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A B S T R A C T   

This study presents functionalized open-celled cellulose Metalzorb® sponge (Sponge) with 3-mercaptopropionic 
acid (MPA) and L-Cysteine (Cys), and the resulting MPA@Sponge and Cys@Sponge showed significantly 
improved removal efficiency towards trace cisplatin and carboplatin against Sponge. MPA@Sponge achieved 
maximum removal of 88.9 ± 0.5% for cisplatin and 85.2 ± 0.4% for carboplatin, while Cys@Sponge achieved 
maximum removal of 75 ± 2% and 59 ± 1%. In contrast, Sponge only achieved removal of 29 ± 4% and 4 ± 1%, 
respectively. It suggests that thiol groups serve as favourable binding sites for Pt complexation. Carboplatin 
exhibits lower adsorption compared to cisplatin due to its limited hydration. However, the presence of Cl− in 
stock and high temperature facilitate the hydration and the formation of active derivatives of carboplatin, 
thereby enhancing its adsorption. The rapid adsorption processes of cisplatin and carboplatin are well described 
by the pseudo-second-order kinetic model involving diffusion and chemisorption. The results from adsorption 
isotherms revealed a monolayer adsorption that aligns with the principles proposed by the Langmuir model. High 
temperature significantly enhances the adsorption, and the positive enthalpies indicate that the binding of Pt 
with thiol groups is endothermic process. X-ray absorption spectroscopy measurements at the Pt L3-edge revealed 
a similar coordination environment of the adsorbed Pt on both functionalized adsorbents, which can be attrib-
uted to the formation of four Pt-S bonds during the adsorption. To assess the validity of the adsorption results 
under realistic medium conditions, an adsorption study was carried out by using diluted urine spiked with trace 
platinum cytostatic drugs to simulate hospital wastewater. 90.2 ± 0.3% of cisplatin and 77.0 ± 0.2% of car-
boplatin was effectively removed by MPA@Sponge from diluted urine.   

1. Introduction 

Cisplatin and carboplatin, well-known platinum cytostatic drugs (Pt- 
CDs), are widely utilized in cancer therapy and characterized for pos-
sessing genotoxicity, mutagenicity, carcinogenicity, and teratogenicity 
as they attack not only cancer cells but also healthy cells [1]. The 
presence of these substances in aquatic environments has been identified 
as a significant hazard to both humans and aquatic organisms that are 
exposed to them, thereby posing a serious threat [2,3]. Pharmacokinetic 
investigations provide substantiation that approximately 10–40% of Pt- 
CDs administered to patients are excreted via urine, either in their 
original form or as metabolites [4]. These compounds are ultimately 
released into the environment through the discharge of hospital or 

domestic wastewaters (the latter contaminated by ambulatory patients), 
as has been proved by many researchers over the last two decades, with 
concentrations varying between ng‧L− 1 to 250 μg‧L− 1 [5]. Furthermore, 
several investigations have verified the harmful impacts of cisplatin and 
carboplatin on certain aquatic invertebrates, even at low levels, in both 
freshwater and marine ecosystems [6–12]. Limited efforts have been 
taken to investigate the viability of efficient wastewater remediation 
methods for Pt-CDs, utilizing diverse techniques such as adsorption 
[13–17], membrane separation [18,19], ozonation [20] and electrolysis 
[21,22]. Among them, adsorption, a well-established technology, is 
frequently considered a favorable approach due to its inherent 
simplicity of operation, low cost, easy scalability, and significant treat-
ment efficiency. In fact, some pioneering studies on the adsorption of Pt- 
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CDs using various materials have already been conducted. As early as 
2005, Lenz et al., evaluated the adsorption of three cancerostatic plat-
inum compounds (concentrations ranging from 4.7 to 145 μg‧L− 1) by 
activated sludge, and after 24 h of incubation time, the removal rates 
reached 96%, 70% and 74% for cisplatin, carboplatin and oxaliplatin 
respectively [15]. Ogata et al., prepared calcined gibbsite for the 
adsorption of cisplatin (initial concentration of 10 mg‧L− 1) and achieved 
a removal efficiency of about 90% [14]. Biomass-derived materials such 
as activated carbon, biochar, chitosan, and wood ash were proposed for 
adsorption of inorganic PtCl62- as a model of Pt-CDs (initial concentration 
of Pt within the range of 1 to 10 mg‧L− 1), with adsorption capacities 
ranging from 0.23 to 0.97 mg‧g− 1 of Pt at an adsorbent dose of 10 g‧L− 1 

[16]. Cryogels were synthesized to adsorb cisplatin (250 to 2000 mg‧ 
L− 1), and the maximum adsorption capacity was discovered to be 150 
mg‧g− 1, attributed to the formation of a stable complex between Pt and 
the carboxyl group on methacrylic acid [13], where similar strategies 
were previously used to synthesize carriers for cisplatin drug delivery 
[23,24]. Recently, a study proposed ion-imprinted mesoporous orga-
nosilica for adsorption of PtCl42- as a model of Pt-CDs and a maximum 
adsorption capacity of 76.4 mg‧g− 1 was attained [17]. Another recent 
study reported the synthesis of dithiocarbamate-modified silica for the 
removal of cisplatin at varying concentrations (ranging from 5 to 150 
mg‧L− 1 Pt in NaCl 0.9% w/v). The maximum adsorption capacity of the 
adsorbent was determined to be 15.6 mg‧g− 1, and removal efficiency of 
up to 85% was observed at a dose of 10 g‧L− 1 of adsorbent and contact 
time of 1 h [25]. 

Upon reviewing the aforementioned studies, it becomes evident that 
the majority of the adsorption experiments predominantly occurred 
within the mg‧L− 1 concentration range. The establishment of adsorption 
systems and the elucidation of adsorption mechanisms were based on 
concentrations that surpassed those observed in actual environmental 
scenarios. However, the performance assessment of these approaches in 
the actual treatment of low-concentration Pt-CDs remains unclear. In 
view of the trace concentration (less than 1 mg‧L− 1) of Pt-CDs, a notable 
challenge exists in establishing an efficient and rapid adsorption system, 
owing to the limited concentration gradient at the interface between the 
liquid and solid phases. Hence, further research efforts ought to be 
directed towards developing adsorbents that exhibit high selectivity and 
strong affinity. To attain this goal, exploring and interpreting the 
adsorption mechanism assumes critical significance. Additionally, it is 
imperative to consider the economic and operational convenience as-
pects, to strike a balance between efficiency and cost-effectiveness. 

In our previous study, we conducted a comparative analysis of three 
commercially available materials, namely 3-(diethylenetriamino)pro-
pyl-functionalized silica gel, cysteine-functionalized silica gel, and open- 
celled cellulose MetalZorb® sponge (Sponge), for their adsorption ca-
pabilities towards trace amounts of cisplatin and carboplatin [26]. Our 
results suggest that the presence of thiol groups as affinity sites offered 
the potential for complexation of the target Pt species [26]. Moreover, 
following intravenous administration of Pt-CDs, investigations have 
demonstrated their interaction with diverse constituents of the blood, 
like human serum albumin (HSA). HSA, being the predominant protein 
in human blood, comprises cysteine residues that can interact with 
administered Pt complexes [27–30]. In addition, according to Hard-Soft 
Acid-Base (HSAB) theory [31], Pt(II) as a “soft” acid has a high affinity 
for sulfur donors (“soft” bases) e.g. thiols and thioethers. Inspired by 
these findings, the current study sought to improve the adsorption 
properties of cheap and commercially available Sponge through func-
tionalization with thiol-containing compounds, as 3-mercaptopropionic 
acid (MPA) and L-Cysteine (Cys). The resulting materials, namely 
MPA@Sponge and Cys@Sponge, respectively, were then evaluated for 
their capacity to remove trace cisplatin and carboplatin from aqueous 
solutions, and compared to raw Sponge. Moreover, the adsorption 
mechanisms have been explained by the results obtained from syn-
chrotron X-ray absorption spectroscopy (XAS) technique. 

2. Materials and methods 

2.1. Reagents and materials 

Cisplatin (99%, CAS: 15663–27–1) and carboplatin (99%, CAS: 
41575–94–4) were acquired from STREM Chemicals. The compounds 
were utilized in their as-received form without undergoing any further 
purification. Stock solutions of cisplatin and carboplatin (Pt 100 mg‧ 
L− 1), were firstly prepared in 0.2 mol‧L− 1 HCl and Milli-Q water 
respectively and were subsequently diluted to the required concentra-
tion. MetalZorb® Sponge (Sponge) was generously provided by Clean-
Way Environmental Partners, Inc. (Portland, USA). Acetic anhydride 
(Ac2O, ≥ 99%), 3-mercaptopropionic acid (MPA, ≥ 99%) and L-Cysteine 
(Cys, 97%) were acquired from Sigma-Aldrich. Throughout the experi-
mental procedure, Milli-Q water with a resistivity of 18.2 MΩ‧m− 1 was 
utilized, unless explicitly stated otherwise. 

2.2. Preparation of thiol-functionalized sponges 

The original Sponge utilized in this study has a cube-shaped structure 
composed of an open-celled cellulose substrate. The dimensions of the 
cubes were measured to be 13 ± 2 (L) × 10 ± 1 (W) × 7 ± 1 (H) mm on 
average, with an average weight of 0.20 ± 0.02 g per cube. In order to 
minimize the usage of expensive and toxic Pt-CDs in the adsorption 
experiments, sponges were employed in powdered form to reduce scale. 
The cubes underwent mechanical grinding in a commercial blender 
using knife milling, followed by sieving to achieve the desired particle 
size of ≤ 0.5 mm. The resulting fine sponge powders were washed once 
with 1.0 mol‧L− 1 HCl and three times with Milli-Q water. After the 
washing process, the Sponge powders were dried at 353 K for a duration 
of 24 h and subsequently stored for further use. As illustrated in Fig. 1, 
the process of thiol-functionalization of Sponge was carried out through 
esterification, utilizing a modified version of the procedure described in 
previous studies [32–35]. In a glass tube with screw cap, 10 mL of MPA 
(114.8 mmol) or 2.5 g of Cys (20.6 mmol) was mixed with 10 mL of Ac2O 
and 50 μL of concentrated sulfuric acid. Ac2O serves as a reaction me-
dium, simultaneously consuming the water generated during the ester-
ification reaction. When cooled to room temperature, 0.5 g of sponge 
powder was added, and the mixture was stirred in an oven at 338 K for 4 
days. The two products generated, namely MPA@Sponge and 
Cys@Sponge, were subjected to sequential washing with acetone, 
alcohol, and Milli-Q water, and subsequently dried at 353 K overnight. 

2.3. Characterization of sponges 

To obtain the Fourier Transform Infrared Spectroscopy (FTIR) 
spectra and identify the functional groups present in Sponge, MPA@S-
ponge, and Cys@Sponge; FTIR equipped with Attenuated Total Reflec-
tance (ATR) module (ATR-FTIR, Tensor 27, Bruker, Germany) was 
utilized. The quantification of sulfur content was performed utilizing an 
element analyzer (Flash EA 2000 CHNS, Thermo Fisher, America). The 
point of zero charge (pHpzc) of sponges were measured using pH drift 
method [36]. Specifically, pHpzc was determined using 0.1 mol‧L− 1 NaCl 
solutions spanning pH 2–9. pH adjustments were achieved using either 
0.1 mol‧L− 1 HCl or 0.1 mol‧L− 1 NaOH solutions. A total of 20 mL of each 
solution was brought into contact with 0.1 g of the sample, followed by 
24 h of stirring. Subsequently, the sponge was separated via filtration, 
and the pH of the filtrate was measured. The pHpzc value was obtained 
by plotting the initial pH of solution against the difference in pH values. 
The morphological analysis of the sponges was performed using a Field 
Emission-Scanning Electron Microscope (FE-SEM, MERLIN, Zeiss) with 
a resolution of 1.4 nm at 1 kV. The probe current ranges from 4 pA to 
100 nA, while the accelerating voltage varies from 0.2 to 30 kV. The 
specific surface areas of sponges were determined using N2 adsorp-
tion–desorption experiments conducted on a Micromeritics ASAP 2460 
analyzer at a temperature of 77 K. All sponges were degassed 12 h under 
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a vacuum at 423 K before the measurement. The specific surface area 
was calculated utilizing the Brunauer-Emmett-Teller (BET) method. 

2.4. Batch adsorption Pt-CDs 

The adsorption behavior of cisplatin and carboplatin was investi-
gated under different experimental conditions, including pH (ranging 
from 2 to 6), contact time (from 1 min to 24 h), initial concentration 
(varying from 47 μg‧L− 1 to 500 mg‧L− 1, expressed as Pt for both Pt-CDs), 
and solution temperature (293, 318, and 343 K). The pH of the solution 
was controlled by using 0.1 mol‧L− 1 NaOH and/or 0.1 mol‧L− 1 HCl to 
achieve the desired pH, which was monitored using a pH meter (Crison, 
Spain) prior to, during, and after the adsorption. Batch adsorption ex-
periments were conducted by adding 10 mg of the adsorbent to 2 mL of 
Pt solution (either cisplatin or carboplatin) in a plastic centrifuge tube. 
The mixture was subjected to mechanical agitation at 300 rpm at a 
specific temperature. Following a predetermined duration, typically 24 
h (except in the case of kinetic studies), the adsorbent was separated 
from the solution by a 0.22 μm membrane filter. The remaining Pt 
concentration of the filtrate was quantified by means of Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS, Thermo XSeries II, Thermo 
Scientific, USA). 

The equilibrium adsorption capacity qe (μg‧g− 1) of Pt was determined 
by applying Eq. (1): 

qe =
(c0 − ce)

m
× V (1)  

where c0 and ce represent the initial and equilibrium Pt concentrations 
(μg‧L− 1), respectively, V indicates the volume of solution (mL), and m 
denotes the adsorbent dosage (mg). In the case of kinetic studies, ce is 
substituted by the remaining Pt concentration at time t, ct (μg‧L− 1), to 
calculate the corresponding adsorption capacity (qt, μg‧g− 1). 

Subsequently, the removal ratios were determined by Eq. (2): 

Removal ratio =
(c0 − ce)

c0
× 100% (2) 

All adsorption experiments were performed in triplicate, and the 

average along with the corresponding relative standard deviations were 
computed. 

To fully comprehend the adsorption behaviour of Pt-CDs, fitting 
analysis was conducted on the adsorption data collected at different 
contact time using pseudo-first-order (PFO) and pseudo-second-order 
(PSO) kinetic models. Additionally, isotherm models such as Langmuir 
and Freundlich were employed to fit the data derived from diverse initial 
concentrations. All chosen model formulations are described in Sup-
plementary data. 

2.5. Synchrotron X-ray absorption spectroscopy (XAS) 

X-ray absorption spectroscopy (XAS) experiment was carried out at 
BL22 CLÆSS beamline of ALBA CELLS synchrotron [37]. Pt L3-edge XAS 
measurements were conducted to investigate the chemical state and 
coordination environment of adsorbed cisplatin and carboplatin. The 
measurements were collected on adsorbents that had been exposed to an 
initial concentration of 235 μg‧L− 1 Pt. Samples were pressed into a 13 
mm pellet to facilitate handling. A Si(311) double crystal mono-
chromator was employed for the measurements. The measurements 
were performed at a temperature of liquid nitrogen to mitigate potential 
radiation-induced damage. Given the relatively low Pt concentration in 
the samples, the measurements were conducted in fluorescence mode 
utilizing a multi-element silicon drift detector equipped with Xspress3 
electronics. 

Solid Pt references (K2PtCl4, cisplatin, carboplatin) were measured in 
transmission mode at room temperature, and their solutions in different 
mediums (cisplatin in 0.2 mol‧L− 1 HCl, carboplatin in 0.2 mol‧L− 1 HCl 
and Milli-Q water, Pt concentration of 100 mg‧L− 1) were loaded into the 
in-house designed 3D-printed liquid cell [38] and then collected in 
fluorescence mode at room temperature. 

The X-ray absorption near edge structure (XANES) data were sub-
jected to normalization and background subtraction procedures utilizing 
the Athena software, while the extended X-ray Absorption fine structure 
(EXAFS) data were processed through the Artemis software [39]. The 
pseudoradial distribution functions presented as the module of the 
Fourier transform of the EXAFS signal are not phase-shift corrected. 

Fig. 1. Schematic illustration of the preparation procedure for MPA@Sponge and Cys@Sponge.  
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2.6. Removal of Pt-CDs from urine and diluted urine 

The study intended to assess the feasibility and effectiveness of thiol 
functionalized sponge in eliminating cisplatin and carboplatin from 
urine. Experiments were conducted using spiked urine samples obtained 
from a healthy male, as collecting urine samples from patients under-
going Pt cytostatic treatment proved challenging. The spiked samples 
used in the study consisted of cisplatin, carboplatin, and their mixtures. 
Each sample had an initial total Pt concentration of 235 μg‧L− 1, which 
closely resembled the concentrations typically found in hospital waste-
waters. Additionally, to assess the matrix effect and simulate possible 
dilution in hospital wastewater, the same procedure was applied to urine 
samples diluted ten-time and 100-time using tap water. Ion chroma-
tography (Dionex Aquion, Thermo Scientific, America) was chosen as 
the analytical technique for quantifying the levels of commonly occur-
ring cations and anions in urine samples as well as two synthetic ana-
logues of hospital wastewater, and further information can be found in 

the Table S6 in Supplementary data. 
Subsequently, 10 mg of the chosen adsorbent was added to 2 mL of 

the Pt-spiked urine samples, and the mixture was continuously stirred 
for 24 h at 343 K. The resultant samples were then filtered via 0.22 μm 
filters before being collected using sterile plastic bottles. The Pt con-
centration of the samples was subsequently determined using a stan-
dardized analytical technique that has been detailed in previous 
literature [40,41]. In detail, a 100 μL sample was subjected to equili-
bration at room temperature and then was digested with 200 μL of HNO3 
(69.0–70.0%, for trace metal analysis), at a temperature of 363 K for 1 h. 
The resultant digested samples were then diluted to a final concentration 
of 2% v/v HNO3 by diluting to 10 mL with Milli-Q water. The concen-
tration of Pt was immediately determined by ICP-MS, with external 
calibration over a concentration range of 1 to 150 μg‧L− 1. Indium (In) 
and Rhodium (Rh) were employed as internal standard elements. Then 
the removal ratio was determined by Eq. (2). 

pH

Fig. 2. (a) FTIR spectra of Sponge, cellulose, MPA, Cys, MPA@Sponge, and Cys@Sponge; (b) pHpzc determination of Sponge, MPA@Sponge, and Cys@Sponge by pH 
drift method; SEM images of (c) Sponge, (d) MPA@Sponge, and (e) Cys@Sponge. 
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3. Results and discussion 

3.1. Characterization of sponges 

Fig. 2a presents the spectra resulting from the FTIR analysis of 
Sponge, cellulose, MPA, Cys, MPA@Sponge and Cys@Sponge. Relevant 
patents and studies [42–47] suggest that the porous cellulose sponge is 
composed of a thermally induced amide-forming, insoluble, water- 
swellable polymer, polyethyleneimine, physically bound to the sponge 
(see in Fig. S1). This polymer product is claimed to exhibit high affinity 
for the adsorption of transition metal ions [42–47]. Regarding Sponge, 
compared to pure cellulose, the FTIR analysis revealed absorbances at 
3435, 2891, 1365, 1157, and 1024 cm− 1, which can be attributed to the 
cellulose substrate [48]. The notable absorption band observed at a 
wavenumber of 3435 cm− 1 can be ascribed to the stretching vibration of 
the O-H bond. This band is broader in Sponge than in cellulose, which is 
attributed to the overlap of the band corresponding to N-H stretching 
vibrations. This feature is ascribed to the polyethyleneimine on the 
surface of the Sponge. Alkanes C-H bond stretching vibration is 
responsible for the peak with a center value of 2891 cm− 1. The ab-
sorption band observed at a wavenumber of 1365 cm− 1 is assigned to the 
bending of the O-H bond, whereas the peak observed at 1157 cm− 1 

corresponds to the antisymmetric stretching of the C-O-C bridge. The 
prominent peak recorded at a wavenumber of 1024 cm− 1 arises due to 
the skeletal vibration of the C-O-C pyranose ring [48]. Moreover, the 
absorption spectrum of Sponge exhibits an additional peak at 1637 
cm− 1, in contrast to cellulose, and can be assigned to the stretching vi-
bration of the C = O bond. Additionally, the peak experiences a shift 
towards higher wavenumbers (due to the electron-donating character-
istics of nitrogen), indicating the presence of an amide structure in the 
polymer formed through the reaction between nitrilotriacetic acid and 
polyethyleneimine. 

Both functionalization reagents exhibit a modest absorption peak of 
around 2550 cm− 1, which is associated with the S-H bond stretching 
vibration. In addition, MPA also exhibits an absorption peak at 1701 
cm− 1, which is due to the stretching vibration of the C = O bond in the 
carboxyl group [49]. In contrast, the spectrum of Cys exhibits two 
distinct peaks at 1576 and 1391 cm− 1, which are attributed to the 
asymmetric and symmetric stretching vibrations of carboxyl (–COO-) 
groups, respectively [50–53]. The limited loading of the functionalized 
sponges resulted in the almost negligible presence of the characteristic 
peaks of thiols at 2550 cm− 1. However, the detection of a new peak at 
1730 cm− 1 in MPA@Sponge and Cys@Sponge spectra, which is attrib-
uted to the C = O stretching vibration of the ester group, serves as ev-
idence for successful esterification. Stated differently, the anchoring of 
MPA and Cys on the substrate was accomplished successfully. And, 
similar FTIR spectral characteristics were also presented in different 
studies on thiol-functionalized cellulose materials [34,35,54–56]. 

As listed in Table S1, elemental analysis (EA) measurements showed 
that 1.23 ± 0.07 and 0.59 ± 0.03 wt% of sulfur were present in 
MPA@Sponge and Cys@Sponge after functionalization, respectively. 
These results also validate the successful anchoring of MPA and Cys on 
the substrate, as the sulfur content in the original sponge is negligible. 
The lower sulfur content observed in Cys@Sponge after functionaliza-
tion is attributed to the necessity of employing less Cys compared to 
MPA, due to the low solubility of Cys in Ac2O medium. According to 
Fig. 2b, the pHpzc values of Sponge, MPA@Sponge, and Cys@Sponge are 
approximately 3.2, 2.1, and 3.1, respectively. Therefore, when the so-
lution pH is lower than these values, the surface of the sponges will 
become positively charged, primarily due to the protonation of amino 
groups [57]. As depicted in Fig. 2c-e, all sponges demonstrate a porous 
structure featuring an intricate network of interconnected channels with 
diameters ranging approximately from 1 to 5 μm. Furthermore, after 
modification, these pore characteristics are retained. The N2 adsorp-
tion–desorption isotherms are illustrated in Fig. S2, and the BET specific 
surface areas of Sponge, MPA@Sponge, and Cys@Sponge were 

determined to be 1.55, 1.66, and 1.65 m2‧g− 1, respectively. 

3.2. Adsorption of Pt-CDs 

3.2.1. Effect of pH values 
The pH value is a crucial parameter governing the interaction be-

tween adsorbate and adsorbent. Through protonation or deprotonation 
processes, it can induce changes in surface charge, thereby affecting the 
adsorption efficiency. Additionally, in the case of Pt-CDs, the pH also 
impacts the hydration of Pt complexes. 

Upon comparing the adsorption capacity of the sponge before and 
after functionalization shown in Fig. 3, it becomes apparent that the 
adsorption of the two Pt-CDs was enhanced when MPA and Cys were 
introduced. According to HSAB theory [31], Pt (II) exhibits character-
istics of a “soft” acid, displaying a pronounced propensity for forming 
stable complexes with sulfur donors, which are classified as “soft” bases. 
Notably, the improvement observed in the case of MPA@Sponge is 
markedly superior to that observed in the case of Cys@Sponge. This is 
because MPA@Sponge has a higher sulfur loading rate than 
Cys@Sponge, as shown by EA (1.23 ± 0.07 and 0.59 ± 0.03 wt% of 
sulfur content in MPA@Sponge and Cys@Sponge, respectively), 
providing more adsorption sites. Moreover, it has been proposed that the 
three sponge materials demonstrated superior capabilities in the 
adsorption of cisplatin compared to carboplatin. This distinction can be 
attributed to the inherent tendency of cisplatin to undergo hydration. 
The dissimilarity arises from the differences between the chloride li-
gands of cisplatin and the bidentate chelated ligand 1,1-cyclobutanedi-
carboxylato (CBDCA) of carboplatin. Specifically, the chloride ligands of 
cisplatin are more prone to hydration, while the CBDCA ligand of car-
boplatin exhibits lesser susceptibility to hydration [58–63]. Conse-
quently, the hydration-resistant nature of carboplatin impedes the 
substitution by the thiol group, leading to the observed disadvantage in 
adsorption capacity. 

The impact of pH on the adsorption of cisplatin onto the three 
sponges is evident from the findings illustrated in Fig. 3a. As the pH 
value rises, a slight increase in cisplatin adsorption can be observed. This 
observation can be attributed to the favourable influence of high pH 
levels and low Cl− concentration on the hydration of cisplatin, thereby 
enhancing its reactivity and facilitating complexation with the sponges 
[28,64–68]. The impact of pH variation on carboplatin adsorption is 
negligible (see Fig. 3b), except for pH 2, wherein MPA@Sponge exhibits 
a higher adsorption capacity compared to the values obtained at other 
pH values. The observed phenomenon is attributed to the introduction 
of additional HCl at a pH of 2, resulting in partial displacement of 
CBDCA ligand on carboplatin, and rendering its molecular conformation 
more similar to that of cisplatin, and this transformation has been 
already detected by chromatography [61] and XAS techniques [69]. 

3.2.2. Adsorption kinetics 
The kinetic parameter plays a pivotal role in assessing the efficiency 

and mechanism of adsorption processes, which is a critical aspect to 
consider when scaling up Pt-CDs removal for industrial applications. The 
adsorption kinetic curves for cisplatin and carboplatin onto Sponge, 
MPA@Sponge, and Cys@Sponge are presented in Fig. 4. The results 
demonstrate rapid adsorption kinetics for all materials. During the 
initial few minutes, there is a notable rise in adsorption capacity as a 
result of the ample presence of active adsorption sites on the surfaces of 
sponges. However, as the adsorption proceeds, the growth rate pro-
gressively decelerates until it reaches equilibrium after approximately 3 
h. This is primarily due to the decrease in available active sites, resulting 
in a reduction in the rate of adsorption. Despite its fast kinetics, the 
adsorption of carboplatin exhibits certain limitations when compared to 
that of cisplatin. As depicted in Fig. 4, the adsorption capacities (at 24 h) 
of MPA@Sponge and Cys@Sponge for carboplatin were merely 6.3 ±
0.8 and 5.7 ± 0.1 μg‧g− 1, respectively, compared to 29.8 ± 0.1 and 21.4 
± 0.3 μg‧g− 1 for cisplatin. Similar behavior was also observed in the 
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adsorption on Sponge (Fig. 4c). As previously explained, this can be 
attributed to the low hydration rate of carboplatin. 

It can be concluded that the PSO model was more suitable for fitting 
the data than the PFO model based on the coefficients of determination 
R2 shown in Table S2 (see Supplementary data). The PSO model pos-
tulates that the rate-limiting step entails chemisorption, involving 
valence forces that result from the electrons sharing or exchanging be-
tween the adsorbent and adsorbate [36,70,71]. On the other hand, the 
PFO model is suitable for characterizing the early phase of adsorption, 
wherein the rate-controlling step is external/internal diffusion, and the 
adsorbate typically exhibits a high initial concentration [70,72]. On the 
contrary, the present study involved a low initial concentration (235 μg‧ 
L− 1) of the target Pt-CDs and an abundance of active sites in the ad-
sorbents. This scenario signifies that the adsorption is primarily gov-
erned by the bonding process of the adsorbate to the active sites, thus 
aligning with assumptions of the PSO model. 

3.2.3. Adsorption isotherms 
Adsorption isotherm characterizes the equilibrium relationship be-

tween the adsorbate present in the liquid phase and the adsorbate 
adsorbed on solid adsorbent at constant temperature [73]. Fig. 5 illus-
trates an increase in adsorption capacity as the initial concentration 
increases. This phenomenon can be accounted for by the presence of a 
higher concentration gradient occurring at the interface between the 
solid and liquid phases, which drives the mass transfer of Pt-CDs towards 
the adsorbent surface, which satisfies the generalized Fick Law [74,75]. 

By comparing the adsorption isotherms at varying temperatures, a 
discernible increase in adsorption can be observed with rising temper-
ature. Nevertheless, distinct patterns can be observed in the impact of 
temperature on the adsorption processes of cisplatin and carboplatin. It 
has been observed that the adsorption of cisplatin proportionally in-
creases with the temperature rise (left column in Fig. 5). The observed 
phenomenon is ascribed to the temperature-favoured complexation of 
the center Pt of cisplatin with thiol groups present on the surfaces of the 
MPA@Sponge and Cys@Sponge, and the same explanation also applies 
to the adsorption of carboplatin. In contrast, as illustrated in the right 

column of Fig. 5, a slight increase in the adsorption capacity of carbo-
platin was observed as the temperature was elevated from 293 K to 318 
K. However, an appreciable enhancement in the adsorption capacity was 
noted upon further raising the temperature to 343 K, particularly within 
the lower concentration regime, as depicted in Fig. 5d and h. As shown 
in another study [76], comparable distinctions were also noted during 
an investigation of the impact of temperature on the interplay between 
cisplatin and carboplatin with cellular DNA [76]. It can be explained 
that the influence of temperature on the adsorption of carboplatin is not 
only reflected in the promotion of complexation of Pt-S, but it also has a 
notable effect on the hydration of carboplatin [77], which is crucial to 
the complexation process that follows. It can be inferred that when the 
temperature rose to 318 K, the bidentate-chelated CBDCA of carbopla-
tin, hindered the subsequent ligand replacement conferring carboplatin 
resistance to hydration. However, at 343 K, the CBDCA ring was opened 
and hydrated [77], resulting in derivatives with greater activity. 
Consequently, the adsorption of carboplatin was significantly enhanced, 
to a degree comparable to that of cisplatin (as evidenced by the com-
parison displayed in Fig. 5c and d at 343 K). 

Fig. 5 also depicts the fitting curves for the adsorption processes, 
while Table S3 (Supplementary data) summarizes the parameters 
derived from the isotherm models used. By comparison, the coefficient 
of determination for the Langmuir model (R2 > 0.96) typically surpasses 
that of the Freundlich model, thereby suggesting a superior fit of the 
Langmuir isotherm model to the experimental data, except for adsorp-
tion of cisplatin on MPA@Sponge at 318 K, where the Freundlich model 
shows slightly better fitting. These findings suggest that the adsorption 
of two Pt-CDs by MPA@Sponge and Cys@Sponge occurs via monolayer 
adsorption. Furthermore, in the low concentration range (Fig. 5c, d, g 
and h), the adsorption isotherms exhibit linear characteristics, consis-
tent with the description of Henry’s law, thereby indicating a monolayer 
adsorption as well [78]. The Langmuir separation factor RL values for 
both Pt-CDs adsorptions on the two materials, within the concentration 
range investigated, range from 0 to 1, demonstrating favourable 
adsorption. The theoretical maximum adsorption capacities (qm) esti-
mated by the Langmuir model closely approximates, albeit slightly 

q e

Fig. 3. pH effect on adsorption capacities of sponges on (a) cisplatin and (b) carboplatin.  

Fig. 4. Adsorption capacities of (a) MPA@Sponge, (b) Cys@Sponge, and (c) Sponge on cisplatin and carboplatin at different contact time.  
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exceeds, the experimentally obtained actual maximum adsorption ca-
pacities. The favourable nature of all adsorption processes is indicated 
by the Freundlich constant, as the value of 1/n is less than 1. 

3.2.4. Adsorption thermodynamics 
To further understand adsorption characteristics, experimental 

thermodynamic studies were carried out at various temperatures. The 
impact of temperature on the adsorption efficacy of unfunctionalized 
and functionalized sponges is divergent. The experimental findings 
presented in Fig. 6 show that the thiol-modified sponges display a 
temperature-favoured behaviour. Conversely, the original sponge ex-
hibits an adsorption trend that initially increases with temperature, but 
subsequently decreases. It can be readily comprehended that the 

chemisorption processes of Pt-CDs on MPA@Sponge and Cys@Sponge 
were primarily governed by chelation, which exhibited a thermophilic 
nature. Thus, it was observed that high temperatures promoted the 
complexation reaction between Pt and S originating from the thiol 
group. However, the adsorption capacities of Pt-CDs on Sponge were 
only found to increase with an increase in temperature from 293 K to 
318 K. This limited increase was attributed to the promotion of 
complexation between Pt and the amine groups on Sponge surface at 
318 K. However, it is worth noting that the complexation was limited 
d due to the inherent “hard” basic character of N and its relatively lower 
bonding affinity with the “soft” acid Pt, as compared to S [31,79,80]. 
The adverse effects of reduced van der Waals adsorption become more 
pronounced when the temperature is further elevated to 343 K, resulting 

Fig. 5. Adsorption equilibriums of (a) cisplatin on MPA@Sponge, (b) carboplatin on MPA@Sponge, (e) cisplatin on Cys@Sponge and (f) carboplatin on Cys@Sponge 
and isotherm models fitting. Fig. (c), (d), (g) and (h) below each depict the magnified interval (with an initial concentration range of 47–14100 μg‧L− 1). 
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in a decline in adsorption capacity. [81]. Moreover, upon comparing the 
adsorption of cisplatin and carboplatin on functionalized sponges, it is 
noteworthy that the role of temperature in enhancing the process 
manifests itself in distinct manners. Specifically, while the adsorption of 
cisplatin exhibits a gradual increase with each increment in tempera-
ture, the adsorption of carboplatin experiences a substantial surge only 
when the temperature surpasses the threshold of 318 K. This observation 
suggests that the impact of temperature on carboplatin extends beyond 
the complexation reaction to other associated processes. For instance, 
the promotion of hydration due to an increase in temperature, as pre-
viously described, facilitates the pre-morphological transformation of 
carboplatin. 

Furthermore, the determination of three fundamental thermody-
namic parameters, namely ΔG◦ (Gibbs free energy), ΔH◦ (enthalpy 
change), and ΔS◦ (entropy change), was carried out using the equations 
detailed in the Supplementary data. 

The values of ΔG◦ presented in Table S4 indicate that the adsorption 
process of cisplatin onto the two modified sponges was predominantly 
spontaneous, except for Cys@Sponge at a temperature of 293 K. 
Conversely, the adsorption of carboplatin was found to be non- 
spontaneous, only except at highest 343 K, where the system exhibited 
an energy gain from the surroundings [82–85]. Moreover, the ΔG◦

values exhibited a decrease as the temperature increased, suggesting 
that higher temperatures promote the spontaneity of adsorption [86]. 
The adsorption of cisplatin or carboplatin is an endothermic process 
based on positive ΔH◦ values. Additionally, a comparison of the ΔH◦ of 
cisplatin and carboplatin reveals a significant difference between the 
two compounds. Specifically, the adsorption of cisplatin is generally 
characterized by a lower energy requirement, which is consistent with 
previous explanations. On the other hand, the adsorption of carboplatin 
is hindered by a higher heat threshold, necessitating the promotion of 
carboplatin hydration to facilitate its activation for subsequent adsorp-
tion processes. 

The positive value of the change in standard entropy (ΔS◦) suggests 
an enhanced inclination towards disorder at the interface between the 

solid and solution phases during the adsorption process of Pt-CDs onto 
MPA@Sponge and Cys@Sponge. The process of binding Pt-CDs onto a 
sponge surface should be associated with a decrease in entropy due to 
the restriction on their conformational space, which consequently 
resulted in a negative contribution to the ΔS◦. However, the restricted 
degree of freedom of Pt-CDs in solution implies that their entropy 
change upon adsorption is comparatively low when compared to that of 
water. Evidently, the positive contribution to ΔS◦ is a result of water 
molecules being excluded from the hydration layers of both the sponges 
and Pt-CDs upon adsorption. The exchange of molecules between the Pt- 
CDs and functional groups on the sponge surface facilitates the libera-
tion of water molecules, resulting in an increase in disorderliness at the 
solid/fluid interface [83]. Similar results were also found in other 
studies using cellulose [87] or lignocellulosic waste [88] as adsorbents. 

3.3. X-ray absorption spectroscopy of adsorbed Pt-CDs 

The findings derived from the batch adsorption experiments con-
ducted at the macro scale reveal that the adsorption behaviour of trace 
Pt-CDs follows a chemisorption mechanism, which dependents on the 
formation of Pt-S bonds. However, to gain deeper insights into the 
molecular-level adsorption process regarding the coordination envi-
ronment and the chemical state of Pt in the adsorbed Pt-CDs, Pt L3-edge 
XAS measurements were performed. 

Fig. 7a presents Pt L3-edge XANES spectra of Pt-CDs adsorbed on the 
different sponges, along with Pt(II) reference compounds (K2PtCl4, 
cisplatin, and carboplatin). Generally, the XANES spectra of the adsor-
bed Pt resemble those of the Pt(II) standards, albeit with slight de-
viations in the configuration of the white line, demonstrating the 
unchanged Pt valence. Consequently, unaltered Pt valence indicated the 
adsorption of Pt-CDs onto sponges did not entail any oxidation or redox 
reaction. The spectral profiles of cisplatin and carboplatin absorbed by 
functionalized sponges are very similar. The temperature of adsorption 
only affects the intensity of the white-line in the case of MPA@Sponge. 
However, the adsorbed Pt-CDs at low temperature manifests more noise 

Fig. 6. Effect of temperature on the adsorption capacity of cisplatin and carboplatin. Initial Pt concentration of cisplatin: (a) 235 μg‧L− 1 and (c) 470 μg‧L− 1; of 
carboplatin: (b) 235 μg‧L− 1 and (d) 470 μg‧L− 1. 
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due to the low adsorption capacities. The presence of inherent noise in 
low Pt-loaded samples posed a challenge for the identification of oscil-
lations, thus EXAFS fitting analysis was feasible only on samples ob-
tained at high-temperature adsorption. Fig. 7b depicts the module of the 
Fourier transformed (FT) EXAFS signal, which offers valuable insights 
into the coordination environment of adsorbed Pt. The dominant shell of 
Pt-loaded on MPA@Sponge and Cys@Sponge appears at a distance and 

amplitude which is like the Pt-Cl contribution in the K2PtCl4. In our case, 
this can be attributed to Pt-S bond. In order to establish the Pt coordi-
nation structure, EXAFS fitting analysis was conducted. The findings 
revealed that, on average, each Pt atom was coordinated by approxi-
mately four sulfur atoms within the first coordination shell at ~ 2.30 Å 
(as illustrated in Fig. 7c and d, and presented in Table S5). These results 
suggest the cisplatin and carboplatin adsorption process at low 
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Fig. 7. Pt L3-edge (a) XANES spectra, (b) module of the Fourier transformed EXAFS signal of Pt references (K2PtCl4, cisplatin and carboplatin in solid) and Pt-CDs 
adsorbed on sponges, (c) EXAFS signals, (d) imaginary part and module of the Fourier transformed EXAFS of Pt-CDs adsorbed on sponges at 343 K (the line represents 
the best fit), (e) schematic representation of Pt-CDs adsorption mechanisms by thiol-functionalized sponges. 
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concentrations proceeds in a manner depicted by Fig. 7e. The initial 
stage involves hydration of both Pt-CDs, followed by complexation with 
the thiol groups present on the surface of functionalized sponge by 
activated Pt aqua-derivatives. With prolonged heating, a portion of MPA 
and Cys undergoes thermal decomposition (confirmed by EA, S content 
of MPA@Sponge and Cys@Sponge decreased about 47% and 39%, 
respectively, after stirring in 343 K solution without Pt for 24 h), giving 
rise to sulfur-containing fragments in solution, such as sulfides [89–92], 
which subsequently displace the ammonia ligand despite its inertness. 

3.4. Effect of Cl− presence in stock solution on carboplatin adsorption 

As elaborated previously, the derivatives of cisplatin and carboplatin 
demonstrated a facile complexation behaviour attributed to the Pt-S 
bond formation after hydration activation. However, it is noteworthy 
that the adsorption capacity of cisplatin always surpassed that of car-
boplatin. The observed contrast can be attributed to the influence of 
distinct ligands on the hydration rate. In particular, relative to the Cl 
ligand present in cisplatin, the CBDCA ligand found in carboplatin 
demonstrated higher resistance to hydration. Consequently, CBDCA 
tended to remain bound, thus resulting in more pronounced steric hin-
drance during subsequent complexation reactions. 

In order to verify the proposed hypothesis, chloride ions (at a con-
centration of 0.2 mol‧L− 1 in either the form of HCl or NaCl) were 
introduced into the stock solution of carboplatin (Pt 100 mg‧L− 1) to 
expedite the hydration process of carboplatin. The adsorption experi-
ment was conducted under identical conditions to those of the carbo-
platin Cl-free stock solution (initial Pt concentration of 235 μg‧L− 1 

obtained through dilution of the stock solution with Milli-Q water, 

adsorbent dosage of 10 mg, solution volume of 2 mL, pH 3, 24 h, and 
293 K). Their adsorption capacities were determined and compared, as 
depicted in Fig. 8a. 

Upon introduction of HCl to the stored solution, there was a notable 
improvement in the adsorption of carboplatin by both adsorbents. 
Specifically, the adsorption capacity of MPA@Sponge and Cys@Sponge 
increased significantly from 5.8 ± 0.1 and 4.7 ± 0.1 to 13.9 ± 0.9 and 
9.4 ± 0.2 μg‧g− 1, respectively. By analyzing XANES spectra of carbo-
platin stocks in the presence and absence of HCl, as illustrated in Fig. 8b, 
it is observed that carboplatin manifests distinct spectral features 
compared to carboplatin in H2O stock solution, but shares similarities 
with cisplatin when exposed to HCl. The mechanism of the carboplatin 
transformation was proposed by Curis et al., [69] to explain their XAS 
results on carboplatin decomposition in chloride medium. And it was 
also previously corroborated by chromatographic techniques [61]. It 
can be inferred that the stability of carboplatin was affected by this 
transformation (Fig. 8c), which resulted in the formation of an open-ring 
structure that demonstrated enhanced adsorption activity. Nonetheless, 
the introduction of an equivalent concentration of Cl ions in the form of 
NaCl to the original solution did not result in the anticipated increase in 
adsorption. Although a slight increase was observed with ageing of the 
stock up to 40 days, it suggested that acidity and Cl jointly played a 
crucial role in the conversion process. Similarly, Curis et al., did not find 
that carboplatin had the same transformation in neutral NaCl solution as 
in HCl solution [69]. 

Fig. 8. (a) Effect of Cl ions in the stock solution on the adsorption capacity of carboplatin; (b) XANES spectra of cisplatin stock solution in 0.2 mol‧L− 1 HCl, car-
boplatin stock solution in H2O, and cisplatin stock solution in 0.2 mol‧L− 1 HCl; (c) the transformation of carboplatin to cisplatin within an HCl-containing medium; 
(d) removal of cisplatin, carboplatin, and their mixtures from spiked urine samples by MPA@Sponge. 
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3.5. Experimental verification of Pt-CDs removal from urine and diluted 
urine 

As present in Fig. 8d, there is a noteworthy augmentation in the 
adsorption capacity of MPA@Sponge towards Pt with the dilution of the 
urine matrix. This effect signifies a considerable reduction in the inter-
ference intensity of the matrix effect. The matrix effect observed in the 
experiment is unequivocally attributed to the intricate nature of the 
urine composition (listed in Table S6). One of the potential factors that 
may impede the removal of cisplatin and carboplatin is the presence of 
trace proteins like Tamm-Horsfall protein in urine [93,94], which con-
tains cysteine residues that may pre-chelate a portion of these drugs. 
Furthermore, the presence of components like NH4

+ and Cl− in the urine 
matrix may interfere with the substitution of cisplatin and carboplatin 
ligands., thereby adversely affecting their complexation with the 
MPA@Sponge surface [40]. In addition, the coexistence of ions such as 
Na+, K+, Mg2+, and Ca2+ in urine results in competitive adsorption, 
thereby slightly impeding the adsorption of cisplatin and carboplatin 
[95]. 

Additionally, the results reveal that the rise in mixed carboplatin 
leads to a notable reduction in the Pt adsorption capacity. Nonetheless, 
this declining pattern appears to mitigate in 100-fold diluted urine, 
whereby the reduction decreases from 90.0 ± 0.3% to 77.0 ± 0.2% 
while the values decrease from 34 ± 5% to 3 ± 1% in non-diluted urine 
and from 82 ± 2% to 38 ± 2% in ten-fold diluted urine, respectively. 
The present finding demonstrates that the matrix effect may exert a 
greater influence on the pre-hydration activation of carboplatin, in 
comparison to aforementioned interference factors like protein 
complexation and competitive adsorption which are expected to impede 
the adsorption of the two Pt-CDs to a similar degree. In essence, the 
impurities in the urine maintained the rigidity of the carboplatin 
structure. 

3.6. Comparison of thiol-functionalized sponges with commercial 
adsorbents 

The efficacy of MPA@Sponge and Cys@Sponge for cisplatin removal 
was compared with that of two commercially available adsorbents, 
namely 3-Mercaptopropyl-functionalized silica gel (Si-SH) and cysteine- 
functionalized silica gel (Si-Cys), and results were summarized in 
Table S7. MPA@Sponge exhibits significant efficiency in the removal 
process (71.5 ± 0.2%), which is comparable to Si-Cys (76.3 ± 0.2%), 
but noticeably lower than Si-SH (98.7 ± 0.1%). This disparity can be 
attributed to the much higher sulfur loading of Si-SH (4.97 ± 0.07 wt%) 
than that of MPA@Sponge (1.23 ± 0.07 wt%) and Si-Cys (1.30 ± 0.02 
wt%). While the performance of functionalized sponges is slightly 
inferior to commercial adsorbents, cost considerations must be taken 
into account. From a cost perspective, our proposed materials offer 
considerable advantages. Furthermore, the removal efficiency of Si-Cys 
on Pt-CDs, in comparison with other reported adsorbents, has been 
previously published in prior research study [26]. 

4. Conclusions 

The coupling of MPA and Cys with Sponge via a simple one-step 
esterification reaction has been demonstrated as a feasible and suc-
cessful process. The presence of an implanted high-affinity thiol group 
has been demonstrated to significantly enhance the adsorption of both 
cisplatin and carboplatin, suggesting that Pt-S complexation plays a 
pivotal role in chelation-dominated chemical adsorption. Then the uti-
lization of synchrotron XAS has enabled the investigation of the coor-
dination environment of Pt-CDs loaded at extremely low concentrations. 
In particular, EXAFS analysis provides insight into the formation of Pt-S 
bonds after adsorption, allowing for a persuasive explanation of the 
molecular-level adsorption mechanism. Besides complexation, the pro-
cess of removing Pt-CDs also involves a hydration process for both Pt- 

CDs. Pre-displacing ligands in an aqueous solution can result in the 
production of more active derivatives, which in turn facilitate subse-
quent complexation. Therefore, the distinct hydration patterns of 
cisplatin and carboplatin lead to the preferential adsorption of cisplatin 
over carboplatin. The higher hydration resistance of CBDCA ligand from 
carboplatin accounts for the adsorption disadvantages observed. Further 
elevating the temperature to 343 K promoted the adsorption of Pt-CDs 
by MPA@Sponge, resulting in the removal of 88.9 ± 0.5% and 85.2 
± 0.4%, respectively (while 75 ± 2% and 59 ± 1% for Cys@Sponge). 
This was due to the temperature-enhanced chelation reaction of Pt-S. 
Adsorption thermodynamic studies also confirmed that adsorption is a 
thermally favoured endothermic reaction. Moreover, the adsorption of 
both Pt-CDs conforms to the Pseudo-second-order kinetic model and the 
Langmuir isotherm model. In summary, the elimination of Pt-CDs at 
trace concentrations is associated with a hydration process and a 
chelation-dominant chemisorption. Significantly, the examination of the 
Pt-spiked urine treatment has demonstrated the potential utilization of 
MPA@Sponge for the purpose of treating urine samples from patients 
that contain cisplatin and/or carboplatin, as well as hospital wastewater 
contaminated with these substances. To summarize, our study has 
introduced innovative methods for effectively managing wastewater 
polluted with Pt-CDs, thereby offering a practical strategy to tackle this 
emerging environmental threat that has been persistently overlooked. 
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