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A B S T R A C T   

Recycling of agricultural waste as adsorbents for pollutant removal realizes “Waste to Resource”. This study 
utilized an abundant fruit waste material, watermelon rind (WR), to remove Cd(II) from aqueous solutions (Cd 
(II) solution in distilled deionized water) in a batch mode, and the underlying adsorption mechanism was 
deciphered by complementary methods. The Cd(II) adsorption process rapidly reached equilibrium in 60 min, 
with 90% of adsorption finished in 10 min (50 mg/L Cd(II), 0.5 g/L WR). The maximum Cd(II) adsorption ca-
pacity of WR was 102.0 ± 0.1 mg/g at pH 7.0 (25–500 mg/L Cd(II), 1.0 g/L WR), and the Dubinin-Radushkevich 
isotherm and pseudo-second-order kinetic models provided the best description to the adsorption process. 
Spectroscopic analysis using Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron spectros-
copy (XPS) showed hydroxyl, carboxyl, ether, and amine groups as the binding sites, probably via complexation. 
Physicochemical analysis such as zeta potential measurement and scanning electron microscopy coupled with 
electron dispersive X-ray spectroscopy (SEM-EDS) revealed the occurrence of electrostatic interaction and 
microprecipitation. Moreover, ion exchange of Cd(II) with Mg2+and Ca2+ bound to WR contributed to 83% of the 
Cd(II) adsorption. The findings indicate the great potential of WR for Cd(II) removal from wastewater. The 
mechanism elucidation uncovered the interactions between Cd(II) and the WR surface, providing insights to the 
development and optimization of biosorbents derived from agricultural waste.   

1. Introduction 

The increasing industrialization is producing a considerable amount 
of heavy-metal-bearing wastewater. Without appropriate treatment, it 
can pose severe health risks on living beings and the environment, given 
the highly toxic and biomagnifying properties of heavy metals [1]. 
Cadmium (Cd), which is widely found in industrial activities such as 
electroplating, coal combustion, and battery manufacturing [2], is 
prevalent in industrial wastewater streams. Moreover, application of 
Cd-containing fertilizers, especially phosphate fertilizers [3], creates a 
risk of Cd release into recipient water systems along with agricultural 
runoff [4]. As a carcinogenic heavy metal (Group 2A in the IARC 

classification), Cd can strongly bond with sulfur and displace essential 
metals (e.g., Ca2+ and Zn2+) in certain enzymes and impact the functions 
of lung, kidneys, and bones of human [2,5]. Therefore, efficient removal 
of Cd(II) from wastewater or contaminated water systems in a low-cost 
way is crucial. Heavy metal removal using low-cost biosorbents derived 
from agricultural waste has long been a subject of active research [6,7]. 
As natural sources of hemicellulose, cellulose, pectin, and amino acids, 
which contain binding sites for heavy metals, various fruit waste ma-
terials (e.g., peels, shells, rinds, and seeds) have been used as biosorbents 
for heavy metal removal from aqueous solutions [8]. This “Waste to 
Resource” strategy not only addresses the heavy metal contamination 
issue, but also relieves the disposal burden of fruit waste, considering the 
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dwindling landfill space and the nuisance posed to solid waste man-
agement due to its perishable property. 

Watermelon is one of the most widely consumed fruits all over the 
world with an approximate global yield of 117 million tons [9]. 30–50% 
of its weight ends up in waste as watermelon rind (WR) [10]. This 
abundant fruit waste material has been utilized for adsorption of heavy 
metals including Zn(II) [11], Pb(II) [11,12], Cu(II) [11,13,14], Co(II) 
and Ni(II) 15], Cr(III) [16], Ar(V) and As(III) [17]. However, the 
adsorption performance of WR on Cd(II), a common and toxic heavy 
metal as aforementioned, has been barely reported. Therefore, the pre-
sent study performed a systematic study on Cd(II) adsorption by a bio-
sorbent derived from WR. The aims were to investigate (1) the effects of 
important parameters including pH, WR dosage, ionic strength, and 
co-metal ions on the adsorption performance, (2) the adsorption 
isotherm and kinetics, and (3) the desorption of Cd(II) for biosorbent 
regeneration. Furthermore, the underlying adsorption mechanism was 
deciphered by coupling physicochemical (e.g., zeta potential measure-
ment and ion exchange experiment) and spectroscopic analyses, e.g., 
Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron 
spectroscopy (XPS). The mechanism elucidation is imperative for un-
derstanding the nature of the adsorption process, thereby facilitating the 
process optimization and development of commercial adsorbents. 

2. Materials and methods 

2.1. Preparation of chemicals and WR biosorbent 

The Cd(II) solution was prepared by dissolving cadmium nitrate Cd 
(NO3)2⋅4H2O in distilled deionized (DDI) water at a desirable concen-
tration. The Zn(II) and Ni(II) solutions used in the co-metal ion study 
were prepared in the same way using the metal nitrate salts. Hydro-
chloric acid (HCl) and sodium hydroxide (NaOH) solutions at 0.5 M and 
1.0 M were employed to adjust the pH of the adsorption systems. All 
chemicals and reagents used were of analytical grade and purchased 
from Sigma. 

For low cost and easy operation, pristine WR collected from a local 
market was used for biosorbent preparation with simple pretreatment. 
The fresh WR was washed with tap water and cut into small cubes (1 cm 
× 1 cm) before rinsing with DDI water three times. Subsequently, the 
WR cubes were dried in a laboratory oven at 60 ◦C until constant weight 
(about 24 h) and then ground into fine particles by an electric blender. 
The WR particles were sieved and those smaller than 180 μm were 
collected for adsorption studies. 

2.2. Adsorption studies 

To examine the effect of pH, 0.015 g WR was added in a 50 mL 
polypropylene tube with 15 mL 100 mg/L Cd(II) solution at pH 2.0, 3.0, 
4.0, 5.0, 6.0, 7.0, and 7.5; 100 mg/L Cd(II) solution at each pH was used 
as the control system. The effect of WR dosage was investigated by 
mixing 15 mL 500 mg/L Cd(II) solution with WR at solid/liquid (S/L) 
ratios of 0.5, 1.0, 2.0, 3.0, and 5.0 g/L at pH 7.0. To study the effect of 
ionic strength, 0.015 g WR was dispersed into 15 mL 100 mg/L Cd(II) 
solution with 0, 0.02, 0.05, 0.10, 0.15, and 0.20 M NaNO3 at pH 7.0. The 
optimal pH for Cd(II) adsorption by WR was determined to be 7.0 (see 
Section 3.1), at which Cr(III), Cu(II), and Pb(II) would significantly 
precipitate [18], thereby only the effects of Ni(II) and Zn(II) were 
investigated in the co-metal ion study. 0.015 g WR was added into 15 mL 
metal solutions containing Cd(II) and Ni(II)/Zn(II) at pH 7.0 (initial 
concentration of each heavy metal was 1 mM). In the adsorption 
isotherm study, 0.015 g WR was added in 50 mL polypropylene tubes 
containing 15 mL Cd(II) solutions at 25, 50, 100, 150, 200, 300, 400, 
and 500 mg/L. For all the above adsorption studies, the WR-Cd sus-
pensions were placed in a thermostat orbital shaker at 250 rpm and 25 
◦C for 24 h to reach equilibrium. Subsequently, the suspensions were 
centrifuged at 4000 rpm for 10 min. The supernatants were measured by 

an inductively coupled plasma optical emission spectrometer (ICP-OES, 
SPECTRO, Germany) for quantification of the residual Cd(II) (or Ni(II) 
and Zn(II) in the co-metal ion study). Our preliminary study showed that 
the initial Cd(II) concentration (50–1000 mg/L) was positively corre-
lated with adsorption capacity but negatively with removal efficiency. 
Hence, in the studies of pH and ionic strength effects, 100 mg/L was 
selected as the initial Cd(II) concentration for a balance of high 
adsorption capacity as well as removal efficiency. Initial Cd(II) con-
centration of 500 mg/L was used in the study of dosage effect, because 
most Cd(II) ions would be removed with insignificant difference in the 
Cd(II) removal efficiency at the WR dosage higher than 1.0 g/L if 100 
mg/L Cd(II) was used. 

To investigate the adsorption kinetics, 0.105 g WR was dispersed into 
210 mL 50 mg/L Cd(II) solution in a 500 mL polypropylene container, 
which was placed on a magnetic stirrer at 250 rpm and 25 ◦C. This set-up 
was more convenient than the orbital shaker for taking sample and 
adjusting pH during the rapid adsorption process. The WR-Cd suspen-
sion was collected at 1, 2, 4, 7, 10, 15, 20, 30, 40, and 60 min, and 
centrifuged at 4000 rpm for 10 min. The supernatant was subjected to 
determination of the residual Cd(II) using ICP-OES. All vessels used in 
this study were acid-washed and all experiments were duplicated with 
average results reported. Non-linear simulation of the adsorption 
isotherm and kinetics was performed with a variety of models (details in 
Table S1) through the software Prism 3.0. 

2.3. Desorption of Cd(II) from WR 

Desorption of Cd(II) is necessary for regenerating the WR biosorbent 
and concentrating the Cd(II) for further disposal. Both inorganic and 
organic acids, i.e., HCl, HNO3, and citric acid at 0.05 M and 0.1 M, were 
utilized as desorbing agents for Cd(II). 0.015 g Cd-loaded WR was mixed 
with 15 mL desorbing solutions in 50 mL polypropylene tubes and 
shaken at 250 rpm and 25 ◦C for 3 h. The suspensions were centrifuged 
at 4000 rpm for 10 min and the supernatants were analyzed to deter-
mine the desorption quantity of Cd(II) using ICP-OES. The suspension of 
Cd-loaded WR in DDI water was used as the control group. Moreover, 
the solid part after centrifugation, i.e., the separated WR, was washed 
using DDI water 3 times. The regenerated WR was used for resorption of 
Cd(II) after drying in a laboratory oven at 60 ◦C until constant weight 
(about 12 h). 

2.4. Characterization of WR before and after Cd(II) adsorption 

In order to decipher the adsorption mechanisms and the active 
functional groups involved in the adsorption process, i.e., the binding 
sites, the WR was characterized with different complementary measures 
before and after Cd(II) adsorption. The surface electrical property of WR 
was examined using a 0.15 g/L WR suspension in 1 mM KCl at pH 
2.0–8.0 by a Malvern Zetasizer (Nano Series, UK). The morphological 
and elemental properties of the WR surface were investigated by scan-
ning electron microscopy (SEM, Nano SEM-450, FEI, USA) coupled with 
energy dispersive X-ray spectroscopy (EDS, Bruker, Germany). To 
examine the crystalline structure of WR, the powder X-ray diffraction 
(PXRD) diffractograms were recorded with CuKα radiation (λ = 1.54060 
Å) at 40 kV and 15 mA at a scanning speed of 10◦/min in the range of 2θ 
from 5◦ to 70◦ (Bruker, Germany). In addition, the functional groups on 
WR were characterized in the range of 400–4000 cm− 1 wavenumber 
using FTIR spectroscopy (Thermo Fisher, Nicolet iS10, USA). Further-
more, the survey spectra (for elemental analysis) and C 1s, N 1s, and O 1s 
spectra (for functional groups) were collected by XPS (SPECS, Ger-
many). The binding energy of C 1s at 285 eV was used as the internal 
reference for all binding energies. 

2.5. Ion exchange experiment 

The release of naturally occurring metal ions in WR, i.e., Mg2+, K+, 
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and Ca2+, was measured during Cd(II) adsorption to investigate the 
participation of ion exchange. 0.125 g WR was added in a 500 mL 
polypropylene container containing 250 mL 50 mg/L Cd(II) and agitated 
by a magnetic stirrer at 250 rpm and 25 ◦C for 6 h. The same dosage of 
WR suspended in DDI water was set as the control group. The WR sus-
pensions were centrifuged at 4000 rpm for 10 min and the supernatants 
were analyzed by ICP-OES to determine the release contents of Mg2+, 
K+, and Ca2+ as well as the adsorption quantity of Cd(II). 

3. Results and discussion 

3.1. Effect of pH, WR dosage, ionic strength, and co-metal ions 

pH plays a crucial role in an adsorption process given its influence on 
the speciation of the adsorbate and the functional groups on the 
adsorbent [19]. As shown in Fig. 1a, the Cd(II) adsorption capacity of 
WR was positively correlated to pH, and it reached the maximum value 
at pH 7.0 (70.2 ± 0.5 mg/g). This was due to the presence of less proton 
(H+) at higher pH, leading to less competition with Cd(II) for the 
negatively charged binding sites on WR. In addition, more binding sites 
were provided for Cd(II) upon deprotonation of some functional groups 
as pH increased, e.g., R-COOH + OH− → R-COO− + H2O [20]. A decline 
of Cd(II) adsorption capacity was observed at pH 7.5 because of pre-
cipitation, as about 16% of the initial Cd(II) ions were precipitated in the 
control system (i.e., 100 mg/L Cd(II) solution at pH 7.5). Thus, pH 7.0 
was used in the subsequent adsorption studies. 

As Fig. 1b shows, the Cd(II) removal efficiency was elevated from 5% 
to 81% when the WR dosage increased from 0.5 g/L to 5.0 g/L. Mean-
while, the Cd(II) adsorption capacity achieved the highest value at the 
WR dosage of 1.0 g/L, and then decreased as the WR dosage increased. 

This positive correlation of adsorbent dosage to heavy metal removal 
efficiency (%) but negative correlation to adsorption capacity (Q, mg/g) 
was frequently reported in the literature [21,22]. The higher dosage of 
adsorbent provides more binding sites which remove more heavy metal 
ions from the system; but the more redundant binding sites at higher 
dosage of adsorbent for the limited heavy metal ions in the system would 
result in a lower heavy metal uptake by per unit of the adsorbent (i.e., Cd 
(II) adsorption capacity of WR, mg/g). Notably, the Cd(II) adsorption 
capacity was lower at 0.5 g/L WR than that at 1.0 g/L WR in this study. 
This could be due to complex interference from other factors. For 
example, the addition of WR in the Cd(II) solution caused a pH drop in 
the solution, and NaOH addition was required to keep the pH of the 
adsorption system at 7.0. This could influence the adsorption behaviours 
on the WR surface, e.g., facilitate the microprecipitation of Cd(II) on WR 
due to the varying local chemical condition on the WR surface. With a 
low WR dosage (0.5 g/L), however, insignificant pH change was 
observed in the solution upon WR addition, which only required a bit 
NaOH for pH adjustment. The relatively stable chemical condition on 
the WR surface might compromise the Cd(II) uptake by WR through 
microprecipitation when applying a very low WR dosage. Lower Cd(II) 
adsorption capacity at lower adsorbent dosage was also observed using a 
marine macroalga Ulva lactuca in the dosage range of 0.2–1.0 mg/L [23], 
as well as using a bacterial biomass (Pectobacterium Sp. ND2) in the 
dosage range of 0.4–1.0 mg/L [24]. In consideration of 
cost-effectiveness, the WR dosage of 1.0 g/L was selected in the subse-
quent adsorption studies. 

Fig. 1c reveals that the Cd(II) adsorption capacity of WR gradually 
decreased as ionic strength increased. It was reduced by 41% at 0.2 M 
NaNO3, at which the molar Na:Cd was 225. This reduction was attrib-
uted to the presence of abundant counter ions, i.e., Na+, which 

Fig. 1. Effects of (a) pH (100 mg/L Cd(II), 1.0 g/L WR, 24 h, 25 ◦C), (b) WR dosage (500 mg/L Cd(II), pH 7.0, 24 h, 25 ◦C), (c) ionic strength (100 mg/L Cd(II), 1.0 g/ 
L WR, pH 7.0, 24 h, 25 ◦C), and (d) co-metal ions on Cd(II) adsorption by WR (1 mM metal ions, 1.0 g/L WR, pH 7.0, 24 h, 25 ◦C. The error bars represent the 
standard deviation). 
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interfered the binding of Cd(II) to WR based on electrostatic interaction 
[25]. The partial influence of high ionic strength on the Cd(II) adsorp-
tion by WR reflected that electrostatic interaction was one of the un-
derlying adsorption mechanisms [26,27]. At 0.02 M NaNO3 (molar Na: 
Cd = 22), 89% of the Cd(II) adsorption capacity of WR remained, 
indicating the practical potential of WR for Cd(II) adsorption in (waste) 
water containing a mass of salt ions. 

Considering the possible co-existence of various heavy metals in 
heavy-metal-bearing (waste)water, it is important to know the effect of 
co-metal ions on Cd(II) adsorption by WR. Fig. 1d shows the effects of Ni 
(II) and Zn(II) on the Cd(II) adsorption capacity at pH 7.0, at which other 
common heavy metals such as Cr(III), Cu(II), and Pb(II) would precip-
itate [18]. In the presence of Ni(II) and Zn(II), the Cd(II) adsorption 
capacity was decreased to 63% and 86%, respectively, compared with 
the single system without co-metal ions. The relatively high selectivity 
of WR on Cd(II) could be related to the less negative hydration energy of 
Cd(II) (− 1806 kJ/mol) than those of Zn(II) (− 2044 kJ/mol) and Ni(II) 
(− 2106 kJ/mol) [28]. Metal ions generally exist in hydrated form in 
aqueous solutions, thereby those with less negative hydration energy 
can be more readily dehydrated and bind to ligands while those with 
more negative hydration energy prefer to stay ionic [29]. 

3.2. Adsorption isotherm of Cd(II) adsorption by WR 

Adsorption isotherm study examines the correlation between the 
concentration of Cd(II) remaining in the liquid phase (Ce, mg/L) and the 
quantity of Cd(II) bound to the WR biosorbent (Qe, mg/g) in equilibrium 
(Fig. 2a). As a key indicator for the adsorption performance, the 
maximum Cd(II) adsorption capacity (Qm, mg/g) of WR was observed at 
102.0 ± 0.1 mg/g. This is higher than that of most fruit waste materials 
such as mango seed, grape bagasse, passion fruit peel, lemon peel, 
custard apple shell, mango peel, banana peel, and litchi peel (5.7 − 93.7 
mg/g); and comparable to pomelo peel, grapefruit peel, and orange peel 
reported in the literature (107.3− 135.2 mg/g, details in Table S2). Non- 
linear simulation of the isotherm data to the Langmuir, Freundlich, 
Temkin, Dubinin-Radushkevich (D-R), Redlich-Peterson (R-P), and Sips 
isotherm models revealed that the D-R isotherm provided the best 
description to the Cd(II) adsorption by WR (simulated Qm = 100.5 mg/g, 
R2 = 0.9975, Table 1). This suggested non-identical binding sites on the 
WR surface for Cd(II) adsorption [30]. 

3.3. Kinetics of Cd(II) adsorption by WR 

Adsorption kinetics of an adsorption process is crucial for the design 
and scaling-up of the adsorption system. As shown in Fig. 2b, Cd(II) 
adsorption by WR rapidly reached equilibrium in 60 min, with 90% of 

adsorption finished in 10 min. Non-linear simulation to the pseudo-first- 
order, pseudo-second-order, and fractional power kinetic models 
showed that the Cd(II) adsorption by WR was fitted best to the pseudo- 
second-order kinetics (R2 = 0.9957, Table 1). Moreover, the simulated 
equilibrium adsorption capacity (Qe, 22.8 mg/g) was in a good agree-
ment with the measured one (22.9 ± 0.6 mg/g). Therefore, Cd(II) 
adsorption by WR was a pseudo-second-order kinetic process, in which 
the adsorption rate depended on the amount of surface sites on WR [31]. 
The pseudo-second-order kinetics suggested that the WR biosorbent 
could be abundant with active sites, and the Cd(II) adsorption onto the 
active sites was dominant in the kinetic process as the rate-controlling 
step for the adsorption [32]. 

3.4. Desorption of Cd(II) and regeneration of WR 

As shown in Fig. 3a, 77.4–94.1% of the Cd(II) bound to WR was 
desorbed using different desorbing agents, and 0.1 M HNO3 provided the 
highest desorption efficiency (94.1%). The desorption of Cd(II) should 
be attributed to the large amount of H+ from acids, which protonated the 
binding sites and released the adsorbed Cd(II). The H+can also occupy 
around the lone pairs of electrons of N and O atoms thereby breaking the 
Cd complexes and releasing the Cd(II). Notably, 11.9% of the Cd(II) 

Fig. 2. (a) Adsorption isotherm and (b) kinetics of Cd(II) adsorption by WR with non-linear simulation using different models (isotherm: 1.0 g/L WR, pH 7.0, 24 h, 25 
◦C; kinetics: 50 mg/L Cd(II), 0.5 g/L WR, pH 7.0, 24 h, 25 ◦C. The error bars represent the standard deviation). 

Table 1 
Parameters of adsorption isotherm and kinetic models for Cd(II) adsorption by 
WR (Qm: Maximum adsorption capacity, Qe: Equilibrium adsorption capacity. 
Details of other parameters in Table S1).  

Adsorption isotherm 

Langmuir Qm (mg/g) KL (L/mg) R2 

115.0 0.03317 0.9431 
Freundlich KF NF R2 

21.94 3.648 0.8406 
Temkin AT (L/mg) BT (J/mol) R2 

0.3523 107.91 0.9033 
D-R Qm (mg/g) β (mol2/kJ2) R2 

100.5 64.17 0.9975 
R-P Kr (L/g) aR (L/mg) bR R2 

2.643 0.005767 1.239 0.9647 
Sips Qm (mg/g) b (L/mg) n R2 

100 0.0003039 0.3932 0.9878 

Adsorption kinetics 

Pseudo-first-order Qe (mg/g) k1 (min− 1) R2 

21.45 0.6746 0.9689 
Pseudo-second-order Qe (mg/g) k2 (g/mg/min) R2 

22.85 0.04595 0.9957 
Fractional power  a b R2 

14.48 0.1274 0.9701  
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adsorbed on WR was weakly bound and it was easily desorbed by DDI 
water. Resorption of Cd(II) using the regenerated WR revealed that 
86–99% of the Cd(II) adsorption capacity of the pristine WR biosorbent 
was remained after desorption using HCl, HNO3, or citric acid, indi-
cating the satisfactory durability of WR for Cd(II) adsorption. 

3.5. Characterization of WR for mechanism elucidation 

3.5.1. Physicochemical properties of the WR biosorbent 
Reflections at 2θ of 16.1̊ and 21.6̊ were observed in the PXRD dif-

fractogram of WR (Fig. S1). They were characteristic to the crystalline 
natural cellulose (cellulose I) in agricultural biomass [33]. The broad 
reflections revealed that WR was quite amorphous, which favoured the 
heavy metal adsorption which primarily occurs in amorphous regions 
[27]. No additional reflection was detected after Cd(II) adsorption, 
implying the amorphous nature of the Cd complexes formed in the 
adsorption. 

Zeta potential reflects the surface charging property of the WR bio-
sorbent. As shown in Fig. 3b, WR was more negatively charged at higher 
pH, and the isoelectric point (pH with zero net charge) was about pH 
2.0. This is most likely due to the deprotonation of functional groups as 
pH increased, e.g., R-COOH + OH− → R-COO− + H2O and R-NH3

+ +

OH− → R-NH2 + H2O. This matched well with the higher Cd(II) 
adsorption capacity of WR at higher pH (Fig. 1a). With Cd(II) loading, 
the zeta potential of WR became less negative at the same pH, especially 
at pH 7.0 which was the optimal pH for Cd(II) adsorption (see Fig. 1a). It 
can be concluded that electrostatic interaction was a binding force for 
Cd(II) adsorption by WR [34,35]. 

SEM revealed that the morphological structure of WR was irregular 
(Fig. S2a), thereby providing a large surface area for Cd(II) adsorption 
(BET surface area: 26 m2/g). Distinct particles, which were probably 
formed from Cd(II) microprecipitation [36], were observed on the WR 
surface after Cd(II) adsorption (Fig. S2b). This was in agreement with 
the elemental mapping using EDS, which showed Cd signals in the area 
of these particles (Fig. S2c). Moreover, EDS spectra revealed the pres-
ence of Mg, K, and Ca on the surface of pristine WR, but they vanished 
after Cd(II) adsorption (Fig. 3c), suggesting ion exchange between these 
naturally occurring metal ions and Cd(II) during adsorption. 

3.5.2. Identification of functional groups by FTIR spectroscopy and XPS 

3.5.2.1. FTIR analysis. The FTIR spectra showed a variety of absorption 
bands (Fig. 3d), indicating the complex constitutes in WR. The peaks at 
3361, 1405, 1364, 1257, 1150, and 1060 cm− 1 were indicative for the 
O–H stretch in alcohol and carboxylic acids, C=O stretch in carboxylic 
salts, C–N stretch in amines, bending vibration of C–O-H in alcohol, 
C–O-C stretch in ether, and C–O stretch in primary alcohol, respec-
tively. After Cd(II) adsorption, they shifted to 3415, 1436, 1370, 1247, 
1160, and 1054 cm− 1, respectively. Conversely, no significant shift was 
observed for the absorption bands at 2919 cm− 1 (C–H stretch in 
alkane), 1739 cm− 1 (C = O stretch in esters), and 1631 cm− 1 (N–H 
bends in R-NH2). The assignments of the absorption bands were referred 
to Pavia et al. [37]. 

The shifts observed after Cd(II) adsorption were probably ascribed to 
the change of the counter ions binding to the corresponding functional 
groups [12]. Hence, functional groups including hydroxyl, carboxyl, 

Fig. 3. (a) Desorption efficiency of Cd(II) sequestered on WR using acids at 0.05 M and 0.1 M and DDI water (S/L = 1.0 g/L, desorption time 3 h). (b) Zeta potentials 
(0.15 g/L of WR in 1.0 mM KCl), (c) EDS spectra, and (d) FTIR spectra of WR before and after Cd(II) adsorption. The error bars represent the standard deviation. 
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amine, and ether groups on WR could be involved in Cd(II) adsorption. It 
is worth noting that the absorption frequencies of some functional 
groups have a wide range and may overlap with each other in the 
infrared region [37], making it difficult to distinguish certain functional 
groups. Therefore, different spectroscopic techniques, e.g., XPS, are 
expected to validate the active functional groups identified by FTIR 
spectroscopy. 

3.5.2.2. XPS analysis. In Fig. 4a, the survey XPS spectra exhibit inten-
sive peaks of C 1s and O 1s, revealing C and O as the two most abundant 
elements on the surface of WR. Strong signals of Cd, e.g., Cd 3d5/2 at 
405.1 eV and Cd 3d3/2 at 412.1 eV [38], were often observed for ad-
sorbents binding with Cd(II) and probably due to the formation of Cd-O, 
Cd-OH, and/or (-COOH)2Cd [39,[40]. This should originate from Cd 
complexation with O atoms in the functional groups and/or Cd(II) 
microprecipitation. The elemental analysis by XPS revealed that the 
atomic concentrations of K and Ca on WR were 1.3% and 0.2%, 
respectively. However, they almost vanished after Cd(II) adsorption, 
suggesting ion exchange between Cd(II) and these naturally occurring 
metal ions on WR. 

The C 1 s spectrum of pristine WR (Fig. 4b) was deconvoluted into 
four peaks, which correspond to four types of C groups: C–C (285.00 
eV), C–O from alcohol and/or ether (286.40 eV), C=O (287.80 eV), and 
O=C–O (288.92 eV) [38,41]. After Cd(II) adsorption, the latter three C 
groups shifted to 286.55, 288.10, and 289.08 eV, respectively. As shown 
in Fig. 4c, the N 1 s spectrum of pristine WR contained two peaks at 
400.06 eV (-NH2) and 401.60 eV (-NH3

+) [42]. The peak area reflected 
that the neutral amine group (-NH2) was the dominant N group on the 
surface of WR. After Cd(II) adsorption, the position of -NH2 shifted to 
400.10 eV, whereas the protonated amine -NH3

+ almost disappeared, 

probably due to its conversion to -NH2Cd2+, i.e., -NH3
+ + Cd2+ → 

-NH2Cd2+ + H+ [43]. In Fig. 4d, the O 1 s spectrum of pristine WR was 
deconvoluted into two peaks corresponding to O=C (531.09 eV) and 
O–C from alcohol and/or ether (532.70 eV) [38]. After Cd(II) adsorp-
tion, their positions shifted to 531.78 eV and 532.95 eV, respectively. 
Moreover, a peak at 531.13 eV, which is indicative to Cd oxides [38], 
was detected. This is consistent with the increased atomic concentration 
of O on WR after Cd(II) adsorption (from 20% to 25%, Table S3). The Cd 
oxides probably originated from Cd(II) complexation with O atoms 
and/or Cd microprecipitation (see Fig. S2 by SEM-EDS). The position 
shifts of the C, N, O groups reflected the occurrence of interaction be-
tween Cd(II) and the corresponding functional group. For examples, 
during Cd(II) complexation with the O atoms in the carboxyl group, O 
donated lone pairs of electrons to the empty orbitals of Cd(II), thereby 
resulting in lower electron density with higher binding energy for 
themselves as well as for the adjacent C [44,41]. Similarly, Cd(II) 
complexation with the N in the amine group (-NH2) also led to higher 
binding energy of the N in -NH2. Thus, the upfield shifts (higher binding 
energy) observed for the C, O, and N groups as aforementioned reflected 
the Cd(II) complexation with O and N atoms in the functional groups. 
The higher binding energy of the C and O in the carboxyl group after Cd 
(II) adsorption could also be caused by the electrostatic interaction be-
tween Cd(II) and carboxyl (pKa 3.5), which would stay deprotonated at 
pH 7.0 used in this study. Thus, cationic Cd(II) grabbed electrons and 
resulted in lower electron density with higher binding energy for the 
nearby C and O. 

3.5.3. Ion exchange between Cd(II) and light metal ions 
During the Cd(II) adsorption process, Mg2+, K+, and Ca2+ were 

released from WR. In comparison with WR suspension in DDI water (the 

Fig. 4. XPS (a) survey, (b) C 1s, (c) N 1s, and (d) O 1s spectra of WR before and after Cd(II) adsorption. The insert in Fig. 4a shows the expansion of the binding 
energy region for Cd 3d in the XPS survey spectrum of Cd-loaded WR. 
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control group), only Mg2+and Ca2+ showed more significant release in 
the presence of Cd(II). This reflected that occurrence of ion exchange 
between Cd(II) and the two naturally occurring divalent metal ions (i.e., 
Mg2+and Ca2+), whereas the release of K+ should be attributed to 
spontaneous dissolution. Therefore, elemental analysis by spectroscopic 
techniques such as EDS and XPS may not be enough for ion exchange 
analysis, quantitative ion exchange experiments are required for vali-
dation. Ion exchange with Mg2+ and Ca2+ was also observed in Cd(II) 
and Cu(II) adsorption by water hyacinth roots [45] as well as Cd(II) and 
Pb(II) adsorption by mango seed [27]. Compared with the control group, 
extra 85 µmol/g Mg2+ and 78 µmol/g Ca2+ were released from WR 
during Cd(II) adsorption, which were almost 9 and 2 times higher, 
respectively (insignificant difference for K+, Table 2). The Cd(II) 
adsorption capacity of WR was 196 µmol/g, thus ion exchange with 
Mg2+ and Ca2+ was involved in 83% of Cd(II) adsorption by WR. After 
ion exchange, Cd(II) ions might be sequestered by the free binding sites 
on WR via electrostatic interaction, e.g., (R-COO)2Mg + Cd2+ ↔ 
(R-COO)2Cd + Mg2+ [46]. 

3.6. Mechanism elucidation of Cd(II) adsorption by WR 

The underlying mechanism of Cd(II) adsorption by WR is depicted in 
Fig. 5 from complementary perspectives. According to the effect of ionic 
strength, adsorption isotherms, and the zeta potentials of WR 
(Figs. 1c,2a, and 3b), Cd(II) could be bound to the non-identical binding 
sites on WR via electrostatic interaction. The contribution of electro-
static interaction was estimated to be 41% of Cd(II) adsorption by WR, 
as this part of bound Cd(II) was impaired at high ionic strength of 0.2 M 
NaNO3. SEM-EDS visualized the microprecipitation of Cd(II) on the WR 
surface, while XPS evidenced Cd(II) complexation with O and N atoms 
from hydroxyl, carboxyl, ether, and amine groups. Moreover, the 
quantitative ion exchange study showed ion exchange between Cd(II) 
and naturally occurring divalent metal ions (i.e., Mg2+ and Ca2+), while 
disappearance of K on WR measured by EDS and XPS after Cd(II) should 
be due to spontaneous dissolution. Moreover, it was estimated that ion 
exchange participated in 83% of Cd(II) adsorption by WR. The combi-
nation of different analytical methods in this study allows for an in- 
depth understanding of the Cd(II) adsorption process by WR. This 
gives important information to other relevant studies, as most natural 
and environmental processes include interactions between adsorbates 
and biological surfaces at varying degrees [47]. 

4. Conclusions 

In line with the “Waste to Resource” strategy, this study showed that 
WR is a promising low-cost biosorbent with high adsorption capacity, 
good selectivity, and easy regeneration for Cd(II) adsorption from 
heavy-metal-bearing (waste)water. The maximum Cd(II) adsorption 
capacity of 102.0 ± 0.1 mg/g was achieved by WR at pH 7.0. The 
adsorption process was rapid with an equilibrium time of 60 min and 
90% of Cd(II) adsorption was finished in 10 min. A combination of 
complementary analytical methods provides an in-depth elucidation of 
the adsorption mechanism. Hydroxyl, carboxyl, ether, and amine groups 
provided acitve binding sites for Cd(II), with the co-occurrence of 
microprecipitation, electrostatic interaction (in 41% of Cd(II) adsorp-
tion), complexation, and ion exchange with Mg2+and Ca2+ (in 83% of 
Cd(II) adsorption). This provides crucial insights to the development of 
biosorbents with organic waste materials and the optimization of the 
adsorption processes. 
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