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A B S T R A C T

A variety of organic wastes can be used in innovative methods to treat water pollution through the adsorption
process. In this work, we evaluated the effect of particle size (500–2000, 250–500, and less than 250 μm) and bio-
adsorbent (orange, potato, and passion fruit peels) on the removal of lead and chromium from solution. The size
and type of peels affected the capacity to adsorb metal ions (p < 0.05). Passion fruit peel had the highest metal
adsorption, followed by orange and potato, since the cation exchange capacity (217.70 � 39.57 cmol (þ) kg�1)
and the specific surface area (141.10–1095.29 cm2 g�1) were higher in the passion fruit rind. The size of the
adsorbent did not affect the organic matter, ash, exchange capacity, surface chemistry, or pH of the peels.
However, these properties differed among the bio-adsorbents (p < 0.05). The Freundlich equation explained the
adsorption of the metallic ions on the orange rind and of lead on the passion fruit. The linear model was the best
fit for the adsorption isotherms of the metals on potato peel. The adsorption of chromium on the passion fruit had
a maximum adsorption capacity of 3.3 mg g�1. These results indicate that plant waste materials, especially
passion fruit peel, have the potential as feasible and low-cost adsorbents in pilot studies for the treatment of
polluted water.
1. Introduction

The increase in the consumption of fruits and vegetables in recent
years has led to higher amounts of agricultural production and plant
waste. Citrus production worldwide is estimated at 89 million tons, with
15 � 106 tons of waste per year [1]. According to Locatelli et al. [2], the
vast majority of the harvests of these fruits are used for industrial pro-
cessing, and between 50 % and 75 % of the total weight of the fruit is
considered by-product or waste. Passion fruit is produced mainly in
countries of the Andean Region and is exported to obtain juices and
pulps. In 2018, approximately 37,000 tons of passion fruit were pro-
duced, and industrial processing generated 90 % of the shell and seed
waste [3]. Potato has one of the largest crop productions worldwide at
more than 300 million tons [4]. During the industrial processing of po-
tatoes, 70 to 140 million tons of peel waste are produced per year [5].
The generation of large quantities of wastes of plant origin [6] as the
result of the industrialization and commercialization of products for
human development and promotion of the world's economy has
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motivated the use and incorporation of waste into many economic value
chains. Fruit and vegetable wastes are used for the extraction of bioactive
compounds, production of enzymes and exopolysaccharides, synthesis of
bioplastics and biopolymers, production of biofuels and charcoal, and use
as bio-adsorbents for the removal of pollutants from solution [7, 8, 9, 10].

Bio-adsorbents obtained from plant wastes are considered a low-cost
and easy-to-acquire alternative for water treatment systems that contain
metals [8]. Metals are found naturally in the air, water, and soil due to
volcanic eruptions, dust, marine aerosols, forest fires, and parentmaterial
or rock emergence [11]. However, metal concentrations may increase in
the different environmental compartments due to use in industry, agri-
culture, combustion of coal or other fuels, mining, and domestic and
industrial effluents [11, 12, 13]. Some metals bioaccumulate and bio-
magnify through the trophic chain [13]; which makes them a potential
risk to the health of the human population and to ecosystems. For
example, lead is a toxic substance that accumulates in living organisms
and is associated with neurological, kidney, heart, immunological,
carcinogenic, respiratory, and gastrointestinal diseases in humans [14,
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15]. Waste products from melon, potato, cucumber, peanuts, almonds,
walnut, hazelnut, pistachio, tea, coconut, rice, and orange, among others
[8, 9], have been explored as metal bio-adsorbents and are proposed as
alternatives for the removal of metals [8]. Table 1 summarizes previous
studies of the adsorption capacity of Cr (III), Cr (VI), and Pb (II) on or-
ange, potato, and passion fruit peels and the effect of some properties of
the bio-adsorbent on the removal of the metals from the solution. In
general terms, the pH controls the adsorption capacity of the metals on
the bio-adsorbents, and Pb (II) has the greatest retention and affinity on
plant waste materials.
Table 1. Removal of Cr (III), Cr (IV) and Pb (II) by orange, potato, and passion fruit

Bio-adsorbent Treatment Metals The c
or ads

Orange peel Washed with tap water, three
times with distilled water, drying
at 80 �C and sieved (particles
smaller than 150 μm).

Cr The m
capac

Orange peel Washed with distilled water and
detergent, cut into 5.5 cm pieces,
dried at 110 �C, grounded, and
sieved (particles between 0.074
mm).
The skins were treated at 250 �C,
350 �C, and 450 �C through
pyrolysis.

Cd, Al, Cu,
Ni, Zn, and Pb

In all
was a
Pb an
Al (Pb
Zn >

The m
capac
50.5 m

Orange peel Cut into small pieces, washed with
distilled water, dried at 60 �C,
ground, and sieved (particles
smaller than 45 mm).
The skin was modified with NaOH
and CaCl2 solutions at a
concentration of 0.8M.

Cu, Pb, and Zn. The m
capac
(II), a
modifi
70.73
mg g�

Orange peel Washed twice with distilled water,
dried at 70 �C, and ground.
Modified using solutions of NaOH
(1%) and NaOH (4M) and CS2.

Cu, Cd, Pb,
Zn, and Ni.

The m
capac
(II), P
(II) w
218.3
mg g�

Orange peel Washed with water, dried in the
sun for 5–7 days, cut into small
pieces, ground, and sieved
(particles between 200 and 400
μm).

Pb The m
of Pb
peel w

Potato peel Washed with distilled water and
0.1M HCl. Dried at 103–110 �C
overnight. Grounded and sieved
(75 μm particles).

Cr The m
of Cr
was 3
the fu
presen
there
adsor

Potato peel Washed with distilled water and
dried at 100 �C overnight. Ground
and sieved (particle size 0.45–0.15
mm).

Pb The m
of Pb
was 2

Passion fruit peel Washed with distilled water and
dried at room temperature until
constant moisture, then placed in a
water bath at 50 �C for 48 h and
oven-dried at 50 �C for 24 h.
Ground and sieved (200 mesh).

Cu, Cd, Ni,
and Pb

The m
of Pb
fruit p
g�1 at
min�1

a pH

Passion fruit peel Washed with distilled water and
air dried at 70 �C for 8 h. Ground
and sieved (particle size less than
500 μm)

Cr and Pb The m
of Cr
the pa
85.1 m
mg g�

2

The review summarized in Table 1 evidences the need to establish the
effect of particle size and bio-adsorbent on metal retention under similar
conditions. Therefore, the objectives of this work are: i) to establish
whether the particle size of the bio-adsorbent affects its characteristics
and capacity to adsorb the metals Cr (III) and Pb (II) from solution, and ii)
to compare the retention and affinity of Cr (III) and Pb (II) on bio-
adsorbents of orange, potato, and passion fruit peels under laboratory
conditions with a single adsorption assay. The results of this research will
allow us to choose the best bio-adsorbents for further works about bio-
stability and reusability of materials under dynamic conditions.
peels.

apacity for removal
orption

Effect of the properties of the bio-
adsorbent on retention

Reference

aximum adsorption
ity was 7.14mg g�1.

97% of metal is removed with 1.12
g of bio-adsorbent, pH 2, and at a
temperature of 34.17 �C.

Ben Khalifa
et al., 2019

the materials, there
higher removal of
d lower retention of
> Cu > Ni > Cd >

Al).
aximum adsorption
ity of Pb (II) was
g g�1.

The metal absorption capacity was
higher for the materials that were
treated at 450 �C and at a pH of
2.00.

Santos
et al., 2015.

aximum adsorption
ities for Cu (II), Pb
nd Zn (II) on the
ed skin were
, 209.8, and 56.18
1, respectively.

The treatment of the skin reduced
the soluble organic matter in the
effluents and increased the
elimination rate of Pb (II) at a pH
of 5.5; 2 h contact time; a
temperature of 298 K and a bio-
adsorbent: solution ratio of
0.10:25.

Feng and Guo, 2012.

aximum adsorption
ities for Cu (II), Cd
b (II), Zn (II), and Ni
ere 77.60, 76.75,
4, 49.85, and 15.45
1, respectively.

Between 80% and 100% of most of
the metal ions were adsorbed
under weakly acidic conditions.
The optimum pH range for
adsorption tests was between 5
and 5.5, and Pb (II) had a stronger
adsorption affinity using modified
peels at a temperature of 25 �C.

Liang et al., 2010.

aximum adsorption
(II) on the orange
as 19.146 mg g�1.

The percentage of Pb (II) removal
was 95.73% with a metal
concentration of 80 ppm, a
quantity of bio-adsorbent of 1.0 g,
and a maximum pH of 2.00.

Jena and
Sahoo, 2017 [59].

aximum adsorption
(VI) on potato peel
.28 mg g�1. Due to
nctional groups
t in the potato peel
was limited
ption of the metal.

The final elimination percentage
for an initial concentration of Cr
(VI) at 120 mg L�1 was 74.84%.
Initial concentrations of 100 and
60 mg L�1 had elimination
percentages of 87.79 and 93.31%,
respectively.

Chen et al., 2014.

aximum adsorption
(II) on potato peel
17 mg g�1 at 20 �C.

At low initial concentrations, the
Pb (II) was completely adsorbed
onto the material, but at initial
concentrations greater than 300
mg L�1, the amount of non-
adsorbed ions increased due to the
saturation of the bio-adsorbent.

Kyzas and
Mitropoulos, 2018

aximum adsorption
(II) on the passion
eel was 63.9 mg
a flow of 3.00 mL
and 98.4 mg g�1 at

¼ 6.0.

In a dynamic medium (columns)
the adsorption of metals was
affected by the flow rate and pH.
The maximum adsorption
capacities of the metals are
obtained at a pH between 5.0 and
6.0.

Chao et al., 2014.

aximum adsorption
(III) and Pb (II) in
ssion fruit peel was
g g�1 and 151.6
1, respectively.

The maximum adsorption of
metals on the bio-adsorbent was
obtained at a pH of 5.0.

Jacques et al., 2007.
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2. Materials and methods

2.1. Metals

The lead and chromium used in the elimination studies were obtained
from lead (II) nitrate and chromium (III) nitrate nonahydrate, both with a
purity of 98%. The Pb(NO3)2 and Cr(NO3)3.9H2O were supplied by
Merck (Darmstadt, Germany). Standard solutions of Lead (II) and chro-
mium (III) at 1,000 g L�1 in 0.5M HNO3 were purchased from AppliChem
Panreac (Castellar del Vall�es, Spain). These solutions were used to
quantify metals in the test solutions.
2.2. Organic peels

The orange (Citrus sinensis) OP, potato (Solanum tuberosum) PP, and
passion fruit (Passiflora edulis) PF peels were collected at the local market.
The peels were washed with potable water, cut into small pieces, and
dried at room temperature and 50 �C. Then, the dried peels were
grounded and sieved to achieve particle sizes of 500–2000, 250–500, and
less than 250 μm on a sieve shaker equipped with ASTM 10-, 35-, and 60-
mesh sieves. The sieve method allows the measurement of the equivalent
particle diameter [16]; in this case, the particle diameter is equal to the
diameter of the diagonal mesh of the sieve.
2.3. Properties of bio-adsorbents

2.3.1. Organic matter, ash content, and cation exchange capacity
The organic matter (OM) and ash content of the orange, potato, and

passion fruit peels with particle sizes of 500–2000, 250–500, and less
than 250 μm were determined in triplicate with the ignition method
[17]. Briefly, a quantity (0.5000–2.0000 g) of bio-adsorbent was dried at
105 �C for 24 h in crucibles. Then, the crucibles were weighed at room
temperature, oxidized at 440 �C in a muffle furnace for 5 h, and weighed
at room temperature.

The cation exchange capacity (CEC) of OP, PP, and PF with a particle
size of 500–2000, 250–500, and less than 250 μm was obtained by
ammonium exchange with NaCl. Between 0.5000 and 2.0000 g of peel
was added to 40 mL of 1N CH3COONH4 at pH ¼ 7.00. They were stored
for 24 h, stirred for 3 h, and filtered with 60 mL of ammonium solution.
The residues were washed with 50 mL of ethanol, and the NH4

þ was
exchanged with 50 mL of 10 % NaCl. Twenty milliliters of 37 % form-
aldehyde was added to the supernatants and then titrated with 0.2 N
NaOH to quantify the cmol (þ) kg�1 of each bio-adsorbent [18]. All
experiments were performed in triplicate for each bio-adsorbent and
were run with blanks as controls.

The effect of lignocellulose polymers on the retention of cations in
the bio-adsorbents was evaluated from the CEC in modified peels of
OP, PP, and PF with a particle size of 500–2000 μm. The orange, po-
tato, and passion fruit rinds were modified with alkaline solutions of
NaOH and KOH. Fifteen grams of OP and PP and 3.5 g of PF were
stirred with 200 mL of 0.4 M NaOH or 0.4 M KOH for 6–24 h. Then,
the suspension was filtered and the residue was washed with deionized
water until reaching a neutral pH and dried at 105 �C until reaching
constant weight. The CEC of the dried residue was determined as
described above. In the alkaline extractions of the peels, the residue is
enriched with cellulose and the filtrate contains hemicellulose and
lignin [19, 20].

2.3.2. Surface chemistry with fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) was recorded in the

range of 400–4000 cm�1, with a resolution of 4 cm�1, using an Alpha
Platinum ATR Bruker equipment (Massachusetts, USA) for OP, PP, PF,
and ashes (particle size 500–2000, 250–500, and less than 250 μm), and
the dried residues of the alkaline treatments.
3

2.3.3. pH and zero charge pH (pHZC)
The Hþ ion concentration in the solution (pH) of orange, potato, and

passion fruit peels with particle sizes 500–2000, 250–500, and less than
250 μm was measured in triplicate using the EPA method 9045D [21].
One gram of the skins was placed in 50-mL beakers, and 25 mL of
deionized water was added. The water/rind suspension was stirred
intermittently for 1 h at 20 � 5 �C, and then the pH was measured with a
hydrogen electrode.

The size of the bio-adsorbents did not significantly affect the pH of the
solution (p < 0.05). Therefore, a particle size of 500–2000 μm was
selected for the pHZC measurements. The pHZC is the aqueous concen-
tration of Hþ ions in which the adsorbent has a net charge equal to zero.
Between 0.0100-1.0000 g of bio-adsorbent with a particle size of
500–2000 μm was weighed into 30-mL amber flasks. Ten milliliters of a
0.1M NaCl solution was added, and the suspensions were stirred and
stored for 0, 1, 2, 3, 4, and 5d (equilibrium time) at 22 � 2 �C. After each
equilibrium time, the pH was measured with a hydrogen electrode.
Additionally, the pHZC of OP, PP, and PF was measured after 4d, 2d, and
2d of equilibrium, respectively, at 12 � 2 �C and 32 � 2 �C. All experi-
ments were performed in triplicate for each type of peel, equilibrium
time, and temperature, and were run with water blanks and 0.1M NaCl.

2.3.4. Textural properties with particle and bulk density
The particle density of OP, PP, and PF was evaluated in triplicate

using the pycnometer method [18]. We weighed an aliquot of each
bio-adsorbent with particle sizes 500–2000, 250–500, and less than 250
μm that had been dried at 105 �C in a pre-weighed pycnometer, added
2/3 of distilled water, and degassed at room temperature for 30 min.
Then, the pycnometer was filled with water and weighed. The pycnom-
eter was also weighed with distilled water only. The values of particle
density were used to calculate the specific surface area according to
Equation (1) [22]:

S¼ 6*λ*m
ρp*dp

(Equation 1)

where S is the specific surface area (cm2 g�1), λ is the shape factor (1 for
PP and 3.6 for OP, PF) [23],m is the mass of particles (g), ρp is the particle
density (g cm3), and dp is the equivalent diameter of the particles (cm g).
Equation (1) is useful when the materials show high macro-porosity and
release volatiles during N2 isotherms.

The bulk density (ρb) of orange, potato, and passion fruit rinds was
determined in triplicate using the cylinder method [24]. We weighed
5.00 mL of the dried OP, PP, and PF with particle sizes 500–2000,
250–500, and less than 250 μm. The values of ρp and ρb were used to
estimate the total porosity (ft) of each bio-adsorbent (Equation 2).

ft ¼ 1�
�
ρb
ρp

�
*100% (Equation 2)

2.3.5. Removal of lead and chromium from the aqueous solution
Tests of lead and chromium removal from the aqueous solution were

carried out with: i) adsorption tests on OP, PP, and PF with particle sizes
of 500–2000, 250–500, and less than 250 μm; and ii) adsorption iso-
therms in OP, PP, and PF with a particle size of 500–2000 μm at 22 �C.
The adsorption isotherms were performed only for the 500–2000 μm
particle size since the characteristics of the bio-adsorbent were not
affected by particle size. Additionally, the 500–2000 μm particle size
allowed adequate water flow in tests with small columns packed with the
adsorbent material.

The adsorption test on orange, potato, and passion fruit peels with
particle sizes of 500–2000, 250–500, and less than 250 μm was carried
out using the Batch method [10, 25, 26] with modifications. Briefly,
2.0000 g (OP and PP) or 0.5000 g (PF) was placed in triplicate in a
250-mL Erlenmeyer flask, and an aliquot (50 mL) of a Pb (II) and Cr (III)
(10 mg L�1) solution was added to each flask. The suspension was stirred



J.S. Casta~neda-Figueredo et al. Heliyon 8 (2022) e10275
for 1 h at 22 �C and filtered. Thirty milliliters of the filtrate was digested
with 5 mL of concentrated HNO3 at 70 �C to a volume of approximately 5
mL. The solution was kept at room temperature, then an additional 5 mL
of concentrated HNO3 was added and heated (70 �C) to a volume close to
5 mL. The previous step was performed one more time and the solution
was diluted to 50 mL. A volume of the final solution was injected into an
atomic absorption spectrometer (Contra AA 700 analitikjena.
Konrad-Zuse-Strasse 1, Germany) to quantify the amount of lead and
chromium in the solution at 283 nm and 357 nm, respectively. Metal
recoveries were 97.57� 4.96% for Cr (III) and 98.10� 4.01% for Pb (II).
The limits of detection (LOD) of the compounds were estimated at 0.55
mg L�1 for Cr (III) and 0.09 mg L�1 for Pb (II), and their limits of
quantification (LOQ) were 1.66 mg L�1, 0.27 mg L�1 for Cr (III) and Pb
(II), respectively. The concentration range of Cr (III) (0.10–4.00 mg L�1)
and Pb (II) (0.10–2.00 mg L�1) showed a linear regression, an intercept
statistically equal to zero, and no deviation from linearity (p < 0.05).

The adsorption isotherms of OP, PP, and PF with a particle size of
500–2000 μm were carried out in a similar way to the adsorption tests.
The initial concentration of the metals (Cr (III) and Pb (II)) ranged be-
tween 5.0 and 500.0 mg L�1 and all of the experiments were carried out
in triplicate and performed with metal samples in solution; the blanks
were the bio-adsorbents in water. According to the adsorption kinetics of
chromium on OP, PP, and PF and of lead on OP and PF with a particle size
of 500–2000 μm (Figure 1), instantaneous retention of Cr (III) and Pb (II)
was observed in the bio-adsorbents at zero contact time. The 1-h equi-
librium time showed maximum retention of Cr (III) in PF and in lead in
OP and PF. Then, the adsorption of Cr (III) on PF and of Pb (II) on OP
decreased slightly, and the adsorption of Pb (II) on PF remained constant
over time. The absorbed amount of Cr (III) on PP and OP at 1 h was
similar to that at zero contact time. Then, the adsorption of Cr (III) on PP
and OP decreased over time. One hour was the equilibrium time selected
for the adsorption tests and adsorption isotherms.
Figure 1. Metal adsorption kinetics of the bio-adsorbents. (a) Lead adsorption kinetic
on orange (OP), potato (PP), and passion fruit (PF) peels. Bars show the standard d

4

2.4. Data analysis

The adsorption isotherms of chromium and lead on OP, PP and PF
were adjusted to the linearization of Hanes - Woolf (Equation 3), Line-
weaver - Burk (Equation 4), Eadie - Hoffsiee (Equation 5), and Scatchard
(Equation 6) from the Langmuir model (Equation 7); to the Freundlich
model (Equation 8) and the linear model (Equation 9) [27, 28].

Ce

qe
¼

�
1

Q�
max

�
Ce þ 1

Q�
maxKL

(Equation 3)

1
�

1
�

1 1

qe

¼
Q�

maxKL Ce
þ

Q�
max

(Equation 4)

qe ¼
��1

�
qe þ Q

�
max (Equation 5)
KL Ce

qe �
Ce
¼ � KLqe þ QmaxKL (Equation 6)

qe ¼ Q�
maxKLCe (Equation 7)
1þ KLCe

qe ¼ KFCn
e (Equation 8)
qe ¼ KDCe (Equation 9)
where Ce is the equilibrium concentration of metals in the solution (mg
L�1), qe is the amount of metal adsorbed per unit of mass (mg kg�1), Q

�
max

is the maximum saturated single-layer adsorption capacity of the bio-
adsorbent (mg g�1), KL is a constant related to the affinity between the
adsorbed metal and the bio-adsorbent (L mg�1), KF is the Freundlich
s on orange (OP) and passion fruit (PF) peels. (b) Chromium adsorption kinetics
eviation of the mean.



Table 2. Properties of the bio-adsorbents of orange, potato, and passion fruit peels.

Peel
Size,
μm

Organic Matter,
%

Ash,
%

The capacity
of cationic
exchange,
cmol(þ) kg�1

pH Particle density,
g cm�3

Bulk density,
g cm�3

Total porosity,
%

Specific surface
area, cm2 g�1

Orange (OP) 500–2000
250–500
<250

95.63 � 0.13
96.17 � 0.34
96.06 � 0.40

4.37 � 0.13
3.83 � 0.34
3.94 � 0.40

146.02 � 16.21
161.17 � 12.81
157.84 � 4.53

4.37 � 0.12
4.44 � 0.07
4.25 � 0.04

1.55 � 0.19
1.73 � 0.48
1.83 � 0.09

0.45 � 0.001
0.45 � 0.015
0.46 � 0.003

71.16
74.22
74.97

121.01 � 0.09*
477.38 � 0.35*
939.37 � 0.69*

Potato (PP) 500–2000
250–500
<250

93.26 � 0.59
93.28 � 0.15
93.75 � 0.30

6.74 � 0.59
6.72 � 0.15
6.25 � 0.30

60.33 � 9.69
67.23 � 3.76
50.76 � 9.03

5.85 � 0.18
6.18 � 0.12
6.14 � 0.12

1.86 � 0.07
1.50 � 0.27
1.74 � 0.18

0.62 � 0.002
0.58 � 0.000
0.67 � 0.004

48.08
65.38
54.90

31.84 � 0.02*
130.40 � 0.29*
258.94 � 0.44*

Passion fruit (PF) 500–2000
250–500
<250

94.04 � 0.12
93.89 � 0.08
92.35 � 1.45

5.96 � 0.12
6.11 � 0.08
7.65 � 1.45

219.84 � 22.24
195.54 � 18.09
237.74 � 64.01

4.89 � 0.04
4.85 � 0.01
4.85 � 0.04

1.20 � 0.11
1.69 � 0.37
1.49 � 0.42

0.40 � 0.002
0.46 � 0.000
0.40 � 0.004

78.49
69.60
76.84

141.10 � 0.10*
556.62 � 0.41*
1095.29 � 0.80*

The � sing is the standard deviation of the mean.
* The specific surface area of OP, PP, and PF was calculated based on the average of the particle density of each peel, since the particle size of the bio-adsorbent did not

affect the particle density (OP: p ¼ 0.544, PP: p ¼ 0.149, and PF: p ¼ 0.264).

J.S. Casta~neda-Figueredo et al. Heliyon 8 (2022) e10275
adsorption affinity (mg kg�1/(mg L�1)n, where n is the adsorption energy
(dimensionless) and KD is the distribution coefficient (L kg�1).

An ANOVA was performed to evaluate the effect of the particle size
(500–2000, 250–500, and less than 250 μm) and of the bio-adsorbent
type on organic matter, ash content, CEC, pH, and the adsorption ca-
pacity. All statistical analyses considered an alpha value of 0.05.

3. Results and discussion

3.1. Properties of the bio-adsorbent

3.1.1. Organic matter, ash content, cationic exchange capacity, FTIR, pH,
and pHZC

The organic matter (OM), ash content, CEC, and pH of OP, PP, and PF
with particle sizes of 500–2000, 250–500, and less than 250 μm are
summarized in Table 2. The particle size of the bio-adsorbent did not
affect the OM (OP: p ¼ 0.162; PP: p ¼ 0.291 and PF: p ¼ 0.088), ash
Figure 2. FTIR spectra of the bio-adsorbents and ash at different particle sizes. (a) F
passion fruit (PF). (d) FTIR spectra of orange ash. (e) FTIR spectra of potato ash. (f)

5

content (OP: p ¼ 0.162; PP: p ¼ 0.291 and PF: p ¼ 0.088), CEC (OP: p ¼
0.346; PP: p ¼ 0.111 and PF: p ¼ 0.484), or pH (OP: p ¼ 0.084; PP: p ¼
0.062 and PF: p ¼ 0.317).

These properties did differ among the three bio-adsorbents (p <

0.05). The OP had the highest percentage of OM (95.95� 0.36%) and the
lowest ash content (4.05� 0.36%). OM and ash content were statistically
similar (p ¼ 0.989) between PP and PF, with values of 93.43 � 0.42%
(OM), 6.57� 0.42% (ash) for PP and 93.43� 1.09% (OM), 6.57� 1.09%
(ash) for PF. The OM values in the bio-adsorbents can be explained by the
lignocellulose polymer, protein, starch, and pectin contents of the peels.
According to the FTIR spectra of OP, PP, and PF for particle sizes of
500–2000, 250–500, and less than 250 μm (Figure 2 and Table 3); the
vibration bands of the peels were similar at different sizes. The spectra of
all of the bio-adsorbents showed a weak and broad band near 3282 cm�1

(O–H vibration due to intermolecular H bonds), two peaks at 2920 and
2852 cm�1 (aliphatic C–H vibration), one band from 1636 to 1603 cm�1

(conjugated and nonconjugated C ¼ C stretch vibrations or absorbed
TIR spectra of orange (OP). (b) FTIR spectra of potato (PP). (c) FTIR spectra of
FTIR spectra of passion fruit ash.



Table 3. Wave numbers of the FTIR bands of orange, potato, and passion fruit
peels.

Orange
FTIR, cm�1

Potato
FTIR, cm�1

Passion fruit
FTIR, cm�1

Assignment

3290 3272 3283 ν(OH)
2920
2862

2919
2853

2913
2852

ν(CH)

1728 ——— 1736 ν(COOH)
1605 1636 1603 ν(C¼C)

1358 1365 1365 δ(CH)

1017 999 1015 ν(CC) (CO)
Orange ash
FTIR, cm�1

Potato ash
FTIR, cm�1

Passion fruit
FTIR, cm�1

Assignment

1432 1450 1461 ν3(C–O)
1121 1111 1119 νas(SO4)
1056 1044 1054 νss(SO4)
873 876 867 ν2(C–O)
700 696 668 ν2 (C–O)

613 607 618 ν4 (O–P–O)

572 540 550 ν4 (O–P–O)

Figure 3. FTIR spectra of pectin and bio-adsorbent residues after alkaline
treatments. (a) FTIR spectrum of passion fruit pectin. (b) FTIR spectra of the
orange residues. (c) FTIR spectra of potato residues. (d) FTIR spectra of passion
fruit residues.
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water in the biopolymers), peaks near 1362 cm�1 (bending on the C–H
plane) and a strong band from 1017 to 999 cm�1 (C–O stretch of poly-
saccharides). The orange and passion fruit peels had a weak peak (1736 -
1728 cm�1) that was assigned to the C¼O stretch of COOH [29, 30, 31,
32]. The FTIR spectra confirm the complexity and diversity of the
structural composition of all plant wastes. In general, carbohydrates
(cellulose, soluble sugars, and hemicellulose), pectin, protein, and lignin
explained the FTIR bands between 3300 and 999 cm�1 for OP and PF [33,
34]. Meanwhile, starch (amylose and amylopectin) was the predominant
constituent of PP [33, 35].

The FTIR spectra of the ashes (Figure 2 and Table 3) indicated that the
mineral fraction of the peels had characteristic bands of carbonate, sul-
fate, and phosphate compounds. These functional groups were verified
with additional tests, including a comparison with FTIR spectra of salts
with purity above 99%. A broad peak around 1418 cm�1 (OP ¼ 1432
cm�1; PP ¼ 1450 cm�1; PF ¼ 1461 cm�1) resulted from the C–O anti-
symmetric stretch vibration of the carbonate group. This type of com-
pound also gave rise to the bands at 873 and 698 cm�1 (OP ¼ 873 and
700 cm�1; PP ¼ 876 and 696 cm�1; PF ¼ 867 and 668 cm�1) of bending
vibrations. The presence of carbonate functional groups in the ashes was
verified with an aqueous solution of HCl (10%). The ashes of orange,
potato, and passion fruit all produced CO2 (bubbles) in contact with the
HCl. The bands appearing at 1121 cm�1 (OP), 1111 cm�1 (PP), and 1119
cm�1 (PF) were assigned to the asymmetric stretching of the sulfate
groups (SO4). SO4 also resulted in the peaks at 1056 cm�1 (OP), 1044
cm�1 (PP), and 1054 cm�1 (PF) of symmetric stretching. The bands close
to 600 and 559 cm�1 (OP ¼ 613 cm�1, 572 cm�1; PP ¼ 607 cm�1, 540
cm�1; PF ¼ 618 cm�1, 550 cm�1) resulted from the O–P–O bending vi-
brations of the phosphate PO4 groups. The presence of phosphate in the
ashes was verified by colorimetric determination. The Bray I extract from
the orange, potato, and passion fruit ashes produced a blue color with
chloro-molybdic acid and tin chloride [36].

The PF had the highest CEC (217.70 � 39.57 cmol (þ) kg�1), fol-
lowed by the OP (155.01 � 12.63 cmol (þ) kg�1) and PP (59.44 � 9.93
cmol (þ) kg�1). The difference in the CEC may be explained by the
amount of lignocellulose polymer in the peels. For example, the alkaline
treatment (0.4M NaOH and KOH) led to a decrease in the CEC of 70.85 %
in PF and 34.99 % on OP. Meanwhile, the CEC of PP treated with alkaline
solutions did not show any decrease (59.26 � 6.42 cmol (þ) kg�1). The
FTIR spectra of the alkaline residues of OP, PP, and PF (Figure 3) showed
bands similar to those of the FTIR spectra of the untreated peels because
the residue obtained from the alkaline treatment is rich in cellulose. The
characteristic bands of the cellulose polymer were: i) a broad band near
6

3300 cm�1 (OP ¼ 3303 cm�1 and PF ¼ 3309 cm�1) due to the O–H
stretching vibration of inter and intramolecular hydrogen bonds in the
cellulose; and ii) a broad band near 2900 cm�1 (OP ¼ 2893 cm�1 and PF
¼ 2905 cm�1), attributed to the aliphatic C–H stretch vibration. In
addition, there was a band from 1605 to 1603 cm�1 (vibration of water
molecules absorbed in the biopolymer), a peak from 1434 to 1415 cm�1

(CH2 in flexion C-6), a band from 1318 to 1316 cm�1 (CH2 (wiggle) in
flexion C-6), a peak from 1244 to 1242 cm�1 (C–OH on the plane in
flexion C-6), and a strong band from 1016 to 983 cm�1 (C–O stretch of
the polysaccharide) [37]. Passion fruit consists of ~80% (p/p) of
non-starch polysaccharides, of which 42 % is cellulose, 25 % pectin, and
12 % hemicellulose [38]. The proximal composition of the orange peel
shows 11 % cellulose and 21 % pectin, while potato peels are composed
of ~67 % (p/p) starch polysaccharides [33]. According to this informa-
tion, the PF bio-adsorbent had the highest amount of lignocellulose
polymers; therefore, it showed the highest CEC. Furthermore, the
dissociation of the carboxyl groups of the pectin in PF (vibrations close to
3300 cm�1, OH; 1600 cm�1, C ¼ O (COO�); and 1736 cm�1 C ¼ O) were
also responsible for adsorbing the cations in solution (Figure 3 (a)). The
pectin was extracted from PF with 0.4M HNO3 solution as previously
mentioned in the alkaline extractions. The acidic extraction filtrate was
used to obtain the pectin with absolute ethanol and record its FTIR
spectrum (Figure 3 (a)).

The PP presented the highest pH value (6.05� 0.20), followed by the
PF (4.86 � 0.03) and the OP (4.35 � 0.11). Additionally, these values
were higher than the pHZC values (Figure 4 (a), (d), (g)) for OP
(3.20–3.40 during 4 d), PP (4.80–4.90 during 2 d), and PF (3.80–3.90
during 2 d) at a particle size of 500–2000 μm and 22 �C. The values of pH
> pHZC allow a net negative charge on the surface of the bio-adsorbents



Figure 4. Zero charge pH (pHZC) of the bio-adsorbents at different temperatures. pH of orange peel at 22 �C (a), 12 �C (b), and 32 �C (c). pH of potato peel at 22 �C (d),
12 �C (e), and 32 �C (f). pH of passion fruit peel at 22 �C (g), 12 �C (h), and 32 �C (i).
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[26, 39], due to the dissociation of the hydroxyl and carboxyl groups of
the natural polysaccharides (pectin, hemicellulose, and lignin). This
dissociation is also responsible for the pH values in the bio-adsorbents.
The PP bio-adsorbent, which had the highest quantity of starch poly-
saccharides and the lowest quantity of lignocellulose polymers [33]
7

showed the highest pH and pHZC values. The amount of cellulose,
hemicellulose, lignin, and pectin in the orange and passion fruit peels
[33, 38] allowed a higher concentration of Hþ ions in the aqueous so-
lution. For example, the lignin-related phenols guaiacol and syringeal
have pKa values in water at 25 �C between 1.60 and 11.0 [40]. A low pKa
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value indicates that the substance is a strong acid and dissociates
completely in water. Additionally, orange peels have acidic functional
groups (carboxylic, lactone, and phenolic) on the surface [26].

The pHZC of the orange (3.60–3.70 for 4 d), potato (5.80–5.90 for 2
d), and passion fruit peels (4.00–4.01 for 2 d) increased and stabilized
better with the decrease in temperature to 12 �C (Figures 4(b), (e), and
(h)). Meanwhile, increasing the temperature to 32 �C did not affect the
pHZC of the OP (Figure 4(c)) but decreased the pHZC of the PP (4.50–4.70
for 2 d) (Figure 4(f)) and the PF (3.30–3.50 for 2 d) (Figure 4(i)) due to
microbial activity. For example, the fermentation of potato residues by
thermophilic amylolytic microorganisms produces lactic acid [41],
accompanied by a decrease in pH. Finally, the pHZC values of this study
were lower than those published by Samarghandy et al. [42] for potatoes
(pHZC ¼ 6.59) and Gerola et al. [43] for passion fruit peel (pHZC < 5.5);
and higher than those published by Ben Khalifa et al. [26] for orange peel
(pHZC ¼ 2.5).

3.1.2. Removal of lead and chromium from the aqueous solution
The amount of Cr (III) and Pb (II) in orange, potato, and passion fruit

peels with particle sizes of 500–2000, 250–500, and less than 250 μm are
summarized in Figure 5. Ben Khalifa et al. [26] found that a smaller
particle diameter offers a greater metal removal efficiency for low
amounts of bio-adsorbent (�1 g) and that the adsorption percentage does
not change significantly with particle size for greater amounts of adsor-
bent. However, in this study, the particle size of the bio-adsorbent
affected the retention of lead and chromium in the three peels (p <

0.05), except for the adsorption of Cr (III) on PF (p¼ 0.164). The particle
size 500–2000 μm adsorbed more chromium (222.55 � 6.02 mg kg�1)
and lead (264.55 � 1.46 mg kg�1) in OP. In the case of the PP, the
particle size 500–2000 μm retained more Cr (158.25 � 3.39 mg kg�1),
but the lead was more adsorbed on the particle sizes of 250–500 and less
Figure 5. Metal adsorption on the bio-adsorbents at different particle sizes. Adsorptio
lead (b). Bars show the standard deviation of the mean.
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than 250 μm (256.17 � 2.17 mg kg�1). Particle size less than 250 μm
retained more lead (1077.47 � 12.56 mg kg�1) in PF.

The amount of Cr (III) and Pb (II) adsorbed differed among the bio-
adsorbents (p < 0.05). PF had the highest metal adsorption, followed
by OP and PP. In addition, the bio-adsorbents showed a higher affinity for
lead (Figure 5), probably due to the speciation of the metal. According to
the pH of the OP, PP, and PF (approximately 4–6), most of the lead exists
as Pb (II) ions, and chromium is found as Cr (III), CrOH (II), and Cr (OH)2
(I) [10, 44, 45]. Chromium ions increase four-fold in radius with hy-
dration [46]; therefore, this metal was less retained in the orange, potato,
and passion fruit peels. Several adsorbents have shown a better efficiency
for lead retention than chromium [10]. The main mechanism for the
adsorption of Cr (III) and Pb (II) in the OP, PP, and PF was the exchange
of cations between the hydrogen ion present in the three bio-adsorbents
and the metals, due to the decrease of the pH at the end of the adsorption
tests (Figure 6). Furthermore, the net negative charge on the surface of
the peels (pH values > pHZC) allowed an electrostatic attraction between
the bio-adsorbents and the metals (Figure 6). The net negative charge
(CEC) and the specific surface area explain the order of adsorption of Pb
(II) and Cr (III) on the peels, since the CEC and the specific surface area
(Table 2) were greatest in PF, followed by OP then by PP. The specific
surface area of OP, PP, and PF increased with decreasing particle size
(Table 2), but the values in this study were lower than those found by
Amel et al. [47], Dey et al. [48], Feng and Guo [34], Kamsonlian et al.
[49], Rosanti et al. [50], Salman and Ali [51] for orange peel (0.452–204
m2 g�1), El-Azazy et al. [52] for potato rind (4.075 m2 g�1), and Chen
et al. [53] for passion fruit peel (4.403 m2 g�1).

The effect of particle size on the adsorption of metallic ions is
explained by the difference in the specific surface area, swell, and
porosity of the bio-adsorbents. Although the specific surface area of or-
ange peel increased with decreasing particle size (500–2000 μm: 121.01
n on orange (OP), potato (PP), and passion fruit (PF) peels of chromium (a) and



Figure 6. Schematic representation for removal of Pb (II) and Cr (III) from solution with the bio-adsorbents.
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� 0.09 cm2 g�1, 250–500 μm: 477.38 � 0.35 cm2 g�1, and less than 250
μm: 939.37 � 0.69 cm2 g�1), the Cr (III) and Pb (II) were adsorbed more
on OP 500–2000 μm because particles between 250–500 μm and less
than 250 μm were swelled in aqueous solution. This hydration increased
particle density with decreasing particle size (Table 2) and could
decrease the abundance of adsorption sites with adequate size for the
retention of Cr (III). Pb (II) is adsorbed on the swelled bio-adsorbents
between 250–500 μm (PP) and less than 250 μm (PF) because lead has
a lower ionic radius than chromium. Furthermore, the PP between
250–500 μm and PF less than 250 μm had the highest porosity (65.38 %)
and specific surface area (1095.29 � 0.80 cm2 g�1), respectively, among
the bio-adsorbent particle size combination.

Table 4 summarizes the adsorption parameters (Q
�
max, KL, KF , n, and

KD) and the coefficient of determination R2 calculated to fit the experi-
mental adsorption isotherms of Cr (III) and Pb (II) to the Hanes-Woolf,
Lineweaver-Burk, Eadie-Hoffsiee, Scatchard, Freundlich and Linear
equations. According to the R2 values, the Freundlich model was a better
fit to the adsorption isotherms of chromium and lead in the orange peel
(R2 ¼ 0.991 and 0.972). The L-type isotherms (n < 1) show a strong
interaction between the bio-adsorbent and the adsorbates, a strong in-
fluence of the initial concentration, and that the metals must be retained
in some lower-energy sites, since the high-energy sites may have become
saturated with the increase of the initial concentration [25]. The influ-
ence of the initial concentration was more marked in the adsorption of Cr
(III) because the value of n was lower (Cr ¼ 0.77 and Pb ¼ 0.90).
Additionally, the Freundlich adsorption affinity (KF) of Cr (III) and Pb (II)
were 136.39 and 321.24 (mg kg�1/(mg L�1)n, respectively. According to
the KF values, the orange peel showed a higher affinity for lead. In pre-
vious studies, several authors found that the retention of chromium and
lead on the surface of the adsorbents was a better fit to single-layer
adsorption (Langmuir model). The maximum saturated single-layer
adsorption capacity was 7.1 mg g�1 for Cr (VI) and 14.64–218.34 mg
g�1 for Pb (II) on the orange peel without and with modifications [26, 30,
34, 54], and of 250.0 mg g�1 for Cr (VI) on mousami (sweet lemon) peel
[55].

The linear model had the best fit to the adsorption isotherms of
chromium and lead on the potato peel (R2 ¼ 0.940 and 0.999). The linear
equation over a wide concentration range indicated that all adsorption
sites on the bio-adsorbent have equal energy to interact with the pol-
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lutants [25]. The occurrence of this type of isotherm in the potato peel
can be explained by the morphology of the bio-adsorbent surface.
Scanning electron micrographs show that PP surface is more homoge-
neous than the surface of the OP, which had an irregular and rough
surface (Figure 5). The distribution coefficient (KD) of Cr (III) and Pb (II)
was 16.82 and 30.03 L kg�1, respectively. Again, lead showed greater
retention or affinity for the bio-adsorbent. Chen et al. [56], Kyzas and
Mitropoulos [57] used the Langmuir and Freundlich models to explain
the bio-adsorption of Cr (VI) on potato peel with Q

�
max¼ 3.28 mg g�1 and

KF¼ 0.2985 (mg g�1/mg L�1)n, and the retention of Pb (II) on activated
charcoal derived from potato peels with a Q

�
max¼ 217 mg g�1 and KF¼

26.27 (mg g�1/mg L�1)n. The linear isotherm of the potato peel can be
explained by the morphology of the bio-adsorbent surface. Scanning
electron micrographs show that the PP surface is more homogeneous
than the surface of the OP (Figure 7). The micrographs of potato peel at
450x showed similar spheres with a diameter range between 3 - 74 μm
and pore space between 3 - 65 μm among the sizes. Meanwhile, the or-
ange peel (micrographs at 450x) had an irregular and rough surface with
pore space between 3 - 68 μm, 3–109 μm, and 4–44 μm for 500–2000 μm,
250–500 μm, and less than 250 μm, respectively. The irregular and rough
surface and the pore space of the orange peel allowed higher adsorption
of Pb (II) and Cr (III) than of potato peel.

The experimental adsorption isotherm of Cr (III) on the PF peel was
best explained by the Hanes-Woolf equation (R2 ¼ 0.910), with a
maximum saturated single-layer adsorption capacity (Q

�
max) of 3.3 mg

g�1 and a constant related to the affinity between the adsorbed metal
and the bio-adsorbent (KL) of 1.00 L mg�1. The adsorption of Pb (II) was
better fit by the Freundlich model (R2 ¼ 0.984) with a KF¼ 927.64 (mg
g�1/mg L�1)n and n¼ 0.55 (L-type isotherm). The homogeneity or
heterogeneity of the bio-adsorbents can also be evaluated using the
value of n. This parameter is related to the adsorption energies, and it
has been established that the smaller the value of n, the greater the
expected heterogeneity. When n¼ 1, the Freundlich equation reduces to
a linear adsorption isotherm [28]. According to the value of n for Pb (II)
in the PF, the surface of this bio-adsorbent had the greatest heteroge-
neity in adsorption energies. For both metals, it has been reported
that the Langmuir equation best fit the adsorption isotherms with
values of Q�

max of 85.1 mg g�1 for Cr (III) and 151.6 mg g�1 for the Pb
(II) [58].



Table 4. Chromium and lead adsorption parameters on orange, potato, and passion fruit peels.

Rinds at
500–2000 μm

Adsorption parameters of chromium

Hanes-Woolf Lineweaver-Burk Eadie-Hoffsiee Scatchard Freundlich Linear

Q
�
max

(mg g�1)
KL

(L mg�1)
R2 KL

(L mg�1)
Q

�
max

(mg g�1)
R2 KL

(L mg�1)
Q

�
max

(mg g�1)
R2 KL

(L mg�1)
Q

�
max

(mg g�1)
R2 KF

(mg kg�1/mg L�1)n
n R2 KD

L kg�1
R2

OP 12.5 0.008 0.968 0.012 10.0 0.981 0.013 9.0 0.760 -1.00 � 10�2 110.20 0.760 136.39 0.77 0.991 31.15 0.983

PP 11.1 0.004 0.688 - 0.014 -2.0 0.978 0.018 4.0 0.144 -2.60 � 10�3 42.52 0.144 43.96 0.91 0.939 16.82 0.940

PF 3.3 1.000 0.910 0.043 5.0 0.845 0.070 4.3 0.328 -2.70 � 10�2 193.48 0.328 411.33 0.44 0.720 4.95 0.119

Rinds at
500–2000 μm

Adsorption parameters of lead

Hanes-Woolf Lineweaver-Burk Eadie-Hoffsiee Scatchard Freundlich Linear

Q
�
max

(mg g�1)
KL

(L mg�1)
R2 KL

(L mg�1)
Q

�
max

(mg g�1)
R2 KL

(L mg�1)
Q

�
max

(mg g�1)
R2 KL (L mg�1) Q

�
max (mg g�1) R2 KF (mg kg�1/mg L�1)n n R2 KD

L kg�1
R2

OP 25.0 0.013 0.455 0.012 25.0 0.821 0.038 10.9 0.336 0.013 26.3 0.336 321.24 0.90 0.972 174.41 0.962

PP 12.5 0.005 0.497 0.053 2.0 0.988 0.018 5.4 0.395 0.007 10.5 0.395 99.93 0.75 0.990 30.03 0.999

PF 20.0 0.031 0.934 0.2504 5.0 0.939 0.079 13.8 0.630 0.050 17.9 0.630 927.64 0.55 0.984 59.37 0.935
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Figure 7. SEM (scanning electronic microscopy) micrographs of orange and potato peels.
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Feng and Guo [34] reported that metal adsorption efficiencies in-
crease when the pH of the solution increases from 2.5 to 6.0. At pH values
above 6.0, the metallic ions precipitated due to the high hydroxyl con-
centrations in the aqueous solution. Therefore, the adsorption of chro-
mium on OP (pH ¼ 4.4) and PP (pH ¼ 6.0), and of lead on OP (pH ¼ 4.4)
in this study were greater than those found by Ben Khalifa et al. [26],
Santos et al. [30], Chen et al. [56] at pH between 2.0 - 2.5.

4. Conclusions

The objective of our research was to evaluate the effect of the particle
size (500–2000, 250–500, and less than 250 μm) and of the bio-adsorbent
(OP, PP, and PF) on the removal of lead and chromium from solution. We
conclude that the particle size of the bio-adsorbent affects their adsorption
of metallic ions; the 500–2000 μm particle size removed more Cr (III) and
Pb (II) in most of the peels. The PF had higher metal ion adsorption due to
its cationic exchange capacity and the specific surface area, and all of the
peels showed a higher affinity for Pb (II). The Freundlich and linear
models explained the adsorption isotherms of Cr (III) and Pb (II) on the
orange and potato peels, respectively. The adsorption of metal ions on PF
was explained by the Langmuir (chromium) and Freundlich (lead)
models. The results obtained in this study indicate that plant wastes,
especially from passion fruit, have potential as feasible and low-cost bio-
adsorbent to remove metals from aqueous solutions.
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