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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The WR-packed bed column maintained 
high Pb(II) uptake over 10 cycles. 

• Adsorption mechanism was systemati-
cally interpreted via multi-technique 
analysis. 

• Hydroxyl, carboxyl, amine, and ether 
groups were active binding sites. 

• Complexation, ion exchange, electro-
static attraction, and microprecipitation 
occurred. 

• Pb(II)-binding sites interactions were 
verified by quantum chemistry 
simulation.  

A R T I C L E  I N F O   

Handling Editor: X. Cao  

Keywords: 
Fruit waste 
Heavy metal 
Adsorption mechanism 
Column study 
Circular economy 

A B S T R A C T   

Fruit waste is a sustainable biosorbent for heavy metal removal from wastewater. Elucidation of adsorption 
mechanism is imperative for the process control and development of effective adsorbents. In this study, 
watermelon rind (WR) exhibited selective and efficient Pb(II) adsorption with a maximum uptake of 230.5 mg/g 
at pH 5.0. The WR-packed bed column showed high Pb(II) uptake and robust durability over 10 adsorption- 
desorption cycles with long breakthrough time of 8–13 h (89–144 bed volume), and 95% of sequestered Pb 
(II) was rapidly desorbed in 1–2 h by 0.05 M HCl. Spectroscopic characterization by FTIR and XPS identified 
hydroxyl, carboxyl, amine, and ether groups as the binding sites for Pb(II) via the binding force of complexation. 
Physicochemical analysis showed that ion exchange with Mg2+ and Ca2+ accounted for 19% of Pb(II) adsorption 
by WR; electrostatic attraction and microprecipitation jointly contributed. Quantum chemistry simulation 
verified the interactions between Pb(II) and binding sites and revealed carboxyl was the preferential functional 
group. The findings corroborate the applicability of WR in scale-up Pb(II) removal/recovery from wastewater 
and elaborate the mechanisms of Pb(II) adsorption by the WR biosorbent. This also provides insights into the 
behavior of heavy metals in other liquid/solid interfaces.   
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1. Introduction 

Lead (Pb) is a heavy metal prevalently used in the manufacture of 
consumer products such as Pb-acid batteries, paints, pigments, stained 
glass, toys, and some cosmetics; the dominant sources of Pb contami-
nation also include mining, smelting, and Pb recycling operations 
(WHO, 2021). These anthropogenic activities always end up with 
Pb-containing wastewater, which provokes contamination of receiving 
water bodies if not appropriately treated before discharging (Dutta et al., 
2021). It was reported that industrial wastewater is one of the main 
anthropogenic sources of Pb in the sediments of the Pearl River Basin 
and Yellow River Basin in China (Han et al., 2018). The Pb released into 
the surface water and soil can be bioaccumulated and biomagnified 
along with the food chain thus threatening the human health (Frank 
et al., 2019; Levin et al., 2021). Pb is found to be highly toxic causing 
serious illness and interfering with the biological and nervous systems in 
living beings even at a low concentration (Ahmad and Mirza, 2018b; 
Ahmad et al., 2022). For instance, it can pose profound and permanent 
adverse health impacts on young children, particularly on the brain 
development and nervous system; it can also induce long-term harm in 
adults such as high blood pressure and kidney damage (Dórea, 2019; 
WHO, 2021). Moreover, Pb is categorized as a possible human carcin-
ogen in Group 2 B of the International Agency for Research on Cancer 
(IARC) classification, and its inorganic compounds are in Group 2 A 
(probable human carcinogens) (WHO, 2010). Hence, removal of Pb from 
the Pb-containing industrial wastewater is usually demanded before 
discharging into nature or distributing to municipal wastewater treat-
ment plants. 

Adsorption using sustainable adsorbents becomes a promising 
alternative to conventional methods, e.g., coagulation, precipitation, ion 
exchange, and membrane filtration (Carolin et al., 2017; Mirza and 
Ahmad, 2018), for removing heavy metals from wastewater due to its 
low cost and high efficiency (Rae et al., 2019). Fruit waste materials, 
which are natural sources of cellulose, hemicellulose, pectin, and lignin 
containing functional groups capable of binding heavy metals, can 
potentially serve as value-added biosorbents (Malik et al., 2016). In line 
with “Circular Economy”, utilizing fruit waste materials for heavy metal 
removal from wastewater is a promising green technology, which can 
simultaneously address two environmental issues, i.e., controlling heavy 
metal pollution and reusing organic waste. Watermelon (Citrullus lana-
tus) is one of the most abundant and widely consumed fruits throughout 
the world (Bhattacharjee et al., 2020), e.g., a global production of 117 
million tons in 2016 (FAOSTAT, 2016). The huge consumption of 
watermelon produces a large amount of fruit waste as it leaves 
approximately 30–50% (in weight) to waste as watermelon rind (WR) 
(Bhattacharjee et al., 2020). The general disposal of fruit waste in 
landfill poses nuisance and burden to municipal solid waste manage-
ment due to its perishable property as well as the dwindling landfill 
space. To covert this waste material to a value-added resource, WR has 
been investigated as a biosorbent for the removal of a variety of heavy 
metal ions from aqueous solutions, including Cu(II) (Liu et al., 2012a, 
2012b; Gupta and Gogate, 2016), Pb(II) (Liu et al., 2012a), Cr(III) 
(Reddy et al., 2014), Zn(II) (Liu et al., 2012a), Co(II) and Ni(II) 
(Lakshmipathy and Sarada, 2013), and Ar(V) and As(III) (Shakoor et al., 
2018). However, these studies only investigated the basic macroscopic 
adsorption in batch systems, mainly focusing on the effects of opera-
tional parameters (e.g., pH, dosage, and temperature), adsorption 
isotherm, and kinetics. Adsorption in a continuous mode is more rele-
vant to the practical application of adsorbents, but it is barely investi-
gated in the previous studies. Furthermore, the adsorption mechanisms 
which are crucial for process control and developing commercial ad-
sorbents are poorly understood through limited analytical approaches. 
For example, carboxyl and hydroxyl groups were examined as the 
binding sites to Cr(III) (Reddy et al., 2014), Ni(II) and Co(II) (Laksh-
mipathy and Sarada, 2013) by merely using Fourier-transform infrared 
(FTIR) spectroscopy, which is defective for complete mechanism 

elucidation as a sole analytical technique due to the possible overlap of 
different functional groups in the spectrum, especially for samples with 
complex compositions such as fruit waste (Lalhmunsiama et al., 2017). 
Based on scanning electron microscopy (SEM) micrographs, surface area 
determination, and desorption studies, ion exchange and micro-
precipitation were proposed as the main mechanisms for the removal of 
Cu(II), Zn(II), and Pb(II) by WR (Liu et al., 2012a), but the formation of 
microprecipitates and monitoring of ion exchange during the heavy 
metal sequestration were lacking. Notably, a single spectroscopic 
approach and/or limited analytical methods such as microscopic 
observation may be far away from understanding the complete 
adsorption mechanisms. It is more convinced if the FTIR interpretation 
can be verified, or even complemented, by more element-sensitive 
spectroscopy (e.g., X-ray photoelectron spectroscopy, XPS), while 
microprecipitation needs to be verified by spectroscopic characteriza-
tion of the precipitates observed on the WR surface in the SEM image. 
Hence, a multi-technique methodology is required for a systematic 
mechanism elucidation with complementary perspectives. 

In this context, this study investigated the adsorption performance of 
WR on Pb(II) in a packed bed column reactor at a continuous mode. 
More importantly, complementary analytical approaches were 
employed to elucidate the interactions between Pb(II) and WR from the 
following perspectives. (1) Physicochemical analysis. The surface elec-
tric properties of WR were examined by zeta potential measurement, 
and the morphological change of the WR after Pb(II) adsorption was 
investigated by SEM. Ion exchange experiments were performed to 
examine the occurrence of ion exchange. (2) Spectroscopic character-
ization. Energy dispersive X-ray spectroscopy (EDS) was used for 
elemental analysis of the WR surface, while FTIR and XPS were inte-
grated to inspect the local environment on the WR surface and to 
identify the active functional groups (i.e., binding sites). (3) Quantum 
chemistry simulation. Beyond the possible binding sites and mecha-
nisms, it is also crucial to understand how Pb(II) interacts with the 
binding sites in-situ at a molecular level of the organic molecules. To 
clarify this puzzle, quantum chemistry simulation was applied to 
simulate the molecular interactions between Pb(II) and the typical 
organic molecules in WR (e.g., pectin and amino acids). The thermo-
dynamic properties of the interactions were acquired by quantum 
chemistry simulation to examine the preference of Pb(II) to different 
types of binding sites. 

2. Materials and methods 

2.1. Preparation of WR biosorbent and chemicals 

Fresh WR was collected from a local market and washed to remove 
the flesh residue and dust. Next, the WR was cut into small pieces (about 
1 cm × 1 cm), washed by distilled deionized (DDI) water three times, 
and then dried in a laboratory oven at 60 ◦C until constant weight. The 
dried WR was ground using an electronic blender. The WR particles 
smaller than 180 μm were used in the batch adsorption studies, while 
those at 500–1000 μm were used in the column studies for a low pressure 
drop. The WR biosorbent was sealed in a polyethylene container and 
stored in a desiccator at room temperature. The Pb(II) solution used in 
the adsorption study was prepared by dissolving lead nitrate Pb(NO3)2 
in DDI water. Solutions of other heavy metal ions including Cu(II), Zn 
(II), Ni(II) and Cr(III) used in this study were also prepared by dissolving 
the corresponding metal nitrate salts in DDI water. 0.1–1.0 M NaOH and 
HCl solutions were utilized to adjust the pH of the adsorption systems. 
All chemicals used in this study were at analytical grade and purchased 
from Sigma. 

2.2. Pb(II) adsorption by WR in batch 

To optimize the adsorption process, the effects of pH, ionic strength, 
and co-metal ions on Pb(II) adsorption by WR were determined in batch 
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systems. For the effect of pH, 0.015 g WR was mixed with 15 mL 500 
mg/L Pb(II) solution at varying pH (2.0–5.5) in 50 mL polypropylene 
tubes. In the ionic strength study, 0.015 g WR was dispersed in 15 mL 
100 mg/L Pb(II) solution with 0–0.2 M NaNO3 in 50 mL polypropylene 
tubes, and the pH was maintained at 5.0. Given that wastewater usually 
contains various types of heavy metal ions, the effects of co-metal ions 
(Cu(II), Zn(II), Ni(II), and Cr(III)) were investigated on Pb(II) adsorption 
by WR in binary systems. 0.015 g WR was dispersed into 15 mL metal 
solution containing Pb(II) and a co-metal ion at pH 5.0 (initial concen-
tration of each heavy metal was 1 mM). All the tubes in the batch studies 
were shaken at 250 rpm and 25 ◦C for 24 h to reach equilibrium. The 
suspensions were centrifuged at 4000 rpm for 10 min, and the super-
natants were subjected to quantification of the residual Pb(II) (or other 
co-metal ions) using an inductively coupled plasma optical emission 
spectrometer (ICP-OES, SPECTRO, Germany). 

The adsorption isotherm study was performed by adding 0.015 g WR 
into 50 mL polypropylene tubes containing 15 mL Pb(II) solutions at 
100–1500 mg/L. The WR-Pb(II) suspensions were shaken at 250 rpm 
and 25 ◦C in a thermostat orbital shaker for 24 h to reach equilibrium. To 
examine the adsorption kinetics, 0.10 g WR was added into 200 mL 50 
mg/L Pb(II) solution and shaken at 250 rpm and 25 ◦C. The WR-Pb(II) 
suspension was collected at 1, 2, 3, 4, 5, 7, 10, 15, 20, 30, 40, and 60 
min. The WR-Pb(II) suspension samples collected from the adsorption 
isotherm and kinetic studies were centrifuged at 4000 rpm for 10 min, 
and the supernatants were subjected to determination of the residual Pb 
(II) using ICP-OES. All experiments were performed in duplicate with 
the average values reported. The adsorption isotherm and kinetic data 
were simulated with different models using Prism 3.0 (details in 
Table S1). 

2.3. Pb(II) adsorption and desorption in a WR-packed bed column 
reactor 

A packed bed column reactor, which is a common type of reactor 
employed in industrial adsorption processes, was established with filling 
WR inside to investigate the applicability of WR for continuous Pb(II) 
adsorption and desorption. 0.70 g WR was packed in a polystyrene 
column reactor (height: 19 cm, internal diameter: 6 mm, Fig. S1) with an 
effective WR-packed space of 5.4 mL. Glass wool was placed in the two 
terminals with glass beads for an even flow distribution. The WR-packed 
bed column reactor was fed with a 50 mg/L Pb(II) solution (pH 5.0) in an 
up-flow mode at 1 mL/min using a peristaltic pump. The sequestered Pb 
(II) in the column reactor was desorbed using a 0.05 M HCl solution at 1 
mL/min. The column outlet was intermittently collected by a fraction 
collector and then subjected to determination of Pb(II) by ICP-OES. Prior 
to adsorption-desorption cycles, an equilibrium between WR and water 
was established by rinsing the WR-packed column reactor with DDI 
water. After each adsorption and desorption operation, the column 
reactor was rinsed with DDI water to remove the residual Pb(II) and 
excess acid until the Pb(II) ions in the outlet below detection limit and 
the effluent became neutral, respectively. A breakthrough curve refers to 
the plot of the relative concentration of adsorbate (Ct/C0, ratio of its 
concentration in the outlet at time t to that in the inlet) against the time t 
or the bed volume (the total volume of outlet at time t divided by the 
column volume) (Jin et al., 2018). In this study, the breakthrough curves 
were recorded as Ct/C0 against bed volume, and the breakthrough time 
was estimated when Ct/C0 = 5%. A high breakthrough time is expected 
for an efficient packed bed column reactor with a high adsorption ca-
pacity. To predict the dynamic behavior occurring in the column 
reactor, the breakthrough curves were fitted to the Thomas, 
Yoon-Nelson, and Bohart-Adams models by Prism 3.0 (details in 
Table S1). 

2.4. Adsorption mechanism studies 

Zeta potentials of pristine and Pb-loaded WR at varying pH were 

determined using a Malvern Zetasizer (Nano Series, UK). The crystalline 
structure of WR before and after Pb(II) adsorption was investigated by 
recording the PXRD diffractograms using CuKα radiation (λ = 1.54060 
Å) at 40 kV and 15 mA with a scanning rate of 10◦ min− 1 in the range of 
2θ from 3◦ to 90◦ (Bruker, Germany). The morphology of WR was 
investigated by a SEM (Nano SEM-450, FEI, USA) coupled with an EDS 
tool (Bruker, Germany). To investigate the role of ion exchange in Pb(II) 
adsorption, the release of alkali and alkaline earth metal ions (e.g., 
Mg2+, K+, and Ca2+, referred to as “light metal lions”) from WR was 
determined in an adsorption system with 250 mL 50 mg/L Pb(II) and 
0.125 g WR, with WR in DDI water as the control group. To examine the 
active functional groups for Pb(II) sequestration, the pristine and Pb(II)- 
loaded WR were characterized by coupling FTIR spectroscopy (Thermo 
Fisher, Nicolet iS10, USA) and XPS (SPECS, Germany). 

2.5. Molecular modeling by quantum chemistry simulation 

Quantum chemistry simulation was applied to simulate the in-situ 
microscopic interactions between Pb(II) and the typical components in 
WR, i.e., cellulose, pectin, and citrulline which contain the binding sites 
for Pb(II) adsorption (Lakshmipathy et al., 2015). This can provide in-
formation of the structural and thermodynamic properties of the Pb 
complexes formed during adsorption (Leng et al., 2016). Quantum 
chemistry simulation was performed using ab initio electronic structure 
calculations with Gaussian 09 program package (Frisch et al., 2009). The 
calculations were conducted in an implicit water solvent (ε = 78.3553) 
by using the conductor-like polarizable continuum model combined 
with Bondi radii. The optimization of the structures was obtained at the 
B3LYP hybrid density functional with the D3 dispersion correction level. 
The def2-TZVP was applied for Pb as the basis set and effective core 
potential, and 6–311++G (d, p) was used for the other atoms, i.e., N, C, 
H, and O. The frequency calculations at the same level were performed 
to check whether the obtained stationary point was an isomer. All the 
reported energy values are free energies in Kcal/mol at 25 ◦C. 

3. Results and discussion 

3.1. Efficient and selective Pb(II) adsorption by WR in batch systems 

Fig. 1a shows that the Pb(II) adsorption capacity of WR was 
increased along with the increasing pH. The maximum adsorption value 
was observed to be 204.2 ± 1.4 mg/g at pH 5.0. This correlation was 
attributed to the presence of less proton (H+) competition for the 
binding sites as well as the deprotonation of the weakly acidic functional 
groups (e.g., carboxyl groups) at higher pH (Ahmad et al., 2018; Jin 
et al., 2018; Sheikh et al., 2021). pH 5.0 was also reported as the optimal 
pH for Pb(II) adsorption by bionanocomposites (Ahmad and Mirza, 
2018a; Hasan and Ahamd, 2019). Pb(II) adsorption by WR was scarcely 
changed as pH ranged from 4.0 to 5.5 when using a 100 mg/L Pb(II) 
solution (Wang, 2019), indicating sufficient binding sites on WR for the 
available Pb(II) ions under this condition. This implies that WR has a 
wide applicable pH range for Pb(II) removal in wastewater with Pb(II) 
below 100 mg/L. Pb(II) adsorption by WR at varying ionic strength 
shows that Pb(II) uptake was slightly impaired by the increasing ionic 
strength, with a decrease of 14% at the ionic strength as high as 0.2 M 
NaNO3 as compared with the control group at 0 M NaNO3 (Fig. 1b). This 
implies the practicability of WR for Pb(II) adsorption in wastewater 
which usually contains a broad range of ions. The decrease of the Pb(II) 
adsorption capacity at high ionic strength should be caused by the 
competition from the counter ions Na+ for the binding sites based on 
electrostatic attraction (Volesky, 2003; Wang et al., 2013). As shown in 
Fig. 1c, the Pb(II) adsorption capacity of WR was not remarkably 
impeded by co-metal ions, i.e., 4–17% reduction in Pb(II) uptake in the 
presence of equivalent amount of Cd(II), Cu(II), Zn(II), Ni(II), or Cr(III) 
in binary systems. This reveals a high selectivity of WR on Pb(II) over 
other heavy metal ions under the studied condition. 
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The adsorption isotherm study shows that the maximum Pb(II) 
adsorption capacity of WR was 230.5 ± 1.8 mg/g (Fig. 2a). This is 
higher than those reported for other types of fruit waste materials such 
as mango seed, orange peel, and avocado peel, which had the maximum 
Pb(II) adsorption capacities in the range of 5–183 mg/g (Feng et al., 
2011; Mallampati et al., 2015; Nadeem et al., 2016) (more details in 
Table S2), even higher than fruit waste biosorbents with physicochem-
ical pretreatment, e.g., HCl-protonated WR (116 mg/g) (Lakshmipathy 
and Sarada, 2016) and papaya peel carbon (41 mg/g) (Mittal et al., 
2021). Pb(II) removal by WR with a lower Pb(II) concentration (0.4 
mg/L) and WR dosage (0.01–0.10 g/L) revealed that WR is also potential 
for treating Pb-contaminated drinking water (Pb guideline value: 0.01 
mg/L) (Wang, 2019). The adsorption isotherm was better described by 
the Freundlich isotherm equation than the Langmuir equation (R2 =

0.99 vs 0.92, Table S3), suggesting multilayer adsorption of Pb(II) on the 
heterogeneous surface of WR with non-uniform distribution energy (Liu 
and Liu, 2008). Fig. 2b reveals that Pb(II) adsorption by WR rapidly 

reached equilibrium within 30 min, and 98% of the adsorption was 
completed in the first 5 min. The pseudo-first-order kinetic equation 
provided a better fitting compared with the pseudo-second-order kinetic 
equation (R2 = 0.96 vs 0.91, Table S3). 

3.2. Continuous adsorption-desorption of Pb(II) in the WR-packed bed 
column reactor 

Ten Pb(II) adsorption-desorption cycles were performed in the WR- 
packed bed column reactor without dwindling performance observed. 
The breakthrough curves of Pb(II) adsorption at 1st, 3rd, 5th, and 10th 
cycles are illustrated in Fig. 2c (data of other cycles are similar and not 
shown, more details in Table 1). Long breakthrough time of 8–13 h (i.e., 
89–144 bed volume) was observed over the 10 adsorption-desorption 
cycles. Note that there was even an increasing trend in the break-
through time and the equilibrium adsorption capacity along the 10 cy-
cles (Table 1). This reveals the high durability and repeatability of the 

Fig. 1. The effects of (a) pH (500 mg/L Pb(II), 1.0 g/L WR, 25 ◦C, 24 h), (b) ionic strength (pH 5.0, 100 mg/L Pb(II), 1.0 g/L WR, 25 ◦C, 24 h), and (c) co-metal ions 
on Pb(II) adsorption by WR (pH 5.0, 1.0 mM heavy metal, 1.0 g/L WR, 25 ◦C, 24 h). 

Fig. 2. Adsorption (a) isotherm and (b) kinetic data of Pb(II) adsorption by WR with non-linear regression (pH 5.0, 1.0 g/L WR, 25 ◦C). (c) Breakthrough curves of Pb 
(II) adsorption and (d) Pb(II) desorption curves in the WR-packed bed column reactor with an insert of the desorption curve of 10th cycle in an extension of 0–20 
bed volume. 
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WR-packed bed column reactor for Pb(II) adsorption-desorption, which 
is crucial for practical Pb(II) removal/recovery from wastewater. Non- 
linear simulation shows that the breakthrough curves were well fitted 
by the Thomas model (R2 of 0.992–0.999, Table 1), implying that Pb(II) 
adsorption in the column reactor had a plug flow and followed the 
Langmuir isotherm and the pseudo-second-order kinetics (Thomas, 
1948). 

Based on the preliminary desorption studies, 0.05 M HCl was 
employed for Pb(II) desorption in the WR-packed bed column reactor. 
Given the high similarity of the desorption curves in the 10 cycles, only 
those of the 1st, 3rd, 5th, and 10th cycles are shown in Fig. 2d. The steep 
declines of the desorption curves observed in the beginning stage 
showed that most of the sequestered Pb(II) was rapidly eluted (see the 
insert in Fig. 2d). Specifically, 95% of the Pb(II) sequestered in the 
column reactor was desorbed in 1–2 h, i.e., 15–26 bed volume (Table 1). 
High concentration factors of 6–12, which are the ratio of Pb(II) con-
centration in the desorption outlet to that in the inlet, were achieved in 
the desorption of Pb(II) from the WR-packed bed column by using 0.05 
M HCl. This implies that the regeneration of the WR-packed bed column 
after Pb(II) adsorption is easy-operating and efficient, and the highly 
concentrated Pb(II) outlet is desirable for subsequent Pb(II) recovery. 

Taken together, the WR-packed bed column reactor had a high 
durability for Pb(II) adsorption, even with improved adsorption per-
formance over the 10 adsorption-desorption cycles. The improvement 
was probably ascribed to the leaching of organic substances like natural 
pigments from WR, especially during desorption with HCl soaking. This 
could result in a more porous WR structure with a larger exposure of 
binding sites. As a fact, acidic pretreatment is frequently used to leach 
out odor-causing substances, light metal ions, and other impurities from 
biomass for the improvement of adsorption capacity (Vijayaraghavan 
and Balasubramanian, 2015). Besides, the methylester group 
(-COOCH3) of the galacturonic acid in pectin could be hydrolyzed to a 
carboxyl group, which would favor Pb(II) adsorption (see Section 3.3). 
The high durability, excellent repeatability, and efficient desorption 
observed in the WR-packed bed column reactor jointly indicate that the 
WR is competitive to those commercial adsorbents or ion-exchangers 
used in practice for Pb(II) removal/recovery, not to mention its low 
cost as a fruit waste material. Nonetheless, modification of the WR 
biosorbent may be required in the future study to improve its adsorption 
performance (e.g., more stable structure and higher mechanical 
strength) with practical wastewater. 

3.3. Elucidation of the adsorption mechanisms 

The underlying adsorption mechanisms were deciphered from 
complementary perspectives by using physicochemical analysis, spec-
troscopic techniques, and quantum chemistry simulation. 

3.3.1. Physicochemical analysis 
As aforementioned, the Pb(II) adsorption capacity of WR was only 

slightly reduced by the increasing ionic strength (Fig. 1b). This indicated 
that electrostatic attraction only contributed to a small part of Pb(II) 
adsorption by WR (Volesky, 2003; Wang et al., 2013). Zeta potential 
measurement (Fig. 3a) revealed that WR became more negatively 
charged as pH increased, with the isoelectric point (pH at which the net 
charge is zero) at about pH 2.0. This was caused by the deprotonation of 
functional groups at higher pH, e.g., R–COOH + OH− → R-COO- + H2O 
(Wang et al., 2022). After Pb(II) adsorption, the zeta potential of WR 
became less negative at the same pH and even positive at pH 2.0. This 
was attributed to the binding of cationic Pb(II) to the WR surface via 
electrostatic attraction (Jin et al., 2018). 

The release of Mg2+, K+, and Ca2+ from WR during Pb(II) adsorption 
was examined. Using WR suspended in DDI water as the control group, it 
was determined that K+ exhibited similar amounts of release no matter 
in the presence of Pb(II) or not, whereas Mg2+ and Ca2+ exhibited more 
intensive release in Pb(II) solution than in DDI water. This revealed that 
a part of the two naturally occurring divalent light metal ions were 
squeezed from the binding sites by Pb(II) through ion exchange. Hence, 
mainly Mg2+ and Ca2+ participated in the ion exchange with Pb(II), 
despite the disappearance of K on the WR surface observed after Pb(II) 
adsorption by EDS and XPS (see Section 3.3.2). The release of Mg2+ and 
Ca2+ during Cu(II) and Cd(II) adsorption by water hyacinth roots was 
also reported (Zheng et al., 2016). Occasionally, participation of a light 
metal ion in ion exchange was concluded based on spectroscopic 
observation of its loss from a biosorbent (Maresova et al., 2011; Panda 
et al., 2006), or its release into the liquid phase during adsorption 
(Girardi et al., 2014). However, spontaneous dissolution of the light 
metal ion from the biosorbent into solution might be overlooked. 
Therefore, a combination of elemental analysis by spectroscopic tech-
niques (e.g., EDS and XPS) and ion exchange experiments are necessary 
for a better understanding of the ion exchange behavior during heavy 
metal adsorption by biosorbents (Wang et al., 2022). In equilibrium, the 
Pb(II) adsorption capacity of WR was calculated as 0.49 mmol/g. 
Compared with the control group (WR in DDI water), 0.036 mmol of 
Mg2+ and 0.054 mmol of Ca2+ were released in extra from 1 g of WR in 
the Pb(II) solution. This revealed that ion exchange with divalent light 
metal ions participated in 19% of Pb(II) adsorption by WR. 

3.3.2. Spectroscopic analyses 

3.3.2.1. Morphological and elemental properties by SEM-EDS. The SEM 
micrographs indicate that the morphological structure of WR was un-
even and irregular (Fig. 3b), providing a large surface area for Pb(II) 
sequestration (Sheikh et al., 2021). After Pb(II) adsorption, distinct 
precipitates were observed on the surface of Pb-loaded WR (Fig. 3c), 
indicating the occurrence of microprecipitation, i.e., precipitation of 
metal species due to deviation of the local condition on the biosorbent 
surface, during the Pb(II) adsorption by WR (Remenarova et al., 2012). 
Hydrolysis of metal complexes, which were generated from the coor-
dination of Pb(II) to N and O atoms in the functional groups on WR, 

Table 1 
Parameters for the performance of the WR-packed bed column reactor on Pb(II) adsorption-desorption.  

Cycle 1 2 3 4 5 6 7 8 9 10 

Breakthrough time (h)a 8.0 9.0 9.3 12.0 12.6 12.0 11.5 12.2 12.4 13.0 
Breakthrough time (Bed volume)b 89 100 103 132 140 133 128 135 134 144 
qe (mg/g)c 72.4 77.3 75.8 78.9 77.7 80.4 80.7 79.2 76.0 76.1 
Desorption of 95% Pb(II) (h)d 1.3 2.3 1.6 1.4 1.4 1.6 1.6 1.9 1.9 2.3 
Desorption of 95% Pb(II) (Bed volume)e 14.9 26.1 18.3 14.5 14.1 16.9 17.4 20.0 19.9 24.5 
Desorption efficiency (%) 99.7 95.8 99.8 99.2 99.3 100 100 99.5 100 100 
q0 (mg/g)f 72.0 75.7 74.3 76.1 75.8 80.1 80.2 78.9 78.9 80.2 
K (mL/min/mg)g 0.1 0.2 0.2 0.2 0.3 0.2 0.2 0.3 0.2 0.3 
R2 1.00 0.99 0.99 0.99 0.99 1.00 1.00 1.00 1.00 1.00 

Notes: a - Breakthrough time at Ct/C0 = 5%; b - Bed volume at Ct/C0 = 5%; c - Pb(II) adsorption capacity of the WR-packed bed column reactor in equilibrium; d - Time 
at which 95% of sequestered Pb(II) was desorbed; e − Bed volume at which 95% of sequestered Pb(II) was desorbed; f - Maximum Pb(II) adsorption capacity predicted 
by the Thomas model; g - Thomas rate constant. Modeling results of the Bohart-Adams and Yoon-Nelson models were not shown due to the poor fitting. 
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could also result in microprecipitation of hydrolysis products on the 
biosorbent surface (Zhou et al., 2005). In addition, the EDS spectra 
indicate that light metals, including Mg, K, and Ca, presented on the 
pristine WR but disappeared after Pb(II) adsorption (Fig. 3d). This was 
possibly caused by ion exchange between Pb(II) and the light metal ions 
binding to the surface of WR. The occurrence of microprecipitation was 
verified by the additional reflections at 2θ of 27.0◦ and 30.3◦ observed in 
the PXRD diffractogram of WR after Pb(II) adsorption (Fig. 3e), which 
indicated the formation of crystalline Pb precipitates (Lee et al., 1997; 
Zhou et al., 2005). 

3.3.2.2. Characterization of functional groups by FTIR spectroscopy. As 
Fig. 3f shows, a variety of absorption bands were observed in the FTIR 
spectra of WR, revealing the complicated composition of WR. 
Comparing the FTIR spectra of pristine WR and Pb(II)-loaded WR, 
relatively strong wavenumber shifts were observed in certain bands 
after Pb(II) adsorption. Specifically, the position of O–H stretch in 
alcohol and carboxylic acids shifted from 3361 cm− 1 to 3404 cm− 1; the 
symmetric stretch of C––O in carboxylic salts shifted from 1406 cm− 1 to 
1419 cm− 1; the stretching vibration of C–N in amines shifted from 1363 
cm− 1 to 1373 cm− 1; the bending vibration of C–O–H in alcohol shifted 
from 1259 cm− 1 to 1241 cm− 1; the asymmetric stretch of C–O–C shifted 
from 1149 cm− 1 to 1159 cm− 1; and the stretching vibration of C–O in 
primary alcohol shifted from 1059 cm− 1 to 1055 cm− 1. All of these as-
signments were referred to the absorption information of functional 
groups reported by (Pavia et al., 2008) and (Griffiths and De Haseth, 
2007). These wavenumber shifts were probably caused by the changes 
of the counter ions associated with the corresponding functional groups 
due to Pb(II) binding (Wang et al., 2022). Therefore, hydroxyl, carboxyl, 
amine, and ether groups could be involved in Pb(II) adsorption by WR. 

3.3.2.3. Characterization of functional groups and elemental analysis by 
XPS. In Fig. 4a, strong signals of Pb were detected in the survey XPS 
spectrum of Pb-loaded WR with the most intensive peak at 138.9 eV. 
This revealed a prominent loading of Pb(II) on the WR surface, mainly in 
the form of PbO (Moulder et al., 1992), which might originate from Pb 
(OH)2 microprecipitation on the WR surface (Fig. 3c) and Pb(II) 

coordination with the O atoms in the functional groups of WR (e.g., 
hydrolysis of the Pb complexes) (Zhou et al., 2005). The atomic con-
centrations of Ca and K in WR decreased from 0.24% and 1.76%, 
respectively, to zero after Pb(II) adsorption, suggesting the occurrence of 
ion exchange. The active surface sites of WR were further distinguished 
based on the shifts of binding energies of C 1s, N 1s, and O 1s in the XPS 
spectra before and after Pb(II) adsorption as follows. 

As shown in Fig. 4b, the C 1s spectrum of pristine WR comprised four 
peaks at 285.0, 286.4, 287.8, and 288.9 eV, which are assigned to the C 
atoms in C–C, C–O (alcohol and/or ether), C––O, and O––C–O, respec-
tively (Moulder et al., 1992; Lim et al., 2008; Ramrakhiani et al., 2017). 
After Pb(II) adsorption, the latter three peaks shifted to 286.6, 288.2, 
and 289.1 eV, respectively. This reflected the participation of hydroxyl 
(in alcohol), ether, and carboxyl groups in Pb(II) adsorption by WR. The 
increased binding energies of the C atoms after Pb(II) adsorption were 
indicative of the formation of Pb complexes with the adjacent O atoms in 
these functional groups (Sheng et al., 2004; Ramrakhiani et al., 2017; 
Cid et al., 2018). For example, the O atom in an ether group (C–O–C) 
donated lone pairs of electrons to the unoccupied orbitals of Pb(II) and 
formed coordination bonds, leading to a lower electron density around 
the two adjacent C atoms and thus a higher binding energy. Moreover, 
the variation of the geometric shape, i.e., the change of the C–O–C angle 
upon its coordination to Pb(II), could also cause binding energy shifts of 
the C atoms (Chen and Yang, 2006). The variation of the C–O–C angle 
from 113.0◦ to 115.2◦ after Pb(II) adsorption was verified by the 
quantum chemistry simulation (Table 2). Likewise, the increased bind-
ing energies of the C atoms in alcohol and carboxyl groups after Pb(II) 
adsorption also reflected Pb(II) complexation with the adjacent O atoms. 

Fig. 4c shows an increase in the binding energy of the N atom in the 
NH2 groups of WR after Pb(II) adsorption as compared with the pristine 
WR (400.2 vs 399.9 eV). This should be ascribed to complexation in 
which the N atom donated a lone pair of electrons to the empty orbital of 
Pb(II), resulting in an lower electron density and thus a higher binding 
energy (Zhou et al., 2005). NH3

+, which is formed by the protonation of 
NH2, was detected in the N 1s XPS spectrum of pristine WR at 401.9 eV 
(Gao et al., 2017). However, it vanished after Pb(II) adsorption, prob-
ably due to the conversion of R–NH3

+ to the R–NH2Pb2+ complexes (Jin 

Fig. 3. (a) Zeta-potentials of WR before and after Pb(II) adsorption. SEM micrographs of (b) pristine WR and (c) Pb-loaded WR. (d) EDS spectra, (e) PXRD dif-
fractograms, and (f) FTIR spectra of WR before and after Pb(II) adsorption (Zeta-potential measured at 0.15 g/L WR in 1.0 mM KCl; ◊: Cellulose I; *: Possible Pb 
precipitate). 
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and Bai, 2002; Wang et al., 2022). 
In Fig. 4d, two peaks at 531.1 and 532.7 eV which were assigned to 

the O atoms in O––C and O–C (hydroxyl and/or ether), respectively 
(Moulder et al., 1992; Lim et al., 2008), are observed in the O 1s XPS 
spectrum of pristine WR. They shifted to 531.4 eV (+0.31 eV) and 533.0 
eV (+0.26 eV) after Pb(II) adsorption, respectively. This implies po-
tential complexation between Pb(II) and the O atoms in carboxyl, hy-
droxyl, and ether groups. During complexation, the donation of lone 
pairs of electrons from O to Pb(II) resulted in lower electron densities 
around the O atoms and thus higher binding energies (Cid et al., 2018). 
This was consistent with the increased binding energies of the C atoms in 
C–O, C––O, and O––C–O after Pb(II) adsorption (Fig. 4b). Note that a 
peak at 530.8 eV (assigned to O in metal oxides) was observed in the Pb 
(II)-loaded WR. This should be attributed to the formation of PbO on the 
WR surface, matched well with the intensive Pb signal observed at 
138.9 eV (assigned to PbO) in Fig. 4a. 

3.3.3. Quantum chemistry simulation of Pb(II) interaction with the binding 
sites on WR 

Quantum chemistry simulation modelled the in-situ interaction be-
tween Pb(II) and the identified binding sites in the context of larger 
organic molecules such as cellulose, pectin, and citrulline. Table 2 lists 
the optimized structures and thermodynamic properties of several Pb- 
cellulose, Pb-pectin, and Pb-citrulline complexes. Given that hydroxyl 

groups usually adjoin with ether groups in cellulose (see Table 2), three 
reactions including Pb(II) complexation with ether and hydroxyl groups 
(1a in Table 2) and Pb(II) complexation with two adjoining hydroxyl 
groups in different spatial locations (1b and 1c) were modelled. The 
negative ΔG indicated that the three reactions were favorable. As Pb(II) 
adsorption was performed at pH 5.0 in this study, at which hydroxyl 
groups would exist without deprotonation (the dissociation constant 
(pKa) of R–OH is about pH 10.0), we asked whether Pb(II) would ex-
change with H+ in R–OH and bind to R-O-. Quantum chemistry simu-
lation revealed that this process was unfavorable with a positive ΔG of 
21.53 kcal/mol (1d). Hence, the pH decrease observed during Pb(II) 
adsorption by WR was mainly due to the deprotonation of carboxyl 
groups and protonated amine groups rather than hydroxyl groups. 
Similarly, carboxyl, hydroxyl, and ether groups adjoin with each other 
in pectin, and carboxyl groups adjoin amine groups in citrulline (see 
Table 2). These permutations provided possibilities of forming diverse 
Pb complexes, as verified by the structures of 2a-2e and 3a-3d with 
negative ΔG (Table 2). Notably, the values of ΔG were more negative 
when carboxyl groups were involved in the reactions, e.g., comparing 
2a-2c with 2d-2e (− 39.9 to − 46.6 vs − 28.8 to − 29.1). This reveals that 
carboxyl groups were more favorable binding sites for Pb(II), which 
could be attributed to the electrostatic attraction exerted by carboxyl 
groups as they stay deprotonated at pH 5.0 (pKa around 3.5). Lam 
(2015) also found that the carboxyl groups were the main active binding 

Fig. 4. XPS spectra of (a) survey, (b) C 1s, (c) N 1s, and (d) O 1s for the pristine and Pb-loaded WR.  
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sites for heavy metal adsorption based on surface complexation 
modeling, even though both hydroxyl and carboxyl groups were abun-
dant. It is noteworthy that the length of the Pb(II) binding bonds ob-
tained by quantum chemistry simulation was 2.2–2.6 Å, which was 
consistent with the bond length reported in Pb-EDTA complexes (Kovács 
et al., 2010) and Pb complexes formed with aliphatic carboxylates, 
aliphatic oxoligands, and aromatic carboxylates (Davidovich et al., 
2009). In this study, the Pb complexes were mainly simulated with two 
coordination bonds to simplify the simulation. However, real in-
teractions could be more complicated considering the complex compo-
sition of WR. The favorable formation of structures 3c and 3d implied 
the feasibility of Pb(II) complexation with four or more N/O atoms. 

In summary, hydroxyl, carboxyl, amine, and ether groups on the WR 
surface were the binding sites for Pb(II) via the binding force of 
complexation, ion exchange (with Ca2+ and Mg2+), and electrostatic 
attraction. Microprecipitation of Pb(II) on the WR surface also contrib-
uted to Pb(II) removal from aqueous solutions. Among the four different 
types of binding sites, carboxyl groups were preferable for Pb(II) binding 
under the studied condition. Therefore, carboxyl groups should be tar-
geted when developing commercial (bio)sorbents for Pb(II) removal 
from wastewater. Biomass (e.g., fruit waste and other agricultural waste 
materials) which contains abundant pectin and/or amino acids can serve 
as promising and sustainable matrices. The complete elucidation of the 
interactions between Pb(II) and WR using complementary analytical 
approaches was illustrated in Fig. 5. It is noteworthy that neither spec-
troscopic techniques nor other analytical methods can stand alone to 
understand the whole picture of the underlying mechanisms. For 
example, FTIR and XPS can probe the functional groups on the WR 
surface and probably point out the active ones by the spectral 

comparison between the pristine and Pb(II)-loaded WR; XPS can also 
examine the binding force of complexation during the adsorption pro-
cess. However, it is not easy to identify microprecipitation through the 
two methods, whereas SEM-EDS can give distinct visualization of the 
surface precipitates. In addition, physicochemical analysis can provide 
important information of the adsorption nature. Albeit EDS and XPS 
suggested the occurrence of ion exchange given the disappearance of 
light metal ions (K, Ca, and Mg) from WR after Pb(II) adsorption in this 
study, the ion exchange experiment indicated that merely Mg2+ and 
Ca2+ participated in the ion exchange with Pb(II) during the adsorption. 
The disappearance of K from WR should be attributed to the natural 
dissolution of K in the liquid phase. Moreover, the ion exchange 

Table 2 
Optimized structures and thermodynamic properties of Pb(II) complexes by quantum chemistry simulation.  

Reaction 1 Cellulose + Pb2+ → (1a, 1b, or 1c)2+; Cellulose + Pb2+ + 2H2O → 1d + 2H3O+

No. Cellulose 1a 1b 1c 1d 
Optimized structure 

Binding sites - Ether; Hydroxyl Hydroxyl Hydroxyl Hydroxyl 
ΔG (Kcal/mol) - − 20.1 − 22.6 − 25.3 21.5  

Reaction 2 Pectin− + Pb2+ → (2a, 2b, or 2c)+ or (2d or 2e)+

No. Pectin 2a 2b 2c 2d 2e 
Optimized structure 

Binding sites - Ether; Carboxyl Hydroxyl; Carboxyl Carboxyl Hydroxyl Hydroxyl 
ΔG (Kcal/mol) - − 46.6 − 41.2 − 39.9 − 29.1 − 28.8  

Reaction 3 Citrulline− + Pb2+ → (3a or 3b)+; 2 Citrulline− + Pb2+ → (3c or 3d) 

No. Citrullinea 3a 3b 3c 3d 
Optimized structure 

Binding sites - Carboxyl; Amine Carboxyl Carboxyl; Amine Carboxyl 
ΔG (Kcal/mol) - − 56.1 − 43.0 − 76.9 − 64.7 

Notes: a - Citrulline was selected as an amino acid for simulation of Pb-protein complexes; Monomers of cellulose and pectin were used to simplify the simulation; 
Pectin monomer and citrulline are charged due to the dissociation of carboxyl groups at pH 5.0 applied in this study; Large grey sphere - C atom; Small grey sphere - H 
atom; Red sphere - O atom; Blue sphere: N atom; Black sphere: Pb atom. 

Fig. 5. Mechanism elucidation of the interactions between Pb(II) and WR using 
complementary analytical approaches. 
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experiment could quantify the participation of ion exchange in Pb(II) 
adsorption. This study indicates that integrated investigation using 
complementary analytical methods can achieve a more comprehensive 
understanding of an adsorption process (Fig. 5). It also fits to the study of 
the fate, transport, and bioavailability of heavy metal ions in natural and 
engineering aqueous systems, where interactions between heavy metal 
ions and biological surfaces prevalently occur in a similar pattern as the 
adsorption process investigated in this study. 

4. Conclusions 

The abundant fruit waste materials are promising biosorbents for 
contaminant sequestration from wastewater in line with Circular 
Economy. In the present study, WR exhibited excellent adsorption 
property for Pb(II). The WR-packed bed column showed high and du-
rable Pb(II) uptake over 10 adsorption-desorption cycles without 
dwindling Pb(II) adsorption behavior. Mechanism elucidation with 
complementary analytical methods showed that hydroxyl, carboxyl, 
amine, and ether groups were the binding sites for sequestering Pb(II). 
Complexation, ion exchange (with Ca2+ and Mg2+), electrostatic 
attraction, and microprecipitation together accomplished the Pb(II) 
adsorption. The feasibility of Pb(II) interaction with the identified 
binding sites was verified by quantum chemistry simulation at a mo-
lecular level, and the preference of Pb(II) binding to carboxyl groups was 
indicated. This study presented an efficient and sustainable biosorbent 
for removing/recovering Pb(II) from wastewater, and the mechanisms 
decoded inspire studies on unravelling the behaviours of heavy metals in 
relevant processes engaging liquid/solid interfaces. 
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