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Abstract: This work determined the solid-water distribution coefficient Kd, the Freundlich constant KF and the
organic carbon normalized coefficient K0c of ibuprofen in natural, aquifer sediments. They are characterized as
silt sediments with different clay and sand fraction contents varied in specific surface areas. Content of organic
carbon and pH are on the same level. For determining sorption coefficients values of ibuprofen in sediments,
its concentration was measured in the aqueous and calculated in the solid phase. Batch tests were conducted
following OECD Guideline 106. The resulting Kd values ranged between 1.14 and 2.29 L/kg, ~ between 0.25
and 5.48 and Koc between 1.22 and 2.53 for ibuprofen in sediments SI and S2, respectively. These experiments
proved that the presence of clay minerals beside organic carbon and pH might be relevant in sorption of ibupro­
fen in sediments. A comparison of experimentally determined Koc with modelled Koc calculated on the base of
octanol-water partitioning coefficient K0w shows that the prediction of sorption behaviour cannot be based only
on Kow· This is probably due to the fact that these approaches well describe hydrophobic interactions, but fail to
predict sorption of polar and ionic compounds.

INTRODUCTION

Sediments contaminated with organic and inorganic compounds resulting from human
activities are recognized as a world-wide problem. Certain amounts of pharmaceuticals
and their residues, among other contaminants, enter the aquatic environment and eventu­
ally may occur in drinking water. Because of their environmental persistence they may
avoid degradation in sewage and drinking-water treatment plants [7, 2, 3]. Ibuprofen is a
non-steroidal anti-inflammatory, analgesic and antipyretic drug, used widely. In Germa­
ny, diclofenac and ibuprofen, consumed in quantities of -75 and 180 tons per year respec­
tively [8] have been recognized as important contaminants in the water cycle. They have
been found in sewage and surface water samples, for example, in Greece [ 15], Canada
[31 ], Finland [ I 6], Spain [ I 9], Slovenia [ 14], United Kingdom [2] and Switzerland [26].
There has been a study of the occurrence of ibuprofen and another 13 pharmaceutical
compounds in UK estuarine surface water [28]. In Poland, in 2000 the volume of ibupro­
fen sold reached 58 t [ 1 O].
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The introduction of drugs into the environment is a function of the combination
of several factors: the quantity manufactured; the dosage (amount frequency and dura­
tion); the excretion efficiency of the parent compound and metabolites; the adsorption/
desorption on soil; and the metabolic decomposition in sewage treatment [9]. They are
consequently introduced into the surface waters with the effluents and are present in the
receiving waters at concentrations in the ng - µg/L range [26, 27, 30]. Ternes et al. pre­
dicted that two processes are responsible for reduction, namely sorption and biodegrada­
tion [27].

At present, there has been continuing research carried out on conditions of the deg­
radation of selected pharmaceuticals in wastewater treatment processes [3, 10, 27, 12, 4,
29, 33]. In long-term investigations of sewage and surface water, studies assessing the
possible eco-toxicological effects of detected drug residues are very important, because
pharmaceutical compounds found in the aquatic environment usually occur as mixtures,
not as single contaminants [26, 6, 21, 17]. Sorption is extremely important because it may
dramatically affect the fate and impact of chemicals in the environment. The distribution
of a chemical between soil and aqueous phases is a complex process depending on a
number ofdifferent factors: the chemical nature ofthe substance, the characteristics of the
soil (organic carbon content, clay content, soil texture, pH) and climatic factors (rainfall,
temperature, sunlight and wind) [ 18]. The sorption behaviour of organic contaminants
can be reasonably predicted by Kd values determined in batch experiments. Low Kd val­
ues for ibuprofen reported for primary, and secondary sludge [27, 29] and obtained for
digested sludge [5] indicated that in this case, sorption does not play a significant role for
the removal of ibuprofen in wastewater treatment plants. According to Urase and Kikuta
[29], sorption of acidic pharmaceutical compounds in activated sludge is increased with
the decrease in pH. The results of leaching experiments for three types of soils indicated
that the leaching potential found could be rated as low for ibuprofen [ 17]. It means that
ibuprofen once applied onto the soil surface, will remain in the upper soil surface and may
either be bound by soil particles or may be transformed in the soil [ 17].

Sorption of polar substances such as pharmaceuticals in different solid matrixes
has been of an important concern in the last years and several studies are available in
literature dealing with these components in activated sludge [27, 29, I] and in digested
sludge [5]. The solid-water distribution coefficient Kd, the Freundlich constant Kr and the
organic carbon normalized coefficient Koc for ibuprofen, diclofenac and carbamazepine
in natural sandy sediments have been reported in Scheytt [22] studies. The sorption of
ibuprofen and other pharmaceuticals with relatively high potential ecological risk and
high consumption by river sediment samples has been described in Yamamoto et al. stud­
ies [32].

The aim of this study was to determine the sorption behaviour of ibuprofen to natu­
ral, aquifer sediments collected from the Dobczyce drinking water reservoir (Poland).
The role of clay fraction in sorption of ibuprofen in sediments has been discussed. Total
and organic carbon content, particle size distribution and specific surface area of sedi­
ments affecting ibuprofen sorption have been evaluated. The Kd, Kr and K0c for ibuprofen
in natural sediments have been determined. The experimentally determined K0c values
were compared with the modelled K0c values calculated on the basis of the K0w (octanol/
water partition coefficient) values. The assessment of sorption of ibuprofen in sediments
is of importance for the quality of drinking water in surface reservoir.
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EXPERJMENTAL 

Chemicals and materials 
Ibuprofen of analytical grade (99% purity) was purchased from Dr. Ehrenstorfer GmbH 
(Augsburg, Germany). It is a weak carboxylic acid with a pK, value of 4.52 [20]. Vapour 
pressure was 2.4 7 x I 0-2 [Pa] and solubility 21 mg/L. A stock standard solution of I OOO 
µg/mL was prepared in methanol. Working standard solutions, at different concentrations, 
were prepared by appropriate -dilution of the stock solution. All solutions were stored at 
4°C. Acetonitrile and methanol were HPLC-gradient grade quality from POCH (Gliwice, 
Poland). Acetone, ethyl acetate (both HPLC grade), potassium dihydrogen phosphate and 
calcium chloride of analytical grade were obtained from POCH (Gliwice, Poland). In all 
experiments deionised water(< 0.07 Siem) from HLP5 pure water system (Hydrolab, Po­ 
land) was used. Chromabond EASY polar modified polystyrene-divinylbenzene, (60 mg; 
3mL) solid-phase extraction (SPE) cartridges were purchased from Macherey-Nagel 
(Duren, Germany). 

Sediments 
The sediments were collected in 2005 in the Dobczyce drinking-water reservoir (South­ 
ern Poland) which supplies over 50% of the tap water to the city of Krakow and other 
smaller towns around. It is situated to the south of the city of Krakow on the Raba river 
at 60 km from the source, 270 m above sea level 125 mln m3 and has an area covering 
970 ha. The main contaminants originate from agriculture and municipal activities with 
smaller industrial contributions. Samples of sediments were air-dried, sieved through a 2 
mm sieve and stored at 4°C. Two types of sediments (SI) and (S2) from inlet and outlet 
of the reservoir were used in the experiments. Characteristics of the sediments are shown 
in Table I. 

Table I. Properties of sediments 

Characteristics Sediment SI Sediment S2 
Content of particles % 

(> 2 µm) Clay 7.3 17.8 
(2 - 63 µm) Silt 81.6 79.3 

(63 - 2000 µm) Sand 11.1 2.9 
Specific surface area m2/g 12.8 31.9 

Total carbon g/kg 18.1 16.6 
Fraction of organic carbon Cr kg/kg 0.015 0.016 

pH (CaCI,) 7.7 7.6 

Particle size distributions of sediments samples were analysed using a Coulter LS 
230 Laser Granulometer (0.04 mm - 2000 mrn). Morphology was analysed by Scanning 
Electron Microscopy (JEOL 5400 (EDS) with a Link ISIS 300 analyser, Oxford Instru­ 
ments). The microscopic images (Fig. 1) confirmed previously obtained particle size dis­ 
tributions for each sampling point. From the mineralogical point of view the analysed 
sediments consist mainly of quartz and alumino-silicates [ 11 ]. 
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a) 

b) 

Fig. I. Scanning electron microscopic images for sediments samples SI (a) and S2(b)
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Total carbon and organic carbon were analysed using an ELTRA CS500 instrument. 
Specific surface areas of sediments were analysed using the BET method (Beckman 
Coulter SA3 l 00 Analyser). Sediment pH was measured in a solution of O.O 1 M CaC12. 

Batch experiments 
Batch experiments were conducted as specified by OECD Guideline I 06. All experiments 
were done at room temperature. Ibuprofen sorption for I O µg/L, 20 µg/L, 40 µg/L, 80 
µg/L initial concentrations was analysed. Ten grams of sediments were mixed, in dark 
glass bottles, with 50 mL of O.O I M CaC12 solution, spiked with appropriate working 
standard solutions and shaken for 24 h using a horizontal shaker at 50 rpm. The sedi­ 
ment suspensions were separated by centrifuging at 2500 rpm for 5 minutes. The aqueous 
phase was adjusted to pH2 and extracted by solid phase extraction. The concentration of 
ibuprofen bound to the sediments was measured indirectly as the difference between the 
concentration at the beginning and the concentration in the solution after equilibration. 
Control samples with only the test substance in O.O IM CaC12 solution (no sediment) were 
conducted, in the same steps as the test system, in order to check the stability of the test 
substance and its possible adsorption on the surface of the test vessels. A blank run per 
sediment with the same amount of sediment and total volume of 50 mL O.O I M CaCl2 
solution (without test substance) were conducted for both sediment samples. 

Chemical analysis 
The analytical procedure for the sediment extracts is shown in Fig. 2. 

50 mL sediment extract 
Adjusted to pH2 

SPE (EASY 60mg; 3mL) 
Elution 3 x 1 mL of ethyl acetate 

Evaporation to dryness 
Dissolution in 

O. I mL of methanol 

HPLC-UVNis 
flow rate I mL/min, = 220 nm 
Composition of the mobile phase 

Time Solvent 
(min) A(%) B (%) 

O 40 60 
20 55 45 

A - acetonitrile 
B - 50mM KH2PO4 

Fig. 2. An analytical procedure for sediment extracts analysis 
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Chromatographic analysis was performed on a Varian HPLC system with pump
9012, UV-Vis detector 9050 and auto-sampler 9100. Separations were carried out us­
ing a LiChrospher® 100 RP-18 (125 mm x 4 mm i.d. 5 µm) cartridge column (Merck,
Darmstadt, Germany) protected by a LiChrospher® 100 RP-18 (4 mm x 4 mm id. 5 µm)
guard column (Merck). The limit of detection (LOO) I µg/L and the limit of quantifica­
tion (LOQ) 3 µg/L was established with the use of standard solutions. Depending on the
sample concentration (10 - 80 µg/L), the analytical recoveries ranged from 80% to 95%
with an R.S.D. between 4.5% to 13%.

Sorption coefficients 
The distribution coefficient Kd (Nernst partitioning) is the ratio of the concentration of the
substance in the solid phase (c,, µg/kg) to the concentration of the substance in aqueous
solution (cw, µg/L) at equilibrium.

(1)

Experimentally determined isotherms can commonly be fitted to a relationship of
the form:

C = K C I/n
s F \V 

(2)

This equation is known as the Freundlich isotherm (23].
The organic carbon normalized sorption coefficient K

0
c related to the sorption coef­

ficient to the organic carbon content (fraction of organic carbon f0c) of the sample:

(3)

RESULTS AND DISCUSSION

Sediment SI coming from the initial settling trap for suspension, in the first part of reser­
voir is coarse material with higher content of sand fraction. In the deeper part of reservoir,
close to the dum, is fine material, mainly consisting of clay and silt. The content of or­
ganic carbon and pH in both tested sediments are the same, so better sorption of ibuprofen
on sediment S2 might be caused by higher amount of clay minerals in this sediment and
conjugate with its higher specific surface area.

Sorption coefficients for sediment S2 are significantly higher than those obtained for
sediment S 1 (Tab. 2).

Table 2. Distribution coefficients K,, Koc and K, of ibuprofen in sediments

Sample
Kd Kr

logKoc I/n r2 N
L/kg µgl-1/nLl/n/kg

SI 1.14 0.25 1.22 1.44 0.90 8
S2 2.29 5.48 2.53 0.78 0.89 12

N - number of samples
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In the case of sediment SI sorption of ibuprofen should be considered mainly on 
organic matter. In the case of sediment S2 besides sorption on organic carbon, reaction 
of carboxylic group of ibuprofen with metals (Fe, Al) contained on the surface of the 
solid (clay minerals) should be considered. In this case a hydroxyl bound to a metal in 
the solid is displaced by the organic sorbate. Distribution coefficients Kd and organic 
carbon normalised sorption coefficient K0c for each tested sediment were on the similar 
level. However, most sorption coefficients values were of the same order of magnitude, 
but remarkably lower for sediment SI. Ibuprofen sorption coefficients determined for 
natural sandy sediments determined by Scheytt [22] Kd varied from 0.18 to 1.69 L/kg, KF 
from 0.21 to 0.83 and K0c from 2.14 to 2.21 for direct and indirect method, respectively. 
Sediment used by Scheytt [22] in batch experiment was characterized by higher sorption 
of ibuprofen although lower content of organic carbon (f0c 0.002-0.0013) in comparison 
to sediments used in our experiment, which might indicate that other sediment properties 
rather than organic carbon are crucial for sorption of ibuprofen. In this case pH might play 
main role in sorption of ibuprofen. The sediment used in batch experiment by Scheytt 
[22] was characterized by lower pH (4.8-6.7) than sediments tested in the current study. 
In those tested sediments with a pH of 4.8, the carboxyl group of ibuprofen should be at 
least partly protonated leading to a better sorption onto organic matter because of distinct 
lipophilicity in its indissociated form. The higher sorption coefficients for sediments with 
a higher organic carbon content (f0c 0.00075, 0.0087, O.Ol 7) were obtained in Yamamoto 
study [32]. 

The sorption data were fitted to the logarithmic transform of the Freundlich equation 
(Fig. 3). 

KF values were found to be 0.25 and 5.48 for sediment SI and S2, respectively. Ac­ 
cording to Schwarzenbach a value of n < I in the Freundlich equation reflects the situa­ 
tion in which at higher sorbate concentrations, it becomes more and more difficult to sorb 
additional molecules. Specific binding sites become filled or remaining sites are less at­ 
tractive to the sorbate molecules [ 11 ]. The n> I in this case describes a situation in which 
previously sorbed molecules lead to the modification of the surface which favours further 
sorption. The n values determined from I/n in the Freundlich equations for sediment SI is 
O. 7 and 1.3 for sediment S2. There were significant differences between the Kd values and 
the Freundlich constants, mostly due to the non-linearity of the isotherm. Organic carbon 
normalised sorption coefficients K0c have been calculated and shown to be very helpful 
in reducing the variability of results. 

K0c values are often estimated based on the K0w ( octanol/water partition coefficient) 
values. Comparison of K0c calculated on the basis of correlation equations of Karickhoff 
(log K0w = 3.5 [31], log K0c = 3.29) [13] and Sontheimer

2 (log K0w = 3.5 [3 I], log Koc 
= 2,89) [24] and Scheytt3 (log K0w = 2.48, log K0c = 2,27) [21] with experimental data 
showed that calculated values did not match the experimental data with the exception of 
the Scheytt [21] value, but only for sediment S2. The reason may be that ibuprofen is a 
carboxylic acid. There are negatively charged ions present, so ionic character plays a ma­ 
jor role for sorption of ibuprofen at the tested pH (7 .6; 7. 7). The presence of polar func­ 
tional group which might interact only with special parts of organic matter and minerals 

1 [26] (log K0c = I.Ol log K0w - 0.21) 
2 [28] (log K0c = 0.807 log K0w + 0.068) 
3 Value based on equation by Karickhoff 



88 K. STYSZKO, K. SOSNOWSKA, P. WOJTANOWICZ, J. GOŁAŚ, J. GÓRECKI, M. MACHERZYŃSKI

sediment S1 

100

o

-C)
_:,,:_ o-- C) 10:i 

en 
(.)

o 

1 
1 10 100

Cw (µg/L) 

sediment S2 

100

C)
_:,,:_ 

oi
2: 10
en 
(.)

10 100

Cw (µg/L) 

Fig. 3. Linear form of Freundlich isotherm for ibuprofen for sediment SI and S2
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and hence the K0w and K0c values are inappropriate to simulate pharmaceutical sorption
properties in sediment samples.

CONCLUSION

A comparison sorption coefficients of ibuprofen reported in the literature for natural
sandy sediments with values of sorption coefficients obtained in presented experiments
showed that pH should be considered as one of crucial properties of sediments. Further­
more, the presence of clay minerals might play a significant role in sorption of ibuprofen
in sediments. In both sediments tested with pH above 7.5, the carboxyl group of ibuprofen
occurs in its charged forms so ionic character plays a major role for sorption. The results
as those reported in the literature show that the prediction of sorption behaviour cannot
be based only on Kow· This is probably due to the fact that these approaches well describe
hydrophobic interactions, but fail to predict sorption of polar and ionic compounds.
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SORPCJA IBUPROFENU NA SEDYMENTACH POCHODZĄCYCH ZE ZBIORNIKA WODY PITNEJ
W DOBCZYCACH

W niniejszej pracy oszacowano stopień sorpcji ibuprofenu na sedymentach pobranych ze zbiornika wody pitnej
w Dobczycach poprzez wyznaczenie współczynników podziału K,, ciało stale-roztwór wodny, stałych Fre­
undlicha Kr oraz współczynników adsorpcji znormalizowanych względem węgla organicznego K0c Proces
sorpcji ibuprofenu badano na dwóch sedymentach (SI, S2) o zbliżonej zawartości węgla organicznego oraz
pH, zróżnicowanych natomiast pod względem składu granulometrycznego i wielkości powierzchni właściwej.
Analizy wykonano opierając się na wytycznych normy OECD nr I 06. Eksperymentalne wartości
współczynników charakteryzujących sorpcję ibuprofenu dla sedymentów SI i S2 wynoszą odpowiednio: K,
- 1.14 i 2.29 L/kg, KF - 0.25 i 5.48 oraz K0c - 1.22 i 2.53. Wykazano, iż zawartość fi-akcji gliniastej obok
zawartości węgla organicznego i pH materiału sorpcyjnego może mieć istotny wpływ na procesy sorpcji ibu­
profenu. Ponadto porównano modelową wartość współczynnika Koc obliczoną na podstawie współczynnika
podziału oktanol-woda K0w z wartością eksperymentalną Koc. Wykazano, iż zdolności sorpcyjne związków nie
mogą być prognozowane tylko w oparciu o wartość K0W' gdyż współczynnik ten nie opisuje sorpcji związków
polarnych i jonowych.


