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REDUCTIVE REMOVAL OF TRICLOSAN 
BY Sn-BEARING MATERIALS AND CATHODE POWDER 

 RECOVERED FROM SPENT Li-ION BATTERIES 

Tin (Sn)-bearing materials, tin oxide (SnO) and elemental tin (Sn(0)), and cathode powder recovered 
from spent Li-ion batteries were examined as reductants to transform triclosan, a common antibiotic through 
batch experiments. The reductive removal of triclosan was rapidly observed within 1 h under the given con-
ditions, however, the formation of a passivation layer, mainly composed of SnO2. Tin dioxide inhibited the 
reduction reactions on the surfaces of SnO and Sn(0). In contrast, dissolved Sn2+, formed by the addi-
tion of SnCl2, could rapidly reduce triclosan within 5 h, resulting in over 95% removal. The results 
supported the notion that the inhibition of Sn2+ formation by SnO2 on the surface acted as a rate-limiting 
step in the reductive removal of triclosan by Sn(0) and SnO. Conversely, the removal of triclosan by 
cathode powder was due to sorption and reduction, and its efficacy was limited by increased pH. A syn-
ergistic combination of Sn-bearing materials and cathode powder significantly improved the reduction 
of triclosan. Our findings suggest that the application of cathode Sn(0)/SnO/cathode powder with SnCl2 
holds promise as an effective approach for the reductive transformation of triclosan in engineered sys-
tems. 

1. INTRODUCTION 

Tin, a metal relatively abundant on Earth, is used in various applications such as 
soldering, plating, chemical processes, and special alloys like brass and bronze [1]. Tin 
is known to be non-toxic when present in water, and elemental Sn(0) has been consid-
ered a reductant due to its relatively low redox potential (Eh = 0.14 V) [2]. Previous 
studies have reported the reductive transformation of carbon tetrachloride and trichlo-
roethylene by Sn(0) [3, 4]. Sn(0) has also been found to reductively transform Orange II 
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into discolored products [5]. While passivation layers hindered the reduction process in 
acidic solutions [5, 6], combining Sn(0) with ultrasound irradiation was suggested to 
enhance the reduction of nitrofunctional groups [7]. Furthermore, aromatic nitro com-
pounds were shown to be reduced by SnCl2 (Eh = 0.15 V) in acidic solutions [8]. There-
fore, it is pertinent to investigate the potential Sn(0) and SnCl2 as reductants for trans-
forming oxidized contaminants. 

To mitigate the release of CO2 into atmospheric environments, efforts have been 
increasingly made to develop electric vehicles (EVs) equipped with Li-ion batteries to 
replace fossil fuels-derived vehicles [9]. As a result, millions of tons of spent Li-ion 
batteries are expected to be generated annually when EVs are scrapped. For the sustain-
able management of spent Li-ion batteries, the reuse and recycling of these batteries 
have become essential topics to explore in recent years. In terms of reprocessing during 
the recycling procedure, two methods have been intensively studied and suggested as 
possible procedures: smelting with a furnace and wet chemical extraction [10]. Due to 
environmental concerns related to fossil fuel-derived furnaces, instead of conventional 
smelting in a mineral processing area, stepwise chemical extraction of valuable metals 
(e.g., Ni, Co, and Mn) from cathode materials recovered from mechanical separation, 
known as black powder, has been extensively investigated [11]. Currently, commercial 
reprocessing procedures have been fully established and operated in South Korea to 
produce Ni, Co, or Mn sulfate precipitates, which provide ingredients for the fabrication 
of new Li-ion batteries. Although significant progress has been made in recovering met-
als from spent Li-ion batteries from EVs, no attempts have been made to apply the cath-
ode powder for environmental applications. Using black cathode powder as it is, before 
the complicated stepwise metal-extraction procedures, could prove beneficial. 

Triclosan is an antibacterial agent frequently detected in water environments. Its 
accumulation in aquatic ecosystems and its human absorption can result in potential 
toxicity. Therefore, the study of treating waters polluted with triclosan is a crucial sub-
ject for protecting the environment. Methods to remove triclosan from the environment in-
clude adsorption, advanced oxidation, biodegradation, and combined techniques [12–15]. 
For adsorption, carbon nanomaterials, notably carbon nanotubes, also exhibit good ad-
sorption for triclosan [16]. Bionic lipophile-activated carbon has high hydrophobicity, 
whose adsorption capacity of triclosan is 395.2 mg/g, which is much higher than that of 
activated carbon (71.5 mg/g) [17]. For catalytic oxidation, laccase-catalyzed oxidation 
is one way to degrade phenolic pollutants in sewage. Maryskova et al. [18] found that 
after 24 h of catalytic oxidation, the removal rate of triclosan could reach as high as 70%. 
For photochemical oxidation, Li et al. [19] manufactured Ag/BiVO4/reduced graphene 
oxide composite by a hydrothermal strategy, which catalyzed the complete photodegra-
dation of triclosan in a concentration of 2 mg/cm3 in 100 min. For electrochemical oxi-
dation, the removal of triclosan was remarkably high (>95%) via the Fenton reaction of 
a polarized carbon electrode and cation exchange resin [20]. Recently, when Zhou et al. [21] 
applied an Mn, Fe-doped porous carbon electrode to the Fenton reaction under a wide 
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applicable pH range, it succeeded at removing triclosan from different types of water, in-
cluding river water, tap water, and sewage. Some soil organisms may also assist in the re-
moval of triclosan during biodegradation. Peng et al. [22] found that Limnodrilus hofmeister 
could significantly accelerate the reduction of triclosan via methylation and sulfation. For 
combined methods, Lin et al. [23] reported that green-synthesized Fe-Ni nanoparticles have 
promising application prospects for removing triclosan/Cu2+-mixed pollution through ad-
sorption and reduction. Microbial fuel cells mainly remove triclosan from sewage through 
adsorption and biodegradation, with high efficiency and low toxicity of the by-products, so 
they are promising for practical applications [24, 25]. 

In this study, it was hypothesized that cathode powder from spent Li-ion batteries 
and Sn-bearing materials may play a role as reductants to remove triclosan through 
sorption and reduction. The combination of cathode powder and Sn-bearing materials 
could significantly enhance the reduction of triclosan. The objectives of this study are 
to characterize the physicochemical and electrochemical properties of black cathode 
powder and Sn-bearing materials, to determine the kinetics of triclosan removal with 
cathode powder and Sn-bearing materials, to examine the possible mechanisms through 
mass balance and product identification, and to evaluate the feasibility of synergistic dos-
ages of SnCl2 with Sn(0)/SnO and cathode powder to enhance the reduction of triclosan. 
Triclosan was selected due to its well-known antibiotic properties. The electrochemical 
properties of cathode powder and Sn-bearing materials were determined. Product identi-
fication was conducted via liquid chromatography-mass spectrometry (LC-MS) analysis, 
and possible reduction mechanisms were suggested and discussed. 

2. MATERIALS AND METHODS 

Chemicals. Elemental tin powder (Sn(0), 99%), tin oxide (SnO, 95%), and SnCl2 
(99%) were purchased from Aldrich (Milwaukee, WI, USA). 2-[4-(2-hydroxyethyl)pi-
perazin-1-yl] ethanesulfonic acid (HEPES, 99%) was purchased from Sigma-Aldrich 
(Burlington, MA, USA). The cathode powder was provided by SungEeel Hitech (Gun-
san, South Korea). All chemicals were used without further treatment. 

Batch experiments. Batch reduction experiments were conducted using sealed 250-cm3 
amber borosilicate vials. All preparation procedures were conducted in an anaerobic 
glove box (Jisico, Seoul, South Korea) under N2. The dosages of reductants amounted 
to 0.5, 5.0, or 50 g/dm3, and the initial concentration of triclosan was 21.8 mg/dm3 
(0.0753 mM). The solution was deoxygenated by purging it with N2 for at least 30 min 
in the glove box. The triclosan solution contained 0.1 M HEPES to maintain a constant 
pH of 7.4 throughout the experiment. Each vial was sealed with a Mininert valve (VICI, 
Baton Rouge, LA, USA) and low-permeability vinyl tape (Scotch 471, 3M, St. Paul, 
MN, USA). All vials were placed horizontally on an orbital shaker at 150 rpm through-
out the experiment except during sampling. At various elapsed times, a 1-cm3 aliquot 
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was withdrawn using a glass syringe through the Mininert valve and immediately passed 
through a 0.20-µm cellulose syringe filter (Millipore, MA) before chemical analysis. 

Chemical analysis.Triclosan was analyzed using an UltiMateTM 3000 HPLC system 
(Dionex, Sunnyvale, CA, USA) equipped with an Acclaim® 120 guard column (4.3×10 mm, 
Dionex) and an Acclaim® 120 C18 column (4.6×250 mm, 5 µm, Dionex). A mixture of 
methanol and water (60:40, v/v) was used as the mobile phase at a flow rate of 1.0 cm3/min, 
and the sample injection volume was 100 µL. The UV detector’s wavelength was set at 
224 nm. The retention time of triclosan was 8.2 min. For quantification purposes, a cal-
ibration plot was constructed within the range of the experimental concentrations used 
(R2 > 0.99). A standard solution of triclosan was used to confirm the accuracy and pre-
cision of the triclosan concentration in HPLC analysis. The total organic carbon (TOC) con-
centration was determined using a TOC analyzer (TOC-L, Shimadzu, Kyoto, Japan). To 
identify the redox-transformed products, LC-MS analysis (1200 series, Agilent, Santa Clara, 
CA, USA) was conducted with a Symmetry C18 column (4.6×150 mm, 5 µm, Waters, Mil-
ford, MA, USA). A mixture of acetonitrile and deionized water (80:20, v/v) served as an 
eluent at a flow rate of 0.8 cm3/min, and the UV wavelength was set at 220 nm. For mass 
spectrometry, both electron spray ionization and atmospheric pressure chemical ionization 
modes were utilized as ion sources, and the mass range covered 50–3000 (m/z) with a scan 
speed of 2600 amu/s. 

The physicochemical properties of Sn-bearing materials and cathode powder, in-
cluding pH, point of zero charge, and BET surface area, were determined according to 
the methods suggested elsewhere [26, 27]. The electrochemical properties of Sn-bearing 
materials and cathode powder were evaluated in terms of electron-donating capacity 
(EDC) and electron-accepting capacity (EAC) according to the method described by 
Aeschbacher et al. [28]. The measuring processes were carried out in a nitrogen-filled 
anoxic acrylic glove box using an IVIUMSTAT potentiostat (Ivium Technologies, Eind-
hoven, the Netherlands) with three-electrode configurations. The working electrode was 
a pure platinum plate (1×1 cm), while a pure Pt strip and a KCI-saturated Ag/AgCl 
electrode served as the counter and reference electrodes, respectively. Detailed proce-
dures were outlined in our previous paper [29]. The surface chemical forms of the Sn- 
-bearing material were examined using X-ray photoelectron spectroscopy (XPS, K-alpha, 
Thermo Fischer, Waltham, MA, USA) using an Al Kα monochromator (1.487 keV). 

3. RESULTS AND DISCUSSION 

3.1. PROPERTIES OF Sn-BEARING MATERIALS AND CATHODE POWDER 

pH of Sn(0) and SnO solution was slightly acidic and slightly alkaline, measuring 
5.6 and 7.3, respectively (Table 1). Consequently, their points of zero charge values were 
5.2 and 7.0, respectively. These pH values indicate that increasing pH in the presence 
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of water may not inhibit the reductive transformation of triclosan by Sn-bearing mate-
rials. The pH decrease caused by SnCl2 was significantly substantial. The solution’s pH 
decreased to 1.4, strongly suggesting that SnCl2 could be highly favorable for triclosan 
reduction. However, the insolubility of Sn(0) and SnO, along with their low BET surface 
areas (0.32 and 2.29 m2/g) might not be conducive to the reductive transformation of 
triclosan. It appears that acidic pH conditions with strong acid might be necessary to 
dissolve Sn(0) and SnO in the solution. Consequently, the black cathode powder from 
spent Li-ion batteries exhibited an extremely high pH (11.5) and a relatively high BET 
surface area (5.29 m2/g), implying that the solution’s pH might hinder the reduction of 
triclosan due to the formation of OH– in the presence of water.  

Ta b l e  1  

Properties of cathode powder and Sn-bearing materials 

Material Purity 
[%] pHa Point  

of zero chargeb 
BET surface area  

[m2/g]c 
Water solubility 

[g/dm3] 
Cathode powder – 11.5 11.6 5.29 not available 
Sn(0) 99 5.6 5.2 0.32 insoluble 
SnO 95 7.3 7.0 2.29 insoluble 
SnCl2 99 1.4 1.3 not available 839 

a Determined by the method of Rump and Krist [26]. 
b Determined by the method of Faria et al. [27]. 
c Analyzed by nanoPOROSITY-XQ (Mirae Scientific Instrument, South Korea). 

 

Ta b l e  2  

Elemental contents obtained from XRF analysis of cathode powder [wt. %] 

Co Ni Mn Fe Cu Ba Cl Cd 
18.17 75.38 1.23 3.01 3.26 1.45 0.29 0.24 

 
According to an elemental analysis by XRF (Table 2), besides Ni, Co, and Mn, the 

contents of Fe and Cu were 3.01 and 3.26%, respectively, indicating that such transition 
metals might act as reductants for triclosan’s reductive transformation. It was previously 
reported that the chemical forms of cathode materials may include LiNixMnyCozO2 (lith-
ium nickel manganese cobalt oxide), LiNiCoAlO2 (lithium nickel cobalt aluminum ox-
ide), LiNi0.89Co0.05Mn0.05Al0.01O2 (lithium nickel cobalt manganese aluminum oxide), 
LiMn2O4 (lithium manganese oxide), LiFePO4 (lithium iron phosphate), and LiCoO2 
(lithium cobalt oxide) according to the manufacturing company [30]. To assess their 
potential as reductants in the water system, the EAC and EDC of Sn(0) and SnO were 
determined through mediated reduction and oxidation reactions, following the electro-
chemical methods proposed by previous researchers [28, 29]. As shown in Table 3, EAC 
values of Sn(0) and SnO were higher than EDC values, indicating that the surfaces of Sn(0) 
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and SnO were oxidized and that electrons might not be easily released from the surface due 
to the oxidation of Sn(0) and SnO. Conversely, the EDC of cathode powder (0.0812±0.0095 
mmol/g) was more than twice as large as the EAC (0.0325±0.0122 mmol/g), suggesting 
that cathode powder might have a significant potential to act as a reductant for triclosan. 
The electrochemical properties of Sn-bearing materials and cathode powder revealed 
that cathode powder could be more favorable as a reductant. 

Ta b l e  3  

Electron donating capacity (EAC), electron accepting capacity (EDC),  
and electron exchange capacity (EEC) of Sn-bearing materialsa [mmol/g] 

Material EAC EDC EECc 
Sn(0) 0.0499±0.0083 0.0066±0.0004 0.0565±0.0087 
SnO 0.0129±0.0014 0.0085±0.0005 0.0275±0.0019 
Cathode powder 0.0325±0.0122 0.0812±0.0095 0.1137±0.0217 

a EAC and EDC according to Aeschbacher et al. [28], EEC is the sum of both. 

3.2. REDUCTIVE REMOVAL OF TRICLOSAN  
BY Sn-BEARING MATERIALS AND CATHODE POWDER 

The removal of triclosan in the presence of the Sn-bearing materials and cathode 
powder is shown in Fig. 1. To minimize the effect of pH, the batch experiments were 
designed to incorporate HEPES buffer into the solution to maintain a pH of 7.4. How-
ever, in the presence of Sn(0), SnO, and SnCl2, the solution’s pH decreased from 6.4 to 
6.3, 5.4, and 2.7, respectively.  

 

Fig. 1. Removal of triclosan by cathode powder and Sn-bearing materials.  
The dosage was 0.5 g/dm3. The initial concentration of triclosan (C0) is 21.8 mg/dm3 
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It appears that electrons generated from Sn-bearing materials might produce hydro-
gen ions during the reactions: 

 Sn(0) + 2H2O → SnO2 + 4H+ + 4e, Eh = 0.235 V (1) 

 SnO + H2O → SnO2 + 2H+ + 2e, Eh = 0.961 V (2) 

 Sn2+ + 2H2O → SnO2 + 4H+ + 2e, Eh = 0.094 V (3) 

Thus the solution’s pH was not controlled with HEPES buffer. As shown in Fig. 1, 
0.5 g/dm3 of Sn-bearing materials exhibited an abrupt triclosan removal within 1 h. 
Sn(0) and SnO showed approximately 45% of removal in 1 h. With 0.5 g/dm3 of SnCl2, 
81% of triclosan was removed from the solution in 1 h. After 1 h, triclosan removal 
slowed significantly until 24 h. The reactivity of Sn(0) and SnO almost completely 
stopped after 1 h, probably due to surface passivation, which hindered further oxidation 
of Sn(0) and SnO. Regarding SnCl2, the dissolved Sn2+ was rapidly oxidized to Sn4+  

(Eh = 0.15 V), which promptly precipitated in the system. The reduction decrease might 
be attributed to the limited number of electrons generated from 0.1 g of SnCl2, and the 
dosage of SnCl2 might act as a rate-limiting step. Unlike the Sn-bearing materials, pH 
rapidly increased to 10.6 in the presence of cathode powder, like other elements such as 
Fe [31]. The addition of cathode powder decreased the concentration of triclosan by 
20% in 24 h. Probably triclosan gradually decreased, likely due to the limited amount 
of cathode powder. Controlling pH at 7.4 using HEPES buffer did not significantly en-
hance triclosan removal. To decisively determine the reductive removal of triclosan by 
Sn-bearing materials and cathode powder, increasing the dosage is necessary. 

 

Fig. 2. Impact of dosage (5.0 and 50.0 g/dm3) on triclosan removal  
by cathode powder and Sn-bearing materials 
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Increasing the dosage significantly improved triclosan removal under the provided 
conditions (Fig. 2). Elevating the cathode powder dosage to 50 g/dm3 resulted in com-
plete triclosan removal within 1 h, suggesting that the reductive removal of triclosan 
with 0.5 g/dm3 of cathode powder may be a surface area-limiting reaction. Concerning 
Sn(0) and SnO, increasing the dosage did not notably alter the extent of triclosan removal 
under the given conditions. In the presence of 50 g/dm3 of Sn(0) and SnO, 55–60% of triclo-
san was removed within 6 h (Fig. 2). The results indicated that the surface area of Sn-
bearing materials was not the primary factor influencing the limited triclosan removal 
by the Sn-bearing materials and that the surface passivation of the Sn-bearing materials 
might be responsible halting triclosan removal. To identify SnO2 formation, XPS anal-
ysis was conducted. As shown in Fig. 3, the peaks of Sn4+ at 495.38 eV and 486.70 eV 
of binding energy were increased for Sn(0) and SnO, confirming the presence of SnO2 
on the surface of the Sn-bearing materials. It is inferred that additional treatment condi-
tions such as sonication, strong acidic pH, and stepwise dosing might be required to 
overcome the hindrance of the passivation layer. 

 

Fig. 3. XPS spectra (Sn 3d) of Sn-bearing materials: 
a) Sn(0) and b) SnO before and after the removal of triclosan 
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To examine the dechlorination of triclosan by the Sn-bearing materials and cathode 
powder, the concentration of chloride (Cl–) in the solution was determined with 0.5 g/dm3 
of the Sn-bearing materials and cathode powder. In the control containing Sn(0) and 
SnO in the presence of deionized water, no chloride ions were observed, while the con-
trol group with cathode powder showed a chloride concentration of 1.2 mg/dm3 in the 
solution. Considering background chloride concentration and the initial concentration of 
chlorine (0.2259 mM) corresponding to the initial concentration of triclosan (0.0753 mM), 
the mass recovery of chlorine as chloride was calculated. The chloride concentration in so-
lution with Sn(0) and SnO in the presence of triclosan remained on the level 3.6–3.8 mg/dm3 
over 24 h, representing 44–48% of initial chlorine concentration (Fig. 4).  

 

Fig. 4. The formation of chloride during the removal of triclosan 
 by cathode powder and Sn-bearing materials. The dosage was 0.5 g/dm3 

This chlorine mass recovery was similar to the extent of triclosan removal in the 
presence of 0.5 g/dm3 of Sn(0) and SnO (Fig. 1). The cathode powder also exhibited 
mass recovery of 22% as chloride over 24 h, similar to ca. 20% of removal of triclosan. 
The addition of SnCl2 resulted in the formation of 6.6 mg/dm3 of chloride over 24 h, 
corresponding to an 82% mass recovery of chloride (data now shown), which closely 
matched the extent of triclosan removal (Fig. 1). These results indicate that triclosan 
was dechlorinated by Sn-bearing materials and cathode powder, and the removal of 
triclosan primarily resulted from reductive transformation. 

3.3. ELUCIDATION OF REDUCTION MECHANISMS AND ENVIRONMENTAL IMPLICATIONS 

To confirm the dechlorination of triclosan, an LC-MS analysis was performed. For 
the Sn-bearing materials and cathode powder, in addition to triclosan (m/z = 288.7), 
dechlorinated products (m/z = 252.9 and 218.8) were identified in the Sn(0) and SnO 
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systems, suggesting the release of 1–2 chlorine atoms from triclosan in these systems. 
However, fully dechlorinated products were not found in the mass spectra, implying that 
the reductive transformation of triclosan was limited in the presence of Sn(0) and SnO. 
As shown in Fig. 2, although the dosage of Sn(0) and SnO was increased to 50 g/m3 
under the given conditions, the reduction was not greatly promoted, probably due to 
strong surface passivation. One potential method to overcome this hindrance could in-
volve creating acidic conditions to reduce passivation layer formation. To maintain an 
acidic pH, 0.5 g of SnCl2 was added to 0.5 g of Sn(0), SnO, or cathode powder. The 
combination of SnCl2 with the Sn-bearing materials or cathode powder reduced the so-
lution’s pH to 1.9–2.1 under the given conditions. As expected, the triclosan removal 
was correspondingly elevated to 75–85% removal within 7 h, suggesting that acidic 
conditions play a critical role in enhancing the reduction of triclosan by Sn-bearing ma-
terials and cathode powder (Fig. 5).  

 

Fig. 5. Removal of triclosan by cathode powder/Sn(0)/SnO in the presence of SnCl2.  
The dosage of SnCl2 and Sn(0)/SnO/cathode powder was 2.5 g/dm3, respectively 

Among these conditions, triclosan removal by cathode powder was significantly en-
hanced by adding SnCl2, indicating that the removal of the passivation layer on the cath-
ode powder’s surface was more effective than that of the Sn-bearing materials. Ultra-
sound sonication might enhance the removal of the passivation layer on the Sn-bearing 
materials [7]. Additionally, a stepwise dosage at regular intervals could accelerate the 
removal of the passivation layer to enhance the reductive transformation by Sn-bearing 
materials. The effectiveness of these enhancement methods still requires further exam-
ination. The effects of solution pH, sonication, and dosage method on the degradation 
of triclosan by Sn-bearing materials and cathode powder will be reported soon. It should 
be noted that due to the high values of Ni and Co, their recovery may be essential. 
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Therefore, after applying the cathode powder for the removal of triclosan via sorption 
and reduction, subsequent recovery processes should be followed. So far, pyrometallur-
gical and hydrometallurgical processes, which emit large amounts of CO2, and are costly 
and unsafe, were proposed for the recovery process [32, 33]. As a result, much effort 
has been made to develop safe and cost-effective processes. It is reasonable that these 
newly developed recovery procedures may be applied after triclosan removal. 

4. CONCLUSIONS 

Sn-bearing materials and cathode powder recovered from spent Li-ion batteries 
were examined as reductants for transforming triclosan, a common antibiotic, through 
batch experiments. The reductive removal of triclosan by Sn(0) and SnO was rapidly 
observed within 1 h under the given conditions. However, further removal was limited 
regardless of the dosage of Sn-bearing materials and pH changes. It was revealed that 
the formation of a passivation layer, primarily composed of tin dioxide (SnO2), ac-
counted for the halt of reduction reactions at the surface of SnO and Sn(0). Conversely, 
the removal of triclosan by cathode powder was limited by an increase in pH. A synergistic 
dosage of SnCl2 with Sn-bearing materials and cathode powder could significantly enhance 
the reduction of triclosan by reducing pH levels. Our findings suggest that the application 
of cathode powder/SnO/Sn(0) with SnCl2 might present a promising approach for the re-
ductive transformation of triclosan in the environmental remediation of contaminated water 
and soil. 

ACKNOWLEDGMENTS 

This work was supported by the Regional Innovation Cluster Development (R&D) by the Ministry of 
Trade, Industry and Energy (MOTIE, Korea), project Open Innovation Project for Convergence Industry 
of Battery/Fuel Cell for Mobility Electrification and Energy Production/Storage, P0025406. This research 
was also in part supported by the National Research Foundation of Korea Grant and funded by the Korean 
government under the Ministry of Science and Information Technology, No. 2020R1A2C1010855. 

REFERENCES 

[1] SMITH P.J., Chemistry of Tin, Springer, Glasgow 1998. 
[2] US Department of Health and Human Services (HHS), Toxicological Profile for Tin and Tin Com-

pounds, Agency for Toxic Substances and Disease Registry, Atlanta, GA, 2005. 
[3] BORONINA T., KLABUNDE K.J., SERGEEV G., Destruction of organohalides in water using metal parti-

cles. Carbon tetrachloride/water reactions with magnesium, tin, and zinc, Environ. Sci. Technol., 1995, 
29, 1511–1517. DOI: 10.1021/es00006a012. 

[4] SU C., PULS R.W., Kinetics of trichloroethene reduction by zerovalent iron and tin. Pretreatment effect, 
apparent activation energy, and intermediate products, Environ. Sci. Technol., 1999, 33, 163–168. DOI: 
10.1021/es980481a. 



112 S.-Y. OH et al. 

[5] NISHIDE S., SHODA M., Biodegradation of two aromatic amines produced from the decolorization of 
Orange II by zero-valence tin, J. Water. Environ. Technol., 2011, 9, 89–100. DOI: 10.2965/jwet.2011.89. 

[6] ŠERUGA M., METIKOŠ-HUKOVIĆ M., Passivation of tin in citrate buffer solutions, J. Electr. Chem., 
1992, 334, 223–240. DOI: 10.1016/0022-0728(92)80574-N. 

[7] LOPES R.P., DE URZEDO A.P.F.M., NASCENTES C.C., AUGUSTI R., Degradation of the insecticides thiameth-
oxam and imidacloprid by zero-valent metals exposed to ultrasonic irradiation in water medium: elec-
trospray ionization mass spectrometry monitoring, RCM, 2008, 22, 3472–3480. DOI: 10.1002/rcm.3749. 

[8] BELLAMY F.D., OU K., Selective reduction of aromatic nitro compounds with stannous chloride in non acidic 
and non aqueous medium, Tetrah. Lett., 1984, 25, 839–842. DOI: 10.1016/S0040-4039(01)80041-1. 

[9] CASALS L.C., MARTINEZ-LASERNA E., GARCÍA B.A., NIETO N., Sustainability analysis of the electric vehicle 
use in Europe for CO2 emissions reduction, J. Clean. Prod., 2016, 127, 425–437. DOI: 10.1016/j.jclepro. 
2016.03.120. 

[10] YAO Y., ZHU M., ZHAO Z., TONG B., FAN Y., HUA Z., Hydrometallurgical processes for recycling spent lith-
ium-ion batteries. A critical review, ACS Sustain. Chem. Eng., 2018, 6, 13611–13627. DOI: 10.1021 
/acssuschemeng.8b03545. 

[11] PINEGAR H., SMITH Y.R., Recycling of end-of-life lithium-ion batteries, part II: Laboratory-scale re-
search developments in mechanical, thermal, and leaching treatments, J. Sustain. Metall., 2020, 6, 
142–160. DOI: 10.1007/s40831-020-00265-8. 

[12] IKEHATA K., EL-DIN M.G., SNYDER S.A., Ozonation and advanced oxidation treatment of emerging 
organic pollutants in water and wastewater, Ozone Sci. Eng., 2008, 30, 21–26. DOI: 10.1080 
/01919510701728970. 

[13] TOHIDI F., CAI Z., Fate and mass balance of triclosan and its degradation products. Comparison of three 
different types of wastewater treatments and aerobic/anaerobic sludge digestion, J. Hazard. Mater., 2017, 
323, 329–340. DOI: 10.1016/j.jhazmat.2016.04.034. 

[14] YU B., ZHENG G., WANG X., WANG M., CHEN T., Biodegradation of triclosan and triclocarban in sew-
age sludge during composting under three ventilation strategies, Front. Environ. Sci. Eng., 2019, 13, 
41. DOI: 10.1007/s11783-019-1125-4. 

[15] ALVES D., VILLAR I., MATO S., Thermophilic composting of hydrocarbon residue with sewage sludge 
and fish sludge as cosubstrates. Microbial changes and TPH reduction, J. Environ. Manage., 2019, 
239, 30–37. DOI: 10.1016/j.jenvman.2019.03.028. 

[16] ZHANG X.R., SONG K.H., LIU J.F., ZHANG Z.Y., WANG C.C., LI H.Y., Sorption of triclosan by carbon 
nanotubes in dispersion: the importance of dispersing properties using different surfactants, Colloid 
Surf. A, 2019, 562, 280–288. DOI: 10.1016/j.colsurfa.2018.11.037. 

[17] KAUR H., HIPPARGI G., POPHALI G.R., BANSIWAL A., Biomimetic lipophilic activated carbon for en-
hanced removal of triclosan from water, J. Colloid. Interf. Sci., 2019, 535, 111–121. DOI: 
10.1016/j.jcis.2018.09.093. 

[18] MARYSKOVA M., RYSOVA M., NOVOTNY V., SEVCU A., Polyamide-laccase nanofiber membrane for 
degradation of endocrine-disrupting bisphenol A, 17 alpha-ethinylestradiol, and triclosan, Polymers, 
2019, 11, 11560. DOI: 10.3390/polym11101560. 

[19] LI M., XU G.H., GUAN Z.Y., WANG Y., YU H.W., YU Y., Synthesis of Ag/BiVO4/rGO composite with 
enhanced photocatalytic degradation of triclosan, Sci. Total Environ., 2019, 664, 230–239. DOI: 
10.1016/j.scitotenv.2019.02.027. 

[20] GARCÍA-ESPINOZA J.D., ROBLES I., GIL V., BECERRIL-BRAVO E., BARRIOS J.A., GODÍNEZ L.A., Electro-
chemical degradation of triclosan in aqueous solution. A study of the performance of an electro-Fen-
ton reactor, J. Environ. Chem. Eng., 2019, 7 (4), 103228. DOI: 10.1016/j.jece.2019.103228. 

[21] ZHOU X.L., XU D., CHEN Y.C., HU Y.Y., Enhanced degradation of triclosan in heterogeneous E-Fen-
ton process with MOF-derived hierarchical Mn/Fe@PC modified cathode, Chem. Eng. J., 2020, 384, 
123324. DOI: 10.1016/j.cej.2019.123324. 



 Reductive removal of triclosan by Sn-bearing materials 113 

[22] PENG F.J., YING G.G., PAN C.G., SELCK H., SALVITO D., VAN DEN BRINK P.J., Bioaccumulation and bio-
transformation of triclosan and galaxolide in the freshwater oligochaete Limnodrilus hoffmeisteri in a wa-
ter/sediment microcosm, Environ. Sci. Technol., 2018, 52, 8390–8398. DOI: 10.1021/acs.est.8b02637. 

[23] LIN Y.Q., JIN X.Y., OWENS G., CHEN Z.L., Simultaneous removal of mixed contaminants triclosan and 
copper by green synthesized bimetallic iron/nickel nanoparticles, Sci. Total Environ., 2019, 695, 
133878. DOI: 10.1016/j.scitotenv.2019.133878. 

[24] WANG L., LIU Y., WANG C., ZHAO X., MAHADEVA G.D., WU Y., MA J., ZHAO F., Anoxic biodegradation 
of triclosan and the removal of its antimicrobial effect in microbial fuel cells, J. Hazard. Mater., 2018, 
344, 669–678. DOI: 10.1016/j.jhazmat.2017.10.021. 

[25] XU W.L., JIN B., ZHOU S.F., SU Y.Y., ZHANG Y.F., Triclosan removal in microbial fuel cell: the contribution 
of adsorption and bioelectricity generation, Energies, 2020, 13, 761–770. DOI: 10.3390/en13030761. 

[26] RUMP H.H., KRIST H., Laboratory Manual for the Examination of Water, Wastewater and Soil, VCH, 
New York 1988. 

[27] FARIA P., ÓRFÃO J., PEREIRA M., Adsorption of anionic and cationic dyes on activated carbons with 
different surface chemistries, Water Res., 2004, 38, 2043–2052. DOI: 10.1016/j.watres.2004.01.034. 

[28] AESCHBACHER M., SANDER M., SCHWARZENBACH R.P., Novel electrochemical approach to assess the redox 
properties of humic substances, Environ. Sci. Technol., 2010, 44, 87–93. DOI: 10.1021/es902627p. 

[29] SEO Y.D., OH S.Y., RAJAGOPAL R., RYU K.S., Redox‑reactive contaminant removal using biochar‑coated 
metals: the role of electrochemical properties, Int. Environ. Sci. Technol., 2022, 19, 4209–4220. DOI: 
10.1007/s13762-021-03452-6. 

[30] MURDOCK B.E., TOGHILL K.E., TAPIA‐RUIZ N., A perspective on the sustainability of cathode materials 
used in lithium‐ion batteries, Adv. Energy Mater., 2021, 2102028. DOI: 10.1002/aenm.202102028. 

[31] FU F., DIONYSIOU D.D., LIU H., The use of zero-valent iron for groundwater remediation and wastewater 
treatment. A review, J. Hazard. Mater., 2014, 267, 194–205. DOI: 10.1016/j.jhazmat. 2013.12.062. 

[32] AN L., Recycling of Spent Lithium-Ion Batteries, Springer, Cham 2019. 
[33] JUNG J., SUI P.C., ZHANG J., Hydrometallurgical Recycling of Lithium-Ion Battery Materials, CRC 

Press, Boca Raton 2023. 


	Reductive Removal of Triclosan by Sn-bearing Materials and Cathode Powder  Recovered from Spent Li-ion Batteries
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	3.1. Properties of Sn-bearing materials and cathode powder
	3.2. Reductive removal of triclosan  by Sn-bearing materials and cathode powder
	3.3. Elucidation of reduction mechanisms and environmental implications

	4. Conclusions
	Acknowledgments
	References



