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Abstract
Purpose Sediments can function as secondary source for
water pollution of aerobically biodegradable non-
halogenated organic compounds, which are persistent in
anaerobic sediments. The mass transfer of compounds from
sediment to bulk water depends on hydraulic conditions. In
this study, desorption, mass transfer and biodegradation are
investigated under settled and resuspended sediment con-
ditions for branched nonylphenol (NP), which was used as
model compound for aerobically biodegradable and anaerobic
persistent compounds.
Materials and methods Continuous flow through reactor
experiments were performed in duplicate with aged NP
polluted sediment under sterile and non-sterile conditions to
investigate the mass transfer and combined mass transfer
and biodegradation.
Results and discussion The mass transfer of NP from the
sediment bed to the bulk water decreased from 5.1±
0.6 μg d–1 to a stable value of 0.3±0.02 μg d–1. The
desorbed NP in the non-sterile reactors was biodegraded in
the first 20 days of the experiment. At the end of the settled
sediment conditions, the biodegradation became very
limited, and the mass transfer was comparable to the mass
transfer under sterile conditions. Upon resuspension, the

NP concentration in the bulk water increased instanta-
neously in all reactors with a factor of 100. This immediate,
increased mass transfer of NP from the sediment was larger
than the amount that can be biodegraded under optimal
conditions. Under non-sterile conditions, a second increase
in the mass transfer was observed. However, the amount
of desorbing NP during this second increase in mass
transfer can be biodegraded under optimal environmental
conditions.
Conclusions NP desorbs continuously at low concentrations
from the sediment bed into the bulk water, which can almost
be completely biodegraded. Resuspension of NP-polluted
sediment initially led to an increase in the desorbing NP
concentrations and can be followed by a subsequent
reduction of the concentrations due to biodegradation
under environmental conditions where biodegradation of
NP can occur.

Keywords Mass transfer . Nonylphenol . Resuspended
sediment . Sediment bed

1 Introduction

River basins contain many xenobiotic compounds, which
can be toxic for the organisms in the aquatic environment.
Depending on their chemical properties, these chemicals are
either dissolved or adsorbed to sediment particles and
suspended matter. In the case of strong adsorption,
sediment or suspended particles scavenge pollutants out of
the water phase. Settling of these particles results in
pollutants sinking in the beds of rivers, lakes and estuaries.
These sinks may change into sources for water contamina-
tion when the compound desorbs from the sediment under
changes in river conditions, such as the increase in
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turbulence of the river water. These changes can be caused
by seasonal effects, extreme rainfall combined with peak
river discharges (Gibson et al. 2005), or nautical and
dredging activities. Changing hydraulic regimes of rivers,
like the change from calm low-flow conditions to turbulent
high-flow conditions, can result in resuspension of sedi-
ment particles into the river water. Then, adsorbed
compounds can be released into the water phase and
become more available for uptake by aquatic organisms
posing renewed ecotoxicological hazard to aquatic life.
However, in this situation, pollutants also become more
available for biodegradation that can decrease the amount
of desorbed compounds in the water phase. When the rate
of biodegradation in the aerobic river water is higher than
the rate of desorption, the compounds are generally
biodegraded in the sediment–river water interphase and
will not reach the bulk water. This results in a limited
hazard for the organisms in the aquatic environment. For
adequate prediction of the fate of pollutants and the
ecological effects of polluted sediments in river basins,
these effects of changing conditions on desorption and
biodegradation processes need to be better understood and
taken into account.

Sediment beds are mainly anoxic with a thin aerobic
layer of only a few millimetres at the interphase with the
aerobic surface water (Huttunen et al. 2006; Martin et al.
1998; Middeldorp et al. 2003). When chemicals move from
the anaerobic sediment to the aerobic river water or vice
versa, the changed biogeochemical conditions affect their
fate. Most heavy metals are immobilised in anaerobic
sediments (Vink 2002; Vink et al. 2009). This immobilisa-
tion improves the chemical and ecological quality of water
systems. However, metals become mobilised again when
sediments are resuspended in aerobic surface water.
Biodegradation rates of highly halogenated organic com-
pounds, like polychlorinated biphenyls and hexachloroben-
zenes, are higher in anaerobic organic rich sediments
compared with degradation under aerobic conditions
(Brown et al. 1987; Mohn and Tiedje 1992). Therefore,
storage and natural attenuation (naturally occurring biodeg-
radation) of these halogenated compounds in anaerobic
sediments can reduce their bioavailability and concentra-
tion, respectively. Many non-halogenated hydrophobic
organic pollutants, like poly aromatic hydrocarbons, petro-
leum hydrocarbons and natural hormones are less or non-
biodegradable under anoxic conditions (de Mes et al. 2005;
Vermeulen et al. 2003). Storage of these non-halogenated
organic compounds in anaerobic sediments slows down or
even stops their biodegradation, thus creating a long-lasting
potential source of pollution for the aquatic ecosystem in
the future.

This study focuses on the fate of branched nonylphenol
(NP) during changing resuspension conditions. Branched

nonylphenol was used as model compound for aerobically
biodegradable non-halogenated organic pollutants that are
persistent under anaerobic conditions, because (1) it is a
pollutant found in many river systems (Bennie et al. 1997;
Heemken et al. 2001; Navarro et al. 2009; Wu et al. 2007),
(2) it can cause toxicological effects on aquatic biota
because of its estrogenic activity, although concentrations
are mainly present below effect concentrations (Soares et al.
2008), (3) it adsorbs to and desorbs from sediments (de
Weert et al. 2008), and (4) is biodegradable under aerobic
conditions, but persistent under anaerobic conditions
(Corvini et al. 2006).

Pollutant mass transfer from the anaerobic sediment
through the interphase between the sediment and the
water to the aerobic bulk water is mainly driven by the
concentration gradient between the sediment particle and
the surrounding water and is affected by the sediment–
water contact area (Birdwell et al. 2007; Cheng et al.
1995). The total mass transfer Φsed [μg d–1] from the
sediment to the bulk water can be described by the
following equation:

Φsed ¼ k � Ased � Csur � Cbwð Þ ð1Þ

Φsed mass flux [μg d–1]
k overall mass transfer coefficient [m d–1]
Ased the contact surface of the sediment and the

surrounding water [m2]
Csur concentration at the solid surface [μg m–3]
Cbw the concentration in the bulk water [μg m–3]

From this equation, it can be seen that there is a flux
from the sediment to the bulk water when the concentration
at the solid surface (Csur) is larger than the concentration in
the bulk water (Cbw). Thus, the sediment will act as a
source for water pollution. The contact area enlarges during
resuspension, and this enlarges the mass transfer, followed
by an increased rate of NP desorption. Biodegradation of
the desorbed NP can reduce the ecotoxicological effects of
this compound (de Weert et al. 2008). However, if the
biodegradation rate is lower than the desorption rate, the
pollutant will remain at elevated concentrations in the water
phase after resuspension, where it can cause ecotoxicological
effects.

Understanding of the interaction between sorption,
mass transfer and biodegradation under changing resus-
pension conditions is needed for a quantitative prediction
of the toxicological effects in rivers. Therefore, the
above-mentioned processes were studied for our model
compound NP under two different conditions, namely (1)
settling sediment conditions and (2) resuspended sedi-
ment conditions, as schematically presented in Fig. 1. A
river has a low water flow velocity during settling
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sediment conditions without resuspension. The sediment
is predominantly present as a sediment bed, and the area
of the sediment bed (Ased) controls the mass transfer from
the sediment to the bulk water. Biodegradation of the
desorbing NP can only occur in the aerobic bulk water and
at the interphase with the sediment bed. During resus-
pended sediment conditions, a vast amount of sediment
particles is resuspended into the bulk water. Under this
condition, the desorption area Ased becomes enlarged
compared with the desorption area of the sediment bed.
As a result, the mass transfer of NP into the bulk water
will be enhanced, resulting in higher NP concentrations in
the bulk water. On the other hand, biodegradation may be
stimulated upon resuspension as the redox conditions will
shift to aerobic. This stimulation of biodegradation can
reduce the risk of ecological effects and uptake in the food
chain.

In this study, quantitative desorption and biodegradation
of NP were determined using aged NP-polluted sediment.
Continuous reactor experiments were conducted to mimic
changing mass transfer conditions in a river system.

2 Materials and methods

2.1 Chemicals and materials

Tenax®-TA (20–35 mesh, pre-cleaned) was purchased from
Buchem B.V. (Apeldoorn, the Netherlands). Petroleum

ether 40–60°C (≥90% purity) and acetone (HPLC grade)
were obtained from Merck (Darmstadt, Germany). A
nonylphenol technical mixture (>94% purity) for calibra-
tion standards was purchased from Riedel de Haën (Seelze,
Germany). Other used chemicals were of the highest purity
available and were used without further purification. All
glassware and microwave tubes were pre-cleaned by
washing three times with acetone and two times with
petroleum ether.

2.2 Sediment

Sediment with 20 mg kg–1 dry weight (dw) NP was
collected in June 2005, from the Huerva river, a tributary of
the Ebro river in Spain. The sampling location was located
on the boundary of the city Zaragoza (Spain, 41°37′23″N,
0°54′28″W). Sediment samples were taken with stainless
steel cores to a 50-cm depth and collected in a 10-l vessel.
The vessel was completely filled with sediment to avoid a
gaseous head space and was transported on ice to the
laboratory. The sediment was sieved at mesh <2 mm in the
laboratory and stored at 4°C for 2 years until use. The NP
in the sediment consisted of a mixture of branched isomers
as analysed by gas chromatography/mass spectrometry, and
the single isomers were not identified. Previous experi-
ments showed that 95% of the NP in this sediment was
potentially available and could be biodegraded under
aerobic conditions (de Weert et al. 2008). The TOC content
of the sediment was 3.5% as determined by Al-West
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(Deventer, the Netherlands). The dry matter content was
determined by drying the sediment overnight at 105°C. The
organic matter content was 8.4%, determined gravimetrical-
ly by combustion of dried samples for 6 h at 550°C. The
sediment contained two main particle size fractions, namely
<32 μm (52%) and 32–125 μm (34%). These fractions were
determined by sieving with Retsch sieves with mesh sizes of
32, 125 and 500 μm and by using a Beckman Coulter LS 230
laser diffraction particle size analyzer with polarisation
intensity differential of scattered light (PIDS). The
Fraunhofer theory of light scattering was used to calculate
the particle size distribution. Prior to particle size analysis,
sediment samples were dispersed in demineralized water and
thoroughly mixed. The injected slurry volume was con-
trolled to obtain a total obscuration level of 10±3% and a
PIDS obscuration of 50±10% (Buurman et al. 1997).

2.3 Reactor setup

Desorption from the polluted sediment and aerobic biodeg-
radation of NP were studied in duplicate in a reactor setup
that mimics changing resuspension conditions in a river
system (Fig. 2), based on the setup as described by Smit et
al. (Smit et al. 2008). Non-mixing and mixing conditions
were studied in duplicate under both sterile and non-sterile
conditions. Before the start of the experiment, the reactors
were rinsed with acetone and petroleum ether and auto-
claved at 121°C for 15 min. Thereafter, the reactors were
filled with 100 g sediment (wet weight) and 650 ml
minimal mineral medium. Minimal mineral medium was
used because a large volume was needed during the
experiments, which made the use of river water practically
impossible. The used medium was a standard minimal

medium used for biodegradation experiments and was
prepared as described in Tros et al., but without
Na2SeO3·5H2O (Tros et al. 1996). The medium was not
optimised to promote biodegradation of NP. To establish a
sediment bed, the sediment was shortly mixed with the
medium before the start of the experiment. The influent was
pumped into the reactor (approximately 1 l d–1) just above
the surface of the sediment, and the effluent was pumped
from the liquid surface with a glass tube with the same
pumping rate as the influent (see Fig. 2). Only liquid was
removed from the reactor, and the sediment remained
permanently in the reactor. The hydraulic retention time of
the medium in the reactors was approximately 15 h. The
effluent was pumped from the medium surface via the glass
tube through a glass column with approximately 0.6 g
Tenax. The glass column contained a glass filter beneath
and a 21-μm stainless steel filter with a thickness <0.5 mm
on top of the Tenax, to keep the Tenax in the glass column.
The effluent passed the Tenax, where NP in the effluent
sorbed to the Tenax. After passing through the Tenax, the
effluent was pumped into a waste vessel. The Tenax in the
columns was refreshed at selected times during the experi-
ments. Before the refreshment of the Tenax, 15-ml effluent
samples were taken to control the efficiency of the Tenax
extraction of the NP from the water phase. During the
change of the Tenax, the pump was switched off for
1–2 min for practical reasons. With the Tenax, the absolute
desorbed amount of NP was determined. The concentration
in the water phase was calculated with the absolute amount
of NP and the volume of medium that had passed through
the Tenax.

Sediment samples (2 g dw) were taken to determine the
NP concentration in the sediment before the start and at the
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Fig. 2 Schematic setup of the
duplicate reactors
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end of the experiments. All experiments were performed at
20°C, and during the experiments, the dissolved oxygen in
the water phase, as well as in the sediment was measured
with an OX-500 micro-electrode (Unisense, Aarhus, Den-
mark). The experiment lasted for 59 days and was divided
in four parts. The settling sediment condition was main-
tained in the first 35 days of the experiment, simulating a
gently flowing river (part I). The sediment was not mixed
with the medium, and a sediment bed was formed with a
bed thickness of approximately 2.5 cm. Thereafter, the
experiment continued with the resuspended sediment
condition for 14 days (part IIa and IIb). Part IIa contained
the results of the first 2 to 4 days of the resuspended
sediment period and part IIb the results of the remaining
resuspended sediment period. During the resuspended
sediment condition, the sediment was only resuspended
and the flow rate was not changed. The sediment and
medium were mixed for 5 min every 8 h. During the
mixing, the pumps were switched off to avoid removal of
sediment from the reactor. The sediment was allowed to
settle for 25 min before the pumps were switched on again.
After the mixing period of 14 days, the reactors were
operated for another 9 days at the original settling sediment
conditions (part III).

Table 1 shows the experimental conditions. A flow of
0.7 ml min–1 was established to avoid washing out the
microorganisms and to let them be able to grow. A sterile
experiment was performed in duplicate (reactor 1 and
reactor 2) to study the desorption behaviour of NP from the
sediment. To inhibit microbial activity, HgCl2 (50 mg l–1)
was added to the medium. The combination of desorption
and biodegradation of NP from the sediment was studied in
the non-sterile experiment (reactor 3 and reactor 4). One of
the duplicates of the non-sterile reactors (reactor 4) was
started 1 day later due to technical reasons. However, the
mixing period started at the same day, and the period with
the sediment bed was therefore 35 days in reactor 3 and
34 days in reactor 4.

2.4 Biodegradation of NP in batch experiments

The biodegradation of the NP in the sediment was studied
in batch experiments with the mineral medium under

optimal conditions to determine the biodegradation rate.
Degradation was also studied with aerobic river water. For
this purpose, river water samples were taken in dark glass
bottles at the same location and the same time as the
sediment samples were collected (Section 2.2). These water
samples were transported to the laboratory on ice and
stored at 4°C for 2 years until use. The degradation tests of
NP were performed in triplicate including one sterile
control. Volumes of 50 ml mineral medium or 50 ml river
water and 5 g wet sediment (2 gdw) were added to 250-ml
bottles, which were closed with a viton stopper. The bottles
were incubated at 20°C and horizontally shaken in the
dark. The NP concentration was measured at various time
intervals by taking 200 μl of slurry sample from the
bottles. The samples were analysed for NP concentrations
by GC-MS with solid phase micro-extraction (SPME) (de
Weert et al. 2008).

2.5 Mass transfer calculations

The following mass balance was used to calculate the
average mass transfer (Φ) in a certain time interval in the
sterile experiment without biodegradation:

V � dC=dt ¼ Φ� 8� C ð2Þ

V Volume medium in reactor [m3]
C Concentration in bulk water [μg m–3]
t time [days]
Φ mass transfer [μg d–1]
8 flow [m3 d–1]

The following mass balance includes biodegradation and is
used for the non-sterile experiment:

V � dC=dt ¼ Φ� 8� C � V � k � C ð3Þ

V Volume medium in reactor [m3]
C Concentration in bulk water [μg m–3]
t time [days]
Φ mass transfer [μg d–1]

Experimental conditions Sterile Non-sterile

Reactor 1 Reactor 2 Reactor 3 Reactor 4

Sediment (mg ug–1) 41.5 41.5 37.3 37.3

NP S0 (mg ug–1 dw) 22.6±1.5 22.6±1.5 19.1±0.58 19.1±0.58

Medium volume (ml) 649 653 651 680

Flow (mol min–1) 0.70 0.63 0.68 0.64

Table 1 Experimental condi-
tions of the reactors during the
sterile (reactors 1 and 2) and
non-sterile experiments (reactors
3 and 4)
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8 flow [cubic meter per day]
k first-order degradation rate constant [per day]

Equation 3 assumes that the degradation of NP, expressed
with the product V×k×C, takes place in the whole reactor
volume, and is valid for fully resuspended sediment
conditions. During the settled sediment conditions, degra-
dation can only take place at the interphase of the
sediment and bulk water. Since the volume of the active
layer is unknown, this mass balance is not used for the
calculation of the average mass transfer in the non-
sterile reactor experiment under the settling sediment
conditions.

2.6 Pore water concentrations

In the inner part of the sediment bed, NP was present
in the pore water and adsorbed to the sediment
particles. As equilibrium in the sediment bed is
assumed, the pore water concentration can be calculated
with:

Kd ¼ Csed=Cpw ð4Þ

Kd the partitioning coefficient between the
concentration in the sediment [l kg–1]

Csed concentration in the sediment [mg kg–1]
Cpw concentration in the pore water [mg l–1]

2.7 Nonylphenol extraction, chemical analysis and statistics

Both Tenax samples and sediment samples were collected
in 20-ml vials with 10 ml acetone. The vials were closed
with a polytetrafluoroethylene/butyl rubber septum and
stored at –20°C before extraction. The NP was extracted
from the Tenax or sediment samples by microwave
extractions with acetone and petroleum ether. Before
extraction, another 5 ml acetone and 15 ml petroleum
ether were added to the Tenax and sediment samples.
The petroleum ether extracts were analysed by GC-MS
as previously described (de Weert et al. 2008). The
detection limit of NP in the petroleum ether extracts
was 100 μg l–1.

For the analyses of NP concentrations in the effluent,
2 ml effluent was added to a 20-ml headspace vial. The
headspace vial was capped with a magnetic crimp cap with
blue silicon and Teflon-coated septum (Grace Davison
Discovery Science, Deerfield, Il, USA) and analysed with
GC-MS by solid phase micro-extractions as previously
described (de Weert et al. 2008).

Student's t tests were used for comparison of the
nonylphenol concentration, and the probability of signifi-
cance was set at p<0.05.

3 Results and discussion

3.1 NP concentrations during experiment

3.1.1 Sterile experiment

Initially, in part I of the sterile experiment, the NP
concentration in the bulk water was 5.8 and 5.5 μg l–1 in
reactors 1 and 2, respectively, due to addition of the
sediment to the reactors, followed by stirring of the
sediment and the medium (Fig. 3a). The stirring stopped
shortly after the additions of the sediment; the NP
concentration decreased in both sterile reactors. The

Fig. 3 Nonylphenol concentration in aqueous phase (left Y axis, filled
symbols) and dissolved oxygen concentrations (right Y axis, open
symbols) during the experiment under a sterile conditions, filled
diamond reactor 1 and filled square reactor 2 and b non-sterile
conditions, filled circle reactor 3 and filled triangle reactor 4. Stirring
in reactor 4 started 1 day before reactor 3
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concentration in the bulk water in reactor 1 fluctuated
between t=2 days and t=7 days at an average concentration
of 3.6 μg l–1. Thereafter, between t=7 days to t=35 days,
the NP concentration in the bulk water in this reactor
decreased to 0.3 μg l–1. In reactor 2, the average
concentration between t=2 days and t=4 days was
3.0 μg l–1, and a similar decrease to 0.3 μg l–1 was
observed at t=35 days. As soon as the mixing of the
sediment started at t=35 days (part IIa), the NP concentra-
tion in the bulk water in both sterile reactors increased to a
concentration of 9.9 μg l–1 in reactor 1 and 9.7 μg l–1 in
reactor 2 in the first 8 h of part IIa. After reaching the
maximum concentrations of 19.7 μg l–1 and 11.0 μg l–1 in
reactors 1 and 2, respectively, the concentration decreased.
The NP concentration in the bulk water remained at an
average level of 6.4±1.6 μg l–1 in reactor 1 and 6.1±
1.2 μg l–1 in reactor 2 in part IIb. When the stirring was
stopped at t=49 days (part III), the NP concentration
sharply decreased within 4 days to 0.9 μg l–1 and 0.8 μg l–1

in reactors 1 and 2, respectively. This NP concentration was
slightly higher compared with the NP concentration at the
end of part I. During the sterile experiment, the oxygen
concentration remained stable at an average concentration
of 6.9±0.9 mg l–1 and 6.8±0.7 mg l–1 during the first
29 days in reactors 1 and 2, respectively. During parts IIa
and IIb, the dissolved oxygen concentration decreased from
4.4 to 3.7 mg l–1 with a rate of 0.05 mg l–1d–1 in reactor 1
and from 4.9 to 3.8 mg l–1 with a rate of 0.07 mg⋅l–1d–1 in
reactor 2. This decrease might be explained from chemical
oxidation processes like pyrite oxidation as biodegradation
is inhibited by HgCl2 (Vermeulen et al. 2007).

3.1.2 Non-sterile experiment

At the start of the non-sterile experiment (reactors 3 and 4),
a high initial NP concentration was observed in the bulk
water, due to the stirring of the sediment at the start of the
experiment (see Fig. 3b; part I). The NP concentration in
reactor 3 decreased from t=1 day within 1 day to
concentrations below the detection limit (100 μg l–1 in the
petroleum ether extracts). At t=4 days, an NP concentration
of 0.9 μg l–1 was measured, whereafter the NP concentra-
tion fluctuated between 0.5 μg l–1 and a concentration
below the detection limit. In reactor 4, the concentration
also decreased between t=1 and t=2 days and remained at
an average concentration of 2.2±0.4 μg l–1 till t=4 days
(see Fig. 3b; part I). This was followed by a concentration
decrease to levels fluctuating between 0.3 and 0.7 μg l–1

with the lowest concentration at t=34 days, just before
stirring. As soon as the mixing of the sediment started (part
IIa), the concentration in both reactors increased immedi-
ately to an NP concentration of 8.9 μg l–1 and 12.7 μg l–1 in
reactors 3 and 4, respectively. Subsequently, the concentra-

tion decreased in both reactors, but after 2 days of stirring
(part IIb) the concentration of NP in the bulk water
increased again after 10 days of stirring. Concentrations
up to 15.8 μg l–1 and 24.0 μg l–1 were measured in reactors
3 and 4, respectively. The concentrations in both reactors
started to decrease just before the mixing was stopped, and
this decrease continued in part III, when the settling
sediment condition was established again. The average
concentration in the bulk water in part III was 1.2 μg l–1

and 1.1 μg l–1 in reactors 3 and 4, respectively. The
dissolved oxygen concentration during the non-sterile
experiment decreased from 6.8 to 1.3 mg l–1 in reactor 3
and from 6.3 to 2.2 mg l–1 in reactor 4 in part I. The
dissolved oxygen concentration decreased further within
part IIa and IIb to 0.5 mg l–1 with a rate of 0.1 μg l–1d–1

and 0.3 g l–1 with a rate of 0.3 mg l–1d–1 in reactors 3 and
4, respectively. The decrease of dissolved oxygen in the
non-sterile reactors is most probably caused by chemical
oxidation processes of sediment minerals and biological
processes like organic matter transformation.

3.2 Mass transfer and biodegradation of NP in reactors

3.2.1 Settling sediment conditions (part I)

For part I, the measured NP concentrations in the bulk
water in reactors 1 and 2 showed an exponential decrease in
time. The constants a and b of the exponential trend line
Cbw ¼ aþ eb�t
� �

and the correlation factor R2 are given in
Table 2. The data in the first 7 days of the experiment
diverged most from the trend line. These data scatter in
the beginning of the experiment was also observed in
previous performed try out experiments, and this is due
to the starting up of the reactors. The mass transfer (Φ) is
calculated using the fitted exponential reduction of the
concentration in the bulk water. The Φ of NP from
the sediment to the bulk water is 5.5 and 4.7 μg d–1 at
the beginning of the experiment in reactors 1 and 2,
respectively, and decreases to 0.3 μg d–1 in both reactors
at the end of part I. The measured NP concentrations in the
bulk water and the mass transfer level off to nearly
constant values, which is to be expected according to

Table 2 Constants of exponentional trendline Cbw ¼ aþ eb�t , with
Cbw as bulk water concentration in micrograms per liter and t as time
in days and the correlation coefficients R2 of the trend lines

Parameters Reactor 1 Reactor 2

a 5.1 3.8

b –0.085 –0.076

R2 0.96 0.94
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Eq. 2. This indicates that small amounts of NP will
continuously desorb from the sediment into the bulk
water. A stable mass transfer was not reached yet in our
experiments. With a stable mass transfer of NP from
sediments to the bulk water, there will be a constant
emission of NP from the sediment into the bulk water as
long as the pollutant is present in the sediment, even at
non-turbulent conditions.

The non-sterile reactors 3 and 4 were operated similar to
the sterile reactors 1 and 2 but without the addition of
HgCl2. An initial rapid decrease in NP concentration in the
aqueous phase is observed. This decrease is not due to
biodegradation because the batch experiments with mineral
medium showed that the involved microorganisms need a
lag phase of at least 2 days before they started to
biodegrade NP as shown in Fig. 4. The decrease in
concentration in the first 2 days as seen in this figure is
not due to biodegradation since this decrease is also
observed in the sterile control. The decrease in NP
concentration in the reactors in the first day is a result of
dilution of the medium after the start up of the experiment,
comparable with the sterile reactors 1 and 2. The measured
bulk water concentrations from t=2 till t=21 days are
lower in reactors 3 and 4 than the concentrations measured
in the sterile reactors in part I. This lower concentration
indicates that the biological activity decreases the NP
aqueous concentrations compared with the sterile experi-
ment. This biodegradation of the desorbing NP can take
place in the bulk water but is most likely to occur at the
aerobic interphase between the anaerobic sediment and
the medium because the microorganisms are present in the
sediment. The inner part of the sediment was anaerobic.
This was confirmed by measurements with the micro-
oxygen electrode, showing that within less than 1 mm
from the top of the sediment oxygen became depleted
(results not shown). As the NP concentration decreased

due to biodegradation, the ecological effects of NP present
in the sediment will thus be reduced because the desorbing
NP is degraded in this thin interphase before it reaches the
bulk water.

At the end of part I, the concentrations in the water
phase under sterile and non-sterile conditions were
comparable. We had expected lower concentrations in
the non-sterile reactors due to biodegradation, but
apparently hardly any biodegradation took place at the
end of part I. The reason for this reduced biodegradation
is most likely due to the low dissolved oxygen concen-
trations of less than 2.5 mg l–1 in reactors 3 and 4. This
was apparently too low for NP degradation. The oxygen
concentration in the non-sterile reactor decreased faster
and to a lower concentration compared with the sterile
reactor. This difference is caused by biological processes
such as the biodegradation of DOC, which needs
oxygen as well. As reported in literature, the presence
of sufficient oxygen is crucial for NP biodegradation
(Ekelund et al. 1993). However, no information is
available about preferable oxygen concentrations for NP
biodegradation.

3.2.2 Resuspended sediment conditions (part IIa)

Directly after mixing of the sediment bed (part IIa), the NP
concentration increased in all four reactors. The mass
transfer Φ had a value of 0.3 μg d–1 in reactors 1 and 2
before resuspension of the sediment and increased to
29 μg d–1 in reactor 1 and 27 μg d–1 in reactor 2 in the
first 8 h, directly after the first time of resuspending the
sediment bed. Two mechanisms explain this sharp increase
in mass transfer from the sediment to the bulk water. First,
at t=35 days when the sediment bed is mixed, the NP in the
pores of the sediment is released to the bulk water. The
maximum pore water concentration at equilibrium leads to
maximum concentrations varying from 1.0 μg l–1 to
3.8 μg l–1, based on the lowest and highest reported Kd

values obtained for Ebro river sediments (Navarro et al.
2009). The second mechanism is the increase of exchange
surface area (Ased) in Eq. 1. The surface area of the
sediment bed (7.1×10–3m2) is increased about 195 times
for 70-μm diameter size particles and more than 680 times
for 20-μm diameter size particles. According to Eq. 1, the
mass transfer would increase with a similar factor. In our
experiment, the mass transfer increased by a factor of
100. This lower increase is caused by the rapid increase
of the concentration in the bulk water (Cbw) and
therefore, a reduction of the driving force of the
concentration difference in Eq. 1.

The mass transfer of NP from the sediment to the bulk
water under sterile conditions directly after the first time of
resuspending the sediment bed (t=35 days) is about three
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times larger than the amount of NP that can be biodegraded
under optimal conditions. This is calculated with the
product V×k×C (Eq. 3), using the first order degradation
rate constant of NP of 1.5 d–1 as obtained from the results
of the batch experiments with sediment and medium (data
not shown). This high mass transfer indicates that resus-
pension of a sediment bed leads to an immediate increase of
the mass transfer of NP to the bulk water due to the release
of NP from the pore water and the sediment particles. The
released amount of NP cannot be fully degraded and
reaches the bulk water.

3.2.3 Resuspended sediment conditions (part IIb)

The mass transfer in the sterile reactors during part IIb
decreased and levelled off to values of 5.7±1.9 μg d–1 and
5.3±1.9 μg d–1 in reactor 1 and reactor 2, respectively. This
relatively stable mass transfer indicates that a steady state
situation has been reached. However, the system is not at
equilibrium yet, because the equilibrium concentration in
the water phase should be between 11 and 44 μg l–1,
calculated with the range of Kd values (Navarro et al.
2009), which is higher than the average bulk water
concentration of 6.4 and 6.1 μg l–1 reactors 1 and 2,
respectively. The mass transfer in part IIb is significantly
higher compared with the mass transfer at the end of part I.
This is to be expected since the contact area of the sediment
particles with the bulk water is much larger during stirring
compared with the contact area in the presence of a
sediment bed.

In the non-sterile reactors, a decreased mass transfer of
NP to the bulk water was expected, as part of the NP should
be biodegraded. However, in part IIb of the non-sterile
reactor, a second increase in mass transfer is observed
instead of a constant mass transfer as seen in the sterile
reactors. This second increase in mass transfer seems to be
related to microbial activity because the sterile and non-
sterile reactors are operated equally, and this phenomenon
is not observed under sterile conditions. What kind of
microbial processes results in this second increase of NP
mass transfer is not clear.

From the results of the NP concentrations in the non-
sterile reactors during the resuspension in part IIb, we
cannot derive to what extent the extra released NP is
degraded. However, the NP seemed not to be biode-
graded at the end of part I due to low oxygen
concentrations. The oxygen concentration during part
IIa and IIb decreased further, which indicates that no or
almost no NP could be biodegraded during part IIb.
Therefore, the product V×k×C for biodegradation in Eq. 3
can be assumed to be negligible. The maximum mass
transfer in the non-sterile reactors during part IIa was
16 μg d–1 and 21 μg d–1 after 7 days of stirring in reactors

3 and 4, respectively, which is comparable to the amount
of NP that could have been degraded as calculated with
the product V×k×C (Eq. 3) under optimal conditions for
biodegradation. This indicates that, although more NP
desorbs from the sediment under non-sterile conditions
than under sterile conditions during longer periods of
resuspension of the sediment, this extra released NP can
be degraded under optimal environmental conditions for
biodegradation.

In field situations, the conditions are often not optimal
for biodegradation and the desorbing NP may not be
fully degraded. For example, the temperatures in river
basins are often lower than the 20°C and do not stay
constant as used in this experiment. Lower temperatures
will lead to lower biodegradation rates. Also, the river
water can be less optimal for biodegradation compared
with the medium which was used. This was observed in
batch experiments with sediment and river water. Slightly
less efficient biodegradation was observed in batch
experiments performed with sediment and river water.
Nonylphenol was degraded in the presence of the river
water of the same location as the sediment originates
from; however, the complete degradation was slower. In
duplicate batches with river water, it took 8 days to
almost completely biodegrade NP (89%), whereas in the
duplicate batches with medium, the NP was almost
completely degraded (97%) in less than 4 days (data
not shown). Thereby, in our experiments, the flow rate
was kept at 0.7 ml min–1, also during the resuspension of
the sediment, to avoid a wash out of the microorganisms.
During a flood event in the field, the flow rate will be
much higher, which results in larger concentration gra-
dients between the sediment particles and bulk water. This
larger gradient may lead to a higher mass transfer than
measured in our reactor experiments. However, higher
flow and refreshment of the water also leads to higher
dissolved oxygen concentrations, which make the circum-
stances for biodegradation of NP more optimal.

3.2.4 Resumed settling sediment conditions (part III)

After the stirring was stopped (part III), the concentrations
decreased in all four reactors as expected because Ased

decreased, and the sediment bed was established again. The
comparable concentrations in the non-sterile and sterile
reactors in part III indicate that no biodegradation took
place after stirring, probably caused by the low dissolved
oxygen concentrations in the non-sterile reactors, which
had been dropped further during the resuspension period to
0.7 mg l–1. With higher flow rates, which often occur in
field situations after floodings, more oxygen will be present
and the biodegradation will continue, as had occurred in the
beginning of part I.
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3.3 Mass balance of concentration in sediment

Before and after the experiments, the concentration of NP
in the sediment (Csed) was measured. At the end of the
sterile reactor experiment, 72% and 64% of the original NP
was present in the sediment in reactors 1 and 2, respectively
(Fig. 5). From the desorbed NP, 62±1%, was released
during the resuspension of the sediment (parts IIa and IIb).
Under non-sterile conditions, 56% and 47% of the original
present NP remained in the sediment in reactors 3 and 4,
respectively. This significant difference of NP concentration
in the sediments at the end of the sterile and non-sterile
experiments is caused by the biodegradation of the released
NP during part I and the extra mass transfer of NP during
part IIb under non-sterile conditions.

The NP in the sediment is potentially available for 95%
including a rapidly desorbing fraction of 75% as deter-
mined by direct mixed sediment–Tenax extractions (de
Weert et al. 2008). Based on the reactor experiments, we
calculated that it will take 5 years for the rapid available
fraction to be desorbed from the sediment under non-sterile
conditions, as long as the sediment is present in a settled bed.
With higher flow rates, compared with the flow rate in our
experiment, this will probably be faster because of the larger
concentration gradient between the sediment particles and the
bulk water. Nevertheless, this is only for the particles at the
surface of the sediment bed and not for the particles in deeper
layers of the bed. During resuspension, the NP is released
faster compared with the sediment present in a bed. In our
experiment, it will take 30 days before the rapidly desorbing
fraction is released, as calculated with the maximum mass
transfer of NP from the sediment to the water phase during
resuspension under non-sterile conditions. However, in the
experiments, the flow was kept low, and in field situations, the
flowwill increase during a flooding. This increase in flow will

decrease the concentration of NP in the bulk water which
results in a faster desorption of NP from the sediment to the
bulk water.

The sediment which was used in this experiment was
highly contaminated with NP which was also completely
available. The sediment originated from the Huerva river.
We could not find a particular reason for this high NP
concentration. Although the NP concentration of our
sediment is about ten times higher than most concentrations
found in sediments of other rivers, this concentration is not
an exception. In sediment of lakes and rivers in Canada,
Japan and China, comparable concentrations are measured
(Isobe et al. 2001; Bennie et al. 1997; Wu et al. 2007). This
makes the results of our experiment relevant for other
sediments and locations.

3.4 Perspectives of other estrogenic compounds

In this study, we used NP as a model compound for
aerobically biodegradable estrogenic compounds. Previously
we have shown that NP has the same availability and
biodegradation behaviour as the total mixture of other
predominantly unknown estrogenic compounds in this sedi-
ment. This was assessed by measuring estrogenic activities
before and after aerobic treatment of the sediment (deWeert et
al. 2008). From the results from the reactor experiments with
NP and our previous study, it can be expected that other
estrogenic compounds present in this sediment will also
desorb and be degraded like NP. In addition, a similar
increased mass transfer to the bulk water during resuspen-
sion, as found for NP, can be expected for these other
estrogenic compounds. As these estrogenic compounds
generally also need oxygen for their degradation, oxygen
depletion by processes such as eutrophication and degrada-
tion of organic matter (Paerl et al. 1998; Smith et al. 1999;
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Taft et al. 1980) lead to an increased estrogenic compound
concentration in bulk river water because biodegradation
cannot counter balance the desorption and mass transfer. More
estrogenic compounds will enter the bulk water during
resuspension than when the sediment is present in a sediment
bed. The released estrogenic compounds can potentially cause
estrogenic effects, especially upon sediment resuspension
combined with low oxygen or (temporary) anoxic conditions.
Therefore, anoxic conditions should be prevented to reduce
the risk of these estrogenic compounds for the organisms in
the aquatic systems.

4 Conclusions

From our reactor experiments, it can be concluded that the
experimental setup can be used to study combined
processes of NP desorption and NP biodegradation. Under
settling sediment conditions, a continuous amount of NP is
transferred from the sediment bed to the bulk water.
Biodegradation reduces the NP concentrations in the bulk
water by counter balancing desorption and mass transfer
from the sediment bed to the bulk water. When changing to
resuspended sediment conditions, the mass transfer of NP
to the bulk water initially increases sharp under sterile and
non-sterile conditions due to the release of NP from pore
water and enlargement of the sediment desorption area.
This initial mass transfer is larger than the amount of NP
that can be biodegraded with the optimal biodegradation
rate. Therefore, resuspension can lead to an initial increased
concentration. After 2 days of resuspending the sediment,
more NP is released under non-sterile conditions than under
sterile conditions due to biological processes most likely
affecting the adsorption properties of the sediment. The
mass transfer becomes comparable to the amount of NP that
can be biodegraded with an optimal biodegradation rate
during a longer period of resuspension under non-sterile
conditions. Finally we expect that the desorbing concen-
trations can be reduced during longer periods of resuspen-
sion by biodegradation if the environmental conditions are
optimal for biodegradation. Therefore, the environmental
parameters should be optimised and especially, sufficiently
high dissolved oxygen concentrations are important.
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