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ABSTRACT 31 

 32 

In recent years, the interest in determining the chemical composition of textile products 33 

has increased among the scientific community and regulatory agencies, driven by 34 

toxicological issues and environmental concerns. Chemical elements are naturally present 35 

in clothing as natural fibers or intentionally added during manufacture. Some of them 36 

show physical-chemical properties that allow their absorption through the skin. In 37 

addition, chronic situations increase the dermal exposure capacity. Because of age-38 

specific behavioral characteristics and underdeveloped physiological function, children 39 

may be especially sensitive to exposure to trace elements. This study aimed to analyze 40 

the levels of twenty trace elements in 120 clothing items commercialized in Spain. Textile 41 

products for pregnant women and children <36 months old were included. The potential 42 

health implication of this dermal exposure in early life was also evaluated. Aluminum, 43 

zinc, and titanium showed the highest concentrations, with median levels of 27.6, 5.6, and 44 

4.2 mg/kg, respectively. Since chromium is employed as a metal complex dye in synthetic 45 

fibers, high levels of this element were found in black polyester. Dermal exposure to 46 

titanium, which is a ubiquitous element in clothes made of synthetic fibers, was associated 47 

with a hazard quotient (HQ) higher than the threshold value (HQ>1), with values of 1.13 48 

for pregnant women and 1.22 for newborns. On the other hand, HQ values of other 49 

elements and cancer risks were lower than the recommended values. Assessing early-life 50 

exposure to toxic elements can help to identify potential sources and to prevent or reduce 51 

human exposure, mainly in vulnerable groups.  52 

 53 

Keywords: clothes, textile, dermal exposure, trace elements, ICP-MS.  54 

 55 

56 
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1. Introduction 57 

Dietary intake is the most important source of prenatal exposure to toxicants during 58 

pregnancy. Chemicals may accumulate and cross the placenta, exposing the fetus to a 59 

mixture of hazardous substances (Bocca et al., 2019; Souza et al., 2020; Urbano et al., 60 

2022). After birth, early exposure continues through the ingestion of breast milk, which 61 

may also contain traces of chemicals (Oliveira et al., 2020; Castro et al., 2021; Rovira et 62 

al., 2022). In addition, other potential routes, such as air inhalation and skin contact, may 63 

also contribute to the uptake of toxicants (Rovira et al., 2015; Herrero et al., 2019; Herrero 64 

et al., 2020; Souza et al., 2022). 65 

Usually, the skin acts by inhibiting the chemical entrance into the human body. 66 

However, some toxic elements present physical-chemical properties that allow their 67 

absorption through the skin, with long-term exposure increasing dermal exposure 68 

capacity. Dermal absorption is identified as one of these minor exposure pathways. 69 

Notwithstanding, the relevance of this route versus other significant sources has not been 70 

well assessed, especially in some population subgroups, such as pregnant women and 71 

newborns (Rovira and Domingo, 2019; Chen et al., 2022; Souza et al., 2023a,b).  72 

In recent years, there has been an increasing trend to use new chemical additives in 73 

clothing in the textile industry. Most of these substances are intentionally added to 74 

provide additional properties to textile materials, improving their elasticity and 75 

breathability (Rovira and Domingo, 2019; Filella et al., 2022). Among them, trace 76 

elements may be used as catalysts during fabric manufacture, antimicrobials, water 77 

repellents, odor-preventive agents, and complex metal dyes (Sarayu and Sandhya, 2012; 78 

Rovira et al., 2015; Rovira and Domingo, 2019; Sima, 2022). For example, approximately 79 

80% of leathers are chrome-tanned. Typically, textile dyeing use elements like vanadium 80 

(V), chromium (Cr), barium (Ba), lead (Pb), copper (Cu), cobalt (Co), and nickel (Ni), 81 

while iron (Fe) and manganese (Mn) are used in bleaching processes (Rujido-Santos et 82 

al., 2022). Polyester fibers usually contain traces of antimony (Sb), resulting in their use 83 

as a catalyst during polyester polymerization and as a flame-retardant synergist (Rovira 84 

et al., 2015; Rovira et al., 2017b; Herrero et al., 2019; Biver et al., 2021).  85 

Chemical elements may be toxic to human health at high levels or also in chronic 86 

exposure situations, being able to bioaccumulate and form complexes with biological 87 

enzymes. Essential elements (i.e., zinc (Zn), Cu, and Mn) show human toxicity when their 88 

concentrations exceed the threshold. In addition, when elements assume different 89 
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chemical forms, their toxicity can be drastically altered. Pb, cadmium (Cd), and Ni may 90 

induce carcinogenic events or multi-organ toxicity (Batista et al., 2009; Jaishankar et al., 91 

2014; Rovira et al., 2015; Letinic et al., 2016; Gupta et al., 2019, Chen et al., 2022; Kim 92 

et al., 2022; Urbano et al., 2022).  93 

Because they do not own entirely developed biological systems, newborns and 94 

children are particularly vulnerable to environmental pollutants. In addition, they have a 95 

higher food intake per body weight in comparison to adults. Early exposure to metals has 96 

been associated with birth outcomes, including preterm birth and impaired fetal growth 97 

(Souza et al., 2022). A number of studies confirm the presence of high levels of metals in 98 

the body of children (Jaishankar et al., 2014; Chen et al., 2022; Urbano et al., 2022; Souza 99 

et al., 2020; Zheng et al., 2023).  100 

The Developmental Origins of Health and Disease (DOHaD) hypothesis postulates 101 

that exposure to some toxic elements influences the critical development and growth, 102 

including fetal and perinatal stages, which may significantly affect an individual’s short- 103 

and long-term health (Mandy and Nyirenda, 2018). Overall, prenatal and postnatal 104 

periods are probably critical windows susceptible to environmental chemical exposure 105 

predisposing to non-communicable diseases (Sanders et al., 2018). Concerning this, it is 106 

essential to identify and estimate the contribution of all the exposure pathways to toxic 107 

metals, either individually or as chemical mixtures. Various metals have been associated 108 

with neurodevelopmental disorders. Adverse cognitive function and neurotoxicity effects 109 

have been observed after Pb and mercury (Hg) exposure (Chen et al., 2022; Urbano et al., 110 

2022).  111 

Chemical elements can occur naturally in the fibers structure (Velusamy et al., 112 

2021). However, applying natural dyes for coloring fibers may be more beneficial 113 

compared to synthetic dyes, as the latter can cause toxic effects due to their toxic metal 114 

content (Rana et al., 2022). The textile industry is one of the most polluting industrial 115 

sectors, being responsible of the release of a wide variety of chemical pollutants into the 116 

environment. Regarding this, the use of organic cotton has been demonstrated to 117 

contaminate much less than other conventional fabrics, being a sustainable option (Hasan 118 

et al., 2022; Goyal and Parashar, 2023). Life cycle assessment studies indicate that 119 

organically grown cotton has notable potential impact savings in terms of global warming, 120 

acidification, eutrophication, blue water consumption, and primary energy demand (PE 121 

International, 2014; Avadí et al., 2020). Unfortunately, and with a few exceptions focused 122 

on a selective group of substances (Herrero et al., 2022a,b), there is no reliable 123 
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information on the health benefits of wearing organic cotton instead of regular cotton 124 

regarding the presence of chemical pollutants in the fabrics. 125 

The present study aimed to analyze the concentration of twenty trace elements, 126 

including both toxic and essential, in the clothing of pregnant women, newborns, and 127 

toddlers commercialized in Spain. The dermal absorption of these chemicals through the 128 

same skin-contact clothes was also estimated. The associated health risks were also 129 

assessed. 130 

 131 

2. Materials and methods 132 
 133 

2.1. Sample selection 134 

Textile samples, currently available in the Spanish market, were purchased in 135 

April 2021. Up to 120 clothing items for pregnant women and children <36 months old 136 

were bought in hypermarkets, chain stores, small retailers of Tarragona County 137 

(Catalonia, Spain), and online shops. The whole set included skin-contact clothing for 138 

pregnant women (n=40; i.e., elastic T-shirts, jeans/trousers/leggings, bras and panties), 139 

for newborns aged <12 months old (n=30; i.e., bodysuits, pyjamas, and socks), and for 140 

toddlers ranging 12–36 months (n=50; i.e., pyjamas, underwear, T-shirts, dresses, and 141 

trousers/leggings). The percentage of clothes, according to coloring, fiber material, 142 

official certification, place of purchase, and country of manufacture, are summarized in 143 

Table 1. Table S1 (Supplementary Information) provides complete information on each 144 

sample. Around 50% of the samples were organic, made either of organic cotton or 145 

chemical-free. After being purchased, all samples were immediately stored at room 146 

temperature until their analysis.  147 

 148 

2.2. Microwave digestion 149 

Sample preparation for determining trace chemical elements was separately 150 

performed according to the fiber type of the manufactured cloth. For cotton samples 151 

(natural fibers with >80% of cotton), an amount of 0.3 g of each garment was completely 152 

digested with 6 mL of HNO3 (65% Suprapur, E. Merck, Darmstadt, Germany) and 3 mL 153 

of H2O2. In turn, synthetic samples made of polyamide or polyester, or mixed samples 154 

containing <80% of cotton, were subjected to acid digestion. An amount of 0.2 g of the 155 

garment was treated with 1.5 mL of H2SO4 (96% Suprapur, E. Merck), and 6.5 mL of 156 

HNO3 (65% Suprapur, E. Merck). Irrespective of the material, all samples were digested 157 

in a Milestone Start D Microwave Digestion System for 5 min at 105°C, 5 min at 150°C, 158 
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5 min at 180°C, and finally 10 min at 200°C, performing temperature exchange in 10-159 

minute ranges. After cooling, extracts were filtered and brought to a volume of 25 mL 160 

with distilled water. 161 

 162 

2.3. Instrumental analysis 163 

The levels of aluminum (Al), antimony (Sb), arsenic (As), barium (Ba), bismuth 164 

(Bi), boron (B), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), 165 

manganese (Mn), mercury (Hg), molybdenum (Mo), nickel (Ni), silver (Ag), strontium 166 

(Sr), tin (Sn), titanium (Ti) and zinc (Zn) were determined by inductively coupled plasma 167 

mass spectrometry (ICP-MS, Perkin Elmer Elan 6000). Standards, blanks, and replicates 168 

of the samples were included during the analysis. The limits of detection (LOD) were the 169 

following: 0.04 μg/g for Ag; 0.08 for Ba, Bi, Cd, Co, Mo, Pb, and Sn; 0.17 μg/g for As, 170 

Cu, Cr, Hg, Ni, and Sr; 0.42 μg/g for Ti; 0.83 μg/g for B, Mn, and Sb; 1.67 μg/g for Al; 171 

and 1.83 μg/g for Zn. 172 

 173 

2.4. Exposure and health risk assessment  174 

Concentration data of the trace elements in clothing were used to assess dermal 175 

exposure and the associated health risks. Exposure was estimated for three different 176 

groups: pregnant women, newborns (<12 months old), and toddlers (boys and girls, 12–177 

36 months old) based on the following equation (Eq. 1) developed by the European 178 

Chemical Agency (ECHA, 2016): 179 

 180 

Eq. 1:             Expderm =
Fcloth x dcloth x Askin x Fmig x Fcontact x Fpen x Tcontact x n

BW
 181 

 182 

Expderm is the dermal exposure expressed in mg/(kg·day), Fcloth is the fraction 183 

of element in clothes (mg/mg), dcloth is the density of the clothing (mg/cm2), Askin is 184 

the skin area covered by the clothing (cm2), Fmig (%) is the migration fraction of 185 

substance from cloth to skin, Fcontact is the fraction of contact area for skin 186 

(dimensionless), Fpen is the penetration rate of the element (dimensionless), Tcontact is 187 

the duration of the clothing skin contact (day), n is the number of events per day (1/day), 188 

and BW is the body weight (kg). All dermal exposure parameters are summarized in Table 189 

S2 (Supplementary Information). 190 
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Non-carcinogenic risks were determined by calculating the hazard quotient (HQ). 191 

HQ corresponds to the quotient between exposure and the dermal reference dose (RfDd). 192 

The carcinogenic risk was calculated by multiplying the exposure by the respective 193 

dermal slope factor (SFd). RfDs and SFs were obtained from the Regional Screening 194 

Level from the US EPA Preliminary Remediation Goals (US EPA, 2021). 195 

 196 

2.5. Data analysis 197 

Data analysis was performed using the IBM SPSS Statistics Software® version 198 

28.0 (IBM Corp. Released 2020, Armonk, NY, USA). For statistical purposes, results 199 

below the respective LODs were assumed to equal one-half of that limit (ND = ½LOD). 200 

The Kolmogorov–Smirnov test was used to assess the distribution of the values. The 201 

Kruskal–Wallis tests for non-parametric data were used to assess group differences. The 202 

effect size (Epsilon Squared - 2) approach assessed the statistical difference between 203 

groups. The results with 2 values higher than 0.15 showed significance (2  < 0.01 - Very 204 

small; 0.01 <= 2 < 0.06 – Small; 0.06 <= 2 < 0.14 – Medium, and 2 >= 0.14 – Large). 205 

 206 

3. Results 207 

3.1. Occurrence of trace chemical elements in clothing  208 

The descriptive analysis of the concentrations of twenty trace elements in skin-209 

contact clothing samples (n = 120) commercialized in Spain is summarized in Table 2. 210 

The individual values of the element levels in all samples are given in Table S3 211 

(Supplementary Information). The levels of As, Bi, Cd, and Hg were below their 212 

respective LODs in all the analyzed clothes. Some elements (i.e., Ag, B, Co, Mo, Sb, and 213 

Sn) showed a detection rate lower than 50%, while Al and Ba were detected in all samples. 214 

Aluminum, Zn, and Ti presented the highest median concentrations: 27.6, 5.55, and 4.17 215 

mg/kg, respectively. The levels of Ag in the current samples were below the LOD (0.04 216 

mg/kg), while Zn showed a median concentration of 5.55 mg/kg in all the clothes (Table 217 

2). Considering the textile items individually, the highest level of Al was found in sample 218 

#91 (toddlers dress, white and blue, 100% organic cotton). Zinc was detected at high 219 

levels in sample #21 (pregnant women’s bra, black, 100% recycled polyester), while Ti 220 

was relatively abundant in sample #104 (toddlers t-shirt, blue and red, 100% organic 221 

cotton) (Table 2).  222 



8 
 

In general terms, higher levels were observed in dark colors than in lighter ones 223 

for all analyzed elements. Higher Cr levels were found in samples of dark clothing, with 224 

a mean concentration of 141 mg/kg in black samples and 2.39 mg/kg in blue clothing. In 225 

all cases, Co concentrations were below the LOD (<0.04 mg/kg), except for black clothes 226 

(mean: 8.07 mg/kg). Pb showed low and similar values irrespective of the clothing color 227 

(range: 0.09 to 0.19 mg/kg). Copper showed a median concentration of 1.16 mg/kg, with 228 

a 94% of detection rate. Interestingly, Cu, used in dyes production, presented a greater 229 

value (up to 15.7 mg/kg) in printing clothes (a mixture of colors). In turn, differences 230 

were found when comparing dyeing and printing clothes. Aluminum, Cu, and Zn showed 231 

high values in dyeing clothes (130 vs. 92.1 mg/kg 2 = 0.095, 17.1 vs. 5.49 mg/kg 2 = 232 

0.161, and 52.0 vs. 10.2 mg/kg 2 = 0.076, respectively). In contrast, Cr, Sb, and Ti 233 

presented higher levels in printing clothes (17.4 mg/kg 2 = 0.075, 8.39 mg/kg 2 = 0.083, 234 

and 112 mg/kg 2 = 0.079).  235 

The type of material could influence the type of trace elements found. In the 236 

current survey, the median concentration of Sb in clothing was lower than its respective 237 

LOD, with a mean value of 7.48 mg/kg and a 22% of detection rate. Clothes made of 238 

polyester showed an Sb content of 49.4 mg/kg, a value higher than in other fibers (cotton, 239 

elastane, and polyamide). The levels of Ti in synthetic fibers were higher than in natural 240 

fibers, highlighting items made of polyester and polyamide (mean: 449 and 255 mg/kg, 241 

respectively).  242 

Barium and Mn showed higher eco-clothes levels than those made of conventional 243 

cotton (6.15 vs. 1.22 mg/kg, 2 = 0.275; and 1.99 vs. 1.23 mg/kg 2 = 0.327, respectively). 244 

Other chemical elements followed the same pattern (Figure 1). On the other hand, Sb was 245 

the only element that showed a large difference (considering epsilon squared higher than 246 

0.14) according to the place of manufacture, with higher concentrations in clothes made 247 

outside the EU (3.03 vs. 8.98 mg/kg, 2 = 0.305).  248 

The levels of trace elements in clothes from pregnant women, newborns, and 249 

toddlers are shown in Table 4. Generally, lower values were observed in newborn clothes 250 

(12-36 months old). A difference was observed for Al when comparing the clothes of 251 

newborns and pregnant women (15.5 vs. 164 mg/kg; 2 = 0.423) and Cu between garments 252 

for newborns and toddlers (3.68 vs. 16.2 mg/kg; 2 = 0.144). 253 

 254 

 255 
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3.2. Health risk assessment 256 

Data on human exposure to trace elements according to the three population 257 

subgroups and the type of cloth (i.e., t-shirts, jeans, panties, pyjamas, bodies, socks, 258 

underwear, and dresses) are shown in Table 5. In general terms, the greater the 259 

concentration of the trace element in clothing, the greater the risk of dermal absorption. 260 

Consequently, also a higher probability of adverse health effects occurrence. 261 

Children's exposure to trace elements is generally greater than that of adults, 262 

considering their high exposure to chemicals and low body weight. A simulation of a real 263 

exposure situation was performed by considering the sum of all clothes used by each 264 

population group. Higher values of dermal exposure were observed for pregnant women 265 

and toddlers than newborns. However, no significant differences were detected between 266 

the groups. Regarding the individual target elements, the highest dermal exposure in 267 

pregnant women corresponded to Al and Ti (1.28·10-5 and 1.13·10-5 mg/kg/day, 268 

respectively), while As and Hg contribution was notably lower (6.94·10-9 and 1.30·10-8 269 

mg/kg/day, respectively). Globally, values on dermal exposure were relatively low. 270 

However, it must be highlighted that the present study was focused only on dermal 271 

exposure through direct-contact clothing. Thus, the potential contribution of other 272 

exposure routes was neglected.  273 

Data on dermal exposure were used to estimate the hazard quotient (non-274 

carcinogenic risks) and cancer risk (CR). Chemicals are considered hazardous to human 275 

health when the HQ value exceeds 1. HQ values are summarized in Table 6. No data were 276 

provided for Bi because a dermal RfD is unavailable yet. In turn, health risks for Hg 277 

through clothing were not calculated because this element was not detected in any sample. 278 

Titanium showed HQ values higher than 1 for pregnant women (1.13) and newborns 279 

(1.22). In contrast, the HQ calculated for other elements was below the threshold.  280 

Cancer risks were calculated for As, Cr, and Pb since they are the only elements 281 

for which an SFd value is available. The results of the carcinogenic risks associated with 282 

exposure to trace elements through clothing are depicted in Figure 2. In all cases, the risks 283 

were below the threshold value of 10-5, which is considered acceptable according to 284 

international standards, acceptable below 10-6 (US. EPA, 2005).  285 

 286 

4. Discussion  287 

Trace elements may come from specific and different stages of industrial 288 

production. Some of them are added to textile manufacturing to improve the quality of 289 
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the material, while others are present in raw fiber or as dyes and pigments. Moreover, 290 

using inorganic-based compounds as functional additives in textiles can lead to 291 

heterogeneity in the element composition of clothing, being difficult to identify their 292 

general usage and co-associations of elements (Rovira and Domingo, 2019; Fillela et al., 293 

2022). Taking this into account, data were also treated according to specific parameters, 294 

such as the color of the fiber type. 295 

Chromium, Pb, Cu, and Co are often used as metal complex dyes. Specifically, 296 

Cr is employed as a metal complex dye (acid dye) in polyamide fibers, mainly for dark 297 

clothes (Rovira et al., 2015, 2017a,b; Herrero et al., 2020; Chen et al., 2022). The results 298 

of the current survey also support this evidence that dark clothing presented higher levels 299 

of Cr, Co and Pb than light coloured clothing. Manganese compounds (such as MnO2) 300 

can effectively remove the color from certain dyes and pigments. Therefore, this element 301 

is frequently used to bleach clothes and decolorize raw textile material by removing the 302 

coloring components that are inherent or bonded to the fibers. In the present study, the 303 

median concentration of Mn found in white clothes was 1.37 mg/kg. Although Mn is an 304 

essential element, it also shows a toxicity profile (i.e., neuro- and immune toxicity) when 305 

reaching high exposure rates (>3mg/day) (Batista et al., 2009). The essentiality versus 306 

toxicity of chemical elements is an issue of public health concern, mainly in situations of 307 

overexposure in early life. In this survey, the median value of Mn -determined in all 308 

clothes- was 0.97 mg/kg. 309 

Synthetic and natural fibers showed different elemental compositions due to the 310 

difference in the sources of raw materials used (Sungur and Gulmez, 2015; Rovira et al., 311 

2017a; Herrero et al., 2019, 2020). Synthetic fibers are made from petroleum-derived 312 

materials, being the elemental composition of these fibers is determined by their 313 

production processes, such as polymerization. Antimony trioxide (Sb2O3) is a catalyst for 314 

synthesizing polyester fibers, being used in the textile industry associated with 315 

decabrodiphenyl ether for flame retardant properties. It is therefore expected that their 316 

concentration is higher in fibers made from polyester than from other materials (cotton, 317 

elastane, and polyamide), as shown by the results of this study. However, Sb is a toxic 318 

element that can cause respiratory and skin irritation (Rovira et al., 2015, 2017a; Herrero 319 

et al., 2019; Filella et al., 2022). Fortunately, the amount of antimony used in polyester 320 

production is typically low, and government agencies, such as the US Environmental 321 

Protection Agency, tightly regulate it.  322 
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Titanium has many applications in the textile industry. Titanium oxide (TiO2) may 323 

be used for antimicrobial activities in synthetic fibers, in clothes with UV filter properties, 324 

and also as a pigment (Rovira et al., 2015, 2017a; Herrero et al., 2019; Filella et al., 2022). 325 

The levels of Ti in synthetic fibers were higher than in natural fibers. These results 326 

confirm the previous findings of Rovira et al. (2017a), who detected levels of 23.6 vs. 327 

2.69 mg/kg in synthetic and natural fibers, respectively. Besides the TiO2, nanoparticles 328 

of Ag and the zinc oxide (ZnO) present antibacterial and antifungal activities and UV 329 

protection for polyester fiber.  330 

The chemical elements present in natural fibers depend on the exposure-grown 331 

location and environmental conditions. Zinc and Cu are essential trace elements naturally 332 

present in cotton fiber. They are found in the soil, absorbed by the plant, and incorporated 333 

into the thread (Filella et al., 2022; Hasan et al., 2022). In this study, Zn and Cu showed 334 

contents of 12.9 and 33.9 mg/kg, respectively, in clothes made of cotton. These values 335 

were higher than those found in synthetic fibers. Cotton plants can also absorb toxic 336 

metals, such as Cd and Pb. Natural fibers were classified into conventional and organic 337 

cotton (eco-clothes). Differences in trace element contents -according to cotton 338 

production- are depicted in Figure 1. Organic cotton is grown without synthetic pesticides 339 

and fertilizers, thus reducing the risk of soil contamination with toxic elements, including 340 

Cd, Pb, and As. Moreover, organic farming practices reduce the uptake of metals by 341 

plants. It is important to note that metals in cotton do not necessarily mean human health 342 

risks. Compared to synthetic fibers, the burdens of trace elements in these fibers are 343 

generally low and typically well below the safety limits set by regulatory agencies (Rovira 344 

et al., 2017a; Hasan et al., 2022; Goyal and Parashar, 2023).  345 

For increased consumer safety and reliability, some textile products may own a 346 

specific OEKO-TEX® Standard 100 certificate, indicating that the product has been tested 347 

for harmful substances, including toxic elements (Pb, Cd, As, Hg, and Cr). These certified 348 

products may be made with natural and synthetic fibers. The threshold of this certificate 349 

is applied to the finished product, including all parts that are in direct contact with the 350 

skin, besides buttons and zippers. Table 3 summarizes, for each trace element, the 351 

threshold established by the Eco Guidelines (European Commission, 2014) and the 352 

analyzed concentration on garments of the present study. As expected, the contents of 353 

most trace elements were lower than their respective threshold in textiles. In addition, Cu 354 

presented lower levels in certified clothes than in non-certified items (2 = 0.097). 355 

Similarly, the concentrations of Pb and Ni were below the established thresholds. 356 
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However, further analyses should be performed since both elements are toxic and showed 357 

a high detection rate (71% and 95% for Pb and Ni, respectively). In contrast, the levels of 358 

Cr were higher than the threshold for this metal. It must be stated that only Cr(VI) is 359 

carcinogenic, and chemical speciation of Cr to differentiate the content of Cr(III) and 360 

Cr(VI) was not performed in this study.  361 

Another critical variable was the country of manufacture. In 2018, European 362 

Union added a new restriction on hazardous substances (carcinogenic, mutagenic, or toxic 363 

for reproduction - category 1A or 1B) in clothing, other textiles, and footwear in the 364 

Regulation (EU) 2018/1513 (Annex XVII to REACH regulation) (EC, 2018). Hence, 365 

some toxic elements, like As, Cd, Cr(VI), and Pb, are restricted in homogeneous textile 366 

materials, with a maximum concentration limit by weight of 1 mg/kg. In this study, the 367 

levels of As and Cd were below their respective LODs. Pb levels were 0.11 and 0.17 368 

mg/kg in clothes manufactured in the EU and non-European countries, respectively. 369 

Anyway, both values were lower than the limit established by the REACH regulation. 370 

The levels of Cr, not differentiated between Cr(III) and Cr(VI), were higher than the 371 

security threshold (6.28 and 35.2 mg/kg in textile items made inside and outside the EU, 372 

respectively). It is important to note that the threshold established by OEKO-TEX 373 

advocates that lower values of toxic elements should be found in baby clothes. Although 374 

not all samples have this certificate, baby clothes contain a lower amount of trace 375 

elements. Therefore, they are toxicologically safer (Chen et al., 2022). 376 

The levels of trace elements in clothes previously reported by some authors are 377 

similar to the results obtained here. Rovira et al. (2017a) analyzed the concentrations of 378 

28 trace elements in home textiles. Similarly, the levels of As and Cd were below their 379 

respective LODs, while high values of Al and Ti were detected in all the samples (10.9 380 

and 1.58 mg/kg, respectively). In turn, Cu and Cr were more frequently detected in 381 

colored clothes than in white textile samples. Herrero et al. (2020) also found high levels 382 

of Cr and Cu in dark-colored garments. Rovira et al. (2015) also reported that Sb 383 

concentrations were higher in clothes made of synthetic fibers than in cotton items (5.78 384 

vs. 2.28 mg/kg), while Cd and Pb levels did not exceed the limit established by OEKO-385 

TEX®. In contrast, As and Ni levels found in samples from China (Chen et al., 2022) were 386 

relatively high (0.07 mg/kg and 5.83 mg/kg, respectively) when compared to our data (< 387 

LOD and 0.5 mg/kg, respectively). On the other hand, Filella et al. (2022) also found high 388 

levels of Ti in cleaning cloths, with concentrations up to 3.73 mg/kg. Due to its important 389 
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properties applied in synthetic fibers, Ti is an abundant and ubiquitous element in 390 

clothing.  391 

Exposure assessment during early life is essential, considering that toxic effects 392 

in critical periods of development, such as during fetal development and early childhood, 393 

can have significant and long-lasting impacts on health. The levels of inorganic elements 394 

determined in clothes were used to estimate the dermal exposure for different population 395 

subgroups and to evaluate the associated health risks. In general, a higher dermal 396 

absorption occurs for those chemical elements deposited on the surface of the fibers, such 397 

as Ti and silver (Ag), compared to those linked to the fibers (Herrero et al., 2019). 398 

Consequently, the exposure duration of wearing direct-contact clothes is a fundamental 399 

issue.  400 

The non-carcinogenic risk was evaluated by calculating the HQ. In the currents 401 

survey only Ti showed HQ higher than the limit value, than 1, for pregnant women and 402 

newborns. It is important to note that the toxic effects of Ti are largely dependent on the 403 

form and amount of exposure (Rovira et al., 2017a; Filella et al. 2022). Additionally, there 404 

have been concerns about the potential carcinogenic of titanium dioxide (Filella et al. 405 

2022). Therefore, since this element is ubiquitous in textile products, Ti levels in clothes 406 

should be frequently monitored. Cancer risks were calculated for As, Cr, and Pb and 407 

although they were within the acceptable values (< 10-6) considering that the exposure 408 

occurs during early life, no safety values should be applied to carcinogenic elements. 409 

When considering an early life exposure scenario, health risks for pregnant 410 

women must be particularly evaluated, as most toxic elements cross the placenta. 411 

Exposure during critical time windows leads to adverse health effects throughout 412 

childhood and even later in life. In addition, it is fundamental to identify sensitive 413 

windows to develop toxic responses in these periods. At last, some factors that may 414 

influence chemical elements' exposure effects, including age, sex, nutritional status, 415 

combined chemical exposures (including both organic and inorganic chemicals), and 416 

aggregated exposure sources (i.e., dermal absorption, soil ingestion, and dietary intake), 417 

should be taken into account in health risk assessment (Souza et al., 2020; Souza et al., 418 

2023; Zheng et al., 2023). 419 

 420 

5. Conclusions  421 



14 
 

Some trace elements may be both essential and/or toxic to human health, 422 

depending on the internal dose, or exposure level. Therefore, it is basic to consider all 423 

exposure pathways in risk assessment. However, dermal exposure has still been very little 424 

studied, mainly for toxic compounds. Clothing is an important source of exposure to trace 425 

elements since its chemical composition is extensive, including toxic elements. A number 426 

of factors may influence the elements levels in textile products and their dermal 427 

absorption. In the present study, high levels of Ti were found in clothing, being the HQ 428 

values of this element, calculated for pregnant women and newborns, above the 429 

international thresholds.  Current legislation only limits the levels of 4 metals, when 430 

several studies show that more metals are present in clothing and could have an adverse 431 

effect on health. It would be necessary to review the legislation and non-mandatory 432 

certifications in order to include a wider range of substances. Finally, assessing early-life 433 

exposure to toxic elements can help to identify potential sources and to prevent or reduce 434 

human exposure. In addition, it can also help to identify populations that may be 435 

particularly vulnerable and inform public health policies and interventions to protect 436 

human health. Unfortunately, clothing does not only contain a toxic substance, therefore, 437 

it is necessary that risk assessments are performed under a multi-exposure and multi-438 

chemical scenario. 439 
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Table 1. Characteristics of clothing of pregnant women, newborns and toddlers. 

 

 

  

   
Pregnant women 

(%) 

Newborns (%) 

(<12 months old) 

Toddlers (%) 

(12-36 months old) 

 N 44 30 50 

Coloring type 
Dyed 93 67 50 

Printed 7 33 50 

Fiber 

material 

100% Natural 2 67 84 

100% Synthetic 14 0 2 

Mixed - Natural and synthetic 84 33 14 

Natural fiber 
Organic cotton 52 50 50 

Regular cotton 48 50 50 

Synthetic 

fiber 

Elastane 82 7 10 

Polyester 14 3 6 

Polyamide 2 23 0 

Colors 

White 11 13 20 

Black 20 0 2 

Grey 30 10 2 

Blue 20 3 10 

Pink 5 7 8 

Others 9 17 18 

Mix 5 50 40 

Official 

certification 

OEKO-TEX® Standard 100 label 9 23 2 

OEKO-TEX® Made in Green 5 0 0 

GOTS 0 13 44 

Without certification 86 63 54 

Store 

Chain Store 39 77 58 

Supermarket 9 10 10 

Shop 0 13 14 

Online 52 0 18 

Manufactured 
European Union 11 27 24 

Outside the EU 89 73 76 
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Table 2. Descriptive analysis of the trace element concentrations (mg/kg) in skin contact clothing samples 

(n=120). 
 

Trace elements DR1 (%) Mean SD2 Min3 Median 95th percentile Max4 LOD5 

Ag 10 <LOD 0.02 <LOD <LOD 0.05 0.19 0.04 

Al 100 104 244 1.95 27.6 261 1856 1.67 

As 0 <LOD - <LOD <LOD <LOD <LOD 0.17 

B 35 0.82 0.89 <LOD 0.42 2.34 8.16 0.83 

Ba 100 3.76 17.3 0.42 0.85 8.70 185 0.08 

Bi 0 <LOD - <LOD <LOD <LOD <LOD 0.08 

Cd 0 <LOD - <LOD <LOD <LOD <LOD 0.08 

Co 6 0.69 7.05 <LOD <LOD 0.20 78.5 0.08 

Cr 57 12.2 88.8 <LOD 0.21 8.74 828 0.17 

Cu 94 9.20 21.8 <LOD 1.16 45.7 160 0.17 

Hg 0 <LOD - <LOD <LOD <LOD <LOD 0.17 

Mn 54 1.62 2.09 <LOD 0.97 4.95 12.8 0.83 

Mo 14 0.08 0.18 <LOD <LOD 0.27 1.28 0.08 

Ni 95 0.81 1.22 <LOD 0.50 2.18 7.62 0.17 

Pb 71 0.15 0.13 <LOD 0.12 0.42 0.72 0.08 

Sb 22 7.48 28.1 <LOD <LOD 49.5 192 0.83 

Sn 15 0.05 0.03 <LOD <LOD 0.13 0.18 0.08 

Sr 94 2.78 3.22 <LOD 1.56 11.5 14.5 0.17 

Ti 77 80.9 225 <LOD 4.17 634 1244 0.42 

Zn 76 22.8 105 <LOD 5.55 31.6 1077 1.83 
1DR: Detection rate; 2SD: standard deviation; 3Min: minimum; 4Max: maximum; 5LOD: limit of detection.  
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Table 3. Threshold (mg/kg) for trace elements established by the Eco Guidelines - OEKO-TEX® Standard 

100 certificate and the corresponding level determined on clothes in this study.  
 
 

 

1Threshold by OEKO-TEX®: first value: clothes for babies (< 36 months old); second value: textile products of the direct skin contact (mg/kg) – 

this explains the two values per chemical element. 
2 Considering only Cr(VI): 0.5 mg/kg 
*p<0.05  

Trace elements Threshold by OEKO-TEX®1 OEKO-TEX® Standard 100 certificate Levels (mg/kg) 

As 
0.2 

1.0 

Yes 

No 

< LOD 

< LOD 

Ba 
1000 

1000 

Yes 

No 

1.95 

4.01 

Cd 
0.1 

0.1 

Yes 

No 

< LOD 

< LOD 

Co 
1.0 

4.0 

Yes 

No 

0.16 

0.79 

Cr 2 
1.0 

2.0 

Yes 

No 

2.76 

13.40 

Cu 
25 

50 

Yes 

No 

1.41 

10.3* 

Hg 
0.02 

0.02 

Yes 

No 

< LOD 

< LOD 

Ni 
1.0 

4.0 

Yes 

No 

0.59 

0.84 

Pb 
0.2 

1.0 

Yes 

No 

0.17 

0.15 

Sb 
30 

30 

Yes 

No 

0.46 

8.79 
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Table 4. Mean levels of trace elements (mg/kg) determined in the clothes of pregnant women, newborns, 

and toddlers. 

 Pregnant women  Newborn (<12 months old)  Toddlers (12–36 months old) 

 
T-

shirt 

Leggings/

jeans 
Bra Panties a  Pajama Bodysuit Socks a  Pajama Underwear Dress T-shirt 

Leggings

/jeans 
a 

Ag < LOD < LOD < LOD 0.04 < LOD   < LOD < LOD < LOD < LOD   < LOD 0.03 0.03 0.03 0.03 < LOD  

Al* 117 121 173 260 164  15.5 9.81 21.0 15.4  36.3 14.6 210.9 191.2 67.6 104 

As < LOD < LOD < LOD < LOD < LOD  < LOD < LOD < LOD < LOD   < LOD < LOD < LOD < LOD < LOD < LOD  

B 0.71 0.98 0.76 0.83 0.83  1.87 0.60 0.69 1.05  1.01 0.48 0.77 0.42 0.68 0.67 

Ba 1.60 4.56 8.20 0.70 3.84  1.03 1.44 1.85 1.44  0.97 1.44 19.9 1.54 1.63 5.09 

Bi < LOD < LOD < LOD < LOD < LOD   < LOD < LOD < LOD < LOD   < LOD < LOD < LOD < LOD < LOD < LOD  

Cd < LOD < LOD < LOD < LOD < LOD  < LOD < LOD < LOD < LOD  < LOD < LOD < LOD < LOD < LOD < LOD  

Co < LOD 0.08 8.12 0.22 1.93  < LOD < LOD 0.04 < LOD  < LOD < LOD < LOD < LOD < LOD < LOD  

Cr 0.33 2.96 55.6 86.9 33.4  < LOD 0.18 1.89 0.71  0.16 0.22 0.26 0.17 0.31 0.22 

Cu

* 
2.72 8.67 5.40 2.02 5.06  3.01 4.22 3.83 3.68  23.5 2.92 35.6 8.15 10.6 16.2 

Hg < LOD < LOD < LOD < LOD < LOD  < LOD < LOD < LOD < LOD   < LOD < LOD < LOD < LOD < LOD < LOD  

Mn 2.45 2.06 2.39 1.32 2.05  0.98 1.27 2.43 1.56  0.93 0.84 1.02 1.30 2.28 1.27 

Mo 0.05 0.32 0.05 0.05 0.13  < LOD < LOD 0.06 < LOD  0.05 0.07 0.08 0.08 < LOD < LOD  

Ni 1.09 2.12 0.40 0.24 1.07  0.62 0.54 0.95 0.70  0.52 0.44 0.58 1.37 0.31 0.64 

Pb 0.18 0.18 0.12 0.06 0.14  0.20 0.11 0.11 0.14  0.29 0.10 0.22 0.11 0.15 0.17 

Sb < LOD 23.1 3.70 0.66 8.43  < LOD < LOD 7.67 2.84  < LOD 1.25 39.3 < LOD 9.49 10.2 

Sn 0.05 < LOD < LOD 0.05 < LOD   0.06 < LOD 0.05 < LOD   0.07 0.05 0.07 0.05 0.05 < LOD  

Sr 3.35 2.80 3.04 3.15 3.06  4.40 1.63 2.88 2.97  2.82 2.51 2.98 1.71 2.14 2.43 

Ti 10.2 143 176 241 143  0.29 2.32 260 87.5  6.29 1.02 90.5 13.3 1.71 22.6 

Zn 11.2 7.05 4.86 5.01 7.03  19.9 9.56 33.18 20.9  59.4 8.34 3.92 111 5.60 37.6 

* p <0.05 
a: Sum of all the clothes used by the group. 
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Table 5. Human dermal exposure (mg/kg/day) to trace elements through clothing represented by the sum of 

all of them and the percentage contribution of each cloth.  
 

 Pregnant women  Newborns (<12 months old)  Toddlers (12–36 months old) 

 T-shirt 
Leggings/ 

jeans 
Bra Panties *  Pajama Bodysuit Socks *  Pajama Underwear Dress T-shirt 

Leggings/ 

jeans 
* 

Ag 32 36 10 22 1.98E-09  45 49 6 1.01E-09  36 4 15 11 35 2.38E-09 

Al 28 34 12 26 1.28E-05  56 34 10 6.37E-07  17 1 34 24 25 7.49E-06 

As 36 42 11 11 6.94E-09  48 46 6 3.80E-09  39 4 13 12 32 7.02E-09 

B 31 50 11 8 7.52E-08  74 23 3 5.74E-08  51 3 11 6 28 7.03E-08 

Ba 16 51 31 2 3.22E-07  38 52 9 6.12E-08  10 1 69 5 15 3.47E-07 

Bi 36 43 11 10 2.45E-09  46 46 7 1.37E-09  39 4 13 12 32 2.44E-09 

Cd 36 42 11 11 3.47E-09  48 46 6 1.90E-09  39 4 13 12 32 3.51E-09 

Co 1 3 92 4 1.20E-07  48 46 6 1.90E-09  39 4 13 12 32 3.51E-09 

Cr 0 7 34 59 2.24E-06  16 34 51 1.15E-08  26 4 14 8 48 2.05E-08 

Cu 28 52 16 4 3.32E-07  40 54 7 1.73E-07  46 1 29 5 19 1.60E-06 

Hg 36 42 11 11 6.94E-09  48 46 6 3.80E-09  39 4 13 12 32 7.02E-09 

Mn 33 48 13 6 2.32E-07  38 48 13 5.72E-08  24 2 7 10 57 1.37E-07 

Mo 9 87 2 2 1.89E-08  47 44 9 1.96E-09  35 5 19 17 24 4.64E-09 

Ni 24 72 3 1 1.45E-07  49 41 10 2.88E-08  35 4 14 29 19 4.64E-08 

Pb 44 42 9 5 1.30E-08  62 33 4 7.31E-09  56 2 14 6 22 1.79E-08 

Sb 2 91 6 1 8.73E-07  23 22 55 4.19E-08  2 1 52 1 44 6.85E-07 

Sn 38 42 10 10 3.96E-09  59 35 6 2.47E-09  44 4 13 10 29 4.86E-09 

Sr 36 46 10 8 2.92E-07  69 25 6 1.43E-07  46 4 12 8 30 2.23E-07 

Ti 3 44 21 33 1.13E-05  1 6 93 8.76E-07  21 0 62 11 5 1.08E-06 

Zn 53 34 7 5 6.54E-07  60 28 11 7.54E-07  62 1 1 31 5 3.34E-06 

*: Sum of all clothes used by the group. 
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Table 6. Non-cancer risk (Hazardous quotient – HQ) calculated for pregnant women, newborns, and toddlers. 

Trace Elements Pregnant women 
Newborns 

(<12 months old) 

Toddlers 

(12-36 months old) 

Ag 1.05E-05 1.55E-05 1.19E-05 

Al 1.28E-05 1.34E-05 7.49E-06 

As 2.46E-05 3.73E-05 2.34E-05 

B 4.13E-07 7.01E-07 3.51E-07 

Ba 2.33E-05 2.77E-05 2.48E-05 

Cd 3.69E-02 5.59E-02 3.51E-02 

Co 4.00E-04 4.00E-04 1.17E-05 

Cr 2.99E-02 3.00E-02 3.00E-04 

Cu 8.53E-06 1.29E-05 4.00E-05 

Mn 1.66E-06 2.07E-06 9.76E-07 

Mo 3.83E-06 4.22E-06 9.29E-07 

Ni 3.00E-04 4.00E-04 1.00E-04 

Pb 1.98E-06 3.02E-06 2.56E-06 

Sb 1.46E-02 1.53E-02 1.14E-02 

Sn 7.17E-09 1.13E-08 8.11E-09 

Sr 4.89E-07 7.27E-07 3.72E-07 

Ti 1.13* 1.22* 1.08E-01 

Zn 2.56E-06 5.07E-06 1.11E-05 

*Values higher than the threshold. 

 



25 
 

 

 
 

Figure 1. Levels of trace elements in clothes made with organic and conventional cotton.  

ND: not detected. *: p<0.05 
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Figure 2. Cancer risk associated to exposure to As, Cr and Pb for pregnant women, newborns 

and toddlers.  
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