
Oestrogen removal from biological pretreated
wastewater within decentralised sanitation
and re-use concepts

T.Z.D. de Mes*, A.M. Urmenyi**, A.A. Poot***, M. Wessling**, M.H.V. Mulder** and G. Zeeman*

*Wageningen University, Department of Agrotechnology and Food Sciences, Sub-department of

Environmental Technology, P.O. Box 8129, 6700 EV Wageningen, The Netherlands

(E-mail: Titia.demes@wur.nl )

**University of Twente, Sustainable Technology / Membrane Technology Group, Dept. TNW, P.O. Box 217,

7500 AE, Enschede, The Netherlands (E-mail: a.m.urmenyi@utwente.nl )

***University of Twente, Polymer Chemistry and Biomaterials, Dept. TNW, P.O. Box 217, 7500 AE,

Enschede, The Netherlands

Abstract Two parallel researches were performed; one focused on the fate of oestrogens in the biological

treatment systems within decentralised sanitation and re-use concepts (DESAR), the second related to the

development of a suitable specific removal method. A new affinity membrane was developed using

antibodies as specific binding sites for hormone removal. It was found that, especially in anaerobic

treatment, the core technology in DESAR, the removal is insufficient and therefore an additional separation

method is required. The affinity membrane with antibodies was found to be a suitable additional method,

though in the current system it only removes one selected compound. Future research will focus on making

this method more feasible in practise.

Keywords Adsorption; alternative sanitation systems; degradation; DeSaR; membrane application;

oestrogens

Introduction

Oestrone (E1), 17b-oestradiol (E2) and 17a-ethynyloestradiol (EE2) (Figure 1) are

selected for research, as they are the main contributors to the oestrogenic character of

domestic wastewater (Desbrow et al., 1998; Routledge et al., 1998; Körner et al., 2001;

Onda et al., 2003). These oestrogens are not always fully removed in current sewage

treatment plants (STPs), leading to feminisation of male fish, amongst others when dis-

charged into water bodies (Purdom et al., 1994; Hansen et al., 1998; Jones et al., 2000;

Vethaak et al., 2002). Both E1 and E2 are natural oestrogens, excreted mainly in urine

by males as well as females. EE2 is the main oestrogen used in contraceptives, the most

prescribed drug worldwide (Williams and Stancel, 1996).

The present research focusses on decentralised sanitation and re-use (DESAR)

concepts, based on separation of wastewater streams at the source (Zeeman and Let-

tinga, 2001). Within these concepts, blackwater (faeces þ urine) is separately col-

lected from greywater, resulting in a more concentrated wastestream, also containing

the main fraction of oestrogens. Another possibility within DESAR is separate collec-

tion of urine. In the case of urine separation, a value of 170mg/L total oestrogens in

pure urine is estimated and for blackwater a vacuum toilet system of 43mg/L is

used while in a combined system the maximum estimated value is 1mg/L (calcu-

lation based on Blok and Wösten, 2000; Johnson and Williams, 2004). Re-use of

the nutrient rich wastestreams demands an adequate treatment method guaranteeing

doi: 10.2166/wst.2006.261

W
ater

S
cience

&
T

echno
lo

g
y

V
o

l
5

3
N

o
9

p
p

1
4

1
–

1
5

0
Q

IW
A

P
ub

lish
ing

2
0

0
6

141

Downloaded from https://iwaponline.com/wst/article-pdf/53/9/141/432964/141.pdf
by guest
on 25 May 2020

https://crossmark.crossref.org/dialog/?doi=10.2166/wst.2006.261&domain=pdf&date_stamp=2006-05-01


“risk-free” quality. Therefore, an understanding of the behaviour of oestrogens in

DESAR applied treatment systems is required. Besides all the known advantages of

DESAR, such as creating opportunities for more sustainable collection, transportation

and treatment of domestic waste(water) (Zeeman and Lettinga, 2001), it is also an

effective permanent measure to prevent oestrogens to enter the environment.

Anaerobic digestion is considered as the core technology (Kujawa-Roeleveld et al.,

2005) for the treatment of blackwater. In general, urine is not subjected to biological pro-

cesses, but either used directly in agriculture (Simons and Clemens, 2003) or subjected to

physical chemical processes for nutrient recovery (Wilsenach and Loosdrecht, 2004). In

both situations, additional removal of oestrogens is needed. The present research evalu-

ates possible (post)treatment processes for the removal of selected oestrogens. On the

other hand, a more specific way of removing these compounds using a membrane with

immobilised antibodies is researched as a possible treatment step. This membrane could

either be applied after the biological treatment steps of black water or for the treatment

of urine. As the latter contains the highest concentration, artificial urine with added E2

was studied to test the concept.

Behaviour of oestrogens in treatment systems

Natural oestrogens are metabolised in the liver, where they are made more water-soluble

for excretion in the urine, by forming conjugates with either sulphate or glucuronide

(Williams and Stancel, 1996). These conjugates are biologically inactive (Ingerslev and

Halling-Sorensen, 2003), but bacteria such as E. coli, which produce the enzyme b-glu-

curonidase, can hydrolyse glucuronide conjugates back to their original form (Ternes

et al., 1999; Legler, 2001). The hydrolysing of glucuronide conjugates also takes place in

sewers and during sewage treatment. Only a very small amount of natural hormones is

excreted in faeces, contrary to the synthetic EE2 of which 30% is excreted in faeces and

22–50% in urine (Reed et al., 1972). During biological treatment, oestrogens are

removed by sorption on sludge and biodegradation.

The biodegradation follows first order reaction kinetics (Equation (1)) in which Ct is

the concentration of the oestrogen at time t, C0 is the initial concentration and k is the

degradation constant. From this equation, the half-life (t1/2) can be calculated according

to Equation (2) and the adsorption can be described according to the Freundlich iso-

therm (Equation (3)), in which Cs is the concentration in the solid phase, Cw is the con-

centration in the liquid phase and Kf and 1/n are the sorption coefficient and constant,

respectively:
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Figure 1 Chemical structures physical–chemical properties of E2, E1 and EE2
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Ct ¼ C0e
2kt ð1Þ

t1=2 ¼
ln 2

k
ð2Þ

Cs ¼ KfC
1=n
w ð3Þ

Since the half-life of oestrogens is quite long, especially under anaerobic conditions,

a substantial amount will be present in the effluent and should be removed. Under

aerobic/anoxic conditions, E2 will be readily oxidised to E1 in the presence of activated

sludge. So, in the first instance, only the fate of E1 and EE2 has been investigated in the

biological part of the experiment. Theoretically, under anaerobic conditions, E1 can be

reduced to E2. Since the core technology of DESAR is anaerobic digestion, we investigated

the possibility of using antibodies as highly specific affinity binders to remove and/or

separate oestrogenic compounds, with E2 as the model compound, from water solutions.

Methods

Experimental set-up

Biological degradation and adsorption of oestrone and 17a-ethynyloestradiol. The

experiments were performed in 1-L serum bottles covered with aluminium foil to prevent

any photocatalytic degradation. The set-up is shown in Figure 2. In the experiments with E1

and activated sludge under anaerobic, anoxic and aerobic conditions, the serum bottles were

not capped. In the experiment with EE2 and activated sludge the anaerobic and anoxic

conditions were maintained by flushing with nitrogen after sample taking and the bottles

were capped. Pressure build up in the anaerobic and aerobic batch is prevented by a hollow

needle. Anoxic conditions were created by adding a stock solution of NaNO3 (Merck, the

Netherlands) in a concentration of 0.6 mg N/g VSS/h. The environmental conditions, pH,

redoxpotential, O2 concentration and temperature were monitored over the course of the test

period. The volatile suspended solids (VSS) content was measured at the beginning and end

of the experiment, according to standard method 2540E (APHA/AWWA, 1998). The sludge

was collected from the activated sludge oxidation ditch of the STP of Bennekom, the

Netherlands and was sieved and incubated by aeration overnight prior to use.

First order reaction constants were calculated for E1 and EE2 in activated sludge

under anaerobic, anoxic and aerobic conditions, using the least square method. In the EE2

Moist airNaNO3

anaerobic anoxic aerobic

N2 flush after
sample taking

Hollow
needle

Figure 2 Set-up of the degradation experiments for E1 and EE2 with activated sludge under anaerobic,

anoxic and aerobic conditions
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experiment it was also researched if a second load of EE2 or the addition of substrate, by

adding acetic acid (NaAc trihydrate from Acros, the Netherlands and applied in a concen-

tration of 950 mg COD/L), could enhance the degradation constants. In both experiments

the adsorption constants were determined according to the Freundlich isotherm using the

aerobic batch.

Removal of 17b-oestradiol by an affinity membrane

Affinity membrane preparation. EVAL membranes were prepared by an immersion pre-

cipitation technique using dimethyl sulphoxide (DMSO) as solvent and 1-octanol

(Aldrich) as additive (Avramescu et al., 2002). EVAL membranes were used as a support

material for the binding of anti-17b-estradiol antibodies (MP Biomedicals). The surface

modification of the membranes followed the reaction scheme in Figure 3. The preparation

and characterization of the affinity membrane is described in more detail in Urmenyi

et al. (2005).

First, the hydroxyl groups were activated with glutaraldehyde. The obtained EVAL-

GDA membranes were further reacted with bis hydrazide polyethylene glycol. The pre-

pared EVAL-Hz membranes were characterised qualitatively by X-ray photoelectron

spectroscopy (XPS) and quantitatively by hydrazide group determination. The free alde-

hyde groups that might be still present on the membrane surface were blocked by reac-

tion with a 0.2 M ethanolamine solution. Afterwards, the membranes were rinsed with

distilled water and PBS buffer for storage purposes. Before using them in the immobiliz-

ation reaction, the membranes were washed several times with distilled water and acetate

buffer. The antibody was oxidised at room temperature and the final concentration of oxi-

dised antibody was found to be approximately 2 mg/mL acetate buffer. The oxidised anti-

body (Ab) was immobilised onto the membrane at pH ¼ 5.2 acetate buffer solution at

4 8C. After 72 h, the excess of oxidised antibody was removed; the membranes were

rinsed with PBS buffer and could be stored for several weeks at 4 8C. The quantity of

immobilised antibody was determined by UV-VIS adsorption as a difference in concen-

tration from the initial solution and after the reaction was performed. The concentration

of the antibody can be estimated by UV-VIS at l ¼ 280 nm using a molar extinction of

A280 ¼ 1.4 for 1 mg/mL in a cuvet of 1 cm.

Adsorption isotherms. A well-defined quantity of membranes was kept for 24 h at a con-

stant temperature (25 8C) with different concentrations of E2 solutions dissolved in a salt

mixture similar to urine (22.59 g/L NH4HCO3; 0.68 g/L Na2HPO4; 0.14 g/L CaCl2;

0.84 g/L K2SO4; 4.68 g/L NaCl; 2.24 g/L KCl). The E2 concentration at equilibrium was

determined using ELISA (MP-Biomedicals). The amount of solute adsorbed per unit

membrane mass at the equilibrium state can be calculated from Equation (4), in

which E2ads is the quantity of E2 adsorbed onto the membrane (mg/mg), C0 is the initial

concentration (ng/L), Ce is the equilibrium concentration (ng/L) and V0 is the volume of

OH
OH
OH

OH
OH

HO

HO

PEG

(bis-hydrazine-PEG)

EVAL-Hz

oxidezed
antibody

EVAL-Ab

 NH2-NH-PEG-NH-NH2

EVAL

EVAL-GDA
GDA

OHC(CH2)3CHO

Figure 3 Reaction scheme for EVAL monoclonal antibody membrane preparation
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solution used for the experiments:

E2ads ¼
V0ðC0 2 CeÞ

Ms

ð4Þ

Selectivity determination of the EVAL-Ab. A known quantity of membranes was kept

for 24 h at a constant temperature (25 8C) with a solution of 1.5mg/L E2 to which various

quantities of stock of E1 solution in methanol were added to reach E1 concentrations of

1.5, 2, 2.5, 3 and 3.5mg/L respectively, dissolved in a salt mixture similar to urine. The

E1 and E2 concentrations at equilibrium were determined using ELISA. The selectivity

of the membrane was calculated according to Equation (5) in which [E1]ads and [E2]ads
are quantity of adsorbed E1 and E2, respectively (mg ads/mg membrane), and [E1]0 and

[E2]0 are initial concentrations of E1 and E2, respectively [M]:

aE2=E1 ¼
½E2�ads=½E1�ads

½E2�0=½E1�0
ð5Þ

Dynamic adsorption filtration performance. A stack of nine membranes was placed in a

dead-end filtration cell and the dynamic adsorption capacity was evaluated at constant

flow-rate by determining the E2 concentration in fractionated fixed volumes of permeate.

The flow rate was 120 L/h/bar/m2 membrane frontal area.

Membrane regeneration. The used membranes were soaked in 3 mL methanol to

remove bind E2 from the membrane. After 20 min, the membranes were washed with

demi water and were re-used in static adsorption experiments.

Analytical determination

To prevent any adsorption to labware, only bottles and centrifuge tubes of glass were

used. Oestrone (CAS 63-16-7) and 17a-ethynyloestradiol (CAS 57-63-6) were obtained

from Sigma-Aldrich, The Netherlands. A stock solution was prepared in methanol (all

solvents are purchased HPLC grade at Acros, the Netherlands) and added to the serum

bottles in a concentration of 5 mg/L. Samples (40 mL) were taken at set times and E1 and

EE2 were determined in both liquid and solid phase. After centrifugation (10 min at

3,500 rpm, with a Labofuge 400 from Heraeus instruments), 30 mL of liquid phase was

taken out the centrifuge tube for further clean up. The surplus liquid was removed from

the centrifuge tube, and the solid phase was extracted four times with acetone (Ace):

methanol (MEOH)(v:v, 1:1). Each time, the slurry was sonificated (transsonct 460/H

from Elma) for 10 min and then centrifuged for 10 min at 3,500 rpm. The extract was col-

lected in a clean sample bottle using Pasteur pipettes. Sample clean up was carried out by

solid phase extraction (SPE) with C18 disks and used according to the manufacturers

instructions (Varian, The Netherlands). The oestrogens were eluted from the C18 disks

using 4 £ 5 mL acetonitril. After complete evaporation, the sample was reconstituted

with 1.5 mL methanol and measured on an HPLC with a C18 chromospere column of

2 £ 10 cm with an external diameter of 6 mm and a C18 pre-column of 1 cm, external

diameter 6 mm. The samples were placed in a Marathon sampler. The mobile phase

consisted of acetonitrile (60%) and demineralised water (40%) at a flow rate of

0.4 mL/minute, pumped with a Gynotek high precision pump, model 480 with an Elite

degassing system from Alltech. The compounds were detected with a programmable

absorbance UV-detector; spectroflow 783 from Kratos Analytical (200 nm). Experiments

with EE2 were also detected with a programmable fluorescence detector from Hewlett

T
.Z

.D
.d

e
M

es
et

al.

145

Downloaded from https://iwaponline.com/wst/article-pdf/53/9/141/432964/141.pdf
by guest
on 25 May 2020



Packard, HP1046A, which was operated in series with the UV-detector (extinction

230 nm; emission 310 nm). The sample volume was 10ml and the system was flushed

with 30ml methanol between the different samples.

With regard to the affinity membrane experiments, E2 and E1 were analysed with the

ELISA kit (MP-Biomedicals), according to Goda et al. (2000).

Results and discussion

Results of biological degradation of oestrone and 17a-ethynyloestradiol

The environmental conditions of the experiment are summarised in Table 1. The tempera-

ture in the aerobic batch is lower due to aeration. The degradation constant k and the

half-life are assumed to be linear with the VSS and are standardised for 1 g VSS/L as

shown in Table 2. The total concentrations in time are shown in Figure 4.

E1 is approximately ten times faster degraded under aerobic conditions compared to

EE2. No degradation of EE2 was found under anaerobic and anoxic conditions, while E1

is degraded. However, in the EE2 experiments, closed bottles were used, while the E1

experiment was carried out in uncapped bottles. Therefore, it can not be excluded that

trace amounts of oxygen were present in the anoxic and anaerobic batches.

A second load of EE2 to the aerobic sludge reduced the half-life to 4.5 d and the

addition of substrate reduced the half-life further to 1.2 d. Also, with the addition of NaAc,

the denitrifying sludge appeared able to convert EE2, leading to a half-life of 8.3 d in the

anoxic batch. This indicates co-metabolism for EE2 under aerobic and anoxic conditions.

Published data on the conversion of E1 and EE2 tend to vary considerably. The trend in

literature is the lower the initial oestrogen concentration, the higher the conversion rate. In

batch tests with activated sludge and initial concentrations of 500 ng E1/L, the standardised

k-value is 162 L/g SS/d (half-life 6 min) (Joss et al., 2004). In the same research, the k-

value for EE2 was 8 L/g SS/d (half-life 2 h), at an initial concentration of 100 ng EE2/L. In

research where higher initial concentrations were applied, 20–25 mgL of both E1 and EE2,

similar results were obtained as in this research; a k-value of 0.57 L/g SS/d for E1 (half-life

1.2 d) and no degradation for EE2 (Shi et al., 2004). Applying an initial concentration of

1 mg/L gave a k-value of 3.9 L/g SS/d (half-life 4.3 h) (Ternes et al., 1999), which is in

between the previous mentioned ones. The cause of this phenomenon is unknown, but

could be due an abiotic process resulting in removal of a fixed quantity of oestrogens. This

fraction is larger when applying less oestrogen on a relatively large amount of sludge.

Limited information is available on the degradation of E1 and EE2 under anoxic and

anaerobic conditions. Joss et al. (2004) found a k-value for E1 under anaerobic conditions

of 10 ^ L/g SS/d (half-life 2 h) and also a reduction of E1 to E2, which is significantly

faster with a k-value of 52 ^ L/g SS/d (half-life 20 min). They even found a degradation

of EE2 using membrane bioreactor sludge under anaerobic conditions, resulting in a

Table 1 Environmental conditions in batches

Experiment Oxygen

(mg/L)

Temperature

(8C)

Redox potential

(mV)

pH VSSbegin

(g/L)

VSSend

(g/L)

E1 Anaerobic n.a. 21.7–26.4 2160 to 2212 6.98–7.13 2.30 1.90
Anoxic 23.4–26.6 2124 7.48–8.10 1.76
Aerobic 7.7 20.5–23.6 61 to 174 5.48–8.00 1.47

EE2 Anaerobic n.a. 22.3–30.2 2127 to 2356 5.97–6.51 1.99 1.67
Anoxic 22.9–30.2 2102 to 2266 6.87–7.92 1.47
Aerobic 7.4–9.8 20.2–28.1 30 to 254 5.35–7.48 1.17

n.a. ¼ not available.
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k-value of 1.5 L/g SS/d (half-life 11 h). The explanation given by the authors for degra-

dation was the presence of compounds that can act as an oxidator, such as Fe3þ .

Joss et al. (2004) report degradation of EE2 of 1.2 ^ 0.3 L/gSS/d at an initial concen-

tration of 100 ng/L under anoxic conditions. Kjøholt et al. (2004) found 0.17 ^ 0.17 L/g

SS/d at an initial concentration of 500 ng/L, but with substrate addition. Both also found

a degradation of E1, 30 ^ 10 L/g SS/d and 14 ^ 5 L/g SS/d for Joss et al. (2004) and

Kjøholt et al. (2004), respectively. The trend in both researches is the same, degradation

is fastest under aerobic conditions, followed by anoxic, and is slowest under anaerobic

conditions, though all values obtained are much higher compared to the results of the pre-

sent research.

A personal communication with Dr. Joss elucidated that degradation constants for

EE2 in the batches with and without (control) sludge hardly differ (respectively,

k ¼ 1.2 ^ 0.3 and k ¼ 1 ^ 0.5). EE2 in the latter case might as well be completely per-

sistent as was found in this research.

For both compounds the maximum fraction adsorbed to the sludge was approximately

60%, but in most cases it was around 50%. Parameters for the Freundlich isotherm give a

Kf -value of 933 L/kg for EE2 and a 1/n of 0.76. Values for E1 are in the same range,

954 L/kg for the Kf -value and 0.75 for 1/n. The isotherm was prepared using the division

of the hormone over the liquid and solid phase during the aerobic batch test, which is

Table 2 Calculated k-values for the batch experiments, including, first E1/EE2 load, second EE2 load and

substrate addition

First E1/EE2 load Second EE2 load Substrate additionExperiment

k-value

(L/gVSS/d)

Half-life

(d)

k-value

(L/gVSS/d)

Half-life

(d)

k-value

(L/gVSS/d)

Half-life

(d)

E1 Anaerobic 0.034 43 Not researched for E1
Anoxic 0.055 26
Aerobic 1.09 1.2

EE2 Anaerobic No degradation No degradation No degradation
Anoxic 0.08 8.3
Aerobic 0.088 12.5 0.15 4.5 0.58 1.2
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Figure 4 Concentrations of EE2 in time in the anaerobic, anoxic and aerobic batch, compared with the

concentrations of E1 over time in the aerobic batch. The calculated values, obtained with the least-square

method are shown as well.
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carried out with active biomass and, therefore, the hormone is not in equilibrium. In earlier

research it was shown that 90% of the equilibrium is reached in a few minutes (Lai et al.,

2000), which is significantly shorter than the half-life. Also, for the adsorption of EE2 to

be as active as inactivated sludge, nearly the same Kf value of 480 L/kg was found (Clara

et al., 2004). Experiments conducted on the sorption of oestrogens to sediment resulted in

lower adsorption coefficients: Kf of 54 L/kg for E1 and 52 kg/L for EE2 (Lai et al., 2000).

The latter is a logical result of the lower organic matter content in sediments compared to

sludge. In other experiments conducted with activated sludge, a Kf of 900 ^ 100 L/kg was

calculated for E1 (Joss et al., 2004), which is in line with the findings of our experiment.

Removal of 17b-oestradiol by an affinity membrane

The prepared EVAL membrane had the following characteristics: water

permeability ¼ 1,750 L/h/ bar/m2, pore size ¼ 0.278mm, porosity ¼ 80%, swelling

degree ¼ 8%, BET area ¼ 9.7 m2/g. The presence of the spacer was semi-quantitatively

determined by XPS measurements. Hydrazine quantification yielded a surface concen-

tration of 1.855 ^ 0.2 10210 mol/cm2, concluding that the EVAL membrane is fully cov-

ered with a brush of spacer molecules. The oxidised antibody was attached to the

membrane’s surface via hydrazide groups. The antibody up-take calculated from the

experimental UV-Vis data was approximately 4.6710212 mol/cm2. The water permeability

drops at 680 L/h/ bar/m2 due to the presence of the antibody.

Adsorption isotherm experiments revealed that antibody EVAL membranes could

adsorb up to 90 £ 1028 mg/mg membrane of E2 from synthetic urine solutions. The

adsorbed quantity represents only 1% of the available sites.

An antibody can bind one or more ligands with a structure similar to the molecule

which induces the immune response. This phenomenon, the so-called cross-reactivity of

antibodies, could hamper or even obstruct the selective adsorption of E2. This is expected

to happen as the oestrogenic effect in wastewater is caused by a mix of E1, E2 and EE2.

E1 and E2 are both oestrogenic compounds with very similar chemical structures and

physical–chemical properties. Note also that in Table 1 molecular weights differ only

with two units. Taking into account all these similarities, we expect that the antibody will

interact to a certain extent with both compounds (see Table 3).

When both compounds are present, the antibody is discriminating between the two,

clearly preferring the E2. Even so, the overall concentration is also favouring a certain

interaction between oestrone and the antibody. Upon increasing the concentration of oes-

trone, a competition between the two compounds takes place that reduces the quantity of

adsorbed E2. We may expect that since the membrane is even able to discriminate

between E2 and E1, it will indeed act as a specific binding material for E2 in quite a var-

iety of solutions.

Dynamic adsorption filtration experiments. In practice, removal of compounds from

complex mixtures is carried out in a dynamic non-equilibrium regime. The requirement

is that the hormone concentration into the permeate should be close to zero. When

the binding sites are occupied, the concentration of the hormone in the permeate is equal

to the feed concentration.

Table 3 Selectivity data for 17b-oestradiol versus oestrone

[E2]0/[E1]0 1 0.75 0.6 0.5 0.43

aE2/E1 3.45 2.49 2.49 2.26 2.51
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In order to fulfil the above-mentioned requirement, the hormone solution and the anti-

body-immobilised membrane need to be long enough in contact to allow local equili-

brium. In consequence, in dynamic filtration operations, the removal of hormones

depends on flow conditions. Using a stack of nine membranes, the flux of the hormone

solution was 120 L/bar/h/m2. Considering the total adsorption capacity, as determined by

adsorption isotherms, one can predict the amount of hormone adsorbed based on the

assumption of complete hormone removal from the solution to the adsorptive interface.

We calculate the adsorbed E2 onto membranes theoretically, considering that the mem-

brane capacity determined from adsorption experiments is 90 £ 1028 mg E2 per mg

membrane. Theoretically, a volume of approximately 70 L waste water/m2 membrane can

be passed through the membrane before the concentration in the permeate (Cp) equals the

concentration in the feeding solution (Co). In practice, in the permeate, one can find an

E2 concentration of approximately 30–40 ng/L and, in consequence, a larger volume is

passed through the membrane before the E2 concentration in the permeate reaches such

values that Cp/Co ¼ 1. The starting adsorption results of the antibody immobilised mem-

brane and the re-used membrane are almost identical. However, in time a loss of activity

(approximately 10%) was observed. We obtained 99% E2 removal from hormone sol-

utions, close to the theoretical value.

Final discussion and conclusions

In conclusion, a maximum amount of 60% of oestrogens can be expected to be sorbed on

sludge during treatment of blackwater in the anaerobic stage. In the anaerobic stage, E1

is reduced to E2 and no proven degradation of EE2 was found. Therefore, the amount of

oestrogens in the effluent of the anaerobic stage is at least 40% of the incoming amount.

Removal can be expected in a post-treatment step, although denitrifying conditions do

not significantly enhance the degradation of E1 and EE2 in comparison to anaerobic con-

ditions under unfed conditions. Under addition of substrate, the batch under anoxic con-

ditions seems to be able to convert EE2, indicating cometabolism. Aerobic conditions are

most optimal for the degradation of E1 and EE2 and might even be enhanced by using

sludge under fed conditions and/or with a longer sludge retention time.

With respect to the membrane research, the main conclusion is that antibody modified

EVAL membranes are indeed capable of removing natural hormone from artificial urine.

Though, working with monoclonal anti-bodies made the membrane specific towards E2,

but in practice it is desired to remove all three compounds in one step. Therefore, further

research will focus on the use of a less specific type of antibody for the removal of E1,

E2 and EE2 present both in the influent and the effluent.
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