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Summary 
Due to incomplete metabolism in chemotherapy patients, platinum-based cytostatic 

drugs (Pt-CDs) are discharged into the environment through urine excretion. The 

presence of these compounds at concentrations reaching several hundred μg L-1 in 

hospital and municipal wastewater matrices raises significant health and environmental 

apprehensions. The current thesis presents noteworthy discoveries concerning the 

effective removal of trace amounts of Pt-CDs from waters matrices, employing diverse 

functionalized adsorbents. 

Initially, the adsorption of two commonly used Pt-CDs (cisplatin and carboplatin), 

onto three commercial adsorbents, MetalZorb® sponge (Sponge), 3-

(diethylenetriamino)propyl-functionalized silica gel (Si-DETA) and cysteine-

functionalized silica gel (Si-Cys), was investigated. The adsorption processes were 

compared with the adsorption of PtCl4
2- to elucidate potential underlying adsorption 

mechanisms. Si-Cys exhibited superior adsorption capabilities for both Pt-CDs compared 

to Sponge and Si-DETA, signifying the pronounced affinity of thiol functional groups in 

Pt complexation-dominated chemisorption. The adsorption of anionic PtCl4
2- exhibited 

pronounced pH dependence and generally demonstrated higher adsorption compared to 

both Pt-CDs. This difference can primarily be attributed to the involvement of protonated 

surfaces in electrostatic attraction towards the anionic species. The process of elimination 

of Pt(II) compounds occurs through an initial hydration of the complexes in solution 

followed by adsorption, favored by the ionic nature of the complex and chelation. The 

pseudo-second-order (PSO) kinetic model effectively characterized the rapid adsorption 

processes involving diffusion and chemisorption. Isotherm investigations exhibited 

conformity with the Langmuir model, affirming monolayer adsorption. The determined 

adsorption enthalpy values indicated endothermic processes during the complexation of 

both Pt-CDs with thiol groups, in contrast to the exothermic nature observed in the 

adsorption of PtCl4
2-. At a temperature of 343 K, the removal efficiency achieved by Si-

Cys was 98.5 ± 0.1% for cisplatin and 94.1 ± 0.1% for carboplatin, respectively. 

Subsequently, the modification of Sponge involved functionalization with 3-
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mercaptopropionic acid (MPA) and L-cysteine (Cys) as strategies to improve the removal 

efficacy for trace concentration of both Pt-CDs (235 μg L-1 of Pt). The resulting 

MPA@Sponge exhibited a maximum removal efficiency of 88.9 ± 0.5% and 85.2 ± 0.4% 

for cisplatin and carboplatin respectively, whereas the corresponding maximum removal 

efficiencies Cys@Sponge exhibited were 75 ± 2% and 59 ± 1%. In comparison, 

unmodified Sponge exhibited removal efficiencies of only 29 ± 4% for cisplatin and 4 ± 

1% for carboplatin. This suggests that the introduction of thiol functional groups provided 

favorable binding sites for Pt complexation. Due to the limited rate of hydration, the 

adsorption of carboplatin is comparatively lower than that of cisplatin. However, 

facilitating hydration and promoting the generation of active carboplatin derivatives were 

achieved through the introduction of Cl- into the stock solutions and elevating the 

temperature, thereby augmenting its adsorption. Pt L3-edge X-ray absorption 

spectroscopy (XAS) analyses revealed a similar coordination environment for adsorbed 

Pt on both MPA@Sponge and Cys@Sponge, characterized by the establishment of four 

Pt−S bonds during the adsorption process. 

Finally, the MPA@sponge was further optimized by introducing Na2S·9H2O or 

SnCl2·2H2O to reduce the disulfide formed due to the oxidation of thiol groups. The two 

generated thiol-functionalized sponges (TFSs), TFS_1 and Sn/SnO2-coated TFS_2, 

achieved the maximum removal efficiencies of 95.5 ± 0.8% and 99.5 ± 0.1% towards 

trace cisplatin (235 μg L-1 of Pt), respectively, notably surpassing that of the initial 

MPA@Sponge (88.9 ± 0.5%). Characterization techniques including FTIR, elemental 

analysis, SEM-EDS, and XPS were employed to effectively delineate the porous 

morphology of TFS and the successful grafting of thiol groups. The introduced thiol 

groups acted as affinity sites for Pt−S coordination, thereby enhancing adsorption. 

Additionally, the presence of bubble-like Sn/SnO2 coatings on TFS_2 further enhanced 

the adsorption. High temperatures facilitated the favorable formation of Pt−S bonds, 

significantly enhancing the adsorption process. However, for TFS_2, the elevated 

temperature of 343 K induced aggregation of Sn/SnO2, compromising the adsorption 

efficacy.  
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Resumen 
Debido al metabolismo incompleto en pacientes de quimioterapia, los fármacos 

citostáticos a base de platino (Pt-CDs) se descargan al medio ambiente a través de la 

excreción de orina. La presencia de estos compuestos en concentraciones que alcanzan 

varios cientos de μg L-1 en matrices de aguas residuales municipales y hospitalarias 

genera inquietudes sobre el efecto que pueda tener en la salud y el medio ambiente. La 

presente tesis presenta nuevos avances en la eliminación de trazas de Pt-CDs de matrices 

acuosas, empleando diversos adsorbentes funcionalizados. 

Inicialmente, se estudió la adsorción de los compuestos citostáticos cisplatino y 

carboplatino sobre tres adsorbentes comerciales, gel de sílice funcionalizado con cisteína 

(Si-Cys), gel de sílice funcionalizado con 3-(dietilentriamina)propilo (Si-DETA) y una 

esponja de celulosa MetalZorb® (Sponge). Este estudio comparativo tuvo como objetivo 

dilucidar los mecanismos de adsorción respecto de la adsorción observada para PtCl4
2-. 

Si-Cys exhibió capacidades de adsorción superiores para cisplatino y carboplatino en 

comparación con Si-DETA y Sponge, lo que manifiesta la pronunciada afinidad de los 

grupos funcionales tiol en la complejación de Pt(II) mediante un fenómeno dominante de 

quimisorción. Se ha observado una adsorción de PtCl4
2- aniónico dependiente 

notablemente del pH y generalmente superando a la del cisplatino y carboplatino debido 

a la contribución de la adsorción electrostática aniónica sobre las superficies protonadas. 

El proceso de eliminación de los compuestos de Pt (II) se produce mediante una 

sustitución inicial de los ligandos de los complejos por moléculas de agua, seguida de una 

adsorción, favorecida por la naturaleza iónica del complejo formado y la quelación. El 

proceso de adsorción se ajustó a un modelo cinético de pseudosegundo orden (PSO), 

implicando difusión y quimisorción. Los estudios de las isotermas se ajustaron al modelo 

de Langmuir , consistente con un proceso de adsorción monocapa. Los valores de entalpía 

de adsorción sugirieron reacciones endotérmicas para la quelación de cisplatino y 

carboplatino con grupos tiol, mientras que la adsorción de PtCl4
2- fue exotérmica. A 343 

K, la eficiencia de eliminación de Si-Cys alcanzó el 98,5 ± 0,1% (cisplatino) y el 94,1 ± 

0,1% (carboplatino). 

Posteriormente, se llevó a cabo la funcionalización del material Sponge utilizando 
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ácido 3-mercaptopropiónico (MPA) y L-cisteína (Cys), llamadas MPA@Sponge y 

Cys@Sponge respectivamente, con el objetivo de mejorar la eficiencia de la eliminación 

de concentraciones traza de cisplatino y carboplatino (235 μg L-1 de Pt). El MPA@Sponge 

resultante logró una eficiencia de eliminación máxima de 88,9 ± 0,5 % para cisplatino y 

85,2 ± 0,4 % para carboplatino, mientras que Cys@Sponge mostró eficiencias de 

eliminación máximas de 75 ± 2 % y 59 ± 1 %, respectivamente. Por el contrario, la 

esponja no modificada logró eliminar el 29 ± 4 % para el cisplatino y el 4 ± 1 % para el 

carboplatino. Esto sugiere que la introducción de grupos funcionales tiol proporcionó 

sitios de unión favorables para la complejación de Pt. Debido a la tasa de hidratación 

limitada del carboplatino, su adsorción es comparativamente menor que la del cisplatino. 

Sin embargo, se logró mejorar la hidratación y la formación de derivados activos de 

carboplatino mediante la introducción de Cl- en las soluciones madre y elevando la 

temperatura, aumentando así su adsorción. Los resultados obtenidos mediante 

espectroscopía de absorción de rayos X (XAS) realizadas en el borde L3 del Pt, mostraron 

un entorno de coordinación similar para ambos adsorbentes funcionalizados, observando 

la formación de cuatro enlaces Pt−S durante el proceso de adsorción. 

Finalmente, el material MPA@Sponge se optimizó aún más mediante el uso de 

Na2S·9H2O o SnCl2·2H2O para reducir el disulfuro formado debido a la oxidación de los 

grupos tiol. Las dos esponjas funcionalizadas con tiol (TFS) generadas, TFS_1 y TFS_2, 

la segunda recubierta con Sn/SnO2 como subproducto de la reacción, lograron eficiencias 

de eliminación máximas de 95,5 ± 0,8 % y 99,5 ± 0,1 % respectivamente, para trazas de 

cisplatino (235 μg L-1 de Pt), superando notablemente la de MPA@Sponge inicial (88,9 

± 0,5%). Utilizando técnicas como FTIR, análisis elemental, SEM-EDS y XPS se 

caracterizó eficazmente la morfología porosa de TFS, observando el anclaje de los grupos 

tiol que actuaron como sitios de afinidad para la coordinación de Pt−S, mejorando así la 

adsorción. Además, la presencia de recubrimientos de Sn/SnO2 similares a burbujas en 

TFS_2 mejoró aún más la adsorción. Las altas temperaturas facilitaron la formación 

favorable de enlaces Pt−S, mejorando significativamente el proceso de adsorción. Sin 

embargo, para TFS_2, la temperatura elevada de 343 K indujo la agregación de Sn/SnO2, 

comprometiendo la eficacia de la adsorción.  
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In the vast laboratory of existence, we are but curious observers. 
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1.1 Problem statement 

Platinum-based cytostatic drugs (Pt-CDs) are extensively employed in 

chemotherapy treatments for various types of cancer [1]. Pt-CDs are capable of 

intervening in cellular DNA replication, triggering DNA responses and apoptosis, thereby 

eradicating rapidly proliferating cells, which are usually cancerous [2–6]. However, 

following intravenous administration, a significant portion of incompletely metabolized 

Pt-CDs is excreted through the kidneys [7,8], escaping into hospital wastewater via 

patient urine. Over the past two decades, substantial evidence has confirmed the presence 

of Pt-CDs in hospital wastewaters [9–12]. The residual presence of Pt-CDs in hospital 

wastewater, although typically maintained at low levels (from ng L-1 to μg L-1) 

[13,14,23,15–22], poses a significant challenge for conventional wastewater treatment 

plants (WWTPs), which exhibit limited capacity to effectively remove these residues [23]. 

Consequently, these residuals inevitably find their way into freshwater and marine 

ecosystems, thereby introducing an emerging pollutant that poses environmental threats 

[23]. These Pt-CDs can readily exert harmful effects, such as cytotoxicity, neurotoxicity, 

genotoxicity, and oxidative stress, on vulnerable aquatic organisms inhabiting freshwater 

and marine ecosystems [24]. Addressing the emerging and progressively deteriorating 

environmental issues caused by Pt-CDs is of vital importance. Furthermore, it is 

imperative to develop, validate, and promptly adopt viable removal and disposal 

strategies in response to this pressing concern. 

1.2 History of Pt-CDs  

It all started from a serendipity in 1965, when Barnett Rosenberg observed that 

bacteria ceased to divide when subjected to an electric field, ultimately tracing the cause 

of this phenomenon to the platinum electrode he had employed [25] (see timeline in Fig. 

1). In 1968, cisplatin was intraperitoneally administered to mice carrying a standard 

murine transplantable tumor known as sarcoma-180 and results indicated significant 
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regression of the tumor following cisplatin treatment [26]. Subsequently, in 1971, 

cisplatin was clinically utilized for the treatment of the first cancer patient [27], and 

approved by the US Food and Drug Administration (FDA) for treatment of testicular and 

bladder cancer in later 1978 [28]. Second-generation Pt-CDs, such as carboplatin 

(cisplatin analogue), have been subsequently developed and clinically validated for the 

first time in 1982 [29], and then also approved by FDA in 1989 for ovarian cancer therapy 

[30]. Similarly, oxaliplatin made its debut in 1992 and demonstrated potential for curing 

colorectal cancer when used in combination with 5-fluorouracil [31], and FDA granted 

approval for clinical utilization (specifically for the treatment of colorectal cancer) in the 

year 2002 [32]. Other Pt-CDs, such as Nedaplatin [33] (Japan), heptaplatin [34] (Korea), 

and lobaplatin [35] (China), have also been developed, but currently, they have only 

obtained regional approval for clinical use. 

Fig. 1 Timeline of development of Pt-CDs for anticancer therapy. 

The development of other Pt-CDs, analogues of cisplatin, based on its anti-cancer 
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entered the international market as mentioned above, the majority of Pt-CDs are still in 

the early stages of 'bench' discovery. Some promising candidates have progressed to phase 

III trials like picoplatin or are still under consideration by the FDA like Satraplatin [6].  

1.3 Action Mechanism of Pt-CDs 

The chemical structures of the principal FDA-approved or regionally approved Pt-

CDs are depicted in Fig. 2. Among them, cisplatin (cis-diamminedichloroplatinum(II)), 

carboplatin (cis-diammine(1,1-cyclobutanedicarboxylato)platinum(II)), and oxaliplatin 

(cis-oxalato-trans-l-1,2-diaminocyclohexaneplatinum(II)) represent the most frequently 

employed in clinical therapies and extensively investigated Pt-CDs.  

 

Fig. 2 FDA or regionally approved Pt-CDs. 

The mechanism of action of Pt-CDs involves their interactions with DNA, leading 

to the inhibition of cancer cell proliferation and survival [5]. These cytostatic agents, such 

as cisplatin, carboplatin, and oxaliplatin, exert their effects through a common pathway 
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that involves the formation of covalent bonds with DNA, ultimately resulting in DNA 

damage and subsequent cellular responses [1]. Taking cisplatin as an example, the 

detailed process is described in Fig. 3. Upon entering the cancer cell, Pt cytostatics 

undergo hydration, where water molecules replace Cl ligand, forming hydrated Pt 

complexes [1]. These hydrated Pt complexes are highly reactive and can bind to 

nucleophilic sites on DNA, predominantly at the N7 position of guanine residues [6]. The 

covalent binding of cisplatin to DNA leads to the formation of DNA adducts, including 

intra- and inter-strand crosslinks [6,23]. The formation of DNA adducts induced by 

cisplatin hampers DNA replication and transcription processes, thereby disrupting critical 

cellular functions [2]. This interference with DNA synthesis and repair triggers a cascade 

of cellular responses, including activation of DNA repair pathways, cell cycle arrest, and 

induction of apoptosis [1,2]. Additionally, cisplatin can generate reactive oxygen species, 

leading to oxidative stress and further contributing to the cytotoxic effects on cancer cells 

[36].  

 

Fig. 3 Molecular mechanism of cisplatin action. 
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The mechanism of action of carboplatin is similar to that of cisplatin but exhibits 

some distinct differences. Like cisplatin, carboplatin exerts its cytotoxic effects by 

forming covalent DNA adducts, primarily at the N7 position of guanine residues [37]. 

These DNA adducts interfere with DNA replication and transcription, leading to cellular 

dysfunction and ultimately inhibiting cancer cell proliferation [5]. However, the key 

difference lies in the reactivity and binding kinetics of carboplatin compared to cisplatin. 

Carboplatin has a lower reactivity due to the presence of a bidentate 1,1-

cyclobutanedicarboxylato (CBDCA), which requires hydrolysis of the ligand to generate 

the active form capable of binding to DNA [38]. This slower activation process results in 

a delayed onset of DNA adduct formation compared to cisplatin [39]. 

Another important distinction between carboplatin and cisplatin is their binding 

selectivity. Carboplatin exhibits reduced affinity for DNA compared to cisplatin, resulting 

in a lower tendency for DNA crosslinking [40]. This difference in binding selectivity 

contributes to differences in their cytotoxicity profiles and potential side effects, being 

lower than cisplatin [41]. 

Oxaliplatin exerts its cytostatic effects through a mechanism like cisplatin [42]. 

However, there are notable differences in the way oxaliplatin and cisplatin interact with 

DNA, leading to distinct functional outcomes [43]. Like cisplatin, after hydration 

oxaliplatin covalently bind to DNA, forming DNA adducts [42]. However, oxaliplatin-

induced DNA adducts are more flexible and less prone to repair compared to those formed 

by cisplatin [44]. Additionally, oxaliplatin can induce the formation of DNA inter-strand 

crosslinks more efficiently than cisplatin which compromise DNA function and 

contribute to the cytotoxic effects of oxaliplatin [44]. 

1.4 Occurrence of Pt-CDs in aquatic environment 

1.4.1 Pt-CDs in urine 

The incompletely metabolized Pt-CDs can be eliminated through renal clearance, 
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resulting in their excretion via urine [39,45–47]. Upon administration, the Pt-CDs 

undergo various metabolic processes, including biotransformation and binding to plasma 

proteins, before being filtered by the kidneys and excreted in urine [45,46,48,49]. 

However, a significant proportion of Pt-CDs, either in their intact form or as metabolites, 

can still be excreted within the subsequent 24 hours. It has been reported that 

approximately 28 ± 4% of cisplatin [50], 77 ± 5% of carboplatin [51], and 36 ± 8% of 

oxaliplatin [17] can be eliminated during this timeframe. The values obtained in these 

studies differ from those reported in other studies [9,20,48,52,53] but this still 

corroborates the urinary excretion of Pt-CDs. However, it is important to note that the 

accurate determination of urinary excretion rates is subject to various factors, including 

individual patient characteristics, drug formulation, dosage, and administration route. 

Additionally, differences in sampling time periods and sample handling can also 

contribute to observed discrepancies in the reported values. Generally, the presence of Pt-

CDs in urine can be detected and quantified using analytical techniques such as high-

performance liquid chromatography (HPLC) integrated with inductively coupled plasma 

mass spectrometry (ICP-MS) or atomic absorption spectroscopy (AAS) [54–59]. Table 1 

provides a summary of selected studies investigating the detection of Pt compounds in 

the urine of cancer patients undergoing treatment with Pt-CDs. Although variations exist, 

there is reasonable evidence to believe that the presence of Pt-CDs or their derivatives in 

urine is common and substantial, reaching levels of up to mg L-1. For instance, the 

concentration of cisplatin can reach up to as high as 115 mg L-1 [54]. 

1.4.2 Pt-CDs in hospital and municipal wastewaters 

Unfortunately, there is no evidence to suggest that urine containing Pt-CDs has been 

subjected to special attention or additional treatment prior to its discharge into hospital 

wastewater. This directly contributes to the increasingly frequent detection of their 

residues in hospital wastewater [60]. A comprehensive literature review spanning over 

the past two decades was conducted in the present study to summarize the contamination 
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of Pt-CDs in wastewater, and it is presented in Table 2. 

Table 1. A summary of the detection of Pt-CDs in the urine of patients undergoing 

chemotherapy. 

Pt-CDs Method LOD Result Ref. 

cisplatin AAS 4 μg L-1 * 0.66-6.03 mg L-1 *  [57] 

 Fluorescence 0.59 μg L-1 * 0.3-114.81 mg L-1 * [54] 

 HPLC 50 μg L-1 up to 50 mg L-1 [59] 

     

carboplatin LC-ICP-QMS** 1 ng g-1 236 ug g-1 [56] 

 LC-ESI-TOFMS*** 15 ng g-1 250 ug g-1 [56] 

     

oxaliplatin ICP-MS 0.39 μg L-1 * 0.01 - 41.10 mg L-1 * [58] 

 HPLC-ICP-MS 0.05 μg L-1 11.1 mg L-1 [55] 

* Refers to the total Pt concentration. 

** LC-ICP-QMS: liquid chromatography inductively coupled plasma quadrupole and sector field mass spectrometry. 

*** LC-ESI-TOFMS: liquid chromatography electrospray ionization time-of-flight. 

Table 2. A summary of the detection of Pt-CDs in the hospital and municipal wastewaters. 

Pt-CDs Method concentration sampling position Country Year Ref. 

cisplatin 

carboplatin 

adsorptive 

voltammetry 

10-601 ng L-1 

(Total Pt) 

hospital effluents BE, IT, 

AT, DE, 

NL 

1999 [19] 

cisplatin 

carboplatin 

oxaliplatin 

ICP-MS 4.7-145 μg L-1 

(Total Pt) 

hospital effluents 

of oncologic ward 

AT 2005 [17] 

cisplatin 

carboplatin 

ICP-MS 3-250 μg L-1 

 

2-144 μg L-1 

(Total Pt) 

hospital effluents 

 

after treatment 

AT 2007 [15] 

cisplatin 

carboplatin 

oxaliplatin 

ICP-MS 0.02-140 μg L-1 

 

0.03-100 μg L-1 

(Total Pt) 

oncology effluent 

 

the main drain of 

hospital 

UK 2014 [13] 

cisplatin ICP-MS 226 ± 4 ng L-1 

 

352 ± 8 ng L-1 

(Total Pt) 

hospital wastewater 

(Collected in Jan.) 

hospital wastewater 

(Collected in Jun.) 

SI 2016 [22] 

cisplatin 

carboplatin 

ICP-OES* 5-762 μg L-1 

 

oncology effluent 

(Shahid Beheshti Hospital) 

IR 2018 [18] 
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Pt-CDs Method concentration sampling position Country Year Ref. 

oxaliplatin 3-629 μg L-1 

(Total Pt) 

oncology effluent 

(Hazrat Masoumeh Hospital) 

cisplatin 

carboplatin 

oxaliplatin 

ICP-MS 0.08-13.91 μg L-1 

(Total Pt) 

hospital wastewater ES 2020 [21] 

Total Pt ICP-MS 27±3 ng L-1 

 

23±1 ng L-1 

 

<LOQ 

WWTP influent 

(Collected in Jan.) 

WWTP influent 

(Collected in Jun.) 

WWTP effluent 

(Collected in Jun.) 

SI 2016 [22] 

cisplatin 

carboplatin 

oxaliplatin 

cisplatin 

carboplatin 

oxaliplatin 

SPE** + LC-

MS/MS 

0.52±0.20 μg L-1 

0.94±0.36 μg L-1 

0.27±0.16 μg L-1 

0.24±0.07 μg L-1 

0.28±0.05 μg L-1 

0.11±0.01 μg L-1 

WWTP influent 

 

 

WWTP effluent 

IR 2018 [16] 

Total Pt ICP-MS 3.97-75.79 ng L-1 WWTP ES 2020 [21] 

*OES: optical emission spectroscopy, **SPE: solid-phase extraction. 

Based on the data presented in Table 2, it can be concluded that hospital wastewater 

serves as the primary source of Pt-CDs contamination, exhibiting a concentration range 

from 10 ng L-1 to several hundred µg L-1 [13,15,17–19,21,22]. The concentration of Pt-

CDs not only varies spatially and temporally but also depends on the specific type of 

healthcare facility. For instance, the detected concentrations in dedicated oncology wards 

appear to be reasonably higher than those observed in general hospitals. Even within the 

same hospital setting, the Pt concentration of oncology effluent is typically higher 

compared to that of the main hospital drain [13]. Certainly, the concentration of Pt-CDs 

in wastewater is also influenced by various factors, including the number of hospital beds, 

local healthcare standards, preferred treatment regimens, regional demographic profiles, 

among others. However, it is important to note that research in this area remains limited. 

The explanation for this phenomenon can be attributed to two factors. Firstly, the levels 

Table 2. Continued. 
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of Pt-CDs typically remain low, often below 1 mg L-1, which distinguishes them from 

other common pollutants such as dyes and organic matter. Therefore, the detection and 

analysis of Pt-CDs require highly precise analytical techniques. Some residual Pt-CDs 

might elude detection. The second reason, which is also a cause for concern, indicates 

that this environmental issue has been overlooked or, at the very least, not given due 

attention in the past.  

It is worth noting that, due to the increased frequency of outpatient treatments, 

domestic discharge has been emerging as another significant contributor to the discharge 

of Pt compounds into municipal wastewater. This problem has also attracted the attention 

of some researchers, and relying on advanced analytical methods, related studies have 

confirmed the emergence of platinum cytostatic compounds in different water matrixes 

due to their frequent use [23]. However, there is currently a scarcity of reports on the 

detection of Pt-CDs in urban wastewater, and comparative analysis reveals that the 

detected levels of Pt-CDs are significantly lower by several orders of magnitude than 

those found in hospital wastewater [16,21,22]. These compounds have been released into 

the environment without restrictions, primarily through hospital wastewater and 

municipal wastewater, Fig. 4 illustrates the pathways by which Pt-CDs enter and are 

transported in the environment. Despite their release, the total concentration of Pt in 

surface waters has maintained a consistently negligible presence, predominantly due to 

substantial dilution effects. Consequently, the concentration of Pt commonly remains 

beneath the limit of detection (LOD), leading to infrequent detection of these compounds 

[13,16,22,61]. However, according to research findings, the predicted environmental 

concentration range of Pt-CDs in various countries is reported to be between 0.1 and 0.8 

ng L-1 [62]. These Pt-CDs are prone to adsorption and continuous accumulation by 

suspended solids and sewage sludge [63], and they progressively deposit into sediment, 

forming a reservoir of platinum in aquatic environments [64]. Eventually, resuspension 

of these sediments results in the sustained release of Pt into the water column [65]. 
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Fig. 4 The pathways by which Pt-CDs are introduced into the environment and transported. 

However, the treatment of low-concentration Pt-CDs contaminated wastewater 

remains a challenging task. For example a case in Table 2 [15], a pilot membrane 

bioreactor system (MBR) was installed at a hospital in Vienna, with the influent sourced 

from the oncologic in-patient treatment ward. Pt concentrations were recorded during 

three monitoring periods, both in the influent (ranging from 3 to 250 µg L-1 Pt) and the 

effluent (ranging from 2 to 144 µg L-1 Pt) of the treatment plant, demonstrating 

elimination efficiencies ranging only between 51% and 63% [15]. Additionally, due to 

the significant challenges involved in treating low-concentration Pt-CDs, current WWTPs 

are not adequately equipped to effectively mitigate this environmental threat. For instance 

also presented in Table 2, a comparison of the concentrations of cisplatin, carboplatin, 

and oxaliplatin in the influent and effluent of a WWTP in Iran indicates that the removal 

efficiency of these Pt-CDs through the treatment process is limited [16]. 

1.5 Toxicity of Pt-CDs 
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cells in addition to their intended effects on cancer cells. While these cytostatic agents are 

designed to target rapidly proliferating cancerous cells, they can also inadvertently impact 

normal cells that undergo similarly high rates of cell division. This can lead to various 

side effects and toxicities [66]. 

1.5.1 Side effects to patients 

Normal cells that are particularly susceptible to the effects of Pt-CDs include cells 

in the bone marrow (responsible for producing blood cells), hair follicles, gastrointestinal 

tract, and cells involved in sensory functions (such as hearing) [66]. These rapidly 

dividing cells can be affected by the cytotoxic effects of Pt-CDs, resulting in side effects 

such as myelosuppression (decreased production of blood cells) [46,48,49,66,67], hair 

loss (alopecia) [41,66], gastrointestinal disturbances (nausea, vomiting, diarrhea) 

[41,46,48,66,67], and hearing impairment (ototoxicity) [68–71]. Then, it is widely 

recognized that Pt-CDs have the potential to induce nephrotoxicity, which refers to the 

toxicity or damage to the kidneys [72]. Among Pt-CDs, cisplatin is known to exhibit a 

higher propensity for nephrotoxicity compared to carboplatin and oxaliplatin [66]. 

Nephrotoxicity is believed to occur as a result of direct cellular injury to the renal tubules 

and impairment of kidney function [73,74]. Cisplatin-induced nephrotoxicity is a 

complex process involving multiple mechanisms that are dependent on the dosage and 

cumulative exposure to the drug. In addition to the induction of DNA damage, several 

other factors contribute to the development of nephrotoxicity, including oxidative stress, 

mitochondrial dysfunction, inhibition of protein synthesis, and the activation of receptors 

associated with the tumor necrosis factor family, and notably, apoptosis of renal epithelial 

cells plays a crucial role in the pathogenesis of cisplatin-induced nephrotoxicity [75–78]. 

Similarly, neurotoxicity denotes the detrimental consequences experienced by the 

nervous system consequent to Pt-based chemotherapy, notably with the administration of 

Pt-CDs like cisplatin and oxaliplatin [67,79–81]. Specifically, oxaliplatin-induced 

neurotoxicity manifests as an acute form of peripheral neuropathy that is often elicited or 
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intensified by exposure to cold stimuli or objects. Clinical presentations encompass 

sensations of tingling or numbness in the extremities, including the hands, feet, or throat, 

along with occurrences of muscle cramps and impairment in fine motor skills [82,83]. 

However, it should be clarified that the acute clinical side effects associated with Pt-CDs 

do not appear to apply to populations exposed indirectly through environmental contact. 

As discussed in the previous section, the presence of Pt-CDs in the aquatic environment 

has consistently been reported to be low. Currently, limited evidence exists regarding the 

potential chronic adverse effects resulting from long-term, low-dose exposure to these Pt-

CDs and/or their derivatives.  

1.5.2 Ecotoxicity to aquatic invertebrates 

However, the mere presence of trace levels of Pt-CDs does not imply their 

insignificance in terms of environmental risk. On the contrary, the potential for long-term 

exposure and bioaccumulation of these Pt-CDs raises concerns regarding their impact on 

aquatic organisms and ecosystems. Research has indicated that these Pt-CDs can have 

toxic effects on aquatic organisms, including fish, invertebrates, algae, and bacteria. 

Effects may include impaired growth and reproduction, changes in behavior, genotoxicity, 

and even mortality [24]. Taking cisplatin as an example, Table 3 provides a summary of 

ecotoxicity assessments conducted on aquatic invertebrate species concerning cisplatin 

or combinations of anticancer drugs containing cisplatin since 2007.  

Table 3. Summary of the ecotoxicity of cisplatin (or other specified) in aquatic 

invertebrate species. 

Species Environment Concentration 

(μg L-1) 

Time End point Ref 

P. putida

P. subcapitata

D. magna

E. coli

S. cerevisiae

soil 

freshwater 

freshwater 

1200 a 

2300 a 

640 a 

90 b 

440 b 

16 h 

96 h 

48 h 

2 h 

16 h 

growth-inhibition 

growth-inhibition 

immobilization 

genotoxicity 

genotoxicity 

[84] 

D. magna freshwater 1.63 a 21 d reproduction-inhibition [85]
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Species Environment Concentration 

(μg L-1) 

Time End point Ref 

C. dubia 

T. platyurus 

freshwater 

freshwater 

16.83 a 

440 a 

21 d 

21 d 

reproduction-inhibition 

growth-inhibition 

D. magna 

C. dubia 

freshwater 

freshwater 

0.5-2.0 

12.3-125.3 

21 d 

7 d 

reproduction-inhibition 

reproduction-inhibition 

[86] 

D. magna 

C. dubia 

freshwater 

freshwater 

0.001-100 

0.03-300 

24 h 

24 h 

genotoxicity 

genotoxicity 

[87] 

M. galloprovincialis marine 0.1 14 d oxidative stress 

genotoxicity 

neurotoxicity 

[88] 

U. pictorum 

U. tumidus 

freshwater 

freshwater 

1.2-1200 

1.2-1200 

72 h 

72 h 

genotoxicity 

genotoxicity 

[89] 

D. magna 

C. dubia 

freshwater 

freshwater 

0.1-100 

0.3-300 

24 h 

24 h 

genotoxicity 

genotoxicity 

[90] 

N. diversicolor marine 0.0001-0.1 14 d oxidative stress 

neurotoxicity 

genotoxicity 

behavioral impairment 

[91] 

D. magna freshwater 0.01 24 h genotoxicity [92] 

N. diversicolor marine 0.01-1 14 d oxidative stress 

neurotoxicity 

genotoxicity 

behavioral impairment 

[93] 

C. vulgaris freshwater 106.2 

(cisplatin) c 

124.3  

(carboplatin) c 

153.9  

(oxaliplatin) c 

96 h growth and reproduction 

inhibition 

[36] 

a Half maximal effective concentration (EC50) 

b Minimum genotoxic concentrations 

c Half maximal inhibitory concentration (IC50) 

Results from these studies have demonstrated that cisplatin can exert toxic effects 

on aquatic invertebrates. The toxicity of cisplatin is influenced by factors such as 

exposure concentration, duration, and specific characteristics of the species under 

investigation. Even at a low concentration, it has been observed that cisplatin exposure 

Table 3. Continued. 
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can lead to reduced survival rates, impaired reproductive capabilities, developmental 

abnormalities, and alterations in physiological and biochemical processes in aquatic 

invertebrates [24]. The mechanisms underlying cisplatin-induced toxicity in aquatic 

invertebrates are not fully elucidated but may involve oxidative stress, DNA damage, and 

disruption of cellular functions. Additionally, the bioaccumulation potential of cisplatin 

in aquatic organisms, particularly in long-lived species, has also been a subject of 

investigation [24]. 

1.5.3 Potential hazards to human health 

The potential human health effects of exposure to Pt-CDs in the environment are a 

subject of ongoing research, research related to it is still very rare. While the 

concentrations of Pt-CDs found in the environment are generally low, long-term exposure 

or repeated exposure to these compounds could potentially lead to health concerns. 

Moreover, with the continuously aging population, increasing cancer incidence rates, and 

growing pharmaceutical consumption, the occurrence of Pt-CDs in the environment is 

expected to become more frequent and pronounced in the future. Studies have focused on 

evaluating the potential genotoxicity, carcinogenicity, and other adverse health effects 

associated with platinum cytostatic exposure in occupational settings, as well as potential 

exposure scenarios related to environmental contamination [12,94–96]. However, it is 

essential to note that the specific risks and effects may vary depending on factors such as 

the specific Pt-CDs, duration of exposure, route of exposure, individual susceptibility, 

and other contextual factors. To minimize potential risks to human health, efforts are 

being made to develop effective wastewater treatment methods that can remove these 

compounds from the environment and minimize human exposure. It is crucial for 

healthcare professionals, regulatory authorities, and individuals to be aware of the 

potential risks associated with Pt-CDs and to implement appropriate measures to mitigate 

those risks and ensure the safe use and disposal of these drugs.  
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1.6 Overview of Pt-CDs residues treatment 

In summary, the environmental threat posed by Pt-CDs as an emerging pollutant has 

not received sufficient attention. Consequently, research reports on treatment strategies 

addressing this issue remain limited [23,97,98]. However, researchers are increasingly 

recognizing the urgency of this environmental problem and are actively exploring 

potential laboratory-scale treatment methods for Pt-CDs contaminated wastewater (by 

MBR, Advanced oxidation process (AOP), and adsorption), offering hope for future 

remediation efforts [23].  

1.6.1 Non-adsorption methods 

There are some studies where non-adsorption methods have been used to evaluate 

the elimination of Pt-CDs. For example, the treatment effects on the wastewater from an 

oncology in-patient treatment unit, using MBR system with or without combining with 

other treatments as activated carbon adsorption and UV-treatment have been evaluated, 

achieving a removal rates in the order to 50-60% [14,15]. This type of MBR system 

combines adsorption, biodegradation and filtration technology and shows a certain degree 

of wastewater treatment capacity, but it also has the disadvantage of long treatment period 

(weekly) which will probably limit the load and scale in practical industrial applications. 

Advanced oxidation process (AOP), a technology that could typically decompose a wild 

range of contaminants [96], was also selected as a competitive candidate to eliminate 

cisplatin. Hirose et al. [99] used electrolysis to inactivate multiple antineoplastics in 

clinical wastewater. The study found that the cytotoxicity of single cisplatin decreased by 

about 81.5% in two hours of electrolysis. Then a mixture containing cisplatin (89.3 μg 

mL-1) and other agents like cyclophosphamide, mitomycin C, methotrexate and so on at 

their concentrations under practical conditions, was also electrolyzed, and eventually 

almost 99% cytotoxicity was successfully eliminated after 4 hours [99]. Kobayashi et al. 

[100] also studied the inactivation of antineoplastics residues in medical wastewater by 
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electrolysis technology. After a model wastewater containing a variety of antineoplastics 

such as cisplatin (10 mg L-1) at concentrations under clinically practical conditions was 

subjected to electrolysis for two hours, 99% reduction of cytotoxicity was observed [100]. 

Subsequently, 26 real samples were treated under the same conditions, and the average 

reduction in cytotoxicity was 94% [100]. Another AOP strategy is ozonation, according 

to the study by Hernández et al., cisplatin (0.001 mol L-1) is rapidly degraded in the first 

two minutes by ozone in aqueous samples [101]. It is undeniable that the scavenging 

effect and efficiency of AOPs are remarkable, however, by-product Pt still poses an 

environmental threat as a heavy metal ion after treatment, and although the authors stated 

that the cisplatin concentrations referred to the actual conditions, as proved by other 

studies above, the cisplatin concentration in real hospital wastewater often does not 

exceed 1 mg L-1. Moreover, when considering economic costs and operational complexity, 

the competitiveness of these methods is diminished. 

1.6.2 Adsorption methods 

In comparison to the previously discussed treatment strategies, adsorption exhibits 

distinct merits in terms of the economic viability, operational simplicity, and treatment 

effectiveness. Furthermore, adsorption exhibits its suitability even at low concentrations 

of targets, its versatility in both continuous processing and batch modes, and the potential 

for adsorbates recovery and adsorbent regeneration [102]. 

 Numerous adsorbents have undergone suitability for their efficacy in the removal 

of Pt-CDs. For instance, another study by Lenz et al. meticulously investigated the 

adsorption effect of cisplatin, carboplatin and oxaliplatin on suspended solids in real 

hospital wastewater and activated sludge [17]. In wastewater, cisplatin, carboplatin, and 

oxaliplatin were adsorbed by 88%, 26%, and 54%, respectively, after 24 hours of 

incubation. In comparison, activated sludge expressed better adsorption effect, 96% for 

cisplatin, 70% for carboplatin and 74% for oxaliplatin [17]. Then porous calcined gibbsite 
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was also prepared to remove cisplatin through adsorption [103]. 0.3 g of prepared calcined 

gibbsite adsorbent was added to 50 mL of cisplatin solution (10 mg L-1 Pt), after about 20 

hours of stirring, the adsorption approached equilibrium, and the adsorption amount was 

1.5 mg g-1. In recent years, adsorbents derived from biomass sources, such as wood ash, 

biochar, chitosan and activated carbon were prepared to adsorb inorganic Pt(IV), cisplatin, 

carboplatin and oxaliplatin. The observed Pt adsorption capacities ranged from 0.23 to 

0.97 mg g-1, utilizing an adsorbent dose of 10 g L-1. [104]. In a study published in 2020, 

cryogels were synthesized based on cryogelation polymerization of 2-hydroxyethyl 

metacrylate and methacrylic acid to capture cisplatin [105], similar methodologies were 

also employed in the synthesis of carriers intended for the delivery of cisplatin [106,107]. 

In this study, the initial concentrations investigated in batch adsorption experiments were 

0.25 to 2 mg mL-1, the dosage of the solid adsorbent was 10 mg mL-1, the maximum 

adsorption capacity was found to be 150 mg g-1, and the adsorption tended to equilibrium 

after 20 hours [105]. Recently, the latest research proposed another synthetic material 

(Pt(II)-imprinted mesoporous thiocyanato-functionalized silica) for adsorption of Pt in 

hospital wastewater, among these planar square Pt complexes, PtCl4
2-, cisplatin, 

carboplatin, oxaliplatin were particularly investigated [108]. These ion-imprinted 

materials exhibited good adsorption performance in different matrices. Especially when 

adsorbing 153-206 μg L-1 of Pt(II) (concentrations in accordance with the Pt(II) 

concentration in actual hospital wastewater) from 10-folds diluted urine during seven 

days, the results demonstrated the potential of this adsorbent in future practical 

applications [108]. The recent study conducted by Fraguela et al. has introduced a cost-

effective adsorbent known as Dithiocarbamate-Modified Silica [109]. This adsorbent has 

demonstrated successful removal of cisplatin under physiological conditions. However, 

it is important to note that the study primarily focused on concentration ranges exceeding 

5 mg L-1. The presence of low concentrations of Pt-CDs presents a hurdle for achieving 

efficient and rapid adsorption due to inadequate concentration gradients to propel Pt 
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compounds at the solid-liquid interface effectively. Furthermore, several studies 

[17,103,110] have reported that the adsorbents used for Pt compound adsorption often 

exhibit a prolonged equilibrium time of up to 24 hours. This slow kinetic performance 

poses challenges when attempting to scale up the adsorption system to a column 

configuration for field applications [17,103,110]. Additionally, several studies have 

commenced investigations into the adsorption properties by employing PtCl4
2- or PtCl6

2- 

as a preliminary model [108,110]. However, it should be noted that the adsorption 

mechanisms exhibited by these models might diverge from those originally intended for 

the target substances. This specific facet has not been given due consideration in the 

previously mentioned investigations. For instance, in the study where adsorbents such as 

granular activated carbon, chitosan, and biochar were employed to adsorb cisplatin, 

oxaliplatin, and carboplatin, respectively, substantial disparities in Pt recovery were 

already noted when compared to the template PtCl6
2- [110]. But these differences could 

not be adequately elucidated or comprehensively explained in detail.  

Based on a literature review of Pt-CDs in wastewater, a systematic understanding 

and recognition of the environmental threat posed by these compounds has been 

established, encompassing their origins, current status, hazards, and existing disposal 

methods. However, it is evident that a knowledge gap exists, indicating insufficient 

research on the actual environmental risks associated with Pt-CDs contamination in 

wastewater and effective strategies for their practical disposal. This thesis focuses on the 

development of efficient adsorption systems based on various functionalized materials 

for the effective removal of trace amounts of Pt-CDs. 

1.7 Objectives 

The general objective of the present work is to study different adsorption systems 

based on various functionalized materials for the effective removal of trace amounts of 

Pt-CDs. To fulfill the primary aim, the subsequent objectives have been delineated: 
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1. To investigate the adsorption behaviors of cisplatin and carboplatin using three 

commercially available adsorbents: cysteine-functionalized silica gel (Si-Cys), 

3-(diethylenetriamino)propyl-functionalized silica gel (Si-DETA), and a 

derivatized open-celled MetalZorb® sponge (Sponge). This investigation aims to 

conduct comparative analyses of the adsorption capabilities of these adsorbents, 

and compared to the adsorption of PtCl4
2- to gain a better understanding of the 

underlying adsorption mechanisms. The findings have been published and are 

presented in Chapter 2. 

2. To functionalize Sponge using sulfur-containing compounds such as 3-

mercaptopropionic acid (MPA) and L-cysteine (Cys) in order to enhance the 

adsorption of cisplatin and carboplatin on an inexpensive sponge substrate. 

Additionally, the aim is to elucidate the mechanism through the utilization of 

synchrotron-based X-ray absorption spectroscopy (XAS) techniques. The 

findings have been published and are presented in Chapter 2. 

3. To enhance adsorption capabilities through the incorporation of a reduction step, 

further refining the functionalization process, as achieved by employing 

Na2S·9H2O and SnCl2·2H2O for reduction. Additionally, the study aims to 

comprehensively elucidate the adsorption process through multiple 

characterizations including SEM-EDS, ATR-FTIR, XPS, and elemental analysis 

techniques. Related findings are presented in Chapter 3. 

To achieve these objectives, effective international interdisciplinary and 

multidisciplinary collaborations have been established, which hold significant importance 

in the fields of environmental chemistry and environmental engineering. The 

dissemination of these findings to the society will raise awareness among readers 

regarding the escalating environmental risks associated with Pt cytostatics or other 

pharmaceutical pollutants. In turn, this will contribute to the development and 

enhancement of appropriate disposal procedures.  
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• Adsorption of emerging contaminants Pt-
cytostatics using functionalized materials

• Effective elimination of trace concentra-
tions of cisplatin and carboplatin

• Removal of Pt-cytostatics from hospital
wastewater analogs

• Explanation of the adsorption mecha-
nisms of different Pt compounds

• Enhanced adsorption via complexation be-
tween Pt-cytostatics and thiol groups

A B S T R A C TA R T I C L E I N F O

Editor: Damia Barcelo

Keywords:
Platinum cytostatics
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Cisplatin
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Functionalized adsorbents

To efficiently remove trace Pt-based cytostatic drugs (Pt-CDs) from aqueous environments, a comparative investiga-
tionwas conducted on the adsorption behavior of three commercial adsorbents including cysteine-functionalized silica
gel (Si-Cys), 3-(diethylenetriamino) propyl-functionalized silica gel (Si-DETA) and open-celled cellulose MetalZorb®
sponge (Sponge). The research on the adsorption of cisplatin and carboplatin encompasses investigations of pH depen-
dence, adsorption kinetics, adsorption isotherms, and adsorption thermodynamics. The obtained results were com-
pared with those of PtCl42− to better understand the adsorption mechanisms. The adsorption of cisplatin and
carboplatin by Si-Cys was significantly better than Si-DETA and Sponge, which suggested that in chelation-
dominated chemisorption, thiol groups provided high-affinity sites for Pt(II) complexation. Adsorption of the anion
PtCl4

2−was more pH dependent and generally superior to that of cisplatin and carboplatin, benefiting from the contri-
bution of ion association with protonated surfaces. The removal process of aqueous Pt(II) compounds occurred by the
hydrolysis of complexes in solution and subsequent adsorption, and the specific adsorption process was explained by
the synergistic action of ion association and chelationmechanisms. The rapid adsorption processes involving diffusion
and chemisorption were well described by pseudo-second-order kinetic model. The isotherm studies suggested mono-
layer adsorption, consistent with the Langmuir model. Indicated from the adsorption enthalpy results, the chelation of
cisplatin and carboplatin with thiol groups was an endothermic reaction, while the adsorption of PtCl4

2− was exother-
mic. At 343 K, Si-Cys achieved 98.5 ± 0.1 % (cisplatin) and 94.1 ± 0.1 % (carboplatin) removal. To validate the
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obtained findings, the described process was applied to urine samples doped with Pt-CDs as analog of hospital waste-
waters and the removal was very efficient, ranging from 72 ± 1 % to 95 ± 1 %, when using Si-Cys as adsorbent, al-
though limited matrix effects were observed.

1. Introduction

Cisplatin (cis-diamminedichloroplatinum (II)) and carboplatin (1,1-
cyclobutanedicarboxylatodiammineplatinum (II)), both well-known cyto-
static agents, are administered intravenously to treat various types of can-
cers, including sarcomas, carcinomas, and germ cell tumors (Loehrer,
1984; Prestayko et al., 1979; Zamble and Lippard, 1995). Pharmacokinetic
studies revealed that approximately 10–40 % of total Pt administered is ex-
creted in the urine within 24 h, in the form of intact cisplatin which ac-
counts for the majority of Pt excreted within 1 h of administration, or
their metabolites and transformation products (Hann et al., 2003;
Hoffmann-La Roche, 2020; Schmidt, 2019). These Pt compounds end up
in hospital wastewater. Additionally, as a result ofmore frequent outpatient
treatments, domestic discharge has become another considerable contribu-
tion of excreted Pt compounds, which is directly and inevitably discharged
intomunicipal wastewater (Gouveia et al., 2023). Several studies, bymeans
of advanced analytical methods, has shown the emergence of Pt-CDs in dif-
ferent water matrices (Ghafuri et al., 2018; Ghafuria et al., 2018; Isidori
et al., 2016; Johnson et al., 2013; Kümmerer et al., 1999; Lenz et al.,
2007a; Lenz et al., 2007b; Lenz et al., 2005; Roque-Diaz et al., 2021;
Santana-Viera et al., 2020). European-wide investigations have found Pt
compounds at concentrations ranging from tens of ng L−1 to a few hundred
μg L−1 in hospital wastewaters (Ghafuria et al., 2018; Isidori et al., 2016;
Kümmerer et al., 1999; Lenz et al., 2007a; Lenz et al., 2007b; Lenz et al.,
2005; Santana-Viera et al., 2020; Vyas et al., 2014). Also, by analyzing sam-
ples from conventional wastewater treatment plants (WWTPs), it has been
revealed that Pt concentration ofmunicipal wastewater was one to three or-
ders of magnitude lower than that of hospital wastewater (Ghafuri et al.,
2018; Isidori et al., 2016; Santana-Viera et al., 2020). Through extensive di-
lution, it appears fortuitous that the concentration of Pt in surfacewaters re-
mains consistently negligible and typically falls below the limit of detection
(LODs), making its detection infrequent (Besse et al., 2012; Ghafuri et al.,
2018; Isidori et al., 2016; Vyas et al., 2014). Regrettably, the hazardous
Pt-CDs also have the potential to damage healthy cells within living organ-
isms. The ecotoxicology and environmental risks of cisplatin or carboplatin
have been assessed in recent years, and it can pose serious carcinogenic, ter-
atogenic andmutagenic effects on exposed aquatic organisms (Araújo et al.,
2019; Ghafuria et al., 2018; Heath and Isidori, 2020; Jureczko and Kalka,
2020; Li et al., 2021; Mišík et al., 2019; Queirós et al., 2021; Villarini
et al., 2016; Yadav et al., 2021). In addition, the consequences of prolonged
low-dose exposure might be underestimated and have not been fully char-
acterized. Conventional WWTPs have been shown to be insufficient to ef-
fectively deal with this environmental threat due to the great challenges
posed by the treatment of low-concentration Pt-CDs contaminated waste-
water (Abdulbur-Alfakhoury et al., 2021; Heath and Isidori, 2020; Roque-
Diaz et al., 2021).

This urgent environmental issue has raised concerns, and efforts have
been made to explore potentially promising laboratory-scale treatments to-
wards Pt-CDs contaminated wastewater (Roque-Diaz et al., 2021), including
membrane bioreactor system (MBR) treatment (Lenz et al., 2007b), MBR
coupled with adsorption and UV-treatment (Lenz et al., 2007a), and ad-
vanced oxidation process techniques (AOPs) (Hernández et al., 2008;
Hirose et al., 2005; Kobayashi et al., 2008; Pieczyńska et al., 2017). Although
these disposal methods have achieved certain effects, they are often accom-
panied by some shortcomings such as prolonged treatment time require-
ments, complicated installation and operation procedures, and high energy
demands. Additionally, for example, after AOPs treatment, platinum by-
products may still pose an environmental threat as heavy metal ions.

Compared with the aforementioned treatment methods, adsorption
shows certain advantages over other technologies when considering the

balance between economics, ease of operation and treatment efficiency.
Moreover, adsorption demonstrates its applicability even at low concentra-
tions of adsorbates, its capability in both batch and continuous processing
modes, as well as the potential for recovery and regeneration of the adsor-
bent (Patel et al., 2019). Several adsorbent materials have been validated
for their potential in the elimination of Pt-CDs (Dobrzynska et al., 2021;
Farías et al., 2020; Folens et al., 2018; Fraguela et al., 2023; Lenz et al.,
2005; Ogata et al., 2014). However, most of the previous adsorption exper-
iments were carried out based on concentrations far higher than actual
concentrations found in environments. For example, the newly reported
low-cost adsorbent, Dithiocarbamate-Modified Silica (Fraguela et al.,
2023), has achieved the effective removal of cisplatin in physiological
conditions, but the study is based in concentration range > 5 mg L−1.
However, low Pt-CDs concentration will pose a challenge for efficient
and fast adsorption, since small concentration gradients are insufficient
to drive Pt compounds at the liquid-solid interface. Secondly, the re-
ported adsorbents often require contact time of up to 24 h to reach equi-
librium when adsorbing Pt compounds (Folens et al., 2018; Lenz et al.,
2005; Ogata et al., 2014). The slow kinetic performance would not be
conducive to scaling up the adsorption system to a column adsorption
system and landing on a field application (Farías et al., 2020; Folens
et al., 2018; Ogata et al., 2014). Some studies have initiated their ad-
sorption investigations utilizing PtCl42− or PtCl62− as a preliminary
model (Dobrzynska et al., 2021; Folens et al., 2018). However, it should
be noted that the adsorption mechanism of these models may differ
from that of the intended targets, and this aspect has been disregarded
in said studies. For example, when adsorbents as biochar, chitosan,
and granular activated carbon were used to adsorb cisplatin, carbo-
platin and oxaliplatin respectively, substantial differences from tem-
plate PtCl62− in Pt recovery were already observed by authors (Folens
et al., 2018). But these differences could not be well explained in detail.
Interestingly, another material reported, Pt(II)-imprinted thiocyanato-
functionalized SBA-15 (Dobrzynska et al., 2021) showed the similar re-
moval effect as the template PtCl42− when adsorbing cisplatin, carbo-
platin and oxaliplatin but with achieving equilibrium in seven days.
In conclusion, to address the above-mentioned issues, subsequent re-
search needs to focus more on the adsorbents with strong affinity and
high selectivity for Pt-CDs at trace concentrations in the environment.
In turn, to achieve this goal, it is essential to explore and explain possi-
ble different adsorption mechanisms, especially in the face of diverse
Pt-CDs.

This study first investigated the adsorption of cisplatin and carboplatin
from aqueous solutions at trace concentrations typically present in real hos-
pital wastewaters, using three commercially available adsorbents: cysteine-
functionalized silica gel (Si-Cys), 3-(diethylenetriamino)propyl-functional-
ized silica gel (Si-DETA), and a derivatized open-celledMetalZorb® sponge
(Sponge). Moreover, the adsorption of PtCl42−, a compound with a struc-
tural similarity to cisplatin that has been widely utilized as a template in
prior research,was also investigated for comparative purposes, with the dif-
ferences in its intrinsic adsorption behavior being firstly elucidated. In de-
tail, the influence of several parameters including pH, contact time, initial
concentration, and temperature was studied.

2. Experimental methods

2.1. Materials

Potassium tetrachloroplatinate (II) (K2PtCl4, 99.9 %, CAS: 10025–99-
7), diamminedichloroplatinum (II) (cisplatin, 99 %, CAS: 15663–27-1)
and 1,1-cyclobutanedicarboxylatodiammineplatinum (II) (carboplatin,
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99 %, CAS: 41575–94-4) were purchased from STREM Chemicals
and were used without further purification. K2PtCl4, cisplatin and car-
boplatin stock solution (Pt concentration 100 mg L−1) was initially
prepared in 0.2 mol L−1 HCl respectively, and then diluted to the re-
quired concentration. Cysteine-functionalized silica gel (Si-Cys) and 3-
(diethylenetriamino)propyl-functionalized silica gel (Si-DETA) were
purchased from Sigma-Aldrich. MetalZorb® sponge (Sponge) was kindly
supplied by CleanWay Environmental Partners, Inc. (Portland, USA).
Details of the three commercial adsorbents are shown in Fig. S1(in Supple-
mentary data). Milli-Q water (resistivity of 18.2 MΩ/m) was used through-
out the entire experiment.

2.2. Preparation and characterization of adsorbents

Cube-shaped sponge (Fig. S1c, in Supplementary data) is an open-celled
cellulose sponge that incorporates a water-insoluble polyamide chelating
polymer formed by the reaction of polyethyleneimine and nitrilotriacetic
acid. The sponge was claimed to contain free available ethyleneamine
and iminodiacetate groups that could interact with heavy metals ions by
ion exchange mechanism and chelation (Lou et al., 2022a; Lou et al.,
2022b; Muñoz et al., 2002). These cubes were ground in a knife-milling
commercial blender and sieved to a particle size of ≤0.5 mm. These fine
sponge powders were washed with 1.0 mol L−1 HCl and Milli-Q water sev-
eral times. Then the Sponge was dried at 80 °C for 24 h and stored for fur-
ther studies.

To identify the functional groups of Si-Cys, Si-DETA, and Sponge, Fou-
rier Transform Infrared Spectroscopy equipped with an Attenuated Total
Reflectance module (ATR-FTIR, Tensor 27, Bruker, Germany) was used to
record the FTIR spectra. The total content of C, H, N and S of three adsor-
bents was determined using element analyzer (Flash EA 2000 CHNS,
Thermo Fisher, America). Brunauer-Emmett-Teller (BET) analysis results
of Si-Cys and Si-DETA were provided by the manufacturer.

2.3. Batch adsorption

The adsorption of PtCl42−, cisplatin and carboplatin was studied as a
function of pH (pH 2–6, controlled by 0.1 mol L−1 HCl and/or
0.1 mol L−1 NaOH before, during, and after the adsorption, andmonitored
by pH meter, Crison, Spain), contact time (1–180 min), initial concentra-
tion (47 μg L−1 -1000 mg L−1, all concentrations of Pt compounds are
expressed as Pt), and solution temperature (293, 318 and 343 K). A series
of batch adsorption experiments were performed in 10 mL plastic centri-
fuge tubes containing 10 mL of Pt solution (in form of PtCl42−, cisplatin or
carboplatin). After 50 mg of adsorbent was added, the tubes were agitated
mechanically at 300 rpm at 293 K (except for thermodynamic studies).
After 24 h (except for kinetic studies), the adsorbent in solution was
filtrated using a 0.22 μm filter. The concentration of Pt in solutions was de-
termined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS,
Thermo XSeries II, Thermo Scientific, USA).

The adsorption capacity qe (μg g−1) of Pt at equilibrium was calculated
by the Eq. (1):

qe ¼
c0 � ceð Þ

m
� V (1)

where c0 and ce (μg L−1) are the initial and equilibrium concentrations of Pt
solutions, respectively. V (mL) is the volume of solution and m (mg) is the
adsorbent dosage. For kinetic studies, the concentration at equilibrium is
replaced by the concentration at different contact time, ct (μg L−1), calculat-
ing the adsorption capacity qt (μg g−1).

Then the removal ratios were calculated according to Eq. (2):

Removal ratio ¼ c0 � ceð Þ
c0

� 100% (2)

All the experiments were conducted in triplicated, and the average
values and the relative standard deviation were calculated.

2.4. Adsorption kinetic and isotherm modeling

To further understand the Pt adsorption behavior, kinetic models in-
cluding pseudo-first-order model (PFOM) and pseudo-second-order model
(PSOM) were used to fit the adsorption data collected at different contact
time, while data obtained from different initial concentration were fitted
with Langmuir and Freundlich isotherm models. The adsorption kinetic
and isotherm equations are described in Supplementary data.

2.5. Experimental validation of the removal of Pt-CDs in wastewater analog
samples

To validate the feasibility and efficiency of the Pt-CDs removal, experi-
ments were carried out by using urine samples doped with Pt-CDs as hospi-
tal wastewater analogs. To this purpose, and due to the difficulty of
obtaining hospital samples, hospital wastewater analogs were prepared
from anonymous urine samples obtained from a healthy male spiked with
cisplatin and carboplatin at the level of reported excreted in urine of pa-
tients undergoing chemotherapy (cisplatin concentration from
312.39 μg L−1 to 114.81 mg L−1) (Jantarat et al., 2021). Then, these sam-
ples were diluted ten and 100-fold to account for typical conditions in hos-
pital wastewaters. Ion chromatography (Dionex Aquion, Thermo Scientific,
America) was employed to determine the concentration of typical anions
and cations in urine and two wastewater analogs, and details are described
in Supplementary data. Experimentswere carried out by contacting the pre-
pared analog samples with the adsorbent Si-Cys in the same conditions as
explainedwhen using the synthetic Pt-CDs solutions. Thus, 10 mL of the re-
sulting Pt-spiked urine samples were then respectivelymixedwith 50mg of
the selected adsorbent (stirred for 24 h, T = 343 K, pH 2) and were col-
lected using sterile plastic bottles after filtration using 0.22 μm filters. The
samples were immediately quantified using a standard analytical method
described elsewhere (Flores et al., 2011; Gao et al., 2012). In our case, an-
alog samples aliquots (100 μL) were equilibrated to room temperature
and digested using 200 μL of nitric acid (69.0–70.0 %, for trace metal anal-
ysis) at 363 K for 1 h. The digested sampleswere then diluted to 10mLwith
Milli-Q water to a final concentration of 2 % v/v HNO3. These solutions
were instantly subjected to ICP-MS analysis with external calibration rang-
ing from 1 to 150 μg L−1 (Rh and Y as internal standard elements). The cal-
culation of removal ratio was according to Eq. (2).

3. Results and discussion

3.1. Characterization of adsorbents

The FTIR test was performed on Si-Cys, Si-DETA, and Sponge, showing
the spectra observed in Fig. 1. The spectra of Si-Cys and Si-DETA are very
similar, and the characteristic peaks mainly correspond to the properties
of silica. Absorption bands at 1051 cm−1 and 795 cm−1 arise from
asymmetric vibration of Si-O-Si and symmetric vibration of Si-O-Si, respec-
tively (Grumezescu et al., 2014). The peaks at 2973 cm−1 and 2900 cm−1

represent the C\\H stretching vibration of the alkyl groups. The broad band
at around 3273 cm−1 was assigned toN\\H stretching of amine,whichwas
relatively weak due to low load rate of cysteine and 3-(diethylenetriamino)
propyl groups. Then, the band appears at 1615 cm−1 for Si-Cys represent-
ing C_O stretching vibration. For Sponge, the absorbances at 3435,
2891, 1365, 1157, and 1024 cm−1 are associated with cellulose substrate
(Li et al., 2009). A strong band 3435 cm−1 originates from the O\\H
stretching. The peak at 2891 cm−1 is attributed to the stretching vibration
of alkane C\\H. The absorption at 1365 cm−1 is due to O\\H bending and
that at 1157 cm−1 corresponds to C-O-C antisymmetric bridge stretching.
The strong peak at 1024 cm−1 can be assigned to C-O-C pyranose ring skel-
etal vibration. Besides, the surface polyamide chelating polymer contrib-
utes to the strong band at around 3317 cm−1 due to the N\\H stretching.
The peak at 1637 cm−1 is related to the C_O stretching vibration and
the rightward shift of the peak coincides with the amide structure (elec-
tron-donating property of nitrogen). These findings are consistent with
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the interpretation of the chemical structure of the different adsorbents,
shown in Fig. S1(in Supplementary data).

BET analysis and elemental analysis (EA) results are summarized in
Table S1 and Table S2 (in Supplementary data), respectively. The EA anal-
ysis conducted confirmed the existence of the respective functional groups
in the three adsorbents, which aligns with the FTIRfindings and uphold the
claims made by the manufacturers.

3.2. Adsorption experiments

3.2.1. Effect of solution pH on adsorption
The pH is one of the key factors that determine the interaction between

adsorbate and adsorbent as it can change the protonation state of surface
functional groups, thereby changing the surface charge, which in turn af-
fects the adsorption performance. For adsorption of PtCl42− (Fig. 2a), the
pH dependences of the three materials are very different. The adsorption
capacity of Si-Cys decreased considerably from 45 ± 1 to 19 ± 4 μg g−1

as pH increased from 2 to 6. As implied in Fig. 3a, after dilution from Pt
stock (in 0.2 mol L−1 HCl), the Cl ligands are gradually displaced by H2O
to give the aqua complexes (like PtCl3(H2O)−). And at low pH values, the
amino groups were protonated, which made the adsorbent to be positively
charged. The protonation facilitated Si-Cys to attract anionic PtCl42− and/or
PtCl3(H2O)− through ion association, concomitantly, Pt gradually chelated
with the S sites and the N sites (evenwith low affinity). However, when the
pH kept increasing, the carboxyl group, thiol group and protonated amine
group sequentially deprotonated, which eventually caused Si-Cys to be neg-
atively charged. Due to electrostatic repulsion, parts of PtCl42− and/or PtCl3

(H2O)− molecules were repelled, as a result, there was a significant de-
crease in the adsorption capacity. Meanwhile, however, the changing of ad-
sorption capacity with increasing pH was moderated when Si-DETA was
studied, adsorption capacity of Si-DETA dropped slightly from 48 ± 1 to
42± 1 μg g−1 in the same range of pH. The elevation of pH levels induced
deprotonation of amine groups in Si-DETA, resulting in a reduction of its
positive charge density. As a consequence, the effectiveness of electrostatic
attraction-assisted adsorption was moderately diminished. The effect of pH
on the adsorption of PtCl42− to Sponge is almost negligible.

For cisplatin (Fig. 2b) and carboplatin (Fig. 2c), the adsorption capaci-
ties were overall lower than that of PtCl42− and slightly affected by
pH changes, since facing cisplatin and carboplatin (neutral molecules) as
well as their hydrated complexes (non-anionic molecules) electrostatic
attraction did not contribute to the adsorption. Regarding the adsorbents,
Si-Cys has higher adsorption capacities of cisplatin and carboplatin than
Si-DETA and Sponge due to the presence of thiol groups in Si-Cys. Accord-
ing to HSAB theory (Bugarčić et al., 2012), Pt(II) as a “soft” acid has a high
affinity for sulfur donors (“soft” bases) e.g. thiols and thioethers. For exam-
ple, it is assumed that most of Pt-CDs bind to glutathione and L-cysteine in
intracellular liquid forming stable compounds before it reaches DNA
(Bugarčić et al., 2012; Reedijk, 2009; Reedijk, 1999). This suggests that
in chelation-dominated chemisorption (Fig. 3b and c), thiol groups provide
more chelation sites for the complexation of cisplatin and carboplatin.

In addition, it is worthmentioning here that the influence of the alkaline
environment is not considered, because the chemical structures of PtCl42−,
cisplatin and carboplatin are not stable when the pH exceeds 6. Black pre-
cipitation appeared in both stocks prepared by directly dissolving com-
pounds in water at pH > 6, due to the oxidation of Pt.

3.2.2. Adsorption kinetics analysis
Kinetic is an important index to evaluate the removal efficiency and

mechanism of the adsorption process, that is a key knowledge to scale up
the Pt-CDs removal to industrial application. Fig. 4A and a give the adsorp-
tion kinetic curves of PtCl42− onto Si-Cys, Si-DETA, and Sponge. It is shown
a fast adsorption kinetics for all the three materials. The adsorption capac-
ities rose sharply within the first few minutes, because there are rich effec-
tive adsorption sites on the surface of Si-Cys, Si-DETA, and Sponge at the
beginning of the adsorption process. Then the growth gradually slowed
down until reaching the adsorption equilibrium after approximately
40 min, as the amounts of available active sites gradually decreased, lead-
ing to a decrease in the adsorption rate. However, despite of the fast kinet-
ics, the adsorption of cisplatin and carboplatin still exhibited disadvantages
if compared to that of PtCl42−(see in Fig. 4). The removal rate of Si-DETA
and Sponge for cisplatin was only 32 ± 2 % and 38 ± 3 % (while 9 ±
1 % and 10 ± 2 % for carboplatin), compared to 90 ± 1 % and 83 ±
3 % for PtCl42−. This confirmed the inference in the previous section that
the adsorptionwas frustrated due to the lack of thiol groups to provide com-
plexation sites. In addition, carboplatin showed worse adsorption perfor-
mance, which was caused by its low hydrolysis rate. Meanwhile, the
removal rate of Si-Cys also slightly decreased from 92 ± 1 % for PtCl42−

to 74±1% for cisplatin and 73±1% for carboplatin, indicating that elec-
trostatic adsorption probably did not play a role in adsorbing cisplatin and
carboplatin molecules.

Fig. 1. FTIR spectra of Si-Cys, Si-DETA, and Sponge.
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Fig. 2. The effect of solution pH on the adsorption capacity of (a) PtCl4−, (b) cisplatin and (c) carboplatin [adsorbent dosage: 50 mg, solution volume: 10 mL, Pt concentration: 
235 μg L−1, T: 293 K].
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The kinetics fitting curves are also plotted in Fig. 4. As indicated by the
correlation coefficients R2 summarized in Table S3 (in Supplementary
data), PSOM fitted better than PFOM. As is known PSOM assumes that
the rate-limiting step may be chemisorption involving valance forces
through sharing or exchanging electrons between adsorbate and adsorbent
(Feiqiang et al., 2018; Mohan et al., 2011; Sen Gupta and Bhattacharyya,
2011). Specifically, this is consistent with the ion-association between the
PtCl42− anion and the protonated amine group, and the complexation be-
tween Pt and surface functional groups such as thiol, amino and carboxyl
groups. Furthermore, it has been reported that the PFOM is more suitable
for the description of the initial stage in which the external/internal diffu-
sion is the rate controlling step, and the initial concentration of adsorbate
is usually high (Feiqiang et al., 2018; Wang and Guo, 2020a). However,
the initial concentration of the target Pt compounds here was as low as
235 μg L−1, and the adsorbents are abundant with active sites, therefore,
the adsorption kinetics are dominated by the adsorption onto active site
as PSOM expected.

3.2.3. Adsorption isotherms analysis
Adsorption isotherm reveals the relationship between the adsorbate

concentration in the liquid and solid phases when the adsorption process

reaches equilibrium. Adsorption capacities mounted with the increase of
the initial concentration of PtCl42−, cisplatin and carboplatin solution (see
in Fig. 5), which may be due to the higher concentration gradient at the
solid-liquid interface. Themass transfer of PtCl42−, cisplatin and carboplatin
towards the surface of adsorbents could be driven by the concentration gra-
dient, which satisfied the generalized Fick Law (Chinh et al., 2019; Han
et al., 2021). It can be seen from Fig. 5A that the maximum adsorption ca-
pacity of Si-DETA (169± 6mg g−1) to PtCl42− is greater than that of Si-Cys
(131 ± 1 mg g−1), due to the different loading rates of their respective
functional groups, -Cys (0.3 mmol g−1) and -DETA (1.3 mmol g−1) (pro-
vided by the manufacturer, see Fig. S1a and S1b, in Supplementary data).
Moreover, the adsorption of PtCl42− surpasses that of the other two Pt com-
pounds, ascribed to the complementary effect of electrostatic adsorption
and Van der Waals force, alongside the presence of ligands (Cl) that readily
detach from the molecule. Cisplatin and carboplatin contain two inert NH3

ligands which makes complexation to the adsorbent surface more difficult.
This predicament is slightly alleviated when Si-Cys containing thiol func-
tional groups were used to adsorb cisplatin and carboplatin.

The isotherm fitting curves are also plotted in Fig. 5, and parameters de-
rived from models are summarized in Table S4 (in Supplementary data).
Langmuir model represents satisfactorily the adsorption process with high

Fig. 3. The difference in adsorption mechanism between (a) PtCl4
2−, ion association enhanced adsorption to amino-rich adsorbent surface (adsorption to Si-Cys containing

thiol group is omitted here); (b) cisplatin and (c) carboplatin chelation dominant adsorption to thiol-containing Si-Cys surface.
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coefficients of determination (R2 > 0.92) and gives a better fit than
Freundlich model only except for Si-Cys adsorption of cisplatin and Si-
DETA adsorption of carboplatin (while Freundlich model fit is slightly

better). The results indicate that the adsorption of three Pt compounds by
all adsorbents takes place in a monolayer adsorption manner. In addition,
the adsorption (Fig. 5a-c) in the low concentration range obeys the linear

q t
q t

Fig. 4.The effect of contact time on the adsorption capacity of (A) PtCl42−, (B) cisplatin and (C) carboplatin [adsorbent dosage: 50mg, solution volume: 10mL, Solution pH=
2 for Si-Cys and Si-DETA, solution pH= 3 for Sponge, Pt concentration: 235 μg L−1, T: 293 K] and kinetic models fitting. The lowercase figures (gray background) are the
enlarged interval (0–40 min).
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Fig. 5. Adsorption equilibriums of (A) PtCl4−, (B) cisplatin and (C) carboplatin [adsorbent dosage: 50 mg; solution volume: 10 mL; initial concentration: maximum 
1000 mg L−1 of PtCl4− and carboplatin, 500 mg L−1 of cisplatin because of low solubility; solution pH = 2 for Si-Cys and Si-DETA, solution pH = 3 for Sponge; contact 
time 24 h; T: 293 K] and isotherm models fitting. The lowercase figures (gray background) are the enlarged interval (initial concentration 47–14,100 μg L−1).
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model (Henry's law), which also illustrates the monolayer adsorption be-
havior with low coverage (Wang and Guo, 2020b). From the data listed
in Table S4 (in Supplementary data), all the Langmuir separation factor
RL fell into 0 to 1 within the concentration range investigated. It proves
that all Pt adsorptions towards three materials are favorable. The theoreti-
cal maximum adsorption qm predicted by the Langmuir model is close to
but slightly higher than the actual maximum adsorption capacity obtained
in the experiment. Regarding the Freundlich constant, all adsorption pro-
cesses are favorable as the value of 1/n < 1.

3.2.4. Thermodynamics of adsorption processes
Experimental thermodynamic analysis was performed under different

temperatures to further understand the adsorption behavior. For PtCl42−

(see in Fig. 6A), with the increase of adsorption temperature (from 293 to
343 K), the adsorption capacities of Si-Cys, Si-DETA, and Sponge all de-
creased slightly. Then when initial concentrations doubled to 470 μg L−1,
the decline was more obvious (see in Fig. 6a). As illustrated in Fig. 3a, the
adsorption of anionic PtCl42− was dominated by physical adsorption such
as electrostatic attraction and Van der Waals forces. Specifically, the weak
binding between PtCl42− and adsorbents surface caused by Van der Waals
interactions, which are always present in adsorption processes (Veclani
et al., 2020), were easily undermined as the solutions were heated up to
343 K. In comparison, the adsorption of cisplatin is much more compli-
cated. As shown in Fig. 6B and b, the adsorption capacities of Si-Cys to cis-
platin were greatly promoted when temperature was increased, and the
removal rates almost reached the theoretical maximum at 343 K (98.5 ±
0.1 % and 97.5 ± 0.5 % for initial concentration of 235 and 470 μg L−1,
respectively). The adsorption process of carboplatin also showed a similar
pattern. This implied that the chemisorption dominated by chelation was
a thermophilic process, and the complexation between Pt and S from the
thiol group was facilitated at higher temperatures during the process.
However, for the other two adsorbents, Si-DETA and Sponge, the adsorp-
tion capacities of them for cisplatin and carboplatin were not only much
lower than that of Si-Cys (electrostatic adsorption was ineffective for

neutral cisplatin or carboplatin, and the complexation of Pt\\N was
weaker), they also showed a trend of increasing and then decreasing during
the warming process (see in Fig. 6B,C and 6b,c). For instance, when the
temperature increased from 293 K to 318 K, adsorption capacities of cis-
platin on Si-DETA and Sponge generally increased (except for the adsorp-
tion of Si-DETA in Fig. 6b, which adsorption decreased by a very small
amount of 1.66 μg L−1), whichwas due to the high temperature promoting
to some extent the complexation of Pt with the amine functional groups on
the surface of Si-DETA and Sponge. However, as explained before, this com-
plexation was very limited because of the fact that N is a “hard” base and its
bonding with the “soft” acid Pt is not favored. Therefore, when the temper-
ature continued to increase up to 343 K, the decline brought by the frus-
trated Van der Waals adsorption came to the fore.

Furthermore, three thermodynamic parameters including Gibbs free en-
ergy (ΔG°), enthalpy change (ΔH°), and entropy change (ΔS°) were calcu-
lated by equations described in Supplementary data. Results are listed in
Table S5 (also in Supplementary data).

As seen in Table S5, PtCl42− adsorption is a spontaneous process with
negativeΔG°. It can be seen from the comparison of ΔH° that the adsorption
of PtCl42− by Si-Cys was very different from that of cisplatin or carboplatin.
First, as can be determined from the positive value of ΔH°, the adsorption of
cisplatin or carboplatin is endothermic reaction (while that of PtCl42− is exo-
thermic). Additionally, cisplatin has an enthalpy value (ΔH° = 44 ±
7 kJ mol−1) approximately twice as high as the ΔH° of PtCl42− (ΔH° =
−23 ± 6 kJ mol−1), which corroborates the dominance of chemisorption
in the adsorption of cisplatin by Si-Cys. It can be recognized that tempera-
ture promoted bonding of Pt\\S, and enthalpy change of this process was
incontrovertibly higher than that involved in physisorption. In addition,
the entropy changes of Si-Cys in the process of adsorbing PtCl42− and
other two Pt-CDs are also diametrically opposite. Negative values of ΔS° in-
dicated an increase in the order of the system during the adsorption process
of PtCl42− at solid-liquid interface, while positive ΔS° suggested an increase
of the degrees of freedom when cisplatin and carboplatin was adsorbed on
Si-Cys.
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Fig. 6. The effect of temperature on the adsorption capacity of PtCl4−, Pt concentration: (A) 235 μg L−1 and (a) 470 μg L−1; cisplatin, Pt concentration: (B) 235 μg L−1 and 
(b) 470 μg L−1; carboplatin, Pt concentration: (C) 235 μg L−1 and (c) 470 μg L−1. [adsorbent dosage: 50 mg, solution volume: 10 mL, contact time: 24 h, Solution pH = 2 for
Si-Cys and Si-DETA, solution pH = 3 for Sponge].
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3.3. Experimental validation of the removal of Pt-CDs in wastewater analog
samples

The results of the removal of Pt-CDs in wastewater analog samples are
depicted in Fig. 7, and the characteristics of urine and wastewater analogs
are summarized in Table S6 (in Supplementary data). It can be observed
by comparing Fig. 7a and b, the Si-Cys adsorption towards the two targets
generally achieved similar removal rates, which are from 72 ± 1 % to
95 ± 1 % for cisplatin and from 75 ± 1 % to 95 ± 1 % for carboplatin.
The removal was found to be less efficient for low concentrations of cis-
platin and carboplatin in undiluted urine samples, likely due to the com-
plexity of the urine matrix (as Table S6 shows). Furthermore, the
observed removal of Pt-CDs in simulated wastewaters was consistently
lower than that inMilli-Qwater. This disparitymay be attributed to thema-
trix effect that arises from the presence of urine and tapwater. One of its in-
terferences may be derived from the trace protein contained in urine such
as Tamm-Horsfall protein (Aitekenov et al., 2021; Micanovic et al., 2020),
which contains cystines sites that pre-chelated part of cisplatin and carbo-
platin. Secondly, the ligands replacement of cisplatin and carboplatin
could be disturbed due to the presence of components such as Cl− and
NH4

+ in urine matrix, which were significantly more abundant than Pt-
CDs as indicated in the Table S6, thus the complexation of Pt to the Si-Cys
surface was also affected (Guo et al., 2020). In addition, co-existing ions
such as Na+, K+, Ca2+ and so on (several to thousands of mg L−1) present

in urine posed additional competition for active binding therefore slightly
inhibited the capture of cisplatin and carboplatin (Curtis et al., 2010). For
the undiluted samples, the Pt species had more competitive advantages
when the initial concentration was increased to 57 or 115 mg L−1, hence
the removal rates increased significantly driven by the high concentration
gradients. The interference from matrix effects diminished gradually with
more dilution of urine, almost all removals reached the maximum (92 ±
1 % - 95 ± 1 %) when adsorptions were carried out in 100-fold diluted
urine samples. The only exception occurred in the adsorption of spiked
low-concentration Pt from urine. When the urine samples were further di-
luted from ten times to 100 times, the removal rate decreased unexpect-
edly. However, the initial Pt concentration was as low as only
3.12 μg L−1, which may predict the ineffective capture of Pt molecules at
such a low concentration. Perhaps longer time or higher temperature can
guarantee more Pt\\S complexation formed for ideal adsorption.

Then when the mixture of cisplatin and carboplatin was adsorbed from
100-fold diluted urine, as shown in Fig. 7c, around 95 % of Pt was effec-
tively removed. The removal of Pt-CDs from 100-fold diluted urine is com-
parable to that from Milli-Q water, albeit slightly lower.

3.4. Comparison of the adsorption performance with current knowledge

The adsorption efficiency of Si-Cys for cisplatin and carboplatin was
compared with other published adsorbents and listed in Table 1. It is
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Fig. 7. Removal of (a) cisplatin and (b) carboplatin from spiked urine samples, its ten-fold diluted and 100-fold diluted matrices; (c) mixture of cisplatin and carboplatin from 
100-fold diluted urine.
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evident that Si-Cys achievedmaximum removal of 98.5±0.1% and 94.1±
0.1 % for cisplatin and carboplatin, respectively. Moreover, it was achieved
at a low concentration of 235 μg L−1, which is close to the environmental
concentrations. Although activated sludge (Lenz et al., 2005) also exhibited
good removal efficiency at low concentrations, the disadvantage of slow ki-
netics required a long processing time of up to 24 h.While it is acknowledged
that novel adsorbents like macroporous cryogels (Farías et al., 2020) and Pt
(II)-imprinted thiocyanato-functionalized SBA-15 (Dobrzynska et al., 2021)
demonstrated outstanding adsorption capacity, their adsorption was per-
formed at concentrations far higher than the actual environmental concen-
trations, and their removal efficiency for trace Pt-CDs remains unknown.

4. Conclusions

This study presents a comparative investigation of the adsorption be-
havior of trace cisplatin, carboplatin, and PtCl42− onto three different adsor-
bents, including studies on pH effect, adsorption kinetics, adsorption
isotherms, and thermodynamic studies. Distinct adsorption mechanisms
of each Pt compounds were revealed. The major findings of this study can
be summarized as follows: (1) All three adsorbents exhibited a significant
removal of anionic PtCl42− (>90 %) compared to cisplatin and carboplatin
due to the assistance of electrostatic adsorption, however, the adsorption
of PtCl42− is more pH dependent. Therefore, PtCl42− should be cautiously
considered as a template for Pt-CDs, despite of structural similarity.
(2) Si-Cys, containing thiol groups, exhibited a remarkable removal effi-
ciency of cisplatin (maximum 76 ± 1 %), which is significantly higher
than that of Si-DETA (maximum 34 ± 1 %) and Sponge (maximum
40 ± 5 %). And this similar contrast was also shown in the adsorption of
carboplatin. It indicates the adsorption of cisplatin and carboplatin highly
depends on the complexation with high-affinity thiol sites. (3) All the ob-
served adsorption processes conform to the PSOM and Langmuir model de-
scriptions, indicative of a monolayer chemisorption process. (4) The
adsorption of cisplatin and carboplatin onto Si-Cys is an endothermic pro-
cess (different from exothermic adsorption of PtCl42−), as Pt\\S binding is
thermally favored. As a result, the removal of cisplatin and carboplatin
onto Si-Cys reached 98.5±0.1% and 94.1±0.1%, respectively, when in-
creasing the temperature up to 343 K. (5) The finding of treatment of Pt-
spiked urine found that thiol-containing Si-Cys can be used to treat cisplatin
and/or carboplatin-contained patient urine and hospital wastewater con-
taminated by it. In summary, our work provided ideas for the treatment
of Pt-CDs contaminated wastewater and offered a strategy for dealing
with this emerging and continuously deteriorating environmental threat
that has been always neglected.
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The experimental kinetic data were fitted to the PFOM (eq. 1) and PSOM (eq. 2) 

(Wang and Guo, 2020):  

1
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where qe.cal and qt corresponds to adsorption capacities (μg g-1) at equilibrium 

derived from models and at contact time t (min), respectively. k1 is the PFOM rate constant 

(min-1), and k2 is the PSOM rate constant (min-1). 

The adsorption equilibrium data were fitted by Langmuir (eq. 3) and Freundlich (eq. 

5) models in this work. Both the two models are expressed as follows
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where qm is the maximum adsorption capacity (μg g-1). KL is the constant related to 

the affinity of binding sites (L μg-1). The dimensionless separation factor or equilibrium 

parameter, RL (eq. 4) indicates the adsorption nature (irreversible if RL = 0, favorable if 0 

< RL < 1, linear if RL =1, unfavorable if RL > 1) (Weber and Chakravorti, 1974). KF ((μg 

g-1)(L μg-1)1/n) and n are the Freundlich constants related to the adsorption capacity and

intensity, respectively. If value of 1/n < 1, it indicates a normal adsorption, and 1/n > 1 

indicates cooperative adsorption. If 1/n lies between one and ten, this indicates a favorable 

sorption process (Chinh et al., 2019; Furuya et al., 1997; Goldberg, 2018; “Physical 

chemistry,” 1961). 

Three thermodynamic parameters including Gibbs free energy (ΔG°), enthalpy 
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change (ΔH°), and entropy change (ΔS°) were calculated by eq. (6), (7) and (8) and listed 

in Table S3 (in Supplementary data). 

R lnoG T K = − (6) 
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Where R is the ideal gas constant (8.314 J mol-1 K-1), T is the absolute temperature 

(K), K is dimensionless distribution constant. Values of ΔH° and ΔS° were obtained via 

the slope and intercept of linear Van’t Hoff plots (ln K versus 1/T). 
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Figure S1. Schematic illustration of (a) Si-Cys, (b) Si-DETA, and (c) Sponge. 
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Table S1. Brunauer–Emmett–Teller (BET) analysis of Si-Cys and Si-DETA, provided by 

the manufacturer. 

Adsorbents Si-Cys Si-DETA 

Specific surface area (m2/g) 480 - 550 480 - 550 

Pore diameter (Å) 55 - 65 55 - 65 

Pore volume (mL/g) 0.70 - 0.85 0.70 - 0.85 

Table S2. Summary of elemental analysis of Si-Cys, Si-DETA and Sponge. 

Element (wt%) Si-Cys Si-DETA Sponge 

C 11.83 ± 0.02 11.09 ± 0.03 40.2 ± 0.2 

H 2.16 ± 0.02 2.64 ± 0.03 6.4 ± 0.1 

N 1.86 ± 0.03 4.62 ± 0.07 3.04 ± 0.01 

S 1.30 ± 0.02 <0.1 <0.1 
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Table S3. Kinetic parameters for the adsorption of PtCl4
2-, cisplatin and carboplatin by 

Si-Cys, Si-DETA, and Sponge. 

Kinetic model Pseudo-first-order Pseudo-second-order 

qe.exp k1 qe.cal R2 k2 qe.cal R2 

Adsorbent μg g-1 min-1 μg g-1 g μg-1 min-1 μg g-1 

Si-Cys 43.1 ± 0.3 1.2 ± 0.1 43.0 ± 0.7 0.9848 0.06 ± 0.01 44.5 ± 0.5 0.9947 

PtCl4
2- Si-DETA 42.3 ± 0.5 1.9 ± 0.4 38.0 ± 0.8 0.9675 0.12 ± 0.04 39.0 ± 0.8 0.9795 

Sponge 39 ± 1 0.9 ± 0.2 35 ± 1 0.9312 0.04 ± 0.01 37.0 ± 0.8 0.9786 

Si-Cys 34.8 ± 0.1 1.1 ± 0.2 32.5 ± 0.8 0.9656 0.06 ± 0.01 33.8 ± 0.5 0.9920 

cisplatin Si-DETA 15.2 ± 0.9 1.5 ± 0.5 13.1 ± 0.5 0.9210 0.20 ± 0.07 13.7 ± 0.4 0.9561 

Sponge 18 ± 1 1.3 ± 0.4 14.6 ± 0.6 0.8911 0.13 ± 0.05 15.4 ± 0.6 0.9374 

Si-Cys 34.1 ± 0.5 2.4 ± 0.3 33.0 ± 0.3 0.9936 0.24 ± 0.04 33.5 ± 0.2 0.9979 

carboplatin Si-DETA 4.4 ± 0.2 1.6 ± 0.7 3.3 ± 0.2 0.8430 0.7 ± 0.4 3.5 ± 0.2 0.8826 

Sponge 4.6 ± 0.8 0.7 ± 0.2 3.8 ± 0.2 0.9121 0.25 ± 0.06 4.0 ± 0.1 0.9596 
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Table S4. Adsorption isotherms parameters of Si-Cys, Si-DETA, and Sponge towards 

PtCl4
2-,  cisplatin and carboplatin solutions. 

Isotherm model Langmuir Freundlich 

qm.exp qm.cal KL RL R2 KF 1/n R2 

Adsorbent mg g-1 mg g-1 10-5 L μg-1 (μg g-1) (L μg-1)1/n 

Si-Cys 131 ± 1 141 ± 10 12 ± 3 0.008 

-0.994

0.9655 2 ± 1 

×103 

0.33 ± 0.06 0.8074 

PtCl4
2- Si-DETA 169 ± 6 175 ± 15 12 ± 3 0.008 

-0.994

0.9287 2 ± 1 

×103 

0.40 ± 0.06 0.8499 

Sponge 96 ± 5 104 ± 3 4 ± 1 0.024 

-0.998

0.9907 0.8 ± 0.5 

×103 

0.38 ± 0.05 0.9052 

Si-Cys 20 ± 2 30 ± 4 0.4 ± 0.1 0.319 

-0.999

0.9811 10 ± 5 0.59 ± 0.04 0.9890 

cisplatin Si-DETA 3 ± 1 3.9 ± 0.1 1.6 ± 0.2 0.113 

-0.999

0.9965 13 ± 8 0.44 ± 0.05 0.9580 

Sponge 5 ± 1 7 ± 1 0.5 ± 0.1 0.270 

-0.999

0.9892 5 ± 3 0.54 ± 0.05 0.9764 

Si-Cys 20 ± 1 32 ± 3 0.17 ± 0.04 0.365 

-0.999

0.9902 7 ± 2 0.59 ± 0.03 0.9951 

carboplatin Si-DETA 3 ± 2 4.2 ± 0.8 0.26 ± 0.02 0.281 

-0.999

0.9331 6 ± 4 0.46 ± 0.05 0.9575 

Sponge 4 ± 3 5.6 ± 0.6 0.23 ± 0.06 0.306 

-0.999

0.9807 2 ± 1 0.57 ± 0.07 0.9620 
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Table S5. Summary of thermodynamic parameters: ΔG° (kJ mol-1), ΔH° (kJ mol-1), and 

ΔS° (J mol-1 K-1).

Adsorbents Si-Cys Si-DETA Sponge 

T(K) 293 318 343 293 318 343 293 318 343 

PtCl4
2- ΔG° -6.2 ± 0.5 -4.2 ± 0.6 -3.4 ± 0.4 -9.1 ± 0.1 -9.0 ± 0.2 -7.2 ± 0.6 -5.8 ± 0.1 -3.5 ± 0.2 -4.1 ± 0.5

ΔH° -23 ± 6 -20 ± 3 -16 ± 3

ΔS° -57 ± 19 -36 ± 11 -36 ± 11

Cisplatin ΔG° -2.7 ± 0.5 -6.2 ± 0.2 -10.7 ± 0.7 * * * * * * 

ΔH° 44 ± 7 * * 

ΔS° 158 ± 24 * * 

Carboplatin ΔG° -3.6 ±0.1 -6.3 ±0.1 -7.3 ±0.3 * * * * * * 

ΔH° 19 ±2 * * 

ΔS° 76 ± 7 

*Not acceptable values, because the adsorption vs. temperature curves were not monotonically increasing

or decreasing, poor linear fit. 
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Table S6. Characteristics of selected urine and wastewater analogs. 

Parameters Urine 
Urine diluted tenfold 

with tap water 

Urine diluted 100 

times with tap water 

pH 5.62 ± 0.02 6.36 ± 0.01 6.90 ± 0.02 

Cations and anions (mg L-1) 

Sodium Na+ 1972 ± 17 264 ± 1 102 ± 16 

Ammonium NH4
+ 982 ± 2 95 ± 4 10 ± 2 

Potassium K+ 1530 ± 4 157 ± 5 19.8 ± 0.7 

Magnesium Mg2+ 8.7 ± 0.8 5.0 ± 0.5 4.0 ± 0.2 

Calcium Ca2+ 43 ± 7 29 ± 1 26 ± 6 

Chloride Cl- 3606 ± 7 550 ± 8 85 ± 1 

Phosphate PO4
3- 6138 ± 19 682 ± 14 66.4 ± 1 

Sulfate SO4
2- 8961 ± 14 1004 ± 8 197 ± 6 

Oxalate C2O4
2- 251 ± 4 24.9 ± 0.4 2.3 ± 0.1 

Ion chromatography (IC, Dionex Aquion, Thermo Scientific, USA) was employed to verify the presence of typical 

anions and cations in urine and two wastewater simulants. IC was equipped an Dionex 500 Carbonate AERS suppressor 

(4 mm) for anions and a Dionex 600 CDRS suppressor (4 mm) for cations. Chromeleon 7.2 chromatography 

management software was used for system control and data processing. A Dionex IonPac AS23 analytical column (4 

mm × 250 mm) and a guard column (4 mm × 50 mm) were used for anion separation and a Dionex IonPac CS12A 

analytical column (4 mm × 250 mm) and a guard column (4 mm × 50 mm) were used for cation separation. 
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Fig. S1. Schematic illustration of Sponge. 
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The experimental kinetic data were fitted to the PFO model (eq. 1) and PSO model (eq. 

2)[1]:  

1

. (1 )
k t

t e calq q e
−

= − (1) 

2

. 2

. 2 1

e cal
t

e cal

q k t
q

q k t
=

+
(2) 

The variables qe.cal and qt represent adsorption capacities (μg g-1) at equilibrium 

derived from models and at a given contact time t (h), respectively. The rate constant for 

PFO is denoted as k1 (h-1), while the rate constant for PSO is denoted as k2 (h-1).  

In the present study, the adsorption equilibrium data was fitted using Langmuir (eq. 

3) and Freundlich (eq. 5) models. These models are formulated as follows:

e
1

m L e

L e

q K c
q

K c
=

+
(3) 

0

1

1
L

L

R
K c

=
+

(4) 

1/n

e F eq K c= (5) 

where qm represents the maximum adsorption capacity (μg g-1). KL is the constant 

indicative of the affinity of binding sites (L μg-1). The dimensionless parameter known as 

the equilibrium parameter or separation factor, denoted RL (eq. 4), serves to characterize 

the nature of the adsorption process.  Specifically, values of RL falling within the ranges 

of 0, 0 < RL < 1, 1, and >1 correspond to irreversible, favorable, linear, and unfavorable 

adsorption behaviors, respectively[2]. KF ((μg g-1)(L μg-1)1/n) and n are the Freundlich 

constants related to the adsorption capacity and intensity, respectively. Value of 1/n < 1, 

it indicates a normal adsorption, and 1/n > 1 indicates cooperative adsorption. If 1/n lies 

between one and ten, this indicates a favorable sorption process [3–6]. 

Three key thermodynamic parameters, specifically the Gibbs free energy (ΔG°), 
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enthalpy change (ΔH°), and entropy change (ΔS°), were determined using eq. (6), (7), 

and (8), respectively.  

R lnoG T K = − (6) 

ln
R R

o oS H
K

T

 
= − (7) 

0 e

e

c c
K

c

−
= (8) 

Where R is the ideal gas constant (8.314 J mol-1 K-1), T is the absolute temperature 

(K), K is dimensionless distribution constant. Values of ΔH° and ΔS° were obtained via 

the slope and intercept of linear Van’t Hoff plots (ln K versus 1/T). 
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Table S1. Summary of elemental analysis of MPA@Sponge, Cys@Sponge and Sponge. 

Element (wt%) MPA@Sponge Cys@Sponge Sponge 

C 41.5 ± 0.1 40.2 ± 0.7 40.2 ± 0.2 

H 6.35 ± 0.09 6.32 ± 0.09 6.4 ± 0.1 

N 4.2 ± 0.1 5.6 ± 0.2 3.04 ± 0.01 

S 1.23 ± 0.07 0.59 ± 0.03 <0.1 

Table S2. Kinetic parameters for the adsorption of cisplatin and carboplatin by 

MPA@Sponge and Cys@Sponge. 

Kinetic model Pseudo-first-order Pseudo-second-order 

qe.exp k1 qe.cal R2 k2 qe.cal R2 

Adsorbent μg g-1 h-1 μg g-1 h-1 μg g-1 

MPA@ 

Sponge 

Cisplatin 29.8 ± 0.1 17 ± 30 29.2 ± 0.2 0.9917 0.9 ± 0.3 29.7 ± 0.2 0.9987 

Carboplatin 6.3 ± 0.8 14 ± 9 6.2 ± 0.1 0.9992 5 ± 2 6.3 ± 0.1 0.9994 

Cys@ 

Sponge 

Cisplatin 21.4 ± 0.3 1.1 ± 0.4 19.0 ± 0.4 0.9896 0.08 ± 0.03 20.0 ± 0.5 0.9944 

Carboplatin 5.7 ± 0.1 1.9 ± 0.9 4.7 ± 0.3 0.9934 0.4 ± 0.2 5.1 ± 0.3 0.9953 

Sponge 

Cisplatin 15.4 ± 0.1 74 ± 15 14.8 ± 0.3 0.9229 8 ± 2 15.3 ± 0.2 0.9688 

Carboplatin 1.7 ± 0.3 50 ± 33 1.8 ± 0.2 0.4831 61 ± 74 1.8 ± 0.2 0.4329 
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Table S3. Adsorption isotherms parameters of MPA@Sponge and Cys@Sponge towards 

cisplatin and carboplatin solutions. 

Isotherm model Langmuir Freundlich 

T qm.exp qm.cal KL RL R2 KF 1/n R2 

Adsorbent K mg g-1 mg g-1 10-5 L μg-1 (μg g-1) (L μg-1)1/n 

MPA@ 

Sponge 

Cis 293 11 ± 2 10.9 ± 0.5 3.4 ± 0.8 0.055-0.998 0.9885 91 ± 39 0.37 ± 0.03 0.9708 

318 23 ± 3 29 ±2 1.0 ± 0.2 0.168-0.999 0.9910 81 ± 21 0.44 ± 0.02 0.9942 

343 49 ± 1 85 ± 7 0.5 ± 0.1 0.277-0.999 0.9935 20 ± 1 0.62 ± 0.01 0.9928 

Carbo 293 7.3 ± 0.7 10 ± 1 1.0 ± 0.4 0.089-0.999 0.9617 15 ±16 0.49 ± 0.09 0.9047 

318 12.7 ± 0.7 18.0 ± 0.9 0.6 ± 0.1 0.148-0.999 0.9954 8 ± 6 0.57 ± 0.05 0.9732 

343 30.9 ± 0.2 38 ± 2 1.3 ± 0.2 0.071-0.999 0.9935 146 ± 49 0.42 ± 0.03 0.9884 

Cys@ 

Sponge 

Cis 293 7.0 ± 0.6 8.0 ± 0.3 2.1 ± 0.3 0.086-0.999 0.9941 36 ± 29 0.41 ± 0.06 0.9180 

318 11.8 ± 0.9 14.6 ± 0.9 0.8 ± 0.1 0.196-0.999 0.9915 20 ± 7 0.49 ± 0.03 0.9890 

343 13.8 ± 0.3 16.2 ±0.6 1.4 ± 0.2 0.128-0.999 0.9959 55 ± 27 0.43 ± 0.04 0.9734 

Carbo 293 7.8 ± 0.7 12.1 ± 0.9 0.43 ± 0.07 0.190-0.999 0.9916 3 ± 2 0.62 ± 0.06 0.9695 

318 12 ± 2 24 ± 4 0.25 ± 0.07 0.288-0.999 0.9859 1 ± 1 0.71 ± 0.07 0.9746 

343 20.7 ± 0.4 33 ± 2 0.44 ± 0.06 0.185-0.999 0.9942 7 ± 5 0.62 ±0.05 0.9812 



Compilation of articles 

85 

Table S4. Summary of thermodynamic parameters: ΔG° (kJ mol-1), ΔH° (kJ mol-1), and 

ΔS° (J mol-1 K-1). 

Adsorbents MPA@Sponge Cys@Sponge 

T(K) 293 318 343 293 318 343 

Cisplatin ΔG° -2.3 ± 0.1 -4.1 ± 0.4 -6.59 ± 0.06 0.78 ± 0.02 -0.8 ± 0.1 -2.97 ± 0.05

ΔH° 22.5 ± 0.1 22.6 ± 0.5 

ΔS° 84 ± 3 74 ± 2 

Carboplatin ΔG° 3.0 ± 0.2 2.5 ± 0.4 -5.5 ± 0.2 4.90 ± 0.06 3.43 ± 0.04 -0.3 ± 0.1 

ΔH° 51.4 ± 0.1 34.1 ± 0.1 

ΔS° 161.3 ± 0.5 102 ± 3 
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Table S5. EXAFS fitting parameters at the Pt L3-edge for Pt foil, Pt(II) standards, and Pt-

CDs adsorbed on sponges. 

Sample Path S0
2 a CN b R (Å) c σ2 (Å2) d ∆E0 (eV) e R-factor

Pt foil Pt–Pt 0.82 ± 0.04 12* 2.742 ± 0.002 0.005 ± 0.001 5.9 ± 0.5 0.005 

K2PtCl4 Pt–Cl 0.83 ± 0.09 4* 2.305 ± 0.006 0.002 ± 0.001 9.2 ± 1.3 0.016 

cisplatin Pt–Cl 

Pt–N 

0.82 ± 0.02 2* 

2* 

2.36 ± 0.02 

1.96 ± 0.01 

0.003 ± 0.002 

0.002 ± 0.001 

6.1 ± 1.6 0.012 

carboplatin Pt–O/N 0.81 ± 0.05 4* 1.99 ± 0.05 0.003 ± 0.001 4.1 ± 2.3 0.032 

cisplatin on 

MPA@Sponge 

Pt–S 0.82* 3.8 ± 0.4 2.305 ± 0.008 0.002 ± 0.001 5.3 ± 1.2 0.011 

carboplatin on 

MPA@Sponge 

Pt–S 0.82* 4.1 ± 0.3 2.298 ± 0.006 0.002 ± 0.001 4.0 ± 0.9 0.015 

cisplatin on 

Cys@Sponge 

Pt–S 0.82* 4.2 ± 0.1 2.31 ± 0.01 0.004 ± 0.001 2.5 ± 1.4 0.022 

carboplatin on 

Cys@Sponge 

Pt–S 0.82* 4.2 ± 0.1 2.305 ± 0.009 0.004 ± 0.001 2.4 ± 1.2 0.012 

(a) Amplitude reduction factor, (b)
 
coordination number, (c) interatomic distance, (d)

EXAFS Debye-Waller factor, (e) the inner potential correction, R-factor is a measure of 

the mean square sum of the misfit at each data point which gives an indication of the 

goodness of fit. It is defined as: R-factor =
∑(𝑑𝑎𝑡𝑎−𝑓𝑖𝑡)2

∑𝑑𝑎𝑡𝑎2
, where the sums are over the data 

points in the fitting region, * fixed. 
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Table S6. Characteristics of selected urine and wastewater analogs [7]. Concentrations of 

cations and anions determined by Ion chromatography (IC, Dionex Aquion, Thermo 

Scientific, USA). 

Samples 
Urine in tap water 

(1:100) 

Urine in tap water 

(1:10) 

Urine 

pH 6.90 ± 0.02 6.36 ± 0.01 5.62 ± 0.02 

Cations (mg L-1) 

Na+ 102 ± 16 264 ± 1 1972 ± 17 

K+ 19.8 ± 0.7 157 ± 5 1530 ± 4 

Ca2+ 26 ± 6 29 ± 1 43 ± 7 

Mg2+ 4.0 ± 0.2 5.0 ± 0.5 8.7 ± 0.8 

NH4
+ 10 ± 2 95 ± 4 982 ± 2 

Anions (mg L-1) 

Cl- 85 ± 1 550 ± 8 3606 ± 7 

SO4
2- 197 ± 6 1004 ± 8 8961 ± 14 

PO4
3- 66.4 ± 1 682 ± 14 6138 ± 19 

C2O4
2- 2.3 ± 0.1 24.9 ± 0.4 251 ± 4 
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Table S7. Comparison of cost, sulfur content, and removal efficiency between the thiol-

functionalized sponges (MPA@Sponge and Cys@Sponge) and the commercially 

available adsorbents (Si-SH and Si-Cys). 

Reagents Sulfur content 
a 

Removal b Ref. 

Adsorbents [€ per g] wt% % 

MPA@Sponge 5.5 d 1.23 ± 0.07 71.5 ± 0.2 This work 

Cys@Sponge 6.3 d 0.59 ± 0.03 45.5 ± 0.6 This work 

Si-SH c 39.4 e 4.97 ± 0.07 98.7 ± 0.1 This work 

Si-Cys c 22.3 e 1.30 ± 0.02 76.3 ± 0.2 [7] 

(a) Determined by using element analyzer (Flash EA 2000 CHNS, Thermo Fisher,

America); (b) adsorption of cisplatin, initial concentration of 235 μg L-1, volume 10 mL, 

dosage 50 mg, temperature 293 K; (c) commercial adsorbents purchased from Sigma-

Aldrich; (d) sum of calculated synthetic reagent costs; (e) finished product price. 
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Abstract 

Trace cisplatin (235 μg L-1) were efficiently removed by thiol-functionalized 

sponges (TFSs) derived from cellulose-based Metalzorb® sponge (Sponge) that was 

functionalized with 3-mercaptopropionic acid (3-MPA). Additionally, the 

functionalization process involves the reduction of TFS through Na2S·9H2O or 

SnCl2·2H2O, resulting in TFS_1 and Sn/SnO2-coated TFS_2, respectively. TFS_1 and 

TFS_2 exhibited maximum removal efficiencies of 95.5 ± 0.8% and 99.5 ± 0.1% for 

cisplatin, respectively, while the non-functionalized Sponge achieved removal of only 29 

± 4%. FTIR, elemental analysis, SEM-EDS, and XPS characterization substantiated the 

porous morphology of TFSs and the successful grafting of thiol groups, which serve as 

affinity sites for Pt−S complexation, thereby enhancing the adsorption. During adsorption, 

aqua-derivatives of cisplatin, formed through hydration, complexed with thiol sites via 

ligand displacement. Additionally, the presence of blister-like Sn/SnO2 coating on TFS_2 

further improved the adsorption. The rapid adsorption process fitted to a pseudo-second-

order kinetic model, involving diffusion and chemisorption. Generally, the Langmuir 

isotherm model can adequately describe the monolayer adsorption behavior of cisplatin. 

However, the aggregation of Sn/SnO2 loaded onto TFS_2 at 343 K introduced surface 

heterogeneity, thereby rendering adsorption isotherm to exhibit a better fit to the 

Freundlich model. Furthermore, despite Pt−S complexation being crucial for the 

adsorption of cisplatin, the differential pH dependence observed in the adsorption by the 

two TFSs and the assessment of mean free energy derived from Dubinin-Radushkevich 

isotherm model, suggest that the adsorption of cisplatin onto TFS_1 also involves 

physisorption such as electrostatic attraction, whereas for TFS_2, chemisorption 

predominates. Increasing temperature facilitates the thermal-favored formation of Pt−S 

bonds, thereby significantly promoting the adsorption. However, for TFS_2, the highest 

temperature (343 K) leads to aggregation of Sn/SnO2, which consequently compromises 

the adsorption. 

Keywords: cisplatin; cytostatics; adsorption; functionalized materials; emerging 

pharmaceutical pollutants  
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1. Introduction  

Cisplatin, a widely employed platinum-based cytostatic drug (Pt-CDs), has exhibited 

remarkable efficacy in the field of cancer therapy [1–3]. The cytotoxic effects and 

antitumor activity of cisplatin can be attributed to its preferential binding to guanine-N7, 

which subsequently triggers DNA damage responses and apoptosis [4]. However, despite 

its potent anticancer properties, cisplatin is accompanied by a spectrum of adverse effects 

resulting from its non-selective impact on normal cells, in particular nephrotoxicity [5]. 

Kidney damage emerges as one of the most prevalent side effects observed, because the 

kidneys serve as the primary excretory organs for cisplatin [6]. Pharmacokinetic 

investigations have provided evidence indicating that roughly 10-40% of the cisplatin is 

excreted through urine of patients in 24 h after administration, either in its unmodified 

state or as metabolites [7]. Many studies have demonstrated over the past two decades 

that these cytostatic substances were eventually emitted into the ecosystem via the release 

of hospital or household wastewaters, with the latter being polluted by outpatients. The 

concentrations of these compounds range from ng L-1 to several hundred of μg L-1 [8–18]. 

Once in water bodies, cisplatin can persist and accumulate, leading to long-term exposure 

for aquatic organisms [19]. Studies have shown that cisplatin can have toxic effects on 

aquatic organisms. It can disrupt the physiological processes and biochemical pathways 

of aquatic species, like invertebrates [20]. The drug has been found to cause DNA damage, 

interfere with cell division, and induce oxidative stress in exposed organisms. These 

adverse effects can ultimately impact the survival, growth, reproduction, and overall 

ecological balance of affected both marine and freshwater aquatic ecosystems [21]. In 

summary, cisplatin poses environmental hazards due to its potential contamination of 

water bodies and its toxicity towards aquatic organisms [22]. Efforts should be made to 

minimize the release of cisplatin into the environment and develop appropriate 

wastewater treatment methods to mitigate its ecological impact.  

There has been a relatively limited amount of research focused on exploring the 
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feasibility and effectiveness of wastewater remediation techniques for cisplatin [13]. 

Several different approaches have been investigated in this regard, including adsorption 

[16,23–28], membrane bioreactor system [15], ozonation [29], and electrolysis [30,31]. 

Among them, adsorption exhibits distinct advantages compared to alternative 

technologies, particularly in terms of economic feasibility, operational simplicity, and 

treatment effectiveness. Adsorption demonstrates notable applicability even in scenarios 

involving low concentrations of adsorbates. Additionally, its versatility is evident through 

its compatibility with both continuous processing and batch modes. Furthermore, 

adsorption exhibits promising prospects for the adsorbates recovery and the adsorbents 

regeneration, enhancing its sustainability and resource efficiency [32]. For instance, 

several pioneering studies have investigated the adsorption of cisplatin employing various 

materials [13]. In 2005, activated sludge was used to adsorb cisplatin. Following a 24-

hour treatment period, 96% of cisplatin (initial concentration ranging from 4.7 to 145 μg 

L-1) was effectively removed [16]. Ogata et al. employed calcined gibbsite to adsorb 10 

mg L-1 of cisplatin, resulting in an observed efficient removal of about 90% of cisplatin 

[24]. Different adsorbents derived from biomass, including wood ash, biochar, chitosan 

and activated carbon, were prepared to remove inorganic PtCl6
2- as a template of cisplatin 

(with initial Pt concentrations ranging from 1 to 10 mg L-1). It was observed that at an 

adsorbent dosage of 10 g L-1, the adsorption capacities ranged from 0.23 to 0.97 mg g-1. 

[26]. In 2020, Carboxyl-functionalized cryogels designed for the adsorption of cisplatin 

(initial concentration range: 0.25 to 2 g L-1) were synthesized. It is reported that due to 

the potential formation of stable complexes between Pt and carboxyl groups, the 

maximum adsorption capacity for cisplatin reached 150 mg g-1 [27]. A recent study 

proposed the synthesis of Pt(II)-imprinted mesoporous thiocyanato-functionalized silica, 

and this material demonstrated a maximum static adsorption capacity of 76.4 mg g-1 for 

PtCl4
2- (as a template for cisplatin) [25]. Similarly, another recent investigation reported 

the modification of silica using dithiocarbamate. When the dithiocarbamate-modified 
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silica was employed to adsorb cisplatin (initial Pt concentration 5-150 mg L-1 in saline 

solution), a removal rate of 85% was achieved under conditions of 10 g L-1 adsorbent 

dosage and one hour contact. And the maximum attainable adsorption capacity reached 

15.6 mg g-1 [28]. After conducting a thorough examination of the aforementioned studies, 

future investigations concerning the adsorption of Pt-CDs should prioritize the adsorption 

at low concentration levels that closely resemble those found in the environment. This 

emphasis is justified due to the predominant controlled laboratory experiments in the 

existing literature that not covered environmentally relevant concentrations. In addition, 

the adsorption mechanism of Pt-CDs needs to be well explained, which is beneficial to 

provide guidance for the preparation of high affinity and strong selectivity adsorption 

materials in future. 

In our previous investigation, a comparative analysis was conducted on three 

commercially accessible materials, specifically cysteine-functionalized silica gel, 3-

(diethylenetriamino)propyl-functionalized silica gel, and open-celled cellulose 

MetalZorb® sponge (Sponge), to evaluate their respective abilities in adsorbing trace 

cisplatin and carboplatin [33]. From the conclusions, the existence of thiol groups, serving 

as sites of affinity, showed promise in forming complexes with the targeted Pt species. 

Subsequently, guided by these findings, we achieved successful enhancement of the 

adsorption capacity for Pt-CDs on inexpensive Sponge in another study by employing 

functionalization with 3-mercaptopropionic acid (3-MPA) [34]. Nevertheless, there is 

some evidence indicating that thiols (−SH) may undergo oxidation to form disulfides 

(−S−S− bonds) induced by diverse oxidizing agents or enzymatic processes [35–42]. This 

inevitable oxidation has the potential to exert a discernible influence on following Pt−S 

bonding. Therefore, to further enhance the adsorption of cisplatin by thiol-functionalized 

sponges, in this study, following the functionalization of Sponge with 3-MPA, two 

reducing agents, Na2S·9H2O and SnCl2·2H2O, were employed to reduce disulfides to 

thiols. The synthesized adsorbents were characterized by SEM-EDS, ATR-FTIR, XPS, 
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and elemental analyzer (EA). And a comprehensive investigation was conducted to 

examine the fundamental variables that influence the adsorption capacity of cisplatin onto 

synthesized materials. The parameters under scrutiny included the pH of the solution, 

contact time, initial concentration, and temperature.  

2. Materials and methods 

2.1 Reagents and materials 

Cisplatin (diamminedichloroplatinum(II), CAS: 15663-27-1, purity: 99%) was 

acquired from STREM Chemicals and used as received. A stock solution of cisplatin (Pt 

concentration 500 mg L-1) was initially formulated in 0.2 mol L-1 HCl and subsequently 

diluted with Milli-Q water to desired concentrations. 3-mercaptopropionic acid (3-MPA, 

≥ 99%), N,N-dimethylformamide (DMF, 99.8%), Sodium hydrogen sulfate monohydrate 

(NaHSO4∙H2O, ≥ 99%), Sodium sulfide nonahydrate (Na2S∙9H2O, ≥ 98%) and Tin(II) 

chloride dihydrate (SnCl2∙2H2O, 98%) were acquired from Sigma-Aldrich. Ethanol (96% 

v/v) was purchased from Scharlab. MetalZorb® Sponge (Sponge) was generously 

supplied by CleanWay Environmental Partners, Inc. (Portland, USA). Unless otherwise 

specified, Milli-Q water (with a resistivity of 18.2 MΩ m-1) was utilized for the duration 

of the experimental procedure. 

2.2 Thiol-functionalization of Sponge 

Relevant published patents and studies [34,43–48] propose that the porous cube-

shaped cellulose sponge comprises a water-swellable polymer, polyethyleneimine, 

formed through thermally induced amide formation, and is physically coated on the 

sponge backbones (illustrated in Fig. 1a). The polymer product is claimed to possess a 

strong affinity for the adsorption of transition metal ions [34,43–48]. Initially, the Sponge 

cubes were mechanically ground to achieve fine powders with particle sizes of ≤ 0.5 mm. 

Subsequently, the powdered Sponge was subjected to washing using 1.0 mol L-1 HCl 

(once) and Milli-Q water (three times). Lastly, it was dried overnight at a temperature of 



 

 

99 

Further insight 

343 K. 

The thiol-functionalization process of the Sponge was conducted via esterification, 

employing a modified methodology derived from a prior investigation [49]. As depicted 

in Fig. 1b, 1.0 g of Sponge was mixed with 5 mL of 3-MPA, 2.5 mL of DMF, and 25 mg 

of NaHSO4∙H2O in a round bottom flask. The resulting mixture was stirred and heated in 

an oil bath at 120 °C for 4 h. Throughout this time, a portion of the thiol groups present 

in the resulting product inevitably underwent oxidation. Thus, the resultant products were 

subsequently reduced to free −SH groups using 6.0 g of Na2S∙9H2O as a reductant in 25 

mL of ethanol (95%) for a period of 1 hour. The resulting thiol-functionalized Sponge 

(TFS) was designated as TFS_1. Additionally, an alternative approach was employed 

using SnCl2∙2H2O (5.65 g in 25 mL ethanol) instead of Na2S∙9H2O to reduce the −SH 

groups. Simultaneously, the resulting Sn/SnO2 species became embedded onto the surface 

of the Sponge resulting in a Sn/SnO2-coated thiol-functionalized Sponge designated as 

TFS_2. 

 

Fig. 1 Schematic illustration of (a) Sponge and (b) the preparation procedure for TFSs. 

(3-MPA) NaHSO4 ∙ H2O 

DMF

Oxidation

–SH to  – S – S –
Na2S ∙ 9H2O 

or SnCl2 ∙ 2H2O 

EtOH

(Open-celled cellulose) 

(a)

(b)
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2.3 Characterization of Sponge, TFS_1, and TFS_2.  

Fourier Transform Infrared Spectroscopy (FTIR) was utilized, equipped with an 

Attenuated Total Reflectance (ATR) module (Tensor 27, Bruker, Germany), to obtain the 

FTIR spectra and identify the functional groups present in Sponge. The elemental analysis 

(EA, Flash EA 2000 CHNS, Thermo Fisher, America) was conducted to determine the 

content of C, H, N, and S. The point of zero charge (pHpzc) of sponges were determined 

employing pH drift method [50]. In particular, pHpzc was determined using 0.03 mol L-1 

KNO3 solution (with a pH range of 2-10). The pH values were adjusted using 0.1 mol L-

1 HCl and/or NaOH solutions and measured by a pH meter (Crison, Spain). After the 

addition of 30 mg of sponges, each solution (30 mL) was stirred for 24 hours. Then 

following the removal of the sponge by filtration, the final pH of the solution was re-

measured. The pHpzc value was determined by plotting the initial pH against the pH 

difference. X-ray photoelectron spectroscopy (XPS) analysis was conducted using a 

Phoibos 150 analyzer (SPECS GmbH, Berlin, Germany) under ultra-high vacuum 

conditions (base pressure of 4×10-10 mbar). The XPS measurements employed a 

monochromatic aluminum Kα X-ray source operating at an energy of 1486.74 eV. The 

morphology of the sponges was studied by Field Emission-Scanning Electron Micro-

scope MERLIN (FE-SEM, Zeiss, 1.4 nm resolution, 1 kV, 4 pA–100 nA probe current, 

0.2–30 kV accelerating voltage). The surface chemical compositions of sponges before 

and after adsorption were analyzed on an energy dispersive X-ray (EDS) detector (Oxford 

LINCA X-Max). 

2.4 Batch adsorption 

All adsorption experiments were conducted within plastic centrifuge tubes, placed 

in an incubator, and subjected to mechanical agitation at 90 rpm. Adsorption capacities 

were investigated based on the influence of pH, kinetics, isotherms, and thermodynamic 

analysis by dispersing 10 mg of adsorbent powder into 2 mL of cisplatin solution of 
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known initial Pt concentration (from 47 μg L-1 to 500 mg L-1), followed by 24-hour 

agitation (except for kinetic studies) at a certain temperature (296, 318, and 343 K). The 

influence of pH on the adsorption was investigated within the pH range of 2 to 7. To 

manipulate pH to the desired levels, 0.1 mol L-1 NaOH and/or HCl were employed for 

pH adjustment. Immediately after adsorption, the solution was sampled and filtered 

through a 0.22 μm membrane filter. Subsequently, all the filtrates were analyzed by using  

Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Thermo XSeries II, Thermo 

Scientific, USA) to determine the residual Pt content. All the adsorption experiments were 

performed in duplicate, and presented data encompassed mean values accompanied by 

their respective relative standard deviations. The amount of Pt adsorbed on the sponges  

and the removal ratios were calculated using eq. 1 and eq. 2, respectively: 

 0( )e
e

c c
q V

m

−
=   (1) 

 
0

0

( )
Removal ratio 100%ec c

c

−
=   (2) 

Where qe (μg g-1) is the equilibrium adsorption capacity; c0 and ce (μg L-1) represent 

the initial and equilibrium Pt concentrations, respectively; m (mg) denotes the mass of 

sponges and V (mL) indicates the volume of solution. In kinetic investigations, ce is 

replaced by the concentrations at various contact times, denoted as ct (μg L-1), to calculate 

the adsorption capacity, qt (μg g-1).  

To obtain a comprehensive understanding of the adsorption characteristics of Pt, the 

adsorption data collected at different contact time were subjected to fitting analysis using 

pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models. Additionally, 

the data obtained from adsorption at varied initial concentrations were subjected to fitting 

using the Langmuir, Freundlich, Sips, and Dubinin-Radushkevich (D-R) isotherm models. 

All selected model equations applied are explained in Supplementary Data. 
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3. Results and discussion 

3.1 Characterization of sponges 

3.1.1 FTIR, EA, pHpzc 

Fig. 2a presents the FTIR spectra of TFS_1 and TFS_2, along with a comparison to 

Sponge, cellulose, and 3-MPA. In the case of TFS_1, TFS_2, and Sponge, evidently due 

to their cellulose-based substrates, they exhibit FTIR spectra similar to pure cellulose, 

manifesting characteristic absorption peaks at 1024, 1157, 1365, 2891, and 3435 cm-1. 

[51]. In detail, the stretching vibration of O−H bonds is manifest as a prominent 

absorption band observed at the 3435 cm-1. However, it is worth noting that due to the 

presence of polyethyleneimine on the surface of the Sponge (Fig. 1a), the band resulting 

from N−H stretching vibrations overlaps with the O−H band. Consequently, the band 

between 3300-3500 cm-1 in Sponge appears slightly broader than in cellulose. Moreover, 

when contrasted with cellulose, the absorption spectra of TFS_1, TFS_2, and Sponge 

reveal an additional peak at 1637 cm-1, ascribed to the stretching vibration of the amide 

C=O bond of the polymer (Fig. 1a), originating from the reaction between 

polyethyleneimine and nitrilotriacetic acid. However, probably due to the partial 

dissolution of polyethyleneimine in DMF during the functionalization process, a 

noticeable decrease in band intensity was observed in the range of 3300-3500 cm-1 and 

1637 cm-1 for both TFSs. The results from EA, depicted in Fig. 2b, also showed a 

noticeable reduction in the nitrogen content can be observed upon functionalization, 

decreasing from 3.04 ± 0.01 wt% (Sponge) to 0.84 ± 0.02 wt% (TFS_1) and 0.78 ± 0.02 

wt% (TFS_2), respectively. The peak observed at 2891 cm-1 can be allocated to the 

stretching vibration of alkanes C−H bonds. The recorded absorption peak at 1365 cm-1 is 

attributed to the bending motion of O−H bonds, while the peak situated at 1157 cm-1 

originates from the C−O−C bridge anti-symmetric stretching. The noticeable peak located 

at 1024 cm-1 is referred to the skeletal vibration of the C−O−C pyranose ring [51]. For 3-
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MPA, a distinctive absorption peak is observed at 1701 cm-1, arising from the stretching 

vibration of the carboxyl C=O bond [52]. Moreover, at around 2550 cm-1, 3-MPA exhibits 

an absorption peak corresponding to the stretching vibration of the S−H bond. But the 

constrained sulfur loading of TFSs leads to the nearly imperceptible presence of the 

inherently weak S−H peak at the same wavenumber. However, in the spectra of TFS_1 

and TFS_2, a new peak can be observed at 1726 cm-1, which is due to the stretching 

vibration of the ester C=O bond, confirming the successful esterification. In other words, 

3-MPA has been anchored onto the substrate. Similar FTIR spectra features were also 

observed in various studies involving thiol-functionalized cellulose materials [53–57]. 

Consistently, as indicated in Fig. 2b, EA revealed sulfur content of 1.04 ± 0.04 wt% for 

TFS_1 and 1.31 ± 0.05 wt% for TFS_2 subsequent to the functionalization. These 

findings further corroborate the effective immobilization of 3-MPA onto the Sponge 

substrate, given the negligible sulfur content in the unmodified Sponge. 

 

Fig. 2 (a) FTIR spectra of Sponge, pure cellulose, 3-MPA, TFS_1, and TFS_2; (b) summary of EA 

of TFS_1, TFS_2 and Sponge; and (c) pHpzc determination of Sponge, TFS_1, and TFS_2. 
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As illustrated in Figure 2c, the pHpzc values of TFS_1, TFS_2 and Sponge are 

determined to be around 4.8, 2.2, and 3.2, respectively. Therefore, in cases where the 

solution pH falls below these values, the surface charge of the sponges will become 

positive, which is most likely caused by the protonation of amino groups [58]. 

3.1.2 SEM-EDS analysis 

As illustrated in Fig. 3a-h, all sponges exhibit a porous architecture characterized by 

a complex interwoven framework of channels, with diameters spanning approximately 1 

to 5 μm. Notably, subsequent to the modification process, these inherent pore attributes 

remain unaltered. However, in contrast to TFS_1 (Fig. 3b), the surface of TFS_2 (Fig. 3c 

and d) is coated with blister-like or bubble-like Sn compounds, uniformly dispersed on 

the sponge surface. The dimensions of these blister-like deposits are not consistent, with 

a maximum diameter reaching up to around 500 nm. Then, following cisplatin adsorption 

at 343 K for 24 h, significant morphological alteration of these surface-coated Sn 

compounds can be observed in Fig. 3h. These changes manifest themselves as uniformly 

sized spheres with an approximate diameter of 100 nm, which aggregate and exhibit a 

cauliflower-like pattern.  

Fig.3i-k present a comparative representation of EDS spectra, illustrating the surface 

elemental distribution of the Sponge before and after functionalization, as well as the 

distinct sponges before and after the adsorption of cisplatin. Initially, both TFS_1 (Fig. 7j) 

and TFS_2 (Fig. 7k) exhibit S peaks, indicating that −SH groups were anchored on the 

surface of Sponge. The EDS spectrum of TFS_1 before adsorption reveal the presence of 

Na element, which may stem from incomplete rinsing leading to residual Na2S. However, 

after adsorption, these remnants solubilized into the solution, resulting in the 

disappearance of the Na element peak. 
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Fig. 3 SEM images (a-h) and EDS spectra (i-k) for Sponge, TFS_1, and TFS_2, before and after 

adsorption of cisplatin [adsorbent dosage: 200 mg, solution volume: 40 mL, initial concentration of 

Pt: 100 mg L-1, T: 343 K, contact time: 24 h]. 

Concerning TFS_2, in accordance with the previously mentioned information, the 

presence of Sn compounds on the TFS_2 surface (as illustrated in SEM images Fig. 7d 

and h) is responsible for the discernible peaks corresponding to the Sn element observed 

in Fig. 7k. Both the EDS spectra of TFS_1 and TFS_2 after adsorption exhibit the 

presence of Pt elements, whereas Pt is absent in the Sponge. This observation signifies 

that the functionalized sponges, compared with original Sponge, demonstrates enhanced 

adsorption capability towards cisplatin. Furthermore, it is more evident that under these 

conditions, the respective adsorption capacity qe values for TFS_1 and TFS_2 are 16.2 ± 

0.5 and 20.6 ± 0.6 mg g-1, while Sponge exhibits a qe of 1.9 ± 0.1 mg g-1.  
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3.1.3 XPS analysis 

The utilization of XPS aims to further investigate the surface chemical composition 

as well as the interactions between cisplatin and TFS_1 and TFS_2. The XPS survey 

spectra for Sponge, TFS_1, and TFS_2 are presented in Fig. S1, with a comparison 

between these adsorbents before and after cisplatin adsorption. Obviously, the surface 

elemental distribution revealed by the XPS survey spectra aligns closely with the findings 

obtained from the EDS spectra (Fig. 3i-k). Then, in order to comprehend the chemical 

states of the surface elements S, Pt, and Sn, as well as their alterations before and after 

adsorption for elucidating the adsorption mechanism, fine XPS spectra of S 2p, Pt 4f, and 

Sn 3d were acquired and presented in Fig. 4. As seen in Fig. 4a, binding energy centered 

at 161.79 eV (S 2p3/2) and 163.09 eV (S 2p1/2) in the S 2p spectrum could be attributed to 

S2- of residual Na2S on TFS_1 [59]. And the observed peaks at 163.87 and 164.97 eV are 

indicative of the presence of thiol functional groups [60]. Following adsorption, the 

binding energy of S 2p exhibits a minor shift to higher value (seen in Fig. 4b), which 

could potentially arise from electron donation originating from sulfur atoms within thiol 

groups to Pt species [60]. In contrast, with regard to TFS_2 (Fig. 4c), owing to its higher 

sulfur content (1.31 ± 0.05 wt% compared to 1.04 ± 0.04 wt% for TFS_1), the S 2p 

spectrum exhibits a notably enhanced signal-to-noise ratio. Furthermore, the 

deconvolution peaks S 2p are situated at 163.63 and 164.93 eV, primarily originating from 

the R−SH [61]. And after adsorption, similar to TFS_1, this pair of S 2p peaks exhibits a 

slight shift towards higher binding energy (Fig. 4d). Concurrently, the presence of two 

spin-orbit peaks at 162.66 and 163.76 eV in the after-adsorption spectrum provides 

evidence for the formation of Pt−S bonds [62,63]. Additionally, regarding TFS_2, as 

shown in Fig. 4e, the Sn 3d spectrum can be predominantly deconvoluted into two sets of 

spin-orbit split doublet peaks. The prominent peaks at 486.68 eV (3d5/2) and 495.11 eV 

(3d3/2) primarily correspond to Sn4+ within SnO2 [64], while the doublet peaks at 485.01 

eV and 493.51 eV represent Sn0 [65].  
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Fig. 4 High-resolution XPS spectra S 2p (a-d), Sn 3d (e and f), and Pt 4f (g and h) of TFS_1 and 

TFS_2 before and after adsorption of cisplatin. 
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It can be inferred that SnCl2 compounds, following the reduction of disulfide, were 

oxidized to tetravalent SnO2. Simultaneously, a portion of them were reduced to Sn0. Two 

types of Sn compounds doping led to the formation of Sn/SnO2, a similar composite to 

those reported in other studies [64–70]. Following adsorption, the XPS spectra 

characteristics of Sn remain unchanged (by comparing Fig. 4e and f), indicating that 

despite morphological alterations observed in the SEM images (by comparing Fig. 2d and 

h), the chemical state of Sn remains basically consistent with that prior to adsorption. 

The different Pt chemical states subsequent to the adsorption of cisplatin onto TFS_1 

and TFS_2 are illustrated through the fine XPS Pt 4f spectra presented in Fig. 4g and h, 

respectively. Regarding the Pt adsorbed on TFS_1 (Fig. 4g), the 4f7/2 and 4f5/2 doublet 

peaks at 71.66 and 75.09 eV suggest the predominant presence of Pt in an unaltered 

divalent state [71,72]. However, concerning the Pt adsorption on TFS_2 (Fig. 4h), the 

peaks located at 74.07 and 77.41 eV indicate the presence of Pt4+, suggesting that the 

adsorbed Pt may be embedded in the form of PtS2 or PtO2 on Sn/SnO2 [73]. Similar 

chemical states have also been observed in other Pt/Sn or Pt/SnO2 synthetic catalyst 

systems [67,73–76]. 

3.2 Adsorption experiments  

3.2.1 Effect of solution pH on adsorption 

Fig. 5 illustrates the adsorption capacities of cisplatin onto Sponge, TFS_1, and 

TFS_2 at various pH levels. Firstly, it is evident that both thiol-functionalization schemes 

have significantly enhanced the adsorption levels of low-concentration cisplatin as 

expected. The enhancement arises from the high affinity of thiols towards Pt. Based on 

the Hard and Soft Acids and Bases (HSAB) Principle [77], Pt is categorized as a "soft" 

Lewis acid, readily forming bonds with S, which are regarded as "soft" Lewis base. The 

covalent nature of Pt−S bonds enables electron sharing and imparts stability to 

compounds or molecules containing such bonds. For instance, in the clinical utilization 
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of cisplatin, subsequent to intravenous administration, numerous investigations have 

substantiated that a considerable proportion of cisplatin can associate with various 

constituents present in the plasma prior to its interaction with intracellular DNA. Notably, 

human serum albumin, the predominant protein in human blood, has been identified as 

one such constituent, and it comprises thiol groups capable of engaging in interactions 

with the administered cisplatin [78–81]. Furthermore, in our previous study concerning 

the adsorption of trace cisplatin by thiol-functionalized sponges, the analysis of the 

coordinated environment of the adsorbed Pt was conducted using synchrotron X-ray 

absorption spectroscopy, confirming that the enhanced adsorption was dependent on the 

Pt−S bonding [34]. Meanwhile, higher adsorption capacities of TFS_2 in comparison to 

TFS_1 are also observed in Fig. 5. The differences can be ascribed, in part, to the higher 

sulfur content of TFS_2 (1.31 ± 0.05 wt% compared to 1.04 ± 0.04 wt% for TFS_1, Fig. 

2b). Additionally, as confirmed by prior XPS analysis, a portion of cisplatin tends to 

undergo oxidation and adhere onto Sn/SnO2 coated on TFS_2. 
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Fig. 5 The pH effect on adsorption of cisplatin by Sponge, TFS_1, and TFS_2 [adsorbent dosage: 10 

mg, solution volume: 2 mL, initial concentration of Pt: 235 μg L-1, T: 296 K, contact time: 24 h]. 
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The influence of pH on the adsorption capacities of cisplatin onto Sponge, TFS_1, 

and TFS_2 is generally moderate. As depicted in Fig. 5, the adsorption capacity of Sponge 

increases from 8.3 ± 0.5 to 12 ± 2 μg g-1 as the pH rises from 2 to 7. Similarly, the 

adsorption capacity of TFS_1 increases from 30.4 ± 0.1 to 40.2 ± 0.1 as the pH rises from 

2 to 4, subsequently maintaining a constant level. This phenomenon is attributed to the 

alteration of surface charge of both adsorbents due to changes in pH, thereby influencing 

electrostatic adsorption. The adsorption mechanism of cisplatin resembles its 

complexation process with DNA or proteins involving a hydration step [13,33,34,79]. As 

shown in Fig. 6a, the two chloride ligands are sequentially substituted by water molecules, 

leading to the formation of active aqua-intermediates. Then, in the subsequent 

complexation process, ligand substitution occurs with H2O ligands, resulting in cisplatin 

binding to the target site through either monodentate (blue square in Fig 6a) or bidentate 

chelation (orange square in Fig 6a).  

Fig. 6 Schematic depictions of the adsorption mechanisms of cisplatin by TFS_1 (a) and TFS_2 (b). 
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Hence, under low pH level, such as at a pH of 2, Both the surfaces of Sponge and 

TFS_1 will attain a positive charge as a consequence of the protonation of amino groups 

(Fig. 2c). Consequently, this leads to the repulsion of aqua complexes formed during the 

hydration process, specifically the cis-[PtCl(H2O)(NH3)2]+ and cis-[Pt(H2O)2(NH3)2]2+ 

cations. Conversely, low pH results in a positively charged surface for both sponges, 

thereby assisting electrostatically in the attraction of aqua-cisplatin to the adsorbent 

surface, facilitating subsequent complexation processes. However, the influence of pH on 

the adsorption of cisplatin by TFS_2 differs; as the pH increases from 2 to 7, the 

adsorption capacity decreases slightly from 50 ± 1 to 44 ± 2 μg g-1. This observation 

highlights the constrained dependence of TFS_2 on physical adsorption mechanisms, 

including the previously mentioned electrostatic interactions. 

3.2.2 Adsorption kinetics analysis 

The analysis of adsorption kinetics holds significant importance in the evaluation of 

both the adsorption rate and the mechanism governing the adsorption process. And it is a 

crucial consideration in the upscaling of cisplatin removal from hospital wastewater in 

future industrial applications. Fig.7 presents the adsorption kinetic plots of cisplatin onto 

TFS_1 and TFS_2. The steep upward trends in the curves indicate fast adsorption 

behavior for both TFSs. In the initial minutes, the adsorption capacity significantly 

increases due to the abundant active adsorption sites on the surface of TFS_1 or TFS_2. 

However, with the extension of contact duration, the rate of adsorption progressively 

diminishes, reaching equilibrium (qe of 37 ± 2 and 47.2 ± 0.3 μg g-1 for TFS_1 and TFS_2 

respectively) after approximately 40 minutes. The deceleration of adsorption is 

predominantly ascribed to the reduction of accessible adsorption sites, leading to a 

decrease in the rate of adsorption. 

Based on the determination coefficients R2 as presented in Table S1 and the fitting 

curves depicted in Fig. 7, it can be concluded that both models yield satisfactory fitting 
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results. However, the PSO model appears to slightly better suit the data fitting compared 

to the PFO model. The PSO model assumes a chemisorption mechanism for the rate-

limiting step. Chemisorption entails covalent bonding forces that arise from sharing 

electrons between the adsorbate and the adsorbent. [50,82,83]. In contrast, the PFO model 

is appropriate for describing the initial phases of adsorption, in which the governing step 

of the process is associated with either external or internal diffusion. Additionally, 

adsorbates in this context commonly manifest higher initial concentrations [82,84]. 

Conversely, the current investigation is concerned with the adsorption of the target 

cisplatin at 235 μg L-1, which is comparatively low. Hence, it can be inferred that the 

adsorption is primarily controlled by the chemical bonding interactions occurring 

between cisplatin and thiol groups, thereby aligning more closely with the postulations of 

the PSO model. 
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Fig. 7 The adsorption capacities of cisplatin onto TFS_1 and TFS_2 at various contact times, along 

with the fitted curves using the PFO and PSO models [adsorbent dosage: 10 mg, solution volume: 2 

mL, initial concentration of Pt: 235 μg L-1, T: 296 K]. 

3.2.3 Adsorption isotherms analysis 

As depicted in Fig. 8, both TFSs exhibit a marked increase in adsorption capacity of 

cisplatin with escalating initial concentrations. This enhancement is attributed to the 

heightened concentration gradient generated at the solid-liquid interface which can 
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compel cisplatin and hydrated cisplatin to diffuse toward the surfaces of TFSs, according 

to the Fick's laws of diffusion [85,86].  

 

Fig. 8 Cisplatin adsorption isotherms of (a) TFS_1 and (b) and TFS_2 at different temperatures, (c) 

and (d) depict the magnified interval of low initial concentration range [adsorbent dosage: 10 mg, 

solution volume: 2 mL, initial concentration of Pt: 47 μg L-1 - 500 mg L-1, contact time: 24 h]. 

However, of notable interest is that, as discerned from Fig. 8c and d, under the 

conditions of low concentration, the isotherms exhibit an S-shaped profile, with the 

adsorption capacity displaying gradual growth as initial concentration increase. Other 

investigations have corroborated that a portion of 3-MPA can undergo decomposition, 

yielding sulfur-containing fragments such as sulfides within the solution [34,87–90]. The 

release of these sulfur-containing fragments enhanced the formation of stable soluble Pt 

complexes, thereby resulting in reduced adsorption of cisplatin by TFS_1 and TFS_2 [91]. 

Because, at low concentrations of Pt, the adsorption process is influenced by the presence 

of ligands containing sulfur. Adsorption becomes prominent only after ligand saturation. 
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The point of inflection signifies the concentration at which Pt adsorption prevails over 

the complexation of free sulfur species [91]. Subsequently, as the initial concentration 

continues to increase, nearly all adsorption capacities exhibit a rapid augmentation, which 

gradually mitigates and transitions into adsorption saturation. 

Temperature exerted varying influences on the adsorption of cisplatin onto TFS_1 

and TFS_2. Analysis of the adsorption isotherms (Fig. 8a and c) for TFS_1 at different 

temperatures reveals a noticeable increase in adsorption as the temperature rises. This 

enhancement arises from the thermo-favored complexation between Pt and S. However, 

in the case of TFS_2 (Fig. 8b and d), increasing the temperature from 296 to 318 K results 

in a corresponding increase of the adsorption capacities, but then followed by a decline 

in adsorption capacity as the temperature further elevates to 343 K. Although increasing 

the temperature appropriately facilitates the Pt−S complexation in chemical adsorption, 

temperatures as high as 343 K should be avoided. At this temperature, as depicted in the 

SEM image (Fig. 3h) and the adsorption mechanism illustration (Fig. 6b), aggregation 

occurs in the coated-Sn/SnO2 structure, thereby influencing the deposition of Pt. 

The parameters derived from the four isotherm models chosen are summarized in 

Table S2. Overall, the provided determination coefficients R2 values range from 0.9618 

to 0.9908, indicating a good fit of the Langmuir model (only except for the adsorption 

onto TFS_1 at 296 K and TFS_2 at 343 K). This implies that the adsorption of cisplatin 

onto sponges follows monolayer adsorption behavior [34]. Concerning TFS_1, the 

adsorption isotherm at 296 K demonstrates a better fit by the Freundlich model 

(R2=0.9747) as compared to the Langmuir model (R2=0.8748). This observation indicates 

that the adsorption of cisplatin on TFS_1 at low temperatures involves a multi-layer 

adsorption behavior [92], encompassing a synergistic interplay of electrostatic adsorption 

arising from cationic hydrated Pt derivatives and protonated amino groups, or van der 

Waals interactions, in addition to Pt−S complexation. At this juncture, the distribution of 

energetically disparate adsorption sites constitutes a heterogeneous surface of TFS_1. As 
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the temperature increases, the fit of the Langmuir model to the isotherms improves 

progressively, albeit still slightly lower than the Freundlich model. This observation 

indicates that, with rising temperature, the adsorption of cisplatin becomes increasingly 

reliant on complexation with surface thiol groups, manifesting a more pronounced 

monolayer adsorption pattern. For TFS_2, upon elevating the temperature to 343 K, it 

becomes obvious that the Freundlich model (R2=0.9628) exhibits a superior level of 

fitting accuracy compared to the Langmuir model (R2=0.9166) in describing the 

adsorption isotherm. Incorporating the preceding analysis, it is evident that the 

aggregation of Sn/SnO2 at this temperature results in surface heterogeneity of TFS_2. All 

adsorptions are characterized as favorable, as evidenced by the Langmuir model-derived 

separation factor RL values ranging from 0 to 1 within the investigated concentration 

range. The predicted values for the theoretical maximum adsorption capacities (qmL) 

based on the Langmuir model closely correspond to, slightly surpassing, the 

experimentally derived actual maximum adsorption capacities. Furthermore, the Sips 

model is a hybrid model that integrates both the Langmuir and Freundlich models, 

capable of characterizing both homogeneous and heterogeneous systems. Moreover, it 

exhibits similarity to the Freundlich model under conditions of low c0 [92]. Determined 

by R2 (0.9410 - 0.9990) , the Sips model seems to exhibit favorable fitting results for all 

adsorption isotherms. However, during the process of nonlinear fitting, the parameters 

prove challenging to converge, leading to significantly higher predicted maximum 

adsorption capacities than observed experimentally. In addition, the derived values of 

mean free energy (E) from the D-R model are also calculated and listed in Table S2. The 

E values of TFS_1 at three temperatures are 8.17, 9.68 and 9.71 kJ mol-1 respectively. 

These values exceed 8 kJ mol-1 and fall within the range of 8-16 kJ mol-1, yet they are 

less than the corresponding E values for TFS_2, which are 10.59, 13.22, and 13.98 kJ 

mol-1. These findings indicate that both materials exhibited chemisorption dominance in 

the adsorption process, but notably, chemisorption played a more prominent role in the 
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adsorption process for TFS_2 [92]. This conclusion also aligns with the discussion in 

section 3.2.1, where the adsorption process of cisplatin by TFS_1 is observed to involve 

electrostatic adsorption to some extent. 

3.2.4 Adsorption thermodynamics analysis 

In order to gain deeper insights into the adsorption characteristics, the 

thermodynamics of adsorption were investigated. Utilizing the adsorption isotherms data 

acquired at various temperatures, three pivotal thermodynamic parameters, namely Gibbs 

free energy (ΔG°, kJ mol-1), the changes in enthalpy (ΔH°, kJ mol-1) and entropy (ΔS°, J 

mol-1 K-1) were calculated by the equations provided in the Supplementary data. ΔH° and 

ΔS° were determined from the slope and intercept of Van’t Hoff plots (ln K vs. 1/T) 

respectively, as illustrated in Fig. S2, and all parameters are summarized in Table S3. 

The presented ΔG° values (from -5.9 ± 0.3 to -16.3 ± 0.1 kJ mol-1) in Table S3 

indicate the spontaneous nature of the adsorption process of cisplatin onto both TFS_1 

and TFS_2. And, the cisplatin adsorption onto TFS_1 is endothermic, with a ΔH° of 39 ± 

3 kJ mol-1. Simultaneously, the observed positive ΔS° of 152 ± 11 J mol-1 K-1 indicates an 

increase in disorder at the solid-liquid interface following adsorption. The binding process 

of cisplatin onto the TFS_1 surface would conventionally be linked to a reduction in 

entropy due to conformational space limitations, thereby leading to a negative ΔS°. 

However, the contribution to the ΔS° induced by the restriction of degrees of freedom 

upon cisplatin adsorption appears to be relatively modest compared to the desorption of 

water molecules. Notably, the positive ΔS° arises from the exclusion of water molecules 

from the hydration layers encompassing both the TFS_1 and cisplatin during the 

adsorption. The complexation between cisplatin and thiol groups on TFS_1 surface 

promoted the release of water molecules, consequently fostering an escalation in disorder 

at the liquid-solid interface [93]. Similar findings have been also reported in other 

investigations employing lignocellulosic waste [94] or cellulose [95] as adsorbents. 
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Additionally, in the Van't Hoff plots presented in Fig. S2, TFS_2 exhibits a suboptimal 

linear fit. This is attributed to the significant alteration of TFS_2 morphology at higher 

temperatures, consequently affecting the adsorption system. This change is manifested by 

a trend in its impact on cisplatin adsorption, showing an initial increase followed by a 

subsequent decrease, with the maximum adsorption capacity observed at the intermediate 

temperature of 318 K. 

3.3 Comparison of cisplatin removal with adsorbents reported in the literature 

The removal efficiency of cisplatin by TFS_1 and TFS_2 was compared with that of 

other previously reported adsorbents, as listed in Table S4. Clearly, through comparison, 

TFS_1 and TFS_2 achieved excellent removal efficiencies of trace cisplatin (235 μg L-1) 

under optimal conditions, with removal rates of 95.5 ± 0.8% and 99.5 ± 0.1%, respectively. 

Notably, TFS_2 demonstrates a removal efficiency surpassing that of all previously 

reported materials, including even costly commercially available counterparts. Moreover, 

the rapid kinetic characteristics exhibited by TFS_1 and TFS_2 enhance their prospects 

for scalability in future industrial applications. Additionally, the removal efficiency of 

TFS_1 and TFS_2, synthesized with additional reduction steps, was notably superior to 

that of previously reported non-reduced counterpart of 3-mercaptopropionic acid 

functionalized sponge (88.9 ± 0.5%) [34]. This substantiates that the reduction steps, as 

anticipated, ensure a greater abundance of effective thiol adsorption sites. Furthermore, 

the employed strategy of coating with Sn/SnO2 has also been demonstrated to be effective 

in further enhancing the adsorption capacity of TFS. The commercially available 

adsorbent, 3-mercaptopropyl-functionalized silica gel, demonstrated comparable 

excellence, achieving a removal efficiency of 98.7 ± 0.1% [34]. However, its high price 

(40 € g-1) undermines its cost-effectiveness advantage. In comparison, Sponge, being a 

cheap substrate material, holds industrial applicability potential and is poised to garner 

market favor. 
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4. Conclusions 

The facile functionalization of 3-MPA on Sponge through esterification, followed by 

the reduction of oxidized thiol groups, has been proved as a viable and successful process. 

Characterizations including FTIR, EA, SEM-EDS, and XPS have proved the successful 

immobilization of thiol groups. The introduction of thiol groups exhibiting strong binding 

affinity has been observed to markedly improve the adsorption capacity for trace cisplatin. 

This observation underscores the crucial involvement of Pt−S complexation in facilitating 

chelation-dominant chemisorption. In addition to complexation, the process of cisplatin 

removal also includes a hydration step. Pre-substituting ligands with water can lead to the 

formation of active aqua-derivatives, thereby facilitating subsequent complexation 

processes. Hence, during the cisplatin adsorption on TFS_1, the cationic derivatives 

resulting from hydration can migrate towards the negatively charged surface of the 

adsorbent due to electrostatic attraction, thereby facilitating the subsequent complexation. 

In the case of TFS_2, different from TFS_1, the surface-doped Sn/SnO2 also contributes 

to the adsorption of cisplatin. XPS analysis reveals that the adsorption process involves 

Pt−S complexation, as well as the partial oxidation of cisplatin and its subsequent 

adsorption onto Sn compounds. The adsorption of cisplatin conforms to the PSO kinetic 

model, involving diffusion process followed by chemical adsorption. The Langmuir 

model adequately describes adsorption isotherms, conforming to monolayer adsorption. 

Increasing the temperature further enhances the adsorption of cisplatin onto TFSs, as the 

chemisorption predominantly governed by Pt−S complexation has been substantiated to 

be an endothermic process. However, caution should be exercised to prevent aggregation 

also induced by high temperatures, such as 343 K, on the surface coverage of Sn/SnO2 in 

TFS_2, as this morphological alteration diminishes the adsorption of cisplatin. In 

comparison with adsorbents reported in the literature, TFSs exhibit advantages in terms 

of their adsorption performance, adsorption kinetic characteristics, and cost-effectiveness. 

In summary, TFSs show potential for the treatment of hospital wastewater contaminated 
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with Pt-CDs and offer prospects for upscale implementation in industrial applications. 

Moreover, this work provide inspiration for the development of highly selective and 

affinity adsorbents for Pt-CDs in future, such as utilizing other cost-effective and readily 

available cellulose materials (biomass, agricultural waste). 

 

Acknowledgements 

This work was carried out within the scope of the RECOPHARMA project (grant 

agreement #778266) under the European Community's H2020 Program H2020-MSCA-

RISE 2017. The authors express their gratitude to Cristina Navarro Senent from the Servei 

de Microscòpia at Universitat Autònoma de Barcelona (UAB). The authors also 

acknowledge the Servei d'Anàlisi Química of the UAB for their analytical support. D. 

Han acknowledges support from the China Scholarship Council (No. 201906450024). 

 

Conflicts of Interest 

The authors declare no conflict of interest. 

  



 

 

120 

Further insight 

Reference 

[1] A.W. Prestayko, J.C. D’Aoust, B.F. Issell, S.T. Crooke, Cisplatin (cis-

diamminedichloroplatinum II), Cancer Treat. Rev. 6 (1979) 17–39. 

https://doi.org/10.1016/S0305-7372(79)80057-2. 

[2] D.B. Zamble, S.J. Lippard, Cisplatin and DNA repair in cancer chemotherapy, 

Trends Biochem. Sci. 20 (1995) 435–439. https://doi.org/10.1016/S0968-

0004(00)89095-7. 

[3] P.J. LOEHRER, Cisplatin, Ann. Intern. Med. 100 (1984) 704. 

https://doi.org/10.7326/0003-4819-100-5-704. 

[4] J. Reedijk, Why does cisplatin reach guanine-N7 with competing S-donor ligands 

available in the cell?, Chem. Rev. 99 (1999) 2499–2510. 

https://doi.org/10.1021/cr980422f. 

[5] M.R. Trendowski, O. El Charif, P.C. Dinh, L.B. Travis, M.E. Dolan, Genetic and 

Modifiable Risk Factors Contributing to Cisplatin-induced Toxicities, Clin. 

Cancer Res. 25 (2019) 1147–1155. https://doi.org/10.1158/1078-0432.CCR-18-

2244. 

[6] C. Tang, M.J. Livingston, R. Safirstein, Z. Dong, Cisplatin nephrotoxicity: new 

insights and therapeutic implications, Nat. Rev. Nephrol. 19 (2023) 53–72. 

https://doi.org/10.1038/s41581-022-00631-7. 

[7] C.W.P. Schmidt, Pediatric Oncologic Pharmacy, Springer International 

Publishing, Cham, 2019. https://doi.org/10.1007/978-3-030-10988-2. 

[8] M. Isidori, M. Lavorgna, C. Russo, M. Kundi, B. Žegura, M. Novak, M. Filipič, 

M. Mišík, S. Knasmueller, M.L. de Alda, D. Barceló, B. Žonja, M. Česen, J. 

Ščančar, T. Kosjek, E. Heath, Chemical and toxicological characterisation of 

anticancer drugs in hospital and municipal wastewaters from Slovenia and Spain, 

Environ. Pollut. 219 (2016) 275–287. 

https://doi.org/10.1016/j.envpol.2016.10.039. 

[9] S. Santana-Viera, M.E.T. Padrón, Z. Sosa-Ferrera, J.J. Santana-Rodríguez, 



 

 

121 

Further insight 

Quantification of cytostatic platinum compounds in wastewater by inductively 

coupled plasma mass spectrometry after ion exchange extraction, Microchem. J. 

157 (2020) 104862. https://doi.org/10.1016/j.microc.2020.104862. 

[10] Y. Ghafuri, M. Yunesian, R. Nabizadeh, A. Mesdaghinia, M.H. Dehghani, M. 

Alimohammadi, Platinum cytotoxic drugs in the municipal wastewater and 

drinking water, a validation method and health risk assessment, Hum. Ecol. Risk 

Assess. 24 (2018) 784–796. https://doi.org/10.1080/10807039.2017.1400372. 

[11] A.C. Johnson, R. Oldenkamp, E. Dumont, J.P. Sumpter, Predicting concentrations 

of the cytostatic drugs cyclophosphamide, carboplatin, 5-fluorouracil, and 

capecitabine throughout the sewage effluents and surface waters of europe, 

Environ. Toxicol. Chem. 32 (2013) 1954–1961. https://doi.org/10.1002/etc.2311. 

[12] N. Vyas, A. Turner, G. Sewell, Platinum-based anticancer drugs in waste waters 

of a major UK hospital and predicted concentrations in recipient surface waters, 

Sci. Total Environ. 493 (2014) 324–329. 

https://doi.org/10.1016/j.scitotenv.2014.05.127. 

[13] Y. Roque-Diaz, M. Sanadar, D. Han, M. López-Mesas, M. Valiente, M. Tolazzi, 

A. Melchior, D. Veclani, The Dark Side of Platinum Based Cytostatic Drugs: 

From Detection to Removal, Processes. 9 (2021) 1873. 

https://doi.org/10.3390/pr9111873. 

[14] Y. Ghafuria, M. Yunesian, R. Nabizadeh, A. Mesdaghinia, M.H. Dehghani, M. 

Alimohammadi, Environmental risk assessment of platinum cytotoxic drugs: a 

focus on toxicity characterization of hospital effluents, Int. J. Environ. Sci. 

Technol. 15 (2018) 1983–1990. https://doi.org/10.1007/s13762-017-1517-6. 

[15] K. Lenz, G. Koellensperger, S. Hann, N. Weissenbacher, S.N. Mahnik, M. 

Fuerhacker, Fate of cancerostatic platinum compounds in biological wastewater 

treatment of hospital effluents, Chemosphere. 69 (2007) 1765–1774. 

https://doi.org/10.1016/j.chemosphere.2007.05.062. 

[16] K. Lenz, S. Hann, G. Koellensperger, Z. Stefanka, G. Stingeder, N. 



 

 

122 

Further insight 

Weissenbacher, S.N. Mahnik, M. Fuerhacker, Presence of cancerostatic platinum 

compounds in hospital wastewater and possible elimination by adsorption to 

activated sludge, Sci. Total Environ. 345 (2005) 141–152. 

https://doi.org/10.1016/j.scitotenv.2004.11.007. 

[17] K. Kümmerer, E. Helmers, P. Hubner, G. Mascart, M. Milandri, F. Reinthaler, M. 

Zwakenberg, European hospitals as a source for platinum in the environment in 

comparison with other sources, Sci. Total Environ. 225 (1999) 155–165. 

https://doi.org/10.1016/S0048-9697(98)00341-6. 

[18] K. Lenz, S.N. Mahnik, N. Weissenbacher, R.M. Mader, P. Krenn, S. Hann, G. 

Koellensperger, M. Uhl, S. Knasmüller, F. Ferk, W. Bursch, M. Fuerhacker, 

Monitoring, removal and risk assessment of cytostatic drugs in hospital 

wastewater, Water Sci. Technol. 56 (2007) 141–149. 

https://doi.org/10.2166/wst.2007.828. 

[19] M. Mišík, M. Filipic, A. Nersesyan, M. Kundi, M. Isidori, S. Knasmueller, 

Environmental risk assessment of widely used anticancer drugs (5-fluorouracil, 

cisplatin, etoposide, imatinib mesylate), Water Res. 164 (2019) 114953. 

https://doi.org/10.1016/j.watres.2019.114953. 

[20] J.L. Wilkinson, P.S. Hooda, J. Barker, S. Barton, J. Swinden, Ecotoxic 

pharmaceuticals, personal care products, and other emerging contaminants: A 

review of environmental, receptor-mediated, developmental, and epigenetic 

toxicity with discussion of proposed toxicity to humans, Crit. Rev. Environ. Sci. 

Technol. 46 (2016) 336–381. https://doi.org/10.1080/10643389.2015.1096876. 

[21] V. Queirós, U.M. Azeiteiro, A.M.V.M. Soares, R. Freitas, The antineoplastic 

drugs cyclophosphamide and cisplatin in the aquatic environment – Review, J. 

Hazard. Mater. 412 (2021). https://doi.org/10.1016/j.jhazmat.2020.125028. 

[22] A. Castellano-Hinojosa, M.J. Gallardo-Altamirano, J. González-López, A. 

González-Martínez, Anticancer drugs in wastewater and natural environments: A 

review on their occurrence, environmental persistence, treatment, and ecological 



 

 

123 

Further insight 

risks, J. Hazard. Mater. 447 (2023) 130818. 

https://doi.org/10.1016/j.jhazmat.2023.130818. 

[23] K. Folens, A. Abebe, J. Tang, F. Ronsse, G. Du Laing, Biosorption of residual 

cisplatin, carboplatin and oxaliplatin antineoplastic drugs in urine after 

chemotherapy treatment, Environ. Chem. 15 (2018) 506–512. 

https://doi.org/10.1071/EN18115. 

[24] F. OGATA, K. INOUE, H. TOMINAGA, Y. IWATA, A. UEDA, Y. TANAKA, 

N. KAWASAKI, Use of Calcined Gibbsite to Remove Cisplatin from Aqueous 

Solutions, J. Water Environ. Technol. 12 (2014) 13–23. 

https://doi.org/10.2965/jwet.2014.13. 

[25] J. Dobrzynska, M. Dabrowska, R. Olchowski, E. Zieba, R. Dobrowolski, 

Development of a method for removal of platinum from hospital wastewater by 

novel ion-imprinted mesoporous organosilica, J. Environ. Chem. Eng. 9 (2021). 

https://doi.org/10.1016/j.jece.2021.105302. 

[26] K. Folens, A. Abebe, J. Tang, F. Ronsse, G. Du Laing, G. Du Laing, Biosorption 

of residual cisplatin, carboplatin and oxaliplatin antineoplastic drugs in urine after 

chemotherapy treatment, Environ. Chem. 15 (2018) 506–512. 

https://doi.org/10.1071/EN18115. 

[27] T. Farías, S. Hajizadeh, L. Ye, Cryogels with high cisplatin adsorption capacity: 

Towards removal of cytotoxic drugs from wastewater, Sep. Purif. Technol. 235 

(2020) 116203. https://doi.org/10.1016/j.seppur.2019.116203. 

[28] R. Lombana Fraguela, J.A. Ricardo Garcia, M.E. Villanueva Tagle, M.S. Pomares 

Alfonso, M. Cracchiolo, A. Kovačević, M. Tolazzi, A. Melchior, M. Sanadar, 

Evaluation of Dithiocarbamate-Modified Silica for Cisplatin Removal from 

Water, Processes. 11 (2023) 472. https://doi.org/10.3390/pr11020472. 

[29] C. Hernández, Y. Ramos, L.A. Fernández, O. Ledea, M. Bataller, E. Véliz, V. 

Besada, A. Rosado, Ozonation of Cisplatin in Aqueous Solution at pH 9, Ozone 

Sci. Eng. 30 (2008) 189–196. https://doi.org/10.1080/01919510801907722. 



 

 

124 

Further insight 

[30] T. Kobayashi, J. Hirose, K. Sano, N. Hiro, Y. Ijiri, H. Takiuchi, H. Tamai, H. 

Takenaka, K. Tanaka, T. Nakano, Evaluation of an electrolysis apparatus for 

inactivating antineoplastics in clinical wastewater, Chemosphere. 72 (2008) 659–

665. https://doi.org/10.1016/j.chemosphere.2008.02.020. 

[31] J. Hirose, F. Kondo, T. Nakano, T. Kobayashi, N. Hiro, Y. Ando, H. Takenaka, 

K. Sano, Inactivation of antineoplastics in clinical wastewater by electrolysis, 

Chemosphere. 60 (2005) 1018–1024. 

https://doi.org/10.1016/j.chemosphere.2005.01.024. 

[32] M. Patel, R. Kumar, K. Kishor, T. Mlsna, C.U. Pittman, D. Mohan, 

Pharmaceuticals of emerging concern in aquatic systems: Chemistry, occurrence, 

effects, and removal methods, Chem. Rev. 119 (2019) 3510–3673. 

https://doi.org/10.1021/acs.chemrev.8b00299. 

[33] D. Han, M. López-Mesas, M. Luaces, Y. Enamorado, M. Sanadar, A. Melchior, 

M. Valiente, Comparative study on removal of platinum cytostatic drugs at trace 

level by cysteine, diethylenetriamino functionalized Si-gels and 

polyethyleneimine functionalized sponge: Adsorption performance and 

mechanisms, Sci. Total Environ. 891 (2023) 164385. 

https://doi.org/10.1016/j.scitotenv.2023.164385. 

[34] D. Han, M. López-Mesas, R. Boada, T. Farías, A.R. Lazo Fraga, M. Valiente, 

Trace cisplatin and carboplatin removal by 3-mercaptopropionic acid and l-

cysteine functionalized sponges: adsorption behaviour and mechanism, Chem. 

Eng. J. 472 (2023) 144894. https://doi.org/10.1016/j.cej.2023.144894. 

[35] Y. Cao, Y. Yao, Y. Li, X. Yang, Z. Cao, G. Yang, Tunable keratin hydrogel based 

on disulfide shuffling strategy for drug delivery and tissue engineering, J. Colloid 

Interface Sci. 544 (2019) 121–129. https://doi.org/10.1016/j.jcis.2019.02.049. 

[36] E. Gross, D.B. Kastner, C.A. Kaiser, D. Fass, Structure of Ero1p, source of 

disulfide bonds for oxidative protein folding in the cell, Cell. 117 (2004) 601–610. 

https://doi.org/10.1016/S0092-8674(04)00418-0. 



 

 

125 

Further insight 

[37] D. Schilter, Thiol oxidation: A slippery slope, Nat. Rev. Chem. 1 (2017) 1–2. 

https://doi.org/10.1038/s41570-016-0013. 

[38] M. Arisawa, K. Fukumoto, M. Yamaguchi, Rhodium-catalyzed oxidation of 

unprotected peptide thiols to disulfides with oxygen in water, ACS Catal. 10 (2020) 

15060–15064. https://doi.org/10.1021/acscatal.0c04799. 

[39] V. Rathore, A. Upadhyay, S. Kumar, An Organodiselenide with Dual Mimic 

Function of Sulfhydryl Oxidases and Glutathione Peroxidases: Aerial Oxidation 

of Organothiols to Organodisulfides, Org. Lett. 20 (2018) 6274–6278. 

https://doi.org/10.1021/acs.orglett.8b02756. 

[40] A. Khazaei, M.A. Zolfigol, A. Rostami, 1,3-Dibromo-5,5-dimethylhydantoin 

[DBDMH] as an efficient and selective agent for the oxidation of thiols to 

Disulfides in solution or under solvent-free conditions, Synthesis (Stuttg). (2004) 

2959–2961. https://doi.org/10.1055/s-2004-834919. 

[41] R. Sanz, R. Aguado, M.R. Pedrosa, F.J. Arnáiz, Simple and selective oxidation of 

thiols to disulfides with dimethylsulfoxide catalyzed by 

dichlorodioxomolybdenum(VI), Synthesis (Stuttg). (2002) 856–858. 

https://doi.org/10.1055/s-2002-28520. 

[42] M. Kirihara, Y. Asai, S. Ogawa, T. Noguchi, A. Hatano, Y. Hirai, A mild and 

environmentally benign oxidation of thiols to disulfides, Synthesis (Stuttg). (2007) 

3286–3289. https://doi.org/10.1055/s-2007-990800. 

[43] X.-Y. Lou, R. Boada, V. Verdugo, L. Simonelli, G. Pérez, M. Valiente, 

Decoupling the adsorption mechanisms of arsenate at molecular level on modified 

cube-shaped sponge loaded superparamagnetic iron oxide nanoparticles, J. 

Environ. Sci. 121 (2022) 1–12. https://doi.org/10.1016/j.jes.2021.09.001. 

[44] A. POLITZER, J.C. H Teng, T.T. SINGH, T.J.C. H, T.T. SINGH, The method of 

producing a regenerated cellulose sponge, 1963. https://lens.org/073-184-824-

742-697. 

[45] P.E.L. Kyle, T.B. P, Ion exchange polymers on improved porous substrates, 1982. 



 

 

126 

Further insight 

https://lens.org/080-517-023-858-186. 

[46] X.Y. Lou, R. Boada, L. Simonelli, M. Valiente, Enhanced arsenite removal by 

superparamagnetic iron oxide nanoparticles in-situ synthesized on a commercial 

cube-shape sponge: adsorption-oxidation mechanism, J. Colloid Interface Sci. 

614 (2022) 460–467. https://doi.org/10.1016/j.jcis.2022.01.119. 

[47] N.B. Rainer, R.N. B, Polymer product for the selective absorption of dissolved 

ions, 1992. https://lens.org/018-286-240-697-194. 

[48] J.A. Muñoz, A. Gonzalo, M. Valiente, Arsenic Adsorption by Fe(III)-Loaded 

Open-Celled Cellulose Sponge. Thermodynamic and Selectivity Aspects, Environ. 

Sci. Technol. 36 (2002) 3405–3411. https://doi.org/10.1021/es020017c. 

[49] L. Chai, Q. Li, Y. Zhu, Z. Zhang, Q. Wang, Y. Wang, Z. Yang, Synthesis of thiol-

functionalized spent grain as a novel adsorbent for divalent metal ions, Bioresour. 

Technol. 101 (2010) 6269–6272. https://doi.org/10.1016/j.biortech.2010.03.009. 

[50] D. Mohan, A. Sarswat, V.K. Singh, M. Alexandre-Franco, C.U. Pittman, 

Development of magnetic activated carbon from almond shells for trinitrophenol 

removal from water, Chem. Eng. J. 172 (2011) 1111–1125. 

https://doi.org/10.1016/j.cej.2011.06.054. 

[51] J. Li, L.P. Zhang, F. Peng, J. Bian, T.Q. Yuan, F. Xu, R.C. Sun, Microwave-

assisted solvent-free acetylation of cellulose with acetic anhydride in the presence 

of iodine as a catalyst, Molecules. 14 (2009) 3551–3566. 

https://doi.org/10.3390/molecules14093551. 

[52] T. Burks, M. Avila, F. Akhtar, M. Göthelid, P.C. Lansåker, M.S. Toprak, M. 

Muhammed, A. Uheida, Studies on the adsorption of chromium(VI) onto 3-

Mercaptopropionic acid coated superparamagnetic iron oxide nanoparticles, J. 

Colloid Interface Sci. 425 (2014) 36–43. 

https://doi.org/10.1016/j.jcis.2014.03.025. 

[53] B. Parambath Kanoth, M. Claudino, M. Johansson, L.A. Berglund, Q. Zhou, 

Biocomposites from Natural Rubber: Synergistic Effects of Functionalized 



 

 

127 

Further insight 

Cellulose Nanocrystals as Both Reinforcing and Cross-Linking Agents via Free-

Radical Thiol-ene Chemistry, ACS Appl. Mater. Interfaces. 7 (2015) 16303–

16310. https://doi.org/10.1021/acsami.5b03115. 

[54] S.Y. Park, J.W. Chung, R.D. Priestley, S.Y. Kwak, Covalent assembly of metal 

nanoparticles on cellulose fabric and its antimicrobial activity, Cellulose. 19 (2012) 

2141–2151. https://doi.org/10.1007/s10570-012-9773-6. 

[55] R. Alimohammadzadeh, A.A. Rafi, L. Goclik, C.W. Tai, A. Cordova, Direct 

organocatalytic thioglycolic acid esterification of cellulose nanocrystals: A simple 

entry to click chemistry on the surface of nanocellulose, Carbohydr. Polym. 

Technol. Appl. 3 (2022) 100205. https://doi.org/10.1016/j.carpta.2022.100205. 

[56] H.Y. Choi, J.H. Bae, Y. Hasegawa, S. An, I.S. Kim, H. Lee, M. Kim, Thiol-

functionalized cellulose nanofiber membranes for the effective adsorption of 

heavy metal ions in water, Carbohydr. Polym. 234 (2020) 115881. 

https://doi.org/10.1016/j.carbpol.2020.115881. 

[57] K. Pramanik, P. Sarkar, D. Bhattacharyay, 3‑Mercapto‑propanoic acid modified 

cellulose filter paper for quick removal of arsenate from drinking water, Int. J. 

Biol. Macromol. 122 (2019) 185–194. 

https://doi.org/10.1016/j.ijbiomac.2018.10.065. 

[58] G.H. Gao, M.J. Park, Y. Li, G.H. Im, J.H. Kim, H.N. Kim, J.W. Lee, P. Jeon, O.Y. 

Bang, J.H. Lee, D.S. Lee, The use of pH-sensitive positively charged polymeric 

micelles for protein delivery, Biomaterials. 33 (2012) 9157–9164. 

https://doi.org/10.1016/j.biomaterials.2012.09.016. 

[59] L. Fan, R. Ma, Y. Yang, S. Chen, B. Lu, Covalent sulfur for advanced room 

temperature sodium-sulfur batteries, Nano Energy. 28 (2016) 304–310. 

https://doi.org/10.1016/j.nanoen.2016.08.056. 

[60] S. Zhang, Y. Zhang, J. Liu, Q. Xu, H. Xiao, X. Wang, H. Xu, J. Zhou, Thiol 

modified Fe3O4@SiO2 as a robust, high effective, and recycling magnetic 

sorbent for mercury removal, Chem. Eng. J. 226 (2013) 30–38. 



 

 

128 

Further insight 

https://doi.org/10.1016/j.cej.2013.04.060. 

[61] D.Q. Yang, B. Hennequin, E. Sacher, XPS demonstration of π-π interaction 

between benzyl mercaptan and multiwalled carbon nanotubes and their use in the 

adhesion of Pt nanoparticles, Chem. Mater. 18 (2006) 5033–5038. 

https://doi.org/10.1021/cm061256s. 

[62] D. Chen, S. Gao, F. Ur Rehman, H. Jiang, X. Wang, In-situ green synthesis of 

highly active GSH-capped Pt-Au-Ag-hybrid nanoclusters, Sci. China Chem. 57 

(2014) 1532–1537. https://doi.org/10.1007/s11426-014-5208-6. 

[63] C. Zhang, L. Gao, Q. Yuan, L. Zhao, W. Niu, P. Cai, J. Li, X. Han, Z. He, F. Gao, 

Y. Wang, H. Jiang, Z. Chai, X. Gao, Is GSH Chelated Pt Molecule Inactive in 

Anti-Cancer Treatment? A Case Study of Pt6GS4, Small. 16 (2020) 1–10. 

https://doi.org/10.1002/smll.202002044. 

[64] Y. Kim, Y. Yoon, D. Shin, Fabrication of Sn/SnO2 composite powder for anode 

of lithium ion battery by aerosol flame deposition, J. Anal. Appl. Pyrolysis. 85 

(2009) 557–560. https://doi.org/10.1016/j.jaap.2008.06.005. 

[65] H. Ma, K. Teng, Y. Fu, Y. Song, Y. Wang, X. Dong, Synthesis of visible-light 

responsive Sn-SnO 2/C photocatalyst by simple carbothermal reduction, Energy 

Environ. Sci. 4 (2011) 3067–3073. https://doi.org/10.1039/c1ee01095f. 

[66] A.K. Sinha, M. Pradhan, S. Sarkar, T. Pal, Large-scale solid-state synthesis of Sn-

SnO2 nanoparticles from layered SnO by sunlight: A material for dye degradation 

in water by photocatalytic reaction, Environ. Sci. Technol. 47 (2013) 2339–2345. 

https://doi.org/10.1021/es303413q. 

[67] F.M. Hassan, Z. Chen, A. Yu, Z. Chen, X. Xiao, Sn/SnO2 embedded in 

mesoporous carbon nanocomposites as negative electrode for lithium ion batteries, 

Electrochim. Acta. 87 (2013) 844–852. 

https://doi.org/10.1016/j.electacta.2012.09.015. 

[68] K. Kravchyk, L. Protesescu, M.I. Bodnarchuk, F. Krumeich, M. Yarema, M. 

Walter, C. Guntlin, M. V. Kovalenko, Monodisperse and inorganically capped Sn 



 

 

129 

Further insight 

and Sn/SnO2 nanocrystals for high-performance Li-ion battery anodes, J. Am. 

Chem. Soc. 135 (2013) 4199–4202. https://doi.org/10.1021/ja312604r. 

[69] A.M. Al-Enizi, M. Naushad, A.H. Al-Muhtaseb, Ruksana, S.M. Alshehri, Z.A. 

Alothman, T. Ahamad, Synthesis and characterization of highly selective and 

sensitive Sn/SnO2/N-doped carbon nanocomposite (Sn/SnO2@NGC) for sensing 

toxic NH3 gas, Chem. Eng. J. 345 (2018) 58–66. 

https://doi.org/10.1016/j.cej.2018.03.138. 

[70] S. Gao, N. Wang, S. Li, D. Li, Z. Cui, G. Yue, J. Liu, X. Zhao, L. Jiang, Y. Zhao, 

A Multi-Wall Sn/SnO2@Carbon Hollow Nanofiber Anode Material for High-

Rate and Long-Life Lithium-Ion Batteries, Angew. Chemie - Int. Ed. 59 (2020) 

2465–2472. https://doi.org/10.1002/anie.201913170. 

[71] L. Zhang, Z. Zhu, W. Tan, J. Ji, Y. Cai, Q. Tong, Y. Xiong, H. Wan, L. Dong, 

Thermal-Driven Optimization of the Strong Metal-Support Interaction of a 

Platinum-Manganese Oxide Octahedral Molecular Sieve to Promote Toluene 

Oxidation: Effect of the Interface Pt2+-Ov-Mnδ+, ACS Appl. Mater. Interfaces. 

(2022). https://doi.org/10.1021/acsami.2c16923. 

[72] L. Huang, Y. Su, R. Qi, D. Dang, Y. Qin, S. Xi, S. Zaman, B. You, S. Ding, B.Y. 

Xia, Boosting Oxygen Reduction via Integrated Construction and Synergistic 

Catalysis of Porous Platinum Alloy and Defective Graphitic Carbon, Angew. 

Chemie. 133 (2021) 25734–25741. https://doi.org/10.1002/ange.202111426. 

[73] J.M. Jacob, P.G. Corradini, E. Antolini, N.A. Santos, J. Perez, Electro-oxidation 

of ethanol on ternary Pt-Sn-Ce/C catalysts, Appl. Catal. B Environ. 165 (2015) 

176–184. https://doi.org/10.1016/j.apcatb.2014.10.012. 

[74] I. Marić, G. Dražić, E. Radin, R. Peter, M. Škrabić, T. Jurkin, A. Pustak, N. Baran, 

L. Mikac, M. Ivanda, M. Petravić, G. Štefanić, M. Gotić, Impact of platinum 

loading and dispersion on the catalytic activity of Pt/SnO2 and Pt/α-Fe2O3, Appl. 

Surf. Sci. 607 (2023). https://doi.org/10.1016/j.apsusc.2022.155073. 

[75] R. Rizo, D. Sebastián, M.J. Lázaro, E. Pastor, On the design of Pt-Sn efficient 



 

 

130 

Further insight 

catalyst for carbon monoxide and ethanol oxidation in acid and alkaline media, 

Appl. Catal. B Environ. 200 (2017) 246–254. 

https://doi.org/10.1016/j.apcatb.2016.07.011. 

[76] L. Wang, W. Wu, Z. Lei, T. Zeng, Y. Tan, N. Cheng, X. Sun, High-performance 

alcohol electrooxidation on Pt3Sn-SnO2 nanocatalysts synthesized through the 

transformation of Pt-Sn nanoparticles, J. Mater. Chem. A. 8 (2020) 592–598. 

https://doi.org/10.1039/c9ta10886f. 

[77] Ž.D. Bugarčić, J. Bogojeski, B. Petrović, S. Hochreuther, R. van Eldik, 

Mechanistic studies on the reactions of platinum(ii) complexes with nitrogen- and 

sulfur-donor biomolecules, Dalt. Trans. 41 (2012) 12329. 

https://doi.org/10.1039/c2dt31045g. 

[78] T.C. Johnstone, K. Suntharalingam, S.J. Lippard, The Next Generation of 

Platinum Drugs: Targeted Pt(II) Agents, Nanoparticle Delivery, and Pt(IV) 

Prodrugs, Chem. Rev. 116 (2016) 3436–3486. 

https://doi.org/10.1021/acs.chemrev.5b00597. 

[79] L. Kelland, The resurgence of platinum-based cancer chemotherapy, Nat. Rev. 

Cancer. 7 (2007) 573–584. https://doi.org/10.1038/nrc2167. 

[80] B.P. Espósito, R. Najjar, Interactions of antitumoral platinum-group metallodrugs 

with albumin, Coord. Chem. Rev. 232 (2002) 137–149. 

https://doi.org/10.1016/S0010-8545(02)00049-8. 

[81] A.I. Ivanov, J. Christodoulou, J.A. Parkinson, K.J. Barnham, A. Tucker, J. 

Woodrow, P.J. Sadler, Cisplatin binding sites on human albumin, J. Biol. Chem. 

273 (1998) 14721–14730. https://doi.org/10.1074/jbc.273.24.14721. 

[82] G. Feiqiang, L. Xiaolei, J. Xiaochen, Z. Xingmin, G. Chenglong, R. Zhonghao, 

Characteristics and toxic dye adsorption of magnetic activated carbon prepared 

from biomass waste by modified one-step synthesis, Colloids Surfaces A 

Physicochem. Eng. Asp. 555 (2018) 43–54. 

https://doi.org/10.1016/j.colsurfa.2018.06.061. 



 

 

131 

Further insight 

[83] S. Sen Gupta, K.G. Bhattacharyya, Kinetics of adsorption of metal ions on 

inorganic materials: A review, Adv. Colloid Interface Sci. 162 (2011) 39–58. 

https://doi.org/10.1016/j.cis.2010.12.004. 

[84] J. Wang, X. Guo, Adsorption kinetic models: Physical meanings, applications, 

and solving methods, J. Hazard. Mater. 390 (2020) 122156. 

https://doi.org/10.1016/j.jhazmat.2020.122156. 

[85] D. Han, X. Li, Z. Gong, L. Jiang, Z. Wang, P. Liu, Hierarchical Porous Catalytic 

Pyrolysis Char Derived from Oily Sludge for Enhanced Adsorption, ACS Omega. 

6 (2021) 20549–20559. https://doi.org/10.1021/acsomega.1c02575. 

[86] V.D. Chinh, L.X. Hung, L. Di Palma, V.T.H. Hanh, G. Vilardi, Effect of Carbon 

Nanotubes and Carbon Nanotubes/Gold Nanoparticles Composite on the 

Photocatalytic Activity of TiO2 and TiO2-SiO2, Chem. Eng. Technol. 42 (2019) 

308–315. https://doi.org/10.1002/ceat.201800265. 

[87] T. Yoshinaga, Y. Iso, T. Isobe, Optimizing the microwave-assisted hydrothermal 

synthesis of blue-emitting L-cysteine-derived carbon dots, J. Lumin. 213 (2019) 

6–14. https://doi.org/10.1016/j.jlumin.2019.05.003. 

[88] V. Sharma, P. Ilaiyaraja, A.C. Dakshinamurthy, C. Sudakar, One step thermolysis 

of Sb-Mercaptopropionic acid complex in ambient air atmosphere for growing 

Sb2S3 thin films with controlled microstructure, Mater. Sci. Semicond. Process. 

121 (2021) 105330. https://doi.org/10.1016/j.mssp.2020.105330. 

[89] M. Mrad, T. Ben Chaabane, H. Rinnert, B. Lavinia, J. Jasniewski, G. Medjahdi, 

R. Schneider, Aqueous Synthesis for Highly Emissive 3-Mercaptopropionic 

Acid-Capped AIZS Quantum Dots, Inorg. Chem. 59 (2020) 6220–6231. 

https://doi.org/10.1021/acs.inorgchem.0c00347. 

[90] W. JIAN, S. LIU, J. LI, W. YANG, Decomposition Reaction of Zn-MPA(3-

Mercaptopropionic Acid) Complex Under Microwave Irradiation, Chem. Res. 

Chinese Univ. 24 (2008) 353–356. https://doi.org/10.1016/S1005-

9040(08)60074-4. 



 

 

132 

Further insight 

[91] J. Laurent, M. Casellas, C. Dagot, Heavy metals biosorption on disintegrated 

activated sludge: Description of a new equilibrium model, Chem. Eng. J. 164 

(2010) 63–69. https://doi.org/10.1016/j.cej.2010.08.023. 

[92] J. Wang, X. Guo, Adsorption isotherm models: Classification, physical meaning, 

application and solving method, Chemosphere. 258 (2020) 127279. 

https://doi.org/10.1016/j.chemosphere.2020.127279. 

[93] R.M. Schneider, C.F. Cavalin, M.A.S.D. Barros, C.R.G. Tavares, Adsorption of 

chromium ions in activated carbon, Chem. Eng. J. 132 (2007) 355–362. 

https://doi.org/10.1016/j.cej.2007.01.031. 

[94] G.D. Değermenci, N. Değermenci, V. Ayvaoğlu, E. Durmaz, D. Çakır, E. Akan, 

Adsorption of reactive dyes on lignocellulosic waste; characterization, 

equilibrium, kinetic and thermodynamic studies, J. Clean. Prod. 225 (2019) 1220–

1229. https://doi.org/10.1016/j.jclepro.2019.03.260. 

[95] S. Kishani, T. Benselfelt, L. Wågberg, J. Wohlert, Entropy drives the adsorption 

of xyloglucan to cellulose surfaces – A molecular dynamics study, J. Colloid 

Interface Sci. 588 (2021) 485–493. https://doi.org/10.1016/j.jcis.2020.12.113. 

 



 

 

Further insight 

133 

Supplementary data of the manuscript: 

 

Trace cisplatin adsorption by thiol-functionalized sponge (TFS) 

and Sn/SnO2-coated TFS: adsorption study and mechanism 

investigation 

 

Dong Han a, Margarita Edelia Villanueva Tagle b, Mirella Peña Icart c, Montserrat López-

Mesas a,*, and Manuel Valiente a 

 

 

a GTS-UAB Research Group, Department of Chemistry, Faculty of Science, Universitat 

Autònoma de Barcelona, Bellaterra, (Cerdanyola del Vallès), 08193 Barcelona, Spain 

bFaculty of Chemistry, University of Havana, Havana 10400, Cuba 

cInstitute of Materials Science and Technology, University of Havana, Havana 10400, 

Cuba 

  



 

 



Further insight 

135 

The experimental kinetic data were fitted to the PFO model (eq. 1) and PSO model 

(eq. 2)[1]:  

1

. (1 )
k t

t e calq q e
−

= − (1) 

2

. 2

. 2 1

e cal
t

e cal

q k t
q

q k t
=

+
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The variables qe.cal and qt represent adsorption capacities (μg g-1) at equilibrium 

derived from models and at a given contact time t (h), respectively. The rate constant for 

PFO is denoted as k1 (h-1), while the rate constant for PSO is denoted as k2 (h-1).  

In the present study, the adsorption equilibrium data was fitted using different 

isotherm models, which are formulated as follows: 

Langmuir model (eq. 3): 
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where qmL represents the maximum adsorption capacity (μg/g). KL is the constant 

indicative of the affinity of binding sites (L μg-1). The dimensionless parameter known as 

the equilibrium parameter or separation factor, denoted RL (eq. 4), serves to characterize 

the nature of the adsorption process. Specifically, values of RL falling within the ranges 

of 0, 0 < RL < 1, 1, and >1 correspond to irreversible, favorable, linear, and unfavorable 

adsorption behaviors, respectively [2].  

Freundlich model (eq. 5): 

1/n

e F eq K c= (5) 

KF ((μg g-1)(L μg-1)1/n) and n are the Freundlich constants related to the adsorption 

capacity and intensity, respectively. Value of 1/n < 1, it indicates a normal adsorption, and 
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1/n > 1 indicates cooperative adsorption. If 1/n lies between one and ten, this indicates a 

favorable sorption process [3–6]. 

 

Sips model (eq. 6): 

The Sips model represents a hybrid model that integrates the Langmuir and 

Freundlich models [7]. Saadi et al. [8] have asserted that the Sips model is the most 

suitable 3-parameter isotherm model for monolayer adsorption. This model is capable of 

characterizing both homogeneous and heterogeneous systems. The non-linear Sips 

isotherm model is mathematically expressed by eq 6. 

 

e
1

s

e

s

e

n

mS S

n

S

q K c
q

K c
=

+
 (6) 

where qmS (μg g-1) is the maximum adsorbed amount, KS ((L μg-1)ns) and nS are the 

Sips constants. The Sips model is equivalent to the Langmuir model when nS equals 1 and 

resembles the Freundlich model under conditions of low c0. Nevertheless, it fails to 

comply with Henry's law at low c0 [9]. 

 

Dubinin-Radushkevich (D-R) model (eq. 7): 

The D-R model considers the adsorption process as occurring in a heterogeneous 

adsorbent with different adsorption energies. The model assumes a uniform distribution 

of these energies and relies on the Polanyi potential [10] to account for the variation in 

adsorption energy with coverage [11,12].  

 2

e
DRK

mDRq q e
−

=  (7) 

 
R ln s

e

c
T

c
 =  (8) 

where qmD-R (μg g-1) refers to the maximum adsorption capacity, KDR (mol2 kJ-2) 

represents the model constant, ε (kJ mol-1) is the adsorption potential based on the 

Polanyi’s potential theory [10], cs (μg L-1) denotes the solubility of adsorbates. The mean 



 

 

Further insight 

137 

free energy (E, kJ mol-1) can be determined using eq. 9, and it is commonly used to assess 

whether the adsorption process is predominantly governed by physical interactions (E < 

8 kJ mol-1) or chemical interactions (8 < E < 16 kJ mol-1) [13]. 

 1

2 DR

E
K

=  (9) 

 

Three key thermodynamic parameters, specifically the Gibbs free energy (ΔG°), 

enthalpy change (ΔH°), and entropy change (ΔS°), were determined using equations (10), 

(11), and (12), respectively.  

  R lnoG T K = −  (10) 
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−
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Where R is the ideal gas constant (8.314 J mol-1 K-1), T is the absolute temperature 

(K), K is dimensionless distribution constant. Values of ΔH° and ΔS° were obtained via 

the slope and intercept of linear Van’t Hoff plots (ln K versus 1/T). 
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Fig. S1 XPS survey spectra of (a) Sponge, (b) TFS_1, and (c) TFS_2, before and after adsorption of 

cisplatin [adsorbent dosage: 200 mg, solution volume: 40 mL, initial concentration of Pt: 100 mg L-1, 

T: 343 K, contact time: 24 h]. 
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Fig. S2 Van’t Hoff plots to determine the thermodynamic parameters of adsorption. 

 

 

Table S1. Kinetic parameters for the adsorption of cisplatin by TFS_1 and TFS_2. 

 

  

Kinetic model Pseudo-first-order Pseudo-second-order 

 qe.exp k1 qe.cal R2
 k2 qe.cal R2

 

Adsorbent μg g-1 min-1 μg g-1  min-1 μg g-1  

TFS_1 40.2 ± 0.1 0.30 ± 0.06 37 ± 2 0.9294 0.013 ± 0.004 39 ± 2 0.9311 

        

TFS_2 47.1 ± 0.7 2.2 ± 0.4 45.0 ± 0.7 0.9810 0.19 ± 0.09 45.5 ± 0.8 0.9822 
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Table S2. Adsorption isotherms parameters of TFS_1 and TFS_2 towards cisplatin 

solutions. 

*Not acceptable values, because fitting iterations do not converge easily.

Models Adsorbents TFS_1 TFS_2 

Parameters T (K) 296 318 343 296 318 343 

qm mg g-1 9.0 ±0.5 28 ± 3 51 ± 9 46 ± 2 91 ± 4 80 ± 6 

Langmuir qmL mg g-1 6.7 ± 0.6 42 ± 5 66 ± 9 42 ± 1 90 ± 3 63 ± 5 

KL x10-4 L μg-1 5 ± 3 0.05 ± 0.01 0.11 ± 0.04 6 ± 1 29 ± 1 132 ± 6 

RL 
0.004 

-0.979

0.275 

-0.999

0.154 

-0.999

0.004 

-0.974

0.001 

-0.880

0.001 

-0.618

R2 0.8748 0.9813 0.9618 0.9860 0.9908 0.9166 

Freundlich KF (μg g-1)(L μg-1)1/n 191 ± 60 23 ± 12 118 ± 48 2.0 ± 0.6 6 ± 2 3 ± 1 

1/n 0.30 ± 0.02 0.55 ± 0.04 0.49 ± 0.03 0.25 ± 0.03 0.27 ± 0.03 0.29 ± 0.04 

R2 0.9747 0.9867 0.9891 0.9614 0.9183 0.9628 

Sips qmS mg g-1 39* 92* 100* 48 ± 4 94 ± 1 90* 

KS x10-4 (L μg-1)ns 38 ± 44 0.7 ± 0.4 3 ± 2 0.009 ± 0.004 0.011 ± 0.002 0.03 ± 0.02 

ns 0.33 ± 0.07 0.69 ± 0.05 0.66 ± 0.07 0.56 ± 0.09 0.73 ± 0.03 0.42 ± 0.06 

R2 0.9756 0.9856 0.9799 0.9908 0.9990 0.9410 

D-R qmDR mg g-1 6.2 ± 0.4 19 ± 2 40 ± 3 45 ± 1 111 ± 6 76 ± 6 

KDR mol2 kJ-2 
0.007 

±0.001 

0.005 

±0.001 

0.005 

±0.001 

0.0045 

±0.0003 

0.0029 

±0.0002 

0.0026 

±0.0005 

E kJ mol-1 8.17 9.68 9.71 10.59 13.22 13.98 

R2 0.9493 0.8048 0.8931 0.9906 0.9766 0.9416 
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Table S3. Summary of thermodynamic parameters: ΔG° (kJ mol-1), ΔH° (kJ mol-1), and 

ΔS° (J mol-1 K-1). 

Adsorbents TFS_1 TFS_2 

T(K) 296 318 343 296 318 343 

Cisplatin ΔG° -5.9 ± 0.3 -9.9 ± 0.5 -13.3 ± 0.2 -13.8 ± 0.1 -16.0 ± 0.2 -16.3 ± 0.1

ΔH° 39 ± 3 * 

ΔS° 152 ± 11 * 

*Not acceptable values, because the adsorption vs. temperature curves were not monotonically increasing 

or decreasing, poor linear fit.  

Table S4. Comparison of cisplatin removal by TFS_1 and TFS_2 to commercially 

available and synthetically prepared adsorbents previously reported. 

Adsorbent Initial 

concentration 

(Pt, μg L-1) 

Contact time T 

(K) 

Removal 

(%) 

Ref. 

TFS_1 

TFS_2 

235 40 min 343 

318 

95.5 ± 0.8 

99.5 ± 0.1 

This 

study 

3-mercaptopropionic acid functionalized

sponge (no reduction step)

L-cysteine functionalized sponge (no

reduction step)

3-Mercaptopropyl-functionalized silica gel *

235 3 h 343 

343 

293 

88.9 ± 0.5 

75 ± 2 

98.7 ± 0.1 

[14] 

Cysteine-functionalized silica gel * 

3-(diethylenetriamino)propyl-functionalized 

silica gel * 

235 40 min 

24 h 

343 

318 

98.5 ± 0.1 

46 ± 3 

[15] 

Pt(II)-imprinted thiocyanato-functionalized 

SBA-15 

206 7 d 298 98.4 [16] 

Dithiocarbamate-Modified Silica 10000 1 h RT 85 [17] 

Biomass-derived adsorbents (activated 

carbon, biochar, chitosan, wood ash) 

100 24 h RT 63 ± 7 [18] 

* Commercial adsorbents purchased from Sigma-Aldrich.
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In the alchemist's dream, atoms dance in cosmic gleam. 
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The research carried out in this thesis focuses on the removal of trace amounts of Pt-

CDs from aqueous solutions using adsorption processes. Previous chapters have 

described the specific studies developed. Basically, the studies develop novel 

methodologies to remove Pt-CDs at very low concentrations. On the other hand, the 

studies also aim not only to project feasible applications to Pt-CDs polluted waters where 

the problem is the low content of these pollutants, but also to have an industrially proven 

and economically effective adsorption system. Taking into account this scenario 

conditions, the conducted study can be categorized into three distinct endeavors including 

(1) the investigation and comparison of the adsorption of Pt-CDs by three commercially 

available materials, (2) the enhancement of sponge adsorption capabilities through thiol 

functionalization, and (3) the optimization of thiol functionalization through reduction 

reactions. Now, considering the obtained results, the general discussion is categorized 

into three sections. 

4.1 A comparative study on removal of Pt-CDs at trace level by commercial 

adsorbents 

Here, we will include the main results of the specific studies. This will include both 

the adsorption capacities, the process kinetics and the application to model samples. 

4.1.1 Comparative analysis of the adsorption behavior of PtCl4
2-, cisplatin, and 

carboplatin on Si-Cys, Si-DETA, and Sponge 

The adsorption behavior of PtCl4
2- (as a model of cisplatin) onto Si-Cys, Si-DETA, 

and Sponge was influenced by pH in distinct manners. Lowering the pH of the solution 

resulted in the protonation of amino groups on the surface of Si-Cys, thereby inducing a 

positive surface charge, thus enhancing the electrostatic attraction to anionic PtCl4
2-. 

Hence a marked increase in adsorption capacity from 19 ± 4 to 45 ± 1 μg g-1 was observed 

as the pH decreased from 6 to 2. However, a comparable pH variation resulted in a slight 

enhancement in adsorption by Si-DETA and Sponge. This is hypothesized to stem from 
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the primarily amine-rich surfaces of Si-DETA and Sponge, where protonation contributes 

only to the increase in surface positive charge density, thereby reinforcing electrostatic 

attractions. Unlike Si-Cys, which can experience a shift to negative charge due to 

deprotonation of thiol and carboxyl groups at higher pH values, thereby repelling PtCl4
2-. 

However, in the case of cisplatin and carboplatin adsorption, their overall adsorption 

capacities are lower than that of PtCl4
2-, and the influence of pH is not pronounced.  

Additionally, both Si-DETA and Sponge exhibited suboptimal adsorption capacities, 

compared to Si-Cys. Unlike PtCl4
2- (with four labile Cl ligands), cisplatin (with two labile 

Cl ligands and two inert NH3 ligands) and carboplatin (with a bidentate CDDCA ligand 

and two inert NH3 ligands) pose greater challenges in complexing with the adsorbent due 

to ligand substitution. And for non-anionic cisplatin and carboplatin, electrostatic 

interactions contributes minimally; their adsorption primarily relies on complexation 

within the chemical adsorption mode, wherein Pt−S coordination is prominent. In 

summary, the adsorption pathways of both cisplatin and carboplatin differ from that of 

the template PtCl4
2-, with their adsorption predominantly governed by Pt−S complexation. 

Conversely, the adsorption of PtCl4
2- is relatively favorable due to the potential assistance 

of physical adsorption mechanisms such as electrostatic forces. 

4.1.2 Analysis of adsorption kinetics, isotherms, and thermodynamics 

Rapid adsorption kinetics were observed for all Pt compounds. The initial phase 

exhibited a swift increase in adsorption capacities during the initial few minutes due to 

the abundant active adsorption sites on the surfaces of three adsorbents. Subsequently, the 

rate of growth progressively decelerated, culminating in the attainment of adsorption 

equilibrium at approximately 40 minutes. The PSO model demonstrated superior fitting 

performance compared to the PFO model. The PSO model postulates that adsorption is 

primarily driven by chemisorption, involving complexation between Pt and surface 

functional groups such as thiol, carboxyl, and amino groups. Contrastingly, the PFO 

model is better suited for characterizing the initial external/internal diffusion stage, 
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typically observed when the initial concentration of adsorbate is relatively high. The 

target Pt complexes studied in adsorption kinetics exhibited exceedingly low initial 

concentrations (235 μg L-1), and the adsorbent possessed abundant active binding sites. 

This scenario aligns more closely with the context described by the PSO model, wherein 

chemisorption predominantly governs the adsorption process. 

In the investigation of adsorption isotherms, it is observed that within the low 

concentration range, the adsorption capacities exhibit a rapid linear increase in response 

to elevated initial concentrations of PtCl4
2-, cisplatin, and carboplatin solutions. This 

phenomenon is likely attributable to the high concentration gradient generated at the 

solid-liquid interface which can force Pt compounds to diffuse towards the surface of 

adsorbents, according to the Fick's laws of diffusion. Then, as the initial concentration 

gradually increases to several hundred mg L-1, the growth in adsorption capacity slows 

down due to nearing adsorption saturation. Based on the higher coefficients of 

determination (R2 > 0.92), it can be inferred that the Langmuir model provides a superior 

fit compared to the Freundlich model, with the exception of the cisplatin adsorption by 

Si-Cys and carboplatin adsorption by Si-DETA (where the Freundlich model 

demonstrates slight superiority). The findings indicate a monolayer adsorption behavior 

for all adsorbents concerning the adsorption of the three Pt complexes. And the adsorption 

behavior within the range of low concentrations follows a linear pattern, also confirming 

monolayer adsorption within a limited coverage in accordance with Henry's law. 

For the PtCl4
2- adsorption, increasing temperature (from 293 to 343 K) resulted in a 

slight reduction in adsorption capacities onto three adsorbents. The adsorption 

mechanism for anionic PtCl4
2- primarily involved physical adsorption forces, 

encompassing Van der Waals interactions and electrostatic attraction. Particularly, Van 

der Waals force, inherently present in adsorption processes, exhibited diminished effects 

as temperatures reached 343 K, due to its susceptibility to thermal disruption. In contrast, 

the adsorption of cisplatin exhibited distinct a different pattern, wherein high 
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temperatures notably increased the adsorption of cisplatin (initial Pt concentration: 235 

μg L-1) on Si-Cys, with maximum removal efficiency of 98.5 ± 0.1% at 343 K. Similar 

trends were observed for the adsorption of carboplatin. These findings indicate that high 

temperatures are conducive to chelation-driven chemisorption, wherein high 

temperatures promote Pt−S complexation. For Sponge and Si-DETA, their adsorption 

capacities exhibited a characteristic pattern of initial increase followed by subsequent 

decrease as the temperature was raised. Notably, the adsorption capabilities of cisplatin 

on Sponge and Si-DETA were generally improved as the temperature was raised from 

293 to 318 K. This enhancement was primarily attributed to the temperature-driven 

facilitation of Pt−N complexation. However, this complexation process was constrained 

due to the inherent unfavorable interaction between the "hard" base N and the "soft" acid 

Pt. Subsequently, the further temperature increase to 343 K accentuated the influence of 

diminished Van der Waals adsorption, culminating in a reduction of the adsorption 

capacities for both Sponge and Si-DETA.  

First, the adsorption of the three Pt complexes occurs spontaneously with a negative 

ΔG°. A comparison of ΔH° values reveals distinct differences in the adsorption of PtCl4
2- 

when contrasted with cisplatin or carboplatin. Specifically, the positive ΔH° value denotes 

an endothermic process in the cisplatin or carboplatin adsorption, in contrast to the 

exothermic nature of PtCl4
2- adsorption. Furthermore, the absolute value of ΔH° for 

cisplatin (44 ± 7 kJ mol-1) is approximately twice that for PtCl4
2- (-23 ± 6 kJ mol-1), 

demonstrating that the cisplatin adsorption by Si-Cys is more prone to chemisorption. 

This observation implies a temperature-enhanced formation of Pt−S bonds, with an 

enthalpy change surpassing that associated with physisorption. Moreover, the entropy 

changes (ΔS°) during the adsorption process of PtCl4
2- and the other two Pt-CDs on Si-

Cys exhibit opposing trends. Negative ΔS° values indicate greater order at the liquid-solid 

interface during PtCl4
2-adsorption, whereas positive ΔS° values suggest a rise in degrees 

of freedom during the adsorption of cisplatin and carboplatin onto Si-Cys. 



 

 

General discussion of the results 

151 

4.1.3 Adsorption of Pt-CDs from model samples of hospital wastewater 

Si-Cys demonstrates comparable removal efficiencies for cisplatin and carboplatin, 

with removal rates ranging from 72 ± 1% to 95 ± 1% for cisplatin and from 75 ± 1% to 

95 ± 1% for carboplatin. In undiluted urine samples, lower removal efficiencies were 

observed; additionally, the removal of cisplatin and carboplatin from analogous samples 

of hospital wastewater was lower than their removal from Milli-Q water, because of the 

complicated constituents of the urine samples. Potential interference arises from trace 

proteins present in urine. These proteins contain cystine sites capable of pre-chelating a 

fraction of Pt-CDs. Moreover, the existence of abundant components such as Cl- and NH4
+ 

in the urine matrix could potentially disrupt ligand replacement processes for cisplatin 

and carboplatin, influencing Pt complexation on the Si-Cys surface. Additionally, 

coexisting cations like Na+, K+, and Ca2+ in urine at concentrations spanning from several 

to thousands of mg L-1 contribute to increased competition for accessible adsorption sites, 

causing a minor hindrance in capturing cisplatin and carboplatin. As urine dilution 

increased, the diminishing influence of matrix effects became evident, with nearly all 

removal efficiencies reaching maximum (92 ± 1% - 95 ± 1%) from 100-time diluted urine. 

Exception was observed in the adsorption of spiked Pt-CDs (3.12 μg L-1) from 100-time 

diluted urine. After further dilution of urine samples from 10-time to 100-time, an 

unexpected reduction in removal rates was noted. However, given the exceptionally low 

initial Pt concentration (merely 3.12 μg L-1), limited efficiency in capturing Pt species at 

such minute concentrations is foreseeable. 

4.2 Improving the adsorption efficiency of industrially proven adsorbents for Pt-

CDs 

The preceding discussion in Section 4.1 has confirmed the pivotal role of thiol 

groups as high-affinity binding sites in the adsorption of Pt-CDs. Inspired by this, the 

cheap industrially proven Sponge material was chosen and functionalized to enhance its 
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Pt-CDs adsorption capacity. Specifically, functionalization was achieved through 

esterification reactions by grafting MPA and Cys onto the cellulose substrate. Here, we 

also incorporated a novel methodology to elucidate the adsorption mechanisms on the 

improved industrial adsorbent by applying synchrotron-based techniques to determine the 

Pt species. 

4.2.1 Characterization of functionalized MPA@Sponge and Cys@Sponge 

In the FTIR spectra, the functional reagent MPA exhibits a peak at 1701 cm-1 

attributed to the carboxyl C=O stretching. Conversely, Cys presents distinct bands at 1391 

and 1576 cm-1, ascribable to the symmetric and asymmetric stretching vibrations of the 

−COO− in carboxyl group. However, the characteristic peaks representing the carboxyl 

group in both MPA and Cys experience a noticeable shift upon functionalization, resulting 

in the emergence of a new absorption band at 1730 cm-1 in the spectra of both 

functionalized sponges. This is assigned to the ester C=O stretching, confirming the 

successful esterification. However, due to the low sulfur loading on the MPA@Sponge 

and Cys@Sponge, the characteristic peak of thiol groups at 2550 cm-1 is nearly absent, as 

the characteristic peak resulting from S−H stretching is inherently weak. Nonetheless, EA 

measurements indicated the presence of sulfur in both functionalized sponges after 

functionalization, with sulfur contents of 1.23 ± 0.07 wt% and 0.59 ± 0.03 wt%, 

respectively. These findings corroborate the effective immobilization of MPA and Cys on 

the Sponge, considering the negligible sulfur present in the unmodified Sponge. 

4.2.2 Studies on the batch adsorption process of cisplatin and carboplatin onto 

MPA@Sponge and Cys@Sponge 

It becomes clear that the introduction of MPA and Cys enhanced the adsorption of 

both Pt-CDs, by comparing their adsorption by Sponge. It is noteworthy that the 

adsorption enhancement in MPA@Sponge surpasses that observed in Cys@Sponge. This 

discrepancy arises from the higher sulfur content of MPA@Sponge than Cys@Sponge 
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(1.23 ± 0.07 vs. 0.59 ± 0.03 wt%, determined by EA), thereby providing a greater number 

of adsorption sites. Additionally, when compared to carboplatin, both functionalized 

sponges performed better in cisplatin adsorption. This differentiation can be due to the 

fact that cisplatin is more easily hydrated. Specifically, the Cl ligands of cisplatin, distinct 

from bidentate chelating ligand CBDCA of carboplatin, are more prone to displacement 

by water molecules. In contrast, the CBDCA ligand of carboplatin shows more resistance 

to hydration. Therefore, the resistance to hydration hinders subsequent complexation to 

thiol groups, leading to worse adsorption of carboplatin.  

All observed adsorption behaviors exhibited rapid kinetics, well fitted by the PSO 

kinetic model. Specifically, during the initial minutes, cisplatin rapidly diffused to the 

surfaces of both functionalized sponges, followed by subsequent complexation with thiol 

groups. The PSO model assumes that adsorption is dominated by chemisorption, such as 

the bonding process between target adsorbates and active binding sites. In terms of 

adsorption isotherms, based on the higher coefficients of determination (R2 > 0.96), it can 

be inferred that the Langmuir model provides a superior fit compared to the Freundlich 

model, with the exception of the cisplatin adsorption by MPA@Sponge at 318 K (where 

the Freundlich model demonstrates slight superiority). The findings indicate a monolayer 

adsorption behavior for both sponges concerning the adsorption of the both Pt-CDs. And 

the adsorption behavior within the range of low concentrations follows a linear pattern, 

also confirming monolayer adsorption within a limited coverage in accordance with 

Henry's law. 

The influence of temperature on the adsorption of Pt-CDs by functionalized sponges 

manifests distinct behavior compared to non-functionalized sponge. Thiol-modified 

sponge exhibits a temperature-favorable adsorption behavior. The adsorption process of 

Pt-CDs on both functionalized sponges is mainly dominated by Pt−S complexation and 

exhibits a pronounced thermophilic feature. Hence, increasing temperature can promote 

more Pt to be chelated by thiol groups. Moreover, it is noteworthy that the effect of 
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temperature manifests differently in the enhancement of cisplatin and carboplatin 

adsorption. In particular, the cisplatin adsorption steadily increases with each temperature 

increment, whereas the carboplatin adsorption only shows a significant increase beyond 

318 K. This phenomenon indicates that the influence of temperature on the adsorption of 

carboplatin extends beyond its impact on complexation and may potentially affect other 

processes, such as the aforementioned hydration process. Temperatures exceeding 318 K 

notably enhance the formation of aqua-derived carboplatin species. 

4.2.3 Adsorption mechanism elucidation by synchrotron XAS 

Results obtained from macro-scale batch adsorption experiments indicate that the 

adsorption of trace cisplatin and carboplatin depends on the presence of thiol groups. 

Then, in order to acquire a more profound molecular-level insight into the coordination 

environment of adsorbed Pt, Pt L3-edge XAS measurements were carried out. The 

distances and amplitudes of the primary shells containing loaded Pt on MPA@Sponge 

and Cys@Sponge exhibit similarities to the Pt−Cl contributions in K2PtCl4, which can be 

contributed by the Pt−S bonds. EXAFS fitting analysis was performed to understand the 

Pt coordination structure. The results suggest that every Pt atom is coordinated by around 

four sulfur atoms in the first coordination sphere at a distance of approximately 2.30 Å. 

These outcomes indicate that after hydration, both Pt-CDs chelated with thiol groups 

present on the functionalized sponge surface. But upon prolonged heating, partial thermal 

decomposition of MPA and Cys occurs (quantified by EA, the sulfur reduction rates for 

MPA@Sponge and Cys@Sponge were approximately 47% and 39%, respectively), 

generating sulfur-containing fragments such as sulfides in solution, that subsequently 

replace the ammonia ligands, despite their inertness. 

4.3 Further enhancing adsorption capacity of TFS through the introduction of a 

reduction process based on promising results 

As anticipated, the results in Section 4.2 validate a significant enhancement in the 
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adsorption of Pt-CDs by thiol-functionalized sponges (MPA@Sponge and Cys@Sponge). 

However, it is evident that this functionalization process can still be optimized. The 

strategy employed involves the introduction of Na2S·9H2O or SnCl2·2H2O as reducing 

agents to convert oxidized disulfides into free thiol groups, maximizing effective 

adsorption sites. This section will specifically discuss the adsorption of cisplatin by 

reduced thiol-functionalized sponges. 

4.3.1 Characterization of functionalized TFS_1 and TFS_2 before and after cisplatin 

adsorption 

FTIR analysis revealed that 3-MPA exhibited an absorption peak near 2550 cm-1 due 

to the stretching vibration of the S−H bond. However, upon loading onto TFSs, the 

presence of the inherently weak thiol feature peak at 2550 cm-1 became almost negligible 

due to the limited loading. Additionally, the absorption peak was observed at 1701 cm-1 

for 3-MPA, attributed to the stretching vibration of the C=O bond of carboxyl group. 

Notably, shifted peaks corresponding to the C=O bond at 1726 cm-1 were observed in the 

spectra of TFS_1 and TFS_2, attributed to the stretching vibration of the ester C=O bond, 

serving as evidence of successful esterification.  

In addition, EA determined sulfur contents of 1.04 ± 0.04 wt% for functionalized 

TFS_1 and 1.31 ± 0.05 wt% for TFS_2. Given the negligible sulfur content in the 

unmodified sponge, these findings further corroborate the successful immobilization of 

3-mercaptopropionic acid (3-MPA) onto the sponge substrate. Similarly, SEM-EDS and 

XPS survey spectra also qualitatively confirmed the presence of sulfur elements on 

TFS_1 and TFS_2. SEM images indicate that all sponges display a porous morphology 

distinguished by an intricate interlaced structure of interconnected channels, with 

diameters ranging from approximately 1 to 5 μm. Regarding TFS_2, its surface is coated 

with evenly distributed blister-like or bubble-like Sn compounds on the sponge substrate. 

Then, following cisplatin adsorption at 343 K for 24 h, significant morphological 
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alteration of these surface-coated Sn compounds can be observed in Fig. 3h. These 

changes manifest as uniformly sized spheres with an approximate diameter of 100 nm, 

which aggregate and exhibit a cauliflower-like pattern. 

Inference from the Sn 3d fine XPS spectra reveals that the pronounced peaks at 

486.68 eV (3d5/2) and 495.11 eV (3d3/2) predominantly correspond to Sn4+ species within 

the SnO2, while the doublet peaks observed at 485.01 eV and 493.51 eV are indicative of 

Sn0. Therefore, Sn compounds were doped onto TFS_2 in the form of Sn/SnO2. In the S 

2p spectra, deconvolution peaks were identified at 163.87 and 164.97 eV for TFS_1, and 

at 163.63 and 164.93 eV for TFS_2, confirming the existence of thiol functional groups. 

Upon adsorption, a marginal upward shift in the binding energy was observed, likely 

attributable to electron donation originating from sulfur atoms within thiol groups 

towards Pt species. The distinct Pt chemical states resulting from the adsorption of 

cisplatin onto TFS_1 and TFS_2 are elucidated through Pt 4f spectra. In the case of Pt 

adsorbed on TFS_1, the presence of the 4f7/2 and 4f5/2 doublet peaks at 71.66 and 75.09 

eV, respectively, signifies the predominant existence of Pt in an unmodified divalent state. 

Conversely, for Pt adsorption on TFS_2, the discernible peaks at binding energies of 74.07 

and 77.41 eV imply the presence of Pt4+, suggesting that the adsorbed Pt species may 

adopt forms such as PtS2 or PtO2 within the Sn/SnO2 substrate. 

4.3.2 Investigation of the batch adsorption process of cisplatin onto TFS_1 and 

TFS_2 

As anticipated, both thiol-functionalization strategies have markedly enhanced the 

adsorption capacities for low-concentration cisplatin. Increasing the solution pH leads to 

a marginal enhancement in the adsorption capacity of Sponge and TFS_1 for cisplatin. 

This can be attributed to the resulting negatively charged surface of the adsorbents, 

facilitating electrostatic attraction towards the aqua-derivatives of cisplatin formed 

through hydration. Conversely, the influence of pH variations on cisplatin adsorption by 
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TFS_2 remains negligible, suggesting a minor role of electrostatic interactions in 

influencing the adsorption onto TFS_2. Instead, the predominant mode of adsorption for 

TFS_2 is reliant on chemical complexation. 

The adsorption of cisplatin onto TFS_1 and TFS_2 conforms to the PSO kinetic 

model, indicating that cisplatin rapidly diffused from the liquid phase to the adsorbent, 

followed by subsequent chemical binding with adsorption sites. In addition, the 

adsorption isotherms of TFS_1 and TFS_2 conform primarily to the monolayer 

adsorption behavior described by the Langmuir model.  

Temperature exerts distinct effects on the adsorption of cisplatin on the two TFSs. 

Analysis of the adsorption isotherms for TFS_1 at various temperatures reveals a 

pronounced enhancement in adsorption capacity with increasing temperature. This 

observed behavior is attributed to thermal-favored complexation between the Pt center in 

cisplatin and the surface thiol groups of TFS_1. Conversely, for TFS_2, elevating the 

temperature from 296 K to 318 K leads to a corresponding increase in adsorption capacity, 

followed by a decline as temperature further rises to 343 K. While elevating the 

temperature appropriately favors Pt−S complexation in chemical adsorption, caution 

should be exercised in avoiding temperatures as high as 343 K. At this temperature, 

aggregation occurs within the coated Sn/SnO2 structure, consequently affecting the 

deposition of Pt. 

4.3.3 Comparison of cisplatin removal with adsorbents reported in the literature 

The removal efficacy of cisplatin by TFS_1 and TFS_2 was subjected to comparative 

assessment against other previously reported adsorbents. Notably, under optimized 

conditions, TFS_1 and TFS_2 manifest exceptional removal efficiencies for trace 

cisplatin (235 μg L-1), achieving removal rates of 95.5 ± 0.8% and 99.5 ± 0.1%, 

respectively. Remarkably, TFS_2 notably surpasses the removal efficiency of all hitherto 

reported materials, including expensive commercial materials. Furthermore, the rapid 
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adsorption kinetics observed in TFS_1 and TFS_2 suggest promising prospects for their 

prospective scalability in industrial applications. Additionally, the enhanced removal 

efficiency of TFS_1 and TFS_2, synthesized through additional reduction step, 

significantly outperformed the previously reported non-reduced counterpart, 

MPA@Sponge (88.9 ± 0.5%). This emphasizes the significant influence of reduction 

steps, ensuring a higher number of effective thiol adsorption sites. Furthermore, the 

utilization of Sn/SnO2 coating strategy has been demonstrated to exhibit significant 

efficacy in further enhancing the adsorption capacity of TFS. 3-mercaptopropyl-

functionalized silica gel, a commercial adsorbent, has also exhibited excellent adsorption, 

with a removal efficiency of 98.7 ± 0.1%. However, its high cost (39.4 euros/gram) 

undermines its cost-effectiveness advantage. In comparison, Sponge, being a cheap 

substrate material, holds industrial applicability potential. 

4.4 Comparison of all studied adsorbents 

In conclusion, the three key parameters of all investigated adsorbents, namely sulfur 

content, adsorption capacity, and maximum removal rate, are compared in the table below. 

It is evident from the table that the adsorption capacity of the adsorbents with respect to 

Pt-CDs is highly correlated with their sulfur content. The introduction of thiol groups into 

the Sponge, as anticipated, enhances its adsorption capabilities towards Pt-CDs. The 

adsorption capacity of TFSs has reached a level comparable to that of the commercial 

adsorbent Si-Cys. Furthermore, the incorporation of a reduction step to liberate more 

active thiol sites will further enhance the adsorption levels of TFSs, despite the sulfur 

content of TFS_1 and TFS_2 remaining consistent with that of unreduced MPA@Sponge. 

The removal of trace Pt-CDs (235 μg L-1) by functionalized sponges was also investigated 

and is presented in the table. The highest removal efficiency was observed during the 

adsorption of cisplatin on TFS_2, with a rate of 99.5 ± 0.1%. 
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Conclusions 
 



 

 

 

  

In the lab, mad scientists scheme and plot, 

seeking inventions that time forgot. 



 

 

Conclusions 

163 

The ensuing key points summarize the main conclusions drawn from the results 

detailed in present thesis work: 

 

General conclusion:  

The obtained results describe a very promising adsorption system to remove Pt-CDs 

from polluted waters at the very low concentrations found in hospital wastewaters and 

also in some municipal wastewaters. The proven benefits of the sponge adsorbent, already 

commercialized for treatment of industrial wastewaters assure for an easy scale-up of the 

improved adsorbent developed in the present thesis. 

 

Other more specific conclusions follow: 

Adsorption of PtCl4
2-, cisplatin and carboplatin onto three commercial adsorbents 

 Assisted by electrostatic adsorption, all Si-Cys, Si-DETA, and Sponge materials 

exhibit substantial removal of the anionic species PtCl4
2- (>90%), higher than that of 

cisplatin and carboplatin. Nonetheless, the adsorption of PtCl4
2- is notably pH-

dependent. Consequently, despite their structural similarities, the utilization of 

PtCl4
2- as a template for Pt-CDs should be cautiously considered. 

 Si-Cys, bearing thiol functional groups, exhibits notable removal efficiencies for 

cisplatin and carboplatin, significantly surpassing those of Si-DETA and Sponge. 

This observation underscores the pronounced dependence of cisplatin and 

carboplatin adsorption on Pt−S complexation. 

 All adsorption phenomena observed adhere to the PSO kinetic model and Langmuir 

isotherm model, signifying the monolayer chemisorption processes. 

 The adsorption of cisplatin and carboplatin on Si-Cys is characterized by an 
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endothermic process (in contrast to the exothermic adsorption of PtCl4
2-). This can 

be due to the thermophilic nature of Pt−S binding. Consequently, upon elevation to 

343 K, the removal efficiencies of cisplatin and carboplatin on Si-Cys reached 98.5 

± 0.1% and 94.1 ± 0.1%, respectively. 

 The treatment of spiked Pt-containing urine revealed the suitability of sulfur-

containing Si-Cys for treatment of Pt-CDs contained urine from patients, and 

wastewaters contaminated by it. 

Cisplatin and carboplatin adsorption onto MPA@Sponge and Cys@Sponge 

 Incorporating high-affinity thiol groups onto Sponge through esterification reactions 

to immobilize MPA and Cys has been proved to substantially improve the adsorption 

of cisplatin and carboplatin. This observation underscores the pivotal role of Pt−S 

complexation in chelation-dominant chemisorption process. 

 The application of synchrotron XAS facilitated the exploration of the coordination 

environment of trace Pt adsorbed. EXAFS analysis demonstrated the formation of 

Pt−S bonds after Pt-CDs adsorption. 

 In addition to complexation, the removal process of Pt-CDs also involved hydration 

processes. The different hydration patterns of cisplatin and carboplatin result in better 

adsorption of cisplatin than that of carboplatin. The CBDCA ligand in carboplatin 

exhibits greater hydration resistance, accounting for the observed adsorption 

discrepancy. 

 Increasing the temperature to 343 K facilitated the Pt-CDs adsorption by 

MPA@Sponge and Cys@Sponge, attributed to the thermo-favored Pt−S 

complexation. Thermodynamic investigations also substantiated that the adsorption 

process is an endothermic process. 

 The validation of MPA@Sponge for the treatment of Pt-CDs spiked urine samples 
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indicates its potential utility in disposing Pt-CDs contained urine from patients, and 

wastewaters contaminated by it. 

Adsorption of trace cisplatin by reduced TFSs 

 TFS_1 and TFS_2, synthesized through 3-MPA functionalization and reduction by 

Na2S·9H2O or SnCl2·2H2O, demonstrated maximum removal efficiencies of 95.5 ± 

0.8% and 99.5 ± 0.1%, respectively, for trace cisplatin (235 μg L-1). 

 Characterizations including FTIR, EA, SEM-EDS, and XPS have proved the 

successful immobilization of thiol groups. The introduction of thiol groups 

exhibiting strong binding affinity has been observed to markedly improve the 

adsorption capacity for trace cisplatin. 

 Pre-substituting ligands within solutions can lead to the formation of active aqua-

derivatives, thereby facilitating subsequent complexation processes. Hence, during 

the cisplatin adsorption on TFS_1, the cationic derivatives resulting from hydration 

can migrate towards the negatively charged surface of the adsorbent due to 

electrostatic attraction, thereby facilitating the subsequent complexation. 

 In the case of TFS_2, different from TFS_1, the surface-doped Sn/SnO2 also 

contributes to the adsorption of cisplatin. XPS analysis reveals that the adsorption 

process involves Pt−S complexation, as well as the partial oxidation of cisplatin and 

its subsequent adsorption onto Sn compounds. 

 The adsorption of cisplatin conforms to the PSO kinetic model, involving diffusion 

process followed by chemical adsorption. The Langmuir model adequately describes 

adsorption isotherms, conforming to monolayer adsorption.  

 Increasing the temperature further enhances the adsorption of cisplatin onto TFSs, as 

the chemisorption predominantly governed by Pt−S complexation has been 

substantiated to be an endothermic process. However, caution should be exercised to 
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prevent aggregation also induced by high temperatures, such as 343 K, on the surface 

coverage of Sn/SnO2 in TFS_2, as this morphological alteration diminishes the 

adsorption of cisplatin. 
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Future perspectives 
 



 

 

 

  

Every 'Oops' is just another opportunity to exclaim 'Wow'! 
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Given the findings presented in this work, future perspectives could encompass the 

following aspects: 

 Apart from cisplatin and carboplatin, the scope of treatment can extend to encompass 

other Pt-CDs, such as Oxaliplatin. Additionally, considering that chemotherapy often 

employs “cocktail” therapies, the residuals of cytostatics are commonly excreted as 

mixtures, contributing to the contamination of hospital wastewater. Future 

investigations could focus on addressing the treatment of multi-target, multi-

component systems in such scenarios. 

 Design and prepare selective adsorbents to achieve specific adsorption and 

separation of target Pt-CDs, providing a pathway for the recovery of Pt-CDs, thereby 

establishing a comprehensive separation-removal-recovery system. 

 Designing selective adsorbents to achieve specific adsorption and separation of target 

Pt-CDs offers a pathway for the recovery of Pt-CDs and thus establishes a 

comprehensive separation-removal-recovery system. 

 Given the intricate composition of real hospital wastewater, where feasible, it is 

advisable to directly sample wastewaters contaminated with Pt-CDs for treatment 

validation using the synthesized adsorbents presented in this thesis. 

 Although the Pt-CDs of interest are present in hospital wastewater at exceedingly 

low concentrations, the recovery of Pt, as a noble metal, warrants consideration. This 

entails investigation into the desorption process, thereby concurrently substantiating 

the reusability of the adsorbents. 

 For reasons of cost and safety, Sponge has been employed in powdered form 

throughout the scope of this thesis research to reduce experimental scale. With 

experience gained, future investigations could contemplate scaling up and employing 

its original, unground, cube form for functionalization and adsorption experiments. 
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In comparison to powders, the primary advantage of cubic sponges lies in their 

reduced flow impedance, consequently enhancing hydraulic permeability. When 

employed as column packing material, this attribute facilitates rapid passage of 

substantial volumes of wastewater without necessitating supplementary hydraulic 

driving forces. At the same time, the cube-shaped sponge will not be easily flushed 

away by the flow. So, the loss of material is controllable. 

 With the results of the batch adsorption experiment, consideration could be given to 

expanding the experimental scale to validate the efficacy of the adsorbents in the 

treatment of continuous Pt-CDs-contaminated wastewater through fixed-bed column 

adsorption. 

 While the Sponge adsorbent employed in this thesis proves to be an economical and 

well-established commercial option, the functionalization strategy on its cellulose-

based matrix has indeed yielded the intended adsorption outcomes. However, 

exploring alternative sources of cellulose as substrates could be considered as well, 

given the widespread availability and accessibility of cellulose materials, such as 

biomass. This avenue may encompass the valorization of agricultural waste for 

resourceful utilization.  
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