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Abstract 29 

The use of biosolids as a fertiliser may be an indirect route for contaminants into the 30 

food chain. One of the main concerns regarding the spreading of biosolids on 31 

agricultural land is the potential uptake of contaminants into plants which may bio-32 

transfer into grazing animals that supply the food chain directly (e.g. meat and milk) and 33 

hence are subsequently consumed. The aim of this project was to create a quantitative 34 

risk assessment model to estimate the fate and translocation of triclosan (TCS) and 35 

triclocarban (TCC) into the feed and food chain with subsequent human exposure. The 36 

model’s results indicate that TCS and TCC have low potential to transfer into milk and 37 

beef following the ingestion of contaminated grass by dairy cows. Mean estimated TCS 38 

and TCC residues in milk and beef show that TCC had the greatest concentration 39 

(mean values of 7.77 × 10-6 mg kg-1 in milk and 1.36 × 10-4 mg kg-1 in beef). Human 40 

exposure results show that TCC was greater for milk consumption in infants (1-4 years) 41 

(mean value 1.14 × 10-7 mg kg-1 bw d-1) and for beef consumption by teens (12-17 42 

years) (mean value 6.87 × 10-8 mg kg-1 bw d-1). Concentrations of TCS and TCC were 43 

well below the estimated acceptable daily intake (ADI). Human health risk was 44 

estimated by evaluation of the hazard quotient (HQ), which used the NOAEL as a 45 

toxicity endpoint, combined with milk and beef human exposure estimates. HQ results 46 

show that all values were <0.01 (no existing risk). A sensitivity analysis revealed that the 47 

Kow and initial concentration in biosolids as the parameters of greatest importance 48 

(correlation coefficients 0.91 and 0.19, respectively). This highlights the importance of 49 

physio-chemical properties of the compounds and their detection in biosolids post 50 

wastewater treatment along with their persistence in soil following application. This 51 

model is a valuable tool in which to ascertain the potential transfer of contaminants in 52 

the environment into animal forage with knock on consequences for exposure through 53 

the human food chain  54 

Keywords: biosolids, contaminants, human exposure, risk  55 

 56 
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1. Introduction 57 

The two most important farming sectors in Ireland are the milk and meat sectors, 58 

accounting for approximately 69% of agricultural output (DAFM 2016). The value of 59 

overall beef exports from Ireland was 2.27 billion in 2014 (EC 2016), while dairy exports 60 

have grown to 3.1 billion in 2014 (IDIA 2016). There are currently 6.96 million cattle in 61 

Ireland according to the June 2015 livestock survey (Bord bia 2016). The total land area 62 

of Ireland is 6.9 million hectares of which 4.5 million hectares is used for agriculture 63 

(DAFM 2016). Eighty one percent of the agricultural area is devoted to pasture, hay and 64 

grass silage (3.6 million hectares) and 11% to rough grazing (Bord bia 2016). Under the 65 

‘Code of Good Practice for the use of biosolids in agriculture’ (Fehily Timoney & 66 

Company 1999) it states that there are constraints on grazing following application of 67 

biosolids to agricultural land. ‘Cattle should not be turned out onto pasture that has been 68 

fertilised with biosolids until 3-6 weeks after the date of application’. The interval 69 

between application and commencement of grazing will depend on the level of 70 

incorporation of biosolids into the soil (Fehily Timoney & Company 1999). In Ireland, 71 

53,543 tonnes dry solids (tds) of biosolids are generated each year, of which 98% is 72 

disposed to agricultural land. It has been predicted that this figure will grow to 96,442 73 

tds/annum by 2040 (Irish Water 2016).  74 

One of the main concerns for human health regarding the spreading of biosolids on 75 

agricultural land is the potential uptake of contaminants into plants which may bio-76 

transfer into grazing animals that are subsequently consumed by humans. Studies have 77 

shown that conventional wastewater treatment does not fully eliminate contaminants 78 

such as pharmaceuticals (i.e. beta-blockers, carbamazepine, paracetamol and 79 

diclofenac) (Jelić et al., 2012; Igos et al., 2012; Harris et al., 2012; Clarke and Cummins, 80 

2014); therefore contaminants may still be present in the treated sludge. Biosolids are 81 

rich in organic matter and may contain up to 38% organic carbon on a dry mass basis. 82 

Therefore, repeated application of biosolids may greatly increase a soil’s organic carbon 83 

content (OC), leading to enhanced sorption or reduced chemical bioavailability (Fu et 84 

al., 2016). On one hand, biosolid application is a direct point source for contaminants 85 

into the environment (Clarke et al., 2016), on the other hand, increased organic matter 86 
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may inhibit plant uptake due to reduced bioavailability. A number of studies have 87 

demonstrated the uptake of contaminants into plants (Boxall et al., 2006, Sabourin et 88 

al., 2012, Prosser and Sibley, 2015). For example, Holling et al. (2012) showed how 3 89 

of the 5 human pharmaceuticals (carbamazepine, sulfamethoxazole, salbutamol, 90 

triclosan and trimethoprim) analysed were detected in the aerial parts and root tissue of 91 

the cabbage plant with median measured concentrations of 317.6 ng g-1 and 416.2 ngg-92 
1 for carbamazepine, 21.2 ng g-1 and 187.6 ng g-1 for salbutamol and 22.9 ng g-1 and 93 

1220.1 ng g-1 for triclosan. Sabourin et al. (2012) evaluated the uptake of 118 94 

pharmaceuticals, 17 hormones and 6 parabens in tomatoes, carrots, potatoes and 95 

sweetcorn from soil fertilised with municipal biosolids at a regulated application rate. 96 

Eight of the 141 analytes were detected in one or two crop replicates at concentrations 97 

ranging from 0.33 to 6.25 ng g-1 dry weight (dw), however the study showed that no 98 

analytes were consistently detected above the detection limit in all treated plots. Carter 99 

et al. (2014) also demonstrated how 5 of the 6 pharmaceuticals (carbamazepine, 100 

diclofenac, fluoxetine, propranolol) and personal care product (triclosan) tested were 101 

detected in the root tissue of the plant tissue over a 40 day growing period. 102 

The main route of human exposure to many highly lipophilic contaminants is through 103 

ingestion of contaminated agricultural products such as beef and milk (USEPA 2005). 104 

Livestock can ingest contaminants from soil by grazing and/or feeding on harvested 105 

forage. In countries where animals can graze all year round, average soil ingestion has 106 

been estimated as 4.5% of the dry matter intake for sheep and 6% for cattle when 107 

pasture was the only feed source (Duarte-Davidson and Jones, 1996). While there have 108 

been many models developed to predict animal uptake, including relating bio-transfer 109 

concentrations (BCF) in livestock to physio-chemical properties (Travis and Arms, 1988, 110 

Rodrigues et al., 2012), there are significant knowledge gaps with regards to actual 111 

contaminant concentrations in livestock following direct ingestion of grass from biosolid 112 

amended agricultural land. Lupton et al. (2015) conducted a study to determine plasma 113 

and tissue depletion kinetics in cattle. The cattle (2 steers and 4 heifers) were dosed 114 

with perfluorooctane sulfate (PFOS) at 0.098 mg kg-1 weight and 9.1 mg kg-1, 115 

respectively. Plasma depletion half-lives for steers and heifers were 120 ± 4.1 and 106 116 

± 23.1 days, respectively. Specific tissue depletion half-lives ranged from 36 to 385 117 
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days for intraperitoneal fat, back fat, muscle, liver, bone, and kidney. The results of the 118 

experiment showed that PFOS in beef cattle had a sufficiently long depletion half-life to 119 

permit accumulation in edible tissues. 120 

The proportion of an organic or inorganic contaminant taken up by plant roots and its 121 

translocation route within the plant depends on its physio-chemical properties (Goldstein 122 

et al., 2014), the plant’s physical characteristics and soil properties (Taylor-Smith, 123 

2015). The log Kow or log of the octanol water partitioning coefficient represents a 124 

compound’s propensity to partition into either polar or non-polar mediums (Fent et al., 125 

2006). Highly lipophilic contaminants characterised by high octanol water partitioning 126 

coefficients (Kow >3 log unit) or low water solubilities, have a high tendency to be 127 

absorbed by plant roots from water (Li et al., 2005). For example, Carter et al. (2014) 128 

attributed the uptake of pharmaceuticals and a personal care product into radishes and 129 

ryegrass to the physiochemical properties of the contaminants, including Henry’s Law 130 

constant, water solubility and octanol water partition coefficient. Wu et al. (2010) also 131 

demonstrated how the Kow predictions of contaminant behaviour in plants correlated 132 

with the bioconcentration factor of the contaminants. Wild et al (1992) categorised non-133 

ionised organic contaminants with log Kow > 4 as having a high potential for retention in 134 

plant roots. Thus, the octanol water partition coefficient (Kow) has been suggested as a 135 

reliable indicator of uptake behaviour (Goldstein et al., 2014). Various contaminants 136 

bind strongly to sludge, soil and sediments, an attribute that relates to their persistence 137 

in the environment. Lipophilic organic contaminants possess a greater tendency to 138 

partition into plant root lipids than hydrophilic contaminants (Duarte-Davidson and 139 

Jones, 1996). For instance, persistent organic pollutants (POPs) have a strong affinity 140 

to absorb to the soil organic carbon (SOC) due to their hydrophobicity (log Kow >4), 141 

which makes them less mobile in soil (Sweetman et al., 2005), whereas, the natural 142 

hormones 17β estradiol and estrone are highly soluble with a half-life estimated to be 143 

1.5 - 29 days in soil (Carr et al., 2011). However, Mattina et al. (2003) reported that 144 

zucchini (Cucurbita pepo L.) and spinach (Spinacia oleracea) can bioaccumulate soil 145 

bound POPs. This was attributed to the physiological properties of the plant species. 146 
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Chemicals in soil enter plants primarily through the root system and the degree of 147 

uptake from soil into root tissues appears to be proportional to the octanol-water 148 

partition coefficient (Kow).  149 

Since the 1960’s antimicrobials triclosan (TCS) and triclocarban (TCC) have been in 150 

use as antibacterial agents in many products such as toothpaste, soaps, creams, etc. 151 

(Xia et al., 2010). Toxicological reports have shown that TCC has the potential to disrupt 152 

excitation coupling in skeletal and cardiac muscles in humans (Clarke et al., 2016). 153 

Studies suggest that TCS and TCC may persist in the sludge post wastewater 154 

treatment. The US Environmental Protection Agency (2009) conducted a study on 84 155 

WWTPs to anaylse the sludge. TCC was detected in 100% of the samples at a 156 

concentration range of 187 - 441,000 µg kg-1, TCS was detected 94% of the time with a 157 

concentration range of 430 - 133,000 µg kg-1. Heidler et al. (2006) reported removal 158 

efficiencies of TCS and TCC were 98 % and 97%, respectively. Ogunyoku and Young 159 

(2014) studied removal efficiencies of conventional wastewater treatment on TCS and 160 

TCC. Results show that TCS was more rapidly removed than TCC, indicating that TCS 161 

was more readily bio-transformed than TCC.  162 

Once introduced to the environment, TCS and TCC sorb to soils and sediment and are 163 

not predicted to readily degrade (Aryal and Reinhold, 2011). Ying et al. (2007) reported 164 

that TCS degraded faster than TCC by microbial processes in the soil under aerobic 165 

conditions. However, the half-life in air was greater for TCS. Volatisation is not expected 166 

to be a significant removal mechanism for TCC and TCS (Okunyoku and Young 2014). 167 

Sorption (Kd) and persistence (measured as half-life, (T½)) are considered the two 168 

primary variables controlling the availability and hence offsite transport potential of 169 

contaminants in soil (Fu et al., 2016). To describe the distribution of a chemical in soil, 170 

the soil-water partition coefficient (Kd) is a suitable measure. The Kd is generally 171 

proportional to the hydrophobicity of the compound and the amount of soil organic 172 

matter. The experimental half-life of TCS and TCC in soil ranges from 87-231 and 18-58 173 

days, respectively in aerobic soils with longer half-lives in anaerobic soils (Ying et al., 174 

2007). The half-life in air is estimated to be 1 d-1 for TCS and 0.75 d-1 for TCC (PBT 175 

profiler 2012). Ying et al., (2007) reported half-lives in air of 0.66 d-1 for TCS and 0.75 d-176 
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1 for TCC.  TCS and TCC are both hydrophobic with log Kow values of 4.76 and 4.90, 177 

respectively (Dhillon et al., 2015). However, accumulation of these compounds has 178 

been observed in plants (Aryal and Reinhold, 2011, Wu et al., 2012), animals (Coogan 179 

and Point, 2008, Kinney et al., 2008, Higgins et al., 2011), humans (Allmyr et al., 2006) 180 

and the potential of TCS and TCC as endocrine disruptors also shown (Chen et al., 181 

2008, Hinther et al., 2011). Wu et al., (2012) demonstrated that after 60 days growth, 182 

TCS and TCC had accumulated and translocated into above ground parts of the 183 

soybean plant following application of biosolids and reclaimed waste water. Prosser et 184 

al. (2015) reported the uptake of TCS and TCC in the edible portions of green pepper, 185 

carrots, cucumber, tomato, radish and lettuce plants grown in biosolid amended land. 186 

TCS was only detected in cucumber and radish up to 5.2 ng g-1 dw, while TCC was 187 

detected in carrot, green pepper, tomato and cucumber up to 5.7 ng g-1 dw. It was 188 

estimated that vegetable consumption represents less than 0.5 % of the acceptable 189 

daily intake of TCS and TCC. Aryal and Reinhold (2011) measured concentrations of 190 

TCS at approximately 20,000 and 40,000 ng g-1 dw in the root and 8000 and 5000 ng g-191 
1 dw in the stem of pumpkin and zucchini plants, respectively despite a low 192 

concentration of TCS (180 ng g-1), however liquid biosolids were applied prior to 193 

seeding and 8 weeks after seeding accounting for the high levels in the plants.  194 

In this study, the aim was to develop a quantitative risk assessment model to estimate 195 

the fate and translocation of antimicrobials (triclosan and triclocarban) into biosolid 196 

receiving agricultural soils with transfer into animal forage and subsequent potential 197 

transfer into the food production chain and potential human consumption/exposure 198 

(Figure 1). 199 

 200 
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 201 

Figure 1: Flow diagram of inputs and outputs for the quantitative plant uptake and 202 
translocation into the food chain model. 203 

 204 

2. Materials and methods 205 

2.1 Predicted environmental concentration in soil 206 

The PECsoil was estimated by developing a distribution of contaminant exposure based 207 

on the variability and uncertainty of the predicted environmental concentrations in 208 

biosolids. The concentration in the soil (Csoil; mg kg-1) immediately following a single 209 

biosolid application was calculated based on the concentration of the contaminant in the 210 

biosolids, application rate, crop intersection, mixing depth of soil and the soil bulk 211 

density following biosolids application according to the guidelines of the European 212 

Chemicals Bureau’s Technical Guidance Document on Risk Assessment Part II 213 

(2003a). 214 
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                 Csoil = (Csludge × APPL × (1- fint/100) / (D × BD)                                            (1)                                        215 

Where:  216 

Csludge is the concentration of the contaminant of interest in biosolids (mg kg-1)   217 

APPL is the application rate of biosolids on agricultural land for one application (kg m-2). 218 

fint is the fraction intercepted by the crop (-) 219 

D is the depth (m) 220 

BD is the soil bulk density (kg m-3). 221 

The peer reviewed literature was searched for Irish and European organic contaminant 222 

concentrations in biosolids (Table 1) and probabilistic distributions were fitted to 223 

characterise uncertainty/variability in the level of TCS and TCC in biosolids (Table 2). 224 

Uncertainty regarding the application rate was represented using a triangular 225 

distribution (minimum 300; mean 330; and maximum 520 g m-2) (Table 3). The 226 

application rate of biosolids was retrieved from Lucid et al. (2013). It was assumed that 227 

the biosolids were spread on grassland.  228 

The mixing depth (0.1 m) was obtained from the EU Technical Guidance Document on 229 

Risk Assessment part II (2003a) and is representative of grassland as grassland is not 230 

traditionally ploughed. The BD of soil (800 - 1000 kg/m3) (uniform distribution) were 231 

obtained from Vero et al. (2014), which is a typical range for the upper 100 mm of the 232 

soil profile of Irish grasslands. It was assumed that the soil was poorly drained with OM 233 

and BD ranges as stated. The fraction intercepted by the crop was based on tabular 234 

interception fractions values as proposed by Linders et al., (2000) which were based on 235 

field experiments found in the literature. The authors adopted the approach that 236 

interception fraction plus the soil deposition fraction is unity (fint + Fsoil = 1). The study 237 

focuses on interception rather than retention. Conceptually, it is assumed that both 238 

interception and deposition on soil are instantaneous processes. Crop interception (fint) 239 

was estimated to be a triangular distribution (minimum 0, most likely 10 and maximum 240 

20%) assuming a worst-case scenario. 241 

 242 
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The degradation kinetics in soil was described using a first order reaction model. The 243 

half-life (DT50) of each contaminant was obtained from the peer reviewed literature and 244 

shown in Table 3. To account for uncertainty and variability in the data, TCS and TCC 245 

were assigned a uniform distribution.  The dissipation rate constant ‘k’ is given by: 246 

                                               k = Ln (2)/DT50soil                                                                                            (2)                                                                                                                                 247 

Where DT50 is the half-life of the contaminant in soil.                                                    248 

A first order exponential decay model was used to estimate the degradation rate 249 

constant ‘k’ (in day), DT50 and time‘t’ of TCS and TCC in soil.  250 

                                             PECsoil = Csoil × e-kt                                                             (3)                                                                                                  251 

Where PECsoil is the concentration remaining in soil following dissipation.  “t” is the time 252 

the contaminant has in the soil prior to grazing. The Code of Good Practice for 253 

Application of Biosolids on Agricultural Land states that cattle may not be turned out 254 

onto grassland until at least 3-6 weeks following biosolid application. Therefore the 255 

time‘t’ (in days) was assigned a uniform distribution (min 21, max 42) to allow for 256 

constraints in allowing cattle to graze.  257 

Whilst concentrations of TCS and TCC may leach through the soil or adhere to sludge 258 

post biosolid application, biosolids may also remain on the grass or sward of grass and 259 

be consumed by grazing cattle. To account for potential consumption of applied 260 

biosolids on grass, the concentration of TCS and TCC in biosolids, the application rate 261 

and the percentage of crop intersected (fint) were multiplied to give the concentration of 262 

contaminant on the grass swards.  263 

                                                Capplied = Csludge × APPL × fint                                          (4)  264 

Where Capplied (mg m2) is the concentration of biosolid remaining on the grass following 265 

biosolid application.   266 

When biosolids are applied to agricultural land, the field dissipation of the contaminants 267 

contained within the biosolids is likely to be influenced by environmental conditions. 268 

Variations in temperature and available moisture are likely to play an important role in 269 

the dissipation of contaminants (Langdon et al., 2012). The half-life in air for both TCS 270 
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and TCC was obtained from the PBT Profiler (USEPA 2013) and Ying et al., (2007) 271 

(Table 3). To account for variability and uncertainty in the data, a uniform distribution 272 

(min 0.66, max 1) for TCS and (min 0.5, max 0.75) for TCC was assigned. A first order 273 

exponential decay model was used to calculate the dissipation of the contaminants on 274 

the swards of grass. 275 

The same time‘t’ was used as above. It was assumed that 3 weeks had passed since 276 

the land spreading of biosolids on agricultural grasslands. The amount of fresh grass in 277 

kg per m2 (Pd) was obtained from Agrinet Farm Management Software (2015) and it 278 

was estimated that there was 18,000 kg of fresh grass per Ha. The overall 279 

concentration of contaminant on grass was calculated according to equation 5. 280 

                                                Cplant   = Capplied × e-kt / Pd
                                                  (5)  281 

Where Cplant   (mg kg-1) is the concentration remaining on the plant following dissipation. 282 

Pd is the plant density (kg m2). 283 

In the present study the approach developed by Chiţescu et al. (2014) and Chiou et al. 284 

(2001) is modified for use in Irish conditions (e.g. application rates, bulk density, cow’s 285 

consumption of forage and human consumption rates). The effective concentration of 286 

contaminants available for plant uptake is the concentration of the contaminant in soil 287 

interstitial (pore) water. Soil composition influences the concentration of the contaminant 288 

in pore water, by its fraction of organic matter (Foc) (Chiţescu et al., 2014). The model is 289 

expressed as: 290 

                                               PECporewater   = PECsoil / (Foc × Koc)                                                  (6)  291 

 292 

Where PECporewater is the contaminant concentration in the pore water (mg kg-1). Foc is 293 

the fraction of organic matter content (Foc) in the soil; and Koc is the soil organic carbon-294 

water partioning coefficient of the contaminants. Koc is the organic carbon-soil sorption 295 

coefficient (L kg-1) (contaminant specific). Triangular distributions were used to model 296 

Koc uncertainty (Table 3). The fraction of organic matter content in the soil was obtained 297 

from peer reviewed literature for Foc in soil (2%, 5% and 7%) (Chalew and Halden 298 

2009). To account for variability and uncertainty in the data, a uniform distribution (min 299 
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2%, max 7%) was assigned (Table 4). To convert the units from mg L-1 to mg kg-1, the 300 

density of water was assumed. 301 

To calculate the concentration of contaminant in the whole plant, a partition-limited 302 

model for the passive uptake of contaminants from the external water to the plant, 303 

taking explicit account of the contaminant level in the external water (Chiou et al., 2001).  304 

                         Cpt = αpt   × PECporewater × [fpw + fch × Kch + flip × Klip]                               (7) 305 

Where Cpt is the concentration of the contaminant in the plant on a fresh weight base 306 

(mg kg-1); fpw, flip and fch are the weight fraction of, respectively, water, lipids and the sum 307 

of carbohydrates, cellulose, and proteins in the plant; Klip is the partition coefficient for 308 

the lipids fraction of the plant assumed to be equal to the log Kow; Kch is the partition 309 

coefficient for the carbohydrate fraction of the plant, available according to Kow. The 310 

symbol αpt is the quasi-equilibrium factor, defined as the ratio of the respective 311 

concentration of the contaminant in plant water and external water. Thus, αpt = 1 312 

denotes the state of equilibrium. αpt <1 is a measure of the extent of approach to 313 

equilibrium (Chiou et al., 2001). The quasi-equilibrium coefficient values are based on 314 

the overall hydrophilic to lipophilic trend of the solutes in that more water soluble 315 

compounds have  αpt values close to 1 and that the αpt values for lipophilic contaminants 316 

(high Kow values) are less than 1 (Chiou et al., 2001). Therefore a value of 0.1 was 317 

assigned for both contaminants.  318 

The weight composition of grass is comparable to ryegrass shoots. The fpw (water 319 

content) was valued at 88.8%, flip (lipid content) 0.97% and fch (carbohydrate content) 320 

was 10.2% according to (Li et al., 2005, Chiţescu et al., 2014). Klip data was obtained 321 

from the peer reviewed literature and a uniform distribution was assigned to account for 322 

uncertainty in the data (Table 4). The partition coefficient for the carbohydrate fraction of 323 

the plant was determined from Hung et al. (2010) and relates to contaminants with a log 324 

Kow between 3.30-5.18. The calculation is based on the partitioning of five polyaromatic 325 

hydrocarbons with carbohydrates. Kch was calculated according to: 326 

                                             Log Kch = 1.23 log Kow - 2.42                                           (8)  327 
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2.2 Plant to animal transfer model 328 

The daily intake of TCS and TCC in cow’s was calculated as the sum of the intake of 329 

contaminant in soil (PECsoil mg kg-1), the cow’s consumption of soil (Fsoil, kg-1 d-1), the 330 

concentration of the contaminant in the plant (Cpt) on a fresh weight basis (mg kg-1) and 331 

the cow’s consumption of the forage (Fpt, kg-1 d-1). Daily intake of a contaminant by a 332 

cow is proportional to the amount of forage ingested and the degree of contamination of 333 

the particular forage (Chiţescu et al., 2014). 334 

                                 DI = PECsoil × Fsoil   + Cpt × Fpt +  Cplant  ×  Fpt                                 (9)  335 

 336 

Where DI is the daily intake of the contaminant (mg d-1); Fsoil is the cows consumption of 337 

soil.  Chiţescu et al. (2014) proposed a value of 0.1 kg d-1, whilst Duarte Davidson and 338 

jones (1996) proposed that a cow consumes 0.9 kg d-1 of soil. To account for the 339 

uncertainty, a uniform distribution (min 0.1, max 0.9) was assigned (Table 5). The cow’s 340 

consumption of forage is between 12 and 18 kg d-1 dry matter (Mc Gilloway and Mayne 341 

1996), and it was assumed that dairy and beef cows consumed the same amount. 342 

Therefore a uniform distribution was also assigned to account for variability and 343 

uncertainty. This model also takes into account the consumption of the contaminant that 344 

remained on the swards of grass following biosolid application and dissipation rates.  345 

2.3 The bio-transfer factor 346 

Models that predict chemical transfer into beef and milk due to cattle ingestion of 347 

contaminated vegetation (e.g. silage or forage) often use a bio-transfer factor (BTF). 348 

The BTF is the ratio of the concentration in either beef or milk to the chemical intake 349 

rate in mass of chemical per day (USEPA 2005). Travis and Arms (1988) developed a 350 

linear regression analysis of the log BTF for meat/milk and log Kow. They compiled data 351 

from a review of literature resources to derive BTF’s for a series of approximately 40 352 

chemicals bio-transfer factors for organic chemicals in beef and milk are directly 353 

proportional to the octanol-water partition coefficient. Application of the equation 354 

requires that the user knows the log Kow of the contaminant to estimate a BTF. 355 

Equations 10 and 11 show the BTF’s for chemical in beef and milk, respectively as 356 

follows: 357 
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            Log BTFb [mg kg-1/mg d-1] =    - 7.735 + 1.033 × logkow                                  (10) 358 

           Log BTFm [mg kg-1/ mg d-1] =    - 8.056 + 0.992 × logKow                                                 (11) 359 

Where measured concentrations of contaminants in beef or milk fat are converted to a 360 

fresh meat or whole milk basis. 361 

TCS and TCC residue concentrations in beef and milk are calculated by:  362 

                             Cm/b = BTF (b, m) × DI × FC (milk, beef)                                              (12) 363 

Where Cm and Cb is the TCS and TCC residue concentrations in beef and milk (mg d-1); 364 

FCmilk and FCbeef is the average fat content of milk and beef. The average fat content of 365 

milk (FCmilk) as reported by the Irish Cooperative Organisation Society (ICOS) (2009) is 366 

3.7%.  Chiţescu et al. (2014) used a value of 4%. To account for uncertainty in the data, 367 

a uniform distribution was assigned (Table 6). The average fat content in beef (FCbeef) 368 

tissue can range widely from 7.5% to over 27% (Hendriks et al., 2007). A uniform 369 

distribution was used to account for uncertainty.  370 

 371 

2.4 Human exposure 372 

The amount of contaminant that may be ingested by humans through drinking milk and 373 

eating beef meat each day was estimated by: 374 

                                               HE= Cmilk/beef × Mc/bw                                                    (13) 375 

Where HE is human exposure (mg kg-1 bw d-1); Mc is the consumption of milk or beef a 376 

day, and bw is the body weight of the individual. The consumption of milk and beef was 377 

based on several studies conducted by The Irish Universities Nutrition Alliance (IUNA). 378 

The National pre-school Nutrition Survey investigated the habitual food and drink 379 

consumption, health and lifestyle characteristics and assessed the body weight status in 380 

500 pre-school children aged 1-4 years and living in the Republic of Ireland between 381 

2010 and 20111. The National Children’s Food Survey (2003-2004) assessed the 382 

consumption and body weights of 594 children (IUNA 2005). The National Teens’ Food 383 

Survey (2005-2006) investigated habitual food and drink consumption and health and 384 

lifestyle characteristics in 441 teenagers aged 13-17 years from the Republic of Ireland. 385 
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The National Adult Nutrition Survey (2011) assessed the consumption and body weights 386 

of 1500 Irish consumers (IUNA 2011). A log normal distribution was used to model the 387 

uncertainty regarding the intake of milk and beef. A summary of all human exposure 388 

model inputs are provided in Tables 7 and 8. 389 

 390 

2.5 Acceptable daily intake 391 

The acceptable daily intake (ADI) procedure has been used to calculate permissible 392 

chronic exposure levels for humans based on non-carcinogenic effects. The ADI is the 393 

amount of contaminant a human can be exposed to each day over a long time (usually 394 

lifetime) without suffering harmful effects. It is determined by applying safety factors (to 395 

account for uncertainty in the data) to the highest dose in human or animal studies 396 

which has been demonstrated not to cause adverse effects (NOAEL) (EC 2003b). In 397 

determining the ADI the no observed adverse effects level (NOAEL) is divided by a 398 

safety factor in order to provide a margin of safety for allowable human exposure. A 399 

safety factor of 300 was applied in accordance with the European Commission Health 400 

and Consumer Protection Directorate-General (2005) and is composed of three factors; 401 

10 is for each intra-species, 10 is for each inter-species and 3 is for a limited database 402 

of studies (Prosser et al., 2015). 403 

                                            ADI = NOAEL / 10 × 10 × 3                                              (14) 404 

A NOAEL value of 25 mg kg-1 bw d-1 for TCS and TCC were obtained from Prosser et al. 405 

(2015) and was based on a 90 day oral toxicity study with mice and a 2 year oral toxicity 406 

study with rats, respectively. A NOAEL of 50 mg kg-1 bw d-1 for TCC was obtained from 407 

the USEPA (2008) and was based on the reproductive toxicity of Sprague-Dawley rats 408 

over an 80 day period. The Scientific Committee on Consumer Products (SCCP) (2008) 409 

proposes a NOAEL of 12 mg kg-1 bw d-1for TCS based on rat haemotoxicity studies as 410 

the critical effect level against which human exposure to TCS is compared. Rodricks et 411 

al. (2010) considered over 50 health endpoints and has developed a lower bound 412 

benchmark dose level of 47 mg kg-1 bw d-1. To account for variability and uncertainty in 413 

the data, a uniform distribution was assigned for both TCS (min 12, max 47 mg kg-1 bw 414 

d-1) and TCC (min 25, max 50 mg kg-1 bw d-1) (Table 8). 415 
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Risk characterisation was quantified by potential non-carcinogenic risks, reflected by the 416 

hazard quotient (HQ) – the ratio of the potential exposure to a substance and the level 417 

at which no adverse effects are expected (the threshold toxicity reference value (RfD)). 418 

If the HQ exceeds 1, there may be concern for non-carcinogenic risks (Lemly, 1996) 419 

and range from <0.01 (no existing risk) to > 10 (risk is high). The reference dose value 420 

(RfD) (mg kg-1 bw d-1) was calculated according to; 421 

                                             RfD = NOAEL/ UF × MF                                            (15) 422 

Where UF is one or more uncertainty factors and MF is a modifying factor based on 423 

professional judgement. Because the NOAEL is based on animals and of subchronic 424 

duration, the USEPA (2015) recommend a UF of 1000 and an MF of 0.8. The HQ 425 

values were calculated by dividing the exposure levels by the reference dose (RfD). The 426 

HQ for non-carcinogenic risk was calculated according to;                                                                                                                 427 

                                               HQ = HE/RfD                                                            (16) 428 

 429 

2.6 Sensitivity analysis 430 

Sensitivity analysis assesses how the model predictions are dependent on variability 431 

and uncertainty in the model’s inputs. The input parameters were assembled in a 432 

spreadsheet in Microsoft Excel 2010 with the add-on package @Risk (version 6.0, 433 

Palisade Corporation, New York, USA), and the simulation was performed using Monte 434 

Carlo sampling with 10,000 iterations.  435 

 436 

3. Results and discussion 437 

The environmental fate of the antimicrobials triclosan and triclocarban were modelled 438 

from biosolid application to plant uptake and bio-transfer to animal tissue with 439 

subsequent human consumption of milk and beef. The model resulted in several output 440 

distributions which include the PECsoil, Concentration on grass (Cplant), Concentration in 441 

plant tissue (Cpt), daily intake of contaminant (DI), and subsequent human exposure 442 
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(HE) through consumption of beef and milk and the acceptable daily dose based on 443 

NOAEL values. 444 

The results for the PECsoil show that TCC had a greater concentration in biosolids 445 

compared to TCS (mean values 3.90 × 10-2 mg kg-1, 5th and 95th percentile values 8.63 446 

× 10-3 and 8.86 × 10-2 for TCC and 2.43 × 10-2 mg kg-1, 5th and 95th percentile values 447 

5.19 × 10-3 and 5.37 × 10-2 for TCS) (Figure 2). TCS and TCC have similar chemical 448 

properties. Both compounds are polychlorinated aromatic compounds which suggest 449 

significant resistance to biodegradation and bio-transformation (Halden and Paull 2005); 450 

however, concentrations detected in biosolids may differ.  451 

The results for concentration of contaminant remaining on the plant (Cplant) show that 452 

TCS had the greater concentration remaining (mean value 9.47 × 10-10 mg kg-1, 5th and 453 

95th percentile values 5.54 × 10-18 and 3.13 × 10-9, respectively), compared to TCC 454 

(mean value 7.14 × 10-12 mg kg-1, 5th and 95th percentile values 8.28 × 10-28 and 1.69 × 455 

10-11, respectively). This is in agreement with previous studies investigating the 456 

degradation potential of TCS and TCC which indicate that TCC is more persistent in the 457 

environment. Cha and Cupples (2010) reported that TCC was more persistent than TCS 458 

based on concentrations measured in the soil and the greater half-life values for TCC in 459 

aerobic and anaerobic conditions.  460 

 461 

 462 

 463 

Figure 2: Mean concentrations of TCS and TCC in soil following a single 
biosolid application (PECsoil) (mg kg-1). Error bars denote 5th and 

95th percentiles. 
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 464 

Concentrations in plant tissue were also greater for TCC with mean values 1.40 × 10-5 465 

mg kg-1 , 5th and 95th percentile values 1.22 × 10-6 and 4.46 × 10-5 , respectively, 466 

compared to TCS 1.23 × 10-5 mg kg-1 , 5th and 95th percentile values 6.45 × 10-7 and 467 

5.03 × 10-5, respectively. These results are in agreement with a study conducted by 468 

García-Santiago et al., (2016) who demonstrated values of 8.66 × 10-5 mg kg-1 of TCS 469 

in plant following a single application of biosolids. Plant uptake of TCS or TCC is a 470 

function of many variables which include initial concentration in biosolids, behaviour of 471 

contaminant in soil and plant type.  472 

 473 

 474 

Factors such as the sorption rate (Kd) and persistence (half-life) dictate availability and 475 

transport potential of contaminants in soil. Fu et al., (2016) performed a simple 476 

correlation test between Kd and plant uptake for TCS and TCC. A significant negative 477 

relationship was found between plant uptake and Kd for TCS (r2 = 0.40-0.65, p < 0.05) 478 

or TCC (r2 = 0.21-0.74, p < 0.05). This suggests that sorption played a dominant role in 479 

the inhibition of biosolids on plant uptake of these contaminants. Similarly, the authors 480 

also found that there was a poor relationship between the half-life and plant uptake of 481 

TCS (r2 = 0.007-0.2, p< 0.05) or TCC (r2 = 0.007-0.51, p < 0.05), implying that 482 

persistence alone did not impact a discernable effect on plant uptake of the 483 

contaminants.  484 

Figure 3: Mean concentrations of TCS and TCC in plant tissue (mg kg-1) 
and daily cow intake (mg d-1). Error bars denote 5th and 95th 
percentiles. 
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The daily intake results of TCS and TCC by cows show that TCC had a greater intake 485 

rate, mean values 1.97 × 10-2 mg d-1, 5th and 95th percentile values 2.60 × 10-3 and 5. 49 486 

× 10-2, respectively, compared to TCS with 1.23 × 10-2 mg d-1, 5th and 95th percentile 487 

values 1.78 × 10-3 and 3.35 × 10-2, respectively (Figure 3). Variability in soil and feed 488 

concentrations were included to account for uncertainty in the data. The concentration 489 

of contaminant on the plant was also included. Depending on the grazing season, 490 

concentrations of the contaminant in soil may vary. Concentrations of TCC were greater 491 

than TCS in the soil, therefore it was expected that there would be greater 492 

concentrations of TCC in the consumption of soil. The concentration in the feed (silage 493 

or forage) is dominated by uptake factors previously mentioned (sorption and 494 

persistence).  495 

 496 

Predicted mean residue concentrations of TCS and TCC in beef show that 497 

concentrations of TCC were greater than TCS in beef (mean value 1.47 × 10-4 mg kg-1, 498 

5th and 95th percentile values 3.43 × 10-8 and 8.03 × 10-4,  respectively and mean value 499 

2.62 × 10-6 mg kg-1, 5th and 95th percentile values 2.97 × 10-7 and 7.91 × 10-6, 500 

respectively) (Figure 4). Mean residue concentrations in milk show that TCC had a 501 

higher concentration in milk than TCS (mean value 8.06 × 10-6 mg kg-1, 5th and 95th 502 

percentile values 3.04 × 10-9 and 4.43 × 10-5, respectively and mean value 1.81 × 10-7 503 

mg kg-1, 5th and 95th percentile values 2.42 × 10-8 and 5.13 × 10-7,  respectively) (Figure 504 

4). The hydrophilicities of TCC and TCS (log kow 4.9 and 4.6, respectively) indicate the 505 

potential for bioaccumulation. It has been suggested that compounds with high log Kow 506 

values and low water solubilities are the contaminants that have the greatest potential to 507 

accumulate in animal tissues (Duarte-Davidson and Jones 1996). Studies have shown 508 

that TCC and TCS can bioaccumulate in earthworms (Kinney et al., 2008), TCS in 509 

sheep placenta (James et al., 2010) and humans (Adolfsson-Erici et al., 2002). TCS has 510 

been found in human breast milk which indicates a route of exposure to the infant to 511 

TCS via food (Allmyr et al., 2006). Bioaccumulation of TCS and TCC occurs in humans 512 

but to a much lesser extent due to well-known detoxification reactions resulting in the 513 

rapid elimination of parental TCS and TCC (Halden 2014). Contaminants with a higher 514 
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half-life >36 d-1 combined with a higher log Kow value > 4.5 have been associated with 515 

potential animal soil ingestion (Duarte-Davidson and Jones 1996).  516 

 517 

 518 

 519 
 520 

The modelled results for human exposure to TCS and TCC in beef show that beef 521 

consumption and contaminant concentration was greater for TCC and the teen group 522 

(mean value 6.87 × 10-8 mg kg-1 bw d-1) (Figure 5).  523 

 524 

Figure 4: Mean residue concentrations of TCS and TCC in milk and beef (mg kg-1). 
Error bars denote 5th and 95th percentiles 
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 525 

Figure 5. Mean exposure of TCS and TCC in beef (mg kg-1 bw d-1) 526 

Mean consumption of milk showed that TCC had the greatest concentration combined 527 

with the infant group (mean value 1.14 × 10-7 mg kg-1bw d-1) (Figure 6).  528 

 529 

 530 

Figure 6. Mean exposure of TCS and TCC in milk (mg kg-1 bw d-1) 531 

 532 
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None of the human exposure values exceeded the ADI (mean ADI values of 0.058 mg 533 

kg-1 bw d-1 for TCS and 0.1 mg kg-1 bw d-1 for TCC, respectively). Prosser et al. (2014) 534 

estimated ADI values of 0.083 mg kg-1 bw d-1 for TCS and TCC based on a NOAEL 535 

value of 25 mg kg-1 bw d-1 and an uncertainty factor of 300. Blanset et al. (2007) 536 

estimated the ADI for TCS at 0.05 mg kg-1 bw d-1 and concluded that, based on TCS 537 

levels typically measured in drinking water, the risk to human health is minimal. The 538 

European Union Health and Consumer Protection Directorate-General have set an ADI 539 

of 0.8 mg kg-1 bw d-1for TCC based on a 2 year repeated-dose toxicity test in rats. No 540 

ADI for TCS has been established yet. Concentrations of TCS and TCC have been 541 

detected in humans following consumption of food products. For example, Chitescu,et 542 

al. (2014) showed how 3 pharmaceuticals (sulfamethoxazole, ketoconazole and 543 

oxytetracycline) were transferred from contaminated soil through plant uptake and into 544 

the dairy food production chain. The results showed that the pharmaceuticals did 545 

contaminate the dairy cow’s milk and meat due to the ingestion of contaminated feed by 546 

the cattle. However, human exposure results were below the ADI for all 3 547 

pharmaceuticals and represented a minor risk. Aryal and Reinhold (2011) demonstrated 548 

that exposure to TCS and TCC from consumption of pumpkin and zucchini plants 549 

following biosolid application (3.25 dry tons per acre) was 2 orders less than exposure 550 

from using products that contained TCS and TCC, 35 times greater than exposure to 551 

drinking water and 250 times greater than exposure from eating soybeans grown in 552 

fields amended with biosolids.  553 

The results for the mean HQ based on the NOAEL and milk and beef exposure show 554 

that for TCS and milk, potential toxicity risk was greater for the infant group (mean HQ 555 

value 1.32 × 10-7 and 95th percentile value 4.5 × 10-7) while for TCS and beef (mean 556 

HQ value 1.02 × 10-5 and 95th percentile value 6.8 × 10-8), the teen group had the 557 

greatest level of toxicity risk (Table 9). The mean HQ results for milk toxicity risk 558 

combined with TCC show that the infant group had the highest level of risk (mean HQ 559 

value 3.9 × 10 -6 and 95th percentile value 1.9 × 10-5), whilst, the level of toxicity risk for 560 

beef showed that the teen group had the highest level (mean HQ value 2.40 × 10-6 and 561 

95th percentile value 1.1 × 10-5) (Table 9). All HQ values were below the threshold value 562 

of risk (HQ < 0.01). Therefore this study concludes that there is no appreciable risk to 563 
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human health. The HQ results show that of all the age categories investigated, the 564 

groups more susceptible to toxicity risk are the infant group and the teen group. Prosser 565 

and Sibley (2015) reported that the HQ for triclosan in the root of radish plants following 566 

amendments with biosolids (single application) was 0.2 for toddlers. García-Santiago et 567 

al. (2016) studied the environmental fate and the risks of persistent cosmetics and 568 

pharmaceutical compounds following sludge application considering bio-transfer to 569 

meat and milk, crops, dermal and inhalation with soil particles and human exposure. 570 

The study revealed hazard quotient values of 0.28 for TCS with a 95th percentile of 0.95 571 

for root plant ingestion which could pose a potential hazard to human health. Synder 572 

and O Connor (2013) performed a two-tiered human health and ecological risk 573 

assessment of land applied biosolids-borne TCC. Hazard quotients were calculated to 574 

estimate risk for 14 exposure pathways identified in the USEPA Part 503 Biosolids Rule 575 

Risk Assessment looking at 100 year application and ‘worst case’ scenarios. The 576 

majority of biosolids-borne TCC exposure pathways resulted in HQ >1. Two pathways 577 

exceeded the HQ, the biosolid to predator pathway and biosolid to aquatic organism 578 

pathway. The study concluded that there was an unacceptable risk associated with TCC 579 

in land applied biosolids.  580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 
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A sensitivity analysis based on the rank order correlation coefficient was conducted for 591 

TCC as this contaminant had the highest concentration in biosolids right through to 592 

consumption. Sensitivity analysis assesses how the model predictions are dependent 593 

on variability and uncertainty in the model’s inputs. Results revealed that the Kow was 594 

the most important parameter (correlation coefficient value 0.91) that affected the 595 

variance in model predictions (Figure 7). This highlights the potential bioaccumulation of 596 

both contaminants. The high log Kow values of 4.76 and 4.90 for TCS and TCC, 597 

respectively, suggest high sorption potential. The other parameter of importance was 598 

the initial concentration of the contaminants in sludge (Csludge) (correlation coefficient 599 

value 0.19) highlights detectable concentrations of TCS and TCC in biosolids post 600 

wastewater treatment and their continuum from land application through to the food 601 

chain. This is further heightened by the physical-chemical properties of the compounds 602 

such as sorption and persistence in sludge. Hence appropriate management of initial 603 

concentrations may lower overall human health risk.  604 

 605 

 606 
 607 

 Figure 7. Sensitivity analysis of correlation coefficient (Spearman Rank) model input608 

                        Correlation coefficient  
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4. Conclusion 609 

In this study detectable concentrations of TCS and TCC in biosolids estimated from the 610 

peer review literature were evaluated to assess their environmental fate in soil and 611 

plants, transfer into animal tissues and translocation into the food chain through the 612 

consumption of beef or milk. Introduction of these compounds to the environment is 613 

mainly through biosolid spreading as most of the TCS and TCC mass entering the 614 

WWTP is attached to the particles in the wastewater and most of the mass outgoing is 615 

contained in the biosolids. The PECsoil showed that concentrations for TCC were greater 616 

than TCS; this was due to the overall concentration in the biosolids and greater half-life. 617 

This trend continued throughout the model, however, it cannot be attributed to the initial 618 

concentrations in the biosolids alone, rather factors such as sorption and persistence 619 

dictates the behaviour of the contaminant in the soil. Both compounds are highly 620 

lipophilic and rarely found in soil solution, are preferably found in roots due to the 621 

contact with soil particles. This attribute also results in a higher bioaccumulation in beef 622 

and milk. Predicted human exposure to TCS and TCC through beef and milk showed 623 

that there was no appreciable risks as all values were well below the ADI. A hazard 624 

quotient (HQ) was also calculated and the results showed that there was no appreciable 625 

risk as all values were < 0.01.The study showed that infants and teens had the highest 626 

level of exposure through milk and beef, respectively, as the data obtained from 627 

consumer consumption studies show that these age categories typically consume more 628 

milk and beef. Sensitivity analysis showed that the Kow and the initial concentration of 629 

the contaminants in biosolids as being the parameters of importance. Once introduced 630 

into the soil, concentrations of TCS and TCC may decrease over time as a result of a 631 

variety of dissipation processes. The study does highlight a route into which TCS and 632 

TCC may enter the food chain through the spreading of biosolids. The fact that they are 633 

highly lipophilic may hinder their progress along the food chain; however, their 634 

persistence in soil may introduce other consequences such as resistance to antibiotics. 635 

While exposure would appear to be small for humans, more research needs to be 636 

conducted to evaluate if the continued use of TCS and TCC may exacerbate the issue 637 

of antibiotic resistance, which may be another inadvertent consequence of the use of 638 

antimicrobials. 639 
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Table 1: Concentrations of TCS and TCC in biosolids (µg kg-1) 973 

Concentration in  biosolids (µg kg-1) 

Triclosan   a1840 
2830 
3210 
5993 

a(Clarke and Smith 2011),b (Davis et al.,  
2012),c(Walters et al., 2010), d(Chu and 
Metcalf 2007) 

  b4370 
1429 
11843 
12876 
1265 

 

  c7860  
  d9080 

11550 
1490 
1110 
1510 
17950 

 

     
Triclocarban  a5970 

3050 
5490 
4920 
3300 
3490 
3700 
4780 

a(Chu and Metcalf 2007), b(Synder et al 
2010), c(Mc Clellan and  Halden 2010), 
d(Walters et al., 2010), e(Cha and 
Cupples 2010) 
 

  b19000  
  c36000  
  d2715  
  e4510 

7085  
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Table 2: Model inputs, distributions and outputs for PECsoil 974 

Stage   Symbols   Description   Model / distribution   Units  

PECsoil 
  Csludge  Concentration in 

biosolids 
Uniform or triangular 

(contaminant specific,  
table 1) 

 mg kg-1 

  APPL  Application rate Triangular 
(300,330, 520) 

 kg m-2 

  Fint  Crop intersection Triangular (0, 10, 20)  - 

  D  Depth 0.1  m 

  BD  Bulk density Uniform (min 800, max 1000)  kg m-3 

Output  Csoil  (Csludge × APPL ×(1- fint  × 100) / ( D × BD)                                                                         mg kg-1 

  DT50  Half-life in soil Uniform  
(contaminant specific,  

Table 3) 

 d-1 

  k  Dissipation rate 
constant 

Ln (2)/DT50 soil  d-1 

  t  Time to graze Uniform (min 21, max 42)  d-1 

Output  PECsoil  Concentration of 
contaminant in soil 

following dissipation 

Csoil × e-kt  mg kg-1 

  Capplied  Concentration of 
contaminant applied on 

grass 

Csludge × APPL × fint  mg m-2 

  DT50  Half-life in air Uniform  
(contaminant specific,  

Table 3) 

 d-1 

  K  Dissipation rate 
constant 

Ln (2)/DT50 air   

  Pd  Plant density 1.8  kg m-2 

Output  Cplant  Concentration on plant 

following dissipation 

Capplied × e-kt /Pd  mg kg-1 

 975 

 976 
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Table 3: Properties of triclosan and triclocarban 977 

Contaminant Distribution Min Mean Max             References        

Reference 

 

 

 

 

 

 

Triclosan  

Log koc  
(L kg-1) 

Triangulara 2.7 4.0 4.7 aBarron et al., 2009, Agyin-Birikorang 

et al 2010, Chen et al., 2011, Gasperi 

et al., 2011. WFD 2012.  

 Csludge 
(mg kg-1) 

Triangularb 1,110 7,298 19,676 bChu and Metcalfe 2007, Clarke & 

Smith 2011, Walters et al., 2010, Cha 

& Cupples. 2010, Davis et al., 2012. 

 Kow Triangularc 4.38 4.66 4.8 cCoogan et al., 2007, Wu et al., 2009, 

Chen et al., 2011, Rudel et al., 2013, 

Banihashemi & Droste 2014, 

Chemspider  

 DT50 soil 
DT50 air 

Uniformd  
Uniforme 

87 
0.66 

 231 
1 

dWu et al., 2009, Chemspider 2015. 
 
eUSEPA 2013, Ying et al. 2007 

Henry’s Law 
Constant 

Uniformf  1.3 × 10-3  5.2 ×10-4 f Thompson et al 2005 

Triclocarban 

Log Koc  

(L kg-1) 
Triangularf 3.59 4.06 4.9 fYing et al.,  2007, King 2010, Cha & 

Cupples 2010, Chemspider 2015.  

 

Csludge 

(mg kg-1) 
Triangularg 2,715 14,756 38,839 gChu & Metcalfe 2007, Snyder et al.,  

2010, Walters et al., 2010, Mc Clellan 

& Halden 2010, Cha & Cupples 2010. 

Kow Uniformh 2.7  7.1 hWu et al., 2009, Agyin-Birikorang et 
al 2010 , Oehha 2010,  

DT50 soil 
DT50 air 

Uniformi  
 Uniform j 

18 
0.5 

 120 
0.75 

i Ying et al 2007, Walters et al 2010) 
jUSEPA  2013, Ying et al 2007 
 
 

Henry’s Law 
Constant 

Uniformk  3.6 × 10-5  8.3 ×10-6 kchemspider 2015 

 978 
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Table 4. Model inputs, distributions and outputs for PECporewater and concentration of 979 

contaminant in external water 980 

PECporewater 

  Foc  Fraction of soil organic  
matter 

Uniform (min 2, max 7)  % 

  Koc  Organic carbon-soil 
sorption coefficient 

Triangular  
         (Contaminant specific, 

Table 3) 

 L kg-1 

Concentration of contaminant in external water 

Output  PECporewater  Concentration of 
contaminant in  external 

water 

        

PECsoil / (Foc × Koc)  mg kg-1 

   αpt  Quasi-equilibrium factor 0.1  - 

  fpw  Weight fraction of water 89  % 

  fch  Sum of carbohydrates, 
cellulose and proteins in 

plant 

10.2  % 

  Kow  Octanol-water Partition 

coefficient  

Triangular  
(contaminant specific,  

Table 3) 

 log 

  Kch  Partition coefficient for 
carbohydrate fraction of 

the plant 

1.23 × Kow – 2.42  - 

  flip  Weight fraction of lipids 97  % 

  klip  Partition coefficient for 
lipid fraction of plant 

Kow  log 

Output  Cpt  Concentration of 
contaminant in plant 

Cpt = αpt × PECporewater × 
[fpw + fch × Kch + Flip × 

Klip] 

 mg kg1 

 981 

 982 

 983 

 984 

 985 

 986 

 987 
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Table 5. Model inputs, distributions and outputs for daily intake rate 988 

Daily intake rate 

  Fsoil  Cow’s consumption of 
soil 

Uniform (min 0.1, max 0.9)   kg d-1 

  Fpt  Cow’s Consumption  of 
forage 

Uniform (min 12, max 18)   kg d-1 

Output   DI  Daily intake rate PECsoil × Fsoil + Cpt × Fpt 

+Cplant ×Fpt 

  mg d-1 

 989 

 990 

 991 

 992 

 993 

 994 

 995 

 996 

 997 

 998 

 999 

 1000 

 1001 

 1002 

 1003 

 1004 

 1005 
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Table 6. Bio-transfer factor and residue for milk and beef  1006 

Bio-transfer factor 

     BTFb   Bio-transfer factor beef Log BTF = - 7,735 +1.033 
log kow                 

  [mg kg-1 

/mg d-1] 

    BTFm   Bio-transfer factor milk Log BTF = -8.056 +0.992 
log Kow 

  [mg kg-1 

/mg d-1] 
 

 Residue in milk and beef 

  FCmilk  Average fat content of 
milk 

Uniform (min 3.7, max 4)   % 

  FCbeef  Average fat content of 
beef 

Uniform (min 7.5, max 27)   % 

Output   Cmilk  residue in milk BTFm × DI × FCmilk    mg d-1 

Output   Cbeef   residue in beef BTFb × DI × FCbeef   mg d-1 

 1007 

 1008 

 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

 1023 

 1024 

 1025 
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Table 7: Mean consumption and standard deviation of milk and beef for individual age 1026 

groups 1027 

Age group Pre-school 
(1-4 yr) 
n =500 

Children 
(5-12 yr) 
n=594 

Teens 
(13-17 yr) 

     n=441 

Adults 
(18-65 yr)   
n=1274 

Elderly  
(>65) 

n=226 
Body weight 

(kg) 
15.2 ±1.95 33 ±11.3 59.8 ±11 78 ±16.5 74.6 ±13.9 

Milk 
consumption  

(g d-1) 

220±193 9 ±13 10 ±14 13 ±19 17 ±19 

Beef 
consumption 

(g d-1) 

2 ±5 5 ±11 30 ± 44 19 ±31 16 ±27 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 

 1038 

 1039 

 1040 

 1041 

 1042 

 1043 

 1044 

 1045 

 1046 

 1047 

 1048 

 1049 
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Table 8. Model inputs, distributions and outputs for human exposure and hazard 1050 

quotient. 1051 

Human exposure 
  bw  Body weight Normal (Table 7)   kg 

  Milkconsum  Milk consumption Lognormal (Table 7)   kg d-1 

Output   HEmilk  Human exposure milk Cmilk × Milkconsum / bw   mg kg-1 

 bw d-1 

  Beefconsum  Beef consumption Lognormal (Table 7)   kg d-1 

Output   HEbeef  Human exposure beef Cbeef × beef consum / bw   mg kg-1 

bw d-1 

  NOAEL  No observed adverse 
effects level 

(TCS -min 12, max 47) 
(TCC- min 25, max 50) 

  mg kg-1  

bw d-1 

 
  SF   Safety factor  10 × 10 × 3   - 

 

 

  ADI  Acceptable daily intake NOAEL/safety factor    mg kg-1 
bw d-1 

  UF  Uncertainty factor 1000   - 

  MF  Modifying factor 0.8   - 

  RfD  Reference dose NOAEL/ UF × MF   mg kg-1 

bw d-1 
Output  HQ  Hazard quotient HE / RfD   - 

 1052 

 1053 

 1054 

 1055 

 1056 
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 1057 

 1058 

 1059 

 1060 

 1061 

 1062 

 1063 

 1064 

 1065 

 1066 

 1067 

 1068 

 
Triclosan Infant  

(1-4 yr) 
Child  

(5-12 yr) 
Teen 

 (13-17 yr) 
Adult 

 (18-64 yr) >65 yr 

 
Milk 

consumption 
1.3e-07 

(7.3e-09, 4.5e-07) 

3.1e-09 

(7.3e-11, 1.0e-08) 

1.5e-09  

(4.7e-11, 5.8e-09) 

1.5e-09 

(4.4e-11, 5.8e-09) 

2.0e-09 

 (8.4e-11, 7.9e-09) 

 

Beef 

consumption 
1.7e-08 

 (1.9e-10, 6.9e-08) 

2.4e-08  

(2.7e-10, 9.0e-08) 

6.8e-08  

(1.7e-09, 2.6e-07) 

3.3e-08 

 (7.0e-10, 1.3e-07) 

2.7e-08  

(5.9e-10, 1.1e-07) 

 
Triclocarban Infant  

(1-4 yr) 
Child 

 (5-12 yr) 
Teen 

 (13-17 yr) 
Adult 

 (18-64 yr) >65 yr 

 
Milk consumption 3.9e-06  

(1.1e-09, 1.9e-05) 

8.5e-08  

(1.2e-11, 3.5e-07) 

4.6e-08  

(7.3-12, 2.0e-07) 

4.7e-08  

(7.4e-12, 2.0e-07) 

6.4e-08  

(1.2e-11, 3.0e-07) 

 
Beef 

consumption 
6.8e-07 

 (3.6e-11, 2.3e-06) 

8.7e-07 

(4.8e-11, 3.0e-06) 

2.4e-06  

(2.5e-10, 1.1e-05) 

1.3e-06  

(1.1e-10, 5.0e-05) 

1.2e-06 

(9.4e-11, 4.3e-06) 

[Type a quote from the document or the summary of 
an interesting point. You can position the text box 
anywhere in the document. Use the Drawing Tools tab 
to change the formatting of the pull quote text box.] 

Table 9. Hazard quotient results for TCS and TCC including 5th and 95th percentiles. 
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