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Abstract This work focuses on the removal of lead from contaminated aqueous solutions using

unripe papaya peel based bio-adsorbents (PP). Response surface methodology (RSM) based on

Box-Behnken design (BBD) is employed to determine the independent variables. Optimum condi-

tions proved to be 96.5 mg/L of initial lead concentration in solution, at pH 4 of aqueous solution,

having adsorbent dosage of 14.6 g/L and contact time (3 h) which subsequently yielded the pre-

dicted and actual lead removal efficiencies of 100% and 97.54%, respectively. Adsorption isotherms

and kinetics of lead adsorption using unripe papaya peel followed the Freundlich and pseudo-

second-order models, indicating that the process of chemisorption occurred. The magnitude of

the adsorption capacity of the pseudo-second-order model (qe,cal = 6.25 mg/g) was found to be

comparable to the value obtained experimentally (qe,cal = 6.45 mg/g). Thermodynamic parameters

were calculated in order to identify the phenomena of adsorption. The values of DH� and DS� are
found to be 13.61 J/mol and 54.30 J/mol_sK, respectively. The characteristics of unripe papaya peel
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bio-adsorbents, analyzed via SEM/EDX, FTIR and BET, are also presented. Thus, the O-H and

C-O functional groups contained in the unripe papaya peel waste were found to effectively adsorb

lead from the aqueous medium. The average pore diameters, average pore volumes and average sur-

face area of bio-adsorbents prepared from unripe papaya peel waste proved to be 9.046 nm,

0.0012 cm3/g and 0.755 m2/g, respectively.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lead (Pb), a soft blue-gray metallic element, has been widely
used in diverse industrial areas such as paints, batteries, leaded

glasses, fuels, pigments, photographic materials, petrochemi-
cals and mining etc. (Suren et al., 2014). Lead is considered
to be a cumulative poison and has been found to be hazardous

at high levels. Due to its toxicity, lead can cause damage to the
digestive tract, immune system, human circulatory system,
liver and kidney (Ghaedi et al., 2018; Yu et al., 2020). In Thai-

land, lead contamination in aquatic systems has been observed
in many places (Mingkhwan and Worakhunpiset, 2018;
Kladsomboon et al., 2020; Kosanlavit, 2021). Thus, its con-
tamination has been become a serious problem. Various meth-

ods, such as coagulation-flocculation, liquid–liquid extraction,
ion exchange and electrochemical treatment, have been
employed to separate lead from aqueous solutions (Naeem

et al., 2009; Pang et al., 2011; Liu et al., 2013). However, the
drawbacks of these techniques include high operating costs,
time consuming, difficulty in scaling up and the generation

of a large volume of toxic sludge (Abbaszadeh et al., 2016;
Ariffin et al., 2017; Wu et al., 2011a,b).

Adsorption has been reported as a green and economical

method for lead removal in aqueous systems (Li et al., 2019;
Fu et al., 2021). It is considered to be a suitable process for
the selective binding of metal at low concentration (Li et al.,
2019). Recently, bio-based adsorbents from agricultural wastes

e.g. potato peel, cucumber peel and banana peel have received
heightened interest with respect to the removal of heavy metals
from contaminated wastewater (Ali et al., 2016; Ramakul

et al., 2012; Basu et al., 2017; Amin et al., 2018;
Arampatzidou and Deliyanni, 2016). Such attention is owing
to the presence of carboxyl and hydroxyl functional groups

in lignocellulose, which play an important role in improving
adsorption efficiency (Basu et al., 2017; Amin et al., 2018;
Dawn and Vishwakarma, 2021; Arampatzidou and

Deliyanni, 2016). Thus, bio-based adsorbents prepared from
agricultural wastes are considered to be promising alternative
materials and efficient adsorbents for target analysis on
account of its high adsorption capacity, renewability, low-

cost and eco-friendly properties. (Li et al., 2017; Wang et al.,
2016).

Papaya (Carica papaya) is a tropical fruit cultivated widely

in Southeast Asia, Central America, and tropical islands.
Papaya is popular both as a food and juice. Papaya production
in Thailand is about 1.3 to 2.0 ktons annually; approximately

90% of the total production is consumed domestically. Market
surveys also indicate that roughly 85% to 90% of the domestic
papaya is consumed as green (unripen) papaya for the popular
dish called ‘‘somtum” (Srisompun et al., 2018). Such consump-

tion leads to a massive amount of papaya peel waste to be
managed. Many researchers have been investigated the
removal of heavy metals via biosorption process using differ-
ent parts of papaya waste e.g. seeds, leaves and peel as an

adsorbent (Shooto and Naidoo, 2019; Raju et al., 2013;
Abbaszadeh et al., 2015). It is noted that the use of papaya peel
as bio-adsorbent for lead removal has been, to date, limited

only to ripe papaya which results of these experiments have
proved unsatisfactory. The percentages of lead removal using
ripe papaya have been found to be in the range of 80–93%,
such values are low in comparison to those obtained when

using other parts of papaya (Abbaszadeh et al., 2015; Adie
Gilbert et al., 2011; Raju et al., 2012). To the best of our
knowledge, an investigation as regards the use of unripe

papaya peel for lead removal in aqueous systems has not been
carried out before.

Response surface methodology (RSM) is an effective statis-

tical technique for evaluating optimum conditions of diverse
processes, including adsorption (Singh and Bhateria, 2020;
Davarnejad et al., 2018). Box-Behnken design (BBD) has also
been found to be suitable for three or more variables. Herein, it

has been applied to achieve the most accurate prediction
results (Singh and Bhateria, 2020; Chowdhury et al., 2016;
Uçurum et al., 2018). Singh and Bhateria (2020) applied

BBD for evaluating the interactive effect of five variables on
lead ion adsorption using Fe3O4NPs as adsorbents. Many
works have successfully evaluated optimized conditions having

four variables using BBD e.g. copper adsorption (Chowdhury
et al., 2016) and zinc adsorption (Uçurum et al., 2018). RSM
based on BBD has proved to be a feasible and competent

method for optimization of adsorption parameters and mini-
mizing the number of experiments.

This work intends to evaluate the performance of unripe
papaya peel as the bio-based adsorbents (PP) to remove lead

from aqueous solution. RSM based on BBD is therefore,
applied to determine the optimal adsorption conditions. More-
over, independent variables are evaluated viz. (i) initial lead

concentration, (ii) pH of feed solution, (iii) adsorbent dosage
and (iv) contact time. Various techniques are carried out in
order to examine the as prepared bio-adsorbents characteris-

tics i.e. SEM/EDX, BET and FTIR. Isotherms, kinetics and
thermodynamics of lead adsorption are analyzed to explain
the mechanisms involved.

2. Materials and methods

2.1. Chemicals

Lead (II) nitrate solution (Pb(NO3)2) was used to prepare the
aqueous lead solution. Nitric acid (HNO3) and sodium

hydroxide (NaOH) were used to adjust the acidity-basicity of
solutions. All solutions were prepared using distilled water

http://creativecommons.org/licenses/by-nc-nd/4.0/
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(Lee Cier Huad Ltd., Part.). All chemicals are of analytical
grade and used without further purification. Detailed descrip-
tions of chemicals used are presented in Table 1.

2.2. Adsorbent preparation

First, green (unripe) papayas were obtained from the local

market in Bangkok. Then, the papaya peel was removed from
the fruit and washed with distilled water to remove dirt. Next,
the peel was chopped into small pieces and dried at 343 K in an

oven until the weight was constant. The dried papaya peel was
subsequently crushed into powder using a mortar and pestle
and then sieved with a 40-mesh screen to obtain the papaya

peel based bio-adsorbents (PP). In Fig. 1, a schematic diagram
of unripe papaya peel based bio-adsorbents preparation is
depicted.

2.3. Adsorbent characterization

2.3.1. SEM/EDx

Scanning electron microscope (SEM-JEOL, JSM-IT300) cou-
pled with energy-dispersive x-ray spectrum (EDX-Oxford, X-
MaxN20) were carried out to study the morphology and ana-

lyze the elemental composition of the PP, before and after
adsorption of lead. Before scanning, all samples were dried
and coated with gold to enhance electron conductivity. The
micrographs were examined at 150X magnification.

2.3.2. BETa

The Brunauer-Emmett-Teller (BET- Micromeritics, 3Flex)

method was used to determine the specific surface area and
pore volume of PP. The relative pressure (p/p0) was 0.004–
0.99 bar and 0.99–0.10 bar for adsorption and desorption,
respectively. Temperature of the bath was kept at 77.376 K,

in liquid N2. Degassing temperature was carried out at 60 ⁰C
for 1,440 min.

2.3.3. FTIRa

Fourier transform infrared spectroscopy (FTIR- Bruker,
INVENIO-S) was employed to characterize the functional
groups of PP, before and after lead adsorption. Samples were

analyzed via the ATR diamond method. The measurement
wavelength was in the range of 400–4000 cm�1.
Table 1 Detailed information of the materials used*.

Chemical

name

Molecular

formular

Molecular

weight

(g/mol)

Purity

(wt%)

Source

Lead (II)

nitrate

solution

Pb(NO3)2 331.20 1000.0a PanReac

Applichem

Nitric acid HNO3 63.013 65.0 Merck

Sodium

hydroxide

NaOH 39.997 98.0 Ajax

Finechem

Note: a is the concentration of lead ion in a unit of mg/L.

*The physical properties data are from chemical bottle labels.
2.4. Lead adsorption using PP

The lead adsorption experiment was conducted using unripe
papaya peel as adsorbent. Synthetic wastewater was prepared
by dissolving analytical-graded of Pb(NO3)2 in distilled water;

the solution contained lead from 10 to 100 mg/L. The condi-
tions of pH (4 to 6), adsorbent dosage (0.1 to 1.0 g per
50 mL of solution) and contact time (1 to 3 h) were used during
the experiment. Firstly, lead solution (50 mL) and adsorbents

were mixed in 100 mL flasks using a magnetic stirrer bar at
200 rpm, for the given contact time, at room temperature
(303 K). Then, the solution was filtered using Whatman fil-

tered paper with an average pore size of 2.5 lm. The amount
of lead in the solution was measured via atomic absorption
spectrometry (AAS-AGILENT 280FS AA). In Fig. 2, a sche-

matic diagram of lead adsorption procedures is depicted. Both
adsorption capacity (qe, mg/g) and lead removal efficiency (E,
%) were calculated, according to Eqs. (1) and (2), respectively

(Abbaszadeh et al., 2016):

qe ¼
C0 � Ce

m
� V ð1Þ

E ¼ C0 � Ce

C0

� 100 ð2Þ

where Co and Ce are initial and final (equilibrium) concentra-

tion of lead (mg/L) in solution, V is the volume of solution (L),
m is the dosage of adsorbent (g) and qe is the adsorption capac-
ity (mg/g).

2.5. Optimization of process parameters

RSM based BBD by Minitab 17 software was applied to opti-
mize the process of lead adsorption using unripe papaya peel

as bio-adsorbents. Four independent variables were investi-
gated, including the initial lead concentration in the solution
(X1), pH of feed solution (X2), adsorbent dosage (X3) and con-

tact time (X4). As illustrated in Table 2, three levels were exam-
ined (-1, 0 + 1). In Table 3, the experimental conditions,
including 3 repetitions at the center points, are demonstrated.

The lead removal efficiency as the response variable (Y) was
fitted via a second-order polynomial model, as in Eq.(3):

Y ¼ b0 þ
Xk

j¼1

bjXj þ
Xk

j¼1
bjjX

2
j þ

XX
i<j

bijXiXj þ e ð3Þ

where Y is the predicted response while b0, b1, b2, bk, and e
demonstrate the offset term, the linear effect, the squared
effect, the interaction effect and the residual term, respectively.

Xi and Xj represent the coded independent variables.

2.6. Isotherm study

The isotherm study was conducted by varying the initial con-
centration of lead in synthetic wastewater from 10 to
110 mg/L, under optimized conditions obtained from RSM.

The experiment was performed by adding PP into 100 mL
flasks containing lead solution (50 mL). Then, the contents
were mechanically stirred at 200 rpm for a given time at room
temperature (303 K). Next, the solutions were filtered using

Whatman filtered paper having an average pore size of



Fig. 1 Schema of papaya based bio-adsorbent (PP) preparation.

Fig. 2 Schema of lead adsorption procedure for PP.

Table 2 Investigated variables and their levels.

Parameter Code Level

�1 0 1

Initial lead concentration (mg/L) X1 10 55 100

pH of feed solution X2 4 5 6

Adsorbent dosage (g/50 mL) X3 0.1 0.55 1

Contact time (h) X4 1 2 3

Table 3 Experimental conditions for biosorption of lead

unripe papaya peel based bio-adsorbents (PP).

Run Experimental Condition Experimental Condition

X1 X2 X3 X4 Run X1 X2 X3 X4

1 10 4 0.55 2 15 55 4 1 2

2 100 4 0.55 2 16 55 6 1 2

3 10 6 0.55 2 17 10 5 0.1 2

4 100 6 0.55 2 18 100 5 0.1 2

5 55 5 0.1 1 19 10 5 1 2

6 55 5 1 1 20 100 5 1 2

7 55 5 0.1 3 21 55 4 0.55 1

8 55 5 1 3 22 55 6 0.55 1

9 10 5 0.55 1 23 55 4 0.55 3

10 100 5 0.55 1 24 55 6 0.55 3

11 10 5 0.55 3 25 55 5 0.55 2

12 100 5 0.55 3 26 55 5 0.55 2

13 55 4 0.1 2 27 55 5 0.55 2

14 55 6 0.1 2
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2.5 lm. The amount of lead in solution, before and after
adsorption, was measured using AAS.

The data obtained from the experiment were linearly fitted
for the Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) isotherms as described as follows:
2.6.1. Langmuir isotherm

The Langmuir isotherm quantitatively describes the mono-

layer adsorption on the outer surface of the adsorbent. No fur-
ther adsorption takes place after the site was occupied; the
adsorbate cannot permeate through the surface. The Langmuir

isotherm can be expressed as follows (Dada et al., 2012):

1

qe
¼ 1

qm
þ 1

KLqmCe

ð4Þ

where Ce is the equilibrium concentration of adsorbate (mg/L),
qe is the equilibrium adsorption capacity (mg/g), qm is the max-
imum adsorption capacity (mg/g) and KL is the Langmuir
equilibrium constant (L/mg). The straight line was obtained

by plotting 1/qe versus 1/Ce.

2.6.2. Freundlich isotherm

The Freundlich isotherm is an empirical adsorption model,
which can be applied to nonideal biosorption on heteroge-
neous surfaces as well as multilayer sorption. The isotherm is
displayed as shown in Eq.(5) (Varank et al., 2012;

Nandiyanto et al., 2020):

log qe ¼
1

n
logCe þ logKF ð5Þ

where KF is the Freundlich constant related to the adsorption
capacity and n is the constant describing the adsorption pro-
cess. The value of n = 1 indicates a linear adsorption; n < 1
represents chemisorption, and n > 1 indicates the physical

adsorption process (Nandiyanto et al., 2020; Desta, 2013).
Both constants (KF and n) can be calculated from the y-
intercept and slope of the straight line of log qe versus log

Ce, respectively.

2.6.3. Temkin isotherm

The Temkin isotherm contains a factor that explicitly takes

into account adsorbent-adsorbate interactions. As implied in
the equation, its derivation is characterized by uniform distri-
bution of binding energies, and is expressed in Eq. (6) (Dada

et al., 2012):
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qe ¼ B lnKT þ B lnCe ð6Þ
where KT is the Temkin isotherm constant (mg/g) and B is the
Temkin constant associated with the heat of adsorption
(J/mol). The constants can be calculated by plotting the

straight line between qe and ln Ce to obtain the y-intercept
and the slope, respectively.

2.6.4. Dubinin-Radushkevich (D-R) isotherm

The last isotherm is the D-R model, which describes the
adsorption energy between adsorbate and adsorbent in terms
of the adsorption potential (e). The D-R isotherm model can

be described by Eqs. (7) to (9) (Piccin et al., 2011):

ln qe ¼ ln qs þ KDe
2 ð7Þ

e ¼ RT ln 1þ 1

Ce

� �
ð8Þ

E ¼ 1ffiffiffiffiffiffiffiffiffi
2KD

p ð9Þ

where qs is the maximum adsorption capacity (mg/g), KD is the
D-R isotherm constant (mol2/kJ2), e is the Polanyi adsorption
potential, T is temperature (K) and R is the universal gas con-

stant (8.314 J/mol_sK). E is the mean sorption free energy of
adsorbate at the moment it is adsorbed on the solid surface
from the bulk solution (kJ/mol). The value of KD can be calcu-

lated from the slope by plotting the straight line between ln qe
and e2.

2.7. Kinetics study

In order to clarify the reaction order and rate controlling mech-
anism, the following linear kinetic models were employed.

2.7.1. Pseudo-first-order

The pseudo-first-order kinetic model assumes that the number
of sites that solutes can occupy is proportional to the rate of
adsorption. The model is written as in Eq.(10) (Abbaszadeh

et al., 2016):

ln qe � qtð Þ ¼ ln qe � k1t ð10Þ
where qt and qe are adsorption capacities at time t and equilib-
rium (mg/g), t is contact time (min) and k1 is pseudo-first-order
rate constant (min�1). The constants qe and kl can be calcu-

lated from the y-interception and slope of the straight line
between ln (qe � qt) versus t, respectively.

2.7.2. Pseudo-second-order

The pseudo-second-order kinetic model involves chemisorp-
tion, where the removal of adsorbate from bulk liquid is due
to the physiochemical interaction between adsorbent and

adsorbate (El-Naas and Alhaija, 2013). The adsorption rate
is also related to the availability of active sites on the adsorbent
(Ali et al., 2016). The pseudo-second-order kinetic model is
shown as in Eq. (11) (Varank et al., 2012):

t

qt
¼ t

qe
þ 1

k2q2e
ð11Þ

where k2 is the pseudo-second-order rate constant (g/mg_smin).
The straight line was obtained by plotting t/qt versus t.
2.7.3. Intraparticle diffusion

As for the intraparticle diffusion model, it is noted that intra-

particle diffusion transport is the slowest step of adsorption
process between adsorbate and adsorbent, as compared to film
diffusion and pore diffusion (Ghasemi et al., 2014). The intra-

particle diffusion model can be written as in Eq. (12) (Varank
et al., 2012):

qt ¼ kidt
1
2 þ C ð12Þ

where kid is the rate constant of the intraparticle diffusion
model (mg/g_smin1/2) and C is the y-intercept. The values of
kid and C were obtained from the slope and y-intercept of

the straight line by plotting qt versus t
1/2, respectively.

2.8. Thermodynamic study

The thermodynamic study of the lead adsorption process was
carried out at 303, 323 and 343 K; the initial concentration of
lead in the solution, pH of solution, dosage of adsorbent and
contact time were maintained according to the optimal condi-

tions via RSM. The change in the standard Gibbs free energy
(DG�) for the adsorption process can be calculated, as in Eq.
(13) (Abbaszadeh et al., 2016):

DG
� ¼ �RT ln kc ð13Þ

where kc is the distribution coefficient, T is the absolute tem-

perature (K), and R is the gas constant. The change in the stan-
dard Gibbs free energy (DG�) is related to the standard
enthalpy and entropy changes (DH� and DS�) via the Gibbs-
Helmholtz equation (DG� = DH� � TDS�). Thus, kc becomes:

ln kc ¼ DS
�

R
� DH

�

RT
ð14Þ

Eq. (14) is the Van’t Hoff equation in linear form. Thus,
plotting ln kc versus 1/T yielded a straight line, whose slope
and y-intercept yielded DS� and DH�, respectively.

2.9. Desorption experiments

The process of desorption for the unripe papaya peel bio-

adsorbents was accomplished by varying the concentration
of HNO3 at 0.1, 0.5, 1, 3 and 5 M (Chatterjee and Abraham,
2019). After the adsorption process, the adsorbed sample

was mixed with HNO3 for 3 h and then washed with distilled
water five times. Thereafter, the sample was dried at 343 K in
an oven until the weight was constant. The amount of des-
orbed lead can be calculated as in Eq.(15) (Abbaszadeh

et al., 2016):

%Desorption ¼ Amount desorbed ion

Amount adsorbed ion
� 100 ð15Þ
3. Results and discussion

3.1. Characterization of adsorbent

3.1.1. SEM/ EDx

Fig. 3 displays SEM images of unripe papaya peel bio-
adsorbents before (PP) and after lead adsorption (PP-Pb).
Before adsorption, PP was a bulky structure with large thick-
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ness and had a smooth surface. A significantly rougher surface
with a porous structure was observed after the adsorption of
lead (Saleh et al., 2017). The presence of lead on the surface

of PP was observed after adsorption, as indicated by the red
dots (Fig. 3(b)). The results of EDX analysis (Table 4), show-
ing the presence of lead after adsorption, confirmed that lead

can be adsorbed on the surface of PP.
The elemental composition obtained from EDX analysis

showed that generally elements were notices including C, O,

K, Cl, Na and Ca which are frequently found in plant cells
(Zvinowanda et al., 2010; Oladipo et al., 2020). The disappear-
ance of Cl after adsorption might due to the detection limit
refer to biological samples is quite low (Scimeca et al., 2018).

Thus, the presence of heavy elements in the biological samples
results in higher detection limits owing to the higher back-
ground ‘noise’ (Scimeca et al., 2018). Moreover, the concentra-

tion of Na and Ca increased slightly might be attributed to the
uncertainty of EDX characterization, small amount of impuri-
ties within the distilled water, small amount of impurities to

adjust the acidity-basicity of solutions and any impurities on
the surface of laboratory glassware (Darvanjooghi et al.,
2018).

3.1.2. BET

In Fig. 4, the N2 adsorption–desorption isotherms of PP are
depicted. According to the IUPAC system, the results were

found to be type IV isotherm that exhibited an H3 hysteresis
loop at 0.5 < p/p0 < 1.0. The N2 adsorption on PP exhibited
a slit like pore structure (Fu and Huang, 2018). Further, the

Barrett-Joyner-Halenda (BJH) average pore diameters of PP
proved to be 9.046 nm. The values of the average pore diame-
ters determined that PP had a mesoporous structure with
respect to IUPAC classification (Fatombi et al, 2019). In addi-

tion, the average pore volume of PP was 0.0012 cm3/g. The
BET analysis yielded an average surface area of 0.755 m2/g
for PP, which is significantly lower than the absorbents pre-

pared from ripe papaya peel (9.63 m2/g) or activated carbon
based papaya peel (15.28 m2/g) (Abbaszadeh et al., 2015;
Abbaszadeh et al., 2016). It is significant that the lower surface

area was linked to the surface morphology of PP (bulky
smooth structure) observed before adsorption. This is in con-
trast to previous works, which reported that the surface mor-
phology of ripe papaya peel and papaya peel activated

carbon adsorbents were highly porous and had uneven sur-
faces (Abbaszadeh et al., 2015; Abbaszadeh et al., 2016). Thus,
the differences in adsorbent preparation resulted in different
Fig. 3 SEM coupled with EDX of PP surface morphology:
characteristic of the prepared adsorbent. For instance, higher
surface areas of 9.63 and 15.28 m2/g were obtained from pre-
vious works due to the raw material (ripened papaya peel)

has been pretreated before the drying step i.e. boiled and then
heated at high temperature followed by the surface modifica-
tion with chemical solution (Abbaszadeh et al., 2015;

Abbaszadeh et al., 2016).
Hence, the adsorption behavior is affected by various fac-

tors such as functional groups contained in the material, char-

acteristic of adsorbent and operating conditions in the process.
Darvanjooghi et al., (2018) stated that the pH of aqueous solu-
tion is one of the most important variables affecting the
adsorption process. Moreover, the unripe papaya peel contains

an enzyme namely; papain which exhibits the potential to bind
with metals ions in the solution (He et al., 2010;
Cahyaningrum et al., 2013). Previous studied also reported

high performance of adsorption percentages using quite low
surface area of prepared adsorbents (Amarasinghe and
Williams, 2007; Feng and Guo, 2012).

3.1.3. FTIR

The FTIR spectra of PP and PP-Pb are illustrated in Fig. 5. It
is acknowledged that the hydroxyl (O-H) functional groups

contained in the agricultural wastes were able to adsorb heavy
metals from the aqueous medium (Basu et al., 2017; Dawn and
Vishwakarma, 2021). It is noted that the peak of the hydroxyl

groups (O-H) of primary alcohol shifted from 1,030 to
1,025 cm�1 (Iqbal et al., 2009; Oikonomopoulos et al., 2010).
As for the C-O of polysaccharide, the band shifted from

1,197 to 1,145 cm�1 (Gómez-Ordóñez and Rupérez, 2011;
Fanta and Salch, 1991). The shifts of these peaks signify that
both O-H and C-O were the main functional groups contribut-
ing to the binding of lead on the surface of the prepared adsor-

bent during the process of biosorption (Abbaszadeh et al.,
2015; Abbaszadeh et al., 2016; Iqbal et al., 2009). The changes
in intensity of the peaks demonstrated the interaction between

the adsorbent surface of the functional groups and the metal
ions in the aqueous solution (Abbaszadeh et al., 2015; Iqbal
et al., 2009). The broad band around 3,239 cm�1 is assigned

to O-H stretching, indicating a high content of alcohol and
phenolic-OH functional groups in PP (Chen et al, 2015). The
bands at 2,850 and 2,918 cm�1 correspond to the C-H stretch-
ing, indicating the presence of polysaccharide compounds

(Fatombi et al, 2019). The band observed around 1,729 cm�1

is attributed to the C = O stretching (Yargıç et al, 2015).
Moreover, the band at 1,238 cm�1 is characteristic of the
(a) before lead adsorption and (b) after lead adsorption.



Table 4 EDX analysis of unripe papaya based-bio adsorbents

before and after lead adsorption.

Elements Mass (%wt)

Before adsorption After adsorption

C 51.50 43.67

O 43.69 49.49

K 3.54 1.04

Pb – 1.56

Cl 1.27 –

Na – 3.44

Ca – 0.80
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C = O stretching vibration in tertiary amides, suggesting that
PP contains protein (Fatombi et al, 2019). The band around

1,197 cm�1 is associated with the C-O stretching vibration
from polysaccharide (Gómez-Ordóñez and Rupérez, 2011;
Fanta and Salch, 1991). The bands at 1,318 and 1,030 cm�1

are assigned to C-N stretching and the C-O stretching of alco-
hol and lignin (Li et al., 2019; Fatombi et al, 2019; Iqbal et al.,
2009). The wave number which ranged from 950 to 1,200 cm�1

is considered to be the finger printed region of the carbohy-
drates (Chen et al, 2015).

3.2. Statistical analysis of biosorption of lead

3.2.1. RSM based on BBD approach

A regression equation as a function of the response (%E) and

independent variables can be expressed as follows in Eq.(16):

%E ¼ 81:4300� 0:0334X1 þ 3:4700X2 þ 16:1900X3

þ0:1800X4 � 0:0004X1X1 � 0:2200X2X2

�15:3100X3X3 � 0:1580X4X4 � 0:0221X1X2

þ0:2649X1X3 þ 0:0159X1X4 � 0:9020X2X3

þ0:2730X2X4 � 1:3490X3X4

ð16Þ

In Table 5, the experimental and predicted values of
removal percentages are reported. In Fig. 6, the predicted val-

ues of lead adsorption are plotted against the actual experi-
mental data from run numbers 1 to 27, yielding the R2 value
of 0.9805, which verified the accuracy of the models and can
be applied in the experiment. The high lead removal efficien-

cies from 83.56% to 99.87% were also obtained from the
experimental run numbers: 1 to 27, which were subject to dif-
Fig. 4 BET analysis of N2 adsorption–desorption isoth
ferent operating conditions. Results obtained were slightly
higher than the values from the ripe papaya peel adsorbents
but were comparable to the results using papaya peel activated

carbon or papaya peel adsorbent loaded with ferrous nanopar-
ticles (Abbaszadeh et al., 2015; Abbaszadeh et al., 2016;
Abbaszadeh et al., 2017).

In Table 6, ANOVA analyses are presented. The signifi-
cance of the coefficient terms depends on the P-value and the
F-value. A P-value < 0.05 is considered to be statistically sig-

nificant (Singh and Bhateria, 2020; Alkarkhi, 2021). Further,
previous studies have reported that when the P-
value = 0.00, it is also significant (Ekpenyong et al, 2017).
A high value of F indicates that most of the variables in the

response can be explained by a regression equation. In Table 6,
a high magnitude of F-value (42.99) is observed. Such a mag-
nitude is seen to verify the fact that the independent variables

in the model equation contributed to the removal of lead
(Singh and Bhateria, 2020; Uçurum et al., 2018). Further, a
lack-of-fit test is used to analyze whether the model fit is

appropriate (Aliyu, 2019). The lack-of-fit of the model was
found to be insignificant (P-value = 0.12, > 0.05), implying
that 12% lack-of-fit was possibly due to the noise (Rai et al.,

2019; Sharma et al., 2009). Herein, the following significant
terms: X1 (initial lead concentration), X3 (adsorbent dosage),
X4 (contact time), X1X1 (self-interaction of initial lead concen-
tration), X3X3 (self-interaction of adsorbent dosage), X1X2 (in-

teraction between initial lead concentration and pH of feed
solution) and X1X3 (interaction between initial lead concentra-
tion and adsorbent dosage) cannot be ignored.

3.2.2. Optimization of adsorption process

In Fig. 7, the optimization plots for lead adsorption using PP
as an adsorbent are presented. By varying the concentration of

lead in the range of 10 to 100 mg/L, the removal of lead
decreased from 97.50 to 85.00%. Such a decrease in lead
removal is attributed to the specific sites, which are saturated

and to the exchange sites that are filled (Raju et al., 2012).
Consequently, the influence of pH of feed solution was also

determined. Owing to the competition between lead ions and

H+ ions for appropriate sites on the adsorbent surfaces, max-
imum percentage for lead removal was seen to yield at pH 4,
which was in agreement with previous studies (Raju et al.,
2012; Darvanjooghi et al., 2018). Preliminary studies were per-

formed in the pH range of 2–10; results are given in the supple-
mentary material, Fig. S1. As shown, the maximum
erm (a) and pore-size distribution curves of PP (b).



Fig. 5 Illustrate the results of FTIR before and after lead adsorption.
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percentages of lead removal were observed at pH 4–6. In an
acidic medium, the lower amount of lead adsorption on the
adsorbents was due to the competition between lead and H+

(Darvanjooghi et al., 2018). Thus, at the optimum pH of 4,
lead ions were able to replace the H+ bond, forming part of
the surface functional groups such as –OH and –COOH

(Raju et al., 2012). A downward trend in the removal percent-
ages is noticed with further increased in pH value due to the
formation of lead hydroxide resulting in the precipitation of
lead in the solution (Abbaszadeh et al., 2015; Raju et al.,

2012; Darvanjooghi et al., 2018; Kampalanonwat and
Supaphol, 2014). Darvanjooghi et al., (2018) also reported that
it is recommended to carry out experiments at pH 4 in order to

avoid the precipitation of lead into the solution.
Table 5 Experimental and predicted values using RSM based

on BBD for lead adsorption using unripe papaya based-bio

adsorbents.

Run % Removal Run % Removal

Experimental Predicted Experimental Predicted

1 94.72 95.02 15 96.09 96.69

2 96.75 96.10 16 96.23 96.08

3 96.36 97.22 17 96.51 95.59

4 94.40 94.31 18 83.56 83.94

5 87.83 88.76 19 91.36 90.90

6 96.05 96.01 20 99.87 100.00

7 91.81 92.06 21 95.59 95.43

8 97.60 96.89 22 95.06 95.09

9 96.02 95.85 23 97.10 96.98

10 94.01 93.51 24 97.66 97.73

11 96.04 96.51 25 96.48 96.69

12 96.90 97.03 26 96.99 96.69

13 89.72 89.84 27 96.54 96.69

14 91.49 90.86
Besides, when the dosage of adsorbent was increased from
0.1 to 1.0 g/50 mL, the removal of lead was found to increase
from 85.00 to 97.50%. Hence, as the amount of dosage

increased, the metal uptake of the adsorbent increased. It is
evident that the removal of lead increased as the number of
active sites increased, generated via the increase in dosage of

the adsorbent (Raju et al., 2012).
Finally, the optimum time for lead adsorption was found to

be 3 h. Removal percentages increased from 90% at 1 h of
operation to 97.50% at 3 h of operation. At the initial stages,

it is observed that removal percentages increased because more
unsaturated surfaces and active sites were available on the sur-
face areas of the adsorbents. As the process of adsorption pro-

ceeded, it is seen that more lead ions were adsorbed onto the
surfaces (Abbaszadeh et al., 2016).

Applying Minitab software, the optimal conditions for the

independent variables were identified: namely, initial lead con-
centration in wastewater at 96.5 mg/L, pH of wastewater at 4,
adsorbent dosage at 0.73 g/50 mL (14.6 g/L) and contact time

at 3 h. Thus, predicted and experimental values of lead
removal efficiency were found to be 100% and 97.54%, respec-
tively. Adsorption capacity under the optimized conditions
proved to be 6.45 mg/g. It is noted that lead adsorption capac-

ity remained significantly lower, as previously reported, when
ripe papaya peel adsorbents were used (Abbaszadeh et al.,
2015). This means that higher amounts of adsorbent dosage

were required for PP. Nonetheless, the clear advantage associ-
ated with using unripe papaya peel adsorbents was the ease of
adsorbent preparation without any surface modification and

much lower costs involved.

3.2.3. Interpretation of three-dimensional surface plots

In Fig. 8, three-dimensional surface plots of lead removal effi-

ciency as a function of independent variables are displayed.
Interaction between the adsorbent dosage (X3) and the remain-
ing variables yielded apparent changes in lead removal



Fig. 6 Fitting qualities between experimental and predicted

values.

Table 6 ANOVA analyses.

Source Degree of

freedom

Sum of

squares

Mean

square

F-

value

P-

value

Model 14 307.13 21.94 42.99 0.00

Linear 4 125.35 31.34 61.42 0.00

X1 1 2.53 2.53 4.96 0.05

X2 1 0.13 0.13 0.25 0.63

X3 1 109.65 109.65 214.90 0.00

X4 1 13.04 13.04 25.56 0.00

Square 4 58.20 14.55 28.51 0.00

X1X1 1 3.46 3.46 6.77 0.02

X2X2 1 0.26 0.26 0.50 0.49

X3X3 1 51.26 51.26 100.45 0.00

X4X4 1 0.13 0.13 0.26 0.62

2-Way

interaction

6 123.57 20.60 40.36 0.00

X1X2 1 3.97 3.97 7.77 0.02

X1X3 1 115.12 115.12 225.61 0.00

X1X4 1 2.06 2.06 4.03 0.07

X2X3 1 0.66 0.66 1.29 0.28

X2X4 1 0.30 0.30 0.58 0.46

X3X4 1 1.48 1.48 2.89 0.12

Error 12 6.12 0.51 N/A N/A

Lack-of-fit 10 5.97 0.60 7.70 0.12

Pure error 2 0.16 0.08 N/A N/A

Total 26 313.25 N/A N/A N/A
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efficiency. This is in contrast to the interaction between initial

lead concentration (X1) and pH of wastewater (X2) and the
interaction between initial lead concentration (X1) and contact
time (X4), which resulted in relatively unchanged response

curves. The results of the three-dimensional plots concurred
with the ANOVA analysis, indicating the importance of adsor-
bent dosage on the percentage of lead removal.

3.3. Biosorption mechanism

The hydroxyl groups in cellulose are capable of being chemi-
cally modified by many reagents. In Fig. 9, the adsorption of

lead on the surface of cellulose in the unripe papaya peel based
bio-adsorbents occurred via –OH group (Adel, 2016). Thus,
the formation of covalent bonds led to the adsorption of lead

on the cellulose surface. Additionally, it has been reported that
the unripe fruit of Carica papaya contains an important ingre-
dient viz. papain, a thiol enzyme (He et al., 2010). Hence,

papain is exhibited a potential for the selective binding of
metal in an aqueous medium as well as the use in metal-
chelated affinity separation. Previous research has shown that
Fig. 7 Optimization plot
papain can react positively with various types of heavy metals
(He et al., 2010; Cahyaningrum et al., 2013). Therefore, the

unripe papaya peel is a good candidate than ripe papaya peel
on account of its natural abundance waste, its ease of prepara-
tion and much lower costs involved.

3.4. Adsorption isotherm

The results of lead adsorption applying PP were correlated

using the Langmuir, Freundlich, Temkin and D-R isotherms.
The fit of the model with the experimental results was evalu-
ated using linear regression analysis (as seen in the Supplemen-
tary material, Fig. S2). Thus, it is noted that the R2 obtained

from the Freundlich isotherm was the highest. Such a high
value indicated that the Freundlich isotherm was the best
s for lead adsorption.



Fig. 8 Three-dimensional plots of (a) initial lead concentration and pH of feed solution (b) initial lead concentration and adsorbent

dosage (c) initial lead concentration and contact time (d) contact time and adsorbent dosage (e) adsorbent dosage and pH of feed solution

and (f) contact time and pH of feed solution.
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model for lead adsorption, suggesting multilayer adsorption
on the heterogeneous surface (Dada et al., 2012). Similar
results were reported when adsorbents from ripe papaya peel

were used to remove lead from an aqueous solution
(Abbaszadeh et al., 2015). The value of n in this study was
found to be 0.784, signifying that chemisorption took place

(Nandiyanto et al., 2020; Desta, 2013). Yet, the values of the
Langmuir parameters (qm and KL) were found to be negative;
such negative results are perhaps due to the electrostatic nature

of the process of adsorption (Huang et al., 2013; Ku and
Caliskan, 2009; Özcan et al., 2004).
3.5. Adsorption kinetic

In the supplementary material, Fig. S3, the linear regression
analysis and kinetic parameters of pseudo-first-order,
pseudo-second-order and intraparticle diffusion models are
given. Results revealed that the pseudo-second-order model

yielded a higher correlation coefficient (R2 = 0.998) than the
pseudo-first-order and the intraparticle diffusion models. This
observation indicated that the pseudo-second-order was the

most suitable model for lead adsorption using unripe papaya
peel. Results also suggest that chemical adsorption was the



Fig. 9 Possible reaction mechanisms of PP with lead.

Table 7 Thermodynamic parameters for lead adsorption.

D⁰G (kJ/mol) D⁰H (J/mol) D⁰S (J/mol K)

303 K 323 K 343 K

�2.941 �3.703 �5.142 13.612 54.304
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rate determining step of the process (Ali et al., 2016). This

aligns with the work of previous researchers, who have
reported pseudo-second-order to be the best fit model for
metal adsorption when using adsorbents prepared from bio-

mass containing tannin (Abbaszadeh et al., 2016; Ramakul
et al., 2012; S�engil and Özacar, 2009). Moreover, the magni-

tude of the adsorption capacity of the pseudo-second-order
model (qe,cal = 6.25 mg/g) was found to be comparable to
the value obtained experimentally (qe = 6.45 mg/g) under

the optimized conditions via RSM. Such a result confirmed
the validity of the pseudo-second-order, proving that the
kinetic model applied for lead adsorption using PP was the

most suitable. As for the intraparticle diffusion model, its
low correlation coefficient (R2 = 0.7701) suggests that the
adsorption process was not controlled by intraparticle diffu-

sion as normally reported for other porous materials
(Carvalho et al., 2018; Cheng et al., 2013). Due to the relatively
smooth surface morphology of the prepared bio-adsorbents, it
is possible to conclude that the intraparticle diffusion of lead

into the adsorbent was unlikely.

3.6. Thermodynamic study

In the supplementary material, Fig. S4, and Table 7, plots are
displayed of ln kc versus 1/T that consequently yielded the val-
ues of DH� and DS� at 13.61 J/mol and 54.30 J/mol_sK, respec-

tively. A positive value of DH� was observed indicating that
the process of adsorption was endothermic. Previous research
also reported the same outcome of an endothermic lead

adsorption process when employing papaya seeds as bio-
adsorbents (Yadav et al., 2014; Olu-Owolabi et al., 2018). Such
a result can be explained given that the total energy released in
bond breaking was lower than the total energy adsorbed in

bond making between the lead and adsorbent (Mousavi
et al., 2010; Abubakar et al., 2020). The positive value of DS
� indicated an increase in randomness at the adsorbent-

solution interface (Kumar et al., 2019). Negative values of
DG�, however, demonstrated that the adsorption process was
both thermodynamic and spontaneous, which is quite feasible;

the increase of DG� with temperature implies that the process
favors higher energy input (Abbaszadeh et al., 2016).

3.7. Desorption study

Desorption experiments were evaluated by varying the concen-
tration of HNO3. It is noted that the amount of excessive pro-
tons in HNO3 solution was seen to react with the adsorbent
and can disrupt the bonds of adsorbate and adsorbent
(Chatterjee and Abraham, 2019). Results found that the high-
est desorption efficiency was obtained at 3 M, as shown in

Fig. S5. The desorption efficiency of PP was found to be
77.16%.

4. Conclusion

In this paper, results demonstrate that bio-adsorbents pre-
pared from unripe papaya peel waste can effectively remove
lead from aqueous solution. Herein, percentages of predicted

and actual lead removal efficiencies reached 100% and
97.54%, respectively. Besides, isotherm and kinetic analyses
revealed that Freundlich and pseudo-second-order models

were best suited for the process of lead adsorption using unripe
papaya peel based bio-adsorbents. Thermodynamic parame-
ters proved that the process was both endothermic and spon-

taneous. Although the adsorption capacity was slightly lower
than the values from the modified adsorbents prepared from
ripen papaya peel, the ease of preparation and the likely lower

expense associated with the process are clear advantages.
Finally, this work underlines the case of utilizing agricultural
waste and environmental friendly processes to remove pollu-
tants from aqueous solutions.
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