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ABSTRACT OF THE DISSERTATION

Isomer-Specific Biodegradation and Chemical Oxidation of Nonylphenol

by

Zhijiang Lu
Doctor of Philosophy, Graduate Program in Environmental Sciences

University of California, Riverside, June 2014
Dr. Jay Gan, Chairperson

Nonylphenol (NP), a well-known environmental estrogen with numerous isomers, is
commonly treated as a single compound in the evaluation of its environmental occurrence,
fate and transport, treatment removal and toxicity. Recent studies showed that NP
isomers exhibited different estrogenicity and biodegradability. However, at present little
systematic information is available on its isomer-specific biodegradation and chemical

oxidation under natural and engineered conditions.

We comprehensively evaluated isomer selectivity in biodegradation in river sediments
and during secondary wastewater treatment processes. In a well aerated river sediment,
half-lives of NP isomers ranged from 0.9 to 13.2 d. The overall removal of tNP was
efficient during the wastewater treatment processes simulated in a laboratory-scale
conventional activated sludge bioreactor, ranging from 90 to 99%. Isomers with short
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side chain and/or bulky a-substituents were found to be more recalcitrant to degradation
and followed the order of dimethyl >= ethylmethyl > methylpropyl >= iso-propylmethyl.
Moreover, steric effect index and the degree of branching as quantified by Ipwbar were

identified to correlate closely with isomer biodegradability.

We also considered isomer selectivity during oxidation of NP by potassium
permanganate, a promising treatment for NP-containing effluent, drinking water and
ground water. The removal of NP isomers by KMnO, was efficient during pH range 5-7.
At pH 7 with 10 mg/L of KMnO, and 50 pg/L tNP, the half-lives of 19 isomers varied
from 4.8 to 6.3 min. In general, the reactivity followed the order: a-dimethyl > a-

ethylmethyl = a-methylpropyl = a-iso-propylmethyl.

We further considered the role of MnO; oxidation in the natural attenuation of NP and its
structure analogues in soils. At pH 5.5 and 100 mg/L 3-MnO,, 92, 84 and 76% of 4-n-NP,
4-tert-octylphenol and tNP were transformed in 90 min, respectively. Multiple reaction
products, including hydroquinone, hydroxylated products, dimers and trimers were

identified, allowing the construction of transformation pathways.

These results together suggest that isomer selectivity commonly occurs before and after
the release of NP to the environment, and that knowledge of isomer-specific behavior of
NP contributes to improved understanding and management of NP as an important

environmental contaminant and endocrine disruptor.
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Chapter 1 Introduction
1.1 Nonylphenol

Nonylphenol (NP) is a high production volume chemical and its primary use is as the raw
material for the production of nonylphenol ethoxylates (NPEOs), the most widely used
non-ionic surfactant (Ying et al., 2002). Nonylphenol ethoxylates are used as detergents,
emulsifiers, wetting and dispersing agents, antistatic agents, demulsifiers and solubilisers
in domestic, agricultural and industrial products (Soares et al., 2008; Ying et al., 2002).
According to the Toxic Substances Control Act under Inventory Update Rule, the
production of technical nonylphenol (tNP, CASRN: 84852-15-3) in the United States was

about 100 - 500 million Ibs (45.4 - 227 thousand tons) in 2006 (USEPA, 2006).

Nonylphenol has a water solubility of 4.9 mg/L, log Ko of 4.48, vapor pressure of
2.07<10% Pa (at 25 <) and pK, of 10.28 (Soares et al., 2008). Nonylphenol is well
known as an endocrine disruptive compound (EDC), as it may mimic 17p-estradiol, with
a mean potency (relative to 17B-estradiol) of 0.023 in in vivo bioassays (Soares et al.,
2008). Bechi et al. (2010) reported that NP can affect cytokine secretion in human

placenta at environmental levels (0.022 ng/L to 220 ng/L).

Nonylphenol has been frequently detected in water, sediment, sludge and soil (Soares et
al., 2008; Ying et al., 2002). According to a national reconnaissance investigating 139
streams across 30 states during 1999 and 2000, the median and maximum concentrations

of NP were 0.8 and 40 g/L, respectively, with a detection frequency of 50.6% (Kolpin et



al., 2002). In a recent study, NP was found in 55 out of 62 drinking water samples from
31 major cities across China with median and maximum concentrations of 27 and 558
ng/L, respectively, and in all 62 source water samples with median and maximum
concentration of 123 and 918 ng/L, respectively (Fan et al., 2013). According to
USEPA’s 2001 national sewage sludge survey, the concentration of NP in sludge was
534 +192 mg/kg with 100% detection frequency (Venkatesan and Halden, 2013). The
mean annul loading of NP to sewage sludge was 2066-5510 tones, of which 1033 to 3306
tones was used for land application (Venkatesan and Halden, 2013). The USEPA
guideline on NP for ambient water quality stipulates limits of 6.6 g/L and 1.7 pg/L in
freshwater and saltwater, respectively (Soares et al., 2008). In European Union, the
maximum limit of NP in the sludge for land use is set at 50 mg/kg (European

Commission, 2002).

Nonylphenol is commonly treated as a single compound in the evaluation of its
environmental occurrence, fate and transport, treatment removal and toxicity (Jiang et al.,
2012; Soares et al., 2008; Ying et al., 2002). However, technical nonylphenol is in fact a
mixture of more than 100 isomers and congeners due to variations in the length and
branching of side chains and substitution position on the benzene ring (Eganhouse et al.,
2009; leda et al., 2005). A few recent studies showed that NP isomers have different
estrogenicity and biodegradability in the environment (Eganhouse et al., 2009; Gabriel et
al., 2008; Kim et al., 2005b; Shan et al., 2011). Therefore, a systemtic investigation into

the fate of NP at the isomeric level is of great scientifical significance.



1.2 Naming of Nonylphenol Isomers

About 90% of tNP is made up by 4-NP and theoretically there are 211 constitutional
isomers in 4-NP. Moreover, if stereoisomerism is considered, this number increases to
550 (Guenther et al., 2006). Similar to the Ballschmiter numbers used for polychlorinated
biphenyls (PCBs) and polybrominated diphenyl ethers (PBDES), a simple and easy-to-use
numbering system is needed for NP, especially for 4-NP. Table 1-1 lists names, structures,
side chain lengths and o and B substituents of representative 4-NP isomers. In general,
there are three numbering systems - the International Union of Pure and Applied
Chemistry (IUPAC) abbreviation, the Juelich nomenclature (Guenther et al., 2006), and
the line-coding system (Zenkevich et al., 2009). The IUPAC abbreviation uses the first
few numbers to denote the substitution positions of akly chains. Letter E is used to
distinguish ethly group from methyl group. The last number is used to identify the phenol
substitution positon on the alky chain. The structures of NP isomers are easily drawn
from their IUPAC names or abbreviations; however, it is difficult to indentify the side
chain length and substituents on the a (the carbon connected to benzene ring) and B (the
carbon connected to the a carbon) positions. Juelich nomenclature counts the side chain
from the a carbon and uses a numbering system by giving priorities to longer main chains
or greater number of side chains (Guenther et al., 2006). The names given by Juelich
nomenclature directly show the side chain length and substituents on the o and B
positions and the Juelich number can also roughly indicate the side chain length and
branchness; however, just like the numbering system for PCB, the Juelich number does
directly reflect the isomer structure. The line-coding system uses the first number to

3



indicate the length of the side chain and the second number to denote the positions of
branching. The number in the parentheses indicates the number of carbon atoms in the
sub-chains (Zenkevich et al., 2009). This coding system directly reflects the structure but
the name for each isomer is very long. In this project, the Juelich numbering is used due
to its simplicity and the prefix number 4 - indicating the substitution at para postion of

benzene ring, is usually omitted (Table 1-1).

1.3 Analysis of Nonylphenol Isomers

1.3.1 Separation and Identification

Separation and identification of NP isomers from tNP and environmental matrices is
challenging. Several high performance liquid chromatography (HPLC) and gas
chromatography (GC) methods have been developed to separate NP isomers (Table 1-2).
However, HPLC methods were usually used to fractionate tNP for further studies, for
example, estrogenic activity assays (Kim et al., 2005b; Kim et al., 2004). Therefore, these
HPLC methods are not discussed here. Although the NP isomers have phenolic hydroxyl
group, derivatization was not necessary before GC analysis (ISO, 2009; Moeder et al.,
20064a; Thiele et al., 2004; Wheeler et al., 1997) and Eganhouse et al. (2009) reported that
alkylation of NP isomers did not provide any advantage in GC separation. Mass
spectrometer detector (MSD) was the most commonly used detector for identifying the
structures of NP isomers (Horii et al., 2004; Moeder et al., 2006a; Moeder et al., 2006b;
Thiele et al., 2004; Wheeler et al., 1997). Fourier transform infrared (FTIR) was also

used to confirm the substitution at para position (Wheeler et al., 1997). Synthesized NP

4



isomers with structures confirmed by *H and *3C nuclear magnetic resonance (NMR)
spectroscopy were also used to compare the mass fragmentation and retention time with
isomers separated from tNP (Boehme et al., 2010; Russ et al., 2005; Thiele et al., 2004;

Uchiyama et al., 2008; Yu et al., 2008).

Using high resolution capillary GC columns may resolve around 20 peaks (Horii et al.,
2004; 1SO, 2009; Kim et al., 2005b; Thiele et al., 2004; Wheeler et al., 1997). For
instance, using a 100 m Petrocol DH column, Wheeler et al. (1997) successfully observed
22 peaks from tNP. Based on the mass fragmentation patterns, the authors divided these
isomers into 5 groups. Thiele et al. (2004) used the same column to analyze a different
tNP sample. Interestingly, the number of resolved peaks, the elution sequence and mass
spectra of each isomer were exactly the same. According to Wheeler et al. (1997), Group
1 isomers had highly characteristic mass spectra: a base peak of m/z 135 and no other
major peaks. The base peak of m/z 135 indicated that these isomers have dimethyl
substituents at a position and the lack of other major peaks indicated that the  carbon
was not quaternary. Group 2 isomers had a base peak of m/z 135 and a major fragment of
m/z 191. This group of isomers had one methyl and one ethyl substituent at o position and
also no substituent at 3 position. The structures of group 1 and group 2 isomers have been
confirmed by later studies using a two dimensional GC (GC>GC) method (Eganhouse et
al., 2009), a GC tandem mass spectrometry method (Moeder et al., 2006a) and synthetic
NP isomers (Gabriel et al., 2008; Katase et al., 2008; Russ et al., 2005; Shioji et al., 2006;
Thiele et al., 2004). Group 3 isomers had a base peak of m/z 149 and no major peaks of
m/z 163, 177 and 191. Wheeler et al. (1997) suggested that the lack of m/z 191 indicated
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no ethyl substitution at a position and they proposed a-methyl-B-methyl structures for
these isomers. Thiele et al. (2004) analyzed two synthetic isomers with this structure, i.e.,
4-(1,2,5-trimethylhexyl)phenol and 4-(1-methyl-2-ethylhexyl)phenol, and found that this
structure would only produce base peak of m/z 121. Katase et al. synthesized NP110ap (2
and b are used to denote diastereomers) and found that the mass spectra and retention
time matched with these group 3 isomers (Katase et al., 2008; Makino et al., 2008). Thus,
group 3 isomers have a-methyl, a-ethyl and B-methyl substituents. Group 4 isomers had a
base peak of m/z 163 and a major peak of m/z 121. Wheeler et al. (1997) suggested an a-
butyl configuration for the formation of m/z 163 and suggested a-methyl and B-ethyl
structures. Thiele et al. (2004) suggested that m/z 121 could not be explained by this
structure. Katase et al. (Katase et al., 2008; Makino et al., 2008) synthesized NP1g34, and
finally determined that the substituents were a-methyl, a-n-propyl, and B-methyl. Group
5 isomers had an intense peak of m/z 121 and major peaks of m/z 163 and m/z 177.
Wheeler et al. (1997) suggested a-methyl and a-propyl structures. After analyzing
synthetic isomers NP 194, NP143 and NP5, Thiele et al. (2004) splitted this group into two
sub-groups, group 5 isomers with a-methyl and a-n-propyl substituents and group 6
isomers with a-methyl and a-iso-propyl substituents. Since group 6 isomers had lower
abundance of m/z 163, indicating that cleavage of the iso-propyl group was preferred over
the butyl group. Therefore, well characterized synthetic NP isomers are essential for
further understanding the mass fragmentation mechanisms and identification of NP

isomers in the technical mixtures.



Co-elution is one of the most critical problems in the analysis NP isomers by GC-MS.
For example, according to Gabriel et al. (2008), the method used by 1ISO and many others
(Guruge et al., 2011; Horii et al., 2004; Horii et al., 2010; 1SO, 2009) had the co-elution
Of NP112/NP12g, NP119/NP1s; and NP110a/NP143. To solve this issue, some GCxGC
methods with much higher separation capacity have been proposed (Table 1-2). leda et al.
(2005) was the first to develop a GC>GC method for the separation of NP isomers in tNP
and in environmental samples. Using a 30-m non-polar DB-5 column and 1-m polar DB-
WAX column as the primary and secondary columns, respectively, separation of 102
peaks was achieved. Moeder et al. (2006b) used another set of columns and were able to
observe 40 peaks. Guenther et al. (2006) separated about 80 NP isomers. To date,
Eganhouse et al. (2009) have carried out the most comprehensive study on the isomeric
compositions in different tNPs. Under optimal chromatographic conditions, 153-204
alkylphenol peaks were detected, among which, 59-66 peaks were identified to be 4-NPs,
comprising 86-94% of tNP and 53-83 peaks were 2-NPs, comprising 2.5-9% of tNP.
Moreover, in Eganhouse et al. (2009), the authors found a minor peak with a base mass
fragment of m/z 121 and a secondary fragment of m/z 135 and attributed this peak to have
a-H-a-methyl structure by comparing to the spectra of two synthetic isomers (4-(1,2,5-
trimethylhexyl)phenol and 4-(1-methyl-2-ethylhexyl)phenol) from Thiele et al. (2004).
Vallejo et al. (2011) used a combination of MSD and flame ionization detection (FID) in
the GC>GC system, and detected 79 peaks in the FID and confirmed 38 of these peaks in

the MSD. The GC>GC systems have advantages over the conventional GC when co-



eluting components do not produce abundant, specific ions for quantitation, or when only

one of the two components has an abundant, specific ion (Eganhouse et al., 2009).

Other techniques have also been tested for separating and identifying NP isomers.
Moeder et al. (2006a) successfully separated 35 peaks and proposed structures for 18 NP
isomers by gas chromatography-tandem mass spectrometry (GC-MS/MS) combined with
cluster analysis. More importantly, the authors proposed structures for 13 4-o-tertiary-NP
isomers before the elution of major 4-a-quaternary-NP isomers. Gabriel et al. (2012)
identified 7 a-H-a-methyl isomers by analyzing their metabolites 2-nonyl-p-
benzoquinones from Sphingobium xenophagum Bayram and they also tentatively
identified 5 of these isomers among the early eluting tNP isomers using GC-MS. Wu et al.
(2010) applied the heuristic evolving latent projection (HELP) chemometric resolution
method to GC-MS analysis of NP isomers. The chemometric resolution method
successfully corrected the incorrect identification of one isomer by extracting ion
chromatogram data. Zenkevich et al. (2009) predicted the GC retention indices with a
mean deviation of #11 index units for all of the 211 NP isomers based on experimentally
determined index values of reference 4-NP isomers and also retention indices of 75

isodecanes. With this index, the co-elution of NP isomers may be tentatively predicted.

Chiral separation of three NP isomers NP3ss, NP11; and NP1, have been achieved by
Zhang et al. by using GC-MS and HPLC (Zhang et al., 2009a; Zhang et al., 2007). In the
GC-MS method, Hydrodex-B-6TBDM column (25 m <0.25 mm, 0.25 pm) and DB5-MS

column (30 m x<0.25 mm, 0.25 pm) were used for the methylated derivatives, and HP-



FFAP column (30 m % 0.25 mm, 0.25 pm) and Hydrodex-B-6TBDM column (25 m x
0.25 mm, 0.25 pm) were used for silylated derivatives. Nucleodex-p-PM column (5 pm,
200 x4 mm) was used to separate NP35 and NP3, in the HPLC method (Zhang et al.,

2007).

1.3.2 Quantification

Both MSD and FID responses of NP isomers have been used to quantify the isomer
concentrations in tNP and environmental matrices (Eganhouse et al., 2009; 1SO, 2009;
Katase et al., 2008; Thiele et al., 2004; Wheeler et al., 1997). Since MSD response varied
significantly among isomers, the quantification of NP isomers relied on the inclusion of
synthetic pure standards (Katase et al., 2008; Russ et al., 2005). In comparison, FID
produces more linear response for isomers (Jorgensen et al., 1990); therefore, FID was
frequently used in the quantification of NP isomers (Guenther et al., 2006; Guruge et al.,
2011; 1SO, 2009; Wheeler et al., 1997). However, two issues still remain: the linear
response of NP isomers by FID should be confirmed, and the separation of NP isomers
should be complete (Katase et al., 2008). Both of these two issuses could contribute to
inaccurate quantification of NP isomers and may further lead to inaccurate assessment of
risks of NP. For example, the total calculated estrogenicity was 2.7-3.0 times greater than
that actually measured in seawater (Kim et al.,, 2005b). The two-dimensional GC

separation would help resolving the incomplete separation.



1.4 Toxicity of Nonylphenol Isomers

The isomeric estrogenic activity of NP has been well demonstrated with fractions of tNP
(Kim et al., 2005b; Kim et al., 2004) and also synthetic NP isomers by various methods
(Gabriel et al., 2008; Katase et al., 2008; Makino et al., 2008; Preuss et al., 2006; Puy-
Azurmendi et al., 2014; Saito et al., 2007; Shioji et al., 2006; Uchiyama et al., 2008; Ying
et al., 2012) (Table 1-3). Kim et al. (2004) separated tNP into 7 fractions and tested their
estrogenicity by yeast estrogen screen assay (YES) and found that NP3; was highly
estrogenic; the estrogenicity of NP3; was several orders of magnitude higher than tNP
and other NP isomers. The authors further separated the tNP into 14 fractions with
preparative GC and tested the estrogenic activity again using the same method (Kim et al.,
2005b). However, the authors found than NP9 was most estrogenic and its relative
potency (RP) was only a few times higher than the other isomers including NP3;.
Moreover, the calculated total estrogenic activity of seawater samples were 2.7 to 3.0
times greater than the measured values (Kim et al., 2005b). As mentioned above, this
may be attributed to inaccurate quantification of NP isomers due to incomplete peak
separation. Another possibility may be inaccurate measurement of estrogenic activities of

NP fractions due to co-elution on HPLC and preparative GC.

Table 1-3 lists the relative potencies of synthetic 4-a-quaternary-NP isomers by yeast
estrogen screen assay (YES), yeast two-hybrid assay, MVLN cell assay and E-screen
assay. The RP values were calculated from the minimal effective concentration (MEC),

half maximal effective concentration (EC50), and 20% maximal effective concentration
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(EC20). Large differences were observed for the same NP isomers among different
studies or even in the same study when using different calculation methods. For example,
the RP values for NP3, and NPy ranged from 0.16 to 1.87 and from 0.023 to 0.95,
respectively (Table 1-3). Overall, most of synthesized 4-a-quaternary-NP isomers
showed relatively lower estrogenic activity than tNP, with just a few exceptions (e.g.,
NP12s and NP119). Therefore, it is likely that some unidentified isomers have higher
estrogenic activities. It is also possible that some minor components, for example, o-
tertiary isomers, may contribute estrogenic activity higher than that indicated by their
content in the tNP. Shioji et al. (2006) tested 11 4-o-tertiary-NP isomers and found 2
isomers, NP176 and NP,10, have higher RP values (153 and 4.8, respectively). Gabriel et al.

(2008) reported the RP values of 3 4-a-tertiary-NP isomers and the highest one was 1.68

(NP7).

Given the large number of NP isomers, it is infeasible to synthesize all the isomers and
test their estrogenicity. Thus, understanding the structure—estrogenicity relationship is
imperative. After investigating various NP isomers and congeners, Shioji et al. (2006)
concluded that: 1) suitable alkyl chain length was necessary for high estrogenicity; 2)
bulkiness at B and y carbons increased the estrogenicity; 3) branching at o carbon was
weakly related to estrogenicity; and 4) isomers having only o substituents had low
estrogenicity. Preuss et al. (2006) suggested that the substituents at a carbon was also
important since o-ethyl-o-methyl isomers showed higher estrogenicity than a-dimethyl
isomers. Gabriel et al. (2008) agreed with all the conclusions made by Shioji et al. and
further pointed out that isomers with 4-6 carbon side chain length had the highest

11



estrogenicity. Rabinowitz and Little (2011) used a computational approach by caculating
the binding affinities of NP isomers to the estrogen receptor. They found that 13 of the 15
stongest binding isomers were a-secondary isomers (no substitution adjacent to the
phenyl ring) and that substitution at o position may reduce the estrogenicity. Therefore,
minor components 4-o-tertiary-NP may in fact contribute significantly to the overall

estrogenicity of tNP.

Ying et al. (2012) reported that NP isomers may inhibit the release of testosterone in
Leydig cells and the order of inhibition followed NP11, > NPgs > NP3g> NP111> tNP > 4-
n-NP (NP1). This order was different from that for estrogenicity, indicating another
mechanism may be present on the steroidogenesis of NP isomers. Preuss et al. (2010)
suggested that the isomeric estrogenicity difference of NP isomers may be caused by
differences in receptor affinity, receptor activation, or activation/deactivation of non-
receptor mediated side paths of reporter gene translation. The authors classified NP1,
NP112, NPgs, NP37 and tNP as partially estrogenic in the MVLN cell assay because they
showed estrogenicity but did not reach 100% efficacy, and NP3, NPy and NP; as
antiestrogenic since they had the same binding affinity but did not show estrogenic
activity. Cormio et al. (2011) reported that all of the 4 isomers, NP112, NP111, NPgs and
NP;, showed no response in the yeast androgenic screen (YAS) assay while all responded
in the androgenic competition assay (anti-YAS) and followed the same order in the YES

assay, i.e., NP111 > NP> NPgs > NPq1,.
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Since some NP isomers have one or more chiral carbons, it is important to consider the
difference between enantiomers and diastereomers (Makino et al., 2008; Saito et al., 2007)
(Table 1-3). Interestingly, diastereomers NP110ab, NP111a1 @and NP1g3, Showed significant
differences while enantiomers S-NPii9, R-NP139 and S-NPigs, R- NP1g4 showed no
difference (Makino et al., 2008) (Table 1-3). Isomers having the 3-methyl group over the
benzene ring exhibited 2-4 times estrogenic activity than their diastereomers (Makino et
al., 2008). In another study by Saito et al. (2007), the RP values for S- and R-NP1;9 were
both 4.5 while the values for S- and R-NP1gs were 0.79 and 0.45 respectively. The
difference in isomeric estrogenic activity supported that it is inaccurate to only evaluate
the risk of tNP as a whole; rather, careful consideration of constitutional isomers and

even stereoisomers is necessary.

1.5 Occurrence of Nonylphenol Isomers

1.5.1 Composition of Technical Nonylphenol

The composition of tNP has been extensively characterized (Eganhouse et al., 2009;
Guenther et al., 2006; Horii et al., 2010; I1SO, 2009; Katase et al., 2008; Russ et al., 2005;
Vallejo et al., 2011; Wheeler et al., 1997). Eganhouse et al. (2009) investigated the
composition of 7 tNP products and found that approximately, tNP products consisted of
0.04-0.3% of C3-C7 phenols, 0.01-2.2% of octylphenol (OP), 2.5-8.9% of 2-NP, 85.6-
93.7% of 4-NP and 2.2-4.6% of decylphenol (DP). These results were in good agreement
with Wheeler et al. (1997) who reported the fractions as 3-6% 2-NP, 90-93% 4-NP, and

2-5% DP. Eganhouse et al. (2009) also observed that all of the 21 major compoents of
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tNP were 4-a-quaternary isomers, of which 18 had elucidated structures. One of the six
significant minor components was believed to have a-H-a-methyl substitution. The
percentages of major 4-a-quaternary NP are listed in Table 1-4.The ISO standard (2009)
also lists compositions of 7 different tNP products and the results are the same as Horii et
al. (2010); however, the suppliers of tNP were not given, and therefore, the results are not
included in Table 1-4. Vallejo et al. (2011) reported the concentrations of NPg and NP1,
in Aldrich and Fluka tNP, and the respective concentrations for NPy were 1.98 £0.09%
and 2.28 +0.15% (NPg) and the respective concentrations for NP1, were 7.71 +£0.82%,
and 11.70 £0.61%. For the tNP from the same supplier, usually Horii et al. (2010) gave
the highest value for each isomer, especially for NP11, and NP119. For example, for NP1,
in Aldrich tNP, the values given by Horii et al. (2010) were 18 and 19% for two samples,
whereas values given by all other studies were between 8% and 10%. There are two
possible causes for the difference: incomplete separation as pointed out by Gabriel et al.
(2008) and inaccurate quantification by FID. There were also some small differences
among tNP products from different suppliers; however the differences were not
consistent among different studies. For example, in Eganhouse et al. (2009) study, the
fraction of NP3 was found to be higher in Acros tNP than in Fluka tNP, while in Russ et
al. (2005), the results were opposite. This may be due to the difference in the
quantification methods or composition variations among different lots. For example, tNP
produced before 1980s had a smaller content of 4-a-quaternary-NP (Eganhouse et al.,

2009) (Table 1-4).
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1.5.2 Occurrence of Nonylphenol Isomers in the Environment

The widespread occurrence of NP in the environment has been well demonstrated by
numerous studies (Fan et al., 2013; Sharma et al., 2009; Soares et al., 2008; Venkatesan
and Halden, 2013; Ying et al., 2002); However, only a limited number of studies have
evaluated NP occurrence at the isomeric level (Eganhouse et al., 2009; Guruge et al.,
2011; Horii et al., 2004; Isobe et al., 2001; Jin et al., 2004; Kim et al., 2005a; Kim et al.,
2005b).Among the reported studies, most provided only qualitative descriptions; only a
few studies gave quantitative concentration of NP isomers and all these studies focused
on water (Table 1-5). Horii et al. (2004) investigated NP isomeric concentrations in water
samples from Arakawa River and Hanamigawa River around Tokyo Bay, Japan. The
concentrations of NP isomers ranged from a few ng/L to hundreds ng/L. Among the 9
sites investigated, a few showed no significant change on isomer compositions as
compared to that of tNP. At some other sites, isomer compositions showed signficant
shifts from that of tNP. For example, NP3 showed much higher concentrations than
NP1g4 in tNP, and sites 4 and 8, while at sites 3 and 5, their concentrations of these two
isomers were similar (Table 1-5). This phenomenon suggested that isomer selective
degradation occurred at some sites. Kim et al. (2005b) investigated NP isomeric
concentrations at 3 sites (near the rivermouth, 7 km offshore, and 12 km offshore) in the
Ariake Sea, Japan. As expected, the overall NP concentrations decreased as the distance
from the rivermouth increased. Interstingly, slective degradation was observed (Table 1-
5). For example, the concentration of NP3 decreased substantially from the rivermouth to
7 km offshore while the concentration of NP1y, Stayed the same. Guruge et al. (2011)
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investigated the occurrence of NP isomers in surface water of Sri Lanka. The isomer
concentrations ranged from 1 to about 200 ng/L. The composition of Negombo Lagoon
showed significant differences from tNP, indicating selective degradation (Table 1-5). In
the 1ISO method (2009), isomeric concentrations of two river water samples and two
waste water samples were also reported (Table 1-5); however, no sampling sites were
given. It should be noted that the quantification of NP isomers in these studies were based
on the response on FID and also due to incomplete separation on a 30-m GC column, the
concentrations of each isomer may be inaccurate. Eganhouse et al. (2009) used 8
synthetic isomers as standards and determined the isomeric concentrations of NP in
wastewater treatment plant effluent from the Los Angeles Joint Water Pollution Control
Plant. The concentrations of NP isomers ranged from 1010 to 3970 ng/L (Table 1-5). leda
et al. (2005) reported the concentrations of NP3; and NP3 in 3 rivers in Japan. The

concentrations ranged from 2.6 to 13.3 ng/L and from 0.8 to 11.9 ng/L, respectively.

Kim et al. (2005a) analyzed NP isomers in the dissolved phase and suspended solids of a
water sample from the New York-New Jersey Harbor. They found that the compositions
were different than that in the tNP, again indicating isomeric degradation; moreover,
NP119 had high adsorption affinity on the suspended solids than other isomers, suggesting
some isomer differences in adsorption. However, Isobe et al. (2001) reported that profiles
of 10 isomers were consistent in the primary/secondary effluent, river water and
sediment, indicating an absence of isomer selective degradation or adsorption. Jin et al.

(2004) investigated the isomer concentrations in the Haihe River, China and for the 11
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isomers separated, the median concentrations ranged from 4.2 to 40.6 ng/L. However, the

authors did not identify the structures of these isomers.

Since some NP isomers are chiral and enantiomers may have different
estrogenicity, it is further necessary to determine the concentrations of enantiomers. The
only data available are on NPss and NP1, in the influent and effluent water samples
reported by Zhang et al. (2007). In the influent, the enantiomer ratio (ER) ranged from
0.93 to 1.70 and from 1.03 to 1.70 for NP3s and NP2, respectively; while in the effluent,

the values changed to from 1.02 to 1.07 and from 1.02 to 1.10, respectively.

Based on the concentration and estrogenic activity of individual isomers, the
estrogen equivalent concentration (EEC) may be calculated. These values may be further
used to identify the most environmentally important isomers, thus allowing a focused
research effort on those isomers posing the greatest environmental risks. According to the
EEC values reported, NP11, had the highest environmental risk (Guruge et al., 2011; Kim
et al., 2005b). However, as mentioned above, the calculated estrogenicity in seawater
samples were 2.7 to 3 times higher than that actually measured (Kim et al., 2005b). Since
Guruge et al. (2011) used the same approach as Kim et al. (2005b), the same issue could
also exist in that study. The causes may include inaccurate estrogencity data and
inaccurate quantification of NP isomers, as discussed above. More comprenhensive
research at the isomer scale is clearly needed for both tNP and different environmental

conpartments.
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1.6 Biodegradation of Nonylphenol Isomers

1.6.1 Biodegradation Kinetics

In addition to the indirect evidence of isomer selective biodegradation observed through
changes in isomer profiles in occurrence (Horii et al., 2004; Kim et al., 2005b), direct
observations of selective biodegradation was reported in cultures, soils, sediments,
wastewater and biosolids (Das and Xia, 2008; Eganhouse et al., 2009; Gabriel et al.,
2005a; Gabriel et al., 2008; Hao et al., 2009; Shan et al., 2011; Toyama et al., 2011).
Gabriel et al. (2005a) investigated the degradation kinetics and pathways of 5 NP isomers
with Sphingomonas xenophaga Bayram, a bacterial strain isolated from activated sludge,
and found that the biodegradability of NP isomers followed the order: NPg3 > NPy;5 >
NPg > NP, > NP for the mixture and NP11, > NPg3 >NPg >> NP; > NP, for individual
isomers. They also observed that only a-quaternary NP isomers served as the carbon
source. These findings suggested that there may be intrinsic differences among NP
isomers in their susceptibility to biodegradation. Gabriel et al. (2008)subsequently
explored the relationship between degradation rates and structures of NP isomers. After 9
d of incubation, most isomers (12 out of 18 isomers) were removed by 80% (Gabriel et
al., 2008) (Table 1-6); however, some isomers were recalcitrant to degradation. For
example, only about 30% of NPjg3 was degraded. However, due to the presence of
numerous microorganisms in the natural environment, biodegradation selectivity may be
less straightforward than in a pure culture. Shan et al. (2011) compared degradation of 5

synthetic NP isomers in a rice paddy soil under oxic conditions and the half lives
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followed the order: NP113 (10.3 d) > NP112 (8.4 d) > NPgs (5.8 d) > NP3g (2.1 d) > NP,
(1.4 d) (Table 1-6). The study findings suggested that if only NP1 is used as the surrogate
for NP, overestimation of NP biodegradability or underestimation of risks would occur.
Hao et al. (2009) reported that biodegradation of NP was isomer selective in the
wastewater treatment process simulated in a sequencing batch reactor. Biodegradation
rate of 4 identified isomers followed the order: NP3 (75.4%) > NP111 (42.9%) > NP7
(40.7%) > NP194 (36.2%) (Table 1-6). These biodegradation rates were smaller than those
reported by USEPA. After examining 26 municipal wastewater treatment plants with full-
scale activated sludge treatment, the range of NP removal was from 57% to 100% with an

average of 90% (USEPA, 2010).

A few additional studies also considered isomeric biodegradation; however, no
identification of NP isomers or quantification of biodegradation rates was carried out
(Das and Xia, 2008; Eganhouse et al., 2009; Toyama et al., 2011). Eganhouse et al. (2009)
analyzed the bacterial biodegradation samples from Gabriel et al. (2008) using GC>GC.
The authors confirmed the findings by Gabriel et al. (2008): some isomers such as NP,
NP3z and NP3g were largely removed while some other isomers such as NP1g4, NP193 and
NPis; were relatively enriched. Moreover, the authors showed that some minor and trace
components were persistent and these isomers may contribute significantly to the overall
estrogenicity. Ikunaga et al. (2004) examined the biodegradation of tNP by two bacterial
strains Sphingobium amiense and Sphingomonas cloacae. Biodegradation of tNP by
Sphingobium amiense showed isomer selectivity. For example, isomers with a-dimethyl
and a-ethyl-a-methyl substituents had higher degradation rates (0.356 h™ and 0.554 h™,
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respectively). Isomers with a-methyl-a-propyl substituents had a lower degradation rate
(0.036 h™). Meanwhile, biodegradation by Sphingomonas cloacae was not isomer
selective (0.996 h™). Das and Xia (2008) explored the degradation of NP isomers during
biosolid composting. They separated the NP isomers into 8 groups. Under optimal
conditions, the half live of tNP was 1.330.2 d while half-lives for group 1 isomers (o-
methyl-a-propyl) and group 2 isomers (a-dimethyl) were 12.640.3 d and 0.840.1 d,
respectively. Toyama et al. (2011) observed that in the rhizosphere sediment, peaks of
many NP isomers decreased after 42 d while the peaks of a few isomers remained
unchanged. Unfortunately, the authors did not structurally identify these persistent
isomers. In the soil amended with biosolid, the biodegradation rates for 8 NP peaks were
found to be different; plant Triticum aestivum L increased the overall NP degradation
rates but did not change the residue profile (Brown et al., 2009). Zhang et al. (2009b) did

not observe chiral selective biodegradation in two German agricultural soils.
1.6.2 Structure-Biodegradation Relationship

Given the large number of NP isomers, it is intuitive to explore the structure-
biodegradation relationship to screen out the most recalcitrant isomers. Gabriel et al.
(2005a) concluded that highly branched isomers had higher biodegradation rates after
investigating the degradation of NPi115, NPg3, NPy, NP, and NP1 by Sphingomonas
xenophaga Bayram. However, after testing additional isomers with the same bacterial
strain, the authors concluded that degradation was more efficient when a-substituents

were less bulky and followed the order: a-dimethyl > a-ethyl-a-methyl > a-ethyl-a-
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methyl-B-methyl > a-methyl-a-n-propyl > a-iso-propyl-a-methyl > a-methyl-a- sec-butyl.
On the other hand, the authors maintained that their former conclusion held as a general
principle except when the a-substituents were too bulky (Gabriel et al., 2008). Other
studies also found that isomers with a-dimethyl and a-ethyl-a-methyl had higher
biodegradability (Das and Xia, 2008; Ikunaga et al., 2004). Hao et al. (2009) evaluated
the relationship between NP isomer biodegradation rates and their molecular connectivity
indexes %" and *x"pc, and showed that a bulkier structure and short nonyl moiety would
result in lower degradability. However, in their study, only 4 isomers were considered,

and the derived empirical model thus lacks the necessary robustness.
1.6.3 Biodegradation Mechanisms

The different biodegradation kinetics of NP isomers may result from their different
biodegradation mechanisms. The biodegradation mechanisms of NP isomers by bacterial
strains Sphingomonas xenophaga Bayram (Gabriel et al., 2007; Gabriel et al., 2005a;
Gabriel et al., 2005b; Gabriel et al., 2012) and Sphingomonas sp. strain TTNP3 (Corvini
et al., 2005; Corvini et al., 2007; Corvini et al., 2004a; Corvini et al., 2006; Corvini et al.,
2004b; Corvini et al., 2004c) have been well evaluated and further summarized by
Gabriel et al. (2008) and Corvini et al. (Corvini et al., 2006; Gabriel et al., 2008;
Kolvenbach and Corvini, 2012). The initial step was ipso-hydroxylation at the para
position. According to Gabriel et al. (2008), the bulk a-substituents may affect the
biodegradation Kinetics in two ways: electronic effects and steric effects. The bulky

substituent may increase the electron density at the para-position and thus facilitate the
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electrophilic addition of oxygen species and finally increase the biodegradation rate. On
the other hand, the bulky substituent may increase the steric hindrance and thus decrease
the biodegradation rate. The NP isomers with bulky a-substituents showed lower
biodegradation rates, suggesting that the steric effect was dominant. Nitrification of NP
isomers at ortho position was also an important pathway and it may count for up to 40%
of NP applied to soil/sludge system (Telscher et al., 2005). However, the nitrification rate
of different NP isomers are unkown. Alkyl-chain oxidation products of NP isomrers were
also found in the laboratory-scale membrane bioreactor (Cirja et al., 2006). Moreover,
biodegradtion of NP by fungi may involve - and then B-oxidation of the nonyl chain
(Corvini et al., 2006). Thefore, the importance of alkyl chain oxidation in the isomeric

selectivity of NP biodegradation merits investigation.

1.7 Objectives

The ultimate goal of this project is to obtain a systematic understanding of biodegradation
and chemical oxidation of individual NP isomers to better characterize NP’s
environmental attenuation mechanisms, identify potential advanced treatment options,

and improve risk assessment. The specific objectives are:

Objective 1: Investigate the isomer specific biodegradation kinetics of NP in river
sediments under controlled conditions and establish the structure-biodegradability

relationship.
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Hypothesis 1: Previous research has shown that the biodegradation of NP is important for
NP attenuation in various environmental compartments. Biodegradation studies of NP in
culture also showed isomer-specific characteristics. Thus, it may be anticipated that
biodegradation of NP in river sediments may also be isomer selective. Many different
methods have been used for describing the quantitative structure-biodegradability
relationships of other environmental contaminants. It may be further assumed that simple
molecular descriptors may be chosen to adequately describe the biodegradability of NP

isomers.

Objective 2: Evaluate isomer specific biodegradation kinetics of NP during wastewater

treatment in a laboratory simulated conventional activated sludge (CAS) bioreactor.

Hypothesis 2: Previous studies have shown that biodegradation of NP was isomer

selective by bacterial strains isolated from activated sludge. It may be hypothesized that
biodegradation of NP in activated sludge treatment processes with various

microorganisms should also be isomer selective.

Objective 3: Characterize the isomer specific chemical oxidation kinetics of NP by

KMnO4.

Hypothesis 3: Nonylphenol has been frequently detected in aquatic environments,
including source drinking water. Chemical oxidation processes were effective at
removing NP in water. However, no isomer specific reaction information has been

reported to date. It may be hypothesized that the oxidation kinetics of individual isomers
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may be different because of different reactivity among the isomers. The relative reactivity
by oxidation may further differ from that of biodegradation due to different reaction

mechanisms.

Objective 4: Explore the chemical oxidation kinetics of NP and octylphenol by soil

manganese dioxides (MnO;) and establish the reaction pathways.

Hypothesis 4: Nonylphenol is introduced into soil when NP-containing sludge is applied
to fields. It is known that manganese dioxides play a key role in the abiotic degradation
of phenolic compounds in soil. It may be hypothesized that oxidation by MnO, may also

be an important pathway for the natural attenuation of NP in soil.
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Tables

Table 1-1 Names, structure, side chain length and o and [ substituents of representative 4-nonylphenols

#Sﬁ:g; Structure  Juelich nomenclature name IUPAC name ;ggfe‘\c/: c:;(rjlier;g (:Shlgi?] aSubstit.SuEstit
system length
NPo [y dimethyﬁ;([-:‘tti/-l]phenol 4_(2_?|§th>:r?cc)|tan_2- 2eNP - 7-11(1) 7 Me,Me None
NPss /QXK\A trimethA;/-I[hléi;/zl]-phenol 4-(2,3-d)i/rlr)]§1r:a>r/1lgleptan-2- 232NP 6-1,1,2(1) 6 Me, Me ~Me
NP e trimethA;/-I[hléi;/?i]-phenol 4'(2’4"]'%8@:2?“&”'2' 242NP 6-1,13(1) 6  Me Me None
NP7 w trimethA;/-I[hléi;i]-phenol 4-(2,5-d)i/r|7)1;';]f;);]lgleptan-2- 252NP - 6-1,1,4(1) 6 Me, Me None
NPse M trimethA;/-Iﬁéi;/?]-phenol 4-(2,6-d)i/rlr)]§:1r:a¥1lgleptan-2- 262NP6-1,1,5(1) 6 Me, Me  None
NPss @)ww met?w;/[lﬁgg}l]lg)ﬁenol 4-(3-$I§th)gr?cc>ran-3- 33NP 6-1(2).1(1) 6 Me, Et  Me
NPog M tetrame?r;glllble,gfj[]phenol 4-(2’5,5-;[/rli)r;ﬁ(te}r]1)(l)llhexan-2- 2552NP 1,1,2,-4(1) S Me, Me None
NP110 J@)SN dimg';fE)l/iggRt/;/ﬁbi—enol 4-(3,4-d)i/r|T;SL:)r/1|2|eptan-3- 343NP 1(2),51-,2(1) > Me, Et 'I\\/I/I%
NP @HD” dimgt_r%[gm;ﬁbi—enol 4-(3'5_d;i/r|?pe)th?ggf PRI 3sanp 1(2),51-,3(1) 5 MeEt Me
NP1z @Y dimg'[-r[l)lligat:it/!/_ﬁﬁ;enol 4-(3,6-d>i/r|r)1§':]f2r/]|2|6ptan-3- 363NP 1(2),51-,4(1) S Me Et  Me
T o U




LE

NP125
NP143
NP1s;
NP193

NP194

TEEIE

4-[3-ethyl-1,1-
dimethylpentyl]phenol
4-[1-isopropyl-1-
methylpentyl]phenol
4-[1-methyl-1-n-
propylpentyl]phenol
4-[1,2-dimethyl-1-n-
propylbutyl]phenol
4-[1,3-dimethyl-1-n-
propylbutyl]phenol

4-(4-ethyl-2-methylhexan-2-

4E22NP
yl)phenol
4-(2,3-dimethylheptan-3- 233NP
yl)phenol

4-(4-methyloctan-4-yl)phenol ~ 44NP
4-(3,4-dimethylheptan-4-

344NP
yl)phenol

4-(2,4-dimethylheptan-4- S44NP
yl)phenol

Me, Me None

Me,
Me

Me, Pr Et

Me! i'PI’

Me, Pr Me, Et

Me, Pr Et




Table 1-2 Analysis of nonylphenol isomers by gas chromatography

Isomers identified

Instrument  Detectors Column References
/separated
MSD Primary :HP-5 MS (30m>0.25mm, 0.25pm) (Vallejo et al., 2011)

GOGL FID Secondary:DB-17MS (5m>0.25mm, 0.25pm) unknown/79

GC MSD BPX5(30m>0.25mm, 0.25pm) 15 (Wu etal., 2010)
Primary: DB-5 MS (30 mx0.25 mm, 1.0 pm ) i (Eganhouse et al.,
GCGC TOFMSD Secondary: Supelcowax 10 (2.0mx 0.1mm, 0.1 pm) 18/153-204 2009)
GC MSD HP-5 (30 mx0.25 mm, 0.25 um ) 15 (Katase et al., 2008)
MSD (Horii et al., 2004; 1SO
GC EID DB-5 (30 mx0.25 mm, 0.25 pm ) 13 2009)
GC MSD DB-17(30 mx0.25 mm, 0.25 pum) 18/40 (Gabriel et al., 2008)
Primary: VF-5MS (30 mx0.25 mm, 0.25 um )

GC>GC ToFMSD Secondary VF-23MS (1.6 mx0.1mm, 0.1 um ) 13/40 (Moeder et al., 2006b)
GC MS-MS HP-5 MS (30m>0.25mm, 0.25pm) 18/35 (Moeder et al., 2006a)
GC MS DB-5 (30m>0.25mm, 0.25pm) 11/14 (Kim et al., 2005)

Primary: DB-5(30 mx0.25 mm, 1 um ); secondary:

GC>xGC MS DB-WAX (1 mx0.1 mm, 0.1 m ) 13/102 (leda et al., 2005)

GC MS Petrocol DH (100 m x0.25 mm i.d. 0.5 pum) 10/21

GC MS Petrocol DH (100 m x0.25 mm i.d. 0.5 pm) unkown/22 (Wheeler et al., 1997)




Table 1-3 Relative estrogenic activities of synthetic 4-a-quaternary nonylphenol isomers

Puy- Cormio . . .
Chemicals Azurmendi etal., Gabrzlgggt al., lﬁcrlny;(%% Mlaklzrg)%gt
etal, 2014 2011 etal., al.
tNP source Fluka None Fluka TKK* TCI
Assay YES YES YES YES YES
Concentration Concentration
used for ECsy MEC ECs showing ECsg of MEC ECs
calculation E2
E2 3168 964 1389
tNP 1 1 1 1 1
NP, 1
NPy 0.95 0.54 0.023 0.46
NP3s5 0.65 0.78
NP3 0.54
NP3, 0.67 0.67
NP3g 0.44
NPgs 0.18 0.26 1.28 0.25 0.44 0.36
NPos 1.87°
NPg4
NPgs 1.00
NP110ab 0.90/2.03
NP111a 5.97 0.78 0.53 0.53/0.75
NP112 1.87 0.45 0.23 0.60 0.57 0.47
NP119 3.18 4.68/4.68°
NP2 1.57 1.55
NP5, 0.70 0.71 0.64
NP179 0.56
NP193ab 0.28/1.22
NP1gs 0.49* 0.60/0.32°
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Table 1-3 Relative estrogenic activities of synthetic 4-a-quaternary nonylphenol isomers
(continued)

Katase et  Saito et al., Preuss et al.,

Chemicals al.. 2008 2007 Shioji et al., 2006 2006
tNP source TCI n.a. Kishida Acros
Assay YES YES Yeasttwo-hybrid  MVLN =
screen
Concentration used Concentration
for calculation MEC ECso showing ECy of E2 ECo  ECso
E2 444 1515 538 74074 24630
tNP 1 1 1 1 1
NP,
NPg 0.29 0.07
NP35 0.20 0.12
NP3 0.17 0.64 0.16
NP3; 0.14 0.15 0.15
NP3g 0.28 0.04 0.07
NPegs 0.06 0.11 0.45
NPg3
NPg4 3.0
NPgg 0.58
NP 110a/b
NP111a 0.16 0.70 0.18
NP1 0.11 0.51 0.16
NP119 1.12 4.5/4.5°
NP2 0.34 0.9
NP1s5» 0.12 0.08
NP179 0.76
NP193am
NP194 0.16 0.79/0.45

"Tokyo Kasei Kogyo Co
2Contains 17% NPgs

3For S- and R-enantiomers
*Contains 14% NP3
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Table 1-4 Isomeric composition (%) of different technical nonylphenol products

isomer Eganhouse et al., 2009
Chem Schen.
Acros  Aldrich Service  Flukaws'  Fluka Schen? HP?
1.2+0. 1.2+0.
NPq 1 1.0+0.1 1.3+0.1 1.1+£0.1 15+£0.1 13+0.2 1
NP3s
149+0 11.3+0. 109+0. 11.2+£0. 9.6+0.
NP3g g 6 11.2£0.5 8.0+03 6 4 6
NP37
NP3g
NPegs 2.1,2.0 1.8,1.7 2224 2.0,2.1 2.8,2.8 2.3,2.3 2224
NPgs
NP110a
NP 1105
6.1+0. 5.8+0.
NP111a 6 6.0+0.6 55+04 50+£02 56+05 54+02 9
7.0+0. 7.0+0.
NP111p 6 72+04 64+0.5 59+£0.5 6.6+x0.5 7.0+0.6 7
9.1+1. 10.6+1. 9.0+0.
NP1 0 8.4+0.7 92+0.8 73+0.6 0 9.4+0.9 9
NP119
NP12g
2.3+0. 2.4+0.

NP5 1 2.1+02 24+0.2 22402 29+£02 24+0.2 2
NP193a

NP193p
3.5+0. 2.9+0.0 41+00 44+0.

NP1g4 02 42+0.1 3.8+0.1 1 4.1+0.1 2 2

Part of this table is adapted and reorganized from Eganhouse, et al. 2009 (Table 2) with
permission of American Chemical Society.

'Obtained before 1980.

’Schenectady International Inc. technical product.

¥Schenectady International Inc. high purity product.

*Percentage of each isomer were based on the response on flame ionization detector.
According to Gabriel et al., 2008, assigned peak for NP1, contained NP1yg, peak for
NP119 contained NP5, and peak for NP1, contained NP143.
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Table 1-4 Isomeric composition (%) of different technical nonylphenol products
(continued)

isome Russ, et al.,

r 2005 Katase, et al., 2008 Horii et al., 2010*
Wako
Kanto Pure
Acro Fluk TC Aldric Fluk TC Aldric Chemic Chemic Kisid
S a I h a I h al al a
NPy 1 2 3 3.4 2.9
NP35 9.2 6.4 1.4 13 12 12,15 14 13
NP3 12 14 9.4 7 79 12 12 12,16 11 13
7.5,
NP3; 3 7 7.7 7.2 71 7.2 7.9 75,9.3 5.8 6.1
NPsg 2 5 3.9 4.4 4.4
NPe¢s 2 4 5.9 5.2 5 3 4,44 54,38 2.7 2.9
NPgg <<1 <1
NP110 7.6,
a 8.3 6.7 7.8,55 9.2 9.3
NP119
b 6.2 5755 38,35 7.2 6.5
NP111 6.5,
a 10 10 8.8 7.4 74 6.9 6.6 6.6, 6.8 6.9 7
NP111 6.6,
b 10 10 7.3 6 6.1 6.8 6.5 6.9 6.8 6.9
11.
NP11o 9 13 1 9.9 10.1 16 18,19 18, 19 14 14
6.8,
NP119 54 4.4 43 6.7 7.3 6.7,5.8 7.2 6.5
NP128 3 6 8.2 5.9 7.3
NP5, 3.2 3.6 3.3
NP193 3.4,
a 4 3.1 36,21 4.7 4.5
NP193 3.9,
b 4.4 3.7 4,3 5.2 4.8
4.8,
NP194 6.1 3.8 3.8 56 5.1 55,39 6.2 5.3
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Table 1-5 Occurrences of nonylphenol isomers in environment

Eganhouse et al.,

%

isomer 2009 Horii et al., 2004 Kim et al., 2005"
Hanamigawa
River Atakawa River Sea water
River 7 km 12 km
WWTP effluent 2 3 4 5 6 7 8 9 10 mouth offshore offshore

NPg 1120

NP3s 450 10 100 14 11 19 57 27 18 4.3 2.2 1.3
NP3 3970 380 13 74 11 13 15 45 6.9 18 6.4 2.6 1.1
NP37 170 3.9 46 38 44 55 21 17 76 1.7 1.2 0.7
NPgs 1100 100 3.6 16 3 26 29 75 0.63 28 3.1 0.7 0.4
NP110a 780 24 60 23 23 22 40 8 21 3.9 2.7 0.9
NP110p 570 18 62 16 15 17 34 5 16 2.7 1.8 0.8
NP111a 2100 430 13 48 13 15 14 22 55 15 3.2 2 1
NP111p 2400 580 18 74 17 21 18 37 8 21 3.7 2.3 1.2
NP11o 3670 470 13 87 12 15 15 45 69 18 8 3 1.6
NP119 440 9.3 44 11 10 12 23 49 12 2.4 1.3 0.5
NP5, 1460
NP193a 350 17 31 17 13 15 22 6.3 13 5.7 2.5 1.1
NP193p 450 26 50 27 22 23 34 10 21 2.8 2.6 0.2
NP1g4 1400 270 11 27 13 10 12 11 54 10 1.6 1.6 0.6

"These studies based on the similar method. Concentrations of each isomer were based on the response on flame ionization
detector. According to Gabriel et al., 2008, assigned peak for NP1, contained NP1,g, peak for NP119 contained NPys,, and peak
for NP1104 contained NP143.
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Table 1-5 Occurrence of nonylphenol isomers in environment (continued)

isomer 1ISO 2009" Guruge et al., 2011
Riverwater Waste water Negombo  Kirillapone  Bire  Kelani Kandy
low high low high Lagoon Canal Lake River Lake

NPy

NP35 81.6 355 340.6 1455 9 47 178 9 51
NP3g 79.2 344 392.9 1358 10 58 195 11 58
NP3z 35 159 136.3 617 7.0 30 87 7.4 31
NPgs 17.2 69 117.9 322 12 9 44 2.9 24
NP110a 55.6 244 210.7 834 17 29 167 7.0 30
NP110p 36.9 183 259.5 924 8.2 10 88 3.9 21
NP111a 44.2 196 158 706 10 28 120 6.7 33
NP111p 45.7 196 165.8 686 13 40 170 9 43
NP112 934 414 358 1619 13 53 227 14 74
NP119 36.7 175 155.9 755 9 22 135 4.1 20
NP1s»
NP1934 26.2 122 951 442 13 13 141 5.2 20
NP193p 30.3 139 120.5 537 16 20 167 5.3 21
NP1g4 32.8 124 126.8 581 10 12 117 4.3 19




Table 1-6 Isomeric biodegradation of nonylphenol

Shan et al.,
Isomers 2011 Hao et al., 2009 Gabriel et al., 2008
synthetic tNP (Tokyo Kasei
Sources isomers Kogyo) tNP(Fluka)
sequencing batch Minimal Medium with Sphingobium
Matrix soil reactor xenophagum Bayram
Conditions oxic oxic oxic
Parameters  Half life (d) Removal rate (%) 9 Day removal rate (%)
NP, 1.4
NPy 96.1
NP3s5 97.6
NP3g 75.4 98.8
NP3, 96.6
NP3 2.1 99.3
NPgs 5.8 81.0
NP110a 775
NP1100 76.3
NP1112 10.3* 42.9° 94.0
NP111p 10.3* 42.9 90.4
NP11o 8.4 98.2
NP119 99.7
NP12g 99.7
NP143 52.2
NP5 56.2
NP179 40.7
NP193a 31.3
NP193p 30.5
NP194 36.2 61.8

" Mixture of NP111,and NP1
2 Not SpeCifiEd if it was NP1112 or NP111p.
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Chapter 2 Isomer-Specific Biodegradation of Nonylphenol in River Sediments and

Structure-Biodegradability Relationship

2.1 Introduction

Nonylphenol (NP) is a high production volume chemical for manufacturing nonylphenol
ethoxylates (NPEQs) - the most widely used nonionic surfactants (Soares et al., 2008;
Ying et al., 2002). Nonylphenol ethoxylates may degrade to NP through nonylphenol
monoethoxylate and nonylphenoxyethoxy acetic acid (Giger et al.,, 2009). The
consumption and production capacities of NP in 2006 in the United States were 163
thousand tones and 194 thousand tones, respectively(Anonymous, 2007). It was
estimated that approximately 60% of NP was released into the aquatic environment via
discharge of wastewater treatment plant (WWTP) effluents (Ying et al., 2002). Because
of its high octanol-water partition coefficient (average log Ko 4.48) and organic carbon
partition coefficient (log Koc 5.2240.38) (Ying et al., 2002), the bed sediment of surface
aquatic systems is the primary environmental sink of NP (Mao et al., 2012; Soares et al.,
2008; Writer et al., 2011; Ying et al., 2002). For example, Writer et al. (2012) reported
that the NP concentration was 140 pg/kg in the sediment of Redwood River, Minnesota,
downstream of a WWTP. Rice et al. (2003) reported NP concentrations ranging from 75
to 340 pg/kg in sediments from Cuyahoga River, Ohio. Nonylphenol is known as an
environmental estrogen (Soares et al., 2008) and even at extreme low levels (0.022 to 220
ng/L), NP may increase cytokine secretion in human placenta which may result in

implantation failure, pregnancy loss, or other complications (Bechi et al., 2010).
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Nonylphenol biodegradation in sediments has attracted considerable attention, as it
affects the potential for NP secondary pollution and food chain accumulation (Chang et
al., 2004; De Weert et al., 2010; De Weert et al., 2011; Lalah et al., 2003; Sarmah and
Northcott, 2008; Writer et al., 2011; Yuan et al., 2004). For example, Yuan et al. (2004)
reported that the half-lives of NP in four river sediments under oxic conditions varied
from 13 to 99 d. However, a few other studies showed that NP was highly persistent in
sediments, especially under anoxic or reduced conditions (De Weert et al., 2010; De
Weert et al., 2011; Shang et al., 1999). Shang et al. detected NP in marine sediment cores
near a Canadian coast which may date back to 1960s, with the estimated half-life longer

than 60 years (Shang et al., 1999).

Technical nonylphenol is a complicated mixture of alkylphenols and about 86-94% is
comprised by 4-NP. Up to 66 4-NP isomers have been identified, of which 21 major
components are all a-quaternary isomers and one of the 6 significant minors is identified
as o-tertiary isomer (Eganhouse et al., 2009). A few recent studies started to further
indicate that there exists isomer specificity in the estrogenicity and biodegradability of
the numerous isomers contained in the technical NP mixtures. The estrogenicity of some
NP isomers was found to differ as much as 85 times (Gabriel et al., 2008). Gabriel et al.
(2008) evaluated the degradation of a-quaternary NP isomers by Sphingobium
xenophagum Bayram, a bacterial strain isolated from activated sludge. After incubation
for 9 d, 99.7% of NP125 and NP1;9 was removed, while only 30.5% of NP3, dissipated.
In an oxic rice paddy soil, the half-lives of 4 a-quaternary isomers followed the order of
NP111 (10.3 d) > NP11» (8.4 d) > NPg5 (5.8 d) > NP3g (2.1 d) (Shan et al., 2011). However,
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to date, isomer specificity during biodegradation of NP in sediments has yet to be
characterized. The negligence of isomer specificity is also evident from the use of 4-n-NP
as the surrogate for NP, even though 4-n-NP tends to have much greater biodegradability
and lower estrogenicity (De Weert et al., 2011; Sarmah and Northcott, 2008). Therefore,
systematic information about isomer-specific biodegradation of NP in sediments is
imperative for improving our ability to better predict the fate and risks of NP in the

environment.

The objectives of this study were to compare biodegradation kinetics of a large suite of
NP isomers in river sediments under oxic or anoxic conditions and to explore the

structure-biodegradability relationships using simple molecular descriptors.

2.2 Materials and Methods

2.2.1 Chemicals

Technical NP (tNP), a mixture of NP isomers with branched side chains (CAS No.
84852-15-3) was purchased from TCI America (Portland, OR). Isomers NP3s, NP3,
NP119, NP1 and NPigs (10 mg/g in hexane; >95% purity) were obtained from
ChemCollect GmbH (Remscheid, Germany). Isomers NP3g (48.2 mg/g), NPgs (59.5
mg/g), NP111 (49.5 mg/g) and NP1, (48.52 mg/g) in methanol were kindly provided by
Prof. Rong Ji at Nanjing University, China. 4-n-Nonylphenol (>98%, CAS No. 104-40-5)
was from Alfa Aesar (Ward Hill, MA). 4-tert-Octylphenol-3,5-d2 solution (CAS No.

1173021-20-9) in acetone (1 pg/mL) was from Sigma-Aldrich (St. Louis, MO). Gas
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chromatography (GC) grade hexane, acetone and methylene chloride, calcium chloride
dihydrate (99-105%) and Ottawa sand were from Fisher Scientific (Fair Lawn, NJ).
Sodium azide (99.7%) was from Mallinckrodt Baker (Phillipsburg, NJ). Reagent water
(18.3 M.cm resistivity) was prepared using a Barnstead Nanopure water system

(Barnstead, Dubuque, 1A).

2.2.2 Sediment Collection and Characterization

Two surface sediments (0-5cm) were grab-sampled from Santa Ana River in Southern
California. Sediment A was from a location in the upper river located in the San
Bernardino National Forest (Latitude, Longitude: 34.165228, -117.015170). Sediment B
was from a middle segment of the river located about 200 m below the outlet channel of
Prado Dam in Corona, California (Latitude, Longitude: 33883195, -117.646555).
Sediments were collected manually using a shovel, and transported to the laboratory
within 4 h of collection. The sediment samples were drained of free water, wet sieved (<
2 mm) and stored at 4 <C before use. Sediment properties including texture, carbon
content (loss on ignition) and cation exchange capacity were analyzed using standard

methods (Table 2-1). There was no detachable NP residue in both sediments.

2.2.3 Sediment Incubation Experiments

For aerobic incubation, 10 g (dry weight equivalent) sediment and 5 mL of 0.01 mol/L
CaCl; solution were added into 125-mL amber glass jars. These samples were acclimated

for 3 d and then 50 puL of 1000 mg/L tNP in acetone was added. The spiked samples were
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gently vortexed for 1 min, and loosely covered with aluminum foil. The water loss from
each sample vial was checked every other day by weighing and deionized water was
added when significant water loss occurred. The sample containers were gently vortexed

periodically to ensure adequate aeration during the incubation.

For anaerobic incubation, the setup was similar to that in Lin et al.(Lin et al., 2008)
Amber glass vials (40 mL) were filled with 10 g sediment (dry weight equivalent) and 5
mL of 0.01 mol/L CaCl, solution and then the uncovered vials were placed in a plastic
glove chamber (Cole Parmer, Vernon Hills, IL), flushed with nitrogen by alternately
inflating and deflating the glove chamber for several times. After equilibration in the
inflated glove chamber for 1 d, vials were tightly closed with screw caps with Teflon-
lined butyl rubber septa in the glove chamber and these samples were further acclimated
for 12 d to ensure anoxic conditions. The sample vials were taken out of the glove
chamber and then 50 pL of 1000 mg/L tNP in acetone was spiked using a micro-syringe.
The spiked samples were gently vortexed for 1 min and then returned to the nitrogen-
filled glove chamber. The glove chamber was checked daily and filled with more

nitrogen if noticeable deflation occurred.

The sterilized control treatments were prepared by steam autoclaving at 121 <C for 45
min each day and for 3 consequent days. The sterilized sediment samples were also
amended with 200 mg/L sodium azide, and then included in both the aerobic and
anaerobic incubation experiments using sediment A. All the samples were incubated at

the room temperature (2140.8 <C). At selected time intervals (0, 1, 3, 7, 14, 21, 35, 56
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and 84 d), 3 replicate samples from each treatment were randomly removed and were
immediately transferred to a -70 <C freezer to stop the degradation. Additional samples of
sediments A and B under both oxic and anoxic conditions were sacrificed for
measurement of redox potential and pH at the same time intervals (Table 1). Redox
potentials were measured by inserting a Thermo Orion 9197B Triode ORP electrode
vertically into the sediment sample through the sediment-water interface and reading (in
mV) was recorded after the reading was stabilized. The electrode was calibrated with
Thermo Orion ORP standards and connected to a Thermo Orion 250 A plus portable
meter (Fisher Scientific, Fair Lawn, NJ). For the anaerobic samples, the redox potentials

and pH were measured in the glove chamber under anoxic conditions.

2.2.4 Sample Preparation and Analysis

The frozen sediment samples were freeze-dried for 3 d and then stored at 4 <C before
extraction on a Dionex accelerated solvent extraction system (Dionex ASE 350,
Sunnyvale, CA). Aliquots of the freeze-dried sediment samples (2 g) were packed into
11-mL stainless steel extraction cells along with Ottawa sand and the packed cells were
preheated for 5 min followed by 5 min static extraction (50 <C and 1500 psi). Two
extraction cycles were used with 60% rinse volume and acetone-hexane (1:1; v/v) as
solvents. Finally, the extraction cells were purged with nitrogen for 100 s. The extract
was concentrated to about 1 mL under a gentle nitrogen stream and cleaned up with
Thermo Scientific HyperSep Florisil SPE columns (Fisher Scientific, Fair Lawn, NJ)

with 5 g sorption bed. The cartridges were preconditioned with 25 mL hexane before
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sample loading. The retained NP was eluted with 35 mL methylene chloride. The extract
was concentrated under nitrogen to about 1 mL and added with 5 mL hexane, followed
by concentration to about 1 mL. The final extract was transferred to 2-mL autosampler
vials. The samples were stored at -20 <C before analysis. A surrogate (50 uL 10 mg/L 4-
n-NP in acetone) was spiked before the ASE extraction and an internal standard (25 pL 1
mg/L 4-tert-octylphenol-3,5-d2 in hexane ) was added before the gas chromatography-

mass spectrometry analysis.

The separation and identification of NP isomers were carried out on an Agilent 6890 gas
chromatography coupled with 5973 mass spectrometer (Agilent, Santa Clara, CA).
Briefly, samples (2 L) were introduced into the inlet at 250 <C and the separation was
achieved on a DB-5MS Ultra Inert capillary column (60 m x 0.25 mm x 0.25 um, Agilent,
Santa Clara, CA). The carrier gas was helium (99.999%) and the flow rate was set at 1.0
mL/min. The column temperature was programmed initially at 80 <C for 0 min, then
ramped to 160 <C at 10 <T/min and held for 42 min, and further ramped to 300 <TC at
30 <T/min and held for 3 min. The mass spectrometer was operated in the electron
ionization-selective ion monitoring (SIM) mode at 70 eV. The ions with m/z 137 and 107
were used for the quantification of the internal standard and recovery surrogate,
respectively. lons with m/z 121, 135, 149, 163, 177 and 191 were used for the
quantification of different NP isomers. For the identification of NP isomers, both a full
scan mode (m/z 40 to m/z 800) and the SIM mode (m/z 107, 121, 135, 149, 163, 177, 191
and 220) were employed. A total of 19 a-quaternary isomers (Table 2-2), including 6
diastereomers (denoted as a and b), were separated and identified by comparing the
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retention time, total ion chromatogram peak intensity and fragmentation patterns against
the available authentic NP isomer standards and/or chromatographic and mass
spectrometric characteristics of NP isomers in the published studies.(Thiele et al., 2004;
Wheeler et al., 1997; Zenkevich et al., 2009) The recovery for the recovery surrogate 4-n-
NP was 10236 % and the recoveries of the various NP isomers were 8743 %. There was

no significant difference among NP isomers in the method recovery.

2.2.5 Calculation of Molecular Descriptors

The topological steric index was calculated according to Cao et al.(Cao and Liu, 2004)
Common topological indices, such as the molecular connectivity chi indices, kappa shape
indices and information indices were calculated by Molconn-Z (version 4.12S, eduSoft,
La Jolla, CA). The detailed list and definitions can be found in the software user’s
guide(Lowell H. Hall et al., 2008) and the definitions can also be found in Todeschini et
al.(Todeschini et al., 2009) To obtain information-rich descriptors, all the descriptors
were checked to ensure that there was a variation in the values and then pairwise
correlations were used to further check the colinearity of the remaining descriptors. For
each pair that had correlation greater than 0.995, only one descriptor was kept. Values of
all 57 descriptors are given in the Supporting Information (SI, Table S 2-1). In total, 18
isomers (NPx was not included since the structure was not fully identified, see below)
were randomly split into training set (12 isomers) and validation set. Since the number of
descriptors was much larger than the number of isomers and also the colinearity among

the descriptors, partial least square (PLS) regression was carried out using SPSS Statistics
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21.0 with the PLS extension module (IBM, New York, NY) to establish the relation
between the half-lives and molecular descriptors. The PLS analysis has features from
both principal component analysis and multiple linear regression. The dependent variable
(YY) and independent variables (X) are all used to extract the latent factors which may
explain the maximum covariance between Y and X followed by a regression step that
predicts Y values using the latent factors (Wold et al., 2001). The PLS results including
the proportion of variance explained, parameter and importance in the projection of each
molecular descriptor can be found in SI Table S 2-2-6. All other statistics including t-test,

linear regression and linear correlation were also carried out using SPSS Statistics.

2.3 Results and Discussion

2.3.1 Degradation under Oxic Conditions

Biodegradation of NP isomers in sediment A under oxic conditions was found to be
generally efficient and clearly isomer-specific (Figures 2-1A and 2-2). In the sterilized
control group, there was no significant change in NP concentrations, indicating that
biodegradation was responsible for the observed NP disappearance. Nonylphenol isomers
underwent an initial phase (14-21 d) of fast degradation, with half-lives ranging from 0.9-
13.2 d, which was followed by a slower second phase. For example, NP3zg exhibited first-
order decay with a half-life of 2.9 d for the initial 14 d but did not dissipate noticeably
thereafter (Figures 2-1A). The degradation of NP1j0, and NPig3, was slower than the

other isomers during the initial phase, with half-lives of 9.8 and 12.6 d, respectively.
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Yuan et al. (2004) studied the aerobic biodegradation of tNP in the sediments of Erren
River in Taiwan and the half-lives measured in the four different sediments were 13.6
(upper river sample), 77.0 (mid-section), 99.0 and 63.9 d (lower river), respectively. The
half-life in the upper river sediment was comparable to the values in sediment A while
half lives in the other sediments in their study were much longer than those observed in
this study. When cultivated with bacterial strain Sphingobium xenophagum Bayram in a
minimal medium under oxic conditions, biodegradation of 1 mg/mL tNP was shown to be
isomer-specific and generally the half-lives were shorter than those found in this study.
For example, 77.5% of NP110, Was degraded after 9 d while in this study, the half-life of
the same isomer was 11.6 d (Gabriel et al., 2008). More interestingly, the general pattern
in the biodegradability of NP isomers by Sphingobium xenophagum Bayram was similar
to that in sediment A, i.e., if a NP isomer was recalcitrant to transformations by
Sphingobium xenophagum Bayram, it was also more persistent in sediment A, and vice
versa. For example, after 9 d of incubation, the degradation percentages of NPg, NP143
and NP1g3, were 96.1, 52.6 and 30.5%, respectively, while the corresponding half-lives in
sediment A were 0.9, 11.6 and 12.6 d, respectively. In an oxic soil, the half-lives of four
NP isomers followed the order of NP11; (10.3 d) > NP;12 (8.4 d) > NPgs (5.8 d) > NP3
(2.1 d) (Shan et al., 2011), which was also consistent with the order found in this study
for the same isomers, 9.8 and 9.1 d for NP1114, respectively, 6.3 d for NP1;,, 3.2 d for
NPgs, and 2.9 d for NPss. In a sequencing batch reactor with about 80 pg/L tNP in
simulated wastewater, the degradation percentages for NP1g4, NP111 and NP3 were 36.2,

42.9 and 75.4%, respectively (Hao et al., 2009), a trend again mirroring that in the
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present study for these isomers. Therefore, observations from this and other studies
suggest that there may be intrinsic, structurally based properties influencing the
degradability of NP isomers. Thus, it is valuable to explore a possible structure-

biodegradability relationship to better describe degradation of NP isomers.

2.3.2 Degradation under Reduced Conditions

When sediment B was incubated under the “oxic” conditions, the actual redox potential
was measured to be about 255 mV (Table 2-1), as compared to 413 mV in sediment A
under the same conditions. The redox potential in sediment B was reflective of nitrate
reducing conditions (DeLaune and Reddy, 2005) and may be in fact referred as
“anoxic”(Chang et al., 2004; De Weert et al., 2011) or “facultative” (DeLaune and Reddy,
2005). Given that both sediments A and B were exposed to the same conditions, the
lower redox potential in sediment B was likely due to its properties such as its higher
organic carbon content and lower sand content (Table 2-1). In sediment B, the NP
isomers underwent stagnant degradation during the first 7-14 d, which was followed by a
faster degradation phase with half-lives varying from 15.1 to 20.1 d (Figure 2-1B and 2-
2). The overall half-lives of NP isomers in sediment B were much longer than those in
sediment A under the same conditions. For example, the half-lives of NP3g in sediments
A and B were 2.9 and 16.3 d, respectively. Moreover, NP biodegradation in sediment B
appeared to be less isomer-specific as compared to that in sediment A (Figure 2-2). In
addition, compared to sediment A from the upper reach of the Santa Ana River, sediment

B was likely well acclimated to NP contamination, as the river receives effluent
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discharged from multiple WWTPs. This site-specific biodegradation may be attributed to
different indigenous microbial communities and activities dictated by environmental
conditions such as redox potential (Corvini et al., 2006). A precise characterization of
nonylphenol-degrading microorganism communities, activities or specific enzymes in
sediments A and B is beyond the scope of this study. Chang et al. (2004) reported that the
biodegradation half-life of tNP under nitrate reducing conditions in a NP-acclimated river
sediment was 20.4 d, which was similar to the results in this study. In the nitrate reducing
soil, less than 1% of NPi;; was mineralized while up to 30% of radioactivity was
recovered as metabolites after 75 d incubation (Liu et al., 2008). However, Der Weert et
al. observed no degradation of tNP during 703-d incubation of a nitrate reducing river
sediment (De Weert et al., 2011). These different observations may be again attributed to

different indigenous microbial populations.

Biodegradation of NP isomers was extremely slow in both sediments exposed to nitrogen
(Table 2-2). The redox potentials of sediment A and B incubated under nitrogen were -92
and -122 mV respectively (Table 2-1), indicating sulfate reducing conditions (DeLaune
and Reddy, 2005). In sediment A, the estimated first-order half-lives of all NP isomers
were greater than 200 d (Table 2-2), while in sediment B, no detectable degradation
occurred for any of the isomers after 84 d. Therefore, NP isomers were extremely
persistent under anoxic conditions in this study. De Weert et al. observed a lack of
biodegradation of tNP under sulfur reducing and methanogenesis conditions in a river
sediment (De Weert et al., 2011). Marine sediment core samples taken from the Strait of
Georgia, British Columbia, Canada, suggested that if NP were incorporated into marine
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sediments, it would remain intact in the sediment for decades.(Shang et al., 1999)
Therefore, observations from this and earlier studies consistently suggested prolonged
persistence of NPs in sediments under reduced conditions, or that significant attenuation

may occur only in well oxidized sediments.

In this study, only a-quaternary isomers were quantified and the half-lives were also only
obtained for these isomers. Gabriel et al. found that a-tertiary isomers which are minor
components of technical NP had distinctive biodegradation pathways and metabolites
(Gabriel et al., 2005). The identification and quantification of the a-tertiary NP isomers
are difficult, especially in the complex sediment matrix. Future research should also

include a-tertiary NP isomers.

2.3.3 Structure-Biodegradability Relationship

In sediment A under oxic conditions, the biodegradability of NP isomers depended
closely on their structures (Figure 2-3). The half-lives of NP isomers in sediment A under
oxic conditions were used to explore the structure-biodegradability relationship. The side
chain length and a-substituent were the first factors examined. Apparently, NP isomers
with longer side chain appeared to be more susceptible to biodegradation and generally
had shorter half-lives (Figure 2-3A). For example, the half-lives for NP isomers with 6-
carbon side chain were 3.5 d (NP3s), 4.4 d (NP3g), 3.3 d (NP37), 2.9 d (NP3g) and 3.2 d
(NPgs) while the values for those with 4-carbon side chain were 13.2 d (NP1g3,), 12.6 d
(NP1g3p) and 11.5 d (NP194). Since the numbering of NP isomers followed the priority of

side chain length (Guenther et al., 2006), i.e., a smaller number means a longer side chain,
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the numbering of NP isomers may be used to roughly estimate their biodegradability. The
a-substitution also affected the biodegradability (Figure 2-3B). Generally, NP isomers
with less bulky a-substituents exhibited faster degradation, following the order of
dimethyl = ethylmethyl > methylpropyl ~ iso-propylmethyl. However, large variations
existed among the isomers with the same a-substituent, especially for NP isomers with
dimethyl and ethylmethyl substituents. Therefore, the a-substitution alone cannot be used
as a good indicator for the recalcitrance of NP isomers. The side chain length and a-
substituent were also found to influence the biodegradability of NP isomers by
Sphingobium xenophagum Bayram (Gabriel et al., 2005; Gabriel et al., 2008). Less bulky
a-substituents also resulted in faster biodegradation by Sphingobium xenophagum
Bayram (Gabriel et al., 2008). A few other studies also reported the biodegradability of
NP isomers (Hao et al., 2009; Shan et al., 2011); however, as only a few isomers were

considered in those studies, analysis of trends was infeasible.

The side chain length is a discontinuous variable and a-substitution type is a categorical
variable, and therefore both are not optimal for inclusion in a quantitative structure-
biodegradability relationship. In the biodegradation study with Sphingobium xenophagum
Bayram, it was proposed that the isomer-specificity may be related to the ipso-
hydroxylation rate at the para-position, i.e., where the side chain is attached to the
benzene ring and further governed by the steric hindrance of the side chain (Gabriel et al.,
2008). Therefore, a simple topological steric index describing this steric hindrance may
explain the isomer-specificity (Cao and Liu, 2004). Moreover, numerous commonly used
topological indices containing information on the size, branching, unsaturation, electron
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characteristics and polarity, among others, were also considered in this study. In general,
NP isomers with smaller steric index values had shorter half-lives (Figure 2-3C; linear
regression, R?=0.70); therefore, the steric hindrance likely contributed significantly to
different ipso-hydroxylation rates which in turn resulted in isomer-specific

biodegradation rates.

It is evident, however, that the steric hindrance index and half-life regression was still
fairly variable, with relatively wide 95% confidence intervals (Figure 2-3C). To identify
better molecular descriptors, 56 other topological indices were individually calculated
and regression with the measured half-lives was performed. The screening showed that
the mean information index for the magnitude of distance (Ipwbar) gave the best
regression fit (R?=0.88; Figure 2-3D). This index is considered an appropriate
measurement of branching degree, especially for isomers, with larger values indicating a
higher degree of branching (Bonchev and Trinajstic, 1977). As shown in Figure 2-3D, the
NP isomers with larger values of Ipwbar consistently displayed longer half-lives or lower
biodegradability. Compared to the steric hindrance index, Ipwbar was a better descriptor
for estimating the half-lives of NP isomers, as evident from the fact that the data points
were less scattered and the 95% prediction band was narrower (Figure 2-3C and D). Hao
et al. used molecular connectivity indices (chi indices) %" and 4xvpc to establish the
structure and biodegradability of 4 NP isomers (Hao et al., 2009); however, in this study,

regressions using these indices were found to be less satisfactory.
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To further improve the performance of structure-biodegradability relationships, a
combination of multiple molecular descriptors were used in the regression analysis. In
this study, the partial least squares (PLS) approach was used to establish the relationships
of half-lives of NP isomers and 57 molecular descriptors (Table 2-3 and SI Table S 2-2-
7). With 4 latent factors, the PLS model explained 91.6% X variance and 93.0% Y
variance (i.e., R?=0.93). The model gave reasonable estimates of half-lives of NP isomers:
for 12 isomers in the training set, the residue was from 0.3 to 2.0 d, while for 6 isomers in
the validation set, the residue was from 0.0 to 2.3 d (Table 2-3), suggesting the possibility
to use this model for more accurately predicting the half-lives of the other NP isomers.
Since a-quaternary 4-NP isomers are dominant in tNP (Eganhouse et al., 2009) and also
only these isomers were used to establish the model, the molecular descriptors and half-
lives were calculated only for a-quaternary NP isomers (S| Table S 2-7). The results
showed that some isomers were even more recalcitrant than those tested in this study. For
example, the estimated half-lives for NP,;; and NP2y, were 16.4 and 14.9 d, respectively,
while the longest half-life of the 19 isomers in this study was only 13.2 d (NP193,). Hence,
this or a similar model may be effectively used to provide guidance to test the most

recalcitrant NP isomers.

Results from this study showed that NP biodegradation in bed sediments was isomer-
specific, site-specific and affected greatly by the redox potential. While most NP isomers
were resistant to degradation in reduced sediments, under true oxic conditions, the half-
lives of NP isomers ranged from 0.9 to 13.2 d. The biodegradability under oxic
conditions was closely dependent on the structures of NP isomers. Isomers with short
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side chain and bulky o-substituents generally were more persistent. The degree of
branching as quantified by Ipwbar further improved the structure-biodegradability
relationship and should be further evaluated in its predictability of NP isomers under

different conditions.

2.4 Environmental Implications

Surface aquatic systems are often the primary sink of NP contamination due to the often-
practiced discharge of NP-containing WWTP effluents. This study provided direct
evidence to show isomer-specific biodegradation of NP in sediments, especially under
well aerated conditions. The isomer selectivity appears to be predictable using
regressions with single or multiple molecular descriptors. The isomer-specificity in NP
attenuation may result in selective accumulation of recalcitrant NP isomers in the bed
sediment and other environmental matrices such as the overlaying water due to sediment
resuspension and desorption of NP. The preferential attenuation of NP isomers in the
environment may further translate into selective exposure and bioaccumulation in aquatic
organisms. Therefore, consideration of isomer selectivity in biodegradation and
ecotoxicity may significantly improve the assessment of fate and risks of NP. The
molecular descriptor-based structure-biodegradability relationships may be used to
identify the most recalcitrant isomers, thus allowing a focused research effort on those

isomers posing the greatest environmental risks.
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Tables

Table 2-1 Textural and chemical properties of sediments used in this study and pH and
redox potentials (Eh) during aerobic and anaerobic incubations

. Texture (%) Eh (mV) pH
Sedime N oc CEC?* Sand Sil Cl Aerobic Anaerobi Aerobi Anaerobi
nt (%) (%)

t ay C C c
A 0.021 024 48 90 8 2 413 -92 7.0 6.8
B 0.21 1.87 210 52 27 21 255° -122 7.1 6.7

“Unit for CEC is meq/100g; °The measured Eh is indicative of nitrate reducing state.
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Table 2-2 Estimated first-order half-lives of nonylphenol isomers in an upper river
sediment under reduced conditions

Isomer [TUPAC name Half-life (d)
9 4-[1,1-dimethylheptyl]-phenol 514+160
35 4-[1,1,2-trimethylhexyl]-phenol 420+115
36"  4-[1,1,3-trimethylhexyl]-phenol 420498
37 4-[1,1,4-trimethylhexyl]-phenol 458+151
38" 4-[1,1,5-trimethylhexyl]-phenol 4974209
65"  4-[1-ethyl-1-methylhexyl]phenol 4674134
110a  4-[1-ethyl-1,2-dimethylpentyl]phenol 423499
110b  4-[1-ethyl-1,2-dimethylpentyl]phenol 521+131
111a'  4-[1-ethyl-1,3-dimethylpentyl]phenol 4754172
111b'  4-[1-ethyl-1,3-dimethylpentyl]phenol 4754169
112 4-[1-ethyl-1,4-dimethylpentyl]phenol 348482
119" 4-[2-ethyl-1,1-dimethylpentyl]phenol 4884151
128" 4-[3-ethyl-1,1-dimethylpentyl]phenol 367194
143 4-[1-isopropyl-1-methylpentyl]phenol 349472
152 4-[1-methyl-1-n-propylpentyl]phenol 385487
193a  4-[1,2-dimethyl-1-n-propylbutyl]phenol 343167
193b  4-[1,2-dimethyl-1-n-propylbutyl]phenol 373184
194" 4-[1,3-dimethyl-1-n-propylbutyl]phenol 514+160
X? 271454

!Isomers confirmed with authentic standards.
>The structure of this nonylphenol isomer was not fully identified; it may be NPg,, NPgg
or NPgs and the systematic name may be 4-[1,1,2,3-tetramethylpentyl]phenol, 4-[1,1,2,4-

tetramethylpentyl]phenol or 4-[1,1,3,4-tetramethylpentyl]phenol.
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Table 2-3 Predicted half-lives (T1/2, d) of nonylphenol isomers using partial least square

regression

Sample sets NP isomer Measured Ty, (d) Predicted Ty, (d) Residue (d)
9 0.9 1.1 -0.3
36 4.4 4.1 0.3
38 2.9 1.9 1.1
65 3.2 4.5 -1.3
110a 11.6 9.6 2.0

Training Set 110b 8.2 9.6 -1.4
111b 9.1 9.8 -0.6
119 9.6 10.4 -0.8
128 8.9 9.3 -0.4
152 12.0 10.6 1.5
193a 13.2 12.5 0.6
194 11.5 12.1 -0.6
35 3.5 4.9 -1.4
37 3.3 3.5 -0.2

. 111a 9.8 9.8 0.0

Validation Set 112 6.3 85 23
143 11.6 10.2 15
193b 12.6 12.5 0.1
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Figure 2-1 Degradation of representative nonylphenol isomers NP38, NP110a and
NP193b in an upper river sediment (sediment A) under oxic conditions and
a lower river sediment (sediment B) under slightly reduced conditions
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Figure 2-2 Isomer-specific degradation half-lives of nonylphenol isomers in an upper
river sediment (sediment A) under oxic conditions and a lower river sediment
(sediment B) under slightly reduced conditions
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Figure 2-3 Relationships of measured half-lives of nonylphenol isomers in an upper river
sediment under oxic conditions with (A) side-chain length, (B) a-substituent
type, (C) steric index and (D) mean information index for the magnitude of
distance IDWbar.

Each black dot represents a nonylphenol isomer; the black solid line is the regression ling;
the blue long-dash curve is the 95% confidence limit and the red short-dash line is the 95%
prediction limit. a-Substituent types: a, dimethyl; b, ethylmethyl; c, methylpropyl; d, iso-
propylmethyl.
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Supporting Information

Table S 2-1 Molecular descriptors for the 18 nonylphenol isomers identified

isomers  steric nclass nXx2 nXp3 nXp4 nXp5 nXp6 nXp7 nXp8 nXp9 nXpl0

9 1.443 13 21 23 24 27 26 19 12 10 8
35 1.477 13 22 26 26 29 27 20 12 8 6
36 1.456 13 22 24 27 28 27 18 14 10 6
37 1.448 13 22 24 24 29 27 18 12 12 8
38 1.445 12 22 23 24 27 28 18 12 10 10
65 1.477 14 21 25 26 29 28 21 12 8 6
110 1.510 14 22 28 29 30 27 22 12 6 2
110 1.510 14 22 28 29 30 27 22 12 6 2
111 1.488 14 22 26 28 31 27 20 14 8 2
111 1.488 14 22 26 28 31 27 20 14 8 2
112 1.481 13 22 25 26 31 28 20 12 10 4
119 1.488 13 22 27 29 30 26 20 14 8 2
128 1.459 11 22 25 27 30 26 18 14 12 4
143 1.510 13 22 27 28 31 28 22 12 6 2
152 1.488 14 21 25 28 31 28 21 14 8 2
193 1.517 14 22 28 30 31 27 22 14 4 0
193 1.517 14 22 28 30 31 27 22 14 4 0
194 1.496 13 22 25 30 31 28 20 16 6 0
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Table S 2-1 Molecular descriptors for the 18 nonylphenol isomers identified (continued)

isomers X1 X2 Xp3 Xp4 Xp5 Xp6 Xp7 Xp8 Xp9 Xp10 nXpcd

9 7.560 6.756 4.796 3.253 2.347 1.624 0.799 0.307 0.181 0.101  16.000
35 7.480 6.821 5.329 3.289 2421 1.577 0.686 0.257 0.116 0.075  23.000
36 7.454 7.043 4777 3.701 2.239 1.636 0.600 0.325 0.150 0.075  18.000
37 7.454 6.997 5.099 3.068 2471 1.651 0.642 0.265 0.198 0.099  18.000
38 7.416 7.231 4.724 3.212 2.227 1.815 0.652 0.294 0.156 0.133  17.000
65 7.620 6.421 5.161 3.405 2451 1.716 0.866 0.315 0.142 0.092  19.000
110 7.541 6.506 5.558 3.722 2.439 1.485 0.803 0.271 0.106 0.024  26.000
110 7.541 6.506 5.558 3.722 2.439 1.485 0.803 0.271 0.106 0.024  26.000
111 7.514 6.682 5321 3.497 2.605 1.544 0.718 0.339 0.140 0.024  21.000
111 7.514 6.682 5.321 3.497 2.605 1.544 0.718 0.339 0.140 0.024  21.000
112 7.476 6.897 5.102 3.245 2.650 1.661 0.759 0.279 0.188 0.048  20.000
119 7.518 6.672 5.250 3.788 2.546 1.438 0.647 0.314 0.140 0.024  24.000
128 7.492 6.832 5.091 3.530 2.569 1.491 0.605 0.295 0.212 0.048  19.000
143 7.503 6.721 5.336 3.441 2.608 1.626 0.822 0.297 0.130 0.029  25.000
152 7.620 6.464 4.924 3.642 2.677 1.671 0.818 0.385 0.172 0.029  19.000
193 7.541 6.522 5.475 3.777 2.549 1.512 0.764 0.382 0.076 0.000  26.000
193 7.541 6.522 5.475 3.777 2.549 1.512 0.764 0.382 0.076 0.000  26.000
194 7.476 6.959 4.697 3.934 2.528 1.672 0.679 0.450 0.110 0.000  20.000
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Table S 2-1 Molecular descriptors for the 18 nonylphenol isomers identified (continued)

isomers Xc3 Xc4 Xpc4d  knotp knotpv sumdell tetsl  htetsl htets2 diam muldiam rad mulrad
9 1483 0.204 2527 -0.927 -0.875 5,503 47.484 37.269 9.704 11 2 6 2
35 1548 0.167 3.596 -1.007 -0.955 6.075 45.614 38.650 10.163 10 2 5 1
36 1772 0.204 2777 -1.255 -1.196 6.072 46.204 38.246 10.012 10 2 5 1
37 1772 0.204 3.020 -1.012 -0.960 6.037 46.507 37.913 9.906 10 2 5 1
38 1892 0.204 2816 -1.047 -0.995 5.967 46.586 37.600 9.811 10 3 5 1
65 1.236 0.144 2764 -0.837 -0.748 5778 48.782 38.741 10.116 10 2 5 1
110 1.330 0.118 3.604 -0.992 -0.904  6.254 46.968 39.984 10.549 9 2 5 2
110 1.330 0.118 3.604 -0.992 -0.904  6.254 46.968 39.984 10.549 9 2 5 2
111 1524 0.144 3.119 -1.059 -0.964  6.221 47.489 39.520 10.375 9 2 5 2
111 1524 0.144 3.119 -1.059 -0.964  6.221 47.489 39.520 10.375 9 2 5 2
112 1644 0.144 3.053 -0.957 -0.868 6.147 47.686 39.126 10.244 9 3 5 2
119 1.488 0.167 3.362 -1.147 -1.077 6.164 46.291 39.303 10.363 9 2 5 2
128 1.688 0.204 2939 -1.128 -1.069 6.098 46.555 38.560 10.106 9 3 5 2
143 1414 0.118 3.642 -1.004 -0.921 6.184 47.021 40.031 10.530 9 2 5 2
152 1236 0.144 2589 -1.012 -0.910 5.856 49.189 39.440 10.298 9 2 5 2
193 1.330 0.118 3.510 -1.086 -0.986 6.287 47.296 40.428 10.660 8 3 4 1
193 1.330 0.118 3.510 -1.086 -0.986 6.287 47.296 40.428 10.660 8 3 4 1
194 1644 0.144 2715 -1.294 -1.186 6.214 47.718 39.905 10.462 8 4 4 1
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Table S 2-1 Molecular descriptors for the 18 nonylphenol isomers identified (continued)

isomers W Tg3 IDC IDWbar Si SHBa SwHBa Hmin Gmin  SHCsats SsssCH SaasC
9 497 0 376.985 6.660 72207 9.268 9.309 0.348 0.224 3.753 0.000 1.674
35 457 2 356.344 6.688 73.893 9.302 9.303 0.361 0.183 3.887 0.664 1.662
36 464 0 359.100 6.686 73.347 9.289 9.292 0.363  0.197 3.858 0.758  1.662
37 473 1 363.407 6.679 73.005 9.279  9.286 0.368  0.205 3.832 0.802 1.662
38 484 0 368.607 6.670 72645 9271 9.282 0.377 0.211 3.801 0.788 1.663
65 465 1 358.713 6.689 73.252 9.309 9.418 0.358 0.267 3.832 0.000 1.708
110 432 2 338.821 6.714 74881 9.337 9.402 0.378 0.226 3960 0.673 1.694
110 432 2 338.821 6.714 74.881 9.337 9.402 0.378 0.226 3960 0.673 1.694
111 441 2 343.468 6.709 74235 9323 9390 0.383  0.239 3922 0.749 1.693
111 441 2 343.468 6.709 74235 9.323 9.390 0.383 0.239 3922 0.749 1.693
112 452 1 349.554 6.700 73.752 9.313 9.384 0.393  0.248 3.884 0.753 1.694
119 437 0 342.123 6.710 74552 9.322 9.348 0.380 0.193 3944  0.710 1.675
128 453 0 351.230 6.697 73.686 9.297 9.308 0.387 0.199 3.889 0.795 1.666
143 436 2 340.226 6.713 74576 9.337 9.402 0374 0.226 3.938 0.614 1.694
152 449 0 346.043 6.709 73.666 9.328  9.463 0.374 0.276 3.867 0.000 1.721
193 425 2 331.365 6.724 75.071 9.348 9430 0.399 0.233 3976 0.664 1.702
193 425 2 331.365 6.724 75.071 9.348 9430 0.399 0.233 3976 0.664 1.702
194 436 0 336.547 6.718 74284 9.334 9.418 0.398  0.247 3926 0699 1.702
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Table S 2-1 Molecular descriptors for the 18 nonylphenol isomers identified (continued)

isome minSHaa minSsC  minSssC  minSsssC minSaas maxSHCs maxSsC  maxSssC  maxSaaC maxSsO
rs CH H3 H2 H C ats H3 H2 H H

9 1.211 2.241 1.220 0.000 0.352 0.572 2.283 1.339 2.037 9.268

35 1.217 2.236 1.260 0.664 0.348 0.616 2.322 1.294 2.040 9.302

36 1.214 2.240 1.200 0.758 0.348 0.589 2.325 1.293 2.036 9.289

37 1.213 2.248 1.201 0.802 0.349 0.579 2.312 1.268 2.034 9.279

38 1.212 2.271 1.204 0.788 0.349 0.574 2.278 1.293 2.032 9.271

65 1.217 2.240 1.154 0.000 0.357 0.579 2.328 1.313 2.060 9.309
110 1.222 2.240 1.138 0.673 0.352 0.621 2.333 1.255 2.061 9.337
110 1.222 2.240 1.138 0.673 0.352 0.621 2.333 1.255 2.061 9.337
111 1.219 2.245 1.141 0.749 0.353 0.593 2.325 1.230 2.057 9.323
111 1.219 2.245 1.141 0.749 0.353 0.593 2.325 1.230 2.057 9.323
112 1.218 2.243 1.143 0.753 0.353 0.583 2.321 1.255 2.055 9.313
119 1.219 2.246 1.210 0.710 0.350 0.631 2.309 1.268 2.049 9.322
128 1.215 2.265 1.213 0.795 0.349 0.593 2.289 1.248 2.039 9.297
143 1.222 2.234 1.214 0.614 0.352 0.600 2.333 1.260 2.061 9.337
152 1.219 2.239 1.209 0.000 0.359 0.579 2.346 1.275 2.070 9.328
193 1.223 2.237 1.192 0.664 0.354 0.616 2.344 1.201 2.067 9.348
193 1.223 2.237 1.192 0.664 0.354 0.616 2.344 1.201 2.067 9.348
194 1.221 2.235 1.199 0.699 0.354 0.589 2.336 1.204 2.063 9.334




Table S 2-2 Proportion of variance explained by partial least square regression

Statistics
Cumulative Y

Latent Cumulative X Variance (R-  Adjusted R-
Factors X Variance Variance Y Variance square) square

1 512 512 .816 .816 797

2 175 .688 .073 .889 .865

3 135 .823 .029 919 .888

4 .093 916 011 .930 .890
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Table S 2-3 Parameters of partial least square regression

Dependent Dependent Dependent
Independent _ Variables  Independent _ Variables  Independent _ Variables
Variables half_life Variables half life Variables half_life
(Constant) -366.385 Xp9 5.326 Si 131
steric 3.635 Xp10 -5.055 SHBa 5.296
nclass -.141 nXpc4 .019 SwHBa 2.116
nXx2 .049 Xc3 -.226 Hmin 18.555
nXp3 .046 Xcd -.430 Gmin 1.511
nXp4 .066 Xpca .075 SHCsats 1.892
nXp5 179 knotp - 737 SsssCH .098
nXp6 -.035 knotpv -.636 SaasC 5.692
nXp7 .019 sumdell 402 minSHaaCH 31.339
nXp8 120 tetsl .075 minSsCH3 18.505
nXp9 .022 htets1 141 minSssCH2 8.680
nXpl0 -.061 htets2 430 minSsssCH .098
X1 .7185 diam -.303 minSaasC 32.222
X2 -.231 muldiam .096 maxSHCsats 2.586
Xp3 .063 rad -.104 mMaxSsCH3 1.885
Xp4d 416 mulrad .649 maxSssCH2 -4.791
Xp5 2.556 w -.007 maxSaaCH 10.034
Xp6 -1.057 Tg3 -121 maxSsOH 5.304
Xp7 -.818 IDC -.014
Xp8 1.685 IDWhbar 10.062
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Table S 24 Variable importance in the projection of partial least square regression

Latent Factors Latent Factors
Variables 1 2 3 4 Variables 1 2 3 4
steric 168 -.055 -021 .022 htets1 184 011  .017 .023
nclass 060 -.247 -144 -172 htets2 182 .000 -.008 .030
nXxz2 079 .044 -205 .036 diam -192 -178 -124 -.101
nXp3 149  -077 -.044 114 muldiam .056 .176 -.027 -177
nXp4 186 .061 -.012 -.059 rad -141 -072 .106 .200
nXp5 190 162  .205  .067 mulrad 041 155 421 570
nXp6 013 -.042 -.014 -.073 w -187 -.050 -.014 -.047
nXp7 117 -153 -.002 .050 Tg3 075 -244 -214 -.043
nXp8 117 263 .076 -.240 IDC -192 -075 -.047 -.062
nXp9 -128 151 166  .142 IDWhbar 193 .083 .072 .057
nXpl0 -191 -102 -088 .025 Si A75  -003 -.043 .057
X1 031 -080 .198 .011 SHBa 181 .005 .037 .017
X2 -.083 .110 -.122 -.055 SwHBa 138  -.010 .142 -.011
Xp3 099 -150 -.062 .140 Hmin 67 215 122 187
Xp4d 162  .069 -.061 -.140 Gmin .044 -034 155 -.094

Xp5 155 240 400 .185 SHCsats 76 .025 -.042 .057
Xp6 -109 -027 -028 -.128 SsssCH 065 .068 -.183 .054
Xp7 004 -214 037 -.007 SaasC 111 -016 165 -.028
Xp8 093 166 .070 -.287 minSHaaCH .179 -.013 .003 .016
Xp9 -096 .238 374 300 minSsCH3 -.067 .200 .239 .494
Xpl0 -190 -121 -103 -025 minSssCH2 -.034 .324 360 .322
nXpc4d 141 -091 -.077 .142 minSsssCH .065 .068 -.183 .054
Xc3 -075 122 -125 -049 minSaasC  .058 .000 .239 -.009
Xc4 -139 133 .057 .049 maxSHCsats .122 -.057 -107 .099
Xpc4 106 -118 -131 .191 maxSsCH3 .138 -.057 -.020 -.102
knotp -074 -214 059 .118 maxSssCH2 -176 -152 -036 -.026
knotpv  -.049 -213 .063 .090 maxSaaCH .150 -.010 .121 -.006
sumdell .148 .033 -130 .045 maxSsOH .181 .005 .037 .017
tetsl 024 005 .230 -.066 half_life 169 099 .069 .053
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Table S 2-5 Weights of variables of partial least square regression

Latent Factors

Latent Factors

Latent Factors

Variables 1 2 3 4 Variables 1 2 3 4 Variables 1 2 3 4
steric 168 -.055 -.021 .022 Xp10 -190 -.121 -.103 -.025 Si 175 -.003 -.043 .057
nclass 060 -.247 -144 -172 nXpchd 141 -091 -.077 .142 SHBa 181 .005 .037 .017

nXx2 079 .044 -205 .036 Xc3 -075 122 -125 -.049 SwHBa 138 -.010 .142 -.011
nXp3 149 -077 -.044 114 Xc4a -139 133 .057 .049 Hmin 67  .215 122 187
nXp4 186 .061 -.012 -.059 Xpc4 106 -.118 -.131 .191 Gmin .044 -034 .155 -.094
nXp5 190 162 .205 .067 knotp  -.074 -214 059 .118 SHCsats A76  .025 -.042 .057
nXp6 013 -.042 -014 -073 knotpv -.049 -213 .063 .090 SsssCH .065 .068 -.183 .054
nXp7 117 -153 -.002 .050 sumdell .148 .033 -.130 .045 SaasC 111 -.016 .165 -.028
nXp8 117 .263  .076 -.240 tetsl 024 005 .230 -.066 minSHaaCH .179 -.013 .003 .016
nXp9 -128 .151 .166 .142 htets1 184 011 .017 .023 minSsCH3 -.067 .200 .239 .494
nXpl0 -191 -102 -.088 .025 htets2 182 .000 -.008 .030 minSssCH2 -.034 .324 .360 .322
X1 .031 -080 .198 .011 diam -192 -178 -.124 -101 minSsssCH .065 .068 -.183 .054
X2 -083 .110 -122 -.055 muldiam .056 .176 -.027 -.177 minSaasC .058 .000 .239 -.009
Xp3 099 -150 -.062 .140 rad -141 -072 .106 .200 maxSHCsats .122 -.057 -.107 .099
Xp4 162 .069 -.061 -140 mulrad .041 .155 421 570 maxSsCH3 .138 -.057 -.020 -.102
Xp5 155 240 400 .185 w -187 -.050 -.014 -.047 maxSssCH2 -.176 -.152 -.036 -.026
Xp6 -109 -.027 -.028 -.128 Tg3 075 -244 -214 -043 maxSaaCH .150 -.010 .121 -.006
Xp7 .004 -214 .037 -.007 IDC -192 -075 -.047 -.062 maxSsOH .181 .005 .037 .017
Xp8 093 .166 .070 -.287 |IDWbar .193 .083 .072 .057 half_life 169 .099 .069 .053
Xp9 -096 .238 .374 .300




Table S 2-6 Loadings of variables of partial least square regression

Latent Factors

Latent Factors

Variables 1 2 3 4 Variables 1 2 3 4
steric 181 -.087 -.006 -.002 htets1 186 -.023 .003 -.011
nclass .100 -.254 .047 -.153 htets2 186  -.024 -025 .020

nX2 .074 164 -300 .123 diam -169 -135 -003 .018
nXp3 .165 -100 -.068 .163  muldiam 030 241 -045 -.170
nXp4 .181 .059 -.020 -.017 rad -133 -135 .073 .205
nXp5 .170 .068 .130 .022 mulrad .018 -042 .152 .380
nXp6 .020 -050 .043 -.340 w -183 -.029 .034 -.060
nXp7 .143 -219 .059 -.015 Tg3 114 -213  -107 .079
nXp8 .079 .287 .066 -.164 IDC -185 -.044 .016 -.026
nXp9 -155 126 .050 .146 IDWhbar 185 .039 .015 .017

nXpl0 -179 -056 -.064 .000 Si 179  -006 -.081 .094
X1 .044 -224 288 -.002 SHBa 185 -.043 .036 -.018
X2 -102 229 -188 -.092 SwHBa 143 -116 190 -.137

Xp3 A24  -179  -.062 .249 Hmin A37 0 191 -.065 .023

Xp4d JA55 102 -.046 -.079 Gmin .050 -141 .262 -.246

Xp5 22 066 271  .098 SHCsats 176  .030 -.096 .103

Xp6 -107 -.002 .044 -321 SsssCH 056 .185 -296 .132

Xp7 .037 -307 .173 -.071 SaasC 116 -133  .230 -.175

Xp8 .070 .166 .137 -.345 minSHaaCH .185 -.046 .003 -.004

Xp9 -135 116 .181 .165 minSsCH3 -.099 .139 -.064 .236
Xpl0 -176 -.073 -047 -.025 minSssCH2 -.084 .229 .104 -.039

nXpc4 159 -.098 -116 .154 minSsssCH .056 .185 -.296 .132

Xc3 -095 245 -202 -018 minSaasC .060 -.147 .305 -.188

Xc4 -163 165 -.029 .048 maxSHCsats .134 -.033 -.151 .228
Xpca 27  -099 -192 238 maxSsCH3 .150 -.086 .059 -.200
knotp -.043 -306 .136 .108 maxSssCH2 -.157 -.154 .055 .016

knotpv -.018 -311 .156 .077 maxSaaCH .155 -106 .160 -.115
sumdell .146 .096 -205 .089 maxSsOH .185 -.043 .036 -.018

tetsl 024 -129 318 -215  half life 1.000 1.000 1.000 1.000
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Table S 2-7 Predicted half lives (d) and molecular descriptors for 4-quaternary nonylphenol isomers

isomers Predicted half life (d) steric nclass nX2 nXp3 nXp4d nXp5 nXp6 nXp7 nXp8 nXp9 nXpld X1

91 72 151 12 24 29 28 29 26 22 12 6 2 731

94 7.3 147 12 24 25 28 29 26 18 16 10 2 1.27

96 70 145 11 24 23 24 31 26 18 12 14 6 7.21
137 114 151 12 21 27 29 31 28 22 12 6 2 7.68
165 3.7 152 11 25 31 28 28 26 22 14 4 0 7.19
166 46 1.50 11 25 28 29 28 26 20 16 6 0 7.15
168 9.6 1.54 13 24 31 30 29 26 24 12 2 0 7.37
169 116 152 13 23 29 30 30 26 22 14 4 0 741
170 10.7 150 12 24 25 30 31 26 20 16 6 0 7.27
173 95 152 11 24 31 29 28 26 22 14 4 0 7.37
174 11.3 150 12 23 28 31 28 26 20 16 6 0 7.39
178 141 154 12 22 30 32 30 26 24 12 2 0 7.60
179 148 152 11 22 27 31 32 26 22 14 4 0 754
180 13.1 152 12 22 29 31 30 26 22 14 4 0 758
185 121 154 13 23 30 31 30 26 24 12 2 0 7.42
186 13.2 152 12 23 27 30 32 26 22 14 4 0 7.36
198 105 154 12 24 29 30 31 26 24 12 2 0 731
201 141 154 13 22 29 32 31 26 24 12 2 0 7.56
202 149 152 11 21 27 31 32 27 22 14 4 0 7.68
208 145 156 10 24 31 33 28 26 26 10 0 0 7.37
209 8.4 156 11 25 31 32 28 26 26 10 0 0 7.19
211 16.4 156 10 23 31 34 28 26 26 10 0 0 745

92 7.1 149 12 24 29 28 29 26 22 12 6 2 731

93 85 148 13 23 28 28 29 26 20 14 8 2 7.39

95 7.3 146 12 24 25 28 29 26 18 16 10 2 1.27
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Table S 2-7 Predicted half lives (d) and molecular descriptors for 4-quaternary nonylphenol isomers (continued)

isomers X2 Xp3 Xp4d Xp5 Xp6 Xp7 Xp8 Xp9 Xpl0 nXpcd Xc3 Xcd Xpcd knotp knotpv
91 731 566 348 225 136 0.707 0.226 0.092 0.021 34 222 0321 530 -128 -1.25
9 764 501 354 229 146 0558 0.343 0.151 0.021 22 269 0454 365 -151 -145
96 801 464 294 268 148 0.626 0.238 0.234 0.063 19 3.04 0558 328 -124 -1.19
137 6.13 532 379 267 1.67 0.882 0.319 0.130 0.029 22 1.04 0.102 279 -0.77 -0.65
165 755 614 325 204 134 0.671 0.272 0.048 0.000 40 238 0289 644 -126 -1.22
166 787 548 347 205 138 0.606 0.319 0.072 0.000 31 285 0455 490 -1.48 -1.42
168 6.97 6.08 362 225 132 0.829 0.272 0.029 0.000 37 202 0279 528 -119 -112
169 6.85 575 366 238 136 0.762 0.324 0.056 0.000 29 1.63 0.118 414 -1.14 -1.04
170 770 474 373 254 142 0.680 0.390 0.088 0.000 22 280 0498 317 -149 -1.39
173 695 6.15 3.64 207 137 0.670 0.302 0.059 0.000 37 199 0269 543 -1.18 -1.13
174 7.04 527 416 210 142 0.605 0.368 0.090 0.000 27 1.79 0.167 372 -144 -1.36
178 6.21 574 417 250 1.33 0.917 0.316 0.034 0.000 29 116 0.083 351 -094 -0.82
179 6.62 510 397 281 139 0.831 0.384 0.068 0.000 23 145 0102 293 -1.03 -0.91
180 6.33 563 4.05 246 139 0.760 0.359 0.068 0.000 27 1.27 0.118 347 -1.03 -0.93
185 6.79 581 376 240 134 0.857 0.295 0.034 0.000 32 152 0.096 439 -1.17 -1.09
186 722 512 367 266 140 0.771 0.363 0.068 0.000 26 182 0.118 3.78 -1.28 -1.19
198 737 540 361 254 136 0.836 0309 0.042 0.000 34 231 0352 489 -131 -1.25
201 6.45 535 414 270 135 0.921 0.339 0.042 0.000 28 125 0.083 347 -1.03 -0.92
202 6.17 5.08 4.04 288 155 0.829 0.427 0.083 0.000 22 1.04 0102 265 -091 -0.77
208 707 555 431 218 1.28 0.989 0.243 0.000 0.000 37 216 0.322 461 -137 -1.29
209 764 568 381 213 128 0.928 0.221 0.000 0.000 40 251 0333 559 -152 -1.48
211 6.73 554 451 220 128 1.013 0.251 0.000 0.000 34 1.46 0.068 411 -1.27 -1.17
92 731 566 348 225 136 0.707 0.226 0.092 0.021 34 222 0321 530 -128 -1.25
93 6.95 574 346 225 140 0.637 0.277 0.114 0.020 27 1.75 0.167 4.15 -1.18 -1.12
95 764 501 354 229 146 0558 0.343 0.151 0.021 22 269 0454 365 -151 -145
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Table S 2—7 Predicted half lives (d) and molecular descriptors for 4-quaternary nonylphenol isomers (continued)

isomers sumdell tetsl htetsl htets2 diam muldiam rad mulrad W Tg3 IDC IDWbar Si SHBa
91 6.45 4114 418 113 9 2 5 2 424 4 337 6.71 75.7 9.33
94 6.41 4326 416 113 9 2 5 2 440 2 345 6.70 745 930
96 6.28 4409 410 111 9 4 5 2 460 0 355 6.69 73.6 9.28
137 5.90 50.08 40.0 105 9 2 5 2 438 0 340 6.72 743 9.34
165 6.65 3859 423 115 8 3 4 1 411 8 328 6.72 76.6  9.33
166 6.60 4021 424 116 8 4 4 1 420 5 333 6.71 759 9.32
168 6.59 4265 426 115 8 2 4 1 408 5 323 6.73 765 9.36
169 6.50 4521 405 107 8 3 4 1 419 4 330 6.72 756 9.34
170 6.46 4438 420 114 8 4 4 1 428 1 335 6.72 75.0 9.33
173 6.54 41.78 423 115 8 3 4 1 413 4 328 6.72 76.3 9.34
174 6.43 4445 398 105 8 4 4 1 424 0 333 6.72 753 9.33
178 6.35 48.24 41.0 10.9 8 2 4 1 414 1 324 6.73 75.7 9.36
179 6.27 4864 405 107 8 3 4 1 425 0 331 6.73 749 935
180 6.30 4746 404 107 8 3 4 1 421 1 330 6.73 753 935
185 6.55 4487 410 109 8 2 4 1 412 4 324 6.73 76.0 9.36
186 6.49 4540 405 107 8 3 4 1 423 2 331 6.72 752 9.34
198 6.50 4257 422 114 8 2 4 1 412 3 325 6.73 76.1 9.36
201 6.31 4826 411 109 8 2 4 1 416 0 325 6.73 755 9.36
202 594  50.38 405 10.6 8 3 4 1 429 0 332 6.73 746 935
208 6.59 4364 428 116 7 6 4 3 401 0 315 6.74 76.8 9.37
209 6.71 3957 428 117 7 6 4 3 399 5 315 6.74 771 9.36
211 6.59 4590 417 11.1 7 6 4 3 403 0 315 6.74 76.5 9.37
92 6.45 4114 418 113 9 2 5 2 424 4 337 6.71 75.7 9.33
93 6.41 4394 395 104 9 2 5 2 433 4 341 6.71 75.0 9.32
95 6.41 4326 416 113 9 2 5 2 440 2 345 6.70 745 9.30
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Table S 2-7 Predicted half lives (d) and molecular descriptors for 4-quaternary nonylphenol isomers (continued)

isomers SwHBa Hmin Gmin SHCsats SsssCH SaasC minSHaaCH minSsCH3 minSssCH2  minSsssCH
91 9.26 0.382 0.122 3.38 0.00 1.64 1.22 2.23 1.20 0.000
94 9.25 0.391 0.160 3.39 0.00 1.64 1.22 2.24 1.15 0.000
96 9.24 0.411 0.182 3.37 0.00 1.64 1.21 2.27 1.17 0.000
137 9.52 0.374 0.309 3.91 0.00 1.74 1.22 2.24 1.17 0.000
165 9.21 0.431 0.092 3.44 0.61 1.62 1.22 2.27 0.00 0.608
166 9.21 0.441 0.117 3.48 0.56 1.62 1.22 2.27 0.00 0.560
168 9.34 0.414 0.162 3.43 0.00 1.66 1.23 2.24 1.11 0.000
169 9.36 0.424 0.196 4.03 1.29 1.67 1.22 2.24 1.12 0.627
170 9.33 0.434 0.200 3.43 0.00 1.67 1.22 2.23 1.12 0.000
173 9.29 0.417 0.129 3.41 0.00 1.64 1.22 2.26 1.16 0.000
174 9.30 0.412 0.163 4.01 1.34 1.66 1.22 2.26 1.19 0.664
178 9.48 0.408 0.266 4.02 0.67 1.72 1.23 2.26 1.16 0.673
179 9.47 0.417 0.280 3.97 0.70 1.72 1.22 2.26 1.16 0.703
180 9.43 0.410 0.233 4.00 0.71 1.70 1.22 2.26 1.14 0.710
185 9.37 0.408 0.183 4.05 1.23 1.67 1.23 2.24 1.18 0.590
186 9.36 0.417 0.196 4.00 1.28 1.67 1.22 2.26 1.18 0.597
198 9.34 0.401 0.162 3.42 0.00 1.66 1.23 2.23 1.17 0.000
201 9.48 0.401 0.266 4.01 0.63 1.72 1.23 2.24 1.16 0.627
202 9.54 0.399 0.317 3.93 0.00 1.75 1.22 2.25 1.18 0.000
208 9.39 0.446 0.195 3.46 0.00 1.68 1.23 2.25 1.12 0.000
209 9.28 0.461 0.112 3.49 0.55 1.64 1.23 2.26 0.00 0.553
211 9.42 0.446 0.216 4.08 1.20 1.69 1.23 2.26 1.13 0.599
92 9.26 0.382 0.122 3.38 0.00 1.64 1.22 2.23 1.20 0.000
93 9.28 0.387 0.156 3.99 1.34 1.65 1.22 2.24 1.21 0.627
95 9.25 0.391 0.160 3.39 0.00 1.64 1.22 2.24 1.15 0.000
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isomers minSaasC maxSHCsats maxSsCH3 maxSssCH?2 maxSaaCH maxSsOH
91 0.341 0.531 2.32 1.21 2.03 9.33
94 0.342 0.603 2.31 1.19 2.03 9.30
96 0.343 0.583 2.28 1.21 2.03 9.28
137 0.361 0.583 2.27 1.28 2.08 9.34
165 0.335 0.559 2.31 0.00 2.03 9.33
166 0.336 0.640 2.30 0.00 2.03 9.32
168 0.344 0.569 2.32 1.15 2.05 9.36
169 0.347 0.631 2.32 1.12 2.05 9.34
170 0.345 0.603 2.31 1.15 2.05 9.33
173 0.342 0.527 2.35 1.16 2.04 9.34
174 0.345 0.640 2.30 1.19 2.04 9.33
178 0.356 0.621 2.33 1.20 2.08 9.36
179 0.356 0.593 2.28 1.21 2.07 9.35
180 0.354 0.631 2.34 1.21 2.07 9.35
185 0.346 0.621 2.33 1.18 2.06 9.36
186 0.347 0.602 2.32 1.18 2.05 9.34
198 0.344 0.583 2.32 1.18 2.05 9.36
201 0.356 0.607 2.30 1.21 2.08 9.36
202 0.363 0.579 2.28 1.24 2.09 9.35
208 0.346 0.574 2.30 1.12 2.06 9.37
209 0.337 0.611 2.31 0.00 2.04 9.36
211 0.348 0.611 2.29 1.13 2.07 9.37
92 0.341 0.531 2.32 1.21 2.03 9.33
93 0.343 0.631 2.32 1.21 2.04 9.32

95 0.342 0.603 2.31 1.19 2.03 9.30




Chapter 3 Isomeric-Specific Biodegradation of Nonylphenol in the Bioreactor

3.1 Introduction

Nonylphenol (NP) is a well known environmental estrogen of emerging concern (Soares
et al., 2008; Ying et al., 2002). It is a high production volume chemical and its annual
production in the United States was 100 - 500 million Ibs (45.4 - 227 thousand tons) in
2006 (USEPA, 2006). Nonylphenol is used as the raw material for the production of
nonylphenol ethoxylates (NPEOs), which are the most widely used non-ionic surfactants
(Ying et al., 2002). Incomplete biodegradation of NPEOs in the wastewater treatment
plants (WWTP) is the most important source for NP release into the environment.
Therefore, high concentrations of NP have been frequently detected in WWTP effluent
impacted surface water, sediment and aquatic organisms (Maruya et al., 2012; Soares et
al., 2008; Venkatesan and Halden, 2013; Vidal-Dorsch et al., 2012; Ying et al., 2002).
For example, the median concentration in municipal wastewater effluents in Southern
California was 1.42 pg/L (n=16, 94% detection) and the maximum concentration in sea
water receiving these effluents was 0.23 /L (n=20, 35% detection) (Vidal-Dorsch et al.,
2012). In the same area, the median concentrations of NP in sediments and livers of
flatfish hornyhead turbot (Pleuronichthys verticalis) were 30 and 83 jg/kg, respectively
(Maruya et al., 2012). According to USEPA’s 2001 national sewage sludge survey, the
concentration of NP in sludge was 534 +192 mg/kg with 100% detection frequency and
the estimated mean annul loading of NP into sewage sludge was 2066-5510 tons, of

which 1033 to 3306 tons was used for land application (Venkatesan and Halden, 2013).
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Hence, control of NP release from WWTPs is crucial to reducing its environmental

exposure.

Technical nonylphenol (tNP) is in fact a mixture of more than 100 isomers and congeners
due to variations in the length and branching of side chains and substitution position on
the benzene ring (Eganhouse et al., 2009; leda et al., 2005). Recent studies showed that
biodegradation of NP was isomer-specific (Gabriel et al., 2008; Hao et al., 2009; Ikunaga
et al., 2004; Lu and Gan, 2014; Shan et al., 2011). However, it is still inconclusive
whether or not biodegradation during wastewater treatment process is isomer-specific.
After 9 d of incubation with Sphingomonas xenophaga Bayram, a bacterial strain isolated
from activated sludge, 12 out of 18 NP isomers were removed by 80% while some
isomers were recalcitrant. For example, only about 30% of NP193 was degraded (Gabriel
et al., 2008). Since the microorganism community at a WWTP, especially in activated
sludge, is extremely diverse, isomer selective biodegradation observed with isolated
strains may not suggest similar selectivity at WWTPs. Hao et al. (2009) measured the
removal of 4 NP isomers in a lab-scale sequencing batch reactor (SBR), and observed the
following order: NP3g (75.4%) > NP111 (42.9%) > NP170 (40.7%) > NP1g4 (36.2%). On the
other hand, Isobe et al. (2001) showed that the profiles of 10 isomer peaks varied only
slightly in primary and secondary effluents. Ikunaga et al. (2004) reported that
biodegradation of NP by Sphingomonas cloacae, which was also enriched from WWTP
sludge, was not isomer selective and the initial degradation rates for all peaks were
estimated at 0.996 +0.18 h™*. A more comprehensive investigation into the fate of NP
isomers during wastewater treatment processes is clearly necessary and will add to a
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better understanding the loadings and profiles of NP isomers discharged into the

environment, leading to improved risk assessments.

The objectives of this study were to evaluate the fate of NP isomers during simulated
wastewater treatment processes and to explore the structure-biodegradability
relationships at the isomer scale. To achieve these objectives, we constructed a
laboratory-scale continuous flow conventional activated sludge (CAS) bioreactor and
measured removal percentages and adsorption coefficients of 19 isomers under various

operational conditions.

3.2 Methods and Materials

3.2.1 Chemicals

Technical NP was purchased from TCI America (Portland, OR). Standards of NP3s, NP3,
NP119, NP12g and NPigs (>95% purity) were obtained from ChemCollect GmbH
(Remscheid, Germany). Standards of NPsg, NPgs, NP1;; and NP3 in methanol were
kindly provided by Prof. Rong Ji at Nanjing University, China. In this study, the Juelich
number was used to name the NP isomers due to its simplicity (Guenther et al., 2006).
The prefix number 4 - indicating the substitution at para postion of benzene ring, is
usually omitted. 4-n-Nonylphenol (NP, >98%) was purchased from Alfa Aesar (Ward

Hill, MA) and 4-tert-octylphenol (>97%) was from Sigma-Aldrich (St. Louis, MO).

Gas chromatography (GC) grade hexane and methylene chloride and HPLC grade

acetone and methanol were purchased from Fisher Scientific (Fair Lawn, NJ). Potassium
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phosphate, monobasic (99%) was purchased from J. T. Baker Chemical (Philipsburg, NJ).
Sodium bicarbonate (100.3%), sodium phosphate, dibasic, anhydrous (reagent ACS),
ammonium chloride (99.9%), sodium acetate trihydrate (100.3%), zinc sulfate (U.S.P
99.0 to 108.7%) and cupric sulfate pentahydrate (U.S.P) were purchased from Fisher.
Potassium iodide (U.S.P) and boric acid (analytical reagent) were purchased from
Mallinckrodt (Darmstadt, Germany). Manganese (Il) chloride (98%) and zinc sulfate

(U.S.P, 99.0 to 108.7%) were from Sigma-Aldrich.

3.2.2 Reactor Setup

The CAS bioreactor consisted of an aeration tank (32 cm height, 18 cm diameter; 5.2 L
working volume) and a clarifier (33 cm height, 10 cm diameter, 2.2 L working volume).
The bioreactor was inoculated with activated sludge from a local WWTP (Moreno Valley
Regional Water Reclamation Facility, Moreno Valley, CA) and fed with diluted synthetic
influent made with 1 part concentrated synthetic wastewater and 5 parts tap water. The
diluted synthetic influent contained 100 pg/L tNP, CH3COONa (500 mg/L chemical
oxygen demand COD), NH4CI (40 mg/L NH3-N), Na,HPO4 (24.3 mg/L), KH,PO4 (11.8
mg/L) (total P 8 mg/L), NaHCO3 (200 mg/L) and trace minerals. The composition of
trace minerals was as follows: FeClz.6H,O (1.5 mg/L), H3BO3 (0.15 mg/L), CuSO4.5H,0
(0.03 mg/L), KI (0.03 mg/L), ZnSO,.7H,0 (0.12 mg/L), CoCl,.6H,O (0.15 mg/L),
MnCl,.4H,0 (0.12 mg/L). The concentrated synthetic wastewater was adjusted to pH 7,
kept at 4 <C in a mini refrigerator and renewed weekly before use. The hydraulic

retention time (HRT) was adjusted to 12 hr or 24 hr by the influent flow rate controlled
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by two peristaltic pumps. Aeration tank temperature was controlled at 20, 30 or 15 <C
within 0.1 <C accuracy by a jacketed water bath connected to a Neslab RTE-101
refrigerated water bath (Newington, NH). The dissolved oxygen (DO) level was
maintained above 3 mg/L to ensure the nitrifying process. Temperature and flow rates
were checked daily; COD, NH3-N and P contents in the influent and effluent were
measured weekly. Dissolved oxygen, total suspended solid (TSS) and volatile suspended

solid (VSS) in the aeration tank and effluent were also measured weekly.

In total, four different operational schemes were considered: 1) 20 <C with 24 h HRT; 2)
20 T with 12 h HRT; 3) 30 € with 12 h HRT; and 4) 15 <C with 12 h HRT. Each
scheme was kept at least for 3 wks and influent (200 mL), effluent (200 mL) and sludge

(0.5 g, dry weight) samples were taken weekly for analysis of NP isomers.

3.2.3 Sample Preparation and Analysis

Effluent samples were filtered through a Whatman GF/F 0.5 pm glass fiber filter and 50
mL influent or filtered effluent sample was extracted by shaking with 15 mL hexane for
30 min. The extraction was repeated for two consecutive times. Sludge samples were
freeze-dried and 0.1 g of the dried sludge was sonicated in 20 mL hexane/acetone (9:1,
V:V) for 20 min using a Fisher Scientific FS110H ultrasonic water bath (Fair Lawn, NJ).
The extraction was repeated for two consecutive times. The cleanup procedure is similar
to that in a previous study (Lu and Gan, 2014). Briefly, the extract was concentrated to
about 1 mL and passed through a HyperSep Florisil SPE column (Thermo Scientific,

Pittsburgh, PA) with a 5-g sorbent bed. The cartridges were preconditioned with 25 mL
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hexane and eluted with 35 mL methylene chloride. The extracts of influent and effluent,
and elutes of sludge samples were condensed with a gentle nitrogen stream to about 1 mL
(influent and sludge samples) or 0.1 mL (effluent samples). A surrogate (10 mg/L 4-n-NP
in acetone, 100 uL for influent and sludge samples, and 10 uL for effluent samples) was
spiked before extraction and the same amount of internal standard (10 mg/L 4-tert-
octylphenol in hexane) was added before instrument analysis. Triplicates were used for

all influent, effluent and sludge samples.

The methods for separation and identification of NP isomers may be found in a previous
study (Lu and Gan, 2014). Briefly, an Agilent 6890 GC coupled with an Agilent 5973
mass spectrometer (Agilent, Santa Clara, CA) and an Agilent DB-5MS Ultra Inert
capillary column (60 m x 0.25 mm X 0.25 um) was used for the analysis. The column
temperature was programmed initially at 80 <C for 0 min, then ramped to 160 <C at
10 <T/min and held for 42 min, and further ramped to 300 <C at 30 <C/min and held for
another 3 min. The mass fragments m/z 135 and 107 were used for quantification of the
internal standard and recovery surrogate, respectively. lons with m/z 121, 135, 149, 163,
177 and 191 were used for quantification of different NP isomers. A total of 19 a-
quaternary isomers, including 6 diastereomers (denoted as a and b), were resolved and
identified. One isomer NPy had a-dimethyl substituents, but its structure was not fully

elucidated due to the lack of authentic standard.
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3.3 Results and Discussion

3.3.1 Isomer Selectivity in Biodegradation

The bioreactor consistently removed COD and NH3-N efficiently during the period of
operation. During the experiments, COD removal ranged from 94 to 98% and removal of
NHs-N was greater than 99%. Figure 3-1 shows the total ion chromatography of NP in
the influent, the dissolved phase of effluent and sludge. The profile of NP isomers in the
effluent or sludge clearly deviated from that in the influent. For example, NP1g4 was
relatively enriched in the dissolved phase of effluent and also in sludge while NP3 and
NPy were essentially eliminated. Moreover, the profile of NP isomers in the dissolved
phase of effluent was similar to that in the sludge, i.e., the enriched NP isomers found in
the effluent also appeared in the sludge, and vice versa. The shift in isomer composition
was also observed in previous studies (Gabriel et al., 2008; Hao et al., 2009). However, in
Isobe et al. (2001), only small differences were observed between the primary and
secondary effluents. It is possible that changes in isomer profiles may be masked by two
sources of variations, i.e., co-elution of some NP isomers and seasonal and site-to-site
variations. Gabriel et al. (2008) validated that when a 30-m DB-5 column was used to
resolve 13 NP peaks, co-elution of major components including pairs of NP112/NP1g,
NP119/NP1s2, and NP110/NP143 happened. Therefore, co-elution of two or more isomers
could be very possible in Isobe et al. (2001) since only 10 peaks were resolved. In
addition, in Isobe et al. (2001), five WWTPs were sampled seasonally. The site-to-site

and seasonal variations may have also contributed to large deviations in the
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concentrations of individual isomers, which could further mask the isomeric differences.
For example, although the average concentrations of peak 9 showed a large difference
between the primary and secondary effluents, the huge standard deviations made the

difference statistically insignificant (Isobe et al., 2001).

In this study, the overall removal of tNP was efficient, ranging from 90 to 99%,
depending on the operational conditions and isomer structures. These removal values
were consistent with those cited by U.S. EPA (2010), which ranged from 57 to 100%
with an average of 90%. Gori et al. (2010) reported a value of 76 +7.5% in Spain and
Isobe et al. (2001) reported an averaged removal of 93% (79-99%) during secondary
treatment in Japan. It should be noted that the removal rates of NP in WWTPs were likely
underestimated due to the continous formation of NP from biodegradation of NPEO. The
removal of NP isomers in this study may be attributed to biodegradtion, accumulation on
the sludge, volatilization and weekly sludge withdrawal for chemical analysis. Due to the
relatively long operation duration, a steady-state was almost reached. Thus, accumulation
on the sludge only counted for about 0.3-2% of NP removal according to the changes in
NP concentrations on sludge and changes of TSS levels in the aeration tank.
Volatilization of NP may be minimal because of the low vapor pressure of tNP (2.07<10
2 Pa at 25 <) (Soares et al., 2008). According to Cirja et al. (2006), volatilization
accounted for less than 1% in a bioreactor. The weekly sludge withdrawal for chemical
analysis only contributed to 0.1-1.2% of the weekly NP loading. Therefore,
biodegradation may be considered as the predominant pathway for NP removal, and the
primary cause for shifts in NP isomer profiles in the effluent and sludge.
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3.3.2 Effects of Hydraulic Retention Time and Temperature

Figure 3-2 shows residues of NP isomers in the particulate phase and dissolved phase of
effluent under different operational schemes. It should be noted that, due to its extremely
low residue in the effluent, NPy was not quantitatively evaluated (Figure 3-1). Changes in
operational conditions induced variations in NP isomer profiles in the effluent. When
HRT was decreased from 24 h to 12 h, the remaining levels of NP isomers in the
dissolved phase of effluent increased. For example, the residue of NP3s increased from
0.84% to 1.51%. In the particulate phase, although the concentration increased, the

residue in fact decreased due to the decrease of TSS in the effluent (Figure 3-2).

Decreasing aeration tank temperature from 20 <C to 15 <C significantly increased NP
residues in the dissolved phase of the effluent. However, this increase appeared to be
isomer selective. While residues after the temperature change were similar for the readily
degradable isomers, larger increases were observed for the recalcitrant isomers. For
example, residues of NP3s and NP3; in the dissolved phase were 1.51 #0.05% and 1.41 £+
0.04%, respectively, at 20 <C, and 1.8 +=0.1% and 1.0%0.1%, respectively, at 15 <C. In
comparison, the corresponding values were 2.28 £0.07% and 4.1 +0.1% for NP194 and
NP143 at 20 <C, and 4.9 +0.4% and 7.4 +£0.1% at 15 <C. It should be noticed that at 15 <C,
NP119 Was also enriched in the effluent (Figure 3-2); NP119 was to be the most estrogenic
4- a-quaternary NP isomer (Makino et al., 2008; Uchiyama et al., 2008). Therefore,
decreasing temperature to 15 <C would enrich more recalcitrant and estrogenic NP

isomers. A similar trend was found for NP profiles in the particulate phase. Tanghe et al.
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(1998) reported that when temperature decreased from 28 <C to 10-15 <C, removal of tNP
decreased from near total removal to 13-86% in laboratory-scale activated sludge units.
Koh et al. (2009) investigated removal of NP in a nitrifying/denitrifying activated sludge
plant, and found that the removal rates to be 30% and -12%, respectively, in the summer
of 2004 (sewage temperature 18 <C) and winter of 2006 (sewage temperature 12 <C).
Soares et al. (2006) reported that in a packed-bed bioreactor, removal rates of tNP at 15,
10 and 5.5 <C were 94.0-100%, 95.8-100%, and 84.0-99.0%, respectively, and concluded
that the optimal temperature was 10 <C. However, it may be argued that even though the
removal of tNP was slightly higher at 10 <C as compared to that at 15 <C, the decrease of
removal rate was much more pronounced when temperature was decreased to 5 <C.
Therefore, results from this and other studies together show that a decrease of
temperature would decrease the removal rate of NP, while findings from this study

further suggested that temperature changes may also lead to changes in isomer profiles.

When the temperature was increased to 30 <C from 20 <C, residues of NP in the dissolved
phase did not change appreciably. Moreover, residues in the particulate phase displayed a
significant increase, likely due to the increase of effluent suspended solids (Figure 3-2).
This finding was in contrast with a previous study where an increase of temperature to
30 <C resulted in increased NP removal (Chang et al., 2005). Chang et al. (2005)
observed that the half lives of tNP in the sludge were 7.5, 4.7, 2.8 and 1.8 d, respectively,
at 20, 30, 40 and 50 <C. The possible cause for the unexpected increase in the current
study was that temperature increase changed sludge settleability, leading to increased
suspended solid levels in the effluent (Morgan-Sagasturne and Allen, 2004). Elevated
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effluent suspended solid levels directly increased NP residues in the particulate phase and
it also shorterned the sludge retention time, which may result in higher residues of NP in
the dissolved phase.. Therefore, it is ctitical to reduce effluent suspended solid levels to

minimize NP discharge into the environment.

3.3.3 Isomer Structure-Biodegradation Relationships

Due to the large number of isomers in tNP and challenges in the analysis of NP isomers,
a quantitative understanding of the relationships between isomer structures and their
biodegradability offers advantages over experimentation and may also provide guidance
to isomers for which analysis is not yet possible. Figure 3-3 shows the relationships of
some key structure parameters with residues of NP isomers in the effluent including both
dissolved phase and particulate phase. With an increase in alkyl chain length, residues of
NP isomers generally decreased, although significant variations were evident for different
isomers (Figure 3-3a). The a-substituent types showed a better monotonous trend: a-
dimethyl > a-ethyl-a-methyl > a-methyl-a-n-propyl > a-iso-propyl-a-methyl (Figure 3-
3b). This trend was consistent with the biodegradability of NP isomer with
Sphingomonas xenophaga Bayram, a bacteria strain isolated from activated sludge
(Gabriel et al., 2008). However, in Gabriel et al. (2008), the isomer selectivity was much
more pronounced than that in the current study. For example, only 30.5% of NP1g3, Was
removed, while this value was 98.8% for NPss. lkunaga et al. (2004) showed that
Sphingobium amiense, another bacteria strain isolated from activated sludge, also

preferentially degraded a-dimethyl and a-ethyl-a-methyl isomers (Ikunaga et al., 2004).
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However, in the current study, the largest difference was between NPjg3, and NP3g at
15 <C and the corresponding residues were 11.1% and 0.97%, respectively. The more
limited isomer selectivity observed in this study may be attributed to the much more
complex and diverse microbial communities in the bioreactor than a single bacteria strain.
Hao et al. (2009) considered the biodegradation of a few NP isomers in a sequencing
batch reactor and observed that biodegradability followed a trend of NP3 (75.4%) >
NP111 (42.9%) > NP170 (40.7%) > NP194 (36.2%), which was in agreement with this study.
In oxic river sediments, alkyl chain length and a-substituent types also greatly influenced
the biodegradation of NP isomers (Lu and Gan, 2014). However, in river sediments, the
effect of a-substituent types appeared to be less monotonous than that in the bioreactor,

while an opposite effect was found for the alkyl chain length.

In incubated river sediments, steric effect index and Ipwbar (the mean information index
for the magnitude of distance) were identified to be the two best molecular descriptors for
describing isomer-specific biodegradability. In this study, these two descriptors were also
found to provide good predictions for NP residues in the effluent (Figure 3-3c/d), as
evident from R? values (0.76 and 0.68, respectively). The steric effect index describes the
steric hindrance of alkyl chain at the ipso position, where the alkyl chain is attached to
the benzene ring. Isomers with a larger steric hindrance at the ipso position had higher
residues in the effluent or lower biodegradability. This finding indicated that the ipso
position was an important site for NP biodegradation and reactions at this site were likely
one of the rate limiting steps. Previous studies suggested that there were three
biodegradation pathways for NP isomers: ipso-hydroxylation (Corvini et al., 2006;
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Gabriel et al., 2008; Kolvenbach and Corvini, 2012), nitrification at ortho position of
benzene ring (Telscher et al., 2005) and alkyl-chain oxidation (Cirja et al., 2006; Corvini
et al., 2006). Bulky a-substituents may directly hamper the ipso-hydroxylation, but have
only a limited effect on the nitrification on the benzene ring or alkyl-chain oxidation.
Therefore, the strong inhibitive effect of steric hindrance may indicate that ipso-
hydroxylation was the dominant pathway for NP degradation in the bioreactor. The trend
that isomers with higher steric effect index had higher residues further implied that other
isomers with even higher steric effect index values , for example, NP1 (4-[1,1-diethyl-
2,2-dimethylpropyl]phenol) and NPy (4-[1-ethyl-1-isopropyl-2-methylpropyl]phenol),
could be more recalcitrant to biodegradation and should be targeted for evaluation in the
future. Hao et al. (2009) evaluated the relationship between biodegradation rates of 4 NP
isomers and their molecular connectivity indexes %y’ and 4x"pc; however, regressions

using these indices were less satisfactory in this study.
3.3.4 Adsorption of Nonylphenol Isomers

The separate analysis of NP isomers in the dissolved and solid phases allowed the
estimation of adsorption coefficients Ky for the target isomers. Figure 3-4 shows the
derived Kq values of NP isomers on the sludge under various conditions. In general, NP3g
and NPgs had the highest Ky values at (1.6 #0.2)x10* and (1.6 #0.1)<10* L/kg,
respectively (20 <C), while NP1g3, and NP1g3, had the lowest values at (0.95 i().06)><104
and (0.98 #0.06)x10* L/kg, respectively. The corresponding organic carbon partition

coefficient values (log Koc) were 4.24 +0.04, 4.23 +£0.02, 4.03 +=0.02 and 4.02 +0.02,
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respectively. Therefore, there were detectable differences in the sorption capacity among
some of the NP isomers (one-way ANOVA, P < 0.0001). Statistical analysis using all
pairwise multiple comparison procedures (Holm-Sidak method) showed that 61 and 23
out of the 153 pairs exhibited statistically significant differences (p < 0.05) at 20 <C and
15 <C, respectively. Therefore, for the majority of NP isomers, no difference was
observed between isomers in sorption to the solids. This observation was consistent with
(Isobe et al., 2001), where the profiles of 10 NP peaks were found to be identical between
the dissolved and particulate phases for the primary/secondary effluents and river water.
Gundersen et al. (2001) calculated the log K values for several NP isomers using the
Broto’s method with ChemDraw Pro (Version 4.5, Cambridge Software, Cambridge, MA)
and the values ranged from 4.78 to 5.72. However, the calculation method gave a
standard error of 0.4 log unit (Consonni and Todeschini, 2000), which would prevent its

use for discerning isomer specific differences.

3.4 Environmental Implications

Results from this study showed that wastewater treatment processes simulated in the
laboratory-scale CAS bioreactor led to significant changes in the profile of NP isomers in
the effluent and sludge. Isomers with less bulky a-substituents were more effectively
removed while isomers with bulky a-substituents were more recalcitrant to
biodegradation in the bioreactor and became relatively enriched in both dissolved and
particulate phases of effluent. Regression analysis validated that steric effect index may

be used to predict the relative biodegradability of NP isomers. Low temperatures would
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further enhance the enrichment of recalcitrant isomers that are also of greater
estrogenicity. Given that wastewater treatment plants are the primary source for NP
entering the environment, the isomer preferential enrichment implies that some NP
isomers are introduced into the environment at levels higher than that indicated by non-
discriminatory analysis of NP. Therefore, isomeric selectivity should be taken into

consideration to better predict the occurrence, fate, and ecological risks of NP.
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Chapter 4 Isomer-Specific Oxidation of Nonylphenol by Potassium Permanganate

4.1 Introduction

Nonylphenol (NP) is the metabolite of the heavily used nonylphenol ethoxylate
surfactants (Soares et al., 2008; Ying et al., 2002). Due to the wide use of nonylphenol
ethoxylates in agricultural, industrial and domestic products, NP is frequently detected in
surface water, effluents of wastewater treatment plants and even in drinking water (Fan et
al., 2013; Ying et al., 2002). For example, levels up to 48 pg/L have been reported in
water from Hudson River Estuary, New York (Dachs et al., 1999). In a recent study, NP
was found in 55 out of 62 drinking water samples from 31 major cities across China with
a median concentration of 27 ng/L, whereas and in all 62 source water samples with a
median concentration of 123 ng/L (Fan et al., 2013). Nonylphenol is known as a potent
endocrine disruptor and the potency of NP relative to 17p-estrodiol ranges from 0.001 to

0.05 with arithmetic mean of 0.023 in in vivo bioassays (Soares et al., 2008).

Nonylphenol is commonly treated as a single compound in the evaluation of its
environmental occurrence, fate and transport, treatment removal and toxicity (Jiang et al.,
2012; Soares et al., 2008; Ying et al., 2002). However, technical nonylphenol (tNP) is in
fact a mixture of more than 100 isomers (Eganhouse et al., 2009; leda et al., 2005). A few
recent studies showed that NP isomers have different estrogenicity or biodegradability in
the environment (Eganhouse et al., 2009; Gabriel et al., 2008; Kim et al., 2005; Shan et
al., 2011). For example, Gabriel et al. (Gabriel et al., 2008) reported that if the average

estrogenicity of tNP in the yeast estrogen assays was set to be 1, the value for NPg3 was
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1.87 while the value for NP3, was only 0.60. Biodegradation of NP by Sphingobium
xenophagum Bayram was also isomer specific, with 99.7% of NP5 degraded after 9 d
while only 31% of NP3 dissipated under the same conditions (Gabriel et al., 2008). The
isomer-specific biodegradation was expected to result in the selective enrichment of
recalcitrant and possibly highly estrogenic NP isomers in the environment (Gabriel et al.,
2008). This prediction was corroborated by the profile of NP isomers found in river water
and sea water (Horii et al., 2004; Kim et al., 2005). Such isomer selectivity arises from
differences in physicochemical properties due to changes in spatial hindrance and
electron distribution among the isomers (Gabriel et al., 2008), and is thus an intrinsic

property of NP that has not been adequately understood.

Advanced oxidation with potassium permanganate is a promising process for removing
NP (Abe et al., 2001; Jiang et al., 2012) and also other micropollutants (Guan et al.,
2010). A recent study showed that KMnO4 was more effective at removing endocrine
disrupting chemicals, including 4-n-NP (i.e., NP;), than ozone, ferrate or chlorine in
wastewater (Jiang et al., 2012). At pH 7, 80% of NP (1.0 mg/L) was degraded in 120 min
by 3.2 mg/L KMnOQO, (Abe et al., 2001). When KMnO,4 concentration was increased to 16
or 32 mg/L, 100% NP removal was achieved in 100 min. In another study, with 9.48
mg/L of KMnOy at pH 7, the half-life of 4-n-NP (33 pg/L) was only 3.0 min (Jiang et al.,
2012). However, to date no study has considered the isomer specificity in the chemical
oxidation of NP with permanganate or any other oxidants (Bertanza et al., 2011; Zhang et

al., 2008).
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The objectives of this study were to investigate the oxidation of tNP by KMnQ,, to obtain
isomer-specific oxidation rates and to understand the influence of side chain length and
a-substituents. The oxidation kinetics of each isomer was measured under different
KMnQ, concentrations and pH conditions. Statistics were used to analyze the relationship
between the reaction rate and structural properties including the side chain length and

types of a-substituents.

4.2 Materials and Methods

4.2.1 Chemicals

Technical NP (tNP), a mixture of NP isomers with branched side chains (CAS No.
84852-15-3) was purchased from TCI America (Portland, OR). Isomers NP3s, NP3,
NP119, NP1 and NPigs (10 mg/g in hexane; >95% purity) were obtained from
ChemCollect GmbH (Remscheid, Germany). Isomers NP3g (48.2 mg/g), NPgs (59.5
mg/g), NP111 (49.5 mg/g) and NP1, (48.52 mg/g) in methanol were kindly provided by
Prof. Rong Ji at Nanjing University, China. Potassium permanganate (KMnOg, 99+%), 4-
tert-octylphenol (>97%), sodium phosphate dibasic (Na;HPO,4; 99+%), sodium
tetraborate decahydrate (Na;B40;.10H,0, > 99.5%) and L-ascorbic acid (>99.0%) were
from Sigma-Aldrich (St. Louis, MO). Sodium acetate trihydrate (99.0 -101.0%) and gas
chromatography (GC) grade hexane were from Fisher Scientific (Fair Lawn, NJ).
Reagent water (18.3 MQ-cm resistivity) was prepared using a Barnstead Nanopure water
system (Barnstead, Dubuque, 1A). The stock solution of 100 mg/L tNP in methanol was

stored at -20 <C before use. The stock solution of 1000 mg/L KMnO,4 was prepared with
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boiled reagent water and stored at 4 <C. The KMnO, stock solution was used within a
month after preparation and before each use, its concentration was determined on a UV-
Vis spectrometer at 525 nm after dilution to 20 mg/L. The results showed there was no

change in KMnQO, under these conditions.

4.2.2 Reaction Setup with Reagent Water

Batch experiments were conducted in 125-mL wide-mouth amber borosilicate glass
bottles with Teflon-faced caps at room temperature (2240.5 <C). Reaction solutions
prepared with reagent water were maintained at the desired pH using 0.01 mol/L of the
following pH buffers: pH 5, sodium acetate; pH 7, sodium phosphate dibasic; pH 9,
sodium tetraborate decahydrate. The reaction solution (50 mL) with 50 ug/L tNP was
constantly stirred at 480 rpm. The reaction was initiated by adding KMnQO, to arrive at
the initial concentration of 1, 2 or 10 mg/L. At selected time intervals (0, 2, 4, 6, 8, 10, 15,
20, 30, 40 min), 0.5 mL of 200 g/L L-ascorbic acid was added to quench the reaction. A
control group was included with 50 pg/L tNP at pH 7 but without KMnQO,. All reactions
were carried out in 4 replicates. Additional groups at pH 5, 7 and 9 with 50 pg/L tNP and
10 mg/L or 1 mg/L KMnO,4 were used to monitor the change in temperature, pH or
KMnO, concentration during the reaction. During the 40 min of reaction, there was no
detectable change in pH or KMnQO,4 concentration, while the temperature increased by

2.0 C, likely due to the constant stirring.
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4.2.3 Experiments with Reclaimed Water

Reclaimed water (COD 21 mg/L, NO3-N 3 mg/L, NH3-N 0.062 mg/L, o-phosphate-P
0.06 mg/L) was collected from Michelson Water Reclamation Plant, Irvine, CA and
filtered with 0.7 um glass fiber membranes. The reaction was initiated by adding 0.5 mL
of 1000 mg/L KMnO4 to 50 mL filtered reclaimed water containing 50 pg/L tNP
maintained at pH 7 using 0.01 mol/L of phosphate buffer. The other conditions were the
same as above. The detailed reaction conditions of the batch experiments with reagent

and reclaimed water are listed in Table 4-1.

4.2.4 Chemical Analysis

The quenched reaction solutions were extracted twice with hexane (15 and 10 mL,
respectively) by liquid-liquid extraction. The combined extracts were condensed to about
1 mL under a gentle nitrogen stream and then 10 pL of 100 mg/L 4-tert octylphenol was
added as the internal standard. The samples were analyzed on an Agilent 6890 GC
coupled with 5973 mass spectrometer (Agilent Technologies, Santa Clara, CA). Samples
(2 L) were introduced into the inlet at 250 <C and the separation was achieved on a DB-
5MS Ultra Inert capillary column (60 m x 0.25 mm x 0.25 um, Agilent, Wilmington, DE).
The carrier gas was helium (99.999%) and the flow rate was set at 1.0 mL/min. The
column temperature was programmed initially at 80 <C for 0 min, then ramped to 160 <C
at 10 <T/min and held for 42 min, and further ramped to 300 <C at 30 <C/min and held for
3 min. The mass spectrometer was operated in the electron ionization — selective ion

monitoring (SIM) mode at 70 eV. The ion with m/z 135 was used for the quantification
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of the internal standard and ions with m/z 121, 135, 149, 163, 177 and 191 were used for
the quantification of different NP isomers. For the identification of NP isomers, both a
full scan mode (m/z 40 to m/z 800) and the SIM mode (m/z 107, 121, 135, 149, 163, 177,

191 and 220) were applied. The recovery of NP isomers was 9743%.

4.2.5 Data Analysis

All statistical analyses, including linear regression, one-way ANOVA and two-way
ANOVA, were carried out using SigmaPlot 11 (San Jose, CA) at the significant level of
0.05. The Holm-Sidak method was used in the pairwise multiple comparison procedure in

the one-way and two-way ANOVA.

4.3 Results and Discussion

4.3.1 Separation and lIdentification of Nonylphenol Isomers

A total of 19 isomers, including 6 diastereoisomers (Table 4-2, Table S 4-1), were
separated and identified under the used analytical conditions by comparing the retention
time, peak intensity and fragmentation patterns against the available authentic NP isomer
standards and/or chromatographic and mass spectrometric characteristics of NP isomers
in published studies (Gabriel et al., 2008; Thiele et al., 2004). All identifications agreed
with the NP isomer fragmentation mechanism in Thiele et al. (Thiele et al., 2004). In
Table 4-1 and Table S 4-1, an NP isomer labeled as NPx was not fully identified. This
isomer had the dominant fragment at m/z 135 and also a few minor fragments at m/z 107

(9%), 121 (5%) and 220 (3%) but an absence of fragments at m/z 149, 163, 177 and 191.

118



According to the fragmentation mechanism (Thiele et al., 2004), this isomer should have
two methyl groups at the a position and no dimethyl group at the other positions or ethyl
group or propyl group. Therefore, the isomer NPx may be NPg,, NPg3 or NPgs and its
systematic name may be  4-[1,1,2,3-tetramethylpentyl]phenol,  4-[1,1,2,4-

tetramethylpentyl]phenol or 4-[1,1,3,4-tetramethylpentyl]phenol.

According to their o substituents, the 19 identified isomers are grouped in 4 groups:
Group 1 with two methyl substituents; Group 2 with one methyl and one ethyl
substituents; Group 3 with one methyl and one propyl substituents; and Group 4 with one
methyl and one iso-propyl substituent. A similar number of NP isomers were separated in
Gabriel et al. (2008); however, more authentic NP isomer standards were used in this
study to confirm the identification. With more sophisticated instruments, for example,

two dimensional GC, a better separation may be achieved (Vallejo et al., 2011).
4.3.2 Reaction Kinetics of NP Isomers

The oxidation of NP isomers by KMnO,4 was consistently rapid (Table 2-2 and Figure 4-
1). For example, at pH 7 with 10 mg/L KMnOQOy4, about 90% of 50 pg/L tNP was removed
(Figure 4-1) while there was no change in the KMnQO,-free control. The oxidation
reaction was pseudo-first order as shown in Figure 4-1a for NP119 and NPyg4 at pH 7 with
10 mg/L KMnQy,, with the first-order rate constants of 0.1098+0.0016 and 0.1478+0.0026
min, or half-lives of 4.8 and 6.3 min, respectively. The high efficiency and pseudo-first
order behavior agreed with previous studies (Abe et al., 2001; Jiang et al., 2012). For

example, Jiang et al. (2012) showed that the oxidation of 0.15 umol/L 4-n-NP (i.e., 33
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ug/L NP;) with KMnO,4 was pseudo-first order at pH 7; the second-order rate constant
was estimated to be 63.9 L mol™s™. Using the reported rate constants, the half-life of 4-n-
NP in 60 umol/L KMnO, solution (or 9.48 mg/L) should be about 3 min, which agrees

well with that observed in this study (Table 4-2).

The oxidation reaction was obviously isomer specific (Table 4-2 and Figure 4-1). With
higher KMnQ, concentrations or at higher pH, the isomeric difference was much more
significant, probably due to larger pseudo first order rate constants. To clearly identify
the difference among isomers, a one-way ANOVA with Holm-Sidak pairwise multiple
comparisons was carried out to determine if the differences were statistically significant
(Table 4-3). For example, at pH 7 with 10 mg/L KMnQ,, the rate constant of NP9
(0.147820.0029 min™) was significantly different from that of NPig4 (0.109820.0016
min™). The rate constant of NPsg (0.123240.0017 min™) was also significantly different
from that of NP3s, (0.113040.0015 min™) (Table 4-3). However, the isomeric differences
in this study were generally smaller than those observed in biodegradation (Gabriel et al.,
2008; Shan et al., 2011). For instance, in an oxic soil, the biodegradation half-life was
10.3 d for NP1, 8.4 d for NP;12, 5.8 d for NPgs and 2.1 d for NP3g (Shan et al., 2011). In
Gabriel et al. (2008), isomeric biodegradation was measured only by the percentages
degraded after 9 d of incubation with Sphingobium xenophagum Bayram. Over 90%
removal was achieved for more than half of the NP isomers while only about 30%
degradation was found for NPig3an. The relative differences in isomer selectivity are
likely due to the fact that biotransformation catalyzed by specific enzymes affords more
selectivity than chemical reactions. The biodegradation of NP isomers was initiated by

120



ipso-hydroxylation process in which a hydroxyl group was attached at the para position
(Gabriel et al., 2007; Kolvenbach and Corvini, 2012). The corresponding enzyme NP
ipso-hydroxylase was a member of the flavin monooxygenase enzyme family (Porter and
Hay, 2007). The bulky a-substituents could hinder the ipso-hydroxylation sterically and

thus resulted in isomeric biodegradation of NP (Gabriel et al., 2008).

Some NP isomers have two chiral carbon centers, and these isomers may have four
stereoisomers. After the non-chiral selective GC separation, these four stereoisomers
appeared as two peaks in diastereomers, €.g., NP111ap and NPigzan. In this study, two
diastereomers are noted by alphabets a and b according their retention times. Unlike the
enantiomers, diastereomers are not mirror images of each other; therefore, they may have
different physical properties and chemical reactivity. However, in this study, the
diastereomers did not show any difference in their oxidation by KMnO, in most cases.
For example, at pH 7 with 10 mg/L of KMnQy,, the rate constants for NP0, and NP110p
were 0.117440.0014 and 0.1182+0.0013 min™, respectively. The only exception was the
diastereomers NPig3, and NPig3, at pH 7 with 10 mg/L of KMnQO,, where the rate
constants were 0.117740.0016 and 0.1224+40.0016 min™, respectively. Limited
differences between diastereomers were also observed for biodegradation (Gabriel et al.,
2008). For instance, after 9 d of incubation with Sphingobium xenophagum Bayram, the
removal rates for NP111, and NP113, were 94.0 and 90.4%, respectively (Gabriel et al.,

2008).
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4.3.3 Effect of Side Chain Length and Types of a-Substituents

Gabriel et al. (2008) reported that o-substitution was the most important factor
controlling the biodegradation rate of NP isomers with Sphingobium Xenophagum
Bayram. This was also confirmed by the study on the degradation of four NP isomers in
an oxic soil (Shan et al., 2011). Gabriel et al. (2008) also showed that a suitable main
chain length (4-6 carbon atoms) was important for estrogenicity of NP isomers. Moreover,
in previous studies, the types of substituents were found to greatly affect the oxidation
rates of other substituted phenols. For instance, the oxidation of mono-substituted
phenols with singlet oxygen followed the order of 4-(tert-butyl) phenol > 4-
methylphenol > phenol (Tratnyek and Holgne, 1991) and the oxidation with manganese
dioxides followed the order 4-methyl phenol> 4-ethylphenol >phenol (Stone, 1987).
Stone concluded that electron donating substituents enhanced the reaction of substituted
phenols with manganese dioxides while the electron withdrawing groups were inhibitory
(Stone, 1987). Therefore, we hypothesized that a-substitution and side chain length were

two most important factors in determining the oxidation rate of NP isomers.

To test this hypothesis, two-way ANOVA was performed using a-substitution type and
side chain length as two factors (Table 4-2). The results showed that the side chain length
did not have a significant influence on the reaction kinetics (p = 0.68). However, the
effect of a-substituents was found to be statistically significant (p = 0.005). The pairwise
multiple comparisons also showed that Group 1 isomers (with dimethyl substitution)

were significantly different from Group 2 (with methylethyl substitution) or Group 3
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(with methylpropyl substitution), while there was no significant difference among the

other groups.

As the variation within a group may mask the variation between groups, comparisons
were further made for isomers within the same group and between groups (Table 4-3).
For Group 1 isomers, there were large variations within the group and in many cases the
isomers in Group 1 differed significantly from each other. In addition, all Group 1
isomers showed significant difference from isomers in Group 2, 3 or 4 with a few
exceptions, i.e., NP3g, NPx and NPy had no significant difference from NPjg3,. Therefore,
Group 1 isomers generally displayed significant differences from all other groups,
although the two-way ANOVA showed no significant difference between Group 1 and
Group 4 isomers due to large variations within Group 1. Group 2 isomers had some
variations within the group and in some cases they had no significant differences from
isomers in Group 3 or 4. Group 3 isomers also had some variations within the group and
some isomers had significant differences from the isomers in Group 4. Therefore, the
overall conclusion was that Group 1 isomers consistently showed differences from
isomers in the other groups and the differences of isomers among the other groups were
less consistent. That is, with respect to a-substitution, the reactivity of NP isomers toward
KMnO, followed the order of a-dimethyl > a-ethylmethyl = a-methylpropyl ~ a-iso-

propylmethyl (Figure 4-1).

The substituent effects in this study may originate from inductive effects and /or steric

hindrance. Previous studies showed that oxidation rates of phenols were greatly affected
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by the inductive capacity of substituents and the effect may be described by the Hammett
equation (Hansch et al., 1991; Khansole et al., 2010; Stone, 1987) depicting that electron
donating groups increase the reaction while the electron withdrawing groups decrease the
reaction. Therefore, the electron donating capacities of alky substituents may have
influenced the oxidation rate of NP. The well recognized Hammett’s constants for para-
methyl, ethyl, iso-propyl, n-propyl are -0.17, -0.15, -0.15 and -0.13, respectively (Hansch
et al., 1991). Therefore, the para-methyl substitution may increase the reaction as
compared to the other substitutions. However, in this study, the differences of
substituents were at the o position instead of the para position and the inductive effects
decreased with increasing distance. For example, the Hammett’s constants for tert-butyl
(C(CHs3)3) and triethylmethyl (C(C,Hs)3) are both -0.20 (Hansch et al., 1991). However,
the NP isomers with a-dimethyl substituent had the highest reactivity, indicating that its
inductive effect was still greater than the others. The steric hindrance in this study might
be negligible since the phenoxy oxygen was bound with manganese (VII) atom in the
complex and the substituents were far away (Khansole et al., 2010). In comparison,
during biodegradation, the ipso-hydroxylation happened at the para position, and thus the
steric hindrance was likely more important (Gabriel et al., 2008). The oxidation rate of
phenols by permanganate under both acidic and alkaline conditions was found to be
limited by the electron transfer from the phenol/phenolate anion to phenoxy radical
(Copolovici and Baldea, 2007; Lee and Sebastian, 1981). Therefore, another parameter to
describe the reactivity of organics could be the oxidation/ionization potential (Evans,

2008). However, the measured values for oxidation and ionization potentials of NP
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isomers are not available in the literature, preventing a further elucidation of the potential

significance of this mechanism.

4.3.4 Effect of KMnO, Concentration, pH and Matrix

The reaction rate consistently increased with increasing concentrations of KMnQO, (Table
4-2 and Figure 4-2). For example, the increase in KMnQO,4 concentration from 2 to 10
mg/L at pH 7 resulted in an increase in the first-order rate constant of NP3;9 from
0.061420.0024 to 0.147820.0029 min™. When the KMnO, concentration was increased 5
fold, the reaction rate constant generally increased by a factor of 2.1-2.6 (mean value 2.23)
(Figure 4-2). If the reaction order with respect to KMnO4 is 0.5, the ratio should be 2.236.
No significant differences were found between the measured value for each NP isomer
and 2.236 after t-test (the smallest p value was 0.11) (Figure 4-2), indicating that the
reaction order with respect to KMnO,4 was 0.5 and that there was a general absence of
isomer selectivity. Since the order with respect to KMnO,4 was not 1, in this study, pseudo
first-order rate constants instead of second-order rate constants were used. The order with
respect to KMnQO,4 was found to be 1 in other studies (Hu et al., 2009; Jiang et al., 2010;
Jiang et al., 2012). The inconsistency may indicate that another oxidative species, for
example, Mn (1), also reacted with NP. Mn (lll) was found to form during KMnO,
treatment and to oxidize bisphenol A that contained two phenol moieties (Jiang et al.,
2010). Further investigations are needed to better understand the cause for the deviation

from the second-order reaction kinetics.
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When the solution pH was increased, the reaction between NP isomers and KMnQO4
increased drastically (Table 4-2 and Figure 4-3). For example, when pH increased from
pH 5 to pH 7 in the 10 mg/L KMnOQO, solution, the reaction rate constant for NP1g
increased from 0.0561+40.0014 to 0.1478+0.0029 min™. When pH further increased to pH
9, although the concentration of KMnO,4 was only 1 mg L™, the rate constant increased to
0.2135+40.0067 min™ (Table 4-2). Similar strong pH dependence was found in the
oxidation of other phenolic compounds, including bisphenol A, 17p-estradiol and
dichlorophenol (Jiang et al., 2012). Deprotonation of phenolic compounds was believed
to be the cause for the pH dependence (Jiang et al., 2012) since deprotonated phenols
showed a higher reactivity than protonated phenols (Tratnyek and Holgne, 1991). For
example, when reacting with singlet oxygen, the second-order rate constants for
deprotonated and protonated 4-(tert-butyl) phenol were 1.241.3<10" and 3.5520.23x10°

mol™? s

, respectively (Tratnyek and Holgne, 1991). Therefore, this pH dependence
would be monotonic in pH range 5-9 due to the monotonic deprotonation, even though
the reaction kinetics was measured only at pH 5, 7 and 9. Moreover, NP isomers with
different capacities for deprotonation may have different dependence on pH. Figure 4-3
shows the ratio of rate constants at pH 5 and pH 7 in the 10 mg/L KMnO, solution.
Although large variations existed within Group 1 isomers, it is clear that pH exhibited a
greater influence on the oxidation of Group 1 isomers than isomers in the other groups. A
similar trend was also observed when pH was varied from pH 7 to pH 9 (Table 4-2).

Since electron donating substituents decrease the acidity of substituted phenols, o-

dimethyl substituent should have a larger electron donating effect than the other

126



substituents in this study. Therefore, Group 1 isomers were more deprotonated and have
relatively higher reactivity at high pH than the other isomers and thus exhibit higher pH

dependence.

Nonylphenol isomers generally showed a higher reactivity in the reclaimed water (Figure
4-4 and Table 4-2), and the reaction rates increased by 1.40 to 2.07 times (average 1.76)
as compared to those in the reagent water. The increase was not isomer selective. The
enhancement of KMnQ, catalyzed oxidation of phenolic compounds in real water (i.e.,
waste water, surface water, et al.) over synthetic water was also observed in other studies
(Jiang et al., 2012). Various hypotheses have been proposed, such as unknown ligands
existing in real water helping to stabilize reactive Mn(lll) species, phenoxy radicals
formed from organic matter, and also formation of Mn(V) and Mn(VI) species during
reaction (Jiang et al., 2012). Except for NPg, Group 1 isomers still displayed a higher
reactivity than isomers from the other groups. This further confirmed that intrinsic

properties, for example, a-substitution, contributed to the isomer specificity.

4.4 Conclusions

Nonylphenol, the commonly occurring metabolite from nonylphenol ethoxylate
surfactants, encompasses a large number of isomers, and yet its isomer-specific behaviors
are relatively unknown. Results from this study showed that some isomeric selectivity
was apparent in the oxidation of NP by KMnOQOy,, although the selectivity appeared to be
more limited as compared to that in biodegradation. In general, NP isomers with dimethyl

substitution at the o position were more reactive toward KMnO, than isomers with
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ethylmethyl, methylpropyl or iso-propylmethyl substitution. Oxidation by KMnO,
increased with increasing pH, and the influence of pH was more pronounced for NP
isomers with a-dimethyl substitution than those with other substituents. Isomeric
specificity in other oxidation systems, such as ozonation, merits further investigation.
Isomer-dependent reactivity or removal of NP during wastewater treatment should be
considered when predicting the discharge of NP into the open environment, as isomeric
selectivity in both occurrence and toxicological effects may affect the overall
environmental risk of NP. Moreover, the isomeric selectivity during drinking water

treatment may have a direct implication on human exposure and health.
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Tables

Table 4-1 Matrices, pH, KMnO, and nonylphenol concentrations in the batch
experiments

Reaction conditions A B C D E
Reagent Reagent Reagent Reagent Reclaimed
Matrix water water water water water
pH 5 7 7 9 7
KMnO, concentration (mg/L) 10 10 2 1 10
tNP concentration (ug/L) 50 50 50 50 50
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Table 4-2 Names, structures and pseudo first-order rate constants of 19 nonylphenol isomers separated and identified

(?ri\(;?n . Rate constant (min)

Isomer Structure length Substituents Group A B C D E

36" J@MA 6 Me,Me 1 0.056440.00160.1319+0.00240.055640.00240.212040.00820.258+0.016
X? 5 Me,Me 1 0.048940.00150.1261+0.00220.056640.00220.224240.00810.261+0.016
128! /©><L 5 Me, Me 1 0.055240.00170.138240.00240.062840.00240.2285+).00870.27740.016
38! M 6 Me,Me 1 0.055240.00160.123240.00170.054340.00220.186040.00690.24140.014
37! w 6 Me, Me 1 0.054340.00160.130040.00180.05894).00230.20254).00740.24840.013
119" /©><(v 5 Me,Me 1 0.056140.00140.147840.00290.061440.00240.2135+0.00670.28040.015
35 W 6 Me,Me 1 0.057940.00170.144340.00230.061740.00270.213440.00800.258+0.017
9 ©>QW 7 Me, Me 1 0.057640.00150.1268+0.00250.048040.00250.1648+).00890.17740.008
65" @M 6 Me, Et 2 0.058640.00140.1184+).00180.05214).00240.1400+4).00830.18540.014
112* m 5 Me, Et 2 0.052540.00150.111440.00140.052940.00210.1557+).00590.20349.010
111at Q)t)w 5 Me, Et 2 0.057240.00140.1146+0.00140.05534.00230.1648+).00620.2124).010
111b* QJE/LA 5 Me, Et 2 0.060140.00140.117240.00140.057240.00240.1695+4).00670.21240).012
110a /QJGAA 5 Me, Et 2 0.058240.00130.1174+0.00140.055440.00250.1535+).00490.17540.009
110b J@)@AA 5 Me, Et 2 0.058540.00140.118240.00130.054940.00250.152640.00520.203+0.011
193a W 4 Me, Pr 3 0.0581+0.00120.1177+0.00160.054440.00240.1488+0.00530.185+0.009




9¢T

193b ﬁf@
52 7
1941 J@/M
143 J@IN

5
4

5

Me, Pr 3 0.05980.00130.122440.00160.056040.00260.155140.0055*
Me, Pr 3 0.0555:40.00130.113040.00150.050540.00220.1289+40.00890.188+0.012
Me, Pr 3 0.057740.00130.1098+0.00160.0492+40.00180.15364).00520.189+40.010

Me, i-Pr 4 0.058240.00130.115940.00140.055740.00240.141940.00670.191+0.010

Isomers confirmed with authentic standards.

“The structure of this nonylphenol isomer is not fully identified; it may be NPg,, NPgs or NPgs and the structure may be

Fenng

H
H

3

andmw , respectively.

* Measurement was not possible due to interference.
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Table 4-3 Comparison of pseudo first-order rate constants among nonylphenol isomers with 10 mg/L KMnO4 at pH 7 in

reagent water
| | |

lsomers X 128 38 37 119 35 9 Y5 112 111a 1116 110A 1108 M193A 1938 152 194 has
36 Y 'Y Y N Y Y Y IY Y Y Y Y Y IY Y Y Y Iy
X Y N N Y Y N Y Y Y Y Y Y IY N Y Y Y
128 Y Y |Y Y Y IY Y |Y Y Y Y IY Y Y Y 1Y
38 Y |y |y [N 7Y |Y |Y [Y [y [y Iy IN [¥Y [y Jv
37 Y Y N IY Y Y Y Y Y IY Y Y Y 1Y
119 N yvylvy v v v v v Iv v v v Iy
35 Y 1Y |Y Y Y Y Y 1Y Y Y Yy yvy
/N NN U RO S S SN IY ...... LS 0. A O A A S YIY ...... Nl X, IY .....
65 | Y N N N N IN N Y Y IN
112 I N Y Y v Iy v N N Iy
111a i N N N [N Y N Y |N
111b I N N IN ¥y N ¥ IN
110a I N [N |Y [N |JY N
50, X AU AU AU RPN N SO S } .......................................... I.’E' ...... Nl X, IN .....
193a | | Y Y |Y IN
193b I I Yy |y ly
152 i i N N
194 I I y ly

Y: significant difference between two NP isomers.

N: no significant difference between two NP isomers.
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Figure 4-1 Isomer specific reaction rates in 10 mg L-1 KMnO4 at pH 7 with reagent
water. (a) Removal of NP194 and NP119; and (b) Pseudo first-order rate
constants of nonylphenol isomers

138



0.16 3.0
10 mg/L KMnO,

0.14 771 2mg/LKMnO, || , ¢
< ® Ratio
c
£ 0.12 - o6
=
I= ]
o 010 - 2.4
w
5 ke
8 0.08 4.. ®
L L 22 ¥
©
= 0.06 |
S - 20
S 0.04 4
2 L 1.8
('

0.02

- 16
0.00 - |
be@ ‘g*' s Q"b% QfS\ ,\\QQ ‘gq Qco‘o r{]'\.\?‘ \:8? \Q\?‘ gbq\r rgb <5L S \‘;b
S S TS EEE S

Isomers

Figure 4-2 Pseudo first-order rate constants of nonylphenol isomers and their ratios in 10
and 2 mg/L KMnO4 at pH 7 with reagent water

The red dotted reference line is 0.236.
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Figure 4-3 Pseudo first-order rate constants of nonylphenol isomers and their ratios in 10
mg/L KMnO4 at pH 5 and pH 7 with reagent water

The red dotted reference line shows the ratio 2.18.
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Figure 4-4 Pseudo first-order rate constants of nonylphenol isomers and their ratios in

reagent water and reclaimed water with 10 mg/L KMnO4 at pH 7

The red dotted reference line shows the ratio 1.77. * Measurement was not possible due

to interference.
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Supporting Information

Table S 4-1 Retention time and main ion fragments of nonylphenol isomers identified

NP Retention
isomer time (min) 107 121 135 149 163 177 191 220
194 35.07 45 100 4 1 44 18 0 5
36 36.226 11 6 100 0 0 0 0 3
X 36.546 9 5 100 0 0 0 0 3
128 37.243 72 49 100 96 0 0 28 10
112 37.272 71 52 83 100 0 0 31 11
38 37.585 12 4 100 0 0 0 0 4
111a 37.765 49 76 15 100 0 0 16 7
37 38.382 15 10 100 5 0 0 1 5
111b 38.539 49 81 21 100 0 0 17 7
119 39.761 10 1 100 0 0 0 0 1
152 40.009 100 97 21 1 67 50 0 10
193a 40.254 78 63 4 1 100 2 0 3
110a 40.984 19 0 0 100 0 0 0 1
143 41.051 67 46 6 100 2 33 0 3
193b 41.403 80 88 35 1 100 2 0 3
35 42.528 13 3 100 3 0 0 0 2
110a/65* 53.539-43.599 46 16 4 100 0 2 6 3
9 44,282 13 3 100 0 0 0 0 4
* NP110 and NPgs cannot be fully separated; however, they can still be quantify use the

m/z 149 and 191
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Table S 4-2 Retention time and main ion fragments of nonylphenol isomers standards

Retention

Isomer time (min) 107 121 135 149 163 177 191 220
194 35.086 47 100 4 1 40 16 0 4
36 36.236 11 5 100 0 0 0 0 3
128 37.231 11 5 100 0 0 0 0 3
112 37.277 68 52 9 100 0 0 28 7
38 37.598 14 5 100 0 0 0 0 4
111a 37.767 50 79 9 100 0 0 15 6
37 38.379 12 5 100 0 0 0 0 4
111b 38.548 51 81 9 100 0 0 16 6
119 39.772 12 1 100 0 0 0 0 1
65 43.539 80 50 6 100 0 0 33 8
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Chapter 5 Oxidation of Nonylphenol and Octylphenol by Manganese Dioxide:

Kinetics and Pathways
5.1 Introduction

Nonylphenol (NP) and octylphenol (OP) are raw materials and also hydrolytic
metabolites of NP ethoxylates (NPEOs) and OP ethoxylates (OPEOs) which are non-
ionic surfactants widely used in agricultural, industrial and domestic products (Soares et
al., 2008; Ying et al., 2002). Nonylphenol is one of the high production volume
chemicals and the production of the technical nonylphenol (tNP, mixture of ring and
chain isomers) in the United States was 45-227 thousand tons in 2006 (USEPA, 2006)
and the estimated annual release to soil by sewage sludge disposal and application was
about 1.03 to 3.31 thousand tons (Venkatesan and Halden, 2013). Due to the widespread
use of NPEOs and OPEOs, NP and OP are frequently found in soil, water and sediment
(Mao et al., 2012). For example, Writer et al. (2012) investigated the fate of NP in
Redwood River of Minnesota and found that the mean concentrations of NP in water and
sediment downstream from a wastewater treatment plant were 620 ng/L and 140 pg/kg,
respectively. Nonylphenol and OP are known as environmental estrogens and many
studies have shown that NP and OP may have developmental toxicity and other effects on
aquatic and terrestrial species or potentially human health (Domene et al., 2009; Soares et
al., 2008). In different in vivo and in vitro studies, the potency of NP relative to 17p-
estradiol ranges from 7.2x10”" to 0.05, with an arithmetic mean potency of 0.003 from in

vitro studies and 0.023 from in vivo studies (Soares et al., 2008).
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To assess the potential health and ecological risks of NP and OP, a thorough
understanding of their fate and transport processes is essential. Photolysis, biodegradation,
and chemical oxidation may all contribute to the attenuation of NP and OP in water, soil
and sediment. So far, however, the importance of abiotic oxidation has been largely
ignored in the elucidation of environmental fate of NP and OP. Manganese
oxides/hydroxides are important components of most soils, sediments and water
ecosystems. Their characteristic properties, such as low point of zero charge, dynamic
redox behavior and large surface areas make them chemically active in oxidizing organic
and inorganic compounds (Negra et al., 2005). Previous studies showed that manganese
oxides/hydroxides were effective at oxidizing sulfamethazine, lincosamide, acid azo dyes,
bisphenol A, tetrachlorophenols and trichlorophenols (Chen et al., 2010; Clarke et al.,
2010; Gao et al., 2012; Lin et al., 2009a; Xu et al., 2008; Zhang et al., 2008; Zhao et al.,
2009). It may thus be hypothesized that MnO, facilitated oxidation is potentially
important for NP and OP in the environment. However, the substituted phenols
commonly studied in the literature so far are either chlorinated or short alky substituted.
Nonylphenol and octylphenol have numerous isomers and much longer alky substitutions
(9 and 8 carbons respectively). The long alky substitutions are expected to affect sorption
onto MnO, surfaces, and reactivity with radicals, potentially leading to differences in
reaction kinetics and pathways. The objective of this study was to investigate the kinetics,
influencing factors and pathways of the oxidation of tNP, 4-n-NP and 4-tert-OP by MnO..
The oxidation kinetics were measured under different conditions, including different

initial MnO, concentrations or pH, and presence of cosolutes such as Mn?**, Ca** and
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humic acids. The role of MnO, dioxide-catalyzed oxidation in the natural attenuation of

NP was further validated in soil.
5.2 materials and methods
5.2.1 Chemicals and Soil.

Technical NP (tNP), a mixture of NP isomers with branched side chains (CAS: 84852-
15-3) was purchased from TCI America (Portland, OR); 4-n-NP (>98%, CAS: 104-40-5)
was from Alfa Aesar (Ward Hill, MA); and 4-tert-OP (>97%, CAS: 140-66-9) and
hydroxylamine hydrochloride (99+%) were from Sigma-Aldrich (St. Louis, MO).

Information on other chemicals is given in Supporting Information (SI).

Manganese dioxide (6-MnO,) was synthesized according to Murray’s method (Murray,
1974). Briefly, 6.56 L of reagent water was constantly sparged with nitrogen and then
mixed with 320 mL of 0.1 M NaMnO,4 and 640 mL of 0.1 M NaOH. The constantly
stirred solution was added drop-wise with 80 mL of 0.1 M MnCl,. The newly formed
MnO, particles were allowed to settle, and the supernatant was decanted and replaced
with fresh reagent water several times until the conductivity of the supernatant was below
2 |S/cm. The MnO; suspensions were stored at 4 <C and were diluted to appropriate
concentrations prior to use. The surface area of MnO, was measured to be 269.1 m?/g
(Micromeritics 2100, Micromeritics, Norcross, GA). Powder X-ray diffraction (XRD)
analysis (Bruker D8 Advance Diffractometer, Bruker AXS, WI) with Cu Ka radiation

showed that the synthetic MnO, was poorly crystallized (Figure S 5-1). The XRD pattern
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showed that the synthesized MnO, was turbostratic birnessite (Na* and H,0) having
hexagonal layer symmetry, which is commonly found in soils (Drits et al., 2007).A well
characterized fine, sequic, mesic Typic Kandihumult soil with high Mn content was taken
at the 700 m elevation in the Klamath Mountains, CA. The soil was sieved through a 2
mm mesh and air dried. The Mn and Fe contents were 4.2 and 438 g/kg as determined by
the standard citrate-bicarbonate-dithionite method and other selected properties of the soil
are given in Table S 5-1. The soil was further ground to pass a 60 mesh (0.25 mm) sieve,
and a subsample was selectively removed the indigenous Mn oxides with hydroxylamine

hydrochloride to produce Mn-removed soil (Neaman et al., 2004).

5.2.2 Reaction setup.

Batch experiments were conducted in 125-mL wide mouth amber borosilicate glass
bottles with Teflon-faced caps at room temperature. The reaction solution temperature
was 25.2 £0.5 T (mean = standard deviation). Reaction solutions (methanol: water,
40:60, v/v) were maintained at the desired pH using 0.01 mol/L of the following pH
buffers: pH 4.5 and pH 5.5, acetic acid/sodium acetate; pH 6.5 and pH 7.5, 4-
morpholinepropanesulfonic acid (MOPS) and its sodium salt; pH 8.6 and pH 9.6, 2-
(cyclohexylamino) ethanesulfonic acid (CHES) and its sodium salt. Sodium perchlorate
was added to maintain the ionic strength at 0.01 mol/L. The addition of methanol was
necessary to increase the solubility of NP and OP. The effects of methanol on the
recoveries and reaction rates of NP and OP are given in SI. The MnO, solution (50 mL)

was first stirred at 480 rpm for 1 h and the reaction was initiated by adding 50 i of 1000
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mg/L tNP, 4-n-NP or 4-tert-OP stock solution. At different time intervals from the onset
of reaction, 1.0 mL of the reaction solution was withdrawn with a pipette and transferred
to 2-mL HPLC vials containing 10 pL L-ascorbic acid solution (50 mg/mL) and
immediately vortexed for 10 s for quenching. All samples were stored at 4 <C and
analyzed by HPLC within 24 h. Preliminary experiments showed that there was no

change in the concentration during the short storage.

The effect of pH was evaluated in solutions maintained at different pH values under the
fixed conditions of 100 mg/L MnO,, 1 mg/L NP or OP, and 0.01 mol/L ionic strength.
The cosolute effects of cations were investigated by fortifying 0.01 mol/L of CaCl, or
MgCl,, or 1x10™ mol/L MnCl, at pH 5.5. The effect of humic acid was determined at pH
5.5 by amending the reaction solution with Sigma-Aldrich humic acid (CAS: 68131-04-4.
Sigma-Aldrich, St. Louis, MO) at 0.1 or 10 mg/L under the fixed conditions of 100 mg/L

MnO;, 1 mg/L NP or OP, and 0.01 mol/L ionic strength.

To validate the role of MnO,-catalyzed oxidation in soil, tNP (50 pg/L) was reacted with
100 mg/L synthetic MnO,, or suspension of 0.6 g Mn-containing soil in 40 mL water, or
0.6 g Mn-removed soil in 40-mL water. No pH buffers were used in this experiment and
the measured pH values were both 6.30. Before the reaction, the soils were autoclaved at
121 <C for 45 min over three consecutive days and sodium azide was added at 200 mg/L
to the soil suspension to suppress microbial transformation. At selected time intervals (0,

2, 4, 6, 10, 20, 30 min for synthetic MnOy; 0, 4, 12, 24, 36 and 48 h for Mn-containing

148



soil; and 0, 12, 24, 48, 96 and 168 h for Mn-removed soil), 0.5 mL of 50 mg/mL L-

ascorbic acid solution was added to quench the reaction.

5.2.3 Chemical analysis.

Analysis of tNP, 4-n-NP and 4-tert-OP was carried out on an Agilent 1100 HPLC
(Agilent Technologies, Wilmington, DE) coupled with a fluorescence detector. Samples
containing low concentrations of tNP were extracted by 15 mL hexane twice and
analyzed on an Agilent 6890 GC with 5973 MSD. Both GC-MS/MS (with or without
silylation) and UPLC-MS/MS were used in this study for the identification of reaction
products. For silylation derivatization, 150 pL of N,O-bis-(trimethylsilyl)-
trifluoroacetamide (BSTFA) with 1% trimethylsilyl chloride (TMCS) was added, and the
mixture kept at room temperature for 2 h. More detailed information is given in SI. All

data analysis was done using SPSS 16.0 (IBM, Armonk, NY).

5.3 Results and Discussion

5.3.1 Kinetics and Influencing Factors

In general, oxidation of tNP, 4-n-NP and 4-tert-OP by MnO, was fast and efficient, with
the rate of oxidation following the order of 4-n-NP > 4-tert-OP > tNP (Figure 5-1A). For
example, with 1.0 mg/L tNP, 4-n-NP or 4-tert-OP and 100 mg/L MnO; at pH 5.5, after
90 min, 76.340.2, 92+2 and 83.740.5% of the initial chemical disappeared from the
solution, respectively, and the corresponding half-lives were about 45, 23 and 35 min

(Figure 5-1A). In contrast, the levels of these chemicals remained unchanged in the
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MnO,-free controls (Table S 5-2). The details on the derivation of kinetic expressions are

given in Text S 5-3 of SI.

With increasing initial MnO, concentrations, the removal of tNP, 4-n-NP or 4-tert-OP
increased. For example, at pH 5.5, the removal after 90 min for 1.0 mg/L tNP with
initially 100, 50, 25 and 12.5 mg/L MnO, were 76.330.2, 48.840.9, 34.140.6 and 21+2%,
respectively (Figure 5-1B). The removal of 4-n-NP and 4-tert-OP also showed a similar
trend (Figures S 5-2 and S 5-3). According to Equation S5-6, when plotting 10910 Koberv
against logi;o [MnO], the slope of the regression line was the order with respect to MnO,
(Figure 5-1C). When reacting with tNP, 4-n-NP and 4-tert-OP, the orders of MnO, were
determined to be 0.9440.05, 0.6240.1 and 1.0140.09, respectively. In previous studies, the
orders of MnO, were 0.8 and 1.25, respectively, when reacting with tetrabromobisphenol
A (TBBPA) and bisphenol F (Lin et al., 2009b; Lu et al., 2011). Zhao et al. (2009)
showed that the order of MnO, ranged from 0.45 to 1.64 when reacting with three
tetrachlorophenols and three trichlorophenols. Therefore, the order of MnO; was highly
dependent on the substrates. In this study, the orders of MnO, were similar between tNP
and 4-tert-OP, but were smaller for 4-n-NP. This may be attributed to the structural
differences among these three substrates. It is known that tNP is a mixture of branched
nonyl-substituted phenols, mostly with a quaternary a carbon, e.g., 4-[1,1,2-
trimethylhexyl]phenol (Thiele et al., 2004); while the nonyl substitution in 4-n-NP is
linear. 4-tert-Octylphenol also has the quaternary o carbon with two methyl substitutions.

Thus, structurally, tNP is more similar to 4-tert-OP than to 4-n-NP. This phenomenon
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indicates that the side chain properties such as the length and bulkiness may significantly

affect the chemical reactivity of NP isomers.

The oxidation of tNP, 4-n-NP and 4-tert-OP by MnO; was significantly influenced by pH,
with the reaction rate consistently decreasing with increasing pH (Figures 5-1D, 1E and S
5-4 and S 5-5). For example, after 90 min, the removal for 1.0 mg/L tNP with 100 mg/L
MnO, at pH 4.5, 5.5, 6.5, 7.5 and 8.6 were 94.330.4, 76.340.2, 2442, 2142, and 1342%,
respectively; while at pH 9.6 there was no appreciable dissipation of tNP (data not
shown). According to Equation S5-7, plotting logio Koperv @gainst pH would yield a slope
representing the reaction order with respect to H* (Figure 5-1E). When reacting with tNP,
4-n-NP and 4-tert-OP, the orders of H™ were 0.3520.06, 0.3640.08 and 0.3740.03,
respectively (Figure 5-1E). Thus, the effect of pH was generally similar among tNP, 4-n-
NP and 4-tert-OP and the order of H* between pH 4.5 to 8.6 was about 0.36. The
deprotonated phenols have higher reactivity then the undeprotonated phenols (Stone,
1987); however, the pK, of tNP is 10.28 (Soares et al., 2008), thus during pH 4.5 and 8.6,
tNP is mainly undeprotonated. Therefore, the pH dependence in the reaction of NP and
OP with MnO; was dominated by the reduction potential of MnO,, which decreases

monotonically with increasing pH according to Nernst equation.

The oxidation of tNP, 4-n-NP and 4-tert-OP by MnO; was inhibited by metal ions, such
as Ca”*, Mg*" and Mn?* (Table 5-1). For example, the observed pseudo-first order rate
constants of 1.0 mg/L tNP with no metal ion, 0.01 mol/L Ca** or Mg*" and 1.0<10"

mol/L Mn®" were 1.54 (#0.05) <10, 9.43 (40.07) <107, 1.21 (20.01) <10 and 2.38
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(20.03) <10 min™, respectively. This pattern was consistent with the observation in
previous studies (Lin et al., 2009a; Lu et al., 2011; Zhang et al., 2008). The strong
inhibition of Mn?* may be attributed to its strong adsorption on the MnO, surface (Gao et

al., 2012).

The effect of humic acid on the reaction rate was also quantified. At pH 5.5 with 100
mg/L MnO; and 1.0 mg/L tNP, 4-n-NP or 4-tert-OP, the reaction rate increased slightly
after amendment of humic acid at 0.1 mg/L. The increase was more pronounced with the
addition of 10 mg/L humic acid, where the degree of enhancement followed the order: 4-
n-NP > tNP >> 4-tert-OP (Table 5-1). This enhancement effect was consistent with that
observed for the oxidation of 17p-estradiol by 6-MnO, with addition of humic acid from
an unknown source (Xu et al., 2008). Bialk et al. (2005) also observed that some
surrogate humic constituents, such as syringic acid, protocatechuic acid and catechol
enhanced the reaction of sulfonamide antimicrobials and acid birnessite. However, this
observation was in disagreement with the oxidation of bisphenol A, bisphenol F and
substituted anilines in previous studies where 6-MnQO, and Aldrich humic acid were
evaluated (Klausen et al., 1997; Lin et al., 2009a; Lu et al., 2011). It should be noted that
the enhancement effect of humic acid was much smaller for 4-tert-OP than for tNP or 4-
n-NP. Humic acid is known to have extremely complex structures containing phenolic
moiety and has both electron donating and electron accepting capacities. For instance, the
electron donating capacity is 53510 mmol./g for Aldrich humic acid at 0.61 V and pH 7,
and the electron accepting capacity is 923460 mmol./g at -0.49 V and pH 7 (Aeschbacher
et al., 2012). Humic acid may be adsorbed onto the MnO; surface, thus competing with
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the organic substrate for binding sites and inhibiting the reaction (Klausen et al., 1997).
Humic acid may even react with MnO; to form low molecular weight products, such as
pyruvate and acetaldehyde (Tebo et al., 2004). Meanwhile, humic acid may also bind
Mn?* and thus enhance the reaction (Xu et al., 2008). Moreover, humic acid may react
with some target compounds (e.g., sulfonamide antimicrobials) and incorporate them in
to its structure (Bialk et al., 2005). Therefore, the effect of humic acid on the reaction rate
may depend on the combination of all these effects. More carefully-controlled
investigations are needed to further elucidate the effects of humic acids on MnO; related

reactions.
5.3.2 Reaction of low concentrations of nonylphenol with MnO, and soil

The reaction of a low concentration (50 pg/L) of tNP with synthetic MnO, also followed
the pseudo-first order kinetics (R?=0.88) with a half-life of 10.140.5 min, which was
shorter than the reaction when the starting tNP concentration was 1 mg/L. In the Mn-
containing soil and Mn-removed soil, the half-lives of tNP were measured to be 3943 h
and 10435 h, respectively. Therefore, with the same Mn loading, the reactivity of
synthetic MnO, was about two orders of magnitude faster than that in the soil. This may
be partly attributed to the complicate matrix effects of soil, including multiple cations,
other minerals and soil organic matters. It should be noted that treatments including air
drying, autoclaving and sodium azide addition all cause Mn?* release in soils (Bartlett
and James, 1980; Skipper and Westermann, 1973), which greatly inhibited the reaction of

MnO, and NP. Other sterilization methods, such as ethylene oxide addition and gamma
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irradiation also increase Mn®* release (Skipper and Westermann, 1973). However, these
treatments are necessary to distinguish the abiotic and biotic degradation. Therefore, the
“real” reactivity of MnO; in soils may be much higher than that indicated in this study.
After MnO, removal, the reactivity of the same soil decreased about 3 times; this
difference strongly supported the hypothesis that soil MnO, plays an important role in the
natural attenuation of tNP. It may be further argued that with a more complete removal of
MnO,, and elimination of the influence by iron oxides and/or other factors, even a more

pronounced role by MnO;, may be found in the attenuation of tNP in soil.

Previous studies reported isomer-specific biodegradation of NP (Gabriel et al., 2008). In
this study, there was no noticeable isomer-specific reactivity in the oxidation of tNP by
MnO; or in soils when 19 individual peaks from tNP after GC elution were separately

analyzed.
5.3.3 Reaction Products and Pathways

According to the general mechanistic understanding of the oxidation of phenolic and
aniline-like compounds by MnO,, the organic substrate forms a surface complex with
MnO, and then a single electron is transferred from the substrate to MnO, to form
substrate radicals. The radicals may be coupled to radicals to form dimers and even
trimers, or the radicals may also be further oxidized (Gao et al., 2012; Lin et al., 2009a;
Lu et al., 2011; Stone, 1987; Zhao et al., 2009). In this study, we used mass spectra
obtained by both GC-MS/MS with or without silylation and LC-MS/MS to elucidate the

reaction products and pathways. A summary of retention times, molecular weights,
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collision energies and main m/z of MS? spectra are shown in Table 5-2. Detailed mass
spectra of all identified products and their possible ion fragmentation mechanisms are
given in Figures S5-6 to S5-45 in SI. The mass spectra of silylated hydroquinone, 4-n-NP,
silylated 4-n-NP, 4-tert-OP and silylated 4-tert-OP produced by GC-MS/MS are also

given in Sl (Figures S5-46t 0 S5-50).

Both 4-n-NP and silylated 4-n-NP may characteristically lose CgHi7¢ (presence of [M-
113]™ peaks, Figures S 5-47 and S 5-48), and this may be an important indicator of
presence of the linear nonyl side chain attached to the benzene ring in the product. There
were 3 products (NP-1-1A/B/C) with the same molecular weight and similar structures
detected in their original forms by GS-MS/MS (Table 5-2). The molecular ion m/z 438.6
indicates that these products may be the dimers of 4-n-NP. The fragments m/z 325 and
m/z 311 indicate the loss of CgHj7* and CyHige. The dimers of 4-n-NP may contain 1 or 2
hydroxyl groups, and therefore, after silylation, two types of dimers with molecular
weights of 510 and 582, respectively, may be found. Detection of NP-2-3A/B and NP-2-
4A/B (Table 5-2) confirmed the formation of such dimers. For NP-2-3A/B, m/z 73
(*Si(CH3)3) indicates that these products are silylated; m/z 469 indicates the loss of
CgHi7¢ and m/z 365 indicates loss of «CH3; (commonly observed for silylated products).
For NP-2-4A/B, m/z 397 also indicates the loss of CgHi7» and m/z 567 indicates the loss
of «CHgs. The dimer was also detected by LC-MS/MS (NP-3-2, Table 5-2). According to
the information above, at most 4 dimers were formed during the reaction of 4-n-NP and
MnO,. The dimers were formed likely due to the coupling of radicals and there are 3
possible radicals due to resonance of the phenoxy radical (Figure 5-2). All the possible
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coupling reactions are listed in Figure 5-2. The coupling product of R1 and R1 is
peroxide which is not stable due to the reactivity of the peroxy group. The intermediate
from the coupling of R1 and R3 may undergo dienone-phenol rearrangement. According
to Vitullo and Logue (1972), the alkyl substituent has greater priority than the alkoxyl
substituent during the dienone-phenol rearrangement, and thus formation of P2 may be
the most possible product of R1 and R3. The intermediate of R2 and R3 may also have
two possible different dienone-phenol rearrangements; however, the aromatic substituent
has greater priority than the alky substituent (Marx et al., 1974), leading to the formation
of P4. Therefore, there are only four dimers that may be formed through the coupling of
the radicals, among which two dimers have one hydroxyl group and the other two have
two hydroxyl groups. This analysis is consistent with the elucidation of the structures of

NP-2-3A/B and NP-2-4A/B above.

The product NP-2-1 may be hydroquinone, which is commonly found in the oxidation of
phenolic compounds by MnO, (Chirkst et al., 2011; Lin et al., 2009a; Lu et al., 2011).
After comparing with the hydroquinone standard with reference to retention time and
mass spectrum (Figure S5-46), NP-2-1 was confirmed to be hydroquinone. The product
NP-3-1 has a molecular weight of 236 which is greater than 4-n-NP by 16, indicating that
it may be a hydroxylated product of 4-n-NP. Product NP-2-2 has the characteristic loss of
CgHi7¢ indicating a nonyl chain attached to the benzene ring. Since NP-2-2 can be
silylated, it may contain at least one hydroxyl group. The difference of a 144 mass unit
between m/z 380 and m/z 236 in the NP-3-1 spectrum suggested the presence of two
hydroxyl groups, as silylation of each hydroxyl group would increase the molecular
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weight by 72 because of the introduction of Si(CH3)s group. The product NP-3-3 may be
a trimer of 4-n-NP and m/z 543 indicating the loss of CgHj7¢, but no further information
has been collected on its structure. Figure S5-27 gives one possible structure of the trimer;

however, other structures are also possible.

According to Figures S5-49 and S5-50, 4-tert-OP and silylated 4-tert-OP may
characteristically lose CsHj;e, and the loss may indicate the existence of the 4-(1,1,3,3-
tetramethylbutyl) substituent on the benzene ring. The product OP 1-1-A/B has a
molecular weight of 615, indicating that they may be the trimers of 4-tert-OP and that
m/z 543 shows a characteristic loss of CsHiie. The m/z 431 may be formed by the loss of
the whole alky chain on one benzene ring and also CsHi;* on the other benzene ring.
After silylation, more trimers were found (OP-2-3A/B and OP-2-4A/B) and among them,
two have one hydroxyl group and two have two hydroxyl groups due to the increases in
molecular weight by 72 and 144, respectively. The m/z 615.7 in OP-2-3 A/B shows a
characteristic loss of CsHj;+ and for the same reason, m/z 503 may result in the formation
of m/z 431 in OP-1-1B. Presence of OP-3-1A/B/C also confirms the formation of trimers.
By the same reasoning, products like OP-2-2A/B and OP-3-2A/B/C confirm the

formation of dimers. Like NP-2-1, OP-2-2 may be the hydroxylated product of 4-tert-OP.

Overall, 1 hydroxylated product, 4 dimers, 1 trimer and hydroquinone were identified
from the reaction of 4-n-NP and MnO,. In comparison, 1 hydroxylated product, 3 dimers
and 3 trimers were found for the reaction of 4-tert-OP and MnO,. It should be noted that

only 3 dimers were found in the reaction with 4-tert-OP while 4 dimers were detected for
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4-n-OP. This may be due to analytical inadequacy; however, it is also possible that only 3
dimers were formed for 4-tert-OP, since the steric hindrance in reactions involving R3
(Figure 5-2) may be much greater in 4-tert-OP than in 4-n-NP. More evidence is needed

to confirm this speculation.

Based on the products identified, a tentative pathway was proposed (Figure 5-3). First, 4-
n-NP or 4-tert-OP is adsorbed onto the surface of MnO,, forming a surface complex. One
electron is transferred from 4-n-NP or 4-tert-OP to MnO,, yielding 4-n-NP or 4-tert-OP
phenoxy radicals. These three radicals further couple to each other, forming four possible
dimers. These dimers may be further attacked by the phenoxy radicals to form trimers.
The phenoxy radicals may be also further oxidized to form hydroxylated products and

hydroquinone.

5.4 Conclusions

Results from this study suggest that naturally occurring MnO, has the capability to
oxidize tNP, 4-n-NP and 4-tert-OP in soil, water and sediment. In addition, this study
suggested that the oxidation was significant in a broad pH range from pH 4.5 to pH 8.6.
However, as demonstrated by the reaction of tNP and soil in this study, the reaction of
NP and OP in the environment may be substantially slower than with synthetic MnO,
possibly due to the co-presence of metal ions, other clay minerals, etc. The main product
of the reaction of NP and OP with MnO, were hydroquinone, hydroxylated products,

dimers and trimers.
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Tables

Table 5-1 Effect of cations and humic acid on the reaction rate of 1.0 mg/L technical
nonylphenol (tNP), 4-n-nonylphenol (4-n-NP) or 4-tert-octylphenol (4-tert-OP)
in 100 mg/L MnO; solution at pH 5.5

Concentration

Observed pseudo-first order reaction rate constant

kobserv(m I n-l)

cosolute (mol/L) tNP 4-n-NP OP
Control No cation 0.015440.0005 0.03040.002 0.019540.0007
Ca** 0.01 0.0094+0.0001 0.016440.0001 0.001340.0001
Mg 0.01 0.012140.0001 0.021640.0001 0.018240.0002
Mn?* 10” 0.0024+0.0001 0.003940.0008 0.003540.0001
Humic acid 0.1 0.0169+0.0002 0.0399:40.0005 0.020340.0002
Humic acid 10 0.0290+0.0002 0.0618+0.0005 0.024740.0002
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Table 5-2 Retention time, possible category, collision energy and main m/z of MS2 spectra of identified products

Product Identification Method Retention Possible Molecular Collision Main m/z of MS* spectra

ID Time/min Category Weight* Energy/\olt

NP-1-1-A  GC-MS/MS 48.46 Dimer 438.6 10 438.6, 325.4, 311.3, 213.1

NP-1-1-B  GC-MS/MS 49.67 Dimer 438.6 10 438.6, 325.3, 213.2

NP-1-1-C  GC-MS/MS 50.30 Dimer 438.6 5 438.6, 325.3

NP-2-1 GC-MS/MS, 13.1 Hydroquinone 254.3/110 5 254.3,239.4,72.9
silylation

NP-2-2 GC-MS/MS, 30.3 Hydroxylated  380.3/236 5 380.2, 365.3, 267.2,179.1
silylation

NP-2-3A  GC-MS/MS, 46.7 Dimer 582.7/438 10 582.7,567.7, 469.6, 357.4, 73.0
silylation

NP-2-3B  GC-MS/MS, 47.3 Dimer 582.7/438 5 582.7, 469.6
silylation

NP-2-4A  GC-MS/MS, 47.6 Dimer 510.2/438 20 510.2, 398.6, 285.2, 206.7
silylation

NP-2-4B  GC-MS/MS, 48.1 Dimer 510.5/438 15 510.5, 495.6, 397.5, 285.2,
silylation 243.3,179.4

NP-3-1 UPLC-MS/MS 6.67 Hydroxylated 236 15 235, 217, 132

NP-3-2 UPLC-MS/MS 8.94 Dimer 438 40 438, 323, 310, 268, 225, 212,

197,121, 106

NP-3-3 UPLC-MS/MS 8.91 Trimer 657 50 656, 637, 543, 443

OP-1-1-A GC-MS/MS 58.3 Trimer 614.6 5 614.6, 543.5, 431.1

OP-1-1-B  GC-MS/MS 59.4 Trimer 615.2 5 615.2, 600.0, 503.4, 338.6

OP-2-1 GC-MS/MS, 24.5 Hydroxylated 366.3/222 10, 20 366.3, 295.3, 206.9, 179.1, 73.0
silylation

OP-2-2A  GC-MS/MS, 39.9 Dimer 482.8/410 5 482.8, 411.5, 298.8, 250.1
silylation

OP-2-2B  GC-MS/MS, 40.4 Dimer 482.7/410 10 482.7,411.4

silylation




991

OP-2-3A

OP-2-3B

OP-2-4A

OP-2-4B

OP-3-1A
OP-3-1B
OP-3-1C
OP-3-2A
OP-3-2B
OP-3-2C

GC-MS/MS,
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GC-MS/MS,
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GC-MS/MS,
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GC-MS/MS,
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UPLC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
UPLC-MS/MS

54.5
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51.5

524

8.71
9.59
10.65
9.69
9.79
10.32
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Trimer

Trimer

Trimer

Trimer
Trimer
Trimer
Dimer
Dimer
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687.0/614

686.9/614

759.8/614
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410
410
410

5

3

35

35

50
50
50
35
35
35

687.0, 615.7, 503.9, 487.0,
391.3
686.9, 615.8, 401.9

759.8, 687.8, 599.5, 484.7,
430.5
688.5, 618.5, 370.4

614, 542
614, 542
613, 542, 407
410, 338
410, 337
410, 338

*If the products are identified by GC-MS/MS after silylation, two molecular weights are given: the former is after silylation,

and the latter is possible molecular weight before silylation.
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Figure 5-1 Reaction kinetics of technical nonylphenol (tNP), 4-n-nonylphenol (4-n-NP)
or 4-tert-octylphenol (4-tert-OP) at different MnO, concentrations and with

different pH

(A) Removal of 1.0 mg/L tNP, 4-n-NP or OP in 100-mg/L MnO, solution at pH 5.5; (B)
Removal of 1.0 mg/L tNP with different initial MnO, concentrations at pH 5.5; (C)
Correlation of observed rate constant Kopserv and MnO, concentration, with the slope
indicating the reaction order with respect to MnO,; (D) Removal of 1.0 mg/L tNP by 100
mg/L MnQO; at different pH; (E) Correlation of the observed reaction rate constant Kopserv
and solution pH, with the slope indicating the reaction order with respect to H*. Data
points are given as mean =standard deviation (n = 3).
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Supporting Information
Text S 5-1.Chemicals Used:

Hydroquinone (99%), and analytical grade chemicals of manganese chloride (>98%),
sodium  permanganate  (>97%), humic  acid  (sodium  saturated), 4
morpholinepropanesulfonic acid (MOPS), 2-(cyclohexylamino) ethanesulfonic acid
(CHES), L-ascorbic acid, sodium perchlorate (99+ %), perchloric acid (70% solution in
water) and 4-tert-Octylphenol-3,5-d; solution(1 pg.mL™ in acetone)were purchased from
Sigma-Aldrich  (St.  Louis, MO). Silylation reagent N,O-bis-(trimethylsilyl)-
trifluoroacetamide with trimethylchlorosilane (BSTFA+TMCS, 99:1) was purchased
from Supelco (Bellefonte, PA). Sodium acetate trihydrate and HPLC grade methanol and
acetonitrile were all purchased from Fisher Scientific (Fair Lawn, NJ). Reagent water
(18.3 M.cm resistivity) was prepared using a Barnstead Nanopure water system
(Barnstead/Thermolyne, Dubuque, 1A). Stock solutions of 1000 mg/L tNP, 4-n-NP and 4-

tert-OP were prepared in methanol and stored at 4 <C prior to use.
Text S2. Effect of Methanol on Recoveries and Reaction Rates

The addition of methanol greatly increased the recoveries of tNP, 4-n-NP and 4-tert-OP.
With 0, 10%, 20%, 30%, 40%, 60%, 80% addition of methanol, the recoveries of tNP, 4-
n-NP and 4-tert-OP were: 5545%, 7842%, 9541%, 98+1%, 98+1%, 98+1% and 101+1%;
4343%, 5242%, 77+1%, 92+1%, 96+1%, 97+1% and 99+1%; and 7742%, 92+1%,

9641%, 98+1%, 99+1%, 101+1% and 100+1%, respectively. Therefore, we select 40%
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methanol addition as the reaction solvent to make sure at least 95% recovery for all the

three chemicals.

The addition of methanol also inhibited the reaction. The addition of 60% and 80%
methanol in the reaction with tNP, 4-n-NP and 4-tert-OP may decrease the reaction rates
to 2642%, 4+2%; 17H+1%, 64+1%; and 30+1%, 11+1% of that at the addition of 40%

methanol, respectively.
Text S5-3 Chemical Analysis
Analysis of NP and OP disappearance in the Reaction Solutions

Analysis of tNP, 4-n-NP and 4-tert-OP was carried out on an Agilent 1100 HPLC
(Agilent Technologies, Wilmington, DE) coupled with a fluorescence detector and a
Dionex Acclaim® 120 C18 column (4.6 <250 mm, 5 pm). Isocratic mobile phase was
made of acetonitrile (90%) and water (10%) at 1.0 mL/min and the excitation and
emission wavelengths for the fluorescence detector were 227 and 305 nm, respectively.
The typical retention times for tNP, 4-n-NP and 4-tert-OP were 7.4, 9.6 and 5.8 min,
respectively. It should be noted that on the chromatogram, tNP appeared as a series peaks

ranged from about 6 min to about 9 min due to its composition of many isomers.
Extraction and Analysis of Low Concentrations of Technical Nonylphenol

After quenched by 0.5 mL 50mg/mL L-ascorbic acid, 50 L of 10 mg/L 4-n-NP was
added to the reaction suspension as the recovery surrogate. The suspension was then

extracted by shaking with 15 mL hexane for 1 h twice. The hexane was combined and
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condensed to about 1 mL under gentle nitrogen flow. An addition of 25 pL 1 mg/L 4-tert-
Octylphenol-3,5-d, in acetone was the internal standard. This liquid-liquid extract
achieved high efficacy with the recovery 9843%. To further validate the method when
extracting soil suspension, the filtered soil was freezing dried and extracted by Dionex
ASE 350 at 50 <C and 1500 psi with 50:50 acetone and hexane, 2 cycles, static time 5
min, flush volume 60% and finally purged with nitrogen for 100 s. The extract contained

no significant level of tNP.

The samples were analyzed on Agilent 6890 GC coupled with 5973 MSD (Agilent
Technologies, Wilmington, DE). . Samples (2 L) were introduced into the inlet at
250 <C and the separation was achieved on a DB-5MS Ultra Inert capillary column (60m
% 0.25 mm x<0.25 um, Agilent, Wilmington, DE). The carrier gas was helium (99.999%)
and the flow rate was set at 1.0 mL/min. The column temperature was initially
programmed at 80 <C for 0 min, then ramped to 160 <C at 10 <T/min and held for 42 min,
and then ramped to 300 T at30 <T/min for 3 min. The mass spectrometer was operated
in EI SIM mode at 70 eV. m/z 137 was used for quantification the internal standard and
m/z 107 was used for recovery surrogate and m/z 121, 135, 149, 163, 177 and 191 were

used for tNP. Totally, 19 peaks were separated from tNP.

Identification of Reaction Products by GC-MS/MS

Briefly, for the identification of products by GC-MS/MS, after 4 h of reaction, 50 mL of
the reaction mixture (pH 5.5) with initially 20 mg/L 4-n-NP or 4-tert-OP and 100 mg/L

MnO, was extracted with 15 mL methylene chloride for three consecutive times. The
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extract was condensed to near dryness, followed by dissolution in 1.0 mL hexane-acetone
(1: 1, v: v). The samples were analyzed directly or after derivatization by adding 150 pL
of N,O-bis(trimethylsilyDtrifluoroacetamide (BSTFA) with 1% trimethylsilyl chloride

(TMCS) on a GC-MS/MS.

A Varian 3800 GC (Varian Instruments, Sunnyvale, CA) coupled with a Varian 1200
triple-quadrupole mass spectrometer and a CombiPal autosampler (CTC Analytics,
Zwingen, Switzerland) were used. Samples (1 L) were introduced into the inlet at
260 <C and the separation was achieved on a DB-5ms capillary column (30m <0.25 mm
% 0.25 um, Agilent, Wilmington, DE). The carrier gas was helium (99.999%) and the
flow rate was set at 1.0 mL/min. The column temperature was initially programmed at
80 <C for 3.0 min, then ramped to 300 C at 5 <T/min, and held at 300 <C for 20 min. The
triple-quadrupole mass spectrometer was operated in El daughter scan mode at 70 eV.
The transfer line, ion source, and manifold temperatures were set at 300, 170, and 40 <C,
respectively. Argon (99.999%) in 2.0-2.1 mTorr was used as the collision gas, and a 5

min solvent delay and extended dynamic range (EDR) were enabled for the detector.

Identification of Reaction Products by UPLC-MS/MS

For the identification by UPLC-MS/MS, after 4 h of reaction, 20 mL reaction solution
with 250 mg/L 4-n-NP or 4-tert-OP and 500 mg/L MnO; was quenched and analyzed. An
ACQUITY UPLC system (Waters, Milford, MA) consisting of binary solvent manager
and sample manager was used. Chromatographic separation of compounds was

performed at 40°C, using ACQUITY UPLC BEH C18 column (2.1x100 mm, 1.7 um
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particle size, Waters). Mobile phase A was water and mobile phase B was methanol.
The following gradient was used: 0-3 min, 10% to 50% B; 3-8 min, 50% to 100% B; 8-
15 min, 100% B; 15-17 min, and re-equilibrate with 10% B. The flow rate of mobile
phase was 0.2 ml/min, and the sample volume injected was 5 upl. Analytes were
determined using a Waters Micromass triple quadrupole detector equipped with an
electrospray ionization (ESI) source. Data acquisition was performed in negative ESI
mode and the optimized MS parameters were as follows: source temperature, 120<C;
desolvation temperature, 350<C; capillary voltage, 3.2 kV; cone voltage, 30 V;
desolvation gas flow, 600 L/h and cone gas flow, 50 L/h. The collision gas (Argon,
99.999%) flow in the collision cell was kept at 0.2 ml/minAll data were acquired and

processed using MassLynx 4.1 software.
Text S 5-4 Derivation of Kinetic Expression
The reaction rates of these compounds and MnO, may be described as:

e d[substrate]

” = k[substrate][MnO,"[H*]° 1)

where r is the reaction rate, (substrate) is the concentration of tNP, 4-n-NP or 4-tert-OP, k
is the rate constant, (MnO;) and (H") are the concentrations of MnO, and H',
respectively and a, b and ¢ are the reaction orders with respect to substrate, MnO, and H",
respectively. In this study, pH was kept constant during the reaction using different pH

buffers and the initial concentrations of MnO; (usually 100 mg/L) were much higher than
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the initial substrate concentration (i.e., 1 mg/L). Therefore, the concentrations of MnO,

and H" were almost constant during the reaction, and Equation 1 may be written as:

r= d[substrate] _ k[substrate][MnO,],°[H*1,°

dt ()
where [MnO,] and [H'] are the initial concentrations of MnO, and H", respectively.
Under the conditions with fixed pH and initial MnO; concentration, Equation 2 can be

simplified as:

r— % =K, [SUbstrate]®

©)

kobserv = k[M nOZ]Ob[HJr]Oc (4)

where Kopsery 1S the observed rate constant. If the reaction order for substrate is 1 (i.e., a =

1), the reaction is a pseudo-first-order reaction. Equation 3 can be written in a linear form:

In[substrate]= —k + In[substrate],

observt

()
where [substrate] is the initial concentration of tNP, 4-n-NP or 4-tert-OP.

When logarithmic concentrations of tNP, 4-n-NP or 4-tert-OP were plotted against the
reaction time, all curves became linear with R? > 0.93 (P < 0.05). Therefore, the reaction
orders with respect to the three substrates were clearly 1.0, with the slopes of the
linearized curves representing the pseudo-first-order rate constant kgpsenv (Min™). The

logarithmic form of Equation 4 is:
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IOglO kobserv =b Iogm[M noz]o + IOglO k[|_|+]oC (6)
Or
IOglO kobserv =C- Ileo[H+]o + IOglO k[M noz]ob =—C-pH+ IOglo k[M r]oz]ob (7)

In Equations 6 and 7, logarithm based on 10 is used instead of natural logarithm to be
consistent with pH. Therefore, when plotting the 10gio Koberv @gainst the logio [MnO5] or

pH, the slope of the linearized curve would be the order of MnO, or pH.

176



Table S 5-1 Properties of high Mn content soil

Depth Texture  Particle Size (%) pH TOC CEC pH 7*
(cm) (o/kg (me/100g soil)
Sand Silt Clay 1:1 1 mol/L
H,O KCI
232-256 Silty 11.3 455 432 6.2 7.0 23 045
clay

*This soil has a high content of goethite, so the CEC value is obtained by the sum of by

sum of exchangeable cations plus exchangeable acidity.
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Table S 5-2 Concentrations of 4-n-NP, tNP and 4-tert-OP in the MnO,-free controls at
pH 5.5 compare to their initial concentrations

Time/min tNP (%) 4-n-NP (%) 4-tert-OP (%)
5 100.340.8 100.340.2 99.640.6
10 100.440.8 100.740.1 100.140.4
20 99.740.7 100.740.1 100.040.3
40 100.240.6 100.740.2 100.040.1
60 100.140.9 99.1+2.3 99.340.8
90 100.340.8 100.340.6 99.940.8
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Figure S 5-1 X-ray diffractogram of MnO,
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Figure S 5-2 Removal of 1.0 mg/L 4-n-NP with different initial MnO, loadings (100

mg/L, 50 mg/L, 25 mg/L and 12.5 mg/L) at pH 5.5

Data points are given as mean =standard deviation (n = 3).
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Figure S 5-3 Removal of 1.0 mg/L OP with different initial MnO; loadings (100 mg/L,
50 mg/L, 25 mg/L and 12.5 mg/L) at pH 5.5

Data points are given as mean =%standard deviation (n = 3).
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Figure S 5-4 Removal of 1.0 mg/L 4-n-NP by 100 mg/L MnQO; at different pH

Data points are given as mean =standard deviation (n = 3).
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Figure S 5-5 Removal of 1.0 mg/L OP by 100 mg/L MnQO; at different pH

Data points are given as mean =standard deviation (n = 3).

183



Spectrum 1A
BP: 311.3 48.465 min, Scan: 3898, 438.6>50.0:450.0 [-10.0V], RIC: 2.392e+6
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Figure S 5-6 GC-MS-MS spectra of NP-1-1-A at retention time 48.46 min, a dimmer of
nonylphenol
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Spectrum 1A
BP: 213.2 49.669 min, Scan: 4206, 438.6>50.0:450.0 [-10.0V], RIC: 315138
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Figure S 5-7 GC-MS-MS spectra of NP-1-1-B at retention time 49.67 min, a dimmer of
nonylphenol
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Spectrum 1A
BP: 325.3 50.298 min, Scan: 4366, 438.6>50.0:450.0 [-5.0V], RIC: 103917
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Figure S 5-8 GC-MS-MS spectra of NP-1-1-C at retention time 50.30, a dimmer of
nonylphenol.
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Figure S 5-9 Possible ion fragment assignments of products NP-1-1-A, B, C, dimmers of
nonlylphenol
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Spectrum 1A
BP: 254.3 13.101 min, Scan: 1131, 254.4>50.0:256.0 [-5.0V], RIC: 119881
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Figure S 5-10 GC-MS-MS spectra of NP-2-1 at retention time 13.1 min, hydroquinone
silylated

188



miz: 73.0 miz: 254 .1 mfz: 2391

Figure S 5-11 Possible ion fragment assignments of products NP-2-1, hydroquinone
silylated
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Spectrum 1A
BP: 380.2 30.342 min, Scan: 9247, 380.3>50.0:381.0 [-5.0V], RIC: 201879
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Figure S 5-12 GC-MS-MS spectra of NP-2-2 at retention time 30.3 min, hydroxylated
nonylphenol, silylated

190



o | o.l
Joui 7| o
+ - (o] C')
(o] L

/Slpi"- fsll:: /Sh\‘
miz; 365.2
miz: 267.1 / miz: 380.3 \
'E[i/ o.d -
| "Si
I
miz: 73.0 +
miz: 179.1

Figure S 5-13 Possible ion fragment assignments of products NP-2-2
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Spectrum 1A
BP: 582.7 46.747 min, Scan: 13752, 582.8>50.0:584.0 [-10.0V], RIC: 2.115e+6
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Figure S 5-14 GC-MS-MS spectra of NP-2-3A at retention time 46.7 min, dimmer of
nonylphenol, silylated
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Spectrum 1A

BP: 469.6 47.250 min, Scan: 13835, 582.8>50.0:584.0 [-5.0V], RIC: 166458
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Figure S 5-15 GC-MS-MS spectra of NP-2-3B at retention time 47.3 min, dimmer of
nonylphenol, silylated
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Figure S 5-16 Possible ion fragment assignments of products NP-2-3A/B
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Figure S 5-17 Another Possible ion fragment assignments of products NP-2-3A/B
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Spectrum 1A
BP: 206.7 47.643 min, Scan: 13903, 510.7>50.0:512.0 [-20.0V], RIC: 11102
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Figure S 5-18 GC-MS-MS spectra of NP-2-4A at retention time 47.6 min, dimmer of
nonylphenol, silylated.
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Spectrum 1A
BP: 495.6 48.075 min, Scan: 13986, 510.7>50.0:512.0 [-15.0V], RIC: 874315
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Figure S 5-19 GC-MS-MS spectra of NP-2-4B at retention time 48.1 min, dimmer of
nonylphenol, silylated
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Figure S 5-20 Possible ion fragment assignments of products NP-2-4A/B
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Figure S 5-21 Another Possible ion fragment assignments of products NP-2-4A/B
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Figure S 5-22 UPLC-MS-MS spectra of NP-3-1 at retention time 6.67 min, hydroxylated
nonylphenol
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Figure S 5-23 UPLC-MS-MS spectra of NP-3-2 at retention time 8.94 min, dimmer of

nonylphenol
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Figure S 5-24 UPLC-MS-MS spectra of NP-3-3 at retention time 8.91 min, trimer of
nonylphenol
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Spectrum 1A
BP: 543.5 58.366 min, Scan: 17749, 614.3>=50.0:616.0 [-5.0V], RIC: 30420
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Figure S 5-25 GC-MS-MS spectra of OP-1-1A at retention time 58.3 min, trimmer of
octylphenol
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Spectrum 1A

BP: 615.2 59.374 min, Scan: 17909, 614.3=>50.0:616.0 [-5.0V], RIC: 12278
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Figure S 5-26 GC-MS-MS spectra of OP-1-1B at retention time 59.4 min, trimmer of
octylphenol
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Figure S 5-27 One possible ion fragmentation of Product OP-1-1A/B
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Spectrum 1A
BP: 543.5 58.366 min, Scan: 17749, 614.3=50.0:616.0 [-5.0V], RIC: 30420
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Figure S 5-28 GC-MS-MS spectra of OP-2-1 at retention time 24.5 min, hydroxylated
octylphenol, silylated
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Figure S 5-29 Possible ion fragmentation of Product OP-2-1
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Spectrum 1A
BP: 411.5 39.912 min, Scan: 10984, 482.6>50.0:484.0 [-5.0V], RIC: 42021
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Figure S 5-30 GC-MS-MS spectra of OP-2-2A at retention time 39.9 min, dimmer of
octylphenol, silylated
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Spectrum 1A
BP: 411.4 40.391 min, Scan: 11083, 482.6=50.0:484.0 [-10.0V], RIC: 711288
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Figure S 5-31 GC-MS-MS spectra of OP-2-2B at retention time 40.4 min, dimmer of

octylphenol, silylated
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Figure S 5-32 Possible ion fragmentation of Product OP-2-2A/B
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Figure S 5-33 Another possible ion fragmentation of Product OP-2-2A/B
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Spectrum 1A

BP: 615.7 54.490 min, Scan: 13737, 686.9>50.0:688.0 [-5.0V], RIC: 24018
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Figure S 5-34 GC-MS-MS spectra of OP-2-3A at retention time 54.5 min, trimmer of
octylphenol, silylated
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Spectrum 1A
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Figure S 5-35 GC-MS-MS spectra of OP-2-3B at retention time 57.4 min, trimmer of
octylphenol, silylated
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Figure S 5-36 Figure S36. Possible ion fragmentation of Product OP-2-3A/B
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Spectrum 1A
BP: 759.8 51.463 min, Scan: 13326, 760.0=50.0:761.0 [-35.0V], RIC: 84409
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Figure S 5-37 GC-MS-MS spectra of OP-2-4A at retention time 51.5 min, trimmer of
octylphenol, silylated
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Spectrum 1A
BP: 688.5 52.420 min, Scan: 13454, 760.0=50.0:761.0 [-35.0V1], RIC: 28907
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Figure S 5-38 GC-MS-MS spectra of OP-2-4B at retention time 52.4 min, trimmer of
octylphenol, silylated
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Figure S 5-39 Possible ion fragmentation of Product OP-2-4A/B
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Figure S 5-40 UPLC-MS-MS spectra of OP-3-1A at retention time 8.71 min, trimmer of

octylphenol
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Figure S 5-41 UPLC-MS-MS spectra of OP-3-1B at retention time 9.59 min, trimmer of
octylphenol
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Figure S 5-42 UPLC-MS-MS spectra of OP-3-1C at retention time 10.65 min, trimmer
of octylphenol
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Figure S 5-43 UPLC-MS-MS spectra of OP-3-2A at retention time 9.69 min, dimmer of
octylphenol.
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Figure S 5-44 UPLC-MS-MS spectra of OP-3-2B at retention time 9.79 min, dimmer of
octylphenol
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Figure S 5-45 UPLC-MS-MS spectra of OP-3-2A at retention time 10.32 min, dimmer
of octylphenol
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Spectrum 1A
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Figure S 5-46 GC-MS-MS spectra of the hydroquinone standard
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Spectrum 1A
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Figure S 5-47 GC-MS-MS spectra of 4-n-NP
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Figure S 5-48 GC-MS-MS spectra of 4-n-NP silylated
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Figure S 5-49 GC-MS-MS spectra of 4-tert-OP
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Figure S 5-50 GC-MS-MS spectra of 4-tert-OP silylated
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Chapter 6 General Conclusions and Future Work

6.1 Isomer-Specific Biodegradation in River Sediments and Bioreactor

Biodegradation of tNP in the river sediments and the conventional activated sludge
bioreactor was found to be isomer specific. NP biodegradation in bed sediments was
affected greatly by the redox potential. While most NP isomers were recalcitrant to
degradation in reduced sediments, under true oxic conditions, the half-lives of NP
isomers ranged from 0.9 to 13.2 d. The overall removal of tNP was much more efficient
during the wastewater treatment processes simulated in a laboratory-scale CAS bioreactor,
ranging 90 to 99%, depending on the operational conditions. In the bioreactor and river
sediments, the biodegradability of NP isomers was closely dependent on the structures of
NP isomers. Isomers with short side chain and bulky a-substituents were generally more
persistent, following the order of dimethyl >= ethylmethyl > methylpropyl >= iso-
propylmethyl. Regression analysis validated that steric effect index and degree of
branching as quantified by Ipwbar may be used to predict the relative biodegradability of

NP isomers.

6.2 Isomer-Specific Oxidation of Nonylphenol by Potassium Permanganate

Some isomeric selectivity was apparent in the oxidation of NP by KMnQy,, although the
selectivity appeared to be more limited as compared to that in biodegradation. At pH 7
with 10 mg/L of KMnO4 and 50 pg/L tNP, the half-lives of 19 isomers varied from 4.8 to

6.3 min. In general, NP isomers with less bulky o substituents had higher reactivity and
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followed the same trend as in the biodegradation: dimethyl > ethylmethyl ~ methylpropyl
~ iso-propylmethyl. However, the substituent effects during potassium permanganate
oxidation may originate from inductive effects rather than the steric hindrance of ipso-

hydroxylation as observed in biodegradation.

6.3 Oxidation by Soil Manganese Dioxide

Naturally occurring MnO, has the capability to oxidize tNP and its structural analogues
4-n-NP, 4-tert-OP and bisphenol F in soil, water and sediment. At pH 5.5 and 100 mg/L
synthetic 6-MnO,, 92, 84 and 76% of 4-n-NP, 4-tert-OP and tNP was transformed in 90
min, respectively. A further experiment using a Mn-containing soil and Mn-removed soil
confirmed that soil MnO, caused NP removal, although at a rate substantially slower than
that by synthetic MnO,. Multiple reaction products, including hydroquinone,
hydroxylated products, dimers and trimers were identified through fragmentation analysis
by GC-MS/MS and UPLC-MS/MS. Based on these reaction products, tentative pathways
were constructed: NP, OP and bisphenol F are first adsorbed on the surface of MnO, and
then one electron is transferred from these phenolic compounds yielding phenoxy
radicals. These radicals further couple with each other, forming dimers. These dimers
may be further attacked by the phenoxy radicals to form trimers. The phenoxy radicals

may be also further oxidized to form hydroxylated products and hydroquinone.

230



6.4 Environmental Implications

Since WWTPs are the primary source for NP entering the environment, the isomer
preferential enrichment implies that some NP isomers are introduced into the
environment at levels higher than that indicated by non-discriminatory analysis of NP.
Surface aquatic systems are often the primary sink of NP contamination due to the often-
practiced discharge of NP-containing WWTP effluents. The isomer-specificity in NP
attenuation in river sediments may result in selective accumulation of recalcitrant NP
isomers in the bed sediment and other environmental matrices such as the overlaying
water due to sediment resuspension and desorption of NP. The preferential attenuation of
NP isomers in the surface aquatic systems will further impact other closely related
environment compartments, for example, source drinking water and ground water.
Isomeric selectivity in KMnO, oxidation may result in accumulation of recalcitrant
isomers in tertiary treated effluent, drinking water and ground water. Soils are also an
important sinks of NP due to land application of NP-containing sludge. Abiotic oxidation
by manganese dioxide in soil may contribute to the natural dissipation NP and their

analogues.

6.5 Future Work

This dissertation project has comprehensively considered biodegradation of NP isomers
in two environmentally important processes; however, more processes need to be
evaluated to gain a full knowledge on the fate and transport of NP isomers. For example,

sludge treatment, including anaerobic and aerobic digestion and composting, is an
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important step before disposal of primary and secondary sludge. The nonylphenol profile
shifts during the sludge treatment will directly change NP isomer profiles released into
the environment via land application. When sludge is land applied, soil biodegradation
and plant uptake of NP isomers can have direct implications for food safety and human
health risks. It is likely that isomer selectivity may also occur during NP bioaccumulation

by aquatic species or biomagnification through food webs.

In this project, a total of 19 4-a-quaternary NP isomers, which comprise the majority
parts of tNP, were considered. However, the minor components, such as 4-o-tertiary NP
and 2-NP isomers, may contribute estrogenic activity higher than that indicated by their
content in the tNP. Moreover, these isomers may have lower biodegradability and thus
become relatively enriched in the environment. More research is needed to understand
the biodegradation kinetics, mechanisms and pathways of these 4-o-tertiary NP and 2-NP

isomers under natural and artificial conditions.

Isomer-specific occurrences of NP have been mostly observed in water samples.
However, due to its high log Koc value, NP is highly enriched in the sludge, sediment
and likely aquatic biota. Therefore, future research on isomer selectivity in these
environmental compartments is of scientific merit. Moreover, biodegradation of NP
isomers may form various metabolites, such as 2-nonyl-p-benzoquinones and nitro-
nonylphenol. Furthermore, disinfection of secondary effluent and drinking water may

form chlorinated NP. These metabolites and disinfect byproducts may have higher
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toxicity. Future research on their formation, elimination, toxicity and structure-toxicity

relationship is also meritorious.
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Appendix Oxidation of Bisphenol F (BPF) by Manganese Dioxide

A.1 Introduction

Bisphenol F (4,4’-dihydroxydiphenyl-methane, BPF) is a member of bisphenols, which
are a group of compounds with two hydroxyphenyl functionalities. Bisphenol F is
structurally similar to bisphenol A (4,4’-dihydroxydiphenyl-propane, BPA) — the most
widely used bisphenol (Figure A-1). Like BPA, BPF is used as the starting monomer for
polycarbonate plastics and epoxy resins that are commonly found in household items,
such as plastic bottles and cups, bicycle and motorcycle helmets, dental materials,
protective coatings on food, soft drink cans and water pipes (Cabaton et al., 2009; Danzl
et al., 2009). Bisphenol F epoxy resin has lower viscosity and better resistance against
solvents than BPA epoxy resin, and hence the production of BPF has increased over the

years (Danzl et al., 2009).

Like BPA, BPF is increasingly detected in environmental media due to its widespread use.
For instance, Fromme et al. (Fromme et al., 2002) found BPF in 77% of the surface water
samples, 72% of the sewage water samples, and 58% of the sediment samples in
Germany. Stachel et al. (Stachel et al., 2003) also detected BPF in surface water and
freshly deposited sediments in River Elbe and its tributaries in Germany. Bisphenol F is a
xenoestrogen as shown in vivo in the uterotrophic assay of BPF-exposed rats (Yamasaki
et al., 2002). In vitro, BPF showed higher estrogenicity than BPA in a yeast two-hybrid

system, human MCF-7 cells and human HepG2 cells (Cabaton et al., 2009; Stroheker et
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al., 2004). For example, in the human MCF-7 cell proliferation assay (E-Screen assay),

estrogenicity of BPF was about 5 times higher than BPA (Stroheker et al., 2004).

Elucidation of transformations of BPF is important for understanding its natural
attenuation in the environment as well as for exploring possibilities for decontamination.
Inoue et al. (Inoue et al., 2008) reported that BPF was completely degraded in 9 h by
Sphingobium yanoikuyae isolated from river water. Suzuki et al. (Suzuki et al., 2010) and
Yamada et al. (2010) found that peroxidase and tyrosinase effectively oxidized BPA,
BPF and other bisphenol derivatives, especially in the presence of H,0,. Xiao et al. (Xiao
et al., 2007) further observed that B-cyclodextrin (B-CD) was able to enhance

photodegradation of BPF by TiO..

Manganese oxides/hydroxides are important components in most soils, water and
sediments. Owing to their high negative surface charge, low point of zero charge, large
surface area, low crystallinity and dynamic redox behavior, they are geochemically more
active than that indicated by their abundance (Negra et al., 2005). Many studies show that
manganese oxides/ hydroxides are efficient in degrading different organic pollutants,
including phenolic compounds (Lin et al., 2009), amines (Chen et al., 2010), azo

compounds (Clarke et al., 2010), and steroid hormones (Xu et al., 2008).

In this study, we examined degradation of BPF by synthesized manganese dioxide (8-
MnO,) that was similar to the naturally abundant birnessite. The kinetics of the reaction

and the reaction pathways were explored, and the influences of pH and common
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cosolutes, including humic acid, common cations and anions, on the reaction were

considered.

A.2 Materials and Methods

A.2.1 Chemicals

Hydroquinone (99%), and bisphenol F (98%), bisphenol A (98%), bis(2-hydroxyphenyl)
methane (98%) and 2, 2'-diphenol (97%) and analytical grade chemicals of manganese
chloride (> 98%), sodium permanganate (> 97%), humic acid (sodium saturated), 4-
morpholinepropanesulfonic acid (MOPS), 2-(cyclohexylamino) ethanesulfonic acid
(CHES), and L-ascorbic acid were purchased from Sigma-Aldrich (St. Louis, MO).
Silylation reagent N, O-bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane
(BSTFA+TMCS, 99:1) was purchased from Supelco (Bellefonte, PA). 4-
Hydroxybenzaldehyde (98%) was purchased from VWR (West Chester, PA). 4-
Hydroxybenzyl alcohol (97%) and other chemicals and solvents were all purchased from
Fisher Scientific (Fair Lawn, NJ). Reagent water (18.3 M-cm resistivity) was prepared
using a Barnstead Nanopure water system (Barnstead/Thermolyne, Dubuque, 1A). Stock

solution of 4.40 mM BPF was prepared in methanol and stored at 4 <C prior to use.

Manganese dioxide (6-MnO,) was synthesized according to Murray’s method (Murray,
1974). Briefly, 320 mL of 0.1 M NaMnO,4 and 640 mL of 0.1 M NaOH were added to
6.56 L of nitrogen-purged reagent water, followed by a dropwise addition of 480 mL of

0.1 M MnCI;, while keeping the solution constantly sparged with nitrogen. The formed

236



MnO, particles were allowed to settle, and the supernatant was decanted and replaced
with fresh reagent water several times until the conductivity of supernatant was below 2
uS/cm. The MnO; suspensions were stored at 4 <C and were diluted to appropriate
concentrations prior to use. The surface area was measured to be 269.1 m%g on a
Micromeritics 2100 system (Micromeritics, Norcross, GA). Powder X-ray diffraction
analysis carried out on a Bruker D8 Advance Diffractometer (Bruker AXS, WI) with Cu
Ka radiation showed that the synthetic MnO, was amorphous, as shown in the X-ray

diffractogram in the Supporting Information (SI).
A.2.2 Reaction Setup

Batch experiments were conducted in 125-mL wide-mouth amber borosilicate glass
bottles with Teflon-faced caps at room temperature with the reaction solution temperature
measured to be 25 +2<C. Reaction mixtures were constantly stirred with Teflon-coated
magnetic stir bars at 480 rpm on a Variomag® Poly 15 plate (Fisher Scientific, Fair Lawn,
NJ). Reaction solutions were maintained at a constant ionic strength of 0.01M (by adding
suitable amount of sodium chloride) and different pH with 10 mM of these following
buffers: pH 4.5 and pH 5.5, acetic acid/sodium acetate; pH 6.5 and pH 7.5, MOPS and its

sodium salt; pH 8.6 and pH 9.6, CHES and its sodium salt.

Prior to the initiation of reactions, MnO, suspensions in buffer solutions (40 mL) with or
without cosolutes (e.g., CaCl,, MnCl,, MgCl,, FeCls, humic acid) were constantly stirred
at 480 rpm for about 16 h. Reactions were initiated by adding 40 puL of 4.4 mM BPF in

methanol to the continuously stirred MnO, suspensions. Aliquots of 1.0 mL of reaction
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mixture were periodically withdrawn with a pipette, transferred to 2-mL HPLC vials
containing 5 pL. L-ascorbic acid solutions (50 mg/mL) and immediately vortexed for 10 s.
Dissolution of the MnO, by L-ascorbic acid released the adsorbed BPF and reaction
products and quickly quenched the reaction. All samples were stored at 4 <C and
analyzed within 24 h. Preliminary experiments showed that there was no change in

concentration during the storage.

The effect of initial MnO; loadings on BPF removal was studied by considering different
MnO, concentrations (0, 12.5, 25, 50, 100 and 200 uM) under the fixed conditions of pH
5.5, 4.4 uM BPF, and 0.01 M ionic strength. The effect of pH was evaluated in solutions
with different pH values (4.5, 5.5, 6.5, 8.6, and 9.6), under the fixed conditions of 100
uM MnOg, 4.4 uM BPF, and 0.01 M ionic strength. The cosolute effects of cations and
anions were investigated by fortifying two different concentrations (e.g., 0.01 and 0.05 M)
of the cosolutes including CaCl,, MgCl,, MnCl,, Na,SO4, Na,HPO, and NaNOj3 under
the fixed conditions of 100 uM MnO,, 4.4 uM BPF, and pH 5.5. The effect of humic acid
was determined at pH 5.5 and 8.6 by amending the reaction solution with humic acid
(Sigma-Aldrich St. Louis, MO) at 0.1 or 10 mg/L under the fixed conditions of 100 uM
MnO,, 4.4 uM BPF, and 0.01 M ionic strength. As analogs to BPF, BPA and bis(2-
hydroxyphenyl) methane were also reacted with 100 pM MnO, at pH 5.5 and 0.01 M

ionic strength for the purpose of structure-activity relationship evaluation.
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A.2.3 Chemical Analysis

Analysis of BPF, BPA and bis(2-hydroxyphenyl) methane was carried out on an Agilent
1100 HPLC (Agilent Technologies, Wilmington, DE) coupled with a multi-wavelength
UV detector and a Dionex Acclaim® 120 C18 column (4.6 <250 mm, 5um). For BPF,
the isocratic mobile phase was acetonitrile (50%)-water (50%) at 1.0 mL/min and the UV
wavelength was 200 nm. The injection volume was 25 pL. Under these conditions, the
typical retention time for BPF was 5.4 min. For BPA and bis(2-hydroxyphenyl) methane,
all the HPLC conditions were the same except the mobile phase was acetonitrile (75%)—
water (25%). Identification of reaction products followed a similar procedure described in

Lin et al. (2009) and detailed information can be found in the Supporting Information

(Sl).

A.2.4 Molecular Modeling

Molecular modeling was performed using a Hyperchem 8.0 program (Hypercube,
Gainesville, FL). Semiempirical quantum mechanical Austin model 1 (AM1) molecular
orbital method was used for geometry optimization with Polak-Ribiere algorithm until
RMS gradient (total energy gradient calculated as a root mean square) less than 0.01
kcal/mol. The highest occupied molecular orbitals (HOMO) for gas and aqueous phases

were calculated.
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A.3 Results and Discussion
A.3.1 Removal Efficiency and Orders of Reaction

In the presence of MnO, BPF rapidly dissipated from the reaction mixture at pH 5.5
(Figure A-2). For example, about 90% of the initial BPF was reacted in 20 min in the
solution containing 100 uM MnO;, while the level of BPF was essentially unchanged in
the MnO,-free control. When logarithmic BPF concentrations were plotted against time,
all the curves were linear with R? > 0.93 for the linear regression. Therefore, the reaction
order with respect to BPF was clearly 1.0, with the slopes of the linearized curves

representing the pseudo-first-order rate constant k; (min™).

As the reaction order for BPF was unity, the rate of reaction of BPF and MnO, may be

described as:

r= —% = k[MnO,’[BPF]® = k,[BPF] 1)
k, =k[MnO,T* )

where Kk is the rate constant, k; is the pseudo-first-order rate constant, and a, b are the
reaction orders with respect to MnO; and BPF, respectively. The logarithmic form of

Equation 2 is:

Ink, =Ink[MnG,]* =Ink +aln[MnG,] (3)
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Therefore, when plotting Ink; against In[MnO,], the slope of the linearized curve would
reflect the reaction order for MnO,. The slope of the regression lines was found to be
1.25 (R* = 0.99), suggesting that the reaction order with respect to MnO, for the

oxidation reaction was 1.25.
A.3.2 Effect of pH

The rate of oxidation of BPF by MnO, was greatly affected by pH and the reaction
followed an order of pH 4.5 > pH 5.5 >pH 8.6 > pH 7.5 > pH 6.5 > pH 9.6 (Figure A-3).
The oxidation of organic pollutants by MnO, was usually pH-dependent (Chen et al.,
2010; Lin et al., 2009), because of the pH-dependent redox potential of MnO,/Mn?* and
the speciation of organic pollutants. In a previous study, a similar pH effect was observed
for BPA (Lin et al., 2009). For the same reason, pH may also be expected to influence the

oxidation of other bisphenol derivatives.

The pH dependence may be explained both macroscopically and microscopically.
Macroscopically, the redox potential of the solution is dependent on pH. For example, the
oxidation of BPF to 3, 4-hydroxybenzyl alcohol (product 3) and hydroquinone (product
4), two of the structurally identified reaction products (see Reaction Pathway below),

may be expressed as:
MnO, +2e” +4H" — Mn*" +2H,0 4)

HOC,H,OH + HOC,H,CH,OH + 26~ + 2H* — HOC,H,CH,C,H,0H+2H,0  (5)
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MnO, + HOC,H,CH,C,H,OH+2H" — Mn** + HOC,H,OH + HOC,H,CH,OH (6)

As pH was increased from 4.5 to 6.5, the concentration of proton would decrease, which
would result in a decrease in the reaction rate. Microscopically, the reaction may be
separated into three steps: BPF forms complexes with MnO,, one electron is transferred
to MnO,, and finally, the products dissociate from MnO; (Lin et al., 2009; Stone, 1987).

The first two steps are usually rate limiting. The first step may be described as:

—SOH +RO™ —>=SOR +OH" (7

where =SOH is the neutral surface hydroxyl group of MnO; and RO’ is the monobasic
BPF and =SOR is the complex formed. According to Eq. 7, the speciation of MnO,
surface hydroxyl groups and BPF (Figure A-4) may significantly affect the formation of
complex and at higher pH, the second step of the reaction may be inhibited. Moreover, in
the second step, deprotonated phenol should be able to give an electron more readily than
the protonated phenol (Stone, 1987), thus facilitating electron transfer at higher pH. The
overlapping and interactions of the above processes may have contributed to the observed

unique trend in pH influences.
A.3.3 Effect of Cosolutes

Humic acids are a ubiquitous environmental sorbent that may inhibit the MnO,-mediated
oxidation of BPF by competitive sorption to the active surface hydroxyl groups and

dissolution of MnO, (Klausen et al., 1997). On the other hand, humic acids may also
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enhance the reaction by binding Mn?* (Xu et al., 2008). The sorption of humic acids on

manganese oxides decrease with increasing pH (Tipping and Heaton, 1983)

The binding of Mn?* by humic acid should also decrease with increasing pH (McBride,
1978). In this study, at pH 5.5, the inhibition of humic acid at both 10 and 0.1 mg/L was
significant (with 79.8 and 37.9% reduction, respectively), while at pH 8.6, the inhibition
was found to be insignificant when the humic acid amendment level was 0.1 mg/L.
(Table A-1) Therefore, at higher pH and lower humic acid concentrations, the inhibition
and enhancement effects of humic acids were similar and likely offset each other. This
was in agreement with Klausen et al. (Klausen et al., 1997) who showed the inhibitory
effect of humic acids to substituted anilines was more significant with increasing humic
acid concentrations. Under the other conditions examined in this study, however, the

effect of humic acids was dominated by inhibition.

The effect of cations as cosolutes was evaluated and the results show that Mn?* displayed
the greatest inhibition (Table A-2). The overall inhibitory effect followed an order of
Mn%** > Ca** > Mg?* > Na'. This pattern was in good agreement with those observed in
other studies showing a general order of Mn** > Ca** > Mg”" in similar oxidation
reactions (Chen et al., 2010; Lin et al., 2009).The inhibitory effects of cations may be

attributed to their binding to reactive sites on MnO,:

=SOH + M*" »>=SOM®™* + H* (8)
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where M is the cation and z is the valence of cation. The inhibitory capacities observed
in this study followed the binding capacity of cations, which decrease in the order Co >
Mn > Zn > Ni > Ba > Sr > Ca > Mg > Na = K (Murray, 1975). The strong inhibition of
Mn?** may be partly due to its reduction of redox potential of MnO,/ Mn?* (Lin et al.,
2009; Zhang and Huang, 2003). However, a previous study suggested that cosolutes like
Ca’* and Mg did not compete for the same surface sites with organic compounds.
Rather, cations were adsorbed to the surface and inhibited the transfer of electron, thus
decreasing the oxidation state of MnO, (Zhang et al., 2008). The same authors also
suggested that only Mn®* may compete for the same surface sites and thus had a stronger
inhibitory effect as compared to the other cations (Zhang et al., 2008). Another potential
cause may be MnO, aggregation caused by metal ion adsorption. Metal ion adsorption
increases the { potential and can cause particle aggregation and decrease surface areas.
Liu et al. (2009) reported that 1 mM Ca?* increased the diameter of MnO, aggregates
from less than 0.5 pm to larger than 3.6 um and decreased the surface area from 117.4 to

80.5 m?/g.

The effect of anions was also investigated in this study (Table A-3). The anions showed
inhibitory effects in the order HPO,> > CI" > NOs  ~ SO,*. The inhibitory effect of
HPO,* may be due to its formation of complexes with surface hydroxyl groups of MnO»,
because HPO,> was shown to be strongly adsorbed to MnO, (Yao and Millero, 1996).
However, CI” and SO4* are not adsorbed onto MnO, between pH 2-9 (Balistrieri and
Murray, 1982). Wang and Stone (Wang and Stone, 2006) suggested that during the
oxidation of citric acid by MnO, (birnessite), the main mechanism was citrate and Mn
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(1) forming complexes and transferring electron intramolecularly. Ligand, such as
pyrophosphate and EDTA, may form stable or metastable complexes with Mn (I11) in
solution (Klewicki and Morgan, 1998). Nico and Zasoski (Nico and Zasoski, 2001)
reported that oxidation of phenols and sulfides by MnO, was dependent on the Mn (I11)
center surface availability. In this study, the anions (ligands) may also complex with

Mn(l11) and thus decrease the reactivity of MnO,.

A.3.4 Reactivity Relative to Analogs

Two structurally similar compounds (Figure. A-1) were selected to react with MnO,
under the same conditions as BPF. The reaction rate followed the order BPA > BPF >
bis(2-hydroxyphenyl) methane (Table A-4). Stone (1987) showed that the reaction rate of
substituted phenols with MnO, decreased as Hammett constant increased and that the
reaction rates were linearly correlated with half-wave potentials. Winget et al. (2000)
showed that one-electron oxidation potentials for anilines as predicted by semiempirical
molecular orbital theory and density functional theory agreed with experimental
oxidation potentials. The oxidation potentials were strongly correlated with highest
energy-occupied molecular orbital (HOMO), pK,, Hammett constant and Brown constant.
For example, the R value of simple linear regression for experimental oxidation
potentials of 13 anilines and their HOMO values was 0.901 (Winget et al., 2001). In this
study, the rate constants of the three compounds were not correlated with pK, values
(Table A-4) calculated using Marvin Sketch 5.37 (ChemAxon, Budapest, Hungary).

However, the reactivity followed the same order of the estimated HOMO energies (Table
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A-4). Since HOMO provide a good estimate of the first ionization potential (Koopmans’
theorem), the structural differences of these three analogs may have resulted in different

electron transfer ability, and thus the different reaction rates.

A.3.5 Reaction Pathways

A total of 5 products were tentatively identified and their mass spectra and possible
fragmentation mechanisms are shown in Sl. Based on the structures of these products, a
tentative pathway was proposed (Figure A-5). To confirm the products outlined in Fig. 5,
authentic standards were purchased and the mass spectra of their silylated products are
also given in Sl The identified products include 2,2’-bisphenol (product 2), 3, 4-
hydroxybenzyl alcohol (product 3), hydroquinone (product 4), and 4-
hydroxybenzaldehyde (product 5). Due to the detection and/or extraction limitations,
some products were probably not detected in this study. For example, it is possible that
benzoquinone was one of the products of BPF (as the further oxidation product of
product 4, see Figure A-5), but was not detected likely due to limitations of the analytical
method. In addition, some products from ring cleavage, such as oxalic acid and malonic
acid, were likely not detected because of their polarity and the use of a nonpolar solvent

(methylene chloride) for extraction.

In the proposed pathway, BPF transfers electrons to MnO, and forms two types of
radicals (radical 1 and radical 2 in Figure A-5), and these two radicals are then coupled to

form product 1 and product 2, which are further oxidized to form product 3 and product 4,
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respectively. Further oxidation results in the formation of product 5 and benzoquinone.

Product 4 may be further oxidized to yield 4-hydroxybenzoic acid.

A.4 Conclusions

This study showed that natural occurring MnO, has the capability to oxidize BPF.
However, MnO,-mediated oxidation of BPF was found to depend closely on pH and to
be inhibited by cosolutes including organic matter, cations and anions. These interactions
with other environmental variables preclude a simple prediction of the actual role of
MnO; in the attenuation of BPF in the natural environment. The effective reaction of BPF
by MnO; also suggested that MnO, may be potentially used as a treatment method to

remove BPF in wastes before their release into the environment.
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Tables

Table A-1 Effects of humic acid on degradation of BPF in the reaction mixture
containing 4.4 uM BPF and 100 uM MnO; (n = 3)

N ks (min™)
Humic acid (mg/L) OH 5.5 OH 8.6
0 0.0791 +0.0026 0.0111 +0.00016
0.1 0.0494+0.0063 0.0097 +0.0011
10 0.0166 +0.0010 0.0057 +0.000060
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Table A-2 Effects of cations (n = 3) on the reaction rate of bisphenol F (BPF) by MnO,
under the initial conditions of 4.4 uM BPF, 100 uM MnO2 and pH 5.5

Cation Concentration(M) ki (min™) Decrease (%)

Control No cation 0.0791 +0.0026 0.0

Na* 0.15 0.0463 +=0.0039 415
Na* 0.03 0.0558 +0.0040 29.5
Ca** 0.05 0.0118 +=0.00061 85.1
ca** 0.01 0.0188 +0.00032 76.2
Mg2+ 0.05 0.0313 +0.0022 60.4
Mg** 0.01 0.0352 +0.0032 55.5
Mn?* 1x10™ 0.0010 +0.000095 98.8
Mn?* 1x107 0.0270 +0.00069  65.9
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Table A-3 Effects of anions (n = 3) on the reaction rate of bisphenol F (BPF) and MnO,
under the initial conditions of 4.4 uM BPF, 100 uM MnO2 and pH 5.5

Anion Concentration(M) ki (min™) Decrease (%)

Control No anion 0.0791 +0.0026 0.0

cr 0.15 0.0463 +0.0039 415
cr 0.03 0.0558 +0.0040 29.5
S0~ 0.05 0.0572 +0.0047 27.7
S0~ 0.01 0.0747 +0.0063 5.6

NO;3” 0.15 0.0567 +0.0011 28.3
NO; 0.03 0.0711 +0.0024 10.1
HPO,* 0.05 0.0097 +0.00034 87.7
HPO,* 0.01 0.0214 +0.0012 72.9
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bis(2-hydroxyphenyl) methane

Figure A-1 Chemical structures of bisphenol A (BPA), bisphenol F (BPF) and bis(2-
hydroxyphenyl) methane
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Figure A-2 Removal efficiency of bisphenol F (BPF) at different initial MnO,

concentrations

Data points are given as mean =standard deviation (n = 3). The other initial conditions
are pH 5.5, ionic strength 10 mM, and BPF concentration 4.4 pM.
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Figure A-3 Removal efficiency of bisphenol F (BPF) under different pH conditions

Data points are given as mean =standard deviation (n = 3). The other initial conditions

are ionic strength 10 mM, BPF concentration 4.4 uM and MnQO; concentration 100 pM.
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Figure A-4 Speciation of bisphenol F (BPF) and MnO2 surface hydroxyl groups and the
pseudo first order rate constants at different pH

The pKa: and pKy, values for BPF are 9.840 and 10.447, respectively. For MnO,, the
intrinsic pKy is -0.7, and the intrinsic pKy, is 4.3. H,A, undissociated BPF; HA',
monobasic BPF; A%, dibasic BPF. SOH,", protonated surface group; SOH, neutral
surface group; SO, deprotonated surface group. The fraction for SOH," (protonated
surface group) is always less than 0.00045% and not shown.
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Figure A-5 A possible reaction pathway describing the oxidation of bisphenol F (BPF)

by MnO,

Compounds in brackets were possible products or intermediates but were not identified in

this study due to analytical limitations.
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Supporting Information

Text S A-1. Chemical Analysis

Reaction solution (100 mL) containing 44 uM BPF and 800 uM MnO; were reacted in 10
mM sodium acetate solutions (pH 5.5), and the reaction was quenched after 4 h by adding
an excess amount of L-ascorbic acid. The products in the reaction solution were extracted,
derivatized, and subjected to analysis using a gas chromatography (GC) coupled with
mass spectrometer (MS) (Agilent Technologies, Wilmington, DE). The solution was
extracted twice with 50 mL methylene chloride. The combined organic phases were
dehydrated by passing through a filter paper filled with anhydrous sodium sulfate, and
concentrated to near dryness on a vacuum rotary evaporator. The residue was redissolved
in 1.0 mL benzene and transferred to a 1.5 mL vial, from which 100 pL was analyzed
directly and the remaining sample was derivatized before analysis. For derivatization, the
extract was evaporated to dryness under a gentle nitrogen stream, and 150 pL of
BSTFA+TMCS was added to silylate polar products. Immediately after the addition of
the silylation reagent, the vial was crimped with a cap with Teflon-lined septum and the
silylation reaction was held for 2 h at 60 °C. Benzene (350 nL) was added into the vial to
dissolve the silylated products. Aliquots (2-uL) of silylated and non-silylated extract were
analyzed on an Agilent 6890 gas chromatograph (GC) coupled with an Agilent 5975
mass spectrometer (MS) (Agilent Technologies, Wilmington, DE) for chemical structural

analysis. A HP-5MS column (30 m x 0.25 mm % 0.25 pm; Agilent

260



95 Technologies) was employed for separation and analysis of reaction products. The
inlet temperature was 260 <C, and the detector temperature was 320 <C. The oven
temperature was initiated at 80 <C and held for 3 min, then increased to 300 <C at
3 C/min and held for 30 min. The flow rate of the carrier gas helium was 1.0 mL/min.
The injection of 2-ulL sample was conducted by an Agilent 7683 autosampler (Agilent
Technologies) in the pulsed splitless mode and the split mode was turned on after 1.0 min.
The temperatures of transfer line, ion source, and MS detector were 280, 230, and 150 T,
respectively. The MS detector was operated in the electron impact mode with 70 eV of
ionization energy and the mass spectra were acquired in the full scan mode with m/z

ranging from 40 to 800.
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Figure S A-1 X-ray diffractogram of MnO,
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Figure S A-3 Mass spectrums and possible ion fragment assignments of 2,2’-bisphenol
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Figure S A-5 Mass spectrums and possible ion fragment assignments of hydroquinone
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Figure S A-8 Mass spectrums of authentic standards bisphenol A
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Figure S A-9 Mass spectrums of authentic standards hydroquinone
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Figure S A-10 Mass spectrums of authentic standards 2,2’-bisphenol
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