature of biomass which is rough and heterogeneous
with considerable amount of voids and lot of ups and downs.
Theuptake ofHg(II) byALP is demonstrated by the change in
morphology of the adsorbent’s surface with the formation of-
ike structure (Figure 2(b)). Based on the surface morphology
results of ALP, it is suggested that produced ALP can be
used as adsorbent for liquid-solid adsorption processes, due
to the importance of fibrous material to many liquid-solid
adsorption processes.
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Figure 1: FTIR spectra’s of (a) unloaded ALP and (b) Hg(II) loaded
ALP.

3.2. Effect of pH. The effect of pH was found to be the most
important variable governing the biosorption of metal ions
by sorbent in the pH range of 3–9. Change in the removal
of Hg(II) by ALP biomass with pH is shown in Figure 3.
A significant increase in Hg(II) uptake was obtained as the
pH increases from 3 to 6. The highest adsorption efficiency
(97.5%) was observed at pH 6. At low pH value, more proton
will be available to protonate the active sites and then less
attraction towards the Hg(II) ions (low metal uptake) due
to high electrostatic repulsion. When the pH was increased,
the competing effect of H+ ion decreased and the positively
charged Hg(II) ion took up the free active sites [45]. At pH
greater than 6, the decrease in mercury (II) uptake occurs
due to the formation of hydroxyl species such as [Hg(OH)
or Hg(OH)

2
], and competing between mercury ions and

hydroxyl species start, and OH− occupies active sites of
the adsorbent. Similar results have been reported by other
researchers [34, 46–48].

3.3. Effect of Biomass Concentration. Amount of biomass
used for the treatment studies is an important parameter,
which determines the potential of adsorbent to remove
mercury at a given initial concentration. The results clearly
indicate the increase in Hg(II) uptake with increase in
the biomass dosage from 0.25 to 1 g and accomplished the
equilibrium at 40min of contact time. Removal of Hg(II)
was found to increase proportionality with the amount of
ALP biomass dose until reaching a constant (Figure 4). The
increase in percentage removal of Hg(II) is expected with
increase in adsorbent dosage as the number of active sites
increases. Hence, higher dosage of adsorbent has positive
effect on the initial rate of metal ion removal. However,
increase in adsorbent dose at constant metal concentration
and volume will lead to unsaturation of sorption sites, and
metals ions are inadequate to cover all the redeemable sites
[49, 50].
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Figure 2: SEM of (a) unloaded ALP and (b) Hg(II) loaded ALP.
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Figure 3: Effect of pH on the Hg(II) removal by ALP biomass.

At very low biomass concentration, the adsorbent surface
becomes saturated with themetal ions, and the residualmetal
ion concentration in the solution is large. At 1 g/100mL of
biomass dosage, theHg(II) uptake was found to be 97.5%, and
this dose was taken as the optimum for further experiments.

3.4. Effect of Initial Concentration with Time. The rate of
sorption is one of the most important parameters when
designing a batch sorption experiment. The experimental
runs measuring the effect of contact time on the biosorption
of mercury at the different metal ion concentrations, 1.0 gm
adsorbent dose, pH 6 and at 303K. As shown in Figure 5,
the biosorption of mercury was fast in the early stages, and
the equilibrium adsorption was attained in 40min of contact
time. The observed fast biosorption kinetics is consistent
with the biosorption of metal involving nonenergy-mediated
reactions, where metal removal from solutions is purely
due to physicochemical interactions between the biomass
and the metal solution. The removal of Hg(II) increased
from 23.7mg/g to 65.1mg/g sharply with time in the initial
stage of 0–40min range and then steady augmentation to
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Figure 4: Effect of adsorbent dose with time on the removal of
Hg(II) by ALP biomass.

attain equilibrium in just about 40min time. Therefore, the
optimum time and initial concentration for attaining the
adsorption equilibrium is 40min and 100mg/L, respectively.
It is perceived from the outcome that additional increase
in the contact time has negligible effect on the sorption
of metal ion. Many researchers have practiced the similar
observation that Hg(II) removal increased almost linearly
with the enhancement of the Hg(II) concentration [22, 34, 51,
52].

3.5. Adsorption Isotherms. Theadsorption capacity and affin-
ity of ALP for Hg(II)) was determined with three isotherms
models, namely, Langmuir, Freundlich and Temkin. The
Langmuir model represents one of the first theoretical treat-
ments of nonlinear sorption and suggests that uptake occurs
on a homogeneous surface by monolayer sorption without
interaction between adsorbed molecules. In addition, the
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Figure 5: Effect of initial concentration and time on the sorption of
Hg(II) at pH 6.0 and 1.0 g of Adulsa leaves powder.

model assumes uniform energies of adsorption onto the sur-
face and no transmigration of the adsorbate. The Langmuir
isotherm is represented in the following equation [33]:

𝑞
𝑒
=
𝑞
𝑚
𝐾
𝐿
𝐶
𝑒

1 + 𝐾
𝐿
𝐶
𝑒

. (2)

Equation (2) is usually linearized to obtain the following
form:

𝐶
𝑒

𝑞
𝑒

=
1

𝐾
𝐿
𝑞
𝑚

+ (
1

𝑞
𝑚

)𝐶
𝑒
, (3)

where 𝐶
𝑒
is the equilibrium concentration (mg⋅L−1), 𝑞

𝑒
is the

amount of adsorbed species per gram of adsorbent (mg⋅g−1),
𝐾
𝐿
is the Langmuir equilibrium constant related to the energy

or net enthalpy of adsorption, and 𝑞
𝑚
(mg⋅g−1) is the amount

of adsorbate required to complete monolayer coverage. The
plot of𝐶

𝑒
/𝑞
𝑒
versus𝐶

𝑒
was analyzed to find out the Langmuir

isotherm parameters which are given in Table 1. From the
results, it is shown that Langmuir plot (Figure 6) gives a good
fit to the experimental data with coefficient of determination
𝑅
2

= 0.9909. The maximum biosorption capacity of ALP
biomass for Hg(II) was found to be 107.5mg g−1. The value
of adsorption energy, 𝐾

𝐿
was found to be 0.0913 Lmg−1.

The shape of the Langmuir isotherm can be expressed in
terms of a dimensionless constant called separation factor or
equilibrium parameter (𝑅

𝐿
), which is represented as

𝑅
𝐿
=
1

1 + 𝐾
𝐿
𝐶
𝑜

, (4)

where 𝐶
𝑜
(mg⋅L−1) is the initial concentration of the metal

ion. If the average of the 𝑅
𝐿
values from the different initial

concentrations used is between 0 and 1 (0 < 𝑅
𝐿
< 1), it

indicates favorable adsorption process; however, a 𝑅
𝐿
> 1
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Figure 6: Langmuir isotherm model of Hg(II) sorption onto ALP
biomass (at 303K, pH 6.0).
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Figure 7: Separation factor for adsorption of Hg(II) by ALP
biomass.

represents an unfavorable process. Alternatively, if 𝑅
𝐿
= 1,

adsorption is linear. Lastly, if 𝑅
𝐿
= 0, the adsorption process

is irreversible [53]. Figure 7 shows that 0 < 𝑅
𝐿
< 0.05

adsorption of Hg(II) onto ALP biomass. Because 𝑅
𝐿
is larger

than zero, the adsorption process is considered favorable.
The Freundlich isotherm is a nonlinear sorption model.

This model proposes a monolayer sorption with a heteroge-
neous energetic distribution of active sites, accompanied by
interactions between adsorbed molecules. The general form
of this model is [54]

𝑞
𝑒
= 𝐾
𝐹
𝐶
1/𝑛

𝑒
,

ln 𝑞
𝑒
= (
1

𝑛
) ln𝐶

𝑒
+ ln𝐾

𝐹
,

(5)

where 𝐾
𝐹
and 𝑛 are the Freundlich equilibrium constants

related to the adsorption capacity and intensity of adsorption,
respectively. The values of 𝐾

𝐹
and 𝑛 were determined from
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Table 1: Isotherms parameters for adsorption of Hg(II) onto ALP biomass at 303K.

Langmuir model
𝐶
𝑒

𝑞
𝑒

=
1

𝐾
𝐿
𝑞
𝑚

+ (
1

𝑞
𝑚

)𝐶
𝑒

𝐾
𝐿
(L/mg) 0.0913
𝑞
𝑚
(mg/g) 107.5
𝑅
2 0.990

Freundlich model In 𝑞
𝑒
= (
1

𝑛
) In𝐶

𝑒
+ In𝐾

𝐹

𝐾
𝐹
((mg/g)/mg/L)1/𝑛) 1.32
𝑛 2.076
𝑅
2 0.940

Temkin model
𝑞
𝑒
= 𝐵 In 𝐴 + 𝐵 In𝐶

𝑒

𝐵 =
𝑅𝑇

𝑏

𝐴 (L g) 7.39
𝐵 (KJ/mol) 0.2142
𝑅
2 0.973
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Figure 8: Freundlich isotherm model of Hg(II) sorption onto ALP
biomass (at 303K, pH 6.0).

a plot of ln(𝑞
𝑒
) versus ln(𝐶

𝑒
) as shown in Figure 8. The 𝐾

𝐹

constant in the Freundlich equilibrium was found to be 1.32
(mg/g)/mg/L)1/𝑛. The value of 𝑛 was between 0 and 10,
suggesting relatively strong adsorption of these ions onto the
surface of ALP biomass; for this study, we found a value of
2.076 for 𝑛. However, low correlation coefficients (𝑅2 = 0.940)
suggest that this was not the best model to describe these
equilibria. Similar result for themagnitude of 𝑛was described
by several researchers [55–57].

Temkin isothermmodel considered the effects of indirect
adsorbate-adsorbate interaction isotherms which explained
that the heat of adsorption of all the molecules on the
adsorbent surface layer would decrease linearly with cover-
age due to adsorbate-adsorbate interactions. Therefore, the
adsorption potentials of the adsorbent for the adsorbate
can be evaluated using Temkin adsorption isotherm model,
which assumes that the fall in the heat of sorption is linear
rather than logarithmic as implied in the Freundlich equation
[58]. The Temkin isotherm can be given as

𝑞
𝑒
= (
𝑅𝑇

𝑏
) In𝐴𝐶

𝑒
. (6)
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Figure 9: Temkin isotherm model of Hg(II) sorption onto ALP
biomass (at 303K, pH 6.0).

Equation (6) can be expressed in its linear form as

𝑞
𝑒
= 𝐵 In𝐴 + 𝐵 In𝐶

𝑒
, (7)

with

𝐵 =
𝑅𝑇

𝑏
, (8)

where𝐴 is the equilibriumbinding constant (L⋅g−1), 𝑏 (J/mol)
is a constant related to heat of adsorption,𝑅 is the gas constant
(8.314 J/mol/K), and 𝑇 is the absolute temperature (K). As
shown in Figure 9, the plot of 𝑞

𝑒
versus ln𝐶

𝑒
enables to

determine the isotherm constants 𝐴, 𝑏 from the slope and
intercept, respectively. The correlation coefficient 𝑅2 = 0.973
for the adsorption of Hg(II) ion in temkin isotherm was
fairly fitted well as compared to the freundlich isotherm.
The experimental and theoretical adsorption capacity was
calculated from isotherm models. The calculated parameters
for all the isotherms are accessible in Table 1. The best-
fit experimental equilibrium data derived from the Lang-
muir model suggested that the monolayer coverage and
chemisorption of Hg(II) onto ALP.
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3.6. Biosorption Kinetics. Lagergren’s pseudofirst-order [59]
andHo’s pseudosecond-ordermodels [60]were applied to the
experimental data in order to clarify the biosorption kinetics
of Hg(II) ions onto ALP. The expression for the pseudofirst-
order by Lagergren is given by the differential rate law:

𝑑𝑞
𝑡

𝑑𝑡
= 𝑘
1
(𝑞
𝑒
− 𝑞
𝑡
) , (9)

where 𝑞
𝑒
is the amount of solute adsorbed at equilibrium per

unit weight of adsorbent (mg g−1), 𝑞
𝑡
(mg g−1) is the amount

of the metal ion bioadsorbed at equilibrium and time 𝑡, and
𝑘
1

(min−1) is the adsorption constant. Equation (9) was
integrated under the boundary conditions, giving a linear
expression:

ln (𝑞
𝑒
− 𝑞
𝑡
) = ln 𝑞

𝑒
− 𝑘
1
𝑡. (10)

The linear plot of ln(𝑞
𝑒
− 𝑞
𝑡
) versus 𝑡 shows the appli-

cability of Lagergren equation which is shown in Figure 10.
The value-of 𝑘

1
and 𝑞
𝑒
calculated from the linear pseudofirst-

order kinetic model and the corresponding correlation coef-
ficients (𝑅2) are summarized in Table 2. The correlation
coefficient for the pseudofirst-order kinetic model obtained
at the studied optimum condition was 0.983.

The expression for the pseudosecond-order model is
given by the differential rate law:

𝑑𝑞
𝑡

𝑑𝑡
= 𝑘
2
(𝑞
𝑒
− 𝑞
𝑡
)
2 (11)

which is on integration under the boundary conditions of 𝑡 =
0 to 𝑡 > 0 and 𝑞

𝑡
= 0 to 𝑞

𝑡
> 0, and after rearranging (11), the

following linearized form of the pseudosecond-order model
was obtained:

𝑡

𝑞
𝑡

=
1

(𝑘
2
𝑞2
𝑒
)
+ (
1

𝑞
𝑒

) 𝑡. (12)

The initial adsorption rate (ℎ) can be determined from 𝑘
2

and 𝑞
𝑒
values using

ℎ = 𝑘
2
𝑞
2

𝑒
, (13)

where 𝑘
2
is the rate constant of the pseudosecond-order

sorption (gmg−1min−1) which can be obtained by plot of
𝑡/𝑞
𝑡
against 𝑡. The rate constant 𝑘

2
and equilibrium amount

of metal ion 𝑞
𝑒
can be determined from slope and intercept

of the plot (Figure 11). The values of 𝑘
2
, 𝑞
𝑒
and the initial

adsorption rate (ℎ) were calculated as 2 × 10−3 gmg−1min−1,
46.6mg g−1, and 4.34mg g−1min−1, respectively. The corre-
lation coefficient for the pseudosecond order was 0.998. The
excellent linearity and high value of correlation coefficient
(𝑅
2

) from Figure 11 shows that the process follows the
pseudosecond-order model with good fit in comparison to
pseudofirst order model. This suggests that sorption of the
metal ions involve two species in this case, the metal ion
and the biomass.These results are in accordance with similar
works on other metal ions [61–63] with several other natural
sorbents.
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Figure 10: Lagergren plot for the adsorption of Hg(II) ions by ALP
biomass at pH 6.
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Figure 11: Pseudosecond-order kinetics for the adsorption of Hg(II)
by ALP biomass at pH 6.

3.6.1. Elovich Kinetic Model. The Elovich kinetic model is for
general application to chemisorption kinetics. The general
explanation for this form of kinetic law involves that the
active sites are heterogeneous in nature and therefore exhibit
different activation energies for chemisorptions. The Elovich
model can be expressed in the following form [64]:

𝑑𝑞
𝑡

𝑑𝑡
= ∝ exp (−𝛽𝑞

𝑡
) . (14)

To simplify the above equation, assume 𝛼𝛽 ≫ 1 [65], and by
applying the boundary conditions 𝑞

𝑡
= 0 at 𝑡 = 0 and 𝑞

𝑡
= 𝑞
𝑡

at 𝑡 = 𝑡, (14) becomes [66]

𝑞
𝑡
= 𝛽 In (∝ 𝛽) + In 𝑡, (15)

where 𝑞
𝑡
is the adsorption capacity at time 𝑡 (mg⋅g−1), 𝛼 is the

initial adsorption rate (mg⋅g−1min−1) and 𝛽 is the desorption
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Table 2: Kinetic parameters for adsorption of Hg(II) onto ALP biomass at 303K.

Kinetic model Linear equation Reaction constant 𝑞
𝑒
(mg/g) 𝑅

2

Pseudofirst order ln(𝑞
𝑒
− 𝑞
𝑡
) = ln 𝑞

𝑒
− 𝑘
1
𝑡 𝐾

1
= 0.1209min−1 32.1 0.983

Pseudosecond order 𝑡

𝑞
𝑡

=
1

(𝑘
2
𝑞2
𝑒
)
+ (
1

𝑞
𝑒

) 𝑡
𝐾
2
= 2 × 10

−3 g/mgmin
ℎ = 4.34mg/g⋅min 46.6 0.998

Elovich 𝑞
𝑡
= 𝛽 ln (𝛼𝛽) + In(𝑡) 𝐵 = 5.86 g/mg

𝐴 = 38mg/g⋅min — 0.9661

Intraparticle diffusion 𝑞
𝑡
= 𝐾id𝑡

1/2 𝐾id = 1.70mg/g⋅min0.5

𝐼 = 3.1029
— 0.9152

constant (g⋅mg−1), which are obtained from the intercept and
the slope of a plot of 𝑞

𝑡
versus In 𝑡.Theplot should give a linear

relationship for the applicability of simple Elovich kinetics
as in Figure 12. The correlation coefficient 𝑅2 is obtained as
0.9661 for Hg(II) ions which is found to be less than the
values calculated using pseudofirst-order kinetic model and
pseudosecond-order kinetic model as shown in Table 2. The
calculated reaction constants 𝛼 and 𝛽were found 5.86 gmg−1
and 38mg g−1min−1, respectively.

3.6.2. Intraparticle Diffusion. The adsorbate transport from
the solution phase to the surface of the adsorbent particles
occurs in several steps.The overall adsorption processmay be
controlled either by one or more steps, for example, film or
external diffusion, pore diffusion, surface diffusion, and the
adsorption on the pore surface or a combination ofmore than
one steps. The adsorption rate parameter which controls the
batch process for most of the contact time is the intraparticle
diffusion. Good linearization of the data is observed for the
initial phase of the reaction in accordance with the expected
behavior if intraparticle diffusion is the rate-limiting step
[67].The possibility of intraparticle diffusion was explored by
using Weber and Morris equation:

𝑞
𝑡
= 𝐾id𝑡

1/2

+ 𝐼. (16)

The slope and intercept of plot 𝑞
𝑡
versus 𝑡1/2 were used

to calculate the intraparticle diffusion rate constant, 𝐾id (mg
g−1min0.5). Values of 𝐼 give an idea about the thickness of the
boundary layer; that is, the larger the intercept, the greater is
the boundary layer effect.The deviation of straight lines from
the origin, as shown in the Figure 13, may be because of the
difference between the rate of mass transfer in the initial and
final steps of adsorption. Further, such deviation of straight
line from the origin indicates that the pore diffusion is not
the sole rate-controlling step [68]. It can also be concluded
on the basis of 𝐼 value as 𝐼 ̸= 0 thus suggesting that intra-
particle diffusion is not the rate-limiting step.The correlation
coefficient (𝑅2 = 0.9152) value was calculated from the
respective plot and provided in Table 2. The value of the
correlation coefficient was not uniform or large enough to
suggest that intraparticle diffusion is the rate determining
step of the adsorption process.The intraparticle diffusion rate
constant (𝐾id) and thickness of the boundary layer (𝐼) values
were 1.70mg g−1min0.5 and 3.1029, respectively.
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Figure 12: Elovich kinetic model for the adsorption of Hg(II) onto
ALP biomass.
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Figure 13: Intraparticle diffusion of Hg(II) adsorption onto ALP
biomass.

4. Comparison of the Present
Study with Literature

Table 3 shows various adsorbents previously studied for
Hg(II) removal. Although the data collected in this table may
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Table 3: Comparison of monolayer maximum adsorption capacity
of Hg(II) ion with various adsorbents.

Biosorbents 𝑞
𝑚
(mg g−1) References

Wheat bran 70.0 [21]
Waste rubber 4.0 [24]
Eucalyptus bark 33.1 [18]
Coir pith 154 [31]
Furfural 174 [33]
Walnut shell 151.51 [22]
Peanut hull 110 [28]
Carica papaya 155.6 [19]
Sago waste 55.6 [32]
Fruit shell of Terminalia catappa 94.4 [34]
Adulsa (Justicia Adhatoda) leaves powder 107.5 Present study
Polyaniline/attapulgite 800 [35]
Moss 94.4 [36]
Malt spent rootless 50 [37]
Acrylic textile fibre 290–710 [38]
Potamogeton natans 180 [39]
Macroalgae 329 [40]
Fertilizer waste 3.62 × 10

−3 [41]
Camel bone charcoal 28.2 [42]
Garlic (Allium sativum L.) 0.6497 [43]
Carbon aerogel 34.96 [44]

or may not represents equivalent or optimized conditions or
various mercury removal mechanisms in each case, it still
provides a useful comparison regarding decision of selection
of suitable adsorbent. The maximum adsorption capacity of
mercury by ALP biomass in this study is comparable with
these data. Indeed mercury adsorption by ALP biomass in
this study was significantly higher than most of the selected
biomass.

5. Conclusions

The study shows that Adulsa leaves can be used as a sorbent
for the removal of Hg(II) ions from aqueous media. FTIR
data confirmed that the functional groups such as hydroxyl,
carboxyl, and amine groups were responsible for the adsorp-
tion of Hg(II) ion onto ALP biomass. Under batch condition,
equilibriumwas attainedwithin 40min.The amount ofmetal
removal at equilibrium (40min) increases from 67 to 97.5%
with an increase of adsorbent dosage between 0.25 and 1 gm.
On changing the initial concentration from 25 to 100mg/L,
the amount of mercury adsorbed increased from 23.7 to
65mg/g at 303K for a period of 40min. The Langmuir
isotherm that described the adsorption of Hg(II) ions onto
the ALP biomass (𝑅2 = 0.990) was better than the freundlich
model (𝑅2 = 0.940) and the temkin model (𝑅2 = 0.973).
The study demonstrated that under optimum conditions (pH
= 6.0, biomass dosage = 1 gm, temperature = 303K, and
contact time = 40min), maximum adsorption capacity for
Hg(II) was found to be 107.5mg/g from Langmuir isotherm.
Pseudosecond-order kinetics explained the adsorption of

metal ion better than the pseudofirst order. 𝐾id indicates
that the pore diffusion is not the sole rate-controlling step.
Furthermore, it can be concluded that Adulsa leaves pow-
der hold great potential to be an environmentally friendly
effective adsorbent for the removal of mercury ions from
contaminated waters.
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