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Abstract—The biodegradation of nonylphenol ethoxylates
(NPEO:s) surfactant often produces more refractory, toxic and
estrogenic intermediates. In this study, simple analytical
method for NPEOs determination based on High Performance
Liquid Chromatography (HPLC) was developed and complete
biodegradation of NPEOs was evaluated by “serum bottle
method” that uses direct measure of biogas production in
anaerobic condition. The reversed phase C18 column was
successfully used for detection of long chain NPEO,g (having
an average of 9 EO units) and short chain NPEO,; 5 (having
an average of 1.5 EO units) and nonylphenol (NP) at short
retention time. However, the coelution of oligomers in reversed
phase chromatography is unavoidable, thus the distinction
between NPEO oligomers is not possible. In biodegradation
study study, the long chain NPEO, was partially mineralized
at approximately 37% of the theoretical CH, production in
anaerobic condition. Nevertheless, the refractory intermediates
of NPEO,.15 and nonylphenol adversely affects the glucose-
utilizing methanogens under anaerobic condition, thereby
hampering CH, formation. It can be concluded that the
anaerobic biodegradation of nonylphenolic compounds
proceeded at a very slow rate due to their complex
physicochemical properties.

Index  Terms—Nonylphenol  ethoxylates,  endocrine
disrupting compounds, anaerobic, biochemical methane
potential.

I. INTRODUCTION

Nonylphenol ethoxylates (NPEOs) is one of the most
widely used industrial surfactants. The compound consists
of a mixture of NPEO oligomers having different numbers
of hydrophilic ethoxylate (EO) units with a diverse
arrangement of isomeric, branched-chain hydrophobic nonyl
groups (Fig. 1). Of these, NPEOs owing an average EO
units of 9 (NPEO,g), are well known for its commercial
application. The biodegradation route of NPEQOs is complex.
Microbial attack on the molecule is commonly occurs at the
end of hydrophilic EO chain, causing chain excision to
produce lower molecular weight NPEOs such as
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nonylphenol (NP) and NPEO mono to triethoxylates
(NPEO1-3) [1]-[4]. These intermediates are identified as
Endocrine Disrupting Compounds (EDCs); that they may
trigger normal hormonal function in humans and animals. In
fact, they are more likely to persist in the environment and
becoming more toxic than their parent compounds.
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Fig. 1. Molecular structure of NPEOs.

Thus, the mineralisation or complete biodegradation of
NPEOs to their simplest form is desired to protect the
environment. It is well proven that the NPEOs can be
degraded via oxidative (aerobic) and non-oxidative
(anaerobic) pathways [3], [5]. There are good reasons for
evaluating the anaerobic biodegradability of NPEOSs since:
(1) there is increasing demand for anaerobic treatment
options in current sewage treatment plants due to biogas
recovery; and (2) anaerobic treatment is effective for high-
strength industrial wastewater, such as pulp and paper mill
wastewater, in which significant amounts of NPEOs are
commonly found [4], [6], [7]. The ultimate anaerobic
biodegradation of a specific compound can be determined
by measuring its disappearance or decrease, and the
production of biogas using standard biodegradation assays
[8]. The potential of a chemical to be degraded under
anaerobic conditions, and its toxicity towards the anaerobic
process, can be effectively monitored by the “serum bottle
method” that uses direct measure of biogas production (CH,4
and CO,). The method, that provides relatively simple and
inexpensive way of evaluating anaerobic biodegradation,
was first described by Owen et al. [9], namely the anaerobic
toxicity assay (ATA) and biochemical methane potential
(BMP). BMP is a measure of substrate biodegradability
determined by monitoring cumulative methane production
from a sample which is anaerobically incubated in a
chemically defined medium. The ATA measures the adverse
effect or toxicity of a compound on the rate of the total gas
production from an easily-utilized, methanogenic substrate.

Analytical detection and quantification of these
compounds is difficult due to their complex
physicochemical properties. High Performance Liquid
Chromatography (HPLC) method is a simple and powerful
tool in analyzing a broad range of NPEOs polarity. The
presence of a phenol ring chromophore on NPEOs molecule
enables their direct UV absorbance (at 277-280 nm) [10].
Thus, HPLC-UV method has been widely used under
different elution modes (e.g. reversed and normal phase) for
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separation, detection and quantification of these complex
compounds.

This study was aimed to develop a simple analytical
method for NPEOs determination and to evaluate the
anaerobic biodegradation of NPEOs using the serum bottle
method.

Il. PROCEDURE

A. Materials

The mixed-isomer technical grade nonylphenol (NP) and
NPEOs surfactant mixtures of IGEPAL CO-630 and
IGEPAL CO-210 contained branched-chain nonylphenol
attached to ethylene oxide (EO) chains averaging 9 and 1.5
EO units, and collectively referred to as NPEQO,,s and
NPEO.,.e15, respectively, were obtained from Sigma Aldrich
(Dorset, UK). The seed sludge was obtained from a sewage
treatment plant (Mogden, West London, UK). The sludge
was then inoculated into a 2 L Continuous Stirred Tank
Reactor (CSTR) under anaerobic condition, supplemented
with defined nutrient media as Owen et al. [9].

B. Serum Bottle Methods

Serum bottle studies will be conducted to evaluate
anaerobic biodegradability of NPEOs based on BMP and
ATA methods [9]. The study involves the use of 160 mL
serum bottles, seeded with acclimatized biomass, feed with
NPEOs stock solution, and supplied with defined media
containing nutrients and vitamins for microbial cultures. The
schematic diagram of the procedure is depicted in Fig. 2.
The bottle is flushed thoroughly with a gas mixture of 70%
N2 and 30% CO, under strict anaerobic conditions; before
capping it with a leak proof Teflon seal and incubated at
37<€. The volumetric gas production is measured by the
syringe displacement method, and the biogas (CH, and CO,)
composition is analyzed by gas chromatography (GC).

o

Fig. 2. (a) Schematic diagram of procedure for the anaerobic transfer of
defined media into serum bottles; (b) Serum bottle; (c) Syringe
displacement method for biogas volume measurement.

C. Analytical Methods

The analysis of nonylphenolic compounds was carried out
using a LC-10Avp HPLC system (Shimadzu Co., Kyoto,
Japan) consisting of two LC-10AS pumps, a SCL-10A
system controller, a SIL-10AXL auto injector and a SPD-
10A UV-Vis absorption detector. The separation was
performed under isocratic gradient elution using a 250 % 4

661

mm 1.D., 5pm, Nucleosil C18 column (Macharey-Nagel,
Duren, Germany). The biogas composition (CH, and CO,)
was monitored using a Shimadzu Gas Chromatograph (GC)
equipped with a TCD detector and fitted with a Porapak N
column (1500mm x 6.35mm). The carrier gas was helium,
at a flow rate of 50 mL/min. The temperature of column,
detector and injector were 28€, 38€ and 128%€,
respectively. One mL of gas sample was manually injected
into the GC injection port using 1 mL plastic syringes
(Terumo).

I1l. RESULT AND DISCUSSION

Fig. 3(a) and 3(b) display C18 reversed phase
chromatograms commercial mixtures of NPEO,yg,
NPEQ,.15and NP. Isocratic elution was performed with a
mixture of 80% acetonitrile and 20% water; after trials,
these were best results obtained using a Nucleosil C18
column. From the individual chromatograms, it can be seen
that NPEOs and NP can be retained in the column and
eluted in a short retention time. Nevertheless, the co-elution
0f NPEOQ,ye9, NPEQO,.1 5 peaks is observed (Fig. 3(b)).
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Fig. 3. (a) Chromatograms of individual NPEO-9, NPEO-1.5 and NP
commercial standard solutions; (b) Separation of a mixture of commercial

NPEO-9, NPEO-1.5 and NP.
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It is important to note that the manufactured commercial
ethoxylated nonylphenols consist of a broadly distributed
mixture of oligomers of ethoxylated components. These
oligomers refer to the number of polar (hydrophilic)
ethoxylate chains (polyoxyethylene glycol) per molecule,
usually ranging from 2 to about 20 units [10]. Meanwhile,
the non-polar or hydrophobic region consists of a linear or
branched nonylphenol. Therefore, the non-polar reversed-
phase C18 column is able to separate the NPEOs by their
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interaction with the hydrophobic chain, thus eluting the
ethoxymers as a single peak [11]. This coelution has often
been claimed to be an advantage, since it would increase the
sensitivity of detection.

The BMP and ATA assay developed by Owen et al. [9]
was used for the evaluation of NPEO anaerobic degradation.
Fig. 4 provides a representative set of the cumulative
methane production data obtained with the BMP test for the
blank (biomass) and the serum bottle containing 20mg/L
NPEO,.o With biomass. No source of organic matter or
electron acceptor is added as the NPEO, acts as a sole
carbon source. As can be seen from the figure, only a slight
difference in gas production between the sample (serum
bottle containing NPEO,,ewith biomass) and the blank
(serum bottle containing only biomass) was observed. This
may be due to small concentration of NPEO,.g, Which was
too low to generate substantially amounts of CH4
production. The CH,; production for the NPEOQO,.s Was
slightly higher compared to that of the blank, indicating the
CH, production from the degradation of NPEO,ye.
Theoretical gas production can be calculated by the Buswell
equation, based on the stoichiometry of the reaction [12].
From the experimental result, calculating from the
difference in cumulative gas production to the blank, the
NPEO., Wwas found to be partially mineralized
(approximately 37% of theoretical methane production)
under the given conditions. This was due to compounds’
inhibitory nature. In addition, Ejlertsson et al. [3] suggested
that the phenol ring structure remained intact during the
period of incubation, while the EO units liberated as
ethylene glycol during the degradation of long chain NPEO
could have been further degraded to CH4 and CO,.
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Fig. 4. Methane production from anaerobic NPEQ,s degradation.
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Inhibition indicates a detrimental effect that a test
substance causes on the activity of a microbial population.
In the subsequent study, the inhibition of NPEQO, and its
intermediates, NPEO,.15and NP were assessed in terms of
CHj, production compared to that of a blank; the results are
shown in Fig. 5. This ATA test conditions were similar to
that of prior BMP assays, except that all bottles were spiked
with 100mg/L of test substance (NPEO,y9, NPEQO,1 5 and
NP) and 1.5¢/L of easily degradable glucose. It is clearly
seen from the figure that almost no CH, was detected for
NPEO.e15 and NP. Meanwhile, the glucose was
successfully degraded in the presence of NPEQgq. This
indicates that the NPEQO,,.; 5 and NP adversely affected the
glucose-utilizing methanogens, thereby hampering CH,

662

formation. It is known that high initial concentrations of NP
have a toxic effect on the microorganisms [11]. Moreover,
Lu et al. [13] observed the inhibition of anaerobic
biodegradation of NPEO only when NP was added at
relatively high concentrations. However, it is difficult to
access the degradation of low concentrations of NPEO and
its intermediates by means of gas production. Therefore,
quantification of compounds in terms of concentration
removal is necessary.
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Fig. 5. Inhibition of methanogens by nonylphenolic compounds.
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IV. CONCLUSION

The reversed phase C18 column was successfully used for
detection of NPEOs and NP at short retention time.
However, the coelution of oligomers in reversed phase
chromatography is unavoidable, thus the distinction between
NPEO oligomers is not possible. The serum bottle studies
indicate that the given concentrations of NPEO,e; s and NP
adversely affected the glucose-utilizing methanogens under
anaerobic condition, thereby hampering CH, formation.
Although NPEO,,g did not inhibit the CH, formation, the
anaerobic reaction however proceeded at a very slow rate.
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