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Abstract Sorption experiments using different homo-
logues of linear alkylbenzene sulfonate (LAS) and sulfo-
phenylcarboxylic acid (SPC) on severa marine microal-
gae have been carried out. The steady state seems to be
reached in the first 4 hours. Longer exposure times lead to
biodegradation of the compound and, therefore, to an over-
estimation of the bioconcentration factor. Sorption coeffi-
cients are higher for Nannochloropsis gaditana, for exam-
ple, 1,293 Lkg™ for Cy;-LAS and 525 Lkg for C;;-SPC
versus 727 Lkg™ for Cy;-LAS and 28 Lkg™ for Cy;-SPC
for Dunaliella salina. For both algae an increase in the
sorption coefficient is observed when the polarity of the
compound decreases (Cs-SPC<C,;-SPC<C;;-LAS=C,,-
LAS). The sorption of C;;-LAS on D. salina isfitted to a
linear Freundlich isotherm (K=176+0.02, n=0.964+0.02)

Introduction

Linear alkylbenzene sulfonate (LAS) is the most widely
used anionic surfactant in detergent products nowadays
[1]. Although a wastewater treatment plant removes a
high percentage of LAS, it and its degradation intermedi-
ates (sulfophenylcarboxylic acids, SPCs) exist in marine
coastal areas [2].

The toxicity of these surfactants on marine organisms
depends on their bioconcentration factor (BCF). This fac-
tor is defined as the concentration of the compound for the
organisms or specified tissue thereof divided by its con-
centration in the surrounding medium at the steady state.
Some authors [3, 4, 5] assert that this factor can be esti-
mated using linear regression models based on the chem-
ical hydrophobicity, more specifically the octanol—water
partitioning coefficient (Kgy). According to its logKgy
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(2.0152) LAS should have some affinity for biological tis-
sue lipids. For other surfactants, such as alcohol ethoxy-
lates [6], the K pw (liposome-water partitioning coeffi-
cient) calculated by equilibrium dialysis or ultracentrifu-
gation is employed to estimate the BCF. However, other
authors [7, 8, 9] disagree about the validity of these rela-
tionships considering the BCF dependence with the
species, size and environmental factors.

In earlier bioconcentration experiments reported by sev-
eral authors [10], the concentration of radiolabelled LAS
was determined by liquid scintillation counting. The data
obtained are not specific for an individual compound and,
therefore, it is not possible to distinguish among the orig-
inal compounds and their biotransformation intermedi-
ates. An accurate determination of the BCF requires a
specific quantification of the chemical and its metabolites.
Because of this, few LAS bioconcentration experiments
have been carried out [9, 11, 12], and practicaly thereis
none for SPC, in contrast with the extensive data available
about the aquatic toxicity of LAS[13, 14].

Phytoplankton plays a key role in aquatic ecology [15,
16]. Most of the information about algae refers to toxicity
[17, 18, 19, 20, 21, 22], mainly in freshwater environ-
ments, and recently in marine ones [23, 24]. To the best of
our knowledge there is no information about the biocon-
centration of LAS and SPC in marine algae. Although few
works briefly refer to LAS sorption on algae [25, 26], the
literature sorption data on algae mainly refer to other
compounds, such as metals [27, 28, 29, 30, 31]. Green a-
gae are more resistant to toxic than the other taxonomic
classes, showing EC50 values (growth inhibition test)
about 2 or 3 orders of magnitude higher for LAS than for
metals [23, 31]. For Nannochloropsis gaditana Lubian,
one of the two alga species tested, EC50 values of
1.38+0.10 and 0.18+0.01 mg L1 have been reported for
Cu-LAS and C,5-LAS, respectively [23]. Algae are at the
bottom of the food chain, and if LAS is accumulated by
these organisms a biomagnification process could occur;
therefore, every level of the food chain will accumulate
these chemicals as far as the food chain does not purify
them. In this work we realised static (C,»- and Cy;-) LAS



and (Cs- and Cy;-) SPC homologue bioconcentration as-
says using two different marine microalgae: N. gaditana
Lubian and Dunaliella salina Teodoresco in different
states, alive and dead. The aim of this work was to char-
acterise the LAS and SPC bioconcentration on marine al-
gae depending on the different hydrophobicity of the
chemicals and the different organisms. More specifically,
the objectives were the following:

1. To characterise the process kinetically in order to deter-
mine the time to reach the steady state.

2. To determine the different BCFs depending on the com-
pound and the algae tested.

3. Tofit the processto aknown theoretical sorption model.

Material and methods

Water formaldehyde and methanol (MeOH) of high-performance
liquid chromatography grade and extra pure NaCl were purchased
from Scharlab, Barcelona, Spain. KH,PO, was purchased from
Panreac, Barcelona, Spain. NaClO, and tetraethylammonium hy-
drogen sulfate (TEAHS) were purchased from Merck, Darmstadt,
Germany. The C;g and SAX minicolumns were purchased from
Supelco, Bellefonte, Pa. Seawater was collected from the Cadiz
Bay area, southern Spain (see Table 1 for the seawater characteris-
tics) and filtered using GF/C (Whatman) filters and sterilised using
a Sterivac-GP10 vacuum-driven filtration unit (Millipore). The
chromatographic column was a Lichrosorb RP-8 column of
250-mm length and 4.6-mm internal diameter, with a particle size
of 10 m, purchased from Teknokroma.

The LAS homologue standards (undecyl benzene and dodecyl
benzene sulfonate), with purities of 99.0 and 99.5%, respectively,
were supplied by Petroquimica Espafiola, Cédiz. The sulfopheny-
lundecanoic acid (C,,-SPC) was synthesised at the University of
Cédiz, with more than 99% purity, by sulfonation of the corre-
sponding phenylundecanoic acid following the procedure de-
scribed in Ref. [32]. Cs-SPC was donated by F. Ventura.

Two different green algae species were used: N. gaditana ob-
tained from the Marine Microal gae Culture Collection of the Insti-
tuto de Ciencias Marinas of the CSIC and D. salina cultured in the

Table1l Characteristics of the

sterilised sea water (nd=not de- Sea water

tected) salinity 36.25
pH 8.13
Alkalinity (mmolL-1) 243
HCO;~ (mmolL-1) 2.10

LAS (ugL™) nd

PO,3 (umolL1) 0.79
SO, (umolL) 27.72
NO;~ (umolL-1) 3.33
NO,~ (umolL-1) 114
NH,* (umolL-1) 0.27
Table2 Characteristics of the marine algae
Class Dunaliellaceae Chlorophyceae
Family Monodopsidaceae  Eustigmatophyceae
Species Nannochloropsis  Dunaliella salina
gaditana Lubiédn Teodoresco
Cdlular volume (um3) 8 230
Protein percentage 36.87 35.76
Lipid percentage 41.33 41.75

487

Wet Laboratories of the Marine Sciences Faculty of Cadiz Univer-
sity. Some characteristics of the two algae [33, 34] are displayed in
Table 2. N. gaditana has a smaller size and a cellular wall which
D. salina lacks. This one has two flagella. The algae were col-
lected in the exponential growth phase with a density of around
100x10% cellmL~* for N. gaditana and 2-3x106 cellmL for
D. salina. Centrifugation for 15 min at 1,380g and 25°C concen-
trated them in order to obtain about 0.2 g biomass. The cell num-
ber was counted using Neubauer counting chambers.

The different experiments carried out to reach the different ob-
jectives can be grouped in three batches. The first batch of experi-
ments was carried out with 200 ugL C,;-LAS and C,;-SPC on
both algae and measurements were made at several exposure
times. The sampling frequency was high at the beginning of the
experiment and decreased with time, in order to determine the ki-
netic sorption that allows us to establish the time to reach the
steady state. The second batch of experiments was carried out with
200 pgL— C4-SPC, C3-SPC, Cy3-LAS and C,,-LAS on live and
dead N. gaditana and D. salina for 12 hiin order to establish thein-
fluence of the compound, the agal type and the state on the BCF.
The sorption of C;;-LAS on dead D. salina was studied in the last
batch of experiments at different concentrations (50, 100, 200, 400
and 600 pgL) in order to establish a sorption isotherm. All the
experiments were carried out in duplicate. Blanks, under same
conditions but without algae, were also carried out for each exper-
iment in order to determine the sorption to the test-tube walls.

Around 0.2 g algae was resuspended in 50 mL sterilised sea-
water in plastic centrifuge tubes. Subsequently LAS or SPC homo-
logues were added to obtain the test concentration. All tubes, sam-
ples (containing algae) and blanks (only with sterilised water) were
placed in a culture chamber at 25°C, lighted and shaken continu-
ously. Afterwards they were centrifuged (25°C, 15 min and
1,380g) and the pellet was discarded. The surfactant concentration
was measured in the supernatant of the samples and in the blanks.
Sorption to the walls was determined in the blank supernatant and
the amount of LAS in the algae was calculated by subtracting the
amount measured in the water phase and the amount sorbed on the
walls of the tube from the total amount added.

For LAS determination, a 50-mL sample, acidified to pH 3
with HCI, was passed through a C18 minicolumn and an SAX
minicolumn, following the procedure described in Ref. [35]. For
the SPC determination, KH,PO, (0.05 molL-1) and NaCl, up to an
ionic strength of 5 molL-2, were added to 50 mL sample. The sam-
ple was passed through a Bond Elut C;g minicolumn and an SAX
minicolumn according to the procedure described in Ref. [36]. The
final eluate obtained was evaporated in a heating block under a
gentle stream of N,, and resuspended in 1 mL of the same mobile
phase used in the chromatographic step.

The LAS and SPC were analysed using a HP 1050 HPL C chro-
matograph equipped with a fluorescence detector (Agitaion=225
nm, Aemisson=295 nm). LAS homologues and C;;-SPC were
analysed under isocratic conditions, where the mobile phase used
was MeOH/H,0 (80:20, v/v) with 10 gL~ NaClO, meanwhile C;-
SPC was analysed under gradient conditions mixing solvent A
(100% water) and solvent B (80% methanol/20% water and 1.25
mmolL-t TEAHS). The LC eluant conditions varied from 90% of
solvent A and 10% of solvent B to 100% of solvent B in 51 min.
Isocratic conditions were maintained until complete elution of al
the compounds. One hundred microlitres of sample was injected.
The LAS and SPC concentrations were determined by measuring
the peak areas using external standards. These standards were
treated in the same way as the samples.

Results and discussion

The curve of theratio of the concentration of C;;-LAS and
C,1-SPC on algae and water (C,/C,,) versustimeis shown
in Fig. 1. C,isthe concentration of the chemical on the al-
gae expressed in micrograms per kilogram and C,, is the
concentration on the water expressed in micrograms per
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Fig.1 Sorption curves to determine the steady state for Cy;-linear
akylbenzene sulfonate (LAS) on a Nannochloropsis gaditana,
b C;;-LAS on Dunaliella salina, ¢ C,;-sulfophenylcarboxylic acid
(SPC) on N. gaditana, and d C11-SPC on D. salina. The experi-
ments were carried out in duplicate

litre; consequently, the ratio units are litres per kilogram.
An increase in the C/C,, ratio during the first few hours
was observed for Cy;-LAS on N. gaditana (Fig. 1a) and on
D. salina (Fig. 1b). An apparently stable ratio of C/C,, is
reached after 4 h. The values obtained agree with the val-
ues for the marine sediment sorption experiment de-
scribed in the literature [35]. However, the C/C,, ratio in-
creased sharply until 48 h (end of the experiment), where
the standard deviations were also high. Asfar as C;;-SPC
is concerned, its sorption on N. gaditana and on D. salina
isshownin Fig. 1c and d, respectively. It has the same ten-
dency as was observed for C;;-LAS but with smaller val-
ues of the C/C,, ratios, which were very low in the first
hours of exposure. This fact is due to the more hy-

Fig.2 High-performance liquid chro-
matography—fluorescence overlaid
chromatograms of C,,-LAS in water ]
after 48 h exposure on different states 54
of N. gaditana. The continuous line 1
corresponds to dead alga and broken
lineto live alga

%F_:

4.5

4

drophilic character of the degradation intermediates, or
in other words, their lower affinity for the biologica
lipids.

After 6-h exposure, and for both algae, in all the chro-
matograms of C,;-LAS in water, the presence of degrada-
tion intermediates was observed. As an example, the bro-
ken line in Fig. 2 shows the chromatogram of C;;-LAS in
water corresponding to the experiment realised with
N. gaditana at an exposure time of48 h. Therefore, the de-
crease in the concentration of C;;-LAS in water was due
to biodegradation; in this way the BCF values were over-
estimated. Considering the sterilisation of the seawater
prior to its use in the experiments, the bacteriaresponsible
for the LAS degradation should come from the medium
surrounding the algae. In the chromatograms correspond-
ing to the same experiment but realised with dead algae
(Fig.2, continuous line) no degradation was observed.
The C/C,, ratio for C;1-LAS on live D. salina at 48 h was
1,981 Lkg™, meanwhile for C;;-LAS on dead D. salina at
48 h it was 720 Lkg™. Nevertheless, dead and live algae

Cyq-LAS




Table 3 Sorption coefficients with their standard deviation ob-
tained for 200 pgL-? linear akylbenzene sulfonate (LAS) and sul-
fophenylcarboxylic acid (SPC) homologues on N. gaditana and D.
salina exposed for 12 h. The values in parentheses correspond to
the total concentration ratios: sum of chemical concentration on al-
gae and chemical concentration on tube divided by the chemical
concentration in water. The sorption coefficients are expressed in
litres per kilogram

N. gaditana D. salina
Cs-SPC 180+ 40 0
Cy;;-SPC 525+138 28+ 2
Cu-LAS 1293+197 (2502+332) 727+195 (1742+405)
C.-LAS 274+ 11 (2321+ 41) 710+ 0 (2526+ O0)

exposed for a short period of time (fewer than 6 h), before
degradation started, showed similar C/C,, ratios (810+26
and 700+42 Lkg? for C;-LASon liveand dead D. salina,
respectively), which allows us to think that absorption by
the algae could have little significance compared with ad-
sorption, as has been suggested before [37].

The BCFs must be estimated either at shorter exposure
times (with the steady state reached) in order to avoid
biodegradation or by calculating the sorption coefficient
on dead algae. The first dternative is experimentally dif-
ficult to achieve, mainly considering the rapid degrada-
tion of SPCs. Because of this, the following experiments
were designed by employing dead algae. In order to deter-
mine the sorption coefficients in the proper way, the batch
of dead algae experiments were exposed to 200 pgL~?
Cs-SPC, C1-SPC, Cy-LAS and C»-LAS for 12 h. The
sorption coefficients employing dead algae (no biodegra-
dation) for 12 h of exposure time are shown in Table 3.
Considering the similar lipid percentage of both algae
(Table 2) N. gaditana showed higher sorption coefficient
values than D. salina. The smaller size of Nannochlorop-
sis, which has a higher surface/volume ratio, and its cellu-
lar wall, which Dunaliella lacks, would explain the bigger
sorption coefficient values of N. gaditana.

Both algae had small values of the SPC sorption coef-
ficient as was expected owing to the lower affinity (higher
polarity than the LAS homologues) for the biota. If the
SPC homologues are compared, C;;-SPC shows higher
sorption values than Cs-SPC, which shows no sorption for
D. salina. When C;;-LAS and C,,-LAS are compared,
C;1-LAS shows higher sorption coefficient values than
C,-LAS. It looks like the C;; homologue (with less hy-
drophobic character) has more affinity for the biota than
C,,, but this fact cannot be confirmed because in the C,,-
LAS blanks (no alga) there was a high sorption on the
tube walls. The total sorption ratio values (the concentra-
tion of LAS on the algae plus the concentration of LAS on
the tubes walls divided by the concentration of LAS in
water) are shown in parentheses in Table 3. If we compare
these data, the results are similar for both LAS homo-
logues. For the same alkyl chain length, C;;-LAS and
C,1-SPC, differences in the sorption coefficients are ob-
served owing to the more polar character of the SPC. In
general, it can be stated that an increase in the sorption co-
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Fig.3 Linearisation of Freundlich’'s isotherm for the sorption of
C,1-LAS on the dead alga D. salina after 12 h exposure. X repre-
sents the amount of C;;-LAS sorbed per unit of sorbent and C, is
the equilibrium concentration of C;,-LAS in solution

efficient is observed when the polarity of the compound
decreases (C5-SPC<C,;-SPC<C;;-LAS=C,,-LAS).

The sorption of C;;-LAS at 25°C with the initial range
of C;;-LAS concentrations on dead Dunaliellais shownin
Fig.3. The data are fitted to a linear Freundlich isotherm
of the type

logX=logK+nlogC.,,

where X is the amount of LAS adsorbed per unit of adsor-
bent (micrograms per gram), C, is the equilibrium con-
centration of LAS in solution (milligrams per litre), K isa
constant related to the binding energy, which can be de-
fined as the distribution or sorption coefficient and repre-
sents the amount of LAS adsorbed in the biota per unit
equilibrium concentration (micrograms per gram), and n
is a measure of the sorption intensity. We established
K=176+0.02 and n=0.964+ 0.02. Comparable results us-
ing marine sediment have been reported [29] at similar
LAS concentrations to those used in the present work and
the following parameters were obtained: K=142+59 and
n=1.38+0.29.

Conclusions

The sorption equilibria for LAS and SPC in the algae
N. gaditana and D. salina were reached at 4 h, in accor-
dance with the sediment data in the literature. N. gaditana
showed higher sorption coefficients than D. salina for all
the compounds tested. Since biodegradation was observed
after 6 h, the sorption coefficients were determined at 12 h
by employing dead algae to avoid overestimation. A sorp-
tion coefficient increase was detected with the decrease in
the polarity of the compounds (Cs-SPC<C,;;-SPC<C;-
LAS=C,,-LAS). The C;;-LAS sorption on D. salina was
fitted to a linear Freundlich isotherm (K=176%0.02,
n=0.964+0.02).
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