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A B S T R A C T   

When equilibrium of leaching is reached within a product’s duty cycle, partition coefficients polymer/solution 
dictate the maximum accumulation of a leachable and thus, patient exposure by leachables. Yet, in the phar-
maceutical and food industry, exposure estimates based on predictive modeling typically rely on coarse esti-
mations of the partition coefficient, with accurate and robust models lacking. This first part of the study aimed to 
investigate linear solvation energy relationships (LSERs) as high performing models for the prediction of 
partition coefficients polymer/water. For this, partition coefficients between low density polyethylene (LDPE) 
and aqueous buffers for 159 compounds spanning a wide range of chemical diversity, molecular weight, vapor 
pressure, aqueous solubility and polarity (hydrophobicity) were determined and complimentary data collected 
from the literature (n=159, MW: 32 to 722, logKi,O/W: -0.72 to 8.61 and logKi,LDPE/W: -3.35 up to 8.36). The 
chemical space represented by this compounds set is considered indicative for the universe of compounds 
potentially leaching from plastics. Based on the dataset for the LDPE material purified by solvent extraction, a 
LSER model for partitioning between LDPE and water was calibrated to give: logKi,LDPE/W = − 0.529+

1.098 Ei − 1.557 Si − 2.991 Ai − 4.617 Bi + 3.886 Vi. The model was proven accurate and precise (n = 156, R2 

= 0.991, RMSE = 0.264). Further, it was demonstrated superior over a log-linear model fitted to the same data. 
Nonetheless, it could be shown that log-linear correlations against logKi,O/W can be of value for the estimation of 
partition coefficients for nonpolar compounds exhibiting low hydrogen-bonding donor and/or acceptor pro-
pensity. For nonpolar compounds, the log - linear model was found as: logKi,LDPE/W = 1.18logKi,O/W − 1.33 (n =
115, R2 = 0.985, RMSE=0.313). In contrast, with mono-/bipolar compounds included into the regression data 
set, an only weak correlation was observed (n= 156, R2 = 0.930, RMSE = 0.742) rendering the log-linear model 
of more limited value for polar compounds. Notably, sorption of polar compounds into pristine (non-purified) 
LDPE was found to be up to 0.3 log units lower than into purified LDPE. To identify maximum (i. e. worst-case) 
levels of leaching in support of chemical safety risk assessments on systems attaining equilibrium before end of 
shelf-life, it appears adequate to utilize LSER - calculated partition coefficients (in combination with solubility 
data) by ignoring any kinetical information.   

1. INTRODUCTION AND BACKGROUND 

Plastic materials still experience rising demand for use in 
manufacturing and packaging of medicinal products, their intermediates 
and medical devices as well (Freedonia, 2018; Smithers, 2019). When in 
contact with pharmaceutical preparations or human body 

compartments, they will unavoidably be involved in the distribution, i. 
e. leaching or sorption, of small molecules between phases. Here, patient 
exposure to potentially harmful substances leaching from plastics has 
become an issue of increasing regulatory scrutiny over the past two 
decades. 

Several regulatory texts EMA, 2005; ISO, 2020; U.S. FDA, 1999; USP, 
<661>, 2015; USP <1663>, 2020; USP <1664>, 2020, along with 
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best-practice industry recommendations (PQRI, 2006; BPOG, 2017) 
specify requirements to study the profile of compounds which can 
potentially be released from a material (extractables) and the resulting 
profile in a contacting (clinically relevant) medium (leachables). While 
the levels of leachables are decisive for patient exposure and the related 
toxicological assessment, special emphasis should be devoted to their 
qualitive and quantitative correlation to extractables. The underlying 
paradigm is that with the nature, composition and supply chain of a 
material well understood, knowledge about its constituents and their 
potential to leach can be leveraged to inform patient exposure and safety 
risk. 

Further, for a long time (Crank, 1975; Fick, 1855), it has been 
established that small molecule mass transport (leaching) between 
well-separated, homogeneous and liquid-like phases is a physically 
foreseeable process. For many amorphous and semi-crystalline plastics 
used as primary contact material in the pharmaceutical- and food in-
dustry, the latter presents an appropriate assumption if the contact 
medium does not lead to penetration/swelling of the macromolecular 
structure. 

By invoking suitable physical – and physicochemical models, the 
required key parameters, i. e. diffusion coefficients, solubility limits and 
partition coefficients can be estimated and the accumulation of leach-
ables in a contacting medium , for example a drug solution, can be 
projected. 

Along these lines, considerable research has been conducted in both 
the food - and pharmaceutical industry with several review articles 
available (Begley 2005; Franz 2005; Jenke 2011; Fang 2017; Piringer 
2008). In the food industry, the related concept is termed ‘Migration 
Modeling’ and is officially recognized to estimate migration into food 
both in the EU and U.S. (EU 2011; U.S. FDA 2007) 

More recently, research on the overall concept of mathematical- or 
predictive modeling has also been extended in support of material safety 
for pharmaceutical – and medical device applications (Jenke and Barge, 
2014; Welle 2014; Egert 2018; Saylor et al.; 2019, Paudel 2020; Hauk 
et al.; 2021). However, as the industry approach with respect to studies 
on extractables and leachables is largely driven by 
experimentally-based, analytical protocols (Jenke, 2017), workflows for 
a chemical safety risk assessment yet typically neglect information on 
physicochemical factors dominating the distribution of compounds in 
the system under investigation. 

The underlying process of small molecule mass transport, i. e. 
leaching from - and sorption to polymers, is kinetically governed by the 
mobility of the migrants in the polymer P, as expressed by the diffusion 
coefficient Di,P (with typically diffusion coefficients in polymer much 
lower than in the contacting medium M, i.e. Di,P≪ Di,M). However, 
thermodynamically, equilibrium concentrations are dictated by the 
partition coefficient, Ki,P/M, between polymer and the (clinically rele-

vant contact) medium (CRM), rendering it a key parameter with respect 
to the accumulation of leachables and thus, ultimately, patient exposure. 
The molar partition coefficient Ki,P/M is defined by the equilibrium 
concentrations of a migrant in the contacting polymer and media phases. 
For low concentrations of a neutral solute and applicable to well- 
separated, homogeneous and liquid-like phases involving a polymer, it 
can also be expressed by the differential solubilities Si,P and Si,M in both 
phases: 

Ki,P/M =
Ceq

i,P

Ceq
i,M

≈
Si,P

Si,M
(1) 

With: Ceq
i,P equilibrium concentration in polymer, Ceq

i,M equilibrium 
concentration in medium, Si,P : solubility limit in polymer, Si,M solubility 
limit in medium (all in molar concentrations). With amorphous poly-
mers and elastomers potentially exhibiting high mobility by nature, i. e. 
high diffusion coefficients, equilibrium is often attained within a prod-
uct’s duty cycle, rendering mass transport to be controlled either by 
partitioning or limiting solubilities of the migrant. 

However, depending on the specific makeup of polymer, contact 
medium composition, molecular structure and concentration of migrant, 
and as well, temperature and time of contact, realistic systems can 
deviate from idealized behavior (i.e. the situation of well-separated, 
homogeneous and liquid-like phases). Countercurrently to leaching, a 
certain degree of sorption of (organic) low molecular constituents from 
the contact medium to the polymer unavoidably occurs. Depending on 
the extent of this sorption (penetration) process, this might cause 
swelling of the macromolecular network and potentially coextraction of 
the migrant (Guazzotti, 2021; Kubicova, 2022; Kühne, 2021). Also, the 
polymer’s heterogeneity and thereby, the migrant’s accessibility might 
be affected (Feigenbaum, 2000) or is preventive for linear sorption on its 
own (Guo, 2012; Uber, 2019). As both effects typically lead to high-
erdiffusion and therefore overestimation of migration, they can also 
markedly alter the equilibrium polymer’s sorption propensity and 
thereby partitioning behavior. The intrinsic partition coefficient given 
by Eq. 1 then requires replacement by an ‘effective’ partition coefficient, 
Keff

i,P/M, for the realistic situation, accordingly. Note that such effective 
equilibrium partition coefficients might also strongly depend on tem-
perature and thickness (geometry) of the polymer phase. 

For an idealized system presuming equilibrium and starting from Eq. 
1, one can express the fraction leached from the polymer fi(leached) by: 

fi(leached) =
1

(
1 + Ki,P/M β

) ≈
1

(

1 +
Si,P
Si,M

β
) (2) 

In Eq. 2, β = VP/VM is the phase ratio where VP and VM represent the 
volumes of the polymer and contacting medium, respectively. With, 

Nomenclature 

Symbols 
C Molar concentration 
E, S, A, B, V, L Abraham-type LSER solute descriptors 
f Volume fraction (0 - 1) 
ΔG Gibbs free energy (J mol− 1 K− 1) 

K Volume-based molar partition coefficient (L/L) 
R Relative gas constant (J mol− 1 K− 1) 

SMolar solubility limit 
β Phase ratio for two-phased partition system Ki,1/2 based on 

volume, for polymer and contacting medium: 
β = V1=P/V2=M (-) 
T Temperature (K) 
V Phase volume (L) 

Subscripts 
LDPE Low density polyethylene 
M (Contacting) Medium 
O Octanol phase 
P Polymer phase 
PE Polyethylene 
W Water (or aqueous) phase 
tot Total pool of leachable compound, mol 

Superscripts 
amorph Amorphous fraction 
C Crystalline 
eq At equilibrium 
0 Time zero/ initial  
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initially, the total pool mi,tot of migrant present in polymer only, i. e. the 
initial migrant mass m0

i,P = mi,tot, the equilibrium concentration of a 
leachable in medium, Ceq

i,M results as: 

Ceq
i,M =

C0
i,P

1
/

β + Ki,P/M
(3)  

where C0
i,P is the initial concentration in polymer. With volumes of 

polymer and medium set, inspection of Eqs. 2 and 3 reveals the para-
mount importance of Ki,P/M as dictating leachables accumulation in 
systems with high diffusivity. As many CRM are aqueous-based, 
knowledge of the partition coefficient polymer/water is of funda-
mental interest. 

Experimental determination of Ki,P/M is resource intensive and comes 
with several obstacles. Also, because of the vast number of combinations 
of chemicals, polymers and contacting media, the availability of 
experimental data is typically unlikely. Hence, general models for the 
estimation of Ki,P/M with adequate accuracy and robustness are highly 
needed. Reliable estimates for partition coefficients, can, for example, be 
leveraged in studies on extractables and leachables facilitating a stan-
dardized approach of calculating worst-case leachables accumulation 
levels or serving as a plausibility check for experimental data. 

In the food industry, officially recognized models for predicting 
migration suggest an only coarse classification of the migrant partition 
behavior by setting K to 1 (migrant well soluble in contact medium) or 
1000 (migrant only sparingly soluble in contact medium), following 
some indication of hydrophobicity (Hoekstra, 2015). For improvement, 
several researchers have suggested the calibration of log-linear, Col-
lander-type correlations (Collander, 1951), for example as based on the 
logarithm of aqueous solubility (Mercea et al., 2019) or to partitioning 
properties of an organic solvent/water system, typically octanol/water 
(logKi, O/W) as a standard physicochemical property of general avail-
ability (Hayward et al., 1990). As such, log-linear correlations essen-
tially represent a single-parameter linear free-energy relationships 
(spLFER), taking the form (Goss, 2003): 

Ki,P/M = a⋅logKi,O/W + b (4) 

However, drawbacks of this approach have been abundantly docu-
mented, the most significant being the fact that octanol/water cannot 
serve as a system which properly represents all relevant molecular in-
teractions a solute is exposed to (Goss and Schwarzenbach, 2001; Goss, 
2003; Josefsson et al., 2015; Pintado-Herrera et al., 2016). 

1.1. Abraham-type LSERs 

Poly-parameter linear free-energy relationships (ppLFERs) have 
been designed to mitigate this problem (Abraham et al., 1982; Taft et al., 
1985) and, for well over two decades, have been mainly utilized in so-
lution - and analytical chemistry, environmental - and agrochemistry 
and as well as in the pharmaceutical field to characterize free-energy 
related processes, notably, partitioning. As such, the natural logarithm 
of a partition coefficients is linearly related to the Gibbs free energy of 
transfer of a solute’s total pool between phases, accordingly for parti-
tioning involving polymers: 

ΔGi = − RT ln Ki,P/M + ln(constant) (5)  

ppLFERs have the potential to predict and provide chemical insight into 
processes dependent on the equilibrium transfer or the rate of transfer of 
a compound (solute) between gas-liquid, liquid-liquid, liquid-solid, and 
more complex phases, for example, polymers (Goss, 2011). 

Amongst various types of ppLFERs reported, Abraham-type linear 
solvation energy relationships (LSERs), are particularly useful 
(Abraham, 1993). Basically, a free-energy related solute property, SP, 
(equal to (ΔGi − const)/RT, e. g. the equilibrium partition coefficient 
logKi,j/k between phases j and k, can be correlated to five carefully 

selected and quantitatively scaled solute descriptors encoding for the 
potential strength of a molecule to undergo interactions with a sur-
rounding phase: 

Two condensed phases (EV-model): 

logKi,j/k = c + eEi + sSi + aAi + bBi + vVi (6) 

Gas/condensed phase (EL-model): 

logKi,j/k = c + eEi + sSi + aAi + bBi + lLi (7) 

Eq. 6 is used for the transfer of a compound between condensed 
phases such as octanol and water (logKi, O/W) or other systems of solvent 
partitioning, whereas Eq. 7 applies to transfer between a gas- and a 
condensed phase such as air/water (logKi, A/W) or air/solvent (polymer), 
respectively. For both situations and giving an equivalent quality of fit, 
Goss (Goss, 2005) has provided another equation with only vVi and lLi 

as non-specific terms and improved predictability for fluorinated com-
pounds and siloxanes (Endo and Goss, 2014b), respectively: 

Universal phases (VL-model): 

logKi,j/k = c + sSi + aAi + bBi + vVi + lLi (8) 

The five descriptor pairs quantify the molecular interactions that 
govern the partition process: non-specific van der Waals interactions and 
cavity formation (vVi, eEi or lLi), and specific polar interactions, i. e. 
dipolarity/polarizability (sSi) and hydrogen-bond interactions (aAi and 
bBi ). The upper case letters in Eqs. 6, 7 and 8 denote the solute de-
scriptors as follows: Ei: excess molar refraction in units of (cm3mol− 1)/ 
10, Si: dipolarity/polarizability, Ai: solute hydrogen (H)-bond acidity, 
Bi: solute H-bond basicity, Vi: McGowan characteristic molar volume in 
units of (cm3 mol− 1)/100 (Abraham and McGowan, 1987), and Li: 
logarithmic hexadecane/air partitioning constant, respectively. 

The lower case regression coefficients and regression constant 
(termed phase descriptors or system parameters) e, s, a, b, v, l and c in 
Eqs. (6) to (8) are obtained by multiple linear (MLR) regression of 
experimental solute properties (e. g. partition coefficient data) for a 
specific biphasic system. The regression coefficients and constants 
reflect the differential properties (or differential potential interactions) 
the solubilizing phases can undergo. Several excellent reviews exist and 
cover the subtleties and general applications of LSERs (Abraham et al., 
2004; Endo and Goss, 2014a; Poole et al., 2009; Vitha and Carr, 2006). 

Experimental solute descriptors for some thousands chemicals as 
well as system parameters for solvent-, technical- and biological systems 
can be conveniently extracted from a free but curated, web database 
(Ulrich et al., 2017). Upon submitting the compound’s SMILES code, the 
website also offers a quantitative structure property relationship algo-
rithm (QSPR) for estimation of solute descriptors, thus enabling calcu-
lations for any known chemical structure. 

For “liquid-like”, i.e. highly amorphous polymers, the type of mo-
lecular interaction with compounds spanning the universe of extract-
ables is hypothesized as similar to sorption into any liquid phase. 
Consequently, partitioning between polymers exhibiting linear sorption 
isotherms at relevant concentrations and an non-penetrating, aqueous 
phase is expected to be adequately fitted by free energy of transfer - 
based models (LSERs). LSERs have yet not been explored for the esti-
mation of partition coefficients utilized in the safety evaluation of 
pharmaceutical - and food contact materials. Notwithstanding, a few 
reports on LSER models trained by chemically diverse compound sets 
and characterizing sorption from water to polymers in use for environ-
mental sampling, namely polydimethylsiloxane (PDMS), polyacrylate 
(PA) and polyoxymethylene (POM) exist (Sprunger et al., 2007, Endo 
et al., 2011a; Endo et al., 2011b). Due to the wide use of polyolefins in 
pharmaceutical applications, an experimentally trained LSER model 
with a broad application domain for polyolefin type materials would be 
of high value but is currently unavailable. 
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1.2. Study aim 

In this part I of the study, it is aimed to obtain thoroughly determined 
partition coefficients between low density polyethylene (LDPE) and 
water for a broad set of compounds spanning a wide range of chemical 
diversity, molecular weight, vapor pressure, aqueous solubility and 
polarity (hydrophobicity). LDPE, representative for the family of poly-
olefines, is a material of particular interest for pharmaceutical 
applications. 

Further on, based on these data, this work aims to establish a 
quantitative model that can accurately estimate Ki,LDPE/W for a broad 
range of compounds. To this end, we introduce and explore Abraham- 
type LSERs as a user-friendly concept for the prediction of the parti-
tion behavior of virtually any neutral organic compound. Two types of 
LSER models will be calibrated and their performance and statistics 
characterized and compared to a log-linear correlation (spLFER) to 
logKi,O/W by accounting for the hydrogen-bonding capacity of 
compounds. 

In part II of the study, further validation of the LSER-models and 
their comparison to other models and data from the literature will be 
reported (Egert et al., 2022). 

2. EXPERIMENTAL 

2.1. Materials 

2.1.1. LDPE film 
LDPE films made of Lupolen 3020 D (thickness 50 and 200 µm) were 

obtained from Polifilm Extrusion GmbH, Germany to represent a type of 
polyethylene widely used for pharmaceutical applications. 

Measurements were conducted on the pristine material as received 
(LDPEpris) and after purification as well (LDPE). While pristine (non- 
purified) material represents the standard use case, partition coefficients 
from the literature in most cases originate from studies on partition 
behavior of purified LDPE material as employed in environmental pas-
sive sampling. Therefore, to align pretreatment (purification) of the 
materials submitted to the experiments, the LDPE film for the batch 
experiments in this study was extracted as follows: LDPE films were cut 
into strips and immersed first in n-hexane, and then in methanol fol-
lowed by water for at least 1 day, each. Afterwards, solvent residues 
were allowed to evaporate at 60◦C for 2 days in a drying cabinet. 

On this basis, the weight loss from the LDPE film was, gravimetrically 
found to be 0.67 % w/w and the residue after evaporation of the n- 
hexane extract was gravimetrically found as 0.61 % w/w. The extracted 
matter was of greasy consistence and by qualitative GC/MS-profiling 
characterized to consist mainly of oligomers originating from the poly-
merization process and termed polyolefin saturated hydrocarbons 
(POSH) (Biedermann-Brem et al., 2012). By means of gas chromatog-
raphy (GC), this extracted matter was detected as an “unresolved hump” 
which corresponded to an elution time-range of linear hydrocarbons 
between n-C20 to n-C46 with a maximum around n-C36. (see section 1 
and Fig. SI 1 of the supporting information (SI)). As the crystallinity of 
the film could not be retrieved from available certification, it was 
adopted from literature data for generic LDPE as XC

LDPE = 35 % v/v 
(Lützow et al., 1999). The volume of the amorphous LDPE phase is then 
obtained from the total volume according to: 

Vamorph
LDPE = Vtot

LDPE

(
1 − XC

LDPE

)
(9)  

where Vamorph
LDPE : amorphous volume of LDPE film (sample), Vtot

LDPE: total 
experimental volume of LDPE film (sample), XC

LDPE: crystallinity attrib-
uted to LDPE sample. 

2.1.2. Silicone (PDMS) film 
A silicone (polydimethyl siloxane (PDMS)) film was prepared in- 

house at a thickness of 367 µm by using a two-component formulation 
(Silastic MDX 4120, Dow Corning), obtained from Biesterfeld GmbH, 
Hamburg, Germany. The film was pre-extracted similarly to the LDPE 
film. 

2.1.3. Test solute set 
Test solutes for our own measurements were carefully selected based 

on the availability of experimentally determined solute descriptors and 
to cover a wide range of molecular weight and diverse chemical struc-
tures (Table 2). These compounds were obtained from different pro-
viders with a minimum purity of 95%. Organic solvents and inorganic 
salts were purchased from Merck and were of analytical, GC or LC grade. 
Water for all experiments was purified with a Milli-Q A10 Ultrapure 
Water Purification System (Millipore, Eschborn, Germany). Various 
buffer solutions were prepared at pH values of 2.0, 4.0, 6,0 and 8.0 
(Table SI 1 in SI). To prevent microbial activity in the test system, so-
dium azide (NaN3) at50 mg/L was added to all buffer solutions. 

The set of test solutes for batch equilibrium sorption experiments is 
provided in Table SI 2 along with experimentally determined LSER so-
lute descriptors. 

2.2. Methods 

2.2.1. Batch equilibrium sorption experiments to determine Ki,LDPE/W 
Ki,LDPE/W was determined by batch equilibrium sorption experiments 

utilizing buffered aqueous solutions. LDPE film of 200 µm thickness was 
cut into strips of 2 cm width with a scalpel. The strips were further 
longitudinally cleaved to support an uneven surface after crinkling 
which efficiently avoided adhesion to the container walls. 10 to 500 mg 
of LDPE (density 0.927 g/cm3) were accurately weighed into glass 
containers of different volumes. The containers then received aqueous 
buffer solutions at volumes of 4.0 mL up to 60.0 mL and were subse-
quently spiked with a cocktail of 6-10 compounds in methanol. Spiked 
solute amounts were designed to avoid exceedance of the solute solu-
bility limit in the aqueous solution after equilibration. The fraction of 
methanol in the buffer solution did not exceed 0.25 % (v/v) to avoid a 
cosolvency effect (McPhedran et al., 2012). Also, loading of the polymer 
phase was always below 2 g/L of LDPE with no expected impact on the 
sorption characteristics of LDPE. Following previous reports (Belles 
et al., 2016; Hüffer and Hofmann, 2016), linear sorption isotherms were 
precluded and therefore only one concentration level was tested per 
batch experiment. Three replicates were prepared for each solute 
mixture. The vials were immediately sealed with PTFE/silicon-lined 
crimp caps. Vials hosting non-volatile test compounds were sealed by 
aluminium-coated/silicon-lined screw caps. 

The volume ratio of the phases, i. e. polymer and aqueous buffer 
solution was adjusted to achieve sorption rates of the total amount of 
solute spiked between 5% and 95 % where possible. However, with 
striving for a maximal range of experimental logKi,LDPE/W, and under the 
phase-ratio restrictions of the batch equilibrium sorption method used, 
this range could not be realized at the lower (logKi,LDPE/W < 0) and 
higher end (logKi,LDPE/W > 4) of the solute logKi,LDPE/W scale. Conse-
quently, at these extremes the resulting equilibrium concentrations 
either in the solution or polymer were, at a minimum, required to range 
at or above the quantitation limit of the analytical procedure. 

To enhance equilibration, batches were stored for 21 days at 40◦C in 
a drying cabinet and manually agitated once a working day. The vials 
were then agitated horizontally at 25 ± 2◦C for another 14 days on a 
shaker. Test compounds in the cocktails were carefully organized to 
fulfill several criteria: (i) projected logKi,LDPE/W of test solutes within a 
maximum of 1.5 units, (ii) all test solutes prevalently exist in their 
neutral form at the pH of the chosen buffer and (iii) no analyte coelution 
in the analytical quantitation method (relevant to LC/UV). 

Each batch experiment contained additional triplicate samples of 
LDPE film of 50 µm thickness, which are expected to result in distinctly 
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faster equilibration times then the 200 µm films used for calculation of 
partition coefficients. Triplicate experimental determination of 
logKi,LDPE/W with a relative deviation of the means < 5% between the 
two film thicknesses was considered evidence, that equilibrium had 
been attained. Blank control samples and spiked blank sample lacking 
the polymer were measured in parallel to monitor cross-contamination 
and compound losses from the system. 

Table 1 provides an overview of experimental batches for equilib-
rium sorption including spiked amounts, phase volumes as well as 
preparation and analysis of each phase. 

2.2.2. Analysis of LDPE strip 
After equilibration, LDPE films were retrieved from the solution 

using solvent-rinsed stainless-steel tweezers, immediately wiped with a 
clean, lint-free tissue to remove adhering solution and transferred to a 
glass vial for organic solvent extraction. The weight of the polymer was 
recorded and the extraction solvent was immediately dispensed into the 
extraction vial and sealed. Dichloromethane was used for analysis of the 
extract by GC/MS and acetone was used for analysis by HPLC/UV. Static 
sealed vessel extraction at 40◦C in a drying cabined for 24 hours was 
followed by horizontal shaking of the vial for another 24 hours at room 
temperature. Recovery samples for the solvent extraction process were 
prepared in parallel and the extraction recoveries (determined at mostly 
> 90%) were used for result calculation. 

Volatile- (VOC) and semi-volatile (SVOC) compounds in the back- 
extracted LDPE strips samples were quantified by GC/MS/MS. After 
extraction of the strips as indicated in Table 1, 1.0 mL of the final extract 
were transferred to a GC vial and 100 µL of an internal standard solution 
containing toluene-d8, chlorobenzene-d5, 1,1,2-trichloropropane and 3- 
nonanol at nominally 100 µg/ml in dichloromethane were added. 

Non-volatile compounds (NVOC) were quantified by LC/UV. 1.0 mL 
of the final extract according to Table 1 was transferred to a LC vial and 
100 µL of an internal standard solution containing 2-nitroanisole and 
acenaphthene-d10 at nominally 100 µg/ml in acetone were added. 

2.2.3. Analysis of aqueous batch sorption samples 
Equilibrium concentration levels of the test solutes in the aqueous 

phase of the batch sorption samples were measured by following a 
process adapted to the spiked solute cocktails as containing VOC, SVOC 
or NVOC. 

Volatile test compounds were analyzed by Headspace-GC/MS. For 
this, aliquots of the aqueous phase from batch samples were transferred 
to a 22 mL headspace vial and 100 µL of an internal standard solution 

containing toluene-d8, chlorobenzene-d5, 1,1,2-trichloropropane and 3- 
nonanol at nominally 10 µg/ml in dimethylformamide were added. After 
equilibration, the headspace of the vial was analysed and solute con-
centrations calculated against multilevel calibration curves from freshly 
prepared standard solutions by the internal standard method. 

2.2.4. HS-GC/MS measurements 
A Perkin Elmer Turbomatrix 40 Headspace Sampler was coupled to 

an Agilent 7890A GC / Agilent 7975 C Inert XL MSD. The transferline 
from the sampler was directly coupled to the analytical column, 
bypassing the GC-injector. Carrier gas was supplied by the headspace 
sampler (Helium 99.999 at 60 kPa). Sample equilibration was at 80◦C 
for 30 min. Transfer line temperature was 120◦C and the injection 
needle temperature was 125◦C. Injection pressurization time was 3 min 
with a dwell time of 0.2 min and 0.02 – 0.04 min injection time. 

GC-Injector temperature was set to 120◦C. Analytical column: Restek 
Rxi 624SilMS, 30m, 0.32 mmID, 1.8µm df (Restek, Germany). Oven 
program: 40◦C – 2 min – 10K/min – 100◦C – 0 min – 15K/min – 160◦C - 
0 min – 20K/min – 240◦C - 0 min – 30K/min – 270◦C – 1 min (total 18 
min). Detection: El 70 eV, transfer line temperature 280◦C, Ion source: 
230◦C, Analyzer temperature: 150◦C. No solvent delay was applied. 
Analyzer was operated in single ion monitoring mode (SIM) with 2 - 3 
ions per compound at high resolution at dwell times between 25 and 80 
ms. Electron multiplier offset was 200 V. For data acquisition, Agilent 
Mass Hunter GC/MS Aquisition B.07.03 (2129) was used. 

Semi Volatile compounds were back-extracted from the equilibrated 
aqueous phase by n-hexane and quantified by GC/MS/MS as specified in 
Table 1. For instrumental analysis, 1.0 mL of the final extract were 
transferred to a 2 mL GC vial and 100 µL of an internal standard solution 
containing toluene-d8, chlorobenzene-d5, 1,1,2-trichloropropane and 3- 
nonanol at nominally 100 µg/ml in dichloromethane at approximately 
100 µg/mL, were added. 

2.2.5. Instrumental conditions for GC/MSMS 
GC/MS/MS analysis was performed using an Agilent 7890A GC 

coupled to a 7001 B Triple Quadrupole Detector equipped with a 
multimode injection (MMI) system. Operating conditions were as 
follows: 

Injector temperature 280◦C Injection volume 0.5 – 0.75 µL. Split 
ratio 1:10. Analytical column: Restek Rxi 624SilMS, 30m, 0.32 mm ID, 
1.8 µm df (Restek, Germany). Carrier gas: Helium, purity 99.999% at 1.7 
mL/min (constant flow mode). Oven program: 40◦C – 2 min – 10K/min – 
100◦C – 0 min – 15K/min – 160◦C - 0 min – 20K/min – 240◦C - 0 min – 

Table 1 
Preparation scheme for batch equilibrium sorption samples  

Batch Nominal amount spiked (µg) Polymer phase Aqueous phase 
LDPE (mL) Sample prep b Analysis Buffer (mL) Sample prep b Analysis 

VOC No 1 500 0.5 Ex DCM GC/MS/MS 8 na HS-GC/MS 
VOC No 2 200 0.5 Ex DCM GC/MS/MS 8 na HS-GC/MS 
VOC No 3 100 0.5 Ex DCM GC/MS/MS 8 na HS-GC/MS 
VOC No 4 37.5 0.2 Ex DCM GC/MS/MS 8 na HS-GC/MS 
VOC No 5 25 0.05 Ex DCM GC/MS/MS 20 na HS-GC/MS 
SVOC No 1 100 0.25 Ex DCM GC/MS/MS 4 Ex DCM GC/MS/MS 
NVOC No 1 a n/a n/a n/a LC/UV n/a n/a LC/UV 
NVOC No 2 65 0.5 Ex ACT LC/UV 4 DI LC LC/UV 
NVOC No 3 60 0.1 Ex ACT LC/UV 4 DI LC LC/UV 
NVOC No 4 25 0.05 Ex ACT LC/UV 4 DI LC LC/UV 
NVOC No 5 25 0.04 Ex ACT LC/UV 40 Ex nHex LC/UV 
NVOC No 6 10 0.025 Ex ACT LC/UV 60 Ex nHex LC/UV 
NVOC No 7 10 0.01 Ex ACT LC/UV 60 Ex nHex LC/UV 

abatch results not evaluated due to insufficient data quality 
bSample preparation procedure: 
Ex ACT, Extraction with acetone (sealed vessel) 
Ex DCM, Extraction with dichloromethane (sealed vessel) 
Ex nHex, Extraction with n-hexane (sealed vessel) 
DI LC, Direct injection into LC 
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30K/min – 320◦C – 1 min (Total 19.667 min). Transfer line temperature 
300◦C. Detection: El 70 eV, Ion source temperature 280◦C, Quadrupol 
temperature: 150◦C. Solvent delay: adjusted to retention time of early 
eluting targets. Analyzer was operated in multi reaction mode (MRM) 
with two transitions monitored for each target compound at dwell times 
between 10 and 100 ms. Collision energies were optimized for each 
transition in a range from 0 – 60 at steps of 5. Electron multiplier offset 
was 200 V. 

Non-volatile test compounds were analyzed after liquid/liquid 
extraction of an aliquot from the equilibrated aqueous phase (Table 1). 
For analysis by HPLC/UV, 1.0 mL of the final extract were transferred to 
a 2 mL LC vial and 100 µL of an internal standard solution containing 2- 
nitroanisole and acenaphthene-d10 at nominally 100 µg/ml in acetone, 
were added. 

2.2.6. Instrumental conditions for LC/UV 
An Agilent 1200 series LC/UV system was used. 8 µL of the sample 

was injected onto a reversed phase separation column (Phenomenex 
Synergi 2.5 µ Hydro-RP 100 A 100 × 3.0mm 2.5 µm Cat 00-4387-40) 
held at 40◦C. The mobile phase was a gradient made of monobasic po-
tassium phosphate at 10 mM adjusted to a pH of 2.0 (mobile phase A) 
and acetonitrile (phase B). The gradient profile for acetonitrile (mobile 
phase B) was as follows: Initial flow rate: 0.8 mL/min: 6%, 2.0 min: 6%, 
6.0 min: 42%, 8.0 min: flow rate 0.9 mL/min, 60%, 18 min:: flow rate 
1.7 mL/min 80%, 20 min:: flow rate 1.9 mL/min 100%, 24 min: flow 
rate 1.9 mL/min 100%. 

Target compounds were detected at or close to their absorption 
maximum. The reference wavelength was 550 nm at 10 nm bandwidth. 

Calibration curves at a minimum of 5 levels were generated with 
either a linear or quadratic fit and 1/y or 1/y2 weighting, respectively. 
The calibration curves spanned a concentration from the instrumental 
detection level up to a level which adequately covered the maximum 
theoretical concentration projected for the test solutes in the aqueous 
phase. 

2.2.7. Calculations 
The measurement of accurate and precise partition coefficients be-

tween polymers and aqueous solutions for a large number of compounds 
comes with challenges, especially at the lower and upper ends of the 
logKi,Polymer/W – scale, requiring quantitation of trace-level amounts 
either in the polymer or solution, respectively. Therefore, measures to 
support good data quality were taken as follows: 

LogKi,LDPE/W values obtained from equilibrium concentrations as 
measured in both phases: 

logKi,LDPE/W = log

(
Ceq

i,LDPE

Ceq
i,W

)

(10) 

A mass balance calculation was carried out for each experiment. In 
principle, as concentrations are measured in both phases, logKi,LDPE/W 

can be obtained even with mass losses during the experiment (for 
example volatilization, glassware sorption, degradation, trans-
formation). However, to ensure good data quality, only results with 
mass balances ≥ 60 % (SVOC and NVOC) and ≥ 50 % (VOC) as related to 
the initially spiked amount were considered for model calibration. 
Aqueous solubility data for all solutes were collected prior to the ex-
periments. Phase ratios and spiked amounts for the batch experiments 
were carefully adjusted to ensure equilibrium concentrations aligned to 
the working range of the analytical procedure as well as aqueous levels 
well below the test solute’s solubility limits. 

Concurrent samples deploying a polydimethylsiloxane (PDMS) film 
were analyzed under identical conditions and measured logKi,PDMS/W 
were compared to predicted data using a model calibrated by (Sprunger 
et al., 2007). A high consistency (mean deviation of 0.2 log units for test 
solutes listed in Table 2) between measured and predicted values was 
considered additional proof for the validity of the total batch 

experimental procedure. 

2.2.8. Literature data for logKi,LDPE/W 
This study’s experimental setup did not include compounds of very 

high hydrophobicity (logKi,O/W > 6). To extend the model calibration 
domain it therefore appeared beneficial to expand the test solute set by 
inclusion of further experimental data for logKi,LDPE/W from the litera-
ture. Literature data available were critically assessed to fulfill certain 
quality criteria: 

Proof that equilibrium had been reached, consistency to values from 
other researchers, if applicable, availability of detailed experimental 
conditions, mass balances, experimental setup ensuring that equilibrium 
levels do not exceed solubility limits of solutes. Also, the identity of the 
polymer and the equilibration temperature was required to be specified. 

Based on this, compilations by Liu (Liu et al., 2017) and Belles 
(Belles et al., 2016) were found to provide appropriate data for the 
extension of the data set measured in this study. 

2.3. Data sets, models, and statistics 

To facilitate comparison of performance between log-linear corre-
lations to Ki,O/W and LSERs, the following models for projection of 
logKi,LDPE/W were calibrated: 

2.3.1. spLFER (log-linear) model 
A simple least-squares linear regression equation representing a 

spLFER according to Eq. 4 was fitted to the experimental data. Here, it 
was aimed to deploy a possibly reliable set of logKi,O/W data. Experi-
mental values for logKi,O/W were preferred over predicted values, where 
available, and were taken either from (Reaxys®) or from (EPI SuiteTM 
v4.11). Where no experimental value for logKi,O/W could be identified, 
predicted values from different prediction tools were averaged. All 
logKi,O/W values used are listed in Table SI 2 of the SI including indi-
cation of their source. The quality of fit of models obtained was char-
acterized by an analysis of variance (ANOVA). 

2.3.2. ppLFER (LSER) model 
LSER equations were calculated by means of a multiple linear 

regression (MLR) algorithm as implemented in the Excel® Solver and/or 
SigmaPlot V.14. An EV-model according Eq. 6 and as well a VL-model 
according Eq. 8, respectively, were calibrated, the latter for use in part 
II of this study. Statistics for the characterization of the LSER models 
constructed by means of MLR include number of observations (n), root 
mean squared error (RMSE) coefficient of determination (R2) and 
Fisher’s test value (F). Also, multicollinearity of the solutes descriptor 
sets was assessed with results summarized in the supporting information 
(Endo and Goss, 2014a). 

3. RESULTS AND DISCUSSION 

3.1. Probe solute set – structures, properties, solute descriptors and 
measured data 

Fulfilling the specified quality criteria, 82 partition coefficients for 
both purified LDPE (logKi,LDPE/W) and pristine LDPE (logKi,LDPEpris/W) at 
25◦C were measured and are listed in Table 2. These data were com-
plemented by further 77 values from 71 additional compounds for 
logKi,LDPE/W (near 25◦C) from the literature (Table 3). 

The literature data set predominantly comprises more hydrophobic 
compounds (logKi,O/W for most compounds > 4). Due to their origin 
from environmental studies, these compounds mainly represent poly-
nuclear hydrocarbons (PNA), alkylated PNA, polychlorinated biphenyls 
(PCB), brominated diphenylethers (BDE) and alkylbenzenes amongst 
some others. Data were primarily taken from (Liu et al., 2017) and were 
thoroughly reviewed by the authors to be in good agreement with values 

T. Egert and H.-C. Langowski                                                                                                                                                                                                                



European Journal of Pharmaceutical Sciences 172 (2022) 106137

7

Table 2 
Measured partition coefficients for purified LDPE (logKi,LDPE/W) and pristine LDPE (logKi,LDPEpris/W) near 25◦C from this study (LWater / LLDPE)  

ID CAS Compound Measured 
logKi,LDPE/W(1) 

SD LSERb calc 
log Ki,LDPE/W 

(2) 

Diff (2) – 
(1) 

Measured 
logKi,LDPEpris/W(3) 

SD Diff (3) – 
(1) 

1 80-62-6 Methyl methacrylate 0.12 0.00 0.20 0.08 0.13 0.01 0.01 
2 140-88-5 Ethyl acrylate -0.10 0.01 0.05 0.15 -0.08 0.03 0.02 
3 97-88-1 n-Butyl methacrylate 1.81 0.03 1.57 -0.24 1.77 0.02 -0.04 
4 67-56-1 Methanol -3.35 0.13 -3.17 0.18 -3.61 0.30 -0.26 
5 64-17-5 Ethanol -2.64 0.21 -2.49 0.15 -2.94 0.29 -0.30 
6 75-65-0 tert.-Butanol -1.84 0.01 -1.66 0.18 -2.04 0.00 -0.20 
7 100-51-6 Benzyl alcohol -1.42 0.01 -1.02 0.40 -1.54 0.04 -0.12 
8 589-18-4 4-Methylbenzyl alcohol -0.90 0.01 -0.65 0.25 -1.00 0.02 -0.10 
9 597-76-2 3-ethyl-3-hexanol 0.46 0.01 0.56 0.10 0.37 0.03 -0.09 
10 143-08-8 1-Nonanol 1.05 0.01 1.28 0.23 1.00 0.01 -0.05 
11 90-15-3 1-Naphthol 0.26 0.01 0.42 0.16 0.21 0.01 -0.05 
12 98-55-5 alpha-Terpineol 0.78 0.01 0.83 0.05 0.67 0.02 -0.11 
13 89-78-1 dl-Menthol 1.10 0.01 1.47 0.37 1.03 0.01 -0.07 
14 123-72-8 Butyraldehydeb 0.13 0.07 -0.74 -0.87 -0.79 0.07 -0.92 
15 66-25-1 Hexanal b 1.35 0.06 0.32 -1.03 0.56 0.05 -0.79 
16 100-52-7 Benzaldehyde 0.25 0.05 0.41 0.16 0.25 0.05 0.00 
17 124-19-6 Nonanal b 2.96 0.02 1.96 -1.00 2.48 0.02 -0.48 
18 108-88-3 Toluene 2.10 0.08 2.00 -0.10 1.95 0.08 -0.15 
19 108-90-7 Chlorobenzene 2.08 0.01 2.19 0.11 2.07 0.02 -0.01 
20 95-49-8 2-Chlorotoluene 2.68 0.00 2.78 0.10 2.68 0.10 0.00 
21 591-50-4 Iodobenzene 2.56 0.04 2.74 0.18 2.57 0.01 0.01 
22 141-78-6 Ethyl acetate -0.65 0.01 -0.55 0.10 -0.72 0.02 -0.07 
23 123-92-2 Isoamylacetate 1.00 0.02 1.01 0.01 0.97 0.02 -0.03 
24 123-66-0 Ethyl hexanoate 1.71 0.04 1.62 -0.09 1.70 0.02 -0.01 
25 119-36-8 Methyl salicylate 1.48 0.01 1.28 -0.20 1.47 0.01 -0.01 
26 94-26-8 Butyl-hydroxybenzoate 0.04 0.01 0.21 0.17 -0.07 0.03 -0.11 
27 109-99-9 Tetrahydrofuran -0.85 0.01 -0.82 0.03 -0.92 0.02 -0.07 
28 60-29-7 Diethyl Ether -0.31 0.01 -0.08 0.23 -0.30 0.00 0.01 
29 123-91-1 1,4-Dioxane -1.39 0.01 -1.64 -0.25 -1.47 0.02 -0.08 
30 470-82-6 Eucalyptol 1.34 0.01 1.15 -0.19 1.28 0.01 -0.06 
31 2043-47-2 FTOH 4:2 -0.11 0.03 0.42 0.53 -0.26 0.03 -0.15 
32 647-42-7 FTOH 6:2 1.32 0.16 1.72 0.40 1.06 0.04 -0.26 
33 110-80-5 2-Ethoxyethanol -2.90 0.17 -2.70 0.20 -2.93 0.46 -0.03 
34 109-66-0 Pentane 2.86 0.04 2.63 -0.23 2.88 0.13 0.02 
35 628-71-7 1-Heptyne 2.40 0.02 2.36 -0.04 2.40 — 0.00 
36 5989-54-8 S(-)-Limonene 3.85 0.05 3.74 -0.11 3.84 0.02 -0.01 
37 76-22-2 Camphor 1.05 0.01 0.78 -0.27 1.00 0.01 -0.05 
38 109-69-3 Chlorobutane 1.75 0.01 1.71 -0.04 1.77 — 0.02 
39 79-01-6 Trichloroethylene 1.78 0.01 1.87 0.09 1.79 0.11 0.01 
40 107-04-0 1-Bromo-2-chloroethane 0.81 0.00 0.97 0.16 0.85 0.01 0.04 
41 96-18-4 1,2,3-Trichloropropane 1.14 0.01 1.04 -0.10 1.16 0.01 0.02 
42 127-18-4 Tetrachloroethene 2.65 0.00 2.74 0.09 2.66 0.10 0.01 
43 78-93-3 Methyl ethyl ketone -0.86 0.01 -1.11 -0.25 -0.93 0.03 -0.07 
44 120-92-3 Cyclopentanone -0.91 0.01 -1.06 -0.15 -0.97 0.01 -0.06 
45 591-78-6 2-Hexanone 0.13 0.01 -0.02 -0.15 0.08 0.02 -0.05 
46 111-13-7 2-Octanone 1.27 0.01 1.04 -0.23 1.21 0.01 -0.06 
47 107-07-3 2-Chloroethanol -2.06 0.01 -2.80 -0.74 -2.14 0.06 -0.08 
48 110-02-1 Thiophene 1.06 0.01 1.14 0.08 1.10 0.00 0.04 
49 110-81-6 Diethyl disulfide 2.16 0.03 2.00 -0.16 2.10 0.02 -0.06 
50 103-84-4 Acetanilide -2.00 0.02 -1.89 0.11 -2.27 0.04 -0.27 
51 95-16-9 Benzothiazole 0.66 0.01 1.14 0.48 0.65 0.02 -0.01 
52 1193-82-4 Methylphenyl sulfoxide -1.44 0.04 -2.13 -0.69 -1.71 0.08 -0.27 
53 100-06-1 Acetanisole 0.27 0.01 0.29 0.02 0.25 0.01 -0.02 
54 94-09-7 Ethyl 4-aminobenzoate -0.62 0.01 -0.33 0.29 -0.72 0.02 -0.10 
55 86-74-8 Carbazole 2.00 0.02 2.52 0.52 1.93 0.01 -0.07 
56 119-61-9 Benzophenone 1.99 0.01 2.17 0.18 1.98 0.01 -0.01 
57 132-65-0 Dibenzothiophene 4.02 0.02 4.11 0.09 3.98 0.10 -0.04 
58 94-25-7 Butyl 4-aminobenzoate 0.45 0.01 0.84 0.39 0.36 0.02 -0.09 
59 1219-38-1 n-Octyl-4- 

hydroxybenzoate 
2.60 0.03 2.16 -0.44 2.60 0.14 0.00 

60 75-05-8 Acetonitrile -1.97 na -1.74 0.23 -0.81 0.15 1.16 
61 109-74-0 Butyronitrile -0.90 0.01 -0.72 0.18 -0.94 0.02 -0.04 
62 104-85-8 p-Tolunitrile 0.84 0.01 0.93 0.09 0.79 0.01 -0.05 
63 2243-27-8 1-Nonanenitrile 1.99 0.02 1.99 0.00 1.95 0.02 -0.04 
64 75-52-5 Nitromethane -1.78 0.01 -1.68 0.10 -1.83 0.02 -0.05 
65 100-17-4 4-Nitroanisole 0.81 0.01 0.97 0.16 0.80 0.01 -0.01 
66 121-14-2 2,4-Dinitrotoluene 0.70 0.01 0.76 0.06 0.69 0.01 -0.01 
67 51-28-5 2,4-Dinitrophenol -0.12 0.01 -0.02 0.10 -0.12 0.03 0.00 
68 20651-71- 

2 
4-Butylbenzoic acid 1.74 0.03 0.86 -0.88 1.71 0.06 -0.03 

69 2051-62-9 4-Chlorobiphenyl 4.11 0.03 4.28 0.17 4.07 0.10 -0.04 
70 95-48-7 o-Cresol -0.65 0.02 -0.72 -0.07 -0.75 0.02 -0.10 

(continued on next page) 
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from other studies. The literature set was further complemented by 3 
Nitro-PNAs as reported by (Belles et al., 2016). 

The total set of compounds spanned a wide range of chemical di-
versity and physicochemical properties: Relative molecular weight (Mr): 
32 (Methanol) to 722 (2,2′,3,4,4′,5′,6-heptabromodiphenylether (BDE 
183), log Ki,o/w: -0.72 (Methanol) to 8.61 (2,2′,3,4,4′,5′,6-heptabromo-
diphenylether (BDE 183) and logKi,LDPE/W: -3.35 (Methanol) up to 8.36 
(n-dodecylbenzene). For all compounds (n=153), experimental solute 
descriptors could be retrieved from the UFZ LSER database. 

With the distribution of the experimental values for logKi,LDPE/W for 
the full data set shown in Fig. 1A, distribution of the test solute’s asso-
ciated descriptors is visualized in Fig. 1B. Histograms for the distribution 
of the specific solute descriptors in the test set can be found Fig. SI 2 of 
the SI. 

Multicollinearity, i.e. correlation between a specific descriptor and 
the remaining descriptors presents a common challenge with MLR. As a 
measure for multicollinearity, the variance inflation factors (VIF) of the 
descriptor sets (full set and calibration set) were all found to range below 
a value of 5 for the LSER models of type “EV”, thus providing evidence 
for acceptable multicollinearity. Descriptor sets for the LSER models of 
type “VL”, both for experimental and QSPR-based descriptors exhibited 
multicollinearity caused by an inherently high cross-correlation of the V- 
and the L- descriptors (see Table SI 3 and Table SI 4 of SI along with 
detailed statistics of the LSER models). As these models were primarily 
constructed to allow comparison to the model of (Reppas-Chrysovitsi-
nos et al., 2016) in part II of this article, no action was taken to mitigate 
multicollinearity within the sets submitted to MLR. 

Results of the triplicate measurements of partition coefficients be-
tween LDPE (purified and pristine) and water were highly repeatable 
with mean standard deviations for purified LDPE: 0.026 ± 0.008 and 
pristine LDPE: 0.026 ± 0.016 (SDs reported in Table 2.) Mass balances 
for the batch sorption experiments ranged from 50 - 110 %, mean = 84% 
for purified LDPE and 50 - 115 %, mean = 86% for pristine LDPE. 
Measured values with mass balances ranging below 60% (volatiles 50%) 
were not reported and excluded from model calibration. For all batch 
experimental setups in this study, logKi,LDPE/W values obtained for films 
of 50 µm and 200 µm thickness were essentially identical, thus providing 
proof that equilibrium was attained. 

Overall, the batch equilibrium sorption method was considered well- 
suited for the objective of this study, i.e. the measurement of partition 
coefficients for a large set of test solutes and fulfilling the quality criteria 
specified above. Up to 10 compounds could be analyzed by one sample 
batch (triplicate measurements). Difficulties with measurement of 
highly volatile compounds were encountered, probably due to losses by 
volatilization at different steps in the procedure (results not reported). 

3.2. Impact of Calibration Solutes Molecular Features on Predictivity of 
Log - Linear Model for logKi,LDPE/W 

A plot of the full set of experimental values for logKi,LDPE/W against 
logKi,O/W is shown in Fig. 2. An initial inspection of the plot revealed, 
that while a collective of rather nonpolar compounds exhibits limited 
scatter around their attributed linear regression line, monopolar and 
bipolar compounds mostly reside distinctly below that regression line. 

Monopolar compounds are characterized by their potential to act as 
either hydrogen bond donors (HDs) or hydrogen bond acceptors (HAs) 
while bipolar compounds exhibit both hydrogen bond donor and - 
acceptor potential. To facilitate separate statistical treatment on 
nonpolar (weak HDs/HAs) as opposed to monopolar (either strong HDs 
or HAs) and bipolar compounds (strong HDs and HAs), the identification 
of respective numerical upper limits for both the A- and B-descriptor 
(ULA and ULB) respectively, was sought. This was achieved by succes-
sively decreasing ULA and ULB in steps of 0.01 (A-descriptor) and 0.1 (B- 
descriptor), respectively, starting at the maxima of the distributions. 
Compounds with A/B values exceeding the limits set were excluded 
from the linear regression. This iteration was continued until statistics 
(R2, RMSE) of the linear regression for the remaining compounds then 
designated “weak HD/HA” (nonpolar) did not markedly improve. This 
procedure resulted in upper limits of ULA = 0.09 and ULB = 0.6. From 
the test solute set (n = 153), 26 compounds showed A-descriptors ≥ 0.09 
and were consequently attributed be strong HDs. Analogously, 8 com-
pounds with B-descriptors ≥ 0.6 were classified as strong HAs and 7 
compounds were found to be both strong HDs and HAs. 

The remaining compounds were classified as “weak HD/ HA” 
(Table SI 2). 

Then, separate log-linear models were fitted as follows: First, 
regression of logKi,LDPE/W for the full set of observations against logKi,O/W 

yielded: 

logKi,LDPE/W = 1.26(0.03)⋅logKi,O/W − 1.99(0.12)
n = 156,R2 = 0.930,RMSE = 0.742, F = 2040

(11) 

Second, consideration of compounds ascribed to “weak HD/HA” 
(nonpolar) only, resulted in: 

logKi,LDPE/W = 1.18 (0.01) ⋅logKi,O/W − 1.33(0.07)
n = 115,R2 = 0.984,RMSE = 0.313,F = 7046

(12) 

Depicted in Fig. 2, a superior correlation was obtained in absence of 
either strong HDs and/or HAs. Values for these strong HDs/HAs exhibit 
a pronounced deviation from a regression line which was constructed for 
nonpolar compounds only. In essence, this observation corroborates 
earlier findings, e.g. (Goss, 2003) that is, a single parameter log-linear 
correlation to estimate partitioning between octanol and water is inap-
propriate when applied across multiple chemical classes or types of 

Table 2 (continued ) 

ID CAS Compound Measured 
logKi,LDPE/W(1) 

SD LSERb calc 
log Ki,LDPE/W 

(2) 

Diff (2) – 
(1) 

Measured 
logKi,LDPEpris/W(3) 

SD Diff (3) – 
(1) 

71 98-54-4 4-tert.-Butylphenol 0.35 0.02 0.70 0.35 0.33 0.03 -0.02 
72 96-76-4 2,4-Di-tert.-butylphenol 2.56 0.02 2.72 0.16 2.48 0.00 -0.08 
73 533-58-4 2-Iodophenol 0.40 0.00 0.61 0.21 0.39 0.01 -0.01 
74 80-05-7 Bisphenol A -1.33 0.01 -1.12 0.21 -1.49 0.05 -0.16 
75 118-79-6 2,4,6-Tribromophenol 2.30 0.01 2.07 -0.23 2.28 0.02 -0.02 
76 115-86-6 Triphenyl phosphate 2.73 0.03 3.03 0.30 2.63 0.02 -0.10 
77 131-11-3 Dimethyl phthalate -0.13 0.02 -0.37 -0.24 -0.20 0.02 -0.07 
78 84-66-2 Diethyl phthalate 0.77 0.01 0.68 -0.09 0.75 0.01 -0.02 
79 84-74-2 Dibutyl phthalate 3.12 0.04 2.93 -0.19 3.04 0.01 -0.08 
80 91-20-3 Naphthalene 2.82 0.02 2.80 -0.02 2.79 0.01 -0.03 
81 83-32-9 Acenaphthene 3.61 0.02 3.47 -0.14 3.59 0.01 -0.02 
82 129-00-0 Pyrene 4.86 0.03 4.76 -0.10 4.83 0.09 -0.03 

acalculated by Eq. 13 
bNote that sorption of the linear Aldehydes: 1-Butanal, 1-Hexanal and 1-Nonanal to purified LDPE showed pronounced deviation from the LSER calculated values and 
as well from values on pristine LDPE. These values were excluded for calculation of the LSER model specified by Eq. 13 
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Table 3 
Literature data for logKi,LDPE/W (Lwater / LLDPE) near 25◦C  

ID CAS-RN Compound Experim.alogKi,LDPE/W (1) LSER calc.blogKi,LDPE/W (2) Diff. (2) – (1) 

83 109-66-0 Pentane 2.72 2.00 -0.72 
84 110-54-3 n-Hexane 2.83 3.18 0.35 
85 91-20-3 Naphthalene 3.04 2.80 -0.24 
86 83-32-9 Acenaphthene 3.70 3.47 -0.23 
87 208-96-8 Acenaphthylene 3.45 3.26 -0.19 
88 86-73-7 Fluorene 3.78 3.69 -0.09 
89 85-01-8 Phenanthrene 4.18 4.17 -0.01 
90 120-12-7 Anthracene 4.29 4.26 -0.03 
91 129-00-0 Pyrene 4.96 4.76 -0.20 
92 206-44-0 Fluoranthene 4.84 4.72 -0.12 
93 218-01-9 Chrysene 5.66 5.67 0.01 
94 56-55-3 Benz[a]anthracene 5.67 5.67 0.00 
95 207-08-9 Benzo(k)fluoranthene 6.30 6.07 -0.23 
96 192-97-2 Benzo[e]pyrene 6.12 5.65 -0.47 
97 205-99-2 Benzo[b]fluoranthene 6.30 5.89 -0.41 
98 198-55-0 Perylene 6.33 6.06 -0.27 
99 191-24-2 Benzo(ghi)perylene 6.93 7.00 0.07 
100 53-70-3 Dibenz[a,h]anthracene 7.12 7.17 0.05 
101 91-57-6 2-Methylnaphthalene 3.45 3.25 -0.20 
102 571-58-4 1,4-dimethylnaphthalene 3.75 3.84 0.09 
103 569-41-5 1,8-dimethylnaphthalene 3.65 3.78 0.13 
104 2245-38-7 2,3,5-trimethylnaphthalene 4.36 4.23 -0.13 
105 1730-37-6 1-methylfluorene 4.11 4.23 0.12 
106 13764-18-6 1,4,6,7-tetramethylnaphthalene 4.78 4.76 -0.02 
107 2531-84-2 2-methylphenanthrene 4.70 4.65 -0.05 
108 20928-02-3 2-Methyldibenzothiophene 4.70 4.76 0.06 
109 31317-14-3 1,2-Dimethydibenzothiophene 4.89 5.23 0.34 
110 575-41-7 1,3-Dimethylnaphthalene 3.79 3.77 -0.02 
111 1576-67-6 3,6-Dimethylphenanthrene 5.17 5.12 -0.05 
112 2381-21-7 1-Methylpyrene 5.54 5.42 -0.12 
113 1705-85-7 6-Methylchrysene 5.90 6.08 0.18 
114 57-97-6 7,12-Dimethylbenz[a]anthracene 6.35 6.75 0.40 
115 2051-62-9 4-Chlorobiphenyl 4.23 4.28 0.05 
116 16605-91-7 2,3-Dichlorobiphenyl 4.53 4.66 0.13 
117 37680-65-2 2,2′,5-Trichlorobiphenyl 4.90 5.08 0.18 
118 55702-45-9 2,3,6-Trichlorbiphenyl 5.46 5.08 -0.38 
119 16606-02-3 2,4′,5-Trichlorbiphenyl 5.26 5.22 -0.04 
120 41464-39-5 2,2′,3,5′-Tetrachlorobiphenyl 5.46 5.61 0.15 
121 41464-43-1 2,3,3′,4′-Tetrachlorbiphenyl 5.86 5.76 -0.10 
122 32598-13-3 3,3′,4,4′-Tetrachlorobiphenyl 6.04 5.90 -0.14 
123 33284-52-5 3,3′,5,5′-Tetrachlorbiphenyl 6.31 5.92 -0.39 
124 38380-02-8 2,2′,3,4,5′-Pentachlorobiphenyl 6.16 6.13 -0.03 
125 38380-01-7 2,2′,4,4′,5-Pentachlorbiphenyl 6.27 6.12 -0.15 
126 56558-16-8 2,2′,4,6,6′-Pentachlorobiphenyl 5.96 6.06 0.10 
127 65510-44-3 2,3′,4,4′,5′-Pentachlorbiphenyl 6.42 6.27 -0.15 
128 38380-07-3 2,2′,3,3′,4,4′-Hexachlorbiphenyl 6.59 6.65 0.06 
129 38411-22-2 2,2′,3,3′,6,6′-Hexachlorbiphenyl 6.74 6.61 -0.13 
130 35065-28-2 2,2′,3,4,4′,5′-Hexachlorobiphenyl 6.50 6.65 0.15 
131 35065-27-1 2,2′,4,4′,5,5′-Hexachlorobiphenyl 6.67 6.65 -0.02 
132 38380-08-4 2,3,3′,4,4′,5-Hexachlorobiphenyl 6.96 6.81 -0.15 
133 35065-30-6 2,2′,3,3′,4,4′,5-Heptachlorbiphenyl 7.06 7.18 0.12 
134 52663-68-0 2,2′,3,4′,5,5′,6-Heptachlorbiphenyl 6.91 7.16 0.25 
135 74472-52-9 2,2′,3,4,4′,5,6,6′-Octachlorbiphenyl 7.69 7.80 0.11 
136 52663-77-1 2,2′,3,3′,4,5,5′,6,6′-Nonachlorbiphenyl 7.62 8.23 0.61 
137 108-88-3 Toluene 1.98 2.00 0.02 
138 95-47-6 o-Xylene 2.61 2.46 -0.15 
139 100-41-4 Ethylbenzene 2.48 2.53 0.05 
140 119-64-2 Tetralin 3.16 3.20 0.04 
141 nHBz t-Pentylbenzene 4.06 4.17 0.11 
142 1078-71-3 n-Peptylbenzene 5.06 5.29 0.23 
143 2189-60-8 n-Octylbenzene 5.96 5.83 -0.13 
144 1081-77-2 n-Nonylbenzene 6.76 6.38 -0.38 
145 104-72-3 n-Decylbenzene 7.06 6.94 -0.12 
146 123-01-3 n-Dodecylbenzene 8.36 8.03 -0.33 
147 1806-26-4 n-Octylphenol 3.60 3.04 -0.56 
148 41318-75-6 2,4-Dibromo-1-(4-bromophenoxy)benzene 5.68 5.76 0.08 
149 5436-43-1 2,2′4,4′-Tetrabromodiphenyl ether 6.22 6.29 0.07 
150 60348-60-9 2,2′,4,4′,5-Pentabromodiphenyl ether 6.82 6.84 0.02 
151 189084-64-8 2,2′,4,4′,6-Pentabromodiphenyl ether 6.74 7.02 0.28 
152 68631-49-2 2,2′,4,4′,5,5′-Hexabromodiphenyl ether 7.30 7.52 0.22 
153 207122-15-4 2,2,4,4,5,6- Hexabromodiphenyl ether 7.46 7.54 0.08 
154 207122-16-5 2,2′,3,4,4′,5′,6-Heptabromodiphenyl ether 7.60 8.26 0.66 
155 132-65-0 Dibenzothiophene 4.26 4.11 -0.15 
156 3380-34-5 Triclosan 3.30 2.35 -0.95 

(continued on next page) 
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potential molecular interactions exerted by a compound. The underlying 
reason is that for compounds undergoing specific, complementary in-
teractions involving hydrogen-bond donor or – acceptor functionalities, 
octanol as a bipolar phase cannot simulate a purely nonpolar phase like 
a polyolefin. Vice versa, this finding is also indicative for the notion that 
a linear correlation to logKi,O/W (i.e. spLFER) could provide sufficient 
accuracy, as long as only nonpolar compounds and/or compounds 
exhibiting weak hydrogen bonding donor- and/or acceptor strength are 
involved. 

3.3. Calibration of LSER models for logKi,LDPE/W 

Fitting of experimental values for logKi,LDPE/W from the full data set 
to Eq. 6 yielded: 

log Ki,LDPE/W = − 0.529 + 1.098 E − 1.557 S − 2.991 A − 4.617 B + 3.886 V
n = 156,R2 = 0.991,RMSE = 0.264,F = 3436

(13) 

Fig. 3 shows a plot of experimental logKi,LDPE/W versus values 

Table 3 (continued ) 

ID CAS-RN Compound Experim.alogKi,LDPE/W (1) LSER calc.blogKi,LDPE/W (2) Diff. (2) – (1) 

157 86-57-7 1-Nitronaphthalene 2.51 c 2.31 -0.20 
158 581-89-5 2-Nitronaphthalene 2.18 c 2.54 0.36 
159 5522-43-0 1-Nitropyrene 4.81 c 4.65 -0.16 

avalues from (Liu et al., 2017) 
bcalculated by using Eq. 13 
cvalues from (Belles et al., 2016) 
Belles, A., Alary, C., Criquet, J., Billon, G., 2016. A new application of passive samplers as indicators of in-situ biodegradation processes. Chemosphere 164, 347-354. 
Liu, H., Wei, M., Yang, X., Yin, C., He, X., 2017. Development of TLSER model and QSAR model for predicting partition coefficients of hydrophobic organic chemicals 
between low density polyethylene film and water. Sci. Total Environ. 574, 1371-1378. 

Fig. 1. Distribution of experimental values for logKi,LDPE/W (full solute set, n =153) (A); LSER solute descriptor distribution for experimental test set (full set, n = 153 
solutes) (B) 

Fig. 2. Plot of experimental partition coefficients logKi,LDPE/W against logKi,O/W. 
The linear regression line and parameters are calculated from values for weak 
hydrogen donors (HD) /-acceptors (HA), only. 

Fig. 3. Plot of LSER calculated partition coefficients logKi,LDPE/W (eq. (13)) 
versus experimental values - full set solute set, n =153. Solid line: 1:1 line. 
Dotted lines: ± 1 log unit. 
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predicted by the LSER(EV) model. A very good correlation was obtained 
(R2 = 0.991). The RMSE of 0.264 is considered excellent but slightly 
higher than RMSEs typical for solvent/water partition systems (0.10 – 
0.20). Of note, the three linear aldehydes in the test solute set (1-buta-
nal, 1-hexanal, 1-nonanal), with no reasoning available, showed a sys-
tematic deviation from the 1:1 line and were therefore excluded from 
calibration of the model given by Eq. 13. 

Fig. 4 
Additionally, from partition coefficients for the full data set associ-

ated to compounds with an experimental L-descriptor available, a LSER 
(VL) model for use in part II of this work was fitted to Eq. 8. 

logKi,LDPE/W = − 0.330 − 1.512 Si − 3.396 Ai − 5.069 Bi + 2.115 Vi + 0.594 Li

n = 138,R2 = 0.988,RMSE = 0.308, F = 2237
(14) 

Further statistics associated to Eqn 13 and 14 are provided tables SI 3 
and SI 4 in the SI. 

3.4. Purified vs. pristine LDPE 

All logKi,LDPE/W values measured in this study were generated in 
parallel for samples of purified and pristine LDPE (logKi,LDPEpris/W). 
Overall, pristine LDPE produced slightly lower partition coefficients 
than purified LDPE with more pronounced differences in the lower 
logKi,LDPE/W region, i. e. for more polar compounds (see Table 2). This 
observation might be attributed to the presence of an extractable frac-
tion of low molecular oligomeric hydrocarbons in pristine (non-purified) 
LDPE exhibiting a somewhat higher potential for dispersive interactions 
and thus rendering pristine LDPE more apolar then the purified polymer 
backbone. In the literature, the composition of this extractable fraction 
is ascribed to a complex mixture of highly isomerized, branched alkanes 
and alkenes (see also section 1 of SI) (Biedermann-Brem et al., 2012). As 
the purification procedure might also affect the crystallinity of the ma-
terial, no mechanistical reasoning is available to the authors, how this in 
turn might impact the materials sorption behavior to polar chemicals. Of 
note and yet with no reasoning available, all linear aldehydes in the test 
set (i. e. 1-butanal, 1-hexanal and 1-nonanal) showed a distinctly higher 
sorption into the purified material as (i) compared to the LSER predicted 
value and (ii) to the value for the pristine material. 

4. CONCLUSION AND OUTLOOK 

Partition coefficients LDPE/water for a broad set of chemically 
diverse chemicals could be successfully measured and complemented by 
experimental values from the literature. To a great deal, these com-
pounds are also indicative for potentially leachable compounds 
encountered in plastics for pharmaceutical- and food contact use. The 
calibrated Abraham-type linear solvation energy relationships (LSERs) 
obtained from these partition coefficients were demonstrated to provide 
an accurate and robust means for the prediction of partition coefficients 
between LDPE and water, as proven by a coefficient of determination of 
0.985 and a standard deviation of 0.352 for an independent validation 
set of the LSER(EV)-model (n = 52, see part II of this article). 

Application of the models is straightforward, i.e. solute descriptors 
and corresponding system parameters can be easily retrieved from a 
publicly available database or, with some constraints in predictability, 
generated by a QSPR. Then, just by simple arithmetics, partition co-
efficients can be calculated and utilized for assessment of compound 
equilibrium levels in a polymer-contacting solution based on knowledge 
of the total compound pool. Here, this study, similar to previous reports, 
demonstrated that LSERs clearly outperform log-linear correlations to 
solvent/water systems as yet recommended for modeling of mass 
transport from plastics to aqueous based solutions. 

Of note, LSERs were proven to be well-suited in accounting for the 
partition behavior of compounds exhibiting significant hydrogen- 

bonding donor or acceptor potential, i. e. mono- or bipolar com-
pounds. The reason for that observation is that LSER descriptors, in 
contrast to logKi,O/W as a single holistic lipophilicity parameter, carry 
additional information on the strength of specific potential molecular 
interactions a compound can undergo, in particular on its potential to 
act as hydrogen bonding acceptor or –donor, respectively. Notwith-
standing, if only nonpolar compounds (weak HDs/HAs) are involved in a 
desired projection of partition coefficients, log-linear correlations to 
logKi,O/W were demonstrated to represent a simple, albeit potentially 
sufficient, screening approach. 

Overall, equilibrium partitioning of neutral solutes between LDPE 
and water was demonstrated a highly predictable process. Conse-
quently, for migrants with pKA values ensuring negligible dissociation 
under the given conditions of pH, a reliable estimate of maximum levels 
in a contacting aqueous solution is possible if their total pool in the 
combined phases in known. 

By comparison of partitioning data between pristine and purified 
LDPE samples, it became evident that that solvent extraction applied as 
a material purification process renders the material slightly less hydro-
phobic, i. e. polar compounds in particular tend to exhibit a little lower 
sorption into the pristine material with differences in logKi,LDPE/W up to 
about 0.3 log units. This might be caused by the presence of low mo-
lecular fractions of hydrocarbons in the pristine polymer. 

A more in-depth evaluation of the LSER models predictivity along 
with a comparison to data and models from the literature is provided in 
part II of this work. 
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