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Abstract
The purpose of the study is to explore the sorption behaviour of anthropogenic radionuclides in the Vltava River catchment 
in the Czech Republic, which could be influenced by an assumptive severe nuclear accident. Radionuclide sorption was 
described by distribution coefficients between water and sediment or suspended solids, respectively. Then, possible correla-
tions between radionuclide sorption and sediment properties were investigated using simple and multiple regressions. The 
sorption of radionuclides was affected by sediment granularity and mineralogical composition, each radionuclide having its 
group of influencing sediment parameters.
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Introduction

Anthropogenic radionuclides, which are created in the reac-
tor of a nuclear power plant during nuclear reactions, usu-
ally do not occur naturally in the environment. They were 
introduced by human activities, predominantly in the last 
century during atmospheric nuclear weapons tests and the 
Chernobyl accident. Nowadays, some of these radionuclides, 
namely caesium 137 and strontium 90, are still present in the 
water environment in low but measurable amounts [1–5].

After the Fukushima nuclear accident in 2011, where 
radioactive contamination was released into the surround-
ing environment [5–8], great attention has been focused on 
nuclear safety all over the world. The Czech Republic is no 
different. Despite the fact that both Czech nuclear power 
plants are considered safe, as proved by stress tests [9], 
nuclear safety also concerns the very improbable case of a 
severe accident, when radioactive material is released out-
side the plant.

When surface water is polluted, radioactive contami-
nants are transported together with the water along the river 
course. During this migration, radionuclides can be either 
fixed onto solids suspended in water, which can settle after-
wards, or they are sorbed directly onto sediments already 
deposited on the riverbed [10]. Experience with the old radi-
oactive contamination indicates that sorption onto sediments 
plays a significant role in the migration of radionuclides in 
the hydrosphere [1, 11]. These sorption processes influence 
the migration of radionuclides in the environment and their 
entrance into food chains.

The aim of our study was to describe the influence of 
sorption on water environment contamination after a hypo-
thetical severe accident at a nuclear power plant. In order to 
quantify sorption of radionuclides onto solid components 
of the hydrosphere, bottom sediments and suspended sol-
ids, their distribution coefficients were determined using a 
batch method. Then, correlations of distribution coefficients 
and sediment composition parameters were studied to detect 
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dependences between sorption of anthropogenic radionu-
clides and sediment quality. This should reveal the types of 
sediments that would tend to retain incidental radioactive 
contamination if a severe nuclear accident occurred. Fur-
ther, it should enable better generalization of measured site-
specific sorption data and applying them for other locations.

Methods

Batch experiments—determination of distribution 
coefficient

In this study, sorption of anthropogenic radionuclides was 
studied along the Vltava and Elbe Rivers in the Czech 
Republic. Hence, samples of bottom sediments and surface 
water were collected at 17 locations, as shown in Fig. 1. 
The studied river course includes stretches of flowing water, 
stream regulated with weirs and, most of all, a cascade of 
dams. At these locations, the distribution coefficients of 
selected anthropogenic radionuclides in sediment–water and 
suspended solids–water interfaces were determined.

The samples of sediments were collected by a diver 
from a depth from 1 to 22  m below the water level, 
depending on the specific location. The samples of sedi-
ments were taken from the upper sediment layer (0–10 cm) 

in amounts sufficient for the experiments (ca. 10 kg fresh 
weight). At the same locations, large-volume samples were 
taken of surface water (100 l) containing suspended solids. 
Both kinds of samples (sediments and surface water) were 
transported to a laboratory, where they were stored in a 
refrigerator and processed promptly.

In general, the batch method used for distribution coef-
ficient determination is described in documents by the 
International Atomic Energy Agency (IAEA) [12], US 
Environmental Protection Agency (EPA) [13], and ASTM 
C1733 – 10 [14]. The method is also widely used in many 
studies [15–19]. However, the conditions of determination 
can vary, depending on the requirements and purpose of 
the study. We optimized the conditions of determination 
with preliminary experiments, as we published previously 
[20]. Since sorption depends on a number of factors, it is 
important to respect the natural conditions of the tested 
site when conducting the laboratory experiments. The 
method optimization comprised finding the suitable solid/
liquid ratio and the initial radionuclide activity concentra-
tion, sufficient contact time, and the influence of other con-
ditions, such as ambient temperature or mixture pH. These 
optimised method conditions [20] were used in this study.

To prepare the experimental batch, the wet sediment 
was placed into vessels in an amount corresponding to 
100 g of dry matter per 1 L of water. Water contained in 
the sediment was replenished to the required amount with 
the matching surface water sampled at the same site. In the 
case of suspended solids, the surface water was used for 
preparing the test sample with its natural suspended solids 
concentration, without any treatment.

Then, the experimental batches (mixtures of solid phase 
and water) were spiked with a mixture of radionuclides 
(131I, 134Cs, 85Sr, 60Co, 241Am, 139Ce, 133Ba) and enclosed 
in a plastic bottle. Radionuclides and their spiked activi-
ties were chosen with regard to the purpose of determining 
the distribution coefficient—accidental release of radioac-
tive contamination. When selecting suitable radionuclides, 
several aspects were considered: (1) the selected radionu-
clides should cover various chemical properties, with an 
emphasis on the most serious ones (137Cs, 90Sr and 131I); 
(2) suitability for the gamma-ray spectrometric measure-
ment; (3) convenience for use in the laboratory (relatively 
short half-life to prevent long-term contamination and 
availability from the supplier). It was supposed that dif-
ferent nuclides of the same element have the same sorption 
properties. For example, that is the case with 85Sr, which 
was included into the experiments instead of 90Sr because 
the latter cannot be measured with gamma-ray spectrom-
etry. In the experimental mixture, the radionuclides were 
spiked in various initial concentrations—60Co, 85Sr, 139Ce 
and 241Am: 2–5 Bq/l; 134Cs: 20–50 Bq/l; 131I and 133Ba 
40–100 Bq/l.

Fig. 1   Location of sites where sediment and surface water samples 
were collected
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When the test samples were prepared, they were mixed 
using an overhead laboratory shaker for 24 h. After mixing, 
the solid was separated from the liquid phase using vacuum 
filtration (suspended solids–water) or centrifugation, fol-
lowed by vacuum filtration (sediments–water).

The radionuclide amounts were measured with gamma-
ray spectrometry using the standard method according to 
ISO 10703: 2007 [21], an analytical method suitable for all 
the monitored radionuclides. For that, Canberra-Packard 
germanium (HPGe) detectors were used. The detectors were 
calibrated using 152Eu standard (energy calibration) and cer-
tified source containing a mixture of artificial radionuclides 
(efficiency calibration). We measured the radionuclides of 
interest in both separated phases—in water and in sediment 
or suspended solids—to eliminate the influence of radio-
nuclide sorption onto the vessel walls or other parts of the 
apparatus. Measuring times varied from several hours to 
days, depending on the radionuclide amount in the meas-
ured phases.

The distribution coefficient was evaluated from the exper-
imental data set as a slope of linear regression of the meas-
ured ae-ce relationship that intersects the beginning of the 
coordinate system (according to Eq. (1)) [12]:

where KD is distribution coefficient (l/kg), ae radionuclide 
specific activity sorbed on solid phase in equilibrium (Bq/
kg), ce radionuclide activity concentration in water in equi-
librium (Bq/l).

(1)KD =

ae

ce

Sediment and water quality

To acquire information on sediment quality, samples were 
sent to the Geomechanical Laboratory, ARCADIS CZ. They 
were analysed to obtain the granulometric curve for evalua-
tion of grain size median (d50) and silt content (see Fig. 2); 
further, mineralogical composition was determined using 
X-ray diffraction (RTG) and petrographic analysis (PL). For 
further evaluation, the following parameters were used (see 
the measured values summary in Table 1):

•	 grain size median—d50 (mm)
•	 content of silt, grain size lower than 0.063 mm (%)
•	 content of quartz (%)
•	 content of feldspar (%)
•	 content of mica (%)
•	 content of organic matter (%)

Similar analysis could not be conducted for suspended 
solids because the number of samples was not sufficient for 
determination.

Fig. 2   Example of a granulo-
metric curve of one of sampled 
sediment and evaluation of silt 
content and d50
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Table 1   Summary of sediment quality collected at 17 locations, used 
for distribution coefficient determination

Parameter Arith-
metic 
mean

SD Minimum Maximum

d50 (mm) 0.38 0.23 0.08 0.9
Silt (%) 16 13 2 46
Mica (PL) (%) 8 6 0 21
Organic matter (PL) (%) 13 11 0 36
Quartz (RTG) (%) 78 13 35 90
Feldspar (PL) (%) 10 8 0 30
Feldspar (RTG) (%) 14 7 4 32
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To get basic information on water quality used for the 
experiments, analysis was performed by the laboratory of 
the T. G. Masaryk Water Research Institute. Surface water 
quality is summarized in Table 2.

Statistical evaluation of sorption dependence 
on sediment quality

The statistical comparison of sorption dependence on 
sediment quality can be performed by applying a rigorous 
approach to linear regression using regression triplet (pro-
gram QC-EXPERT- Trilobyte, Pardubice, Czech Republic 
and ADSTAT Trilobyte, Pardubice, Czech Republic).

The model proposed for the simple linear regression was:

where y is dependent variable (sorption of the radionuclide 
described with the KD), x independent variable (parameter of 
the sediment quality), b0, b1 regression coefficients.

Three statistical measures were used to evaluate the good-
ness of fit of models and to compare them. The coefficient 
of determination R2 is the proportion of variance in the 
dependent variable that is predictable from the independ-
ent variable. Therefore, it describes how well the regression 
predictions approximate to real data points. Moreover, the 
Fisher-Snedecor test (F criterion) is used as a formal statisti-
cal test for the relationship between the proposed model and 
the dependent variable. Therefore, it describes whether the 
correlation between the model and the dependent variable 
is statistically significant. Thus, only models with F criteria 

(2)y = b
0
+ b

1
x

over a critical value were considered. As described, both 
measures suggest statistical significance of the estimated 
models. The Akaike information criterion (AIC) served here 
for estimating the relative quality of the proposed models. 
It is useful for comparison between two models because it 
describes how well the model fits the data set without over-
fitting it. The model with the lowest AIC score is more likely 
to minimize information loss.

For multiple regression, calculations were performed 
using software ‘R’ (R: A Language and Environment for 
Statistical Computing) with ‘leaps’ package (regression sub-
set selection including exhaustive search).

The linear model for the multiple regression was pro-
posed as follows:

where y is dependent variable (sorption of the radionuclide 
described with the KD), x1−xn independent variable (param-
eter of the sediment quality), b0−bn regression coefficients.

The selected models were validated using k-fold cross-
validation. The statistical significance of the regression 
models was confirmed again with the Fisher-Snedecor test 
(F criterion) and coefficient of determination R2 for all ana-
lysed samples. The AIC value was used as a criterion for 
optimization between the proposed models and for choosing 
predictive variables.

Results and discussion

Distribution coefficients

The distribution coefficient, as a parameter describing sorp-
tion, is based on an assumption of a linear relationship 
between the absorbed and dissolved amounts of the radio-
nuclide. It is often employed for sorption description due to 
its ease of use [12, 15, 16]. Under the assumption that the 
concentration of the sorbing substance in the system is very 
low, so the relationship of the substance concentration in 
solid and in water can be considered linear, the distribution 
coefficient can describe sorption with satisfactory accuracy. 
If the concentrations were higher, another type of isotherm 
(e.g. Langmuir or Freudlich isotherm) would have to be used 
to describe the relationship of the activity of the solid and 
liquid phase, as can be found in the review by Hinz [22].

Sorption batch experiments, conducted to determine 
distribution coefficients of selected anthropogenic radionu-
clides in sediment–water and suspended solids interfaces, 
showed that distribution coefficients vary depending on the 
nature of the radionuclide. In addition, differences were 
found between the two kinds of matrix (bottom sediment or 
suspended solids) and between the sampling sites.

(3)y = b
0
+ b

1
x
1
+⋯ + bnxn

Table 2   Summary of water quality collected at 17 locations, used for 
distribution coefficient determination

Parameter Arithme-
tic mean

SD Minimum Maximum

pH – 7.4 7.5 7.0 9.7
Conductivity (mS/m) 28 8 17 43
Suspended solids (mg/l) 10 7 1 24
TOC (mg/l) 9.6 3.0 6.8 18.3
Cl− (mg/l) 17 6 8 29
SO4

2− (mg/l) 31 11 19 49
NO3

− (mg/l) 9.3 3.8 3.9 16.1
Na (mg/l) 13.5 4.1 8.0 20.5
Ca (mg/l) 29 10 18 50
Mg (mg/l) 7.1 1.8 4.8 10.6
Ba (µg/l) 34 6 23 41
Co (µg/l)  < 1
Sb (µg/l)  < 2
Se (µg/l)  < 4
Sr (µg/l) 140 60 80 260
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The average values of distribution coefficients, obtained 
for the sediment–water system, ranged from 2.6 × 101 l/kg 
(131I) to 1.9 × 103 l/kg (139Ce) across the monitored sam-
pling sites included in the study. The average value of the 
sediment–water distribution coefficient decreases in the fol-
lowing sequence: 139Ce > 134Cs > 133Ba > 241Am > 60Co > 85

Sr > 131I, but this order can vary slightly at particular sites. 
For each of the radionuclides, the range of the evaluated dis-
tribution coefficients was fairly wide, sometimes in several 
orders of magnitude. An overview of the results of distribu-
tion coefficient determination in the bottom sediment–water 
system is specified in Table 3.

Compared to sediment–water, distribution coefficients for 
suspended solids-water were higher at all studied locations. 
The average values of distribution coefficients obtained for 
the suspended solids-water system were from 1.0 × 103 l/
kg (85Sr) to 2.9 × 106 l/kg (60Co) across the monitored sam-
pling sites. The average value of the suspended solids-water 
distribution coefficient decreases in the sequence: 60Co > 
139Ce > 241Am > 133Ba > 131I > 134Cs > 85Sr. As in the case of 
bottom sediment, this order was slightly different at some 
sites. The distribution coefficients for suspended solids, 
which were evaluated for the particular radionuclides, var-
ied considerably. An overview of the results of distribution 
coefficient determination in suspended solids-water system 

is specified in Table 4. For the suspended solids-water inter-
face, the 85Sr distribution coefficient could not be evaluated 
in some cases with this experiment arrangement. Due to 
reluctant strontium sorption and the low level of suspended 
solids in the sample, 85Sr activity absorbed by the solid 
phase was below the detection limit of the determination 
method in several experimental samples.

In addition, we compared our results with the data col-
lected by IAEA [12], which originate from a number of 
studies and were determined under various conditions. Our 
results on distribution coefficients in suspended solids-water 
fit the IAEA range quite well for all monitored radionuclides. 
On the other hand, our data on distribution coefficients in 
bottom sediments-water, which are lower than those in the 
suspended solids-water system, lay below the IAEA data 
range in some cases. It is similar to data gained during in-
situ monitoring at Japanese coastal regions [23]. The long-
term in-situ KD values are expected to be higher than our 
laboratory data with the 24-h contact time.

In our opinion, the difference between sorption of bottom 
sediments and suspended solids is caused by their differ-
ent properties, especially grain size. The particles of solids 
suspended in the water column tend to be very fine with a 
large specific surface, while the active surface of sediments 
decreased as their grains aggregated in the riverbed during 

Table 3   Values of distribution 
coefficients for studied 
radionuclides in bottom 
sediment–water interface 
in monitored sites and their 
comparison with data collected 
by IAEA [12]

KD (l/kg)—measured KD (l/kg) – IAEA

Arithmetic mean SD Minimum Maximum Number of 
values

Minimum–maximum

60Co 5.1E+02 2.0E+02 3.0E+02 8.5E+02 11 1.1E+03–1.7E+06
85Sr 4.7E+01 2.5E+01 1.0E+01 9.8E+01 15 1.4E+01–2.2E+03
131I 1.4E+01 1.7E+01 1.5E+00 5.8E+01 15 5.9E+01–3.4E+05
133Ba 5.7E+02 3.2E+02 1.6E+02 1.3E+03 15 2.5E+02–1.6E+04
134Cs 1.2E+03 7.4E+02 2.1E+02 3.0E+03 15 3.7E+02–1.9E+05
139Ce 3.2E+03 4.0E+03 5.1E+02 1.3E+04 9 4.2E+04–1.20E+06
241Am 2.7E+03 5.4E+03 2.1E+02 1.9E+04 10 2.5E+04–1.9E+06

Table 4   Values of distribution 
coefficients for studied 
radionuclides in suspended 
solids-water interface in 
monitored sites and their 
comparison with data collected 
by IAEA [12]

* Values evaluated using the detection limit of 85Sr in water. All distribution coefficients for 85Sr were below 
these values

KD (l/kg)—measured KD (l/kg) – IAEA

Arithmetic mean Standard deviation Minimum Maximum Number 
of values

Minimum–maximum

60Co 3.8E+06 7.7E+06 5.9E+04 3.1E+07 15 1.1E+03–1.7E+06
85Sr 1.5E+03* 1.1E+03* 4.2E+02* 2.6E+03* 15* 1.4E+01–2.2E+03
131I 1.4E+04 1.0E+04 4.8E+03 4.2E+04 15 5.9E+01–3.4E+05
133Ba 1.4E+04 1.7E+04 3.7E+03 7.5E+04 15 2.5E+02–1.6E+04
134Cs 6.2E+03 7.2E+03 1.6E+03 3.2E+04 15 3.7E+02–1.9E+05
139Ce 1.2E+06 9.1E+05 2.2E+05 2.8E+06 15 4.2E+04–1.20E+06
241Am 1.1E+06 1.9E+06 1.0E+05 7.9E+06 15 2.5E+04–1.9E+06
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the aging processes. The factor of grain size and specific 
surface of particles is anticipated to influence sorption in 
general, as mentioned by Singleton et al. [24]. Singleton also 
suggests another mechanism of sorption influence: pedo-
genic grain coatings.

Relationship of sorption and sediment quality—
simple regression

Our findings on radionuclide sorption indicate that distri-
bution coefficients depend heavily on local environmental 
conditions, especially on solid phase quality (mineralogical 
composition and grain structure) and water chemical com-
position. Even at sites located along a single river, the range 
of distribution coefficients was surprisingly wide for each 
radionuclide. In connection to this, we explored the rate of 
sorption in relation to sediment quality parameters. Unfor-
tunately, the connection between radionuclide sorption and 
quality of suspended solids could not be evaluated due to an 
insufficient amount of suspended solids.

Firstly, we evaluated the distribution coefficient rela-
tionship of particular radionuclides with sediment quality 
parameters. Results confirm theoretical assumptions of a 
possible correlation between sorption of radionuclides (85Sr, 
133Ba and 134Cs) and certain sediment quality parameters. 
Tables attached as electronic supplementary information 
(Tables 1–3), published online along with this article, show 
the results of simple regression analysis where a correlation 
was observed.

For parameters of sediment granularity, a correlation was 
confirmed only for sorption of 85Sr (d50 and silt). Contrary to 
our expectations, the influence of granularity was not iden-
tified for any other radionuclide except 85Sr. The relation-
ship between KD (85Sr)- d50 decreases, while the relation-
ship between KD (85Sr)-silt shows upward trends, as shown 
in Fig. 2a, b. This is in harmony with the assumption that 
fine fractions are mainly responsible for radionuclide fixa-
tion, as explored by Korobova et al. [25]. Sorption rises with 
decreasing granularity, as the specific surface available for 
sorption increases.

In connection to the effect of sediment mineralogical 
composition on radionuclide sorption, it is important to 
note that we supposed that all radionuclides exist in their 
ionic forms. According to Eh–pH data [26], most of the 
studied radionuclides are present in cationic forms (Co2+, 
Sr2+, Ba2+, Cs+, Ce3+, Am3+/AmOH2+), with the exception 
of radioiodine, which is assumed to occur in anionic form 
(I−), considering the pH and Eh potential common in surface 
waters. The chemical forms of radionuclide occurrence can 
be more complex under experimental conditions, since more 
factors can affect them, for example presence of ligands, 
which can form complexes with radionuclide ions.

Considering mineralogical composition, correlations 
between feldspar content and sorption of 133Ba and 134Cs 
were found, both cases having increasing trends. For these 
two radionuclides, decreasing relationships between their 
sorption and quartz content in the sediment were also 
identified (see Fig. 3c–e). Similar findings for 134Cs sorp-
tion in soils were published by Miecznik [27]. Quartz is a 
mineral generally considered to show low sorption proper-
ties. Its structure, which is built of SiO4 tetrahedrons, is 
electrically neutral. If Si4+ ions are substituted with Al4+, 
as in case of feldspar, the electro neutrality is disrupted 
and conditions suitable for cation sorption are engen-
dered, as described by Richter [28]. Similar mechanism 
can be assumed for the increasing relationship of mica 
content and sorption of 85Sr and 133Ba, which is displayed 
in Fig. 3f).

In connection to the presumption that organic matter 
in sediments tends to retain cations, because of the pres-
ence of the dissociated hydroxyl and carboxyl groups, 
we expected to find correlations between organic matter 
content and cation sorption. Though direct dependence of 
sorption on organic matter content was identified for 85Sr 
and 133Ba (see Fig. 3g), for other radionuclides in cationic 
form it was not. According to Santschi [29], organic mat-
ter can significantly influence radionuclide sorption, but 
whether it causes sorption to increase or decrease strongly 
depends on other conditions.

Relationship of sorption and sediment quality—
multiple regression

The evaluation results obtained using simple regression 
show that for all the studied radionuclides, none of the 
tested sediment quality parameters influenced sorption 
in a universal way. Sorption of a particular radionuclide 
tends to be affected by a specific group of quality param-
eters, which can vary for different radionuclides. A sedi-
ment quality parameter that affects the sorption of one 
radionuclide does not necessarily influence the sorption of 
another. For this reason, multiple regression was employed 
to evaluate the coincidental effect of several possible fac-
tors (quality parameters). A significant correlation with 
multiple parameters was found for the sorption of 131I (d50, 
Feldspar, organic matter and mica), 133Ba (d50 and mica), 
134Cs (silt, quartz and organic matter), 139Ce (silt, feldspar 
and organic matter), and 241Am (silt, feldspar and organic 
matter). The regression parameters are attached as sup-
plementary information (Table 4).

No multiple correlations were found for 60Co and 85Sr. 
Their fixation onto sediments can be affected by factors 
which were not explored here, such as content of ferric and 
manganese oxides [30].
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Conclusion

This study is concerned with sorption of anthropogenic 
radionuclides in the hydrosphere, namely onto river bot-
tom sediments and solids suspended in river water. Sorp-
tion is characterized using distribution coefficients, which 
were determined using a batch method. The data obtained 
in our study showed surprising variability, so we tried to 
find the reason for that by analysing sediment mineralogical 
composition.

The differences in sorption of radionuclides caused 
by sediment granularity and mineralogical composition 
were explored. Since radionuclide sorption is influenced 
by several parameters, multiple regression evaluation was 
employed alongside simple regression. Sorption of most of 

the studied radionuclides is affected by sediment granularity 
(d50 or silt content) together with other factors (mineralogi-
cal composition depending on the particular radionuclide).

Variations in measured KD values were partly explained 
by the diversity of sediment properties, but it is also obvious 
that there are other factors influencing radionuclide inter-
action with sediments, such as the conditions of the sur-
rounding environment (temperature or water composition, 
including presence of competing ions or organic or inorganic 
ligands, forming complexes) [19].

Despite observing certain regularities in sorption of 
radionuclides in connection to sediment properties, it is 
important to remember that the interaction of radionuclides 
with solids in the hydrosphere is site-specific. Modelling 
radionuclide transport or behaviour at a particular location 

Fig. 3   Significant relationships 
of radionuclide sorption and 
sediment quality identified by 
simple regression
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using sorption parameters measured elsewhere or for another 
substance can be very inaccurate. Since sorption can signifi-
cantly influence radionuclide fate in the hydrosphere, we rec-
ommend using the appropriate data on sorption, whenever 
they are available or it is possible to acquire them.
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