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An insight into the prediction of biosorption mechanism, and isotherm, kinetic
and thermodynamic studies for Ni(Il) ions removal from aqueous solution
using acid treated biosorbent: the Lantana camara fruit
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ABSTRACT

The study focuses on exploring the binding mechanisms of Ni(II) ions and determining the maximum
uptake capacity of the biosorbent. The fresh biosorbent was subjected to sulfuric acid treatment
to enhance the porosity and to introduce the specific sulfonic groups onto the surfaces of the
biosorbent. Characterization techniques like scanning electron microscope, energy-dispersive X-ray
spectroscopy, Fourier transform infrared spectroscopy and elemental analysis were utilized to under-
stand the biosorption mechanisms. The results exhibit the likelihood of both physical and chemical
interactions of the biosorbent with the Ni(II) ions. Out of the isotherm models investigated, Langmuir
model presented a better fit to the experimental data favoring monolayer adsorption. In addition,
intra-particle diffusion model revealed the possibility of both pore and film diffusion. Compared with
pseudo—first-order model, pseudo-second-order kinetic model obtained a better fit. The outcome of
the thermodynamic studies showed the exothermic nature of the biosorption process with a negative
enthalpy value (AH®). Additionally, it is also significant to note that the adsorption of Ni(II) ions was
favored only at lower temperatures. A maximum removal efficiency of 97% was observed for 25 mg/L
Ni(II) solution. Moreover, the results of the desorption studies using 0.3 N HCI were also encouraging,

with a removal efficiency of almost 91%.
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1. Introduction

Heavy metals presences are considered as one of the
global concerns among the various pollutants due to their
toxicity and persistence in the environment [1,2]. These
metals, released into the environment through various
anthropogenic sources, contaminate water bodies and ulti-
mately cause irreparable damage to human health and
environment. In recent years, much focus has been put on

* Corresponding author.

understanding the toxicity of heavy metals and lot of effort is
exercised toward addressing the problem of wastewater gen-
eration caused because of the indiscriminate release of the
effluents containing heavy metals.

Electroplating sector involving too many heavy metals
(chromium, nickel, cadmium, zinc, copper, etc.,) and their
derivatives, is one of the leading causes of heavy metal
pollution. In addition, the use of nickel is also extended in
industries such as paint formulation, non-ferrous metal, por-
celain enameling, copper sulfate manufacture, steam-electric
power plants and mineral processing [3,4]. Specifically, nickel,
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on exceeding the discharge limits, leads to health hazards
such as renal edema, lung cancer, pulmonary fibrosis, skin
dermatitis and gastrointestinal discomfort [5,6]. However, a
permissible amount of nickel is indeed involved in significant
metabolic reactions of living organisms. According to Bureau
of Indian Standard (BIS), the permissible discharge level of
industrial effluent containing Ni(II) ions into the land water
is 3.0 mg/L [7,8]. Further, it should also be noted that accord-
ing to the World Health Organization guidelines, Ni(II) ions
in drinking water should not exceed a value of 0.5 mg/L [9].

The conventional methods designed for the removal of
Ni(II) ions include adsorption, ion exchange, membrane
technologies, evaporation, electrochemical treatment, chem-
ical reduction and precipitation. However, these treatments
are quite expensive and some technologies even result in
unwanted by-products. Presently biosorption, an alternative
technology, is spreading widely among researchers due to
its low cost and appreciable results even at lower metal ion
concentrations. Biosorption is the process of utilizing dead
biomass for the removal of heavy metals from aqueous solu-
tions. However, in general, the biosorption mechanism is
complex, involving complexation, ion exchange, precipita-
tion, physical adsorption and chelation. Some of the biosor-
bents investigated on Ni(II) ions include raw and modified
coir pith [10], black carrot residues [11], cashew nut shell [12],
Parthenium hysterophorus L. activated carbon [13], rice husk
[14], Sphagnum peat biomass [15], etc.

In this research, the chemically modified biosorbent was
prepared from the fruit of an exotic weed namely Lantana
camara, considered to be a lurking menace in Mudumalai
Tiger Reserve [16]. This L. camara plant species seen through-
out central and southern part of India has tiny black colored
fruits of 5 mm diameter and is mainly found in dry stony
hills and black soil [16,17]. The selected biosorbent was also
pretreated with acid to improve the efficiency and to obtain
enhanced adsorption capacity. This pretreated biosorbent
earlier investigated for the removal of Cr(VI) from aqueous
solution exhibited improved adsorption capacity [16]. In the
present investigation, to carry out equilibrium, kinetic and
thermodynamic studies, batch scale experiments were con-
ducted on selected parameters. This resulted in optimum
contact time, pH, biosorbent dosage, temperature and metal
ion concentration. In addition, regeneration studies were also
carried out using 0.3 N HCl as a desorbing agent to ensure
the economic feasibility and applicability of the selected
biosorbent.

2. Materials and methods
2.1. Preparation of biosorbent

The sample preparation procedure carried out was
detailed in our previous paper [16]. The fresh L. camara fruits
were water washed, dried and crushed to obtain a uniform
particle size of 150 um. The resulted product is considered
to be the fresh biosorbent and later, it is treated with con-
centrated sulfuric acid. This pretreated material is referred to
as chemically treated L. camara (CTLC) biosorbent. The fresh
biosorbent and CTLC biosorbent used in the present study
were referred to as LC1 and LC2 biosorbent, respectively, in
our previous paper [16]. Pretreatments are widely known

for enhancing the adsorptive capacity of heavy metals and
hence used in our study. Moreover, chemical activation using
sulfuric acid at moderate temperatures is also claimed for
producing enhanced surface area and better adsorption char-
acteristics [18,19].

2.2. Biosorbent characterization

The investigation of the biosorption mechanism and the
surface morphology of the fresh and CTLC biosorbent before
and after biosorption were explored using scanning electron
microscope (SEM-Carl Zeiss, Sigma version). Additionally,
energy-dispersive X-ray spectroscopy (EDX) analysis was
also performed to understand the elemental composition. The
results of the EDX analysis were also supported by elemen-
tal analysis (Elementar, Vario Micro Cube). The surface area,
maximum pore volume and pore width of the biosorbents
were determined using, Micromeritics, ASAP 2010, surface
area and porosity analyzer. The distribution of Ni(II) ions on
the biosorbent surface was also figured out using EDX stud-
ies. Furthermore, Fourier transform infrared spectroscopy
(FTIR; Nicolet IS 10, USA) was utilized to study the possible
functional groups in the fresh biosorbent and to understand
the transformations after chemical modification and biosorp-
tion of Ni(II) ions. The wavelength used for the study ranged
from 4,000 to 400 cm™.

2.3. Batch-mode experiments

Stock solution of Ni(Il) is prepared to a concentration of
1,000 mg/L by dissolving 4.48 g of NiSO,-6H,0O in 1,000 mL
of pure distilled water. This stock solution is used to prepare
solutions of various concentrations such as 25, 50, 100, 150 and
200 mg/L. pH was adjusted using digital pH meter (Systronic).
Exempting thermodynamic studies, all the batch level experi-
ments were conducted at a constant temperature of 303 K. The
adsorbate volume was continued to be 50 mL for an agitation
speed of 160 rpm. Required amount of sample and Ni(II) solu-
tion of known concentration were taken in 250 mL Erlenmeyer
flask and allowed for shaking in the orbital incubator shaker
(SLM-INC-0S-250). Later, after the attainment of equilibrium
the flasks were removed from the shaker and the adsorbate
was filtered using Whatman filter paper (no. 41).

To conduct various isotherm studies, the Ni(II) ion con-
centrations (25, 50, 100, 150 and 200 mg/L) with an optimal
dose of 0.8 g and pH of 5 were investigated. It should also
be noted that the equilibrium period was maintained to be
70 min. Moreover, kinetic and thermodynamic studies (303,
313, 323 and 333 K) were carried out under the same optimal
conditions for 25 mg/L concentration of Ni(II) solution. The
Ni(II) ion concentration before and after the biosorption pro-
cess was determined using atomic absorption spectropho-
tometer. The calculation of biosorbent adsorptive capacity
was determined using the equation:

. :(co -C,)v O

m

In the above equation, C, is the initial Ni(II) ions concen-
tration, C, is the equilibrium Ni(II) ions concentration, 1 is the
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biosorbent dosage (g), V denotes the volume of Ni(II) solution
(L) and g, refers to the equilibrium adsorptive capacity (mg/g).

2.4. Biosorbent regeneration/desorption studies

The effective deployment of biosorption for the removal
of heavy metals from industrial wastewater is possible only
on successful regeneration of the biosorbent. The results of
the significant factors influencing the economic feasibility
of the biosorption process is desorption of metal ions from
aqueous solution. The desorption potential of CTLC biosor-
bent was investigated using 0.3 N HCI at a temperature of 303
K. Compared with various acid-based desorbing agents, HCI
is proven to be an effective desorbent in the removal of Ni(II)
ions. This is also shown by the results reported earlier [20].
The eluent and the metal loaded biosorbent were allowed
to be contacted for 70 min at 160 rpm speed. Eventually, the
Ni(Il) ion loaded CTLC biosorbent was separated from the
eluent after desorption and washed with distilled water.

3. Results and discussions
3.1. Biosorbent characterization

The biosorption of Ni(II) ions for fresh and CTLC biosor-
bent were revealed by the EDX spectrum image as given in
Figs. 1(a)—~(d). The occurrence of Ni(II) ions was observed in
both the nickel loaded fresh and CTLC biosorbent. 1 of the
EDX analysis were in accordance with the elemental analysis
data as shown in Table 1 revealing the presence of carbon,
hydrogen, oxygen, nitrogen and sulfur. The SEM image of
the fresh biosorbent without any chemical activation was
characterized by rough flat irregular surfaces embedded
with minute pores (Fig. 2(a)). But soon after biosorption,
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the flat surfaces disappeared and created several haphazard
aggregated structures, attributing to the binding of Ni(II)
ions (Fig. 2(b)). Whereas, in the chemically activated biosor-
bent, the likelihood of intra-particle diffusion mechanism
was established by the presence of internal pores which were
then occupied by Ni(Il) ions (Fig. 2(c)). However, these pores
were seen to be broken and randomly distributed in the bio-
sorbent. This variably sized pores lead to wide spread sur-
face area and trap metal ions efficiently. The enlarged cavities
resulted after the biosorption processes validate the possibil-
ity of the internal diffusion of Ni(Il) ions into the CTLC bio-
sorbent (Fig. 2(d)). These pores are further evidenced in the
results of Brunauer, Emmett and Teller (BET) analysis shown
in Table 2. The studied adsorbents being macroporous (pore
size >50 nm) have a low surface area. Nevertheless for porous
adsorbents, pore volume and pore size plays an active role in
adsorption than the surface area. Hence, pore volume and
pore width are on the higher end compared with the surface
area as shown in Table 2.

The occurrence of major functional groups such as
carbohydrates, glycosides and flavonoids were established

Table 1
Carbon, hydrogen, nitrogen and sulfur (CHNS) elemental
analysis for fresh and CTLC biosorbent

Sample Fresh biosorbent  Acid treated biosorbent
Carbon (%) 45.67 56.12
Hydrogen (%)  6.178 4.807
Oxygen (%) 46.60 36.76
Nitrogen (%) 1.53 -
Sulfur (%) - 231
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Fig. 1. EDX pictures of (a) fresh biosorbent, (b) adsorbate loaded fresh biosorbent, (c) CTLC biosorbent and (d) adsorbate loaded

CTLC biosorbent.
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with the help of IR spectra as shown in Fig. 3. The FTIR band
positions of the fresh biosorbent and their corresponding
shift of peaks after biosorption are tabulated in Table 3. In
the fresh biosorbent, a peak of 1,037 cm™ corresponds to
C-OH stretching vibration and the band for 3,395 cm™ relates
to the identification of OH and N-H stretch. Further, free
hydroxyl group is assured by the presence of a sharp peak
at 3,700 cm™. Also, a band around 1,424 cm™ attributes to the
aromatic C=C group confirming the occurrence of flavonoids
and glycosides in the fresh biosorbent. Further, the pres-
ence of C=O group in amide is evidenced by the peak seen
around 1,646 cm™. Based on the results obtained from the
FTIR spectra of adsorbate loaded fresh biosorbent as shown
in Fig. 4, the hydrogen bonded hydroxyl band and NH band
(3,395-3,417 cm™) exhibited significant shift in the band
position; whereas the free hydroxyl group in the IR spectra
showed only mild changes after the adsorption of Ni(II) ions
in the fresh biosorbent. On the other hand, the results of the
FTIR study of CTLC biosorbent (Table 4) indicate that no
major functional groups were lost after sulfuric acid treat-
ment as shown in Fig. 5. It is a well-known fact that sulfu-
ric acid is a strong dehydrating agent and the biosorbent on
acid treatment will have strong influence on hydroxyl group
and amide group. This is shown by the major shift in band
frequency (3,395-3,437 cm™). Furthermore, the emergence
of new peaks around 1,160 and 1,030 cm™ attributes to the
sulfonate groups resulted from the sulfuric acid treatment.
Also, the vibrational frequency of CTLC biosorbent before

3

Date :8 Mar 2016
Time :11:32:33

2pm EHT = 5.00 kv
WD = 5.8 mm

Signal A = InLens
Mag= 10.00 KX

ignal A = InLens
Mag= 5.00 KX

Date :3 Mar 2016
Time :13:32:28

2pm EHT = 5.00 kV

and after biosorption is compared and remarkable changes
were observed in the adsorbate loaded CTLC biosorbent
as shown in Fig. 6. The involvement of hydroxyl groups
(3,437-3,419 cm™) and carbonyl groups (1,641-1,629 cm™)
in the removal of metal ions is clearly shown by the shift-
ing of band frequencies to lower wave numbers as shown in
Table 4. In addition, the contribution of the free OH group
in the removal of metal ions is also revealed by the disap-
pearance of the peak around 3,741 cm™. Major shifts were
also found in the CH stretching vibration (1,458-1,391 cm™)
suggesting the influence of all the dominant functional
groups. Additionally, the peak for aromatic C=C group
(1,545-1,535 cm™) exhibited significant shift contributing to
the biosorption of Ni(II) ions.

Table 2
Brunauer, Emmett and Teller (BET) analysis for fresh and CTLC
biosorbent

Type of Surface area  Pore width Maximum

biosorbent (m?/g) A) pore volume
(em?/g)

Fresh 0.0850 1,874.258 0.001063

biosorbent

Acid treated 0.1829 4,769.257 0.011452

biosorbent

Signal A = InLens
Mag = 10.00 KX

Date :8 Mar 2016

WD = 65mm Time :11:51:22

Date :3 Mar 2016
Time :12:20:49

ala A
EHT =10.00 kV
WD = 49 mm

Signal A = InLens
Mag= 5.00KX

Fig. 2. SEM pictures of (a) fresh biosorbent, (b) adsorbate loaded fresh biosorbent, (c) CTLC biosorbent and (d) adsorbate loaded

CTLC biosorbent.
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Fig. 3. FTIR spectra of fresh biosorbent.

Table 3
FTIR band position for fresh biosorbent on biosorption
Band Shifted band Major functional groups
position (cm)  position (cm)
3,395.46 3,417.81 OH group and N-H stretch
2,925.01 Not shifted =C-H stretch
2,857.12 2,858.57 =C-H stretch
1,646.09 1,645.53 C=0 stretch/N-H bending
1,459.80 1,460.20 C-H vibration
1,424.67 1,423.90 C=C in aromatic
compounds
1,263.79 1,263.13 Stretching vibration of
C-OH
1,037.53 1,039.68 Stretching vibration of
C-OH

3.2. Batch mode experiments

The Ni(II) removal efficiency from the aqueous solu-
tion was examined for concentrations starting from 25 to
200 mg/L. The optimum pH, biosorbent dosage and contact
time at which the experiments were carried out is based
on the results of the batch experiments (figure not shown).
The fresh biosorbent yielded a removal efficiency of 72% for
25 mg/L nickel solution at an optimal dose of 0.8 g and a pH
of 5 with 70 min contact time. On the other hand, a maximum
removal of 97% is observed for the acid treated biosorbent
under the same conditions. Hence, further investigations

on isotherm, thermodynamic and kinetic studies were con-
ducted for CTLC biosorbent.

3.3. Isotherm studies
3.3.1. Langmuir adsorption model

This isotherm earlier used for activated carbon adsorp-
tion especially for gas—solid systems, now finds its applica-
tion extensively in the field of biosorption [21]. According
to this isotherm model, it is assumed that biosorption could
occur only at definite active sites which are identical. In other
words, it emphasizes on monolayer adsorption without
involving any kind of interaction even between their lateral

surfaces [22]. The equation for Langmuir isotherm model is
as follows [21]:

T am
Wavenumbers (em-1)

Fig. 4. FTIR spectra of Ni(II) ions loaded fresh biosorbent.

Table 4

FTIR band position for CTLC biosorbent on biosorption

Band Shifted band ~ Major functional groups
position (cm) position (cm)
3,437.39 3,419.31 OH group and N-H stretch
2,924.21 2,924.09 =C-H stretch
2,855.48 2,855.45 =C-H stretch
1,641.24 1,629.02 C=0 stretch/N-H bending
1,545.59 1,535.0 C=C in aromatic compounds
1,458.67 1,391.53 C-H vibration
1,160.78 1,100.00 S=0 stretch
1,030.81 1,027.64 Stretching vibration of
C-OH/S=0 stretch
o, ™
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The above equation defines g _(mg/g) as the maximum
adsorption capacity and C, (mg/L) as the equilibrium concen-
tration of Ni(II) ions.

A dimensionless constant (R,) called as separation factor
is defined by the following equation [23]:

1
R =
LT 14bC, ®)

This constant helps in determining the viability of bio-
sorption where b (L/mg) refers to the Langmuir constant and
C, denotes the initial Ni(II) ion concentration. According to
the values exhibited in Table 5 the removal of Ni(Il) ions on
using CTLC biosorbent showcases a favorable trend. This is
based on the fact that when R, value falls between 0 and 1 the
isotherm is said to be favorable. If separation factor (R,) value
greater than 1 is obtained, then the biosorption is said to be
unfavorable and when equal to zero, the isotherm becomes
irreversible. Linear isotherm is further possible when R,
value equals to 1 [24].

The slope and intercept of the plot (1/q, vs. 1/C) in Fig. 7
obtain the value for maximum adsorption capacity and the
Langmuir constant. A better fit with a higher coefficient of
determination value of 0.99 was exhibited for the Langmuir
plot as shown in Fig. 7. It shows the possibility of monolayer
adsorption of adsorbate molecules onto the surfaces of the
biosorbent. Often, monolayer adsorption is associated with
chemisorption and hence the likelihood of chemical adsorp-
tion is predominant on the removal of Ni(I) ions. A lower
Langmuir constant generally shows greater credibility in the
removal of metal ions through adsorption. In this context, a
lower value of 0.109 L/mg (Table 6) confirms the selectivity
of CTLC in removing Ni(Il) ions from aqueous solution. The
calculated metal uptake capacity also conforms to the exper-
imented values as shown in Table 6, representing the better
applicability of this model in the studied biosorption process.

Table 5
Calculated Langmuir separation factor (R,) for the biosorption of
Ni(II) using CTLC biosorbent

Initial concentration
of Ni(IT) (mg/L)

Separation factor (R,) derived
from Langmuir isotherm

25 0.0045

50 0.0028

100 0.0011

150 0.0007

200 0.0004
Table 6

3.3.2. Freundlich adsorption model

Contrary to the above model, this model supposes
multilayer adsorption, where biosorption occurs over hetero-
geneous surfaces [25]. According to this isotherm, the biosor-
bent will not attain any saturation phase with adsorbate ions,
whereas the surface coverage is infinite [26].

The linearized form of the Freundlich equation for
adsorption of liquids is described by the following equation:

logg, =(1/n)log C, +log K, @)

In this model, C, implies Ni(II) ion equilibrium concen-
tration (mg/L), g, refers to equilibrium adsorption capacity
(mg/g), K, represents Freundlich constant relating to adsorp-
tion capacity and 1/n refers to Freundlich constant corre-
sponding to adsorption intensity [27]. These constants K, and
1/n were calculated from the intercept and the slope corre-
spondingly from the plot of logg, vs. logC, (Fig. 8).

Based on the plot logg, vs. logC, the obtained coefficient
of determination value of 0.91 suggests the likelihood of het-
erogeneous adsorption. However, the experimental uptake
capacity did not exactly match with the calculated metal
uptake capacity values as shown in Table 6. The mechanism
of adsorption could be chemical adsorption if a value of n™
less than 1 is obtained. This is supported from Table 6 which
shows a value of 0.319 suggesting chemisorption. Altogether,
based on the results obtained, this model can also be sug-
gested as a reasonable model for the study of Ni(Il) ions
using the selected biosorbent. The applicability of this model
also shows that the mechanism of adsorption in the present
study is not restricted to monolayer adsorption.

3.3.3. Dubinin—Radushkevich model

This empirical model is usually appreciable to under-
stand the mechanism of adsorption approaching Gaussian
energy distribution over heterogeneous surfaces [28,29].
Contrary to the other two models investigated, this model is
completely temperature dependent, which is one of its dis-
tinctive features [24]. Moreover, this isotherm is exclusively
used to distinguish the physical and chemical adsorption.
The model is expressed as shown below in the equation:

9. =9u,p exp(_KDR &’ ) @)

The value for ¢ is calculated using the following equation:

1
- 6
€ RTln[h— z } (6)

e

Significant parameters of various isotherm studies for the biosorption of Ni(II) onto CTLC biosorbent

Langmuir model

Freundlich model

Dubinin-Radushkevich model

Calculated parameters . =529 mg/g
b=0.109 L/mg

Coefficient of determination R?=0.99

K=1.10 (mg" "/ L/g) Qpp = 4.69 mg/g
n=23.130 and n' = 0.319 E =316 kJ/mol
R?=0.91 R?=0.96
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The mean biosorption energy of biosorption (E) can be
arrived using the equation:

E=1/V 2K, @)

Maximum adsorption capacity is represented as
q,,» (mg/g), Polanyi potential is denoted as & (J/mol), C,
refers to Ni(Il) ion equilibrium concentration (mg/L), R and
T are related to gas constant (8.314 J/mol/K) and absolute
temperature (K), respectively. In addition, E, the mean bio-
sorption energy of biosorption (J/mol) is calculated using
K,x Dubinin-Radushkevich constant (mol*/J?). It is estab-
lished that the mean biosorption energy value between 8 and
16 kJ/mol is justified for ion exchange process, a value lesser
than 8 kJ/mol corresponds to physical adsorption and a value
greater than 16 kJ/mol indicates particle diffusion [30,31].

The plot between Ing, and ¢ is as shown in Fig. 9. A R*
value of 0.96 represents a reasonable fit to the experimental
data. Moreover, the experimental maximum uptake capacity
value exhibits a good match with the theoretical value of this
model as shown in Table 6. A mean biosorption energy of
316 kJ/mol (>16 kJ/mol) suggests the likelihood of particle
diffusion.

3.4. Biosorption kinetics

The kinetics of the biosorption process was studied using
pseudo-first-order, pseudo-second-order kinetic models and
intra-particle diffusion model. Biosorption mechanism is

0.9
0.8 y=1.719x+0.188
07 R2=0.99

0.6

0.5

1/qe

0.4
03
0.2

0.1

o]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

1/Ce

Fig. 7. Langmuir plot for the adsorption of Ni(II) ions.

0.8
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* ** R?=0.915
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2
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0
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Fig. 8. Freundlich plot for the adsorption of Ni(II) ions.

completely based on the physical and chemical properties
of biosorbent and mass transfer from the bulk fluid phase
[32,33]. Pseudo—first-order and pseudo-second-order models
help in the understanding of this biosorption mechanism.
In addition, it also compares the experimental adsorption
capacity with the adsorption capacity obtained from the
kinetic model. Furthermore, intra-particle diffusion model
is also investigated to explore the boundary layer and the
intra-particle diffusion effect.

3.4.1. The pseudo-first-order and pseudo-second-order kinetic
models

The linear form of pseudo-first-order kinetic model is
given in the equation [34]:

k
it (8)

log(g,~q, ) =logq,~ 1~

The rate constants k, (min™) and equilibrium adsorption
capacity q, (mg/g) are calculated from the slope and intercept
of the plot log(g, — q,) vs. t (Fig. 10). In the above equation, g,
represents the amount of Ni(Il) ions adsorbed after time t,
expressed in mg/g. This model assumes that the rate of occu-
pied adsorbed sites is proportional to the number of unoccu-
pied sites [35].

Pseudo-second-order model assumes that the rate con-
trolling mechanism is surface-based chemical adsorption
involving chemical and physical interactions between the
adsorbent and adsorbate [36,37].

The kinetic equation for pseudo-second-order kinetic
model is as follows [27]:

d
“r=k(s.~q)’ ©)

Integrating Eq. (9) and on applying boundary conditions,
gives Eq. (10):

1 1
(j:+kt (10)
qe _qt qe

y =-5E-Obx + 1.5462
R?=0.9561

0 50000 100000

€2

150000 200000

Fig. 9. Dubinin—Radushkevich model for the adsorption of Ni(II)
ions.
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Eq. (10) may be rearranged to obtain a linear form
Eq. (11):

(11)

It should be noted that g, k and / were determined from
the slope and the intercept of the plot t/g, vs. t, respectively
(Fig. 11). The rate constant is defined as k (g/mg/min) and &
equal to kg >(mg/g/min) is considered as the initial adsorption
rate as time (f) tends to zero.

In many cases, the adsorption studies usually develop
a rapid initial phase due to availability of more active sites
which is later followed by a slower phase due to saturation of
adsorption sites [38]. Likewise, in the present study, the per-
centage removal of metal ions in the initial phase was rapid
for the first 30 min. It later leads to a slower phase which
shows up to 70 min, followed by a saturation phase (figure not
shown). However, some systems in particular may consume
invariably much longer time to reach equilibrium [39].

These models were investigated to identify the biosorp-
tion kinetics and the mechanism. Out of the two models
studied, pseudo-second-order model produces a best fit
with a higher R? value of 0.99. In addition, the experimental
adsorption capacity and the uptake capacity calculated from
the pseudo-second-order model seem to be almost equal
(Table 7). Nevertheless, the calculated adsorption capacity of
pseudo-first-order model is not far-off from the experimental
values. As the rate of reaction follows pseudo-second-order
model, the possibility for chemical adsorption to occur is
more prevalent. This involves sharing or exchanging of
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Fig. 10. Pseudo-first-order model for the adsorption of Ni(II)
ions.

Table 7
Significant values calculated through various kinetic models

electrons between CTLC and Ni(Il) ions. Furthermore, this
represents the contribution of both CTLC dosage and initial
Ni(II) ion concentration in influencing the removal of these
selected metal ions from aqueous solution.

3.4.2. Intra-particle diffusion model

The equation for intra-particle diffusion model is
explained by Weber and Morris [40]. This model supposes
that if the rate-limiting step is intra-particle diffusion, a plot
of 12 vs. g, should obtain a straight line that passes through
the origin [41]:

q, :kipd t % +C, (12)

Intra-particle diffusion rate constant (mg/g min'?) is
expressed as k,_,, and C,is the intercept at stage i referring to
boundary resistance. It emphasizes that both film diffusion
and diffusion within the biosorbent govern the intra-particle
diffusion mechanism [42].

The applicability of intra-particle diffusion model is stud-
ied to understand the internal and external diffusion mech-
anism of Ni(Il) ions onto the CTLC biosorbent. This model
obtained the highest R? value next to the pseudo-second-order
model (Table 7). Based on the plot shown in Fig. 12 different
zones were observed attributing to different mechanisms.
Initially a curved pattern is observed followed by a linear pat-
tern, which ultimately lead to a plateau. The curved pattern
could be due to boundary layer diffusion effect (physisorp-
tion, ion exchange, etc.) and linear pattern is because of the
intra-particle diffusion processes (diffusion through micro-
pores and macropores of the biosorbent). The diffusion of
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Fig. 11. Pseudo-second-order model for the adsorption of Ni(II)
ions.

Significant values at a temperature of 303 K for initial Ni(II) concentration of 25 mg/L

Pseudo-first-order model Pseudo-second-order model Intra-particle diffusion model Experimental
R? k (min) g, (cal) (mg/g) R? k, (g/mg/min) q, (cal.) (mg/g) R? kip 4 (mg/g/min'?) C (mg/g) q, (exp.) (mg/g)
0.87  0.029 2.34 0.99 0.1190 1.45 0.96  0.0439 0.96 1.30
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metal ions onto the pores is also evident from the SEM micro-
graph as shown in Fig. 2(d). Further, the results of Dubinin-
Radushkevich model discussed above also strengthen the
possibility of particle diffusion. However, it is evident from
Fig. 12 that the intra-particle diffusion mechanism is not the
sole process in the removal of Ni(Il) ions, as the curve is not
completely linear and does not pass through origin.

3.5. Thermodynamic studies

Based on the experimental investigations, thermody-
namic parameters such as changes in enthalpy (AH®), entropy
(AS°), and change in Gibbs free energy (AG°) were calculated.
All these factors help to determine the spontaneity of the pro-
cess and explore whether the adsorption system releases or
absorbs heat [43]. These significant thermodynamic param-
eters were calculated based on the plot (InK. vs. 1/T) as in
Fig. 13, and using the following equation:

AG’=-RTInK. (13)
_ 0 o

InK_ = QIT{ Azi (14)

K. :%ﬂ (15)

In the above equations, K. represents the distribution
coefficient, R relates to the gas constant (8.314 J/mol/K), T
refers to the absolute temperature (K), C,_ is the concentra-
tion of Ni(II) ions on the adsorbent at equilibrium (mg/L) and
C,is the concentration of Ni(II) ions in the liquid solution at
equilibrium (mg/L). The activation energy (E ) is the mini-
mal energy required for the interaction of adsorbate with
the adsorbent. This is also considered as one of the signif-
icant factors in thermodynamic studies [44]. Moreover, the
magnitude of E_helps in determining the type of adsorption.
The activation energy will be determined according to the
Arrhenius equation as follows:
InK.=InA - E /RT (16)

A is called the frequency factor and E refers to the acti-
vation energy (kJ/mol). It is found that the increase in tem-
perature shows a decreasing trend in the adsorption of Ni(II)
ions revealing the exothermic nature of biosorption. This
phenomenon is also supported by a negative enthalpy value
(AH®). Similar trend is seen in the adsorption study of Ni(II)
ions using acid treated algal biomass [45]. This could be
because of the weakening of adsorptive force between adsor-
bent and adsorbate and may also be due to the destruction
of active adsorption sites at elevated temperatures [46-48]. It
should also be noted that as adsorption proceeds effectively
at lower temperatures, a very low value of activation energy
is obtained. Moreover, the magnitude of activation energy
(Table 8) suggests the possibility of film diffusion mecha-
nism in the biosorption process studied [49]. Furthermore,

1.6

y =0.0439x+0.9589

1.4
R?=0.9613
1.2

0 2 4 6 8 10 12
t 0.5 (min)

Fig. 12. Intra-particle diffusion model for the adsorption of Ni(II)
ions.
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Fig. 13. Thermodynamic plot for the biosorption of Ni(II) ions.

anegative AS°value shown in Table 8 indicates the decreased
disorderliness in the solid-liquid interface which may cause
adsorbate ions to escape from solid phase back to the lig-
uid phase at higher temperatures [44]. Furthermore, a pos-
itive value of AG®, implies that the biosorption process is
non-spontaneous in the studied temperature range (Table 8).
Related trend is also seen in the removal of cadmium ions
using sawdust [50]. Considering all the above facts, it could
be concluded that the biosorption of CTLC biosorbent on
Ni(II) ions is not possible at higher temperatures but lower
temperatures favor better adsorption.

3.6. Biosorption mechanism

The presence of alkali and alkaline earth metals, such
as potassium, sodium, calcium and magnesium, was con-
firmed based on the results of the EDX analysis of the fresh
biosorbent. However, the images of these peaks completely
disappeared in the metal loaded fresh biosorbent. This is an
indication for ion exchange of the light metals with the cat-
ionic Ni(Il) ions. But the EDX images of the CTLC biosorbent
varied significantly compared with the fresh biosorbent and
hence the mechanism varied invariably. Though acid treat-
ment resulted in enlarged pores, it also damaged most of the
inorganic matter and hence no peaks pertaining to light min-
erals were seen in the EDX image of the CTLC biosorbent
except for calcium. These findings were also in accordance
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with the earlier study [59]. In view of that, the possibility of
ion exchange with the light metals is ruled out in the bio-
sorption mechanism of CTLC biosorbent. However, numer-
ous ligands due to hydroxyl group generate negative sites in
the biosorbent at a higher pH of 5 attracting the positively
charged Ni(Il) ions onto the biosorbent surface, resulting
in improved adsorption. This was evidenced by the shift in
the hydroxyl group of the FTIR spectra. This electrostatic
attraction suggests the possibility of physical adsorption in
the CTLC biosorbent. The results of intra-particle diffusion
model which claims for the diffusion of metal ions into the
pores of the adsorbent also suggests the likelihood of phys-
ical adsorption. This is further supported by the mean bio-
sorption energy obtained from the Dubinin model favoring
particle diffusion. These pores of the biosorbent were firmly
established by SEM images and BET analysis. It shows that
the size of these pores was large enough to allow the diffu-
sion of Ni(II) ions into the pores.

Additionally, the presence of H' ions in the sulfonic acid
group on the surface of the biosorbent was revealed from the
results of the FTIR. Hence, it is confirmed that sulfuric acid
treatment increases the cation exchange capacity of the bio-
sorbent, leading to the ion exchange of Ni*" with the acidic
groups present on the surfaces. Similar tendency is further
explained in the biosorption of Ni(II) ions using wheat straw
[60]. Later, on saturation of these sites, the metal ions may
diffuse into the pores of the biosorbent as mentioned earlier.
On the other hand, the hydroxyl group of the biosorbent con-
taining lone pair of electrons in the oxygen atom may also
coordinate with positively charged Ni(Il) ions leading to
the formation of nickel complexes (O-Ni) on the surfaces of
CTLC biosorbent. The presence of hydroxyl group in the bio-
sorbent was already confirmed by the results of FTIR study:.
These findings put forth the possibility of chemical adsorp-
tion. This is supported by the results of pseudo-second-order
model and Langmuir isotherm studies with a very high
R? value of 0.99. On the whole, it could be concluded that
the biosorption of CTLC biosorbent is extremely complex,
involving both physical and chemical adsorption. However,
satisfied results were obtained in desorption studies on using
acid-based desorbing agent explaining the predominance of
physical adsorption.

In addition, the maximum monolayer adsorption capac-
ities of some of the other studied biosorbents are shown in
Table 9. Some biosorbents reported highest adsorption capac-
ities than the currently used adsorbent. However, the desorp-
tion results of the present study using 0.3 N HCI were highly
efficient than most of the other biosorbents. Moreover, our
study also differs in the aspect that, more investigations were
carried out on the basis of exploring the biosorption mecha-
nism behind the removal of Ni(II) ions.

3.7. Biosorbent regeneration/desorption studies

Biosorption—desorption experimentations were con-
ducted on metal loaded CTLC using HCl as an eluent. The
desorption efficiency elevated on increasing HCl concentra-
tion from 0.1 to 0.3 N and a maximum removal efficiency
of 91% was observed. This increase in HCl concentration
accelerates the buildup of H'ions and promotes concentra-
tion gradient of Ni(II) and H*ions favoring ion exchange for

Table 8
Thermodynamic parameters calculated for 25 mg/L Ni(I) ion
concentration

Temperature  AG° AS° AH® E,
(K) (kJ/mol)  (kJ/mol/K) (kJ/mol)  (kJ/mol)
303 1.96 -0.060 -16.31 -1.96
313 2.49
323 2.99
333 3.83

Table 9

Maximum adsorption capacities of the selected biosorbents for
the adsorption of Ni(II) ions

Biosorbent 9. (Mg/g)  References
Maple sawdust 0.294 [51]
Phosphate treated sawdust 0.70 [52]
Sugarcane bagasse 2.23 [53]
Expanded perlite 2.24 [54]
Oak tree sawdust 3.37 [55]
Acid treated Lantana camara fruit 5.29 Our study
Rice husk 5.52 [14]
Groundnut shells 7.49 [56]
Cassava peel 57.07 [57]
Modified corn silk 76.92 [58]

desorption process [61]. The results of desorption are encour-
aging and it emphasizes the need to extend the batch scale
setup to industrial studies for real-time applications.

4. Conclusions

The plant L. camara, widespread in and around India, is
a harmful weed, possessing serious threat to the ecosystem.
Hence, the biomass derived from such kind of plant material
was chosen for the present study. The biomass was treated
with sulfuric acid to improve the cation-exchange and adsorp-
tion capacity. Batch level experiments were done to investigate
on the kinetic and equilibrium parameters. In addition to that,
the mechanisms involved in the biosorption of metal ions were
also investigated by exploring several characterization tech-
niques like SEM, EDX and FTIR. Elemental analysis was also
performed to reaffirm some of the results of the FTIR study
and to understand the elemental composition. The major func-
tional groups of the biosorbent were found to be glycosides,
flavonoids and carbohydrates. The results of the FTIR study
showed the involvement of almost all of these groups in the
biosorption process. Batch scale studies show the equilibrium
contact time to be 70 min at an optimum pH of 5 and a maxi-
mum removal efficiency of 97%. The influence of temperature
has a great deal to do with the adsorption of Ni(II) ions exhibit-
ing decreased efficiency at higher temperatures. Furthermore,
the non-spontaneous and exothermic nature of the biosorp-
tion process is revealed by the results of the thermodynamic
studies. The adsorption of Ni(II) ions fitted better to Langmuir
model compared with the Freundlich adsorption model.
Furthermore, the results of Dubinin—-Radushkevich model also
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obtained higher value of coefficient of determination. The most
appropriate kinetic model is found to be pseudo-second-order
model in comparison with the pseudo-first-order model based
on the higher R? value. In addition to the physical adsorption
the results also favor chemical adsorption in the removal of
Ni(II) ions. Also, the results of intra-particle diffusion model
confirm the possibility of both film and internal diffusion of
Ni(Il) ions. In addition, desorption on using HCl was also
highly encouraging. Hence, further studies will be conducted
on scaling up of batch studies to continuous column study for
industrial wastewater applications.
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