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The estrogenic potentials of leachate samples collected at Laogang Sanitary Landfill in Shanghai, China
were measured together with the associated dissolved organic matter (DOM) in leachate samples. Over
99% of the DOM in fresh leachate was removed upon 3-7 years of landfill, leaving only DOM with strong
fluorescent activity. Anoxic or aerobic treatment of landfill leachate can further degrade DOM of
MW < 300 Da and transform those with fluorescent activity of MW > 10° Da to those of 2000-10° Da. Nei-
ther landfilling nor storage in anoxic pond effectively removed estrogenic potential of leachate. Fraction-
ation test revealed that residual organic matters of MW 3000-14 000 Da and of <600 Da with high UV,s4
contributed most of the estrogenic activities in leachate. Aerobic SBR treatment considerably reduced the
estrogenic potential of these organic matters in leachate.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Landfill leachate often indicates potential environmental pollu-
tion of groundwater or surface water (Kjeldsen et al., 2002). Dis-
solved organic matter (DOM) in leachate are composed of
organic acid and refractory humic or fulvic-like substances. Filters,
resins or field-flow fractionation characterizes the size-distribution
of DOM in leachate (Weis et al., 1989; Frimmel and Weis, 1991;
Gobbels and Puttmann, 1997; Christensen et al., 1998; Klein and
Niessner, 1998; He et al., 2006; Persson et al., 2006; Saadi et al.,
2006). Fluorescence excitation and emission matrix (EEM) is ap-
plied to provide qualitative characteristics of the chemical nature
of DOM in landfill leachate (Baker, 2005; Baker and Curry, 2006).

Endocrine disruptors such as poly aromatic hydrocarbons
(PAHs), phthalates (PAEs), and polychlorinated biphenyls (PCBs)
were detected in landfill leachates (Marttinen et al., 2003; Zheng
et al., 2007; Ham et al., 2008). Zheng et al. (2007) noted that PAEs
were principally bound to the humic acid fraction in leachate, and
the distributions of PAEs increased exponentially with increasing
molecular weight of the DOM fractions. Particularly, since the hea-
vy metal levels are generally low in landfill leachate (Qu et al.,
2008), most estrogenic potentials of leachate, if any, should be
basically contributed by the DOM fractions in samples.

This work aims at exploring the correlation between DOM in
samples of different landfilling ages and originated from treatment
processes and the noted estrogenic potentials. The DOM in leach-
ate from fresh or aged landfills (1-7 years) and in those following
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anoxic or aerobic treatments were fractionated using size exclu-
sion chromatography (SEC) technique and characterized using dis-
solved organic carbon (DOC) contents, UV,s; absorbance and
fluorescence EEM. Then, the estrogen receptor-o (ER-o) competitor
assay was applied to evaluate the estrogenic effects of the collected
leachate samples after concentration.

2. Materials and methods
2.1. Leachate samples

Leachate samples (S1-S5 in Fig. 1) were collected from the Lao-
gang Sanitary Landfill in Shanghai, China. The area-type Laogang
Landfill for municipal solid waste was constructed in four phases:
Phase I (1.6 km?), I (1.0 km?), I (0.82 km?) and IV (3.3 km?) of the
landfill had been operated since 1991, 1996, 2000 and 2005, and
had 3000, 3000, 1500 and 5000 tons of waste capacity per day,
respectively. Leachate sample S1 was sampled from cells accepting
waste with average age of 3 months. Sample S2 was from cells
from landfill aged 1-2 years. Sample S3 was from cells from landfill
aged 3-7 years. The effluent from cells of landfill aged 1-2 years
was sent to the anoxic storage pond with a retention time of one
month (S4). The overflow from the pond was sent to an aerobic
sequential batch reactor (SBR) for polishing before disposal. Sam-
ple S5 was leachate collected at SBR outlet.

The leachate samples were filtered through 0.45 pm filter made
of polypropylene (PP) housing and hydrophilic polytetrafluoroeth-
ylene (PTFE) membrane (MFS-25, Pleasanton, Calif., USA). The fil-
trates were adjusted to pH 7 and stored at 4 °C no more than one
week before analysis.
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Fig. 1. Sampling points of landfill leachates.

In all tests the potential contamination sources such as unclean
cuvette, atmospheric aerosols, impure mobile phase or instrumen-
tal noise were minimized for data quality assurance. Milli-Q waters
were used as the blank for all tests. All tests were conducted in
triplicate with mean and variance reported.

2.2. Chemical analysis

The leachate samples were filtered through 0.45pum membrane
before analysis. The leachate pH and oxidation/reduction potential
(ORP) were measured using a pH/ORP meter (OAKTON Instru-
ments, IL, USA). Salt concentration was measured by a conductom-
eter (Shanghai Precision & Scientific Instrument Co., Ltd., Shanghai,
China). The carbon and nitrogen content were measured with TN}/
TC multi N/C 3000 Analyzer (Analytik Jena AG, Jena, Germany).
Kjeldahl nitrogen (KN), NH;—N, NO;—N and total phosphorus
(TP) were measured using Standard Methods (APHA, 1998).
Organic acids (including lactic acid, volatile fatty acids from C1

to C6 as well as iso-C4 and iso-C5) of the 0.20-pum filtered samples
were measured by high performance liquid chromatograph (HPLC,
Shimadzu Co. Ltd., Japan; post-column pH-buffered electroconduc-
tivity method). The HPLC was equipped with a LC-20AD solvent
delivery unit for mobile phase, a LC-20AD solvent delivery unit
for buffer solution, a CDD-10Avp conductive detector, a CTO-
10ASvp column oven, a SCL-10Avp system controller, a Shim-pack
SPR-H analyze column and a LC solution workstation. Table 1 lists
the physiochemical characteristics of all samples.

2.3. Fractionation with SEC

Size exclusion chromatography was used to fractionate the
sample upon its molecular weight distribution. The HPLC-SEC frac-
tionation system was comprised of a BETA 10 Gradient pump
(Ecom spol. s r. 0., Prague, Czech Republic), a size exclusion
HW-50S column (TOYOPEARL resin with 20-40 pum particle size,
TOSOH Bioscience LLC, Montgomeryville, PA, USA), an on-line SAP-
PHIRE 600 UV-Vis variable wavelength detector (Ecom spol. s 1. 0.,
Prague, Czech Republic), an IOTA 2 refractive index (RI) detector
(Precision Instruments, Marseille, France) and a CHF 100SA fraction
collector (Advantec MFS, Inc., Dublin, CA, USA). Effluent from the
SEC was collected at 3-min intervals and probed by fluorescence
EEM and DOC content. A TOC Analyzer (Aurora Model 1030, OI
Analytical, College Station, TX, USA) was used to measure the
DOC of samples at a detection limit of 0.002 mg-C1~".

The flow rate of the pump for SEC testing was 1 ml min~!. The
column was operated with a phosphate mobile phase (0.0024 M
NaH,PO,4 + 0.0016 M Na,HPO,4, pH 6.8) containing 0.025 M Na,S04
at ionic strength of 0.1 M. Polyethylene glycols (PEGs, 200, 1000,
4000, 8000 and 20000 g mol~') were used for MW calibration of
chromatograms. The absorbance wavelength of UV detector was
set at 254 nm.

A 2 ml sample was injected into the column. The UV and RI data
were collected every 0.05s. The recovery rates of collected SEC
effluents for a 150 min retention period were 97-104% for S1-S4
and 90% for S5, respectively (Table 1). Some recovery rates were
noted to exceed 100%, which should be attributable to possibly
cumulated systematic errors in summing testing DOC values of
more than 40 fractions of leachate sample.

2.4. Fluorescence EEM

Fluorescence EEM was used to illuminate the nature of DOM
(protein-like or humic substance-like) according to the 3D-matrix

Table 1

Physiochemical characteristics of leachate samples

Sample S1 S2 S3 S4 S5
Description Age 3 months Age 1-2 years Age 3-7 years From anoxic storage pond SBR effluent
pH? (-) 5.89 7.8 8.02 7.97 8.62
ORP? (mv) —57 —217 -75 —45 10
Salt® (ppt) 0.7 7 0.8 0.9 5.3
TOC* (mg 1) 22300 3480 2350 2430 1290
IC* (mg 1) 205 1790 2750 2620 3430
TC* (mg 1) 22500 5270 5100 5050 4710
TN? (mg 1) 4110 3680 4470 4320 1650
NH; —N? (mg1~") 1900 1740 2150 2060 66
NO; —N? (mg 1) 3160 136 3210 2950 157
KN? (mg1~") 2460 1980 2440 2360 57
TP* (mg1~1) 31.2 13.6 133 12.4 7.74
DOC® (mg 1) 19900 3490 848 1400 458
DOC/TOC (-) 0.89 1.00 0.36 0.58 0.36
Recovery* (%) 97 100 104 102 90

2 The values for whole leachate samples without filtration.
b The DOC values are TOC for samples following 0.45-pum filtration.

¢ The DOC recovery rate of SEC effluent collection for 150 min to the inject sample.
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fluorescent fingerprints. The fluorescence EEM spectra of leachate
samples were measured by a Cary Eclipse fluorescence spectropho-
tometer (Varian Inc., Palo Alto, CA, USA). The EEM spectra were col-
lected with scanning emission wavelength of 250-600 nm at 2 nm
increments and excitation wavelength of 200-500 nm at 10 nm
increments. The spectra were recorded at a scanning rate of
1200 nm min~! using excitation and emission slit bandwidths of
5 nm. Before each scan, the cuvettes were rinsed and ultrasonicat-
ed with 5% (w/w) nitric acid solution. The washed liquor of the
cuvettes, the Milli-Q water and the effluent of mobile phase from
SEC were scanned before each fluorescence analysis to ensure the
absence of contaminants.

As suggested in a previous study by Baker (2001), EEM analyses
were performed at 25 + 2 °C, and blank scans were run every 5-15
analyses using Milli-Q water. The Raman peak of water at an exci-
tation of 348 nm was used to test machine stability. Raman emis-
sion at 395 nm averaged 17.2 + 0.8 nm (n = 50), and no drift was
noted throughout the testing period. All data were collected using
the same instrument for quality assurance. Hence, absorbance cor-
rection for tryptophan fluorescence was unnecessary (Ohno, 2002;
Baker and Curry, 2006). The intensities yielded from Rayleigh and
Raman scatters were subtracted from the collected scanned data.
The Bahram et al. (2007) protocol was applied when analyzing
the first- and second-order Rayleigh and Raman scatters to reduce
interference.

2.5. Estrogen receptor-o. competitor assay

The leachate samples and SEC fractions were concentrated by
solid phase extraction (SPE) for the estrogen receptor-o competitor
assay (ERCA).

SPE was performed using OASIS HLB cartridges (6 cm®, 500 mg
OASIS HLB, Waters Corporation, USA). The HLB tubes were condi-
tioned with 5 ml methanol (Supelco, for pesticide residue analysis)
and 5 ml Milli-Q water in sequence. Then 10 ml (S2-S4) or 20 ml
(S1 and S5) of the samples were flowed through the tubes, fol-
lowed by cartridge washing with 5 ml of Milli-Q water. After dry-
ing with nitrogen gas for about 30 min, the cartridges were rinsed
twice with 5 ml of methanol. The eluted solutions were evaporated
under nitrogen gas to dryness. The residues were then dissolved in
0.2 ml of DMSO (concentrated by 50 times for S2-S4 and 100 times
for S1 and S5). Series of six dilutions (1, 1/5, 1/25, 1/100, 1/500, 1/
2500) for the SPE concentrated samples were prepared in DMSO
for bioassay analysis.

Estrogen receptor-o. (ER-a) Competitor Screening Kit (Wako
Pure Chemical Industries, Ltd., Japan) was used to estimate the
estrogenic potential of the leachate samples. The assay was applied
to identify and monitor environmental pollutants (Suzuki et al.,
2004). The assay was performed according to the manufacturer’s
protocol. In brief, 5 pl of the sample and 95 pl of the reaction solu-
tion were reacted for 2 h at room temperature (about 20 °C) in the
microplate well coated with ER-o. Then the mixture was discarded
and the wells were rinsed by 200 pl of wash solution twice. Hun-
dred microliters of assay solution was added to dissolve the coated
ER-o, and analyzed in a Multi-Detection Microplate Reader (Syn-
ergy HT, BioTek, USA) at Ex 485 nm, Em 535 nm. Two wells with-
out coating were used as the blank. For each dilution, two
replicates were tested. Each leachate sample was tested for 6 dilu-
tions. All samples were measured in the same test. 17 B-estradiol
were assessed simultaneously as positive control. The inhibition
ratio was calculated as

Inhibition ratio (%) = 100 —

(fluorescent intensity of the sample) — (fluorescent intensity of the blank)

Classical dose-response curve was applied to correlate inhibi-
tion data, using the 4-parameter sigmoidal equation as

y= min +(max _ mln)/(l + (X/lcso)hill slope)

3. Results
3.1. SEC profile

As listed in Table 1, the fresh leachate S1 had DOC of
19900 mg 1=, After 1-2 years or 3-7 years in landfill, the corre-
sponding DOC of S2 and S3 had been reduced respectively to
3490 and 848 mg 17!, indicating 82.5% and 95.7% removal. The an-
oxic storage of S2 reduced the DOC from 3490 to 1400 mg 1! (54).
Final aerobic SBR treatment further reduced the DOC to 458 mg 1~!
(S5).

Over 95% of DOC in 300-1800 Da in S1 was not found in S2.
Hence, for the sake of further discussion, the MW distributions of
DOM in the samples S1 can be categorized into three groups based
on DOC contents (Fig. 2a): MW > 1800 Da (retention time < 60
min), 300-1800 Da (60-80 min) and <300 Da (>80 min), which
comprised 3.8% (756 mgl~'), 85.2% (17000mgl~') and 14.0%
(2190 mg 1~ 1), respectively, of DOC in S1. The S2 of landfill aged
1-2 years mainly consisted of small organic molecules (41.5%
<300 Da) (Fig. 2b). In S3, the DOC fractions of MW > 1800 Da,
300-1800Da and <300Da were 50.2% (425mgl~!), 20.1%
(252mgl1') and 29.7% (170 mg 1~1), respectively (Fig. 2c). Hence,
most DOM of MW < 1800 Da were degraded in landfill aged 3-7
years.

The anoxic pond and aerobic SBR significantly reduced DOC in
S2 of MW <1800 Da (5S4 in Fig. 2d and S5 in Fig. 2e).

Fig. 3 presents the UV absorbance profile of DOM when it was
excluded gradually out of SEC resins. When the molecular weight
of DOM fell in the range of 200-20000 Da, the molecular weight
was quantitatively corresponded to SEC retention time. The leach-
ate from fresh waste (S1) had low UV,s4 (normalized by total DOC
of the sample) (Fig. 3). Most of the UV,54-absorbing substances in
S1 had MW of 1.5-3.0 x 10® Da. The S2 (1-2 years landfill age) and
S3 (3-7 years landfill age) had a peak MW of 200-300 Da and some
peaks at MW of 2 x 1032 x 10 Da. The S2 had significant levels of
UV,s4-absorbing substances of MW 1.5-5 x 10% Da. Overall UV,s4
absorbance was lower in S2 than in S3. Restated, aromaticity per
unit DOC of residual compounds increased with landfill age.

The UV absorbance in S2 over MW 1.5 x 10-5 x 10* decreased
significantly following anoxic storage (S4). The SBR treatment
eliminated the UV absorbance of MW 1.5 x 10%-3 x 10% Da and
that of 200-300 Da, but, contrastingly, increased the UV absor-
bance over MW range of 4000-20000 Da (S5).

Fig. E1 in Electronic Supplementary material shows the fluores-
cent EEM spectra of bulk leachate samples. The locations of charac-
teristic peaks included (Ex/Em in nmnm™') 220/300, 220/350,
270/300, 280/360, 240/450, 310/420, 310/450 and 420/470, with
the former four and the latter four corresponding to the biological
by-products of aromatic proteins and humic substances,
respectively.

The leachate S1 had biological by-products, protein-like sub-
stances and few humic substances (Fig. Ela). As landfill age
increased, intensity of humic-peaks increased and that of pro-
tein-peaks decreased (Fig. E1a, E1b and E1c). Anoxic pond had no
significant effect on the protein/humic fractions in S4 compared

x 100%

(fluorescent intensity of pure DMSO) — (fluorescent intensity of the blank)
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Fig. 2. SEC-DOC profiles of leachate samples. Grey column: ratio of fraction to total DOC, solid circle: cumulative proportion. (a) S1, (b) S2, (c) S3, (d) S4, (e) S5. The DOC for

S1-S5 were 19900, 848, 3490, 1400, and 458 mg 1™, respectively.

with S3 (Fig. E1d). Aerobic SBR treatment removed most protein-
peaks and significantly enhanced the humic-peaks (Fig. Ele).

The fractional tests elucidated the chemical natures of DOM in a
specific MW range. The S2 of landfill aged 1-2 years had 23.9% of
DOC (834 mg-C 1) at MW of 300-1800 Da, which had significant
fluorescent emission (Fig. E1) but no UV,s4 absorbance (Fig. 3).
Over 95% compounds in this MW range in S1 was degraded within
1-2 years in landfill. The DOC with MW of 1800-10000 Da or
<300 Da were 349 and 1450 mg-C 1!, approximately 46% and
66%, respectively of the corresponding content in S1.

Over 3-7 years in landfill, the S3 had 20.1% of DOC (170 mg-
C171) with MW of 300-1800 Da. Restated, over 99% DOM in this
MW range in S1 was completely degraded in landfill. After seven
years of landfill, the DOM in leachate at MW < 300 Da was further
degraded by 54% while that at MW > 1800 Da exhibited no further
degradation in the landfill.

3.2. Estrogenic potential of leachate

After SPE concentration, most of the leachate samples exhibited
an inhibition ratio >50% (Fig. 4). According to the classical dose-re-
sponse curve, the ICsq values were estimated to be 7.0, 9.9, 6.1, and
4.5 concentration folds for S1-S4, respectively. Although lacking
sufficient data span, the ICsq value for S5 should be >100 concen-
tration fold. In this assay, ICsq corresponded to a estrodiol equiva-
lent of 7nmoll~!, when taking 17 p-estradiol as standard.
Correspondingly, the ICyo values were estimated to be 2.3, 0.7,
0.68, 0.53 and 5.7 concentration folds for S1-S5, respectively.

It should be mentioned that since the compositions of deposited
waste and collection strategy changed over time, the difference in
ICso values noted for S1-S3 cannot be justified significant. Con-
versely, the changes in estrogenic potential following anoxic/aero-
bic treatments by comparing S2, S4, and S5 are relevant because
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Fig. 4. Estrogenic inhibition ratios of the concentrated leachate samples.

the samples were directly derived from each other. The ICsy and
ICy0 values hence follow S5 >> S1-S4. Although landfilling signifi-
cantly reduced leachate COD and levels of other pollutants (Table
1), aging or anoxic storage in pond had little impact on estrogenic
potential of leachate. Aerobic SBR treatment significantly reduced
the estrogenic potential of leachate S5. According to ICsg, the dep-
uration rate of estrogenic potential for S1 — S2 was 30%, while the
DOC decreased by 83%. This may suggest that the degraded DOM
during 1-2 landfilling was the part that has low estrogenic poten-
tials. The depuration rate of estrogenic potential for S2 — S5 was
more than 90%, while the DOC decreased by 87%, indicating that
aerobic SBR eliminated the fraction of DOM with high estrogenic
potentials.

The SEC effluents were divided into part 1-4 based on MW
ranges: >14000 Da, 3000-14000 Da, 600-3000 Da, and <600 Da
for estrogenic potential tests. Fig. 5 shows the inhibition ratios of
the leachate parts for S2-S5 at dilution of one. For leachate samples
with different landfill ages (comparing S2 and S3) and treatment
processes (comparing S2, S4, and S5), part 2 always revealed the
highest inhibition ratios, followed by part 4, 3, and 1. The assays
at other dilutions (0.25, 0.05, 0.01 and 0.002) also revealed the con-
sistent results. Restated, the estrogen potential of the leachate was
mainly contributed by organic matters of moderate MW (3000-

80

of
eoé
50

30F

Inhibition ratio (%)

Fractionated part

Fig. 5. Estrogenic inhibition ratios of the fractionated leachate samples. Part 1:
>14000 Da; part 2: 3000-14000 Da; part 3: 600-3000 Da, part 4: <600 Da.

14000 Da), followed by those of low MW (<600 Da). As Fig. 5 re-
veals, the landfill aging could slightly increase estrogenic inhibition
ratio for parts 2-4 (<14000 Da), while anoxic storage at pond could
slightly decrease inhibition ratios of part 2. On the other hand, aer-
obic SBR treatment considerably reduced inhibition ratios of part
2-4.

4. Discussion

The leachate following anoxic storage (S4) had 28.1% of DOC
(392 mg-C1~") at MW of 300-1800 Da. Over 88% compounds in
this MW range in S2 had been degraded under anoxic conditions
(S4). In S5, under aerobic conditions, the SBR degraded 84% DOM
in the same MW range from S4. However, neither anoxic storage
nor aerobic SBR degraded DOM in MW > 1800 Da in terms of DOC.

The EEM spectra of leachate (comparing Fig. E1c-e) did not vary
with landfill age (Baker and Curry, 2006). Peak overlapping and
multi-fluorophores of probed substances may be problematic when
extracting optimal components in parallel factor analysis (Hua
et al., 2007) or adopting the scan area partition method (Chen
et al., 2003) from EEM spectra. The volumetric fluorescence inten-
sity, defined as the integration of the volume under fluorescence
EEM surface and normalized by the scan area (excitation of 200-
500 nm and emission of 250-600 nm) was normalized by fractional
DOC (Fig. E2 in Electronic Supplementary material). The fluorescent
compounds were noted at seven MW ranges (Da): 23 000-24000,
8000-9000, 5000, 3000, 1800, 1000-1100 and 200-250. The frac-
tional characteristics of SEC fractions were listed in Fig. E3 in Elec-
tronic Supplementary material for comparison sake.

The change in estrogenic potential for S2-S4 correlates with the
noted increase in aromatic organic compound contents with high
UV;s54 and with intermediate (2000-20000 Da) or low MW (200-
300 Da) (Fig. 3). Aerobic SBR treatment yielded leachate of low
UV;s54 (Fig. 3), correlating with the noted decrease in estrogenic po-
tential (Figs. 4 and 5). The current landfill practice degrades most
organic matters in waste, but cannot effectively remove estrogens
from the leachate. Subsequent stage such as the aerobic SBR treat-
ment adopted here can polish the leachate for reducing its estrogen
threat to receiving body, like groundwater.

5. Conclusions

The DOM in leachate samples collected at Laogang Sanitary
Landfill in Shanghai, China were fractionated by MW using SEC
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with DOC, UV,s,4, and EEM as classification indices. The landfilling
or storage in anoxic pond could not significantly affect the estro-
genic potential of leachate. The ICsq values of S1-S5 are estimated
7.0, 9.9, 6.1, 4.5, and >100 concentration folds, respectively. Re-
stated, although landfilling or anoxic storage effectively degraded
pollutant levels in leachate, the residual organic matters of high
aromaticity present strong estrogenic potential. Particularly, the
residues of MW 3000-14000 Da and of <600 Da contributed most
of the estrogenic activities in leachate. Conversely, aerobic SBR
treatment considerably reduced the estrogenic potential of these
organic matters in leachate.
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