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Abstract

The objective of this study is to investigate the removal of divalent cadmium ions from an aqueous solution using Lantana camara
leaves biocarbon (LCBC). Batch experiments are conducted to test the effects of various parameters such as pH, initial metal ion
concentration, amount of biocarbon, and contact time on the cadmium removal process at room temperature, which allows estab-
lishing as the optimum conditions a pH value of 4.0 and 2.5¢/100 mL of biocarbon dose at the equilibrium time of 180 min. The
maximum percentage removal of cadmium is 93.30%. Langmuir and Freundlich adsorption isotherms are used to verify the ad-
sorption parameters, and the experimental data is well fitted to the Langmuir model. Analysis of the biosorption kinetics shows
that the pseudo-second-order model is well fitted for Cd (11) ions removal. The correlation coefficient (r?) for the second-order
model is 0.9848. The results reveal LCBC as an efficient, low cost, and harmless to environment adsorbent for the removal of Cd

(1) ions in the biosorption process.
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1. Introduction

Excessive release of heavy metals into the envi-
ronment as a result of industrialization and urbaniza-
tion has posed a great problem worldwide. Heavy met-
als account for a number of disorders in plants and an-
imals; therefore, their removal from aqueous media is
an important and challenging task [1, 2]. The major
problem in heavy metal pollution is that these metals
are nonbiodegradable and, accordingly, accumulate in
the bodies of living organisms causing dangerous dis-
eases and serious cell disorder. Consequently, efficient
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and effective methods are needed for the removal of
heavy metal pollutants, especially from chemical in-
dustries. Moreover, essential elements for life support
become toxic for all organisms if present in high con-
centration. Thus, mercury, cadmium, arsenic, and lead
are responsible for poisoning and death of many living
organisms on earth. Heavy metals such as cadmium,
zinc, lead, chromium, nickel, copper, vanadium, plati-
num, silver, and titanium are generated in electroplat-
ing, electrolysis, conversion coating, anodizing-
cleaning, milling, and etching industries.

Cadmium is a toxic metal regularly found in ores
together with zinc, copper, and lead. VVolcanic activity
is one of the natural reasons for the temporary in-
crease in environmental cadmium concentration. It
has been reported that one cigarette contains about
1-2 pg of cadmium, and about 10 % of the cadmium
content is inhaled when the cigarette is smoked [3].
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Cadmium forms different compounds that are used in
industry for electroplating, pigments, plastic stabi-
lizers, Ni-Cd rechargeable batteries, semiconductors,
and solar cells [4]. All of these industrial processes
produce a large quantity of wastewater, residues, and
sludge that can be categorized as hazardous wastes
requiring extensive waste treatment [5]. According to
USEPA guideline, the maximum contaminated level
of cadmium in drinking water is 0.01 mg/L [6].

Due to its toxicity, metal-contaminated
wastewater needs to be treated prior to its discharge
to the environment. Removal of heavy metals from
industrial wastewater can be accomplished through
various treatment processes such as chemical precip-
itation, coagulation, complexation, activated carbon
adsorption, ion exchange, solvent extraction, foam
flotation, electrodeposition, cementation, and mem-
brane operations. However, conventional methods
for the removal of heavy metals from wastewater are
often cost prohibitive. Hence, there is a need for
cheap methods for effluent treatment. Biosorption is
a physicochemical process that includes mechanisms
such as absorption, adsorption, ion exchange, sur-
face complexation, and precipitation. It has long
been considered an ideal technology for pollutant
removal from solution and/or pollutant recovery be-
cause of its efficiency and simplicity. The main ad-
vantage of biosorption is that it is a cheap and eco-
friendly process with good metal recovery results.

In this context, the use of biomass directly and/or in
the form of activated carbon prepared from materials
of biological origin for the removal of metal ions from
industrial wastewater has attracted the attention of
many researchers. These biomass sources include low-
cost agricultural waste byproducts such as sugarcane
bagasse [7—11], rice husk [12-15], sawdust [16-18],
coconut husk [19], and neem bark [20], and their ap-
plications in the removal of heavy metals from
wastewater have been investigated by various re-
search groups. Biocarbon has recently emerged as a
new adsorbent material produced mainly from plant
leaves. In the present research work, a low-cost bio-
carbon is produced from Lantana camara plant leaves,
and its applicability to the removal of cadmium from
synthetic wastewater is evaluated.

2. Materials and methods
2.1. Preparation of metal ion solutions

A stock solution of Cd (1) ions of 1000 mg/L
concentration was prepared by dissolving 2.744 g of
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pure analytical grade Cd(NO3),4H,0 in 1L of de-
ionized water. This stock solution was used to pre-
pare a series of diluted solutions. The pH of the solu-
tions was adjusted in the range of 3-8 by adding
0.1 N HCI and 0.1N NaOH. The pH value of the re-
sulting solutions was measured on a Hanna pH me-
ter (H198107P). The concentration of Cd (I1) ions in
aqueous solutions was determined using a Perki-
nElmer PinAAcle 900AA spectrometer with an air—
acetylene flame system using a calibration curve
prepared with standard metal ion solutions. All the
chemicals and reagents were analytical grade and
were purchased from the British Drug Houses
(BDH), Mumbai, India.

2.2. Preparation of biocarbon

Lantana camara leaves were collected and air-
dried for 48 h. The dried leaves were grounded in a
ball mill, and the screened homogeneous powder
was used for the preparation of biocarbon. Biocar-
bon was prepared by treating the powdered leaves
with analytical grade concentrated sulfuric acid
(density: 1.84 g/cm? at 20 °C, purity > 98 %) in a
biomaterial: acid weight ratio of 1:1.8. The resulting
black product was washed with double-distilled wa-
ter and kept in a hot air oven (Thermostatic RSTI-
101Series, Haryana, India) maintained at 150 £+ 2°C
for 6 h. The obtained biocarbon was pulverized in a
ball mill, and the particles sized between 90 and
125 pum were used for the sorption studies. The re-
sulting biocarbon (LCBC) was preserved and used
as an adsorbent.

2.3. Biosorption process

Batch experiments were carried out at various pH
(3-8), biocarbon dose (BCD) (1-3.5g), contact time
(CT) (30-210 min), and initial metal ion concentra-
tions (C,) (10-100 mg/L). For each batch experi-
ment, the solution volume (SV) of 50 mL Cd (1) ion
of 100 mg/L concentration was used. After setting
the pH, the desired amount of LCBC was added, and
the resulting mixture was agitated in an orbital shak-
er at 250 rpm and 28 + 2 °C until reaching the equi-
librium. After decantation and filtration through
Whatman 42 filter paper, the equilibrium concentra-
tion of metal ions in the solution was measured us-
ing an atomic absorption spectrometer (PerkinElmer
PinAAcle 900). Blank solutions without adsorbent
were treated similarly, and the recorded concentra-
tion at the end of each operation was taken as the
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initial one. Experiments were conducted in dupli-
cate, and mean values were used.

The percent removal of cadmium (1) ions from the
solution was calculated from the following equation (1):

jxlOO

and the amount of cadmium (Il) ion adsorbed per
gram of biocarbon was obtained using the general

equation (2):
qﬁ(c"cejxv

w
where C, and C, are the initial and equilibrium con-
centrations of cadmium (I1) ions in the solution
(mg/L), ge is the metal ion uptake (mg/g), V is the
volume of the solution (L), and w is the weight of
biocarbon (g).

C,- C, (1)

% Removal :[

0o

(2)

3. Results and discussion
3.1. Characteristics of the biocarbon
3.1.1. Scanning electron microscope (SEM) analysis

SEM analysis is an important tool used in the de-
termination of the surface morphology of adsor-
bents. Therefore, the surface morphology of the bio-
carbon prepared in this work was studied before and
after the removal of Cd (II) ions by SEM analysis
using a Hitachi SU6600 instrument (Singapore).
Figuresl and 2 show the SEM images of pure LCBC
and a sample of LCBC after Cd (Il) ion adsorption,
respectively. In Figure 1,the presence of microcrys-
talline structures is evident, as well as an irregular
distribution of microcrystalline phases and cavities
that can act as active sites for the interaction of Cd
ions on the biocarbon surface. As can be seen in
Figure 2, the morphology changes completely after
the adsorption process. The spongy white surface
indicates that the Cd (I1) ions are adsorbedon the bi-
ocarbon surface.

3.1.2. Fourier-transform infrared spectroscopy (FTIR)
analysis

FTIR spectroscopy is considered the most useful
technique for the identification of functional groups
present on the biocarbon surface [21]. The FTIR
spectra of the biocarbon before and after the removal
of Cd (I1) ions (Figures 3 and 4, respectively) were
recorded on a Bruker FTIR spectrometer (Alpha I1),
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USA, to determine the vibrational frequency changes
in the functional groups present in the adsorbent. As
can be extracted from the spectra, the biocarbon con-
tains different functional groups that may act as selec-
tive active sites for the coordination of metal ions.
Thus, the adsorption bands at 3417 cm™* for pure
LCBC and at 3416 cm “for Cd (l1)-adsorbed biocar-
bon are attributable to —OH groups. The strong band
at 2925 cm * can be assigned to aliphatic C—H groups
[22]. The adsorption bands at 1630 cm* for pure
LCBC and at 1711 cm™* for Cd (I1)-adsorbed biocar-
bon can be attributed to C=0 and C=C strong stretch-
ing vibrations. The peaks observed at 1114 and
1161 cm™* correspond to C-O groups present in
LCBC and the Cd (Il)-adsorbed biocarbon matrix. No
shift in wavelength was observed when comparing
the two spectra, which indicates that -OH,—~CH, and
C=0 groups participate in the adsorption of Cd (1)
ions. These are ionizable functional groups, and their
ionization leaves vacant sites that can be occupied by
metal ions. This ion-exchange process is most likely
the mechanism involved in the Cd (lI) ion removal
process. The IR spectra of pure biocarbon and Cd (I1)
adsorbed biocarbon are highly similar, which indi-
cates that LCBC could be used as a reusable adsor-
bent for heavy metal removal.

TS
15.0kV 5.4mm x7.01k SE
Fig. 2. SEM image of LCBC after Cd (II) ion removal
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Fig. 4. FTIR spectrum of Cd (II)-adsorbed LCBC

3.2. Influence of biosorption parameters

pH on the removal of Cd (Il) ions from synthetic
3.2.1. Effect of pH

wastewater was investigated by varying the pH of
metal ion solutions in the range of 3-8 (Figure 5). A
gradual enhancement of the adsorption of Cd (I1)
ions with the increase of pH from 3 to 4 can be ob-
served in the figure. The Cd (Il) ion removal effi-

The pH of aqueous solutions is one of the most im-
portant factors to be considered for the adsorption
process, since it eventually determines the surface

properties of the adsorbents in terms of ionization of
functional groups and surface charge. The effect of
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ciency increases from 60 % to 92.8 %. At low solu-
tion pH, a large quantity of hydronium ions (HsO")
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in solution is expected to compete with the Cd (Il)
ions for binding on the functional groups of the ad-
sorbent surface. Hence, there is a decrease in the ad-
sorption of metal ions. On the other hand, the ad-
sorption of metal ions increases with pH due to the
decrease in the concentration of hydronium ions
(H30"). The slight decrease in the removal of metal
ions at higher pH values is most likely due to the
formation of hydroxides of Cd (1) ions.

100
§9o
=80
=70
360
4550
=40
330
o
o
leO
0 T T T T T 1

3 4 6 8
pil Values

Fig. 5. Effect of pH value. C,= 100 mg/L, SV = 100 mL,
CT =180 min, BCD = 2.5 gat 2842 °C

3.2.2. Effect of contact time

The effect of contact time on the biosorption pro-
cess is a clear indicative of the adsorption efficiency,
and it also helps to determine the optimum conditions
for the removal of contaminants. To estimate the ad-
sorption capacity, it is important to allow sufficient
time for the experimental system to reach equilibri-
um. In this work, the effect of contact time on the re-
moval of Cd (ll) ions was studied for a period of
30-210 min. As can be seen from the results depicted
in Figure 6, the adsorption process steadily increases
up to 180 min and then becomes slower. The progres-
sive sorption in the initial stages of the process can be
attributed to extracellular binding, and the subsequent
slower sorption is likely due to intracellular binding
as the biocarbon surfaces becomes mostly covered by
metal ions. In fact, the metal ion uptake as a function
of time is a continuous process that eventually leads
to saturation, which has been attributed to the for-
mation of a monolayer of metal ions on the surface of
the adsorbent [23].

3.2.3. Effect of biocarbon dose

The effect of the biocarbon dose on the adsorp-
tion of Cd (Il) ions from synthetic wastewater onto
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LCBC was studied, and the results are shown in
Figure 7. As can be seen, the adsorption of Cd (II)
ions increases from 42.8 % to 93.5 % with increas-
ing the adsorbent dose from 1 to 2.5 g. This increase
of Cd (1) ions removal with the adsorbent dosage is
due to the increase in the number of adsorption sites
[24]. Further increase of the LCBC dose does not
lead to any significant change in the Cd (l1) ion ad-
sorption, which can be attributed to overlapping or
aggregation of adsorption sites resulting in a de-
crease of the total adsorbent surface area available to
metal ions and an increase in the diffusion path
length.

100
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% Removal of Cd (I1) ions

90 120 150 180 210
Contact time (min)

. 6. Effect of contact time. C,= 100 mg/L, SV =100 mL,
pH =4.0, BCD = 2.5 gat 28+2 °C
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Fig. 7. Effect of biocarbon dose. C,= 100 mg/L, SV =100 mL,

pH = 4.0, CT = 180 min at 28+2 °C.

3.5

3.2.4. Effect of initial metal ion concentration

The influence of initial metal ion concentration
on the removal of Cd (I1) ions was studied by vary-
ing the concentration from 10 to 100 mg/L. The re-
sults depicted in Fig. 8 show that the removal rate of
Cd (II) ions increases from 40.5 % to 93.30 %. The
increase in the equilibrium adsorption capacity of
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the adsorbent with the metal ion concentration could
be attributed to an increased rate of mass transfer
due to an increased concentration of driving force.
The extent of this increase is not proportional to the
initial metal ion concentration, which can be ex-
plained in terms of the surface area of the substrate
on which the competitive adsorption of metal ions

occurs [25, 26].
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Fig. 8. Effect of initial metal ion concentration. BCD = 2.5 g,
SV =100 mL, CT = 180 min, pH =4.0at 28 + 2°C

3.3. Adsorption isotherms

The adsorption isotherms correlate the adsorbate
concentration in the bulk and the adsorbed amount at
the interface [27]. To obtain the adsorption isotherms,
all adsorption sites are assumed to be equivalent, and
the ability of a particle to bind is considered inde-
pendent of the occupation or availability of adjacent
sites [28]. Langmuir and Freundlich isotherms are
commonly used in batch adsorption studies.

3.3.1. Langmuir model

The Langmuir adsorption isotherm describes quanti-
tatively the buildup of a layer of molecules on an
adsorbent surface as a function of the concentration
of the adsorbed material in the liquid with which it is
in contact. The Langmuir isotherm assumes that a
monomolecular layer is formed upon biosorption,
and no interaction is expected to occur between
molecules (i.e., metals) adsorbed on adjacent bind-
ing sites [29]. The sorption isotherms were evaluated
using the most used linearized Langmuir model,
which is represented by equation (3):

cC 1 ¢
=—+
qe qmax b qmax

€

, (3)
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where ge is the equilibrium metal ion concentration
on the biosorbent (mg/g), gmax is the maximum bio-
sorption capacity of biosorbent (mg/g), and Ce is the
equilibrium concentration of the metal ion in solu-
tion (mg/L). The data obtained from the biosorption
of heavy metals were analyzed using the Langmuir
isotherm. The plot of C, versus C¢/ge gives a straight
line, its slope equals to 1/gmax, and the intercept can
be expressed as 1/gmaxb, where b is the biosorption
coefficient (L/mg). The gmax and r* values of Cd (I1)
ions were calculated from the plot depicted in Fig-
ure 9, and the results are summarized in Table 1.

30

50 100 150

Ce

Fig. 9. Langmuir isotherm for the removal of cadmium (II)
ions

3.3.2. Freundlich model

The Freundlich biosorption isotherm model is an
empirical equation based on the biosorption on a
heterogeneous surface. The linear form of the
Freundlich biosorption isotherm can be defined by
equation (4) as follows:
Logq, = Log K, +%Iog C., 4)
where the constant K; is an approximate indicator of
the adsorption capacity, 1/n is a function of the
strength of adsorption in the adsorption process
[30, 31], and the constant n is an empirical parame-
ter that reflects the intensity of adsorption, which
varies with the degree of heterogeneity.

The constants n and K were calculated by plot-
ting log C, against log de, being the slope 1/n and the
intercept log K:. The results are illustrated in Fig-
ure 10. The values of n lying between 1 and 10 rep-
resent a favorable adsorption. The obtained value of
n is shown in Tablel, and it indicates that the bio-
sorption is a favorable process.

The Langmuir and Freundlich parameters for the
removal of Cd (Il) ions on biocarbon are given in
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Table 1. The correlation coefficient (r?) for the
Langmuir model is high, which suggests that the ad-
sorption of Cd (Il) ions onto this adsorbent is a
monolayer process, and the adsorption behavior is
homogeneous rather than heterogeneous.

“\

L

v=-0.2016x + 0.7245
R*=10.8636

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

log Ce
Fig.10. Freundlich isotherm for the removal of Cd (II) ions

Table 1. Langmuir and Freundlich parameters for the re-
moval of Cd (II) ions on biocarbon.

Langmuir parameters | Freundlich parameters
Metals Omax 2 Kq . 2
(mg/g) (mg/g)
Cd(ny | 3.831 1 5.297 4.759 | 0.8636

3.4. Biosorption kinetics

Several kinetic models have been described to in-
vestigate the reaction order in sorption systems.
However, over the past few years, the Lagergren
equation has been the most widely used for the ad-
sorption of an adsorbate from an aqueous solution
[32]. This model is based on the assumption that the
adsorption rate is directly proportional to the number
of free sites present in the sorbent surface [33].

The kinetics of the biosorption of Cd (Il) ions
was studied using the pseudo-first-order and pseudo-
second-order Lagergren equations. The general
pseudo-first-order equation (5) can be expressed as

follows:

Iog(qeq‘)=log(qe)—( ] (5)
where ¢e and g; are the amounts of metal ions ad-
sorbed onto the biocarbon (mg/g) at equilibrium and
at time t (min), respectively. By plotting log (ge—0)

versus time t, the first-order rate constant k; (1/min)
and the equilibrium capacity g, can be obtained from

ki
2.303

the slope and intercept, respectively. Meanwhile, the
linear form of the pseudo-second-order chemisorp-
tion kinetics rate can be expressed by equation (6):

t

(t) (L), (1),
Lg) kg2 \g)"

The constants can be determined by plotting t/q;
versus time t. The second-order rate constant k;
(9/mg/min) and the ge (mg/g) values can be calculat-
ed from the intercept and slope of the plot, respec-
tively.

All the kinetic data of the respective metal ions
were tested using the pseudo-first-order and pseudo-
second-order rate equations. In the case of the first-
order-rate equation, the data were poorly fitted, and
the Lagergren correlation coefficient (r*) value was
very low. This suggests that the removal of Cd (I1)
ions follows only Lagergren pseudo-second-order
kinetics. The results of the pseudo-second-order ki-
netics are shown in Figure 11.

The Lagergren parameters for the biosorption ki-
netics of Cd (1) ions are presented in Table 2. The
pseudo-second-order model is well fitted for Cd (I1)
ions removal, with a correlation coefficient (r?) for
the second-order model of 0.9848.

J{ (6)

70
60
50
40
30
20
10

0 &
0

t/qt

y = 0.2414x + 4.9836
R?=0.9848

50

10 250 300

0 Tim%:S(omin) 200
Fig. 11. Pseudo-second-order plot for the removal of Cd (II)
ions

Table 2. Biosorption Kinetics for the removal of Cd (II) ions
on biocarbon

Metal Second order

2

k, (9 mg 'min™") r

Cd(ll) 1.375%x10* 0.9848
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A comparative evaluation of the maximum re-
moval of cadmium (11) ions from wastewater by dif-
ferent biosorbents reported in the literature is given
in Table 3. As can be seen, the removal of Cd (II)
ions from synthetic wastewater using LCBC de-
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scribed in the present research shows very good re-
sults that parallel those of other adsorbents.

Table 3. Comparative evaluation of maximum removal of
Cd (II) ions from wastewater by different biosorbents

Adsorbents Maximum References
removal (%)

. . Sani Abdulrazak
African palm fruits 99.23 et al., 2017 [34]
Tridax procumbensbio- 98.00 Singanan M.
carbon ' 2011 [35]

. Mataka et al.,
Moringastenopetala 82.70 2010 [36]

. . Mataka et al.,
Moringaoleifera 70.70 2010 [36]
Lantana camara biocarbon 93.30 Present study

4. Conclusion

The potential use of biocarbon prepared from
Lantana camara leaves as an adsorbent for the re-
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