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Abstract

Hormonal disturbances caused by environmental pollutants have become one of
the most important issues regarding environmental and human health.
Bisphenol A (BPA), octylphenol and nonylphenol are three prominent
xenobiotic endocrine active compounds (EACs) mimicking natural female sex
hormones (estrogens). Since both BPA and alkylphenol polyethoxylate
surfactants are used in paper production the contamination of recycled paper
products with these compounds can be expected. Therefore, the contamination of
wastepaper, toilet paper and cellulose samples with selected EACs has been
investigated. With one exception, all xenoestrogens studied were determined in
all toilet paper samples at very high concentrations of 2 — 430 mg/kg dry mass
(dm). The concentration of BPA in toilet paper amounted to 3.2 mg/kg dm,
45.5 mg/kg dm and 46.1 mg/kg dm. In seven fractions of separately collected
municipal wastepaper the concentrations of BPA amounted to 0.093 to 5.1
mg/kg dm. In three types of cellulose the EAC concentrations were below or
hardly above the respective limit of quantitation. Toilet paper, thus, was shown
being an important source of xenoestrogen emissions to wastewater. Thermal
paper again is assessed being a major source for the contamination of recycled
paper products with BPA. Because of the distinct contamination with
xenoestrogens, both paper waste and recycled paper products should not be
mixed with biological waste e.g. for co-composting or co-fermentation in order
to derive organic fertilisers.
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1 Introduction

Municipal wastewater is polluted with a variety of organic substances of both
natural and xenobiotic origin [1]. An increasing number of these compounds are
identified to interacting with the hormonal (endocrine) systems of humans and
wildlife [2]. These substances are called endocrine active compounds (EACs).
Many EACs interfere with the endocrine system through direct binding to and
de-/activation of steroid hormone receptors [2]. Substances mimicking natural
female sex hormones, i.e. 17B-estradiol, via this biochemical mode of action are
called estrogenic endocrine disrupting compounds (estrogenic EDCs) [3]. If
EACs are not satisfactory removed during sewage treatment they are emitted
with sewage treatment plant (STP) effluents to the receiving water bodies [1].
The agricultural use of sludge contaminated with EACs may lead to the pollution
of soils, surface waters and groundwater with EACs [1,4]. So, especially aquatic
organisms can be exposed to and impacted by EACs directly or indirectly
emitted to surface waters after sewage treatment.

One of the most prominent xenobiotic estrogens, frequently called
xenoestrogens, is bisphenol A (BPA, 2,2-bis-(4-hydroxyphenyl)propane) [2].
BPA is mainly processed to polycarbonate plastics, epoxy resins and the flame
retardant tetrabromobisphenol A [5]. In its monomeric form it is used as an
antioxidant in plasticisers [5] and in the colour developing layer of thermal
papers [5,6].

4-tert-octylphenol (OP) and branched 4-nonylphenol (NP) are two other
important estrogenic EDCs. Both are transformation products of the respective
polyethoxylate surfactants (OPnEOs, NPnEOs) which are used for instance in
cleaning agents, as wetting agents and as emulsifiers, e.g. in the deinking of
recovered paper in order to clean the fibres from colours, glues etc. [6]. Since
water solubility of APnEOs decreases with the length of the ethoxylate
sidechain, short-chained APnEOs can be expected to adsorbing considerably to
paper fibres during deinking.

BPA, OP, NP, and alkylphenol polyethoxylates (APnEOs) are frequently
detected in wastewater and sewage sludge [1,7,8]. Under anaerobic conditions,
APnEOs are terminally degraded to the respective alkylphenols (APs) [9,10].
The APs themselves are degraded solely under aerobic conditions [9,10].
Therefore, the anaerobic treatment of sewage sludge contaminated with APnEO
results in formation and accumulation of APs [9,10].

In Germany, approximately 0.5 Miot of toilet paper are emitted to
wastewater per year [11]. Hence, toilet paper represents one of the most
important mass fluxes of solid material into municipal STPs. The rate of
recovered paper input to production of hygiene papers amounts to approximately
75 % [12]. Since both BPA and APnEOs are used in paper production the
contamination of recycled paper products with these compounds can be
hypothesised. TP then can be expected to being an important source for BPA and
APnEOs/APs in wastewater and sewage sludge. In order to wverify this
hypothesis, the concentrations of BPA and four alkylphenolic compounds (APX)
in toilet paper, wastepaper and cellulose samples have been investigated.



2 Materials and methods

2.1 Sample description

Three sorts of toilet paper (TP) made from 100 % recycled paper have been
purchased from local supermarkets in Dresden, Germany, in autumn 2001. Three
sorts of import cellulose (CL) were kindly supplied by Mr. Rainer Sporl, PTS
Paper, Heidenau, Germany. Major properties of the TP and CL samples studied
are summarised in table 1.

Table 1: Sample description, toilet paper and cellulose

toilet paper TP1 TP2 TP3

dry matter content [%] 95.2 94.2 94.0

loss on ignition [%] 82.7 98.9 97.9

mass per area [g/m’] 62.5 68.6 46.8

no. of layers 1, crepe 3 2

cellulose CL1 CL2 CL3

dry matter content [%] 96.6 96.1 97.3

loss on ignition [%] 99.9 99.7 99.6
wood spruce, pine eucalyptus spruce
disintegration sulphate sulphate sulphite

bleaching ! ECF ECF TCF

"ECF: elemental chlorine free bleaching, TCF: total chlorine free bleaching

Wastepaper (WP) collected in the city of Dresden was separated from impurities,
sorted out and separated into seven fractions: brown and grey corrugated board
(WP1), advertising supplements (WP2), magazines (WP3), catalogues (WP4),
newspapers (WP5), free advertising papers (WP6) and chromo board (WP7).
Sampling, preparation, and storage of wastepaper samples are given in detail
elsewhere [13].

Table 2: Sample description, wastepaper

sample dry matter content [%)] loss on ignition [%] description '
WP1 94.6 92.8 corrugated board
WP2 95.6 78.0 advertising supplements
WP3 95.9 68.7 magazines
WP4 96.2 70.7 catalogues
WP5 94.6 98.7 newspapers
WP6 94.7 88.9 free advertising papers
WP7 94.9 86.6 chromo board

"'sample from Dresden, Germany; * sample from from Neuss-Norf, Germany



2.2 Sample preparation and GC/MS measurements

Both sample preparation and method of determination of the target compounds
by gas chromatography/mass spectrometry (GC/MS) basically followed [14] and
are given in detail elsewhere [3,15]. The samples have been freeze-dried and
extracted by Soxhlet extraction. TP samples were then prepared using the
complete procedure described by [3,15]: After successive clean-up of the
extracts by means of size exclusion chromatography (SEC) and a silica gel bed,
derivatisation (silylisation) and determination of the target compounds by
GC/MS followed, respectively. Then a simplified procedure excluding the SEC
step was found to be optimal for the preparation of paper and cellulose samples.

Three 1 — 2 g aliquots of a paper sample were simultaneously extracted and
prepared for determination of EACs. BPA, OP, NP, and, in part, 4-nonylphenol
monoethoxylate (NP1EO) and 4-nonylphenol diethoxylate (NP2EO) have been
determined in this study. BPA-d,¢s and 4-n-nonylphenol were used as surrogate
standards (SSs). Since attention initially was turned only to BPA and NP, no
specific SS for the quantitation of other target compounds was added. Therefore
OP, NP1EO, and NP2EO were also quantified in relation to 4-rn-nonylphenol.

Recovery of the SSs was calculated as proportion of the mean peak area in all
sample aliquots in relation to the mean peak area in all calibration standards.
With the exception of BPA-d,s in WP4 the mean recovery of the two SSs in all
types of WP and CL samples amounted to 76.4 — 122.0 %, respectively [3,15].
For unknown reasons recovery of BPA-d;s in WP4 was only 13.7 %. In the TP
samples the recovery of the SSs was in general < 6 % [3,15], obviously caused
by the SEC clean-up of the extracts. In addition, since concentrations of EACs
were unexpected high, i.e. in the case of BPA, chromatographic peaks in part
were not clearly quantifiable. Thus, interpretation of the TP data is subject to
some restrictions.

3 Results and discussion

3.1 Toilet paper

With the exception of OP in TP3 all xenoestrogens studied were determined
in all toilet paper samples at very high concentrations of 2 — 430 mg/kg dm
(table 3, figure 1). The concentration of BPA in the TPs amounted to 3.2 mg/kg
dm, 45.5 mg/kg dm and 46.1 mg/kg dm. The concentrations of OP, NP and BPA
in TP1 and TP2 systematically exceeded those in TP3 by a factor of up to 15,
respectively. Taking the concentrations of OP, NP, NP1EO, and BPA in TP1 and
TP2 into account, the concentration of NP2EO in TP2 has to be estimated being
exceptional high.



Table 3: Concentrations of xenoestrogens in paper samples (mg/kg dm)

(0)3 NP NP1EO NP2EO BPA
TP1 2.2 68.9 11.6 74.1 45.5
TP2 5.1 67.5 31.1 428 46.1
TP3 n.d. 14.3 10.0 57.3 32
Cl n.d. n.d. n.q. n.d. (n.q.)
C2 n.d. n.d. n.d. n.d. (n.q.)
C3 n.d. 0.04 0.06 0.16 (n.q.)
WP1 0.09 0.70 n.m. n.m. 4.23
WP2 0.03 0.48 n.m. n.m. 1.32
WP3 0.06 0.40 n.m. n.m. 0.21
WP4 0.09 1.01 n.m. n.m. 0.09
WP5 0.03 0.96 n.m. n.m. 3.24
WP6 0.03 0.92 n.m. n.m. 2.56
WP7 0.04 0.74 n.m. n.m. 5.10

n.d.: not detectable (< limit of detection); n.m.: not measured; n.q.: not quantifiable (> n.d. but < limit
of quantitation); (n.q.): triplicates partly n.d., n.q. or hardly > n.q., assessed as n.q.
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Figure 1: Concentrations of xenoestrogens in toilet paper

In the cases of TP1 and TP2, the BPA concentration exceeded the maximum
concentration determined in wastepaper by one order of magnitude (table 3).
Amongst others, accumulation of BPA during processing of WP to TP, a higher
BPA content in the input material and a combination of these two possibilities
could have caused this situation. Despite of the restrictions to data interpretation
described above it can be stated that these BPA concentrations accord well with
the data published by [17] who determined BPA concentrations of 0.6 —



24 mg/kg in 9 recycled paper products for kitchen use (MEAN = 6.21 mg/kg,
paper made from 80 — 100 % recycled paper). Approximately 0.5 Mio. t of toilet
paper per year are disposed with wastewater in Germany [11]. Assuming that the
general mean BPA concentration in toilet paper amounts to 31.6 mg/kg DM as
calculated for the three sorts of toilet paper studied, 16.6 t of BPA are annually
emitted with TP to wastewater.

3.2 Wastepaper

The BPA concentrations in the WP samples amounted to 0.093 to 5.1 mg/kg dm
(table 3, figure 2). The highest concentrations of BPA were determined in
corrugated board and chromo board (WP1, WP7), whereas the lowest
concentrations were detected in magazines and catalogues (WP3, WP4). The
BPA concentrations in the seven classes of WP obviously correspond to the
respective proportion of wastepaper reused for production [6].

The OP and NP concentrations in wastepaper amounted to 0.03 — 0.09 mg/kg
dm and 0.40 — 1.01 mg/kg dm, respectively. No correlation occurred between the
concentrations of the three EACs. The BPA oncentrations in WP were 1 — 2
orders of magnitude lower than the concentrations determined in two of the three
sorts of toilet paper, respectively (see above, table 3).

6,0

ENP

5,0

4,0

3,0

[mg/kg dm]

2,0

1,0

0,0

WP1 WP2 WP3 WP4 WP5 WP6 WP7

Figure 2: Concentrations of xenoestrogens in wastepaper



3.3 Cellulose

In order to prove the hypothesis that BPA does not derive from natural
material, three different types of cellulose subsequently were investigated.
Indeed, no or very little amounts of BPA were detectable in the CL samples. OP
was not detectable in cellulose at all whilst NP, NP1EO, and NP2EO were
determined in one of the three samples at 35.7 — 164.3 pg/kg dm (table 3).
Hence, the BPA and APX concentrations in the CL samples were in general
below or hardly above the respective limit of quantitation. These results are in
accordance with data published by [17] who determined BPA concentrations in
virgin paper below 0.1 mg/kg (N=11). The low but detectable BPA
concentrations in CL3 as well as the fact that this cellulose was the only one
produced by means of total chlorine bleaching and magnesia bisulphite process
indicate contamination during production. This contamination could be either
inherent in this technology or specific for this certain case.

4 Conclusions

Toilet paper was shown to being an important source of xenoestrogen emissions
to wastewater. Thermal paper again is estimated being a major source for the
contamination of recycled paper with BPA. Thermal paper represents a very
small portion of the entire paper production but due to its extremely high BPA
content it certainly mainly causes BPA input into the paper cycle. Because of the
distinct contamination with the xenoestrogens OP, NP, BPA, NPIEO, and
NP2EO, paper waste as well as recycled paper products should not be mixed
with biological waste in order to derive organic fertilisers, e.g. via
co-composting or co-fermentation (see also [3,8,15]).

With regard to the considerable contamination of wastepaper with BPA, the
moderate water solubility of BPA [5] and the limited extent of desorption during
24 h leaching experiments (data not shown, see [3]) we also conclude that
continuous emissions of BPA with leachate from landfills receiving significant
masses of wastepaper can occur under anaerobic conditions.

Future research should investigate i.e. the distribution (dissipation) pathways
of the target compounds within in the paper cycle.
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