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ABSTRACT 40 

The toxicity towards the algal species Pseudokirchneriella subcapitata of 425 organic 41 

chemical substances was tested in a growth inhibition test. Precautions were taken to prevent 42 

loss of the compounds from the water phase and the test system (closed test system, low 43 

biomass, shorter test duration, silanized glass) and to keep pH constant by applying a higher 44 

alkalinity. Chemical phase distribution was modelled taking ionization, volatilisation, and 45 

adsorption to glass and biomass into consideration. If the modelled water concentration was 46 

below 90 % of the nominal concentration the calculated EC values were corrected 47 

accordingly. The model helped to identify substances, where the calculated water 48 

concentration was too uncertain. Substances covering a wide range of physical-chemical 49 

properties and different modes of action were tested. Median effect concentrations (EC50) 50 

lower than 1000 mg/L were found for 310 substances; 216 of these were in the range from 1 51 

to 1000 mg/L and 94 substances had EC50s below 1 mg/L and should be classified as “Very 52 

toxic”. 36 substances fell in the group with EC50 > 1000 mg/L. An EC50 could not be 53 

established for 79 substances. These 425 different organic substances were tested under 54 

uniform conditions and thus considered a valuable source of information for administrators, 55 

industry, risk assessors and QSAR modellers. 56 

 57 

Keywords 58 

Algae, toxicity, chemicals, partioning, QSAR, environmental risk 59 

60 
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INTRODUCTION 61 

 62 

The number of chemical substances used in daily life in household, agriculture, industry, etc. 63 

is very high. With the EU chemical legislation, covered by e.g. the EU REACH Regulation, 64 

CLP Regulation, Biocidal Products Regulation, Pesticide Regulation, all chemical substances 65 

in use have to be registered, authorised or notified dependent on the regulation. By the end of 66 

the REACH registration about 149,000 substances were registered (Trapp et al., 2010). For 67 

many of these including possible degradation products, there is still a general lack of data 68 

including physical-chemical data as well as ecotoxicological data hereunder toxicity toward 69 

unicellular algae. 70 

 71 

Environmental hazard and risk assessment and classification of chemical substances as well 72 

as the different regulations demand results from ecotoxicological studies, e.g. data from 73 

toxicity tests with algae, crustaceans and fish. Ecotoxicological tests are costly and time 74 

consuming and this is one reason for the slow and resource-intensive risk assessment process. 75 

Alternative methods like QSARs (Quantitative Structure Activity Relationships) are 76 

increasingly used in regulatory contexts to supplement experimental data especially for 77 

degradation products. QSAR models that can predict/estimate ecotoxicological effects from 78 

e.g. structure and physical-chemical properties, therefore provide a valuable tool for 79 

performing environmental hazard and risk assessment, PBT (Persistence, Bioaccumulation, 80 

Toxicity) assessment and classification much faster and cheaper compared to assessments 81 

based on experimental data for each individual compound.  QSAR models for predicting 82 

ecotoxicological effects on crustacean and fish were some of the first to be developed by the 83 

Danish Environmental Protection Agency (2004, 2015.).  84 

 85 
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However, for the third important group of organisms, the algae, it was proved difficult to find 86 

homogenous data sets to form basis for global (covering a diversity of chemical classes) 87 

QSAR models for algae toxicity. Microscopic algae are the most important group of primary 88 

producers of biomass in most aquatic ecosystems and thereby form an important ecological 89 

base for higher life forms. Toxic effects on this group of organisms may harm the whole 90 

ecosystem because the food base of the ecosystem may be harmed leading to secondary 91 

effects at higher throphic levels. Thus, it is essential to investigate the effect of toxic 92 

substances on this group of organisms.  93 

 94 

This paper presents the methods and data generated to develop a model for prediction of 95 

ecotoxicity of chemical substances on algae. The final model based on the results presented 96 

here and some literature values was run with 170,000 substances in the first version and in a 97 

newly updated version with more than 600,000 substances and the outcome is available online 98 

(Danish Environmental Protection Agency, 2004, 2015). Only the modelled results are 99 

presented in the Danish EPA (Q)SAR database, whereas the experimental results were not 100 

published before. 101 

 102 

In this project a cost-effective method was used taking special care to achieve precise and 103 

reliable results beyond the scope of routine testing. In order to keep the dissolved 104 

concentrations of the tested substances as constant as possible, some modifications were done 105 

relative to standard test methods (Organization for Economic Cooperation and Development, 106 

1984). Special care was taken to keep the pH constant, to reduce losses of chemical substance 107 

due to sorption on glass and biomass and due to volatilization and degradation and a modified 108 

Mackay level 1 partitioning model (Mackay, 1991) for the system taking ionisation into 109 

consideration was set up and run for each substance to evaluate the water concentration. 110 

 111 
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Due to the lack of algae toxicity data the Danish EPA started to financially support this effort 112 

to generate high quality data under uniform experimental conditions within one laboratory at 113 

Technical University of Denmark. The resulting test data set was iteratively used as the basis 114 

for development of interim QSAR models throughout the testing period to select new test 115 

substances to further strengthen the model and expand its applicability domain. Thus, 116 

chemicals covering a broad range of physical-chemical properties and groups were chosen for 117 

testing. As 425 different organic chemical substances were tested in exactly the same way we 118 

consider these results a valuable source of information for administrators, industry, risk 119 

assessors and QSAR modellers.  120 

 121 

METHODS AND MATERIALS 122 

 123 

Algae test 124 

The method used was based on the OECD Guideline 201 (Organization for Economic 125 

Cooperation and Development, 1984) and ISO 8692 (International Organization for 126 

Standardization, 1997) standards using average growth rate as the endpoint. 127 

 128 

The test organism was the green alga Pseudokirchneriella subcapitata, formerly known as 129 

Selenastrum capricornutum or as Raphidocelis subcapitata (obtained from the Norwegian 130 

Institute of Water Research). 131 

 132 

Most chemicals were of analytical grade and at least of 95% purity. 133 

 134 

Some modification of the ISO 8692 method was performed to keep the conditions in the test 135 

system as stable as possible. A small closed test system was used together with a higher buffer 136 
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capacity, a low inoculate of 104 cells · mL-1 and a shorter test duration (48 hours). These 137 

modifications will be discussed later. 138 

 139 

The stock solutions and test concentrations were prepared with modified ISO 8692 freshwater 140 

algal growth media enriched with 200 mg/L NaHCO3 (4 times higher than ISO medium). The 141 

dilution series was prepared by mixing growth media with a stock solution of the test 142 

substance and then inoculate with a pre-culture of exponentially growing algal cells 143 

propagated under the actual test conditions to eliminate a lag phase. All stock solutions were 144 

pH-adjusted to the pH of the growth media. 145 

 146 

Glass vials were used as test vessels. Mini-scale algal growth inhibition tests were conducted 147 

as closed tests with 4 mL test medium and 17 mL CO2-enriched headspace (1% CO2) as 148 

described by Halling-Sørensen et al. (1996). The vials were closed with a teflon-covered 149 

septum and CO2 was added with a syringe. At equilibrium with the CO2-enriched headspace 150 

the resulting pH of the media was 7.2 ± 0.2. Test vials were incubated on a microplate shaker 151 

(100 rpm) in continuous white fluorescent light (70-90 µE · m-2· s-1) at 20 ± 1 °C.  152 

 153 

Algal biomass was determined at the start, after 24 hours and at the end (48 hours) from 154 

acetone extractions as described by Mayer et al. (1997). pH was measured at the start and at 155 

the end. The fluorescence of the extracted chlorophyll was measured on a Hitachi F-2000 156 

Fluorescence Spectrophotometer with excitation light at 420 nm and emission light at 671 nm. 157 

Algal growth rates in each vial were calculated directly from the fluorescence measurements. 158 

Specific average growth rates were calculated for each vial from the three biomass 159 

determinations.  160 

 161 
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For substances with low solubility, either dimethyl sulfoxide (DMSO, CAS 67-68-5), acetone 162 

(CAS 67-64-1) or chloroform (67-66-3) was used as a co-solvent, with a maximum 163 

concentration of 1-2% in the final solution. Results from testing of the solvents are included 164 

in the supplementary materials. If a co-solvent was used the concentration was equal in all test 165 

concentrations. Potassium dichromate was used as a reference compound and tested every 166 

second to third month. 167 

 168 

Each substance was tested in both a range finding test and in a definitive test. The number of 169 

replicates in definitive tests varied in the project period. At the start 3 replicates of each of six 170 

test concentrations were used. Later, nine test concentrations with two replicates were used. In 171 

the last part of the project only one replicate of each of the thirteen concentrations was used as 172 

recommended by Andersen et al. (1998).  Despite the number of replicate the concentrations 173 

were chosen with a constant factor between concentrations (equal distances between 174 

concentrations on a logarithmic scale). During the whole period six control replicates were 175 

used and run simultaneously to each test substance. 176 

 177 

Statistical calculations 178 

EC10 and EC50 (concentrations reducing the specific average growth rate by 10 and 50%, 179 

respectively) and their confidence limits were estimated by fitting the obtained concentration-180 

response data to the logarithmic normal distribution function (Christensen et al., 2009).  The 181 

obtained growth rates were normalised by dividing with the (negative or if a solvent was used 182 

the solvent) control response estimate. The influence of the control covariance was taken into 183 

account in the statistical calculations using a weighting function that was inversely 184 

proportional to the total variance. Further, experimental designs were made with six control 185 
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replicates and narrow spacing of test concentrations at all effect levels to give enough data 186 

points for an accurate estimation of the concentration-response relationship. 187 

 188 

Phase partitioning 189 

A partitioning model based on Mackey’s fugacity model level 1 (Mackay, 1991), assuming 190 

equilibrium was developed. The model estimates the phase distribution of chemical 191 

substances between water, algal biomass, air headspace, and glass surface in the test system 192 

taking into account ionization, volatilization and sorption to algal biomass and glass. For 193 

further details see Christensen et al. (2009). If the estimated water concentration was lower 194 

than 90% of the nominal concentration the test result was corrected accordingly. 195 

 196 

Dimensions used for the algal test model were: water (4.0 mL), air (17.0 mL), glass wall (11.3 197 

cm2), and algae (cell density after 48 h at a growth rate of 1.70) 3.66·105 cells /mL ~ biomass 198 

volume 1.46 · 10-4 mL. 1 mg dwt of algae was equivalent to 5·107 cells with 10% carbon 199 

content (Christensen, 2009). The carbon content of the final algal biomass was used for 200 

estimation of sorption to algae. 201 

 202 

For estimation of sorption to glass a study was performed to determine the glass-water 203 

distribution coefficient. Sorption was measured in abiotic control experiments using silanized 204 

as well as borosilicate (normal) glass and  with six different 14C-labeled substances to cover 205 

the widest possible range of KOW’s, see Table 1. Analyses were made using a Tri-Carb 2000 206 

Liquid scintillation Counter (United Technologies Packard). Some experiments were also 207 

made with addition of co-solvent (DMSO) in order to investigate if such addition influenced 208 

sorption.  209 

 210 
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Medium (4.0 mL) was spiked with radiolabelled substance. Six replicates of each of the 211 

spiked samples were prepared in normal glass vials and six in silanized glass vials. After four, 212 

24 hours and at the end of the experiment (48 hours) samples were taken from three of each 213 

glass type and analysed by liquid scintillation counting. Radiolabelled substances adsorbed to 214 

the glass were extracted with 4 mL of acetone under continuous shaking for 24 h followed by 215 

scintillation counting. Isotope mass balances were made and the glass-water partitioning 216 

coefficient, KGlass, was calculated using the equation 217 

 218 

 KGlass = CGLASS/CW  (L/cm2)        219 

 220 

where CGLASS is the amount of the substance sorbed onto the glass surface (mg/cm2) and CW is 221 

the water concentration (mg/L). 222 

 223 

For lipophilic compounds, such as phenanthrene and DDT the mass balance indicated that 224 

acetone could not extract all of the sorbed substance. In that case KGlass was calculated 225 

indirectly from the water concentration using nominal concentrations. In the experiment and 226 

in the partitioning model it is assumed that sorption to the glass surface only will take place at 227 

the glass surface area in contact with the 4 mL water sample (vial diameter 1.87 cm; surface 228 

area 11.3 cm2). 229 

 230 

The model assumes quasi-stationary conditions for the partioning processes and takes into 231 

account the following two dynamic phenomena: 1) Increasing sorption to the exponentially 232 

growing algal biomass, and 2) progression with time of sorption to the glass surface of the test 233 

vessel. Both processes result in decreasing water concentration and hence chemical 234 

substances sorbed onto the growing algae also become “growth diluted” (decreasing dose per 235 

algal dry weight resulting from increased algal dry weight) reducing the toxic impact. 236 
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Sorption to glass is a time dependent process, which likewise reduces the effective 237 

concentration and hence the toxic impact. The processes are all considered fast due to the 238 

small volume and short transport distances (happen within 48 hours). In this way a dynamic 239 

problem is turned into a problem of estimating an equilibrium distribution at a specified time 240 

(48 hours) and one of solving linear algebraic equations assuming linear partitioning justified 241 

by low concentrations.  242 

 243 

For the less volatile test substances escape to the air is of little significance, whereas for the 244 

more volatile substances equilibrium is assumed to be established within minutes to hours at 245 

constant shaking due to the small volumes and short distances. Thus, we assume to have 246 

equilibrium between all phases well before the end of the test.  247 

 248 

The physical and chemical data that is used in the partioning model was mainly found in or by 249 

use of EPISuite (2001-2014) (solubility, molar weight, octanol water partioning coefficient 250 

and vapor pressure) and SPARC On-line Calculator (2002-2005) (pKa values). ACD/I-lab 251 

(2010-2016) was used to verify data and in some cases to find data when the other data bases 252 

failed to come up with values.  253 

 254 

Choice of substances 255 

 256 

Chemical substances were chosen based on preliminary QSAR modelling and on molecular 257 

structure (inactive or active fragments e.g. aromatic amino group, aromatic chlorine group, 258 

aromatic alcohol group, etc.), mode of action, special physico-chemical properties – including 259 

some basic natural structures e.g. amino acids and other organic acids. The choice of test 260 

substances was a feedback process based on previous test results and identification of 261 

potentially active groups not yet tested.  262 
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 263 

All substances were handled and working procedures were performed in accordance to the 264 

OECD Guidance Document on Aquatic Toxicity Testing of Difficult Substances and Mixtures 265 

(Organization for Economic Cooperation and Development, 2000). 266 

 267 

RESULTS AND DISCUSSION 268 

 269 

Partitioning model and sorption to glass 270 

In this project with more than 400 substances tested it was not possible to verify the 271 

concentrations in the tests with chemical analysis. Instead it was chosen to estimate the 272 

partitioning of the substances in the four phases of the closed test system, air, algal biomass, 273 

glass and water. Due to the small size of the test vessels (short distances) and the continuous 274 

shaking it was assumed that equilibrium between the phases was achieved quickly and long 275 

before the end of the 48 hours test period.  276 

 277 

To use a Mackey’s fugacity level I model we needed to find the glass sorption coefficient. In 278 

the glass sorption experiments ionization was accounted for. For the six substances used to 279 

study glass sorption (Table 1) a mass balance showed that no significant volatilization took 280 

place. Furthermore no algae were added in the experiments so sorption to algae could be 281 

excluded. In Table 1 physical and chemical properties of the compounds used in these 282 

experiments are shown. 283 

 284 

The results revealed that sorption to glass surfaces increases with time, but it was almost 285 

completed after 24 hours. In the distribution model it was chosen to use data from 48 hours 286 

because the duration of the algae test was 48 hours and because equilibrium was complete at 287 

that time even for DDT, which had the highest Kow.  288 
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 289 

Addition of DMSO had only little influence on the adsorption and in the distribution model it 290 

was chosen not to account for DMSO addition because most tests were performed without a 291 

co-solvent.  292 

 293 

In Figure 1 correlations between KGlass and Log KOW in the range of 0.90 to 6.91 were 294 

achieved using polynomial equations; the curves and equations for normal and silanized glass 295 

are almost identical: 296 

Normal glass:  Log KGlass = 0.0289·log KOW
2+0.1342·Log KOW-2.2986;  (R2 = 0.923) 297 

Silanized glass:  Log KGlass = 0.0307·log KOW
2+0.1065·Log KOW-2.2209;  (R2 = 0.903) 298 

 299 

As could be expected Log Kow alone can describe the sorption. For substances having log 300 

KOW values lower than zero, it was assumed that no adsorption took place and for these KGlass 301 

was set to zero. For substances having log KOW values higher than zero the equation for 302 

silanized glass was used in the partitioning model 303 

 304 

Additionally, investigations of sorption of substances to the glass surface was performed to 305 

develop a partitioning model to estimate the partitioning of each test substance in the specific 306 

test system consisting of water, headspace (air), algae and glass, accounting for volatilisation 307 

and sorption to algal biomass and to glass surface. The model also considered ionization; thus, 308 

the dissolved water concentration accounted for the ionized plus un-ionized water fractions. 309 

The results obtained from this model were used for an evaluation of change in the dissolved 310 

water concentration, in order to avoid under-estimations of toxicity. In OECD test guidelines 311 

(e.g. Organization for Economic Cooperation and Development, 2008) it is recommended that 312 

test results are based on measured concentrations, but if the result of the chemical analysis is 313 

within ±20 % of the nominal concentration the test result can be based on nominal 314 
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concentrations as well. For 235 substances the model showed that the water concentration was 315 

at or above 90% of the nominal concentration and it was chosen not to correct these EC 316 

values. If the estimated water concentration was between 20% and 90% the EC values were 317 

corrected accordingly, which was the case in 104 tests. If the model showed a water 318 

concentration below 20%, the concentration was considered too uncertain to give trustworthy 319 

EC values. 320 

 321 

Test duration 322 

Some justified modifications of the standard method ISO 8692 were made to minimise 323 

changes in the water concentrations during the test period.  One modification was to use a test 324 

period of 48 hour instead of the standard period of 72 hours. If the growth is exponential the 325 

growth curve in a semi log plot will be a straight line where the slope will correlate the 326 

specific growth rate. Thus, as long as the biomass can be measure with a sufficient precision 327 

the growth rate of an exponential growing algal culture is independent of time. In our case we 328 

were able to measure the biomass precisely enough to get a growth rate based on the three 329 

measurements from 0, 24 and 48 h, which in the control vials had a correlation coefficient of 330 

0.98 or better in a semi-logarithmic plot.  331 

The average control growth rate in our tests was generally in the range of 1.6-1.9 day-1 with a 332 

variation coefficient of the control growth rate of less than 3% and a pH change of less than ± 333 

0.2, thus fulfilling the validity criteria of ISO 8692 (International Organization for 334 

Standardization, 1997.). 335 

 336 

Adsorption and degradation 337 
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Adsorption to the biomass was reduced by using a low inoculate of 104 cells/L, by shortening 338 

the test duration to 48 hours (from 72 hours normally) and by applying a test temperature in 339 

the lower end of the range (21 °C) of that specified by ISO 8692 thereby reducing the final 340 

algal biomass. The lower final biomass also helps reducing pH drift, which mainly takes place 341 

at the end of a test where the biomass is highest. Besides, the shorter test duration leaves less 342 

time for degradation to take place. Degradation might have taken place, but since there was no 343 

microbial inoculation (except for the algal culture) and because of the short test duration 344 

biodegradation is considered insignificant. Due to the use of glass vials also photo 345 

degradation is considered of less importance. Finally silanized glass vials were used 346 

throughout the whole project period to minimize adsorption, though the difference to 347 

borosilicate (normal) glass seemed small. The modifications are in accordance with 348 

recommendations in the OECD Guidance Document on Aquatic Toxicity Testing of Difficult 349 

Substances and Mixtures (Organization for Economic Cooperation and Development, 2000). 350 

 351 

Closed system 352 

A small, closed system was used with all test substances to avoid volatilisation from the 353 

system. pH drift was minimized by increasing the alkalinity in the growth media 4 fold (200 354 

mg NaHCO3/L) relative to the ISO standard and by injecting CO2 to the headspace (1% CO2 ) 355 

resulting in a pH of the medium of 7.2 ± 0.2. This also optimizes the CO2 supply of the alga. 356 

pH may increase in standard algal tests due to uptake of CO2 by the alga, which for ionizing 357 

compounds means that the fraction of the (toxic) non-ionized species will change during the 358 

test. By adding more bicarbonate and carbon dioxide to the system such a pH change was 359 

minimized, and thereby the fraction of the non-ionized substance becomes more constant and 360 

with that also the toxicity. 361 

 362 
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Closed test systems have also been used by Mayer et al. (2000), Lin et al. (2005), Hsieh et al. 363 

(2006) and by Fu et al. (2015). Fu et al. evaluated algal toxicity data from many different 364 

sources and found indications that 48 hours tests were slightly more sensitive than 72 hours 365 

tests; besides they found that tests performed in open and closed systems had the same 366 

sensitivity for most test compounds. Aruoja et al. (2011, 2014) tested 50 nonpolar and 58 367 

polar narcotics and obtained results in a closed and open test that were sufficiently similar for 368 

a direct comparison. In contrast to Tsai and Chen (2007) tested 90 organic compounds and 369 

found 2 to 380-fold higher sensitivity (~lower EC values) in closed tests. Pseudokirchneriella 370 

subcapitata (formerly Selenastrum capricornutum or Raphidocelis subcapitata) were used in 371 

all these cited papers.  372 

 373 

Tests with reference compound 374 

In Table 2 is shown the result of tests performed with potassium dichromate (K2Cr2O7) during 375 

the project period. An average EC50 of 0.60 mg/L K2Cr2O7 was found in 14 tests with a 376 

standard deviation of 0.16 mg/L and a coefficient of variation of 25 %. Thus, the sensitivity of 377 

the test was constant during the project period. The average EC50 is lower than results 378 

presented by ISO from an inter-laboratory investigation, where an average EC50 of 1.19 mg/L 379 

was found (International Organization for Standardization, 1997), but this is probably caused 380 

by the lower pH used here (pH 7.2±0.2 versus 8.1±0.2 in standard ISO tests). 381 

 382 

Chemical substances 383 

In total 425 organic chemical substances including three co-solvents (DMSO, acetone and 384 

chloroform) were tested. None of the co-solvents had any effect on the growth at the 385 

concentrations at which they were added as co-solvents. Besides solvents at low 386 

concentrations do not significantly influence the water solubility in accordance with basic 387 

physical/chemical principles (ECETOC, 1996) and, thus, will not change the partioning of the 388 
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test substances. The test substances belong to different groups: narcotic, non-narcotic, polar, 389 

non-polar, specific reacting and non-specific reacting substances, but were not characterized 390 

as such before testing because the preliminary test result gave the concentration range to be 391 

tested in the definitive test. In Figure 2A is shown a distribution of log Kow values for the 392 

substances tested. Most of the compounds had low or relatively low Kow values. 78 of the 393 

compounds had Log Kow values higher than 4. Only five substances had Log Kow higher than 394 

7. At this level of Kow, the water solubility becomes very low and the compounds generally 395 

have a high sorption to solid materials like glass and biomass and also have a tendency to 396 

form molecular aggregates. The compounds are difficult to get into solution in water, and it 397 

was necessary to use a co-solvent. The concentrations estimated in the different phases thus 398 

become more uncertain than at lower Kow values. 399 

 400 

For a series of substances it was not possible to find pKa values. Among these are the 401 

quaternary ammonium compounds, which are permanently charged. To evaluate their 402 

partioning we assumed a worst case scenario where they we considered them uncharged when 403 

we estimated their partitioning. In most cases the model predicted more than 90% of the 404 

(uncharged) substance to be found in the water phase, which means that the charged water 405 

fraction was probably higher. These substances had relatively low Kow’s and high water 406 

solubility, so one would expect most of the compounds in the water phase. Though, for two 407 

compounds, 1-Heptanaminium, N,N,N-triheptyl-, bromide (CAS 4368-51-8) and 1-408 

Octanaminium, N-methyl-N,N-dioctyl-, chloride (CAS 5137-55-3) the percentages of the 409 

uncharged  fraction in water were estimated to 1.5% and 24%, respectively. Since they are 410 

charged, these two compounds will probably not behave like neutral compounds. Thus, it is 411 

not possible to estimate their water phase concentration with any certainty and therefore the 412 

EC values for these two substances are neither shown in the distribution of EC50 values 413 
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(Figure 2D) nor under the corrected EC values (but can still be seen under the uncorrected 414 

values in the Supplemental materials Table 1). 415 

 416 

Another problematic group is the polyfluorinated substances of which we tested about 20. 417 

When assuming these substances were uncharged, the distribution model showed that for 418 

most of these more than 70 % was in the water phase. Though, for four of them the model 419 

showed that 1% or less was in the water phase. These were Butane, 1,1,1,2,2,3,3,4,4-420 

nonafluoro-4-iodo- (CAS 423-39-2); 1-Octanol, 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro- (CAS 421 

647-42-7);  Furan, 2,2,3,3,4,4,5-heptafluorotetrahydro-5-(nonafluorobutyl)- (CAS 335-36-5); 422 

and Pentane, dodecafluoro- (CAS 678-26-2). Again it means that the estimated water 423 

concentrations for these compounds are very uncertain, and they are not included in the 424 

distribution of EC50 values (Figure 2D), but the results are still shown under the uncorrected 425 

values (Supplemental materials) if found. Likewise, if for other substances the distribution 426 

model showed less than 20% of the nominal concentration was to be found in the water phase, 427 

the EC50 of that substance is not included in Figure 2D (e.g. cyclohexene, 1-methyl- (CAS 428 

591-49-1), for which 92% is estimated to escape to the air compartment). 429 

 430 

Figure 2B shows the distribution of molar weights of the 425 test chemical substances. More 431 

than 80 % of the substances had molar weight in the range from 100 to 300. 35 had molar 432 

weights above 350. 433 

 434 

Henry’s law constants (Log values) are shown in Figure 2C. Substances with log KH values 435 

lower than -6.5 atm · m3 · mol-1 are less volatile than water and are not expected to escape to 436 

the air phase (Lyman, 1990). Compounds with a log KH above -3 atm · m3 · mol-1 can be 437 

considered as volatile. 43 of the tested compounds belong to this group, which justifies the 438 

use of a closed test system.   439 
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 440 

EC50 values were determined for 346 substances (Figure 2D). EC50s lower than 1000 mg/L 441 

were found for 310; 216 of these can be classified as “Toxic” (EC50 from 1 to 1000 mg/L) 442 

(depending of their toxicity to other groups of organisms their classification might be stricter) 443 

(Van Leeuwen and Hermens, 1995). 94 substances had EC50s below 1 mg/L and shall be 444 

classified as “Very toxic” according to the EU classification. 36 compounds fell in the group 445 

with EC50 > 1000 mg/L. No (or an un-trustworthy) EC50 was found for 79 substances either 446 

because the effects were so low that an effect curve could not be established or because an 447 

extrapolation from low effect results to the EC50 was not considered valid or because the 448 

estimation of the water phase concentration was too uncertain.  449 

 450 
Partitioning examples 451 

Some results from the partitioning model are show in Figure 3. N-(butoxymethyl)-2-chloro-452 

N-(2,6-diethylphenyl)acetamide (CAS 23184-66-9) (Fig. 3A) is a neutral compound with a 453 

log Kow of 4.84 and 72 % is found in the water phase, 21 % on the glass and 7 % on the algae. 454 

In cases like this the obtained EC values were corrected since the predicted water 455 

concentration was significantly below (<90%) the nominal concentration.  456 

 457 

In Figure 3B is estimated the partitioning of 2,4,6-Tri-tert-butylaniline (CAS 961-38-6). It has 458 

a log KOW of 6.8 and a low water solubility of 0.3 mg/L. As expected most of the material is 459 

sorbed, 73% to the biomass and 18% to the glass leaving only 8% in the water phase. In cases 460 

like this we have generally considered the partioning model results too uncertain. In the case 461 

here there was no effect at the highest tested concentration (0.028 mg/L nominal 462 

concentration), so no EC values could be found (EC10 > 0.028 mg/L). 463 

 464 
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Figure 3C shows the estimated partitioning between air, algal biomass, glass and water of p-465 

amino benzoic acid methyl ester (CAS 619-45-4). This compound has a low Log KOW of 1.37. 466 

Almost all the substance is dissolved in the water phase and only 3 % is expected to sorb to 467 

the glass of the test vial. The compound is a base with a pKa of 2.37 and is not expected to 468 

ionize at the test pH. The majority of chemicals tested behaved like this one either because 469 

they had a low Kow and relatively high water solubility or because they ionized at the test pH 470 

leaving most of the compound in the water phase. 471 

 472 

Figure 3D shows the partitioning of the neutral and highly volatile compound 1-methyl-473 

cyclohexene (CAS 591-49-1) with a log KH of -1.16 atm · m3 · mol-1. 91 % of the compound 474 

was expected to be found in the air volume of the closed system and only 7 % in the water. 475 

Adsorption to the glass is low - only 1 % due to a relative low fraction of the compound in the 476 

water and a moderate Log Kow of 3.51. With only 7% in the water phase some uncertainty 477 

accompanies this result. Thus, correction of EC values have not been done, but the uncorrected 478 

values are shown in the Table 1 of Supplemental materials. 479 

 480 

CONCLUSION 481 

In this work the toxicity towards the single cellular algal species Pseudokirchneriella subcapitata of 482 

425 organic compounds was investigated in a growth inhibition test performed in a closed system. 483 

Chemical substances covered a wide molecular weight range, wide KOW (and solubility) range, and a 484 

wide volatility range, and in the end it showed a wide toxicity range. Precautions were taken to prevent 485 

loss of the substances from the water phase and the test system (closed test system, low biomass, shorter 486 

test duration, silanized glass) and to keep pH constant. Phase distribution was modelled taking 487 

ionization, adsorption to glass and biomass, and volatilisation into consideration. If the modelled water 488 

concentration was below 90 % of the nominal concentration the calculated EC values were corrected 489 

accordingly. If the modelled water concentration was below 20% of the nominal concentration the 490 

calculated EC values were considered too uncertain and no corrected EC values were given. Then only 491 
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the uncorrected EC values were given in the supplemental material. EC50 lower than 1000 mg/L was 492 

found for 310 substances; 216 of these were in the range from 1 to 1000 mg/L. 94 substances had an 493 

EC50 below 1 mg/L and should be classified as “Very toxic” according to the EU classification. 36 494 

substances fell in the group with EC50 > 1000 mg/L. An EC50 was not found for 79 chemicals. 495 

Chemicals from many different groups and with different physical-chemical properties and active 496 

molecular fractions, thus with different modes of action, were tested. As 425 different organic 497 

chemicals were tested in exactly the same way we consider these results a valuable source of 498 

information for environmental administrators, industry using existing or developing new substances or 499 

products, environmental risk assessors, QSAR modellers and others working with environmental risk 500 

assessing. 501 

 502 

Supplemental material 503 

All data and results from testing of 425 organic chemical substances (plus the reference 504 

compound potassium dichromate [CAS 7778-50-10]) are listed in the Supplemental material 505 

Table 1.  506 

  507 

The Table 1 includes: 508 

− CAS number  509 

− Name  510 

− EC10 and EC50 and their 95% confidence limits (corrected accordingly if less than 90% in 511 

water phase) 512 

− Physical and chemical properties (Log KOW, water solubility, molar weight, vapour pressure, 513 

acid dissociation constant)  514 

− Base or acid characteristic of substance 515 

− Dissolved fraction of the substance present in the water phase (ionized plus dissolved 516 

estimated using the partitioning model)  517 

− Unionized fraction of the substance 518 
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− If a solvent was used, the amount (in %) and the kind of solvent is given 519 

− Other remarks (if any) 520 

− Uncorrected EC10 and EC50 and their 95% confidence limits (nominal concentrations) 521 

 522 

For some substances a 50% inhibition of the growth rate was not reached at the water 523 

solubility limit. If the extrapolated EC50 was less than two times the highest test 524 

concentration, the EC50 was included. Values higher than this were considered too uncertain 525 

and the result was given as “higher than” the highest test concentration.  526 

 527 
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Figure legends: 

 

Figure 1: Sorption of six chemical substances to normal and silanized glass after 48 hours 

 

Figure 2: Distribution of the test substances with respect to 

A: Log Kow (octanol-water partitioning constant) 

B: Molecular weight 

C: Log KH (Henry’s constant) 

D: EC50 values (corrected) 

 

 

Figure 3: Estimated partitioning of four test substances: 

A: N-(butoxymethyl)-2-chloro-N-(2,6-diethylphenyl)acetamide (CAS 23184-66-9)  

 B: 2,4,6-Tri-tert-butylaniline (CAS 961-38-6) 

 C: p-amino benzoic acid methyl ester (CAS 619-45-4) 

 D: 1-methyl-cyclohexene (CAS 591-49-1) 

  

Figure 4: Correlation between EC50s obtained by Aruoja et al. [23, 24] and by DTU. The solid line 

represents the 1:1 ratio. 
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Table 1: Physical and chemical properties of the compounds used in the sorption experiment. Data 

from US EPA EPISuite (2001-2014) and ACD (2010-2015). 

 

 CAS NAME Log KOW *Sol (mg/L) **MOLW. ***VAP(mm Hg) pKa 

 50-29-3 DDT ¤ 6.91 5.50·10
-3

  354.49 7.5·10
-6

 - 

 57-63-6 Ethenyl estradiol # 3.67 1.13·10
2
 296.41 1.95·10

-9
  10.2 

 62-53-3 Aniline % 0.90 2.08·10
4
 93.13 7.91·10

-1
 4.6 

 85-01-8 Phenanthrene ¤ 4.46 6.77·10
-1

  178.24 4.32·10
-5

 - 

 100-02-7 4-Nitrophenol # 1.91 7.51·10
3
 139.11 2.90·10

-3
 7.1 

 106-47-8 4-Chloroaniline % 1.83 3.90·10
3
 127.57 2.70·10

-2
 4.0 

    * :  Solubility in water  ¤: Neutral compound 

  ** :  Molecular weight  #: Acid 

*** :  Vapor pressure   %: Base 
 
 
 
 
 
 
 
Table 2:  Results of closed tests with reference compound potassium dichromate at pH 7.2.  

  N (Number of tests with reference compound):   14 

EC50 mean value:      0.60 mg/L 

Standard deviation:      0.16 mg/L 

Coefficient of variation:     25 % 
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425 Algal Growth Inhibition Test Results  

Highlights 

 

• More than 400 algal tests were performed under identical conditions 

• Chemical phase distribution was modelled using Mackay level I 

• The model helped to identify substances with low and uncertain concentrations 

• EC50 for 94 substances were below 1 mg/L and should be classified as “Very toxic” 

• Results are considered important for environmental risk assessment 


