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ABSTRACT

In this study, papaya peel carbon (PPC) has been explored as a potential adsorbent for the removal
of Pb(Il), Cu(Ill) and Ni(Il) from their aqueous phases. Optimum adsorption conditions such
as contact time, pH, initial metal ion concentrations, adsorbent dosage and temperature were
determined. Optimum pH for the removal of Pb(II) and Ni(II) was found to be 6, while for Cu(II) it
was 5. Maximum monolayer adsorption capacity (g ) was found to be 40.98, 38.02 and 32.25 mg g™

m

for Pb(Il), Cu(Il) and Ni(Il) ions, respectively. To study the kinetic parameters and mechanism of
adsorption process, pseudo-first-order, pseudo-second-order, intraparticle diffusion and Elovich
kinetic models were elucidated. D-R adsorption isotherm model best described adsorption of Pb(II)
and Ni(Il) ions onto PPC, whereas Freundlich adsorption isotherm described adsorption of Cu(II).
To further predict the nature of adsorption, thermodynamic parameters such as AG®, AH® and AS°
were calculated and positive values of AH® indicated endothermic nature of the process. Thus over-
all results confirmed that PPC can be effectively used as an alternative and low-cost adsorbent for
the removal of heavy metal ions Pb(II), Cu(II) and Ni(II).
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1. Introduction

Water contamination by heavy metals is an important
issue in environmental remediation and separation science
due to their non-degradable nature. Due to biomagnifica-
tion they have the tendency to enter into the food chains,
causing severe health problems in human beings and ani-
mals [1,2]. Lead metal ions enter into water sources from
industries, such as metal plating, lead acid storage bat-
tery, pigments, painting, pesticides, smelting, galvanizing,
agriculture and mining. Lead can cause severe damage to
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kidney, brain, reproductive system and nervous system.
According to World Health Organization, permissible
limit of Pb(Il) in drinking water is only 0.01 mg L™ [3,4].
Copper plays an important role in the fundamental and
physiological process of organisms. Excessive intake of
Cu(Il) causes increased blood pressure and respiratory
rates, kidney and liver damage, imbalance in cellular pro-
cesses and damage to the central nervous system. The per-
missible limit of Cu(Il) in drinking water is 0.05 mg L [5].
Nickel in aqueous media poses threat to living beings owing
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to its acute carcinogenic and neurotoxic effects. According
to WHO guidelines, a permissible limit of Ni(I) in aque-
ous solution is only 0.02 mg L [6]. The permissible limits of
these metal ions clearly indicate that their eradication from
wastewaters is extremely important and suitable physico-
chemical methods should be adopted for this purpose.

Out of several available physicochemical methods,
chemical precipitation/coagulation, membrane technology,
electrolytic reduction, ion exchange and adsorption are
popular for the removal of heavy metal ions from wastewa-
ter [7,8]. The process of adsorption involves separation of an
adsorbate from one phase accompanied by its accumulation
or concentration at the surface of adsorbent. Adsorption
technique has been rapidly gaining importance as waste-
water treatment process to treat effluents. The adsorption
process has been found to be more advantageous for water
pollution control as it needs less investment in terms of both
initial cost and land. Second, the treatment equipments
are simple in design and easy to operate. The adsorption
process imparts no side effect or toxicity to the water and
this accounts for the superior removal of inorganic waste
constituents as compared with the conventional treatments.
The adsorption process provides an attractive alternative
treatment, especially if the adsorbent is inexpensive and
readily available. Adsorption process is capable of remov-
ing the pollutant in its ionic or molecular form without
breaking or converting into another product/by-product,
therefore it is considered environmentally safe [9]. It is an
established fact that the economics and efficacy of adsorp-
tion process depends upon quality of adsorbent. As far as
removal of heavy metal ions from wastewater is concerned
various adsorbent materials have been so far employed;
however the search for a cheaper, robust and efficient
adsorbent is still going on [10-19].

A low-cost adsorbent is the one that is abundant in
nature, a by-product or waste material from another indus-
try or agricultural products and needs very less process-
ing before use. Papaya (Carica papaya L.) is a herbaceous
plant commonly found in sub-humid tropical regions of
Asia, Africa, South America and Central America. India is
one of the countries where this plant is highly cultivated.
The plant bears edible and highly nutritional fruit, which
may be yellowish green, yellow or orange in colour when
ripe. Seeds are numerous, black at maturity and rich in oil,
lipids and proteins, which makes it crucial that seeds are
defatted before use as adsorbent [20]. It is mainly produced
for the juice and jams preparation or for consumption as
fresh fruit. Great amount of papaya waste (peels) is gener-
ated due to high annual consumption in the industrializa-
tion process [21]. The chemical composition of papaya peel
is crude fibre % (9.67), crude protein (6.89), fat % (0.33), Ca,
Na, K, P, Mg, V-A, V-C, riboflavin, thiamine, niacin, phe-
nol % (0.17), alkaloids % (0.39), flavonoids % (0.33), tannin
% (0.35) and saponin % (0.49) [22]. Peels are occasionally
used for animal feed and usually they are considered as
waste and disposed, producing phytopathogens that pose
risks to human health and cause ecological problems [23].
So far papaya peels are largely used as an ingredient in
commercial skin care products and home-based skin care.
However, in some recent studies powdered papaya peels
and their chemically synthesized products have been found

as potential adsorbent for the removal of various environ-
mentally hazardous pollutants [24-27].

Thus keeping the toxicity of metal ions and adsorption
ability of papaya peel in view, it was considered worth-
while to convert papaya peel into its carbon and use the
material as papaya peel carbon (PPC) for the removal of
Pb(II), Cu(Il) and Ni(Il) ions from the aqueous solutions. In
the present work, attempts have been made for the batch
and bulk removal of undertaken metals from their respec-
tive solutions and efficacy of the developed adsorbent has
been established.

2. Materials and methods
2.1. Materials

All the reagents used were of analytical (AR) grade.
Prior to use all glassware were nicely washed and cleaned.
Nitrate salts of metal ions [Pb(NO,), Ni(NO,),6H,O,
Cu(NO,),] were purchased from M/s Merck, India. Sodium
chloride (NaCl), sodium hydroxide (NaOH), hydrochloric
acid (HCI), potassium chloride (KCl), sulphuric acid (H,SO,)
and formic acid (HCOOH) were procured from M/s Sigma-
Aldrich, (India). Throughout the study, laboratory prepared
double distilled water was used. All readings were taken in
triplicate.

2.2. Adsorbent preparation

Papaya peels, collected from the local market, were
thoroughly washed with distilled water to remove par-
ticulate matter and were sun dried for 8 d. Dried papaya
peels were cut into pieces and finely ground. These were
once again washed with double distilled water to make the
adsorbent free from colour, odour and other impurities.
The material was further dried in oven at 60°C, crushed
into fine powder and stored. The fine powdered sample
was taken in silica crucible and kept in muffle furnace at
700°C for 30 min. The carbon so obtained was cooled in the
desiccators. It was then ground, sieved to 50 mesh size and
stored in desiccator till further use.

2.3. Characterization and instrumentation

Concentrations of Pb(Il), Cu(Il) and Ni(II) in the aque-
ous solutions were measured by atomic absorption spectros-
copy (AAS) (Model: GBC902, M/s GBC Scientific Equipment,
Australia). Surface morphology of PPC was examined
by scanning electron microscopy equipped with energy
dispersive X-ray spectroscopy (SEM/EDX, model-JSM,
6510 LV, M/s JEOL, Japan) at 1,500 magnification. Functional
groups present in PPC and Pb(II) loaded PPC were deter-
mined using Fourier transformed infrared spectroscopy
(Model: Nicolet iS50 FT-IR, M/s Thermo Fisher Scientific,
USA) in the range of 4,000-400 cm™ using KBr pellet tech-
nique. pH meter (Model Elico LI-120, M/s Elico, India)
was used to monitor pH of the solution.

2.4. Point of zero charge determination

To determine the surface charge of the PPC, point of zero
charge (pH_ ) was investigated. In 100 mL flasks 20 mL of

zpc
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Fig. 1. FTIR spectra of PPC (a) before adsorption and (b) after adsorption of Pb(II).
0.1 M KCI was taken and 0.2 g of the adsorbent was then C_-C
added to each solution. Totally 10 such flasks were taken ¢, = Im cxV (2

and initial pH of each solution was adjusted between 2 and
12 using HCl and NaOH. After 24 h, pH of each solution
was measured and difference in their pHs was recorded [28].

2.5. Batch adsorption studies

During batch adsorption studies, effects of various
experimental parameters such as contact time, pH of solu-
tion, concentration of metal ions, adsorbent dosage and
temperature on the adsorptive removal of adsorbate ions
were studied. In each batch experiment, 20 mL of metal ion
solution of 50 mg L concentration and 0.2 g of PPC was
taken in a closed 250 mL standard flask at a constant tem-
perature. Kinetic studies were carried out at different initial
metal ions concentrations using a fixed amount of PPC and
agitated for a predetermined period. Using 0.5 M NaOH
and 0.5 M HCI solutions pHs of working samples were
adjusted. After completion of adsorption process, solution
was filtered using Whatman filter paper 1.

The adsorption efficiency (%) of adsorbent and adsorbed
amount of metal ions at equilibrium, g, (mg g"), were
calculated using the following equations (Egs. (1) and
(2)), respectively:

o C=C

£ %100 1)

i

where C, and C, are the concentrations (mg L) of metal
ion at initial and equilibrium, respectively. V is the
volume (L) of the solution and m is the weight (g) of PPC.

2.6. Desorption and regeneration studies

In order to make the process more economical, feasi-
ble and commercially viable, desorption and regeneration
studies were also carried out. Desorption and regeneration
studies for Pb(II), Ni(II) and Cu(Il) were carried out by batch
adsorption mode using various desorbing agents such as
0.1 M of HCI, NaOH, CH,COOH, H,SO, and HNO, solution.

3. Results and discussions
3.1. Chemical characterization of PPC
3.1.1. Scanning electron microscopy

SEM photographs of PPC reveal a more prominent
porous and irregular texture surface morphology. After
adsorption, a comparatively smoother surface is obtained
which is due to filling of Pb(Il) in the porous PPC, indi-
cating thereby metal ion adherence onto the surface of
adsorbent material.
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3.1.2. Elemental analysis

To explain the behaviour of adsorbent during the
adsorption process, study of chemical composition becomes
very important. Table 1 presents the results of elemen-
tal analysis of PPC before and after Pb(II) adsorption.
These results clearly reflect significant contents of carbon
in the PPC due to high carbonization temperature. High
percentage of carbon (67.27%) present in the adsorbent
is responsible for greater amount of adsorption of heavy
metal ions from its aqueous solution. Presence of Pb(II) after
adsorption clearly confirms the successful adsorption of
Pb(II) over PPC.

3.1.3. FTIR analysis

Fig. 1 presents FTIR spectra of PPC (a) before adsorp-
tion of Pb(Il) and (b) after adsorption of Pb(Il). Peaks
obtained at 3,781.6 and 3,398.26 cm™ corresponding to the
—-OH group and or moisture and a peak in the spectrum at
3,398.26 cm™ shows the presence of intermolecular hydro-
gen bond with -OH group [29]. The absorption band at
3,781.6 cm™ reveals the presence of stretching vibration of
O-H on PPC, which diminishes after adsorption with Pb(II)
and is shifted to lower wave number 3,398.26 cm™. This
reflects the formation of hydrogen bond [30]. The peak at
3,398.26 cm™ is due to the presence of alcohols, chemisorbed
water and phenols that is present on both lignin and cellu-
lose in PPC. Peak at 3,398.26 cm™ is broad due to the com-
plex stretching vibrational modes bands of -OH group in
chemisorbed water and hydrogen bonding. The vibrational
mode in this area also corresponds to intra and intermolec-
ular hydrogen bonding [31]. Shift in the peak from 2,168.3
to 2,211.25 em™ is attributed to C-C stretching. Bands at
1,443.2 and 1,445.21 cm™ show C-H bending. The peak
at 1,169.23 cm™ corresponds to C-O asymmetric stretch-
ing [32], while the peak at 874.24 cm™ is associated with
carbonate group internal C-O vibrations [33].

3.2. Effect of initial concentration

The initial metal ion concentration plays a significant
role in the adsorption process. Effect of initial metal ion
concentration on the adsorption process was examined at
different dye concentrations, ranging from 20 to 100 mg L™
with a contact time of 180 min, pH 5 for Cu(II) and pH 6 for
Pb(II) and Ni(II) ions, at temperature 313 K and 0.5 g dosage

Table 1
Elemental analysis of PPC

Element Percentage before Percentage after
Pb(II) adsorption Pb(II) adsorption

Carbon 60.00 60.00

Oxygen 25.69 24.67
Phosphorus  3.03 3.03

Potassium 1.43 1.43

Calcium 8.80 8.80

Lead 1.02

of PPC. It was found that the adsorption on PPC surface
decreased from 99% to 90.64% for Pb(II), 99.36% to 89.06%
for Cu(Il) and 97.86% to 84.31% for Ni(Il), respectively, as
the initial concentration of metal ion in each solution was
increased from 20 to 100 mg L™ (Fig. 2). This is due to the
fact that at low initial concentration of metal ion, there is
large availability of adsorption sites on the PPC surface,
while with the increase in the concentration of metal ion
coverage area decreases [34].

3.3. Effect of contact time

The effect of contact time was studied in the range of
5-180 min at 30°C and initial concentration of each metal
ion was 50 mg L. The pH 6 solutions were taken for both
Pb(I) and Ni(Il) ions, while for Cu(Il) ions the pH was kept 5.
Evolution of the adsorbed amount of metal ions with the con-
tact time presented in Fig. 3 reflects that for all the three
metal ions, initially rate of adsorption was fast and slows
down with time to attain equilibrium in about 180 min. It
was observed that once the equilibrium was established no
significant adsorption of metal ions was observed. Fig. 3
shows the kinetic regions characterized by a high adsorp-
tion rate due to higher initial number of available sites of
PPC and the greater driving force for mass transfer. During
initial stage, metal ions easily occupy the adsorption sites,
while with progress of time, there is decrease in the num-
ber of free sites and the adsorption capacity is limited
due to the assembled non-adsorbed cations in solution [35].

3.4. Effect of pH

The adsorptive removal of heavy metal ions from their
aqueous solutions is highly dependent on the solution pH
[36]. The pH of the solution has a significant impact on the
uptake of heavy metal ions as it determines the degree of
ionization, speciation and surface charge of the adsorbent.
Influence of pH on adsorption of metal ions was evaluated
by experiments in the pH range of 2-7 for Pb(II), 2-8 for
Cu(Il) and 2-10 for Ni(II). These pH ranges were chosen
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Fig. 2. Effect of concentration of metal ions on the adsorption
over PPC.
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in order to avoid precipitation of metal ions in the form
of three metal hydroxides. Fig. 4 presents the effect of pH
on the adsorption of metal ions and the optimum pH for
Pb(II) and Ni(II) was found to be 6, while for Cu(Il) it was
5. This indicates that in each case the positive charge on
adsorbent surface leads to unfavourable cations adsorp-
tion at lower pH. At lower pH, hydrogen ions compete
strongly with metal ions for the active sites and so lower
adsorption is observed. At high pH, the surface of the
adsorbent has higher negative charge, which causes higher
cations attraction. It is also evident that at very high pH,
the precipitation of metal ions takes place, which makes
their separation through adsorption impossible [37].

The pH shows the ionic state of functional groups,
adsorbent surface properties (e.g. pHz) and aqueous metal
speciation, respectively. The point of zero charge (pHz) can
be described as the pH with which net total surface charge
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Fig. 3. Effect of contact time on the adsorption of metal ions
over PPC.
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Fig. 4. Effect of pH on the adsorption of metal ions over PPC.

is zero. Surface of the adsorbent is positively charged below
pHz, otherwise it is negatively charged. PPC shows a zero
surface charge for Pb(Il) at pH 6, for Cu(ll) at pH 4.8 and
for Ni(Il) at pH 5.9, respectively. Hence, to achieve high
adsorption of metal ions onto PPC without metal hydrox-
ide precipitation, pH of 6.0 for Pb(II) and Ni(Il) and pH of
5 for Cu(Il) were selected for the entire experimental work.

3.5. Effect of adsorbent dosage

Optimum adsorption capacities for Pb(Il), Cu(ll) and
Ni(Il) ions have been found as 9.718, 9.326, 8.647 mg/g,
respectively. The adsorption capacity (mg g™) of Pb(II),
Cu(l) and Ni(ll) at different dosages of PPC is shown
in Fig. 5 and it was found that the adsorption capacity
decreases with increase in adsorbent dosage. This may
be due to the fact that some adsorption sites may remain
unsaturated during the adsorption process whereas the
number of sites available for adsorption increases with
increasing adsorbent dosage, which results in the increase of
percentage removal and decrease in adsorption capacity [38].

3.6. Adsorption isotherms

Adsorption isotherm plays an important role in design-
ing adsorption systems and gives significant information
about the amount of adsorbent required for the removal
of metal ions from their aqueous solutions. According to
Langmuir model, uptake of metal ions occur on a homo-
geneous surface by monolayer adsorption without any
interaction between adsorbed ions and the adsorption
of each molecule onto the surface of adsorbent has equal
adsorption activation energy. The well-known linear form of
Langmuir isotherm equation [39] is given as

i1, 1 3)
9, 4. bq,C

e

where g, is the equilibrium capacity of metal ion on the
adsorbent (mg g™), C, is the equilibrium concentration of
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Fig. 5. Effect of dosage of PPC on the adsorption of metal ions.
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metal ion solution (mg L™), g, is the monolayer adsorption
capacity of the adsorbent (mg g™), and b is the Langmuir
constant (L mg g™). A plot of 1/, vs. 1/C, is shown in Fig. 6
and values obtained are given in Table 2.

Freundlich isotherm is applied for multilayer adsorp-
tion on heterogeneous adsorbents and it is assumed that
adsorption sites increase exponentially with respect to heat
of adsorption. The linear form of Freundlich equation [40] is
given as:

log g, =log Kf + (1]log C, 4)
n

where 1/n and K. (mg g)(L mg™)"" are Freundlich constants
related to adsorption intensity and adsorption capac-
ity, respectively. The plot of logg, vs. logC, at 30°C is pre-
sented in Fig. 7 and the values of correlation coefficient (R?)
and the constant are given in Table 2. The values of n and
R? predict the favourability and feasibility of adsorption
isotherm.

Temkin and Pyzhev isotherm [41] was studied to
analyse the adsorbent-adsorbate interaction and heat of
adsorption. The linear form of Temkin isotherm equation
is given as:

g, =B,InK, + B/ InC, 5)

where B, = RT/b, R is the universal gas constant (8.314 ]
K mol™), T is the absolute temperature in K, B, (J mol™) is
related to heat of adsorption and K, (L mg™) is the equi-
librium binding constant. A plot of g, vs. InC, is shown in
Fig. 8 and values of constant are given in Table 2.

Adsorption process was also verified by Dubinin-
Radushkevich (D-R) adsorption isotherm model [42]. This
model does not assume constant adsorption potential or
homogeneous surface and is described by the following
equations:

0.6
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Fig. 6. Langmuir adsorption isotherms for the adsorption of
metal ions over PPC.
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Fig. 7. Freundlich adsorption isotherms for the adsorption of
metal ions over PPC.

Table 2
Langmuir, Freundlich, Temkin and D-R constants for adsorption
of metal ions over PPC

Pb(II) Cu(Il) Ni(II)
Langmuir isotherm
q,(mgg™) 40.983 38.012 32.258
b (Lmg™) 7.959 1.052 13.467
R? 0.848 0.946 0.812
RMSE 0.043 0.042 0.044
X?(Chi square) 0.000 5.95E-05 0.000
Freundlich isotherm
K, (mgt™ L g™ 4.394 3.731 2.668
1/n 0.6322 0.5668 0.6124
R? 0.850 0.983 0.826
RMSE 0.028 0.023 0.027
X*(Chi square) 0.001 0.002 0.001
Temkin isotherm
K,(Lmg™) 4.539 4.634 2.242
B, (J mol™) 3.280 2.680 3.055
R? 0.966 0.917 0.934
RMSE 0.564 0.523 0.432
X*(Chi square) 0.054 0.089 0.076
D-R isotherm
q,(mggm) 9.685 6.501 8.922
B (mol?KJ?) 2x107 1x107 5x107
R? 0.969 0.743 0.965
RMSE 0.342 0.332 0.434
X*(Chi square) 0.022 0.012 0.011
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Ing, =Ing,, —Be? (6)

1

T ?

where ¢ is the Polanyi potential, which is equal to [RT In
1+ (1/C)], where T is the absolute temperature in Kelvin
and R (8.314 ] mol™ K™) is the gas constant, g, (mg g™') is the
theoretical saturation capacity and 8 (mol* K J?) is an iso-
therm constant related to parameter E (mean free energy)
per mole of adsorbate (k] mol™). A plot of In g, vs. & was
drawn (Fig. 9) and values of various constants are calcu-
lated, which are presented in Table 2.

The adsorption isotherm studies reveal that Pb(II)
and Ni(Ill) ions follow D-R isotherms, while adsorp-
tion of Cu(ll) ions is governed by Freundlich isotherm.
The Freundlich type adsorption isotherm demonstrates
surface heterogeneity of the adsorbent. This indicates that
the surface of the adsorbent is made up of small heteroge-
neous adsorption patches, which are very much similar to
each other in adsorption capability [30].

3.7. Adsorption kinetics

The nature of adsorption process depends on physical/
chemical characteristics of system and respective condi-
tions. The rate and mechanism of adsorption process were
investigated by the kinetic models such as pseudo-first-
order, pseudo-second-order, Elovich model and intraparti-
cle diffusion, respectively [43]. The following mathematical
expression describes pseudo-first-order model:

kl
t 8
2303 @®

log (g, —q,)=logq, -

where g, (mg g) is the adsorption capacity at equilibrium

and g, (mg g™') is the amount of metal adsorbed at any time

t (min) and k, (min™) is the pseudo-first-order rate constant.
Pseudo-second-order model is expressed as:

9, ka4

t 1 +t )

where k, (g mg™' min™) is the pseudo-second-order rate
constant. For different concentrations, the values of g,
k, and k, were calculated from their respected plots and
results are shown in Table 3. The data show that the val-
ues of correlation coefficient for pseudo-second-order are
relatively higher than those for pseudo-first-order kinetic
model. However, for pseudo-second-order kinetic model,
it was observed that the experimental g, values are very
close to the calculated g, values. This study shows that
the adsorption of Pb(Il), Cu(Il) and Ni(Il) could be best
described by the pseudo-second-order model.

Intraparticle diffusion can be estimated by using the
Weber-Morris intraparticle diffusion model:

q,=k, (t‘)”2 +C

(10)

where k,, (g mg? min™?) is the intraparticle diffusion rate
coefficient and C gives an idea about the thickness of the
boundary layer. These values were determined by a plot
of g, vs. t¥2 The deviation of the straight lines is due to the
difference between final mass transfer rate and initial mass
transfer rate, respectively. This deviation also shows that
the pore diffusion is not the sole rate-controlling step [44].
The k,; values of different metal ions are presented in Table 3.
Elovich kinetic model was developed by Zeldowitsch
assuming that the actual solid adsorbent surfaces are ener-
getically heterogeneous and there is no interaction among
the adsorbed species. The Elovich equation is expressed as:

q,=A+Bln(t) (11)
25
@ Pb(II)
B Cu(Il)
Ni(I)
[ |
0 500(;000 1000‘0000 15000000

82

Fig. 9. D-R adsorption isotherms for the adsorption of metal
ions over PPC.
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where A (L mg™) and B (] mol™) are Elovich constants.
The values of A, B and R* were calculated from the plot
of g, vs. Int and values are given in Table 3. It is evident
from the table that the experimental data are best followed
by pseudo-second-order kinetics for Pb(II), Cu(Il) and
Ni(II) adsorption. In addition, the calculated values of g,
obtained from pseudo-second-order model were much
close to the experimental g, values. This, however, showed
that the adsorption kinetic process fitted well with the
pseudo-second-order rate equation, which indicated that
the overall process was controlled by chemisorption and
involved valence forces through sharing or exchange of
electrons between adsorbate and adsorbent [45]. Non zero
values of C further indicate that the ongoing adsorption
involves a complex process and intraparicle diffusion is
not the sole rate-determining step. The plot of intraparticle
diffusion model shows multilinearity of adsorbate adsorp-
tion, implying that two or more steps are participating
in adsorption process. First linear portion is attributed to
external diffusion, while second linear stage ascribed to the
intraparticle diffusion as a delayed process and the third
linear portion shows equilibrium establishment [45].

Table 3

Kinetic parameter on the adsorption of Pb(Il), Cu(II)

and Ni(II)

Pb(II) Cu(Il) Ni(II)

Pseudo-first-order
g (mg g 1.089 1.091 1.270
g (mg g7 4.942 4.857 4.835
k, (min™") 0.072 0.055 0.033
R? 0.953 0.971 0.983
RMSE 0.431 0.332 0.437
X*(Chi square) 0.002 0.001 0.006
Pseudo-second-order
g (mg g 4.965 4.892 4.887
g (mg g™) 4.942 4.857 4.835
k,(g mg™ min™) 0.228 0.157 0.083
R? 1 1 1
RMSE 0.431 0.342 0.344
X*(Chi square) 0.005 0.009 0.012
Intraparticle diffusion
k,(mg g min™?) 0.035 0.047 0.076
C(mgg™ 4.488 4.247 3.834
R? 0.790 0.812 0.846
RMSE 0.528 0.431 0.342
X*(Chi square) 0.003 0.008 0.021
Elovich
A (Lmg™) 4.262 3.950 3.368
B (J mol™?) 0.136 0.180 0.287
R? 0.941 0.944 0.967
RMSE 0.315 0.335 0.432
X*(Chi square) 0.023 0.020 0.031

3.8. Thermodynamic parameters

The isothermal model such as Langmuir proves their
utility in the determination of thermodynamics of the
adsorption process. Using Langmuir adsorption data, par-
ticularly the Langmuir constant, energy of adsorption (b),
various thermodynamic parameters of the adsorption sys-
tems such as change in Gibb’s free energy (AG°®), change in
enthalpy (AH®) and change in entropy (AS°) are calculated
from the following well-known relations [46]:

12)

AG°=-RTInK, (13)
where, K_is the equilibrium constant, C, (mg L) is the solid
phase concentration at equilibrium and C, (mg L) is the
equilibrium concentration in solution, R is the gas constant
(J K* mol™) and T is Kelvin temperature of the working
solution.

_ AS° AHP
© 2.303R  2303RT

logK (14)

Values of AS° and AH° were obtained from the inter-
cept and slope of the plot logK_vs. 1/T as shown in Fig.
10 and presented in Table 4. Negative values of AG° show
the adsorption of Pb(II), Ni(II) and Cu(II) metal ions onto
PPC as spontaneous and thermodynamically favourable
processes. Positive values of AH® obtained for the adsorp-
tion of Pb(II), Cu(Il) and Ni(Il) ions indicate the endother-
mic nature of each adsorption process. In each case, neg-
ative values of AG® also confirm the spontaneous nature
of the reaction, while the positive value for AS° indicate
increase in the randomness at the solid-solution interface
during the adsorption process of Pb(Il), Cu(II) and Ni(II)
metal ions. At high temperature, values of AG° become
more negative that shows greater driving force for adsorp-
tion. The positive values of AS° obtained for Pb(II), Cu(II)

44 - L 4 ¢ Pb(II)
42 - B Cu(1D)
; 4 * Ni(II)
Eﬂ 3.8 S ¢
3.6 A
34
32 -
3
0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335
1T

Fig. 10. logK_vs. 1/T graph verifying Van’t Hoff equation.
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and Ni(II) ions reflect increased spontaneous nature of the
adsorption.

The nature of adsorption is explained by the magni-
tude of activation energy. Two types of adsorption can
occur, physical or chemical. Chemical adsorption involves
forces much stronger than those of physical adsorption and
is specific. The chemical adsorption has activation energy
of the same magnitude as the heat of chemical reaction.
However, physical adsorption is easily reversible and due
to small energy requirements equilibrium is attained rap-
idly. Usually, activation energy for physical adsorption is
not much as forces involved here are weak. The plot of InK_
vs. 1/T is shown in Fig. 11. The slope of linear plot gives
corresponding activation energy which was determined by
Arrhenius equation:

InK_ = E, +InkK, (15)

RT

The value of activation energy for Pb(Il), Cu(Il) and
Ni(Il) was found to be 22.183, 19.367 and 21.808 kJ mol™,
respectively. The values of activation energy obtained for
different metal ions confirm that the adsorption mainly
occurs through physisorption.

3.9. Desorption and regeneration studies

Desorption of adsorbent plays a very important
role in practical application of wastewater treatment.
Desorption studies were performed using different elu-
ents such as HCl, HCOOH, HNO,, H,SO, and NaOH in
20 mL Pb(Il), Cu(Il) and Ni(II) solution. The initial con-
centration of 50 mg L™ of different metal ions was treated
separately with 0.2 g of adsorbent. After 24 h, the solu-
tion was filtered and the filtrate was analysed for residual
concentration. The adsorbent was washed several times
with double distilled water to ensure complete removal of
metal ions and then it was treated with 20 mL of desorbing
eluents. The amount of Pb(II), Cu(Il) and Ni(IT) desorbed
in the eluent solution was analysed by AAS. The graph
for desorption is shown in Fig. 12.

It is evident from results that a dominant protonation
reaction occurred between H* ions and active sites due to
abundant H* ions in the solution. Complexation between
the active sites and metal ions was prevented, and metal
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ions precipitate gets dissolved [47]. Amongst the medi-
ums used, 0.1 M HNO, was found to be good enough for
desorbing more than 85% of Pb(II), 0.1 M HCI for desorb-
ing more than 80% of the adsorbed Cu(II) and Ni(II) from

4.6
@ Pb(ID)
44 *
B Cu(Il)
42 1 ANiI(ID)
4 .
. *
¥ u *
= 38
3.6
34 A
32 A
3 T T T T T
0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335

Fig. 11. InK_vs. 1/T graph verifying Arrhenius equation.
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Desorbing Agents

Fig. 12. Desorption of metal ions with different eluents.

Table 4
Thermodynamic parameters for the adsorption of Pb(II), Cu(Il) and Ni(II) on PPC
Metal ion Temperature (K) AG® (k] mol™) AH° (k] mol™) AS° (k] mol K1)
303 -9.727
Pb(II) 313 -10.291 22.109 0.104
323 -11.840
303 -8.905
Cu(Il) 313 -10.764 19.300 0.093
323 -10.764
303 -8.072
Ni(II) 313 -8.923 21.810 0.226
323 -10.043
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the spent adsorbent. The reusability was checked by fol-
lowing the adsorption-desorption process for five cycles
for Pb(Il) ions and the adsorption efficiency in each cycle
was studied. Almost 92%, 83%, 71%, 65% and 54% of Pb(II)
ions were recovered, from 1st to 5th cycle, respectively.
In this study, reusability of the adsorbent was checked
with Pb(Il) ions as they were well desorbed from the
adsorbent. The PPC adsorbent kept its adsorption capa-
bility even after repeated adsorption-regeneration cycles
with only small changes; this indicates that there are
almost no irreversible sites on the surface of PPC. The recy-
clability studies suggest that these PPC can be repeatedly
used as an efficient adsorbent in wastewater treatment.

3.10. Adsorption mechanism

It is evident from FTIR spectra that there is a strong
electrostatic interaction between Pb(II) and the active sites
of PPC (-OH and C-O-C groups) or chelation via hydrogen
bond formation. SEM image of Pb(Il)-loaded PPC suggests
the massive adsorption of Pb(II) onto the porous surface
of PPC as evident from the smooth surface after loaded
with Pb(Il). The pH effect also indicates the existence of
electrostatic interaction between adsorbate and adsorbent.
Kinetic studies indicate that the rate determining step in
adsorption process is physisorption with other processes
such as surface adsorption or, film diffusion or external dif-
fusion might also be involved. Desorption studies reveal
the involvement of ion exchange. Thermodynamic stud-
ies showed that the physical adsorption is involved in the

Table 5

adsorption process. Therefore, overall there is involvement
of physical forces (electrostatic interaction, chelation, ion
exchange and adsorption process) in the sequestration of
Pb(II) from aqueous solution using PPC [48,49].

3.11. Comparison with other adsorbents

The monolayer adsorption capacity (g,) values of
40.98 mg g for Pb(Il), 38.02 mg g for Cu(Il) and 32.25 mg g™
for Ni(II) observed in this study have been compared well
with some other adsorbents reported from literature as
shown in Table 5. By comparing the data, it can be safely
concluded that PPC can be utilized simultaneously for the
removal of Pb(Il), Cu(ll) and Ni(Il) from their aqueous
solutions and exhibit excellent adsorption capacity with
each metal ion.

4. Conclusion

In this study, PPC was employed as an effective low-
cost adsorbent for the removal of Pb(II), Cu(Il) and Ni(II)
ions from wastewaters. Optimum adsorption conditions
for Pb(Il), Cu(Ill) and Ni(II) were determined as a func-
tion of contact time, pH, initial metal ion concentration,
adsorbent dosage and temperature of solution. For Pb(II)
and Ni(II), the maximum adsorption was achieved at pH
6, while for Cu(Il) it was pH 5. In each case, adsorption
equilibrium could be attained in 180 min. D-R adsorp-
tion isotherm model best described adsorption of Pb(II)
and Ni(Il) ions onto PPC whereas Freundlich adsorption

Comparison with other adsorbents for the removal of Pb(II), Cu(II) and Ni(II)

Adsorbate Adsorbent q,(mggm) Reference
Pb(II) Papaya peel carbon 40.98 This work
Cu(II) Papaya peel carbon 38.02 This work
Ni(II) Papaya peel carbon 32.25 This work
Cu(II) Defatted papaya seed 17.29 [20]
Pb(II) Defatted papaya seed 53.02 [20]
Cu(II) Poly flavanoid tannins 8.78 [50]
Cu(ll) Olive stone-activated carbon 17.83 [51]
Pb(II) Poly flavanoid tannins 31.32 [50]
Pb(II) Olive stone-activated carbon 22.37 [51]
Ni(II) Dolomite powder 5.41 [52]
Pb(II) Cellu/cys-bent nanocomposite 18.52 [53]
Cu(Il) Cellu/cys-bent nanocomposite 32.36 [53]
Cu(II) Poly (methyl methacrylate)-grafted alginate/Fe,O, nanocomposite 35.71 [48]
Pb(II) Groundnut husk modified with guar gum (GG) 9.76 [54]
Cu(Il) Groundnut husk modified with guar gum (GG) 9.26 [54]
Ni(II) Groundnut husk modified with guar gum (GG) 6.74 [54]
Cu(ID) Luffa acutangula modified 22.05 [38]
Tetraethoxysilane (LAP-TS)
Ni(II) Luffa acutangula modifified 22.71 [38]
Tetraethoxysilane (LAP-TS)
Pb(II) Pistachio shell carbon (PSC) 24.0 [55]
Pb(II) CTAB/MMT nanocomposite 4.73 [28]
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isotherm described adsorption of Cu(II). The maximum
monolayer adsorption capacity (g,) was found to be 40.98,
38.02 and 32.25 mg g™ for Pb(Il), Cu(ll) and Ni(Il) ions,
respectively. The pseudo-second-order model was found
to be best fitted with highest correlation coefficients (R?).
The positive value of AH° indicates the reaction to be
endothermic in nature. While the positive value of AS® indi-
cates randomness at solid-liquid solutions interface during
adsorption of Pb(II), Cu(ll) and Ni(Il) ions. Desorption
and regeneration study shows that PPC is an efficient
and potential adsorbent. It can be concluded that PPC is an
effective, alternative and low-cost adsorbent for the removal
of Pb(IT), Cu(Il) and Ni(II) metal ions from wastewater.
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