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concentrations in the NA-enriched culture serigg@aing
the following model NAs: 1-methyl-1-cyclohexane lwaxylic
acid (A), 2-methyl-1-cyclohexane carboxylic acid,(B
3-methyl-1-cyclohexane carboxylic acid (C),
4-methyl-1-cyclohexane carboxylic acid (D),
cyclohexylacetic acid (E), 2-ethylhexanoic acid, (F)
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Figure 8.9.

Figure 8.10.

Figure 8.11.

Figure 8.12.

Figure 8.13.

valproic acid (G) and octanoic acids (H).

Dicyclohexylacetic acid ang-8holanic acid concentrations
over the 18-days incubation using the NA-enrichgltlice

(Error bars represent mean values + one standardt®, n = 3).

NA degradation, carbon dioxide prdiducand oxygen
consumption in valproic acid (A, C) and cyclohexgtc
acid (B, D) closed bottle, aerobic NA-enriched grdtseries
(Error bars represent mean values + one standard
deviation,n = 2).

Initial and final soluble COD in sexmhtrol, valproic
acid and cyclohexylacetic acid series in the cldssitle,
aerobic model NA biotransformation assay (Errosbar
represent mean values + one standard deviatierB).

Proposdd andw-oxidation pathways for valproic
acid (OECD Toolbox, 2012).

Proposed andp-oxidation pathways for cyclohexylacetic
acid (OECD Toolbox, 2012).
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SUMMARY

Naphthenic acids are a group of acyclic, monocyatid polycyclic carboxylic
acids found in crude oil, bitumen and other petroieand commercial products. NAs are
one of the most toxic components of refinery wastewand oil sands tailings ponds.
Numerous studies have found NAs to be acutely tixi@rious types of bacteria, yeast,
earthworms, fish, mammals, and both aquatic amdgral plants. Studies have
indicated that biotransformation of NAs under a@aonditions is possible; however,
the more complex NAs with higher cyclization, braimg and molecular weight are
recalcitrant.

The objectives of the research presented here tweag assess the occurrence
and fate of NAs in crude oil and refinery wastewateeams; b) evaluate the
biotransformation potential and inhibitory effecfsNAs under nitrifying, denitrifying
and methanogenic/fermentative conditions; c) ingagt the factors affecting NA
biotransformation under aerobic conditions andntiierobes involved; and d) assess the
toxicity of individual model NAs using quantitatisgtructure-activity relationships
(QSAR) and examine the effect of structure on Nétriainsformation potential. NAs are
ubiquitous in refinery wastewater streams and #salder brine was found to be the main
source of NAs in refinery wastewater. The biotransfation potential of NAs under
nitrifying, nitrate-reducing and methanogenic/fentaive conditions was evaluated
using bioenergetics and batch bioassays. A comaldéféi mixture was not biodegraded
under nitrate-reducing or methanogenic/fermentatoaditions; however, NAs were

degraded by a mixed aerobic nitrifying culture @aming both autotrophic and
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heterotrophic bacteria. NAs were degraded undebazconditions by an NA-enriched
culture; however, a residual fraction was not dégdaunder all conditions studied. The
results indicated that NAs are not inherently reit@nt and the residual fraction was due
to the individual NA concentrations being below thmimum substrate concentrations at
which they are no longer degraded. A fraction ef A mixture was completely
mineralized to carbon dioxide, with the remainimgtion biotransformed to more
oxidized intermediates. The bacterial communityoimed in the aerobic NA
biodegradation was mainly composed of species aigrio they-proteobacteria class,
most closely related to tieseudomonas genus. Overall, the results indicated that NAs
were degraded under aerobic conditions; howevelgdical treatment of NA-bearing
wastewater will not completely remove NAs and thaislogical treatment must be
combined with physical/chemical treatment to achieemplete NA removal.

This research is the first comprehensive studyA$ Mom the source (crude oil)
to the refinery effluent and contributes to a baftederstanding of the environmental
risks associated with NAs by providing systematfoimation on physical, chemical and
biological processes that determine the fate afedtedf NAs in engineered and natural
systems. Results of this study can be used to eéle¥fisctive treatment systems and
proper disposal of NA-bearing wastes as well ggdwide an acceptable, science-based
criterion for environmental regulations. Reducing dbntamination in the environment
through improved wastewater treatment and dispesladirectly benefit both human

health and the environment
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CHAPTER 1

INTRODUCTION

1.1 Preface

Naphthenic acids (NAs) are a complex group of caylo acids found in crude oil and
petroleum products. They are prevalent in refipgocess wastewater, which is the main
source of NA contamination in the environment. N#& among the most toxic
components of refinery process waters, acutelycttixboth aquatic and terrestrial
species including, bacteria, algae, earthworms, fish and plants. Multiple studies have
shown that NAs are degradable under aerobic camditihowever, the more complex
NAs with higher cyclization, branching and molecuaight are recalcitrant and
research is limited as to what chemical, physiadl lBiological factors affect NA
biodegradation in aerobic environments. NAs aratyhobic and partition/adsorb to
artificial and organic matter, which in many caaes found in anoxic environments;
however, in contrast to studies on the aerobicdgoadation of NAs, very limited
information is available on the fate and effecNdéfs under anoxic and anaerobic
conditions.

NAs consist of many structures with different carlmumber, cyclization and
branching and are typically found in complex wastew mixtures. Measurement of the
NAs in these complex samples presents many anallyt@llenges. There is still a need
for the development of analytical methods capabbourately quantifying and
identifying NAs without interference from hydrocaris typically encountered along

with the NAs.



NA contamination in the environment creates ecalalgiisks and the lack of
available toxicity and biodegradability informatiarekes it difficult to assess and reduce
these risks. This research was a study of theti@atesity and biodegradation potential of
NAs under conditions encountered in both enginearetnatural systems. The results of
this study provide currently missing informatiomtitan be used to improve treatment
methods for NA-bearing waste streams as well agigiescience-based criteria for the

development of environmental regulations.

1.2 Research Objectives
The goal of this research was to investigate ttes faxicity and biotransformation

potential of NAs in biological systems. The spexdbjectives of this research were to:

1. Assess the occurrence and fate of NAs in crudermllrefinery wastewater
streams

2. Evaluate the biotransformation potential and irtoityi effects of NAs under
nitrifying, denitrifying and methanogenic/fermemtat conditions

3. Determine the factors affecting NA biotransformationder aerobic conditions
and the microbes involved

4. Assess the toxicity of individual model NAs usingagtitative structure-activity
relationships (QSAR) and examine the effect ofcitme on NA

biotransformation potential.



1.3 Significance and Motivation
The concentration and distribution of NAs in refywerocess waters is directly correlated
to the type and source of crude oil. In order tisBathe increasing demand for fossil
fuels, oil exploration has expanded to extractiagggdeum from oil sands in Canada,
Venezuela, Mexico and other countries. As the teldgy improves and increases the
capability of extracting and refining the extra ¥wearudes and bitumen, the
accumulation of toxic NA-bearing wastewaters widhtinue to increase. In the United
States, there is currently no regulated limit fégxa\n refinery wastewater discharges;
therefore, any NAs that are not degraded or remaovétk refinery wastewater treatment
systems are being released to the surroundingamagnts. Studies have shown that
NAs have been detected in natural ecosystems sugheas, wells and groundwater
(Clemente and Fedorak, 2005; Holowenko et al., 2Qa&graine et al., 2005a; Schramm
et al., 2000; Scott et al., 2008). Studies have sit®wn that many of the NAs found in
refinery process waters are highly recalcitrant eveh after long incubation periods, the
high molecular weight NAs persist in the environm@wuagraine et al., 2005b). NAs
are emerging contaminants and their fate and efidadth natural and engineered
systems is relatively unexplored. Discharge ofnefy process waters could potentially
lead to an accumulation of NAs, whose biotransfaimngpotential and toxicity is largely
unknown.

The results of this study could be used to identfyalcitrant and toxic groups of
NAs, to devise effective treatment systems andqrdsposal of NA-bearing wastes as

well as to provide an acceptable, science-baségtion in environmental regulations.



Reducing NA contamination in the environment thtougproved wastewater treatment

and disposal would directly benefit both human tieahd the environment.



CHAPTER 2

BACKGROUND

2.1  Source of NAs

Naphthenic acids (NAs) are carboxylic acids foumdrude oil, bitumen, refinery
wastewater and other petroleum products. NAs amedd from the biooxidation of
hydrocarbons in crude oil and thus, the NA contecrteases with the age of the oil
formations (Behar and Albrecht, 1984; Clemente Bedorak, 2005; Meredith et al.,
2000). NAs are found in higher concentrations imrien and heavy crudes, and
transferred to the extraction water and desalte@ebwhich is the major source of NAs in
refinery wastewater.

The NA content of crude oils can range from 0.4%o6 (w/w), depending on the
source and type of crude. During crude oil andrbén extraction and desalting (Figure
2.1), NAs become solubilized and concentrated énpitocess water, which may contain
up to 120 mg NA/L (Clemente et al., 2003; Holowerkal., 2001; Quagraine et al.,
2005; Richardson, 2010; Whitby, 2011). Large amswfitvater are contaminated with
NAs and other petroleum hydrocarbons during bituesdraction, which uses
approximately 2 to 4 barrels of water for everyrbbof bitumen extracted (Government
of Alberta, 2009). During the extraction processyrben, sand, salts, rocks and sediment
from the bitumen mine are mixed with hot waterasieor caustic hot water to create a
slurry in order to separate bitumen from the agdfts and solids. The separated bitumen
is sent to a recovery unit and then through th@eey where the product is purified and

upgraded to different petroleum products. A portbbthe used water is recycled and the
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remaining extraction water, containing unsettlelddspunrecovered bitumen, NAs and
other hydrocarbons, is sent to the refinery wastemteeatment plant and oil sands
tailings ponds for treatment, storage and settliniy the contaminant and solids levels
have decreased to concentrations that are acceftatdischarge (Masliyah et al., 2004).
There are currently greater than 900 million cubgters of contaminated oil sands
tailings stored in the Athabasca oil sands regifoGanada that cannot be discharged due
to Canada’s zero discharge policy, which prohithitsrelease of oil sands process water

(OSPW) (Del Rio et al., 2006; Headley and McMar#f04).

p—__ N
DESALTING A—p.

PRIMARY SECONDARY TERTIARY
* FIRALLIATION * * *
g . ‘ w . i
QiL f WATER Separation Unit BEIOLOGICAL Troatrment Linitis) TEATIARY Troatmaeni Unit
WASTE -\.plllljl.llll

Figure 2.1. Refinery crude desalting and wastewater treatment

Conventional, lighter crude oils are easier toaottand use less water than
bitumen; however, they often require desalting,chhalso uses large quantities of water
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that becomes contaminated with NAs and other pmirolhydrocarbons. The desalting
process is used to remove inorganic salts fronctheée oil and bitumen, which can
range from 4.5 to 113.4 kg per thousand barrelsrder to reduce plugging, fouling and
corrosion of the refinery equipment. The desalpnacess is typically done at neutral pH
(6 to 7), at which NAs are deprotonated and leskdphobic and easily partition to the
desalter brine, resulting in large quantities of-bBidntaminated wastewater (IPIECA,
2010).

The concentration and distribution of NAs is highad more complex in extra
heavy crudes and bitumen than in conventional caidgBehar and Albrecht, 1984;
Meredith et al., 2000). Based on the current praverid oil reserves, only 30% of the
known crude oil is conventional crude, with the aemmng 70% consisting of heavy
crude, extra heavy crude and bitumen (Figure 2Bjoudwarej et al., 2006). Recently,
oil exploration has led to extraction of extra heawdes and bitumen from oil sands in
Canada, Venezuela, Mexico and other countries.dstimated that 97% of Canada’s oll
reserves, are unconventional crude oil, mainlyrben (US EIA, 2011a). Similarly,
Venezuela has the second largest proven oil resanibe world (Figure 2.3), the
majority of which is extra heavy crude oil and biten (US EIA, 2011b). In 2011, the
United States imported 45% of its crude oil (Figré), with 13.05%, 4.95% and 3.60%
imported from Canada, Venezuela and Mexico, respgt(US EIA, 2012). Such
crudes have elevated NA concentrations and resudfinery process waters and
wastewaters with relatively high NA levels. Refipnerastewaters vary in NA
concentration depending on the crude oil and treatmprocess (IPEICA, 2010; Whitby,

2010).



Crude oil and refinery process waters are the maumce of NAs in the
environment; however NAs are also released froraragburces. One study indicated that
coal is also a source of NAs and it is possibldNas to leach from the coal into the
groundwater (Scott et al., 2009). NAs are alsoadgmts in many consumer and
industrial products such as paint and ink driers| &dditives, wood preservatives,
catalysts, emulsifiers, corrosion inhibitors andattants. They are classified by the US
EPA as high production volume chemicals (HPVs) iahatmation relative to their
biodegradation potential and toxicity is becomingreasingly more important (USEPA,

2006).

OIL SANDS, BITUMEN 30% CONVENTIONAL OIL 30%

EXTRA HEAVY OIL 25% HEAVY QIL 15%

Figure 2.2.Crude oil and bitumen distribution of proven wooitireserves (Alboudwarej

et al., 2006).
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Figure 2.3.Proven world crude oil reserves in 2012 (EIA, 2002kipedia, 2012).

USA 55% CANADA 13%

Figure 2.4.US crude oil and imports (*other includes Iragnly Kuwait, Colombia,

Brazil and other OPEC and non-OPEC countries)(US E012).



2.2 NAs in the Environment

NAs are released into the environment through egfinvastewater streams, oil sand
tailings ponds, oil spills and use and disposalAfcontaining commercial products;
however, the occurrence of NAs and their fate ithlvefinery wastewater streams and
the environment are not well studied. NAs have baeasured in natural aquatic
environments, aquifers and oil sands tailings porid&s concentrations in oil sands
tailings ponds are typically between 40 and 120NAgL and concentrations as high as
24 mg NA/L were measured in oil sands storage watesff (Holowenko et al., 2002;
Quagraine et al., 2005). Rainwater and oil sanitiada runoff flows into the Athabasca
River, which runs through the Athabasca oil sanasng region in Alberta, Canada. NA
concentrations have been reported in the Athallasea at concentrations of 0.1 to 0.9
mg NA/L (Schramm et al., 2000). NA concentratiormsif 0.4 to 51 mg NA/L were
measured in groundwater samples taken near tisamds tailing ponds (Clemente and

Fedorak, 2005; Scott et al., 2008).

2.3 Chemical and Physical Properties

NAs are a complex group of saturated alkyl-subtitiacyclic, monocyclic and
polycyclic carboxylic acids (Clemente and Fedo2{)5; Headley and McMartin, 2004;
Lo et al., 2006; Wong et al., 1996). They are nii@sic, anionic surfactants with the
general formula ¢H2..zO2, wheren indicates the carbon number ahthdicates the
number of hydrogen atoms lost due to ring formatidhe hydrogen deficiency, is

zero or a negative, even integer such #mat0 corresponds to no ringd= -2

corresponds to one ring;= -4 corresponds to two rings, etc. The,@KNAS is similar
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to other carboxylic acids in the range of 5 to @ #re molecular weight (MW) typically
varies between 140 and 500 amu (Table 2.1). Thearpusolubility of NAs is
approximately 50 mg/L and increases with pH (Headled McMartin, 2004). Figure
2.5 shows typical NA structures, wherig an integer zero or greater and R indicates
aliphatic branching from the ring. Some possiblmbmations for NA structures with

varyingZ numbersn numbers and MW are summarized in Table 2.2.

Table 2.1.Chemical and physical properties of NAs (Headleg BlcMartin, 2004;

Whitby, 2010).

Parameter General value
Carbon number 5to 30
Z number 0to-12
Molecular weight 140 to 450 amu
Solubility <50mg/L atpH 7
PKa 5to6
log Kow datpH1,25atpH 7,2 atpH 10
Boiling point 250 - 350°C
(8]
Z=0 { }Hn
~T; TOH
R - 0 o 0
oy |
=2 N ]
N I\'OH "7 “oH
Fy 0 L o NN
,\ Ly o R~
Z= [ -"‘A e ¥ L}
T or Sl g 'TiJl\DH \\""L‘“‘ 7T o k“/\[ 7T o
.-'/\-H"w
Ve 0 e I‘“‘-m G /[
Z=6 R~ | |, . A
7 Tf \j-*’mfx I'J‘ ~OH R)x‘y R /rlleOH R [ | : '::lJI

Figure 2.5.General structure of acyclic and cyclic NAs.
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Table 2.2.Molecular weight distribution of NAs.

Carbon number Z number
n 0 -2 -4 -6 -8 -10 -12
5 102
6 116 114
7 130 128
8 144 142
9 158 156 154
10 172 170 168
11 186 184 182
12 200 198 196 194
13 214 212 210 208
14 228 226 224 222
15 242 240 238 236 234
16 256 254 252 250 248
17 270 268 266 264 262
18 284 282 280 278 276 274
19 298 296 294 292 290 288
20 312 310 308 306 304 302
21 326 324 322 320 318 316 314
22 340 338 336 334 332 330 328
23 354 352 350 348 346 344 342
24 368 366 364 362 360 358 356
25 382 380 378 376 374 372 370
26 396 394 392 390 388 386 384
27 410 408 406 404 402 400 398
28 424 422 420 418 416 414 412
29 438 436 434 432 430 428 426
30 452 450 448 446 444 442 440
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2.4 NA Toxicity

NAs are among the most toxic components of refimeagtewater and oil sands tailings
ponds. Numerous studies have found NAs to be actaric to various types of bacteria,
yeast, earthworms, fish, mammals, and both aqaatiderrestrial plants (Armstrong et
al., 2008; Clemente et al., 2003; Frank et al. 922@0ank et al., 2008; Holowenko et al.,
2002; Nero et al., 2006; Peters et al., 2007; Rogeal., 2002; Sarathy et al., 2002; Scott
et al., 2008b; Thomas et al., 2009). Studies heperted NA toxicity using the standard
Microtox® assay and found that both commercial Ad NAs extracted from refinery
process waters were toxicWbrio fischeri andDaphnia magna (Frank et al., 2009;
Frank et al., 2008; Holowenko et al., 2002; Scbéle 2008a). The toxicity of both NA
mixtures and surrogate NAs were found to have &wathge of E€ values depending
on the source and distribution of NA structuresltidle studies have measured the
Microtox® acute toxicity of model NAs and the B@alues ranged from 0.004 to 19.1
mM (Frank et al., 2009; Jones et al., 2011).

There is limited information about the toxicity MAs to mammals. When rats
were exposed to NAs extracted from refinery proeesers, the results suggested that
the liver is the primary target organ for NA toxycihowever, the brain and kidneys
appeared to be affected as well. The results itetichat acute toxicity was unlikely at
measured environmental concentrations; howeveeneetd or repeated exposure to NAs
would result in chronic toxicity to wild mammalsdgers et al., 2002).

Similarly, there is very little information availedabout the effect of NAs on
terrestrial and aquatic plants; however, some etudave indicated inhibitory and toxic

effects such as increased water uptake, decreasted ehannel activity, gas exchange
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and leaf growth were observed compared to conffotmstrong et al., 2008;
Kamaluddin and Zwiazek, 2002).

NA toxicity has been studied more extensively ghfand aquatic species. Both
commercial NA mixtures and NA-bearing refinery betf basin water were found to
cause deformities in fish embryos and mortalitgdalt fish (Peters et al., 2007). Another
study showed that exposure of yellow perch to 2 meg/L of commercial and extracted
NAs resulted in high levels of gill proliferativéhanges and reduced gill surface area;
when exposed to 4 to 7 mg NA/L,100% mortality wasearved (Nero et al., 2006).
Female fathead minnows exposed to 10 mg NA/L fod&yjs laid fewer eggs and male
minnows had lower concentrations of both testoseeand 11-ketotestosterone
(Kavanagh et al., 2012). Dorn (1998) reported Mwas in excess of 2.5 to 5 mg/L in oil
refinery effluent may result in effluent toxicity fish and recommended that the total
effluent oil and grease be kept below 10 mg/L. Ardase in effluent pH from 7.8 to 6.6
resulted in a drop of the sticklebacBaster osteus aculeatus) survival rate from 100 to
0%, indicating that acid-base equilibria of thdwefht constituents (e.g., NAs) have a
profound effect on toxicity (Dorn, 1998). Embrydsamnphibian larvae exposed to NA
concentrations of 2 to 4 mg/L showed 32 and 25%cataons in growth and development
after hatching, respectively, and suffered 100%tatity when exposed to 6 mg NA/L
(Melvin and Trudeau, 2012). Hagen et al. (20120listh the effects of NAs on the
immune systems of goldfish and found that expogui¢As decreased the ability of the
fish to fight infection and resulted in drasticlieases in mortality. Other studies have

indicated that NAs are endocrine disruptors argr #éifte reproductive development of
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fish by interfering with the estrogen and androgeseptors and blocking hormone
production (Rowland et al., 2011c; Thomas et &09.

The mode of NA toxicity, especially in higher orgamns, is not well studied;
however, a recent study by Zhang et al. (2011)shgated which biological pathways
conserved in both bacteria and vertebrates aretaffdy a range of NA concentrations
up to 1000 mg/L. The results indicated that thedcaiptional activity of two proteins
involved in the pentose phosphate pathway, whictegges nicotinamide-adenine
dinucleotide phosphate (NADPH) and 5-carbon sugsesl in biosynthesis reactions,
were up-regulated more than 2-fold. On the othedh®&IAs resulted in down-regulation
of some membrane transporter proteins involvetiénATP—binding cassette (ABC)
transporter complex involved in the transport ditates across the cell membrane.
Stress responsive pathways involved in resistameatibiotics, oxidative stress, organic
solvents and heavy metals were altered; howeveresults indicated DNA damage was
not a direct result of NAs (Zhang et al., 2011).

Biological and physical treatment methods (i.eqraion) reduce the toxicity of
refinery wastewater; however, it is very diffictdtestimate NA toxicity independently in
complex wastewater and oil sands tailing waterastie(Anderson et al., 2010; Martin et
al., 2010; Scott et al., 2008). There are hundoédigpes of NAs and it is not currently
established which NAs are the most toxic. It haanb&hown in some NA mixtures that
toxicity decreased with decreasing NA concentratimwever, it is not solely a function
of concentration. The toxicity also depends onstinecture and hydrophobicity of the

NAs. Frank et al. (2009) found that toxicity incsed in NAs with higher molecular
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weight and lower carboxylic acid content. Overtile degree of toxicity depends on the

type, concentration and composition of NAs (Headiegt McMartin, 2004).

2.5 NA Biotransformation

There is limited information on the biotransforneatipotential of NAs and the
biological, chemical and physical factors that nhigifiuence their fate in refinery
process waters and natural systems. Refinery wagtewveatment plants typically utilize
aerobic suspended or attached growth biologicatrirent processes; however, NAs are
also found in anoxic/anaerobic environments, suctha depths of oil sands tailings

ponds and sediments.

2.5.1 Aerobic Biotransformation
Model NAs, commercial NA mixtures and NA-bearin§jmery process water samples
have been degraded aerobically using inocula oiddirom refinery wastewater and oil
sands tailings; however, commercial NAs were meeelily degradable than the NAs in
refinery process waters (Clemente and Fedorak,;ZD€BRio et al., 2006; Scott et al.,
2005). Greater than 90% of two commercial NA migtudegraded aerobically in a
culture developed from refinery process water, &pilocess water extracted NAs
typically degraded at a lower rate and to a lesgtant (Clemente et al., 2004; Del Rio et
al., 2006; Scott et al., 2005).

Analytical limitations have made it difficult toedtify specific structures in
complex NA samples; however, commercial surrogade Nave been used to investigate

the effect of structure on NA biodegradation. Unaerobic conditions, the rate and
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extent of biodegradation was lower for NAs withlteg cyclization (i.e., higi value)

and alkyl branching (Han et al., 2008). Similadyltures developed from the organisms
native to the rhizospheres of plants found in Aibe€anada preferentially degraded the
lower molecular weight NAs in a commercial mixt@Bryukova et al., 2007).

A biodegradation study using synthesized NAs wihying alkyl branching revealed
that both the rate and extent of NA biotransfororatiecreased as the side chain
branching increased (Smith et al., 2008). Similacirboxylated cycloalkanes exhibited
recalcitrance to oil sands tailings microorganismhen methyl groups were added to the
rings (Herman et al., 1993). Another study using surrogate NAs demonstrated a
decrease in the rate and extent of biodegradatitimel bicyclic NA compared to the
acyclic NA (Lai et al., 1996). In general, studiegestigating the effect of NA structure
on biodegradability have indicated that the momaglex NAs, i.e., those with higher
cyclization, branching and molecular weight, am itiost recalcitrant (Biryukova et al.,
2007; Clemente et al., 2004; Han et al., 2008; Heret al., 1993; Holowenko et al.,
2002; Scott et al., 2005; Smith et al., 2008; Waisial., 2002).

NA degradation is likely to be affected by operaibconditions such as
temperature, pH and reactor type. Headley et280Z) observed a 10-fold increase in
the aerobic biodegradation rate for an increasemperature from 10 to 30°C. An
extended study investigated the biodegradatiomefrnodel NArans-4-methyl-1-
cyclohexane carboxylic acid, using a batch reaatak two types of continuous flow
systems. The batch study indicated that aerobiddgradation of the selected NA was
possible at temperatures as low as 4°C; howevemitidegradation rate increased

significantly with increasing temperature and plgRwski et al., 2009a). The
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continuous study found that the biodegradatiorsratere enhanced when an
immobilized cell reactor was used, compared tardditional continuous flow stirred
tank reactor (CSTR) (Paslawski et al., 2009b).

The NA aerobic degradation pathway has been irgagstil in multiple studies;
however, it has not yet been described in detah et al. (2008) concluded that both
commercial NAs and those in oil sands process wetee more likely degraded viia
oxidation, whilea-oxidation and aromatization may also have contetduo some degree
(Han et al., 2008). In another study, two differkeatterial communities isolated from
marine sediments under aerobic and denitrifyingltans were able to completely
mineralize (E)-phytol (3,7,11,15-tetramethylhexa@@€)-en-1-10l) by alternatingr
decarboxymethylation arfifoxidation (Rontani et al., 1999). Johnson e(2010)
provided a proposed degradation pathway of foualogicant alkyl branched aromatic
alkanoic acids that differed in alkyl branching.eT$tudy concluded that the extent of
biotransformation was reduced as the alkyl brargcimoreased; however, all acids were
transformed to their less toxic butylphenyletharamo (BPEA) counterparts Iy
oxidation of the carboxyl side chain (Johnson gt26110). More recently, Johnson et al.
(2012) isolated dMycobacterium aurum from sediments, which biodegraded two
synthetic NAs, 4'n-butylpheny)-4-butanoic acid and @ butylphenyl-4-butanoic acid;
detected metabolites indicated thaoxidation and combined- andp-oxidation were
the primary routes of degradatiofhe majority of studies have concluded that
oxidation, possibly combined witl+-oxidation orw-oxidation, is the likely aerobic NA

degradation pathway (Del Rio et al., 2006; Han.e2808; Johnson et al., 2010;
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Quagraine et al., 2005a; Rontani et al., 1999; ISetital., 2008). The proposgd
oxidation pathway for both acyclic and cyclic NAsshown in Figure 2.6.

The microbes present in oil sands tailing pondsrafidery wastewater systems
responsible for NA degradation are not well unaergt Golby et al. (2012) identified the
major organisms in biofilms cultured from oil sandsings ponds to bBseudomonas,
Thauera, Hydrogenophaga, Rhodoferax andAcidovorax. Other studies found that
Pseudomonas, Burkholderia and Sohingomonas were the most abundant organisms in
enrichment cultures developed from oil sands tgdiand bitumen contaminated
sediments on a feed of different model NAs witHed#nt structures and alkyl side chain
branching(Del Rio et al., 2006; Johnson et al., 2010).

Activated sludge wastewater systems are commonodical treatment processes
used to treat refinery process waters; howevereports have been made to whether
activated sludge units are capable of reducindg\iheoncentration and toxicity of the
effluent. Although NA degradation of both commeleiad refinery samples has been
demonstrated in many laboratory studies, the higi@ecular weight NAs with
increased ring number and alkyl branching have shiovbe more recalcitrant. The NAs
in refinery systems have been found to resembkag@nt NAs identified in
biodegradation studies of commercial NA mixtured are likely to include very
complex structures with very high molecular weigltglization and branching (Del Rio
et al., 2006). Based on degradation studies, tNédsstructures will not be degraded in
the refinery activated sludge units (ASU) and Wwel discharged into natural systems

where their fate and effect is unknown.
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NAs (Quagraine et al., 2005a; Whitby, 2010).
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2.5.2 Anaerobic/Anoxic Biotransformation
NAs are hydrophobic and partition and adsorb tdi@al and organic matter, which in
many cases are found in anoxic environments; hokveveontrast to studies on the
aerobic biodegradation of NAs, very limited infortoa is available on the fate and
effect of NAs under anoxic and anaerobic conditidhsthane production in oil sands
tailings ponds is significant; however the subssattilized for methane production are
not completely understood (Holowenko et al., 2@®iddique et al., 2011; Whitby, 2010).
One single study found that NAs from oil sands psscwaters caused short-term
inhibition of methanogenesis fronptdr acetate and methane yields measured in
microcosms amended with two surrogate NAs suggestetblete mineralization under

anaerobic conditions (Holowenko et al., 2001).

2.6 Ozonation of NAs

Since microbial biodegradation strategies have siams shown to be ineffective or

slow at treating recalcitrant NAs, multiple studies/e investigated the possible chemical
and physical treatment options for NA-bearing waster streams. Scott et al. (2008)
demonstrated that ozonation of NA-containing ofdsaprocess water (59 mg/L NAs) for
50 minutes resulted in a non-toxic effluent basedhe Microtox bioassay and decreased
the NAs concentration to about 20 mg/L, whereatopged ozonation (130 minutes)
resulted in an effluent with a NAs concentratiorahg/L, not measurable decrease in
dissolved organic carbon (DOC) and a 50% decreaskdmical oxygen demand (COD).
Ozonation resulted in a decrease in the relatiepgation of high molecular weight NAs

(carbon numbemn > 22). Perez-Estrada et al (2011) found that commercéed Ahd
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OSPW NAs with higher cyclization and carbon numhegse ozonated more rapidly
than the smaller, less complex NAsmilarly, Martin et al. (2010) reported that
ozonation of NA-bearing OSPW oxidized recalcitrdmgh MW NAs, making them

more susceptible to microbial biodegradatithe results indicate that ozonation may be
complementary to microbial biodegradatiom @ahcombination of physico-chemical and
biological processes may be necessary to achieveatimplete removal of NAs from the

petroleum refineries effluents.

2.7 NA Partitioning

There is very little information available aboué thartitioning behavior of NAs to both
natural (i.e., sediments, soil, sand) and artifigia., organoclays, powder and granular
activated carbon, resins) media. Janfada et abgP@vestigated the phase distribution
of oil sands NAs to soils taken from an oil sandsing site in Alberta, Canada and
found that the NAs rapidly adsorbed and the soitk thgher organic content displayed
higher levels of NA adsorption. All isotherms wéreear and NAs with carbon number
between 13 and 17 were preferentially adsorbedy Beal. (2002) also reported linear
isotherms for two monocyclic model NAs in the camtcation range of 0 to 100 mg/L to
the same soils. The estimated adsorption coeftigig€y) were very low and ranged from
0.1 to 0.22 mL/g, indicating that the model NAs dat adsorb strongly to the solls.
Similarly to natural adsorptive media, and desghgefact that activated carbon is
commonly added to refinery activated sludge oraerttreatment units, there are no
reports of the partitioning behavior of NAs or #féectiveness of artificial media in

removing NAs from refinery wastewater streams. Usidading the partitioning

22



behavior of NAs to media used in refinery wastewtatsatment plants is required to
ensure proper treatment of NA-bearing wastewateasts and in order to decrease NA

contamination in the environment.

2.8 Analysis of NAs
NAs in NA-bearing refinery process wastewaters vargoncentration depending on the
crude oil and treatment process. NAs are extredhiéfigult to analyze because they
consist of hundreds of structures with differentl@ation, branching and carbon chain
lengths (Headley et al., 2009; Richardson, 2010ithyh2010). Additionally, NAs are
typically found in complex wastewater samples athdands process water, which are
complex mixtures containing petroleum hydrocarbamd other contaminants The
complex wastewater matrix makes measurement oféNi&a more challenging and thus,
there is limited research on the occurrence, cdnaion and composition of NA-bearing
refinery wastewaters (Clemente et al., 2003; Ritbam, 2010).

Multiple analytical methods have been developedgisiectrospray ionization
(ESI), mass spectrometry (MS) combined with liglli@) or gas chromatography (GC),
Fourier Transform Infrared Resonance (FTIR) spsctpy, and Fourier Transform lon
Cyclotron Resonance mass spectrometry (FT-ICR/M8adley et al., 2009; Headley et
al., 2007; Hemmingsen et al., 2006; Hsu et al.02680m et al., 2005; Qian et al., 2001;
Teravainen et al., 2007).The most common method bigehe oil sands industry for NA
guantification is a FTIR method involving acidiftean of the liquid sample followed by
methylene chloride extraction, concentration andsneement of the absorbance by

FTIR spectroscopy (Holowenko et al., 2001; Sco#tlet2008a). GC/MS methods have
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also been used extensively to analyze NAs in OSRd\typically involve derivatization
of the NAs to esters prior to analysis (Headleglgt2009). Comparison of FTIR and
GC/MS methods indicated that the GC/MS method isenselective for NAs and the
FTIR method overestimates NA concentrations in OSB¢tt et al, 2008).

Electrospray ionization FT-ICR/MS is a more recéigh resolution method that
has been used to selectively identify NAs and leenlused for characterizing heavy
petroleum samples and crude oil (Barrow et al. 4226eadley et al., 2011; Miyabayashi
et al., 2009; Qian et al., 2001). Scott et al.0@Qsed FT-ICR/MS to measure low
concentrations of NAs in groundwater samples abuardistances from oil sands mining
sites in Alberta, Canada. Recent advancementsutdized FT-ICR/MS to analyze both
commercial NAs and NAs in oil sands process wadacsfound that less than 50% of the
total acids in OSPW could be classified as ‘clabbks’ (i.e., NAs having 2 oxygen
atoms), with a large fraction being more oxygenated containing 3, 4 and 5 oxygen
atoms, referred to as oxy-NAs (Barrow et al., 20Hén et al., 2009; Grewer et al.,
2010).

One of the greatest challenges of characterididgbearing wastewater is to
identify individual NA structures in the complex tma of other petroleum contaminants
and hydrocarbons. Several major NA structures vaeetified in commercial NA
mixtures and NAs extracted from crude oils by datizing the NAs to amides and
analyzing with HPLC/ESI-MS/MS. The NA-amide derivats were separated using
liquid chromatography and individually applied tteadem mass spectrometry after
positive electrospray ionization. The fragmentatattern of the NA-derivatives was

identified using standards and unknown structureewdentified by interpretation of the
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MS fragmentation patterns. The study indicated biato polycyclic acids containing
alkyl and ethanoate side chains were abundaneinitisands-extracted NAs (Smith and
Rowland, 2008). More recently, Rowland et al. (2§12011b, 2011c) used two-
dimensional comprehensive GC/GC/MS to identify undlial NAs in a commercial NA
mixture refined from petroleum and OSPW. The conuiaéNA mixture was found to
consist of mainly 8 to 18 carbatraight chain, methyl branched, acyclic isoprenoid
cyclohexyl and isomeric octahydropentalene, periydiane and perhydronaphthalene
(decalin) acids (Rowland et al., 2011a). Analysisibsands NAs suggested for the first
time that tri-, tetra- and pentacyclic, diamondhiéls are present in OSPW and may be a
result of advanced biodegradation of some of thendhe oil sands (Rowland et al.,
2011b, 2011c). Although these methods have maadéisent advancements in
identification of NAs in complex samples, they dificult to use routinely for NA
analysis and significant developments are stilunegl to help identify the most toxic and
recalcitrant NA structures.

As mentioned above, NAs in refinery process waterssist of hundreds of
different structures and there is currently not onerersal method that allows for their
complete analysis. Advancements in the analysmaphthenic acids calls for a method
that can accurately quantify NA concentrations, ddgener distributions (i.e., ring
number, carbon number) and more specifically, NAdtires, in complex natural and

process water samples.
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CHAPTER 3

MATERIALS AND METHODS

3.1  General Analytical Methods

3.1.1 pH

All pH measurements were performed using the paertric method with a ATI Orion
Model 370 digital pH meter (Orion Research Inc.s®a, MA) and a gel-filled
combination pH electrode (VWR International, Weke€ter, PA). The meter was
calibrated monthly with pH 4.0, 7.0, and 10.0 s&ddouffer solutions (Fisher Scientific,

Pittsburg, PA).

3.1.2 Ammonia

Ammonia was measured using the distillation metthestribed irftandard Methods
(APHA, 2012). The samples were centrifuged at 1@@dn for 15 minutes and filtered
through a 0.2um nitrocellulose membrane filter (Fisher Scientifigttsburgh, PA).
Ammonia distillation was performed using a distitba apparatus (Labconco Corp.,
Kansas City, MO). The distillate was then titravath 0.2 N SO, and the ammonia

was quantified.

3.1.3 Total and Soluble Chemical Oxygen Demand

COD was measured using the closed reflux, colorimetethod as described in
Sandard Methods (APHA, 2012). An aliquot of 3 mL digestion soluticomposed of 4.9

g KoCr,07, 6 g HgSQ, 6 g AgpSO,and 500 mL HSO, was transferred to COD digestion
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vials and then 2 mL of sample was added to the &&r tumbling the vial 4 to 8 times,
the vial content was digested at 3&@or 2 hours and then cooled down to room
temperature. The absorbance was measured at 620tha Hewlett-Packard Model
8453 UV/Visible spectrophotometer (Hewlett-Pack@ml, Palo Alto, CA) equipped with
a diode array detector, deuterium and tungstendaand a 1 cm path length. Samples
were centrifuged and filtered through a (@R nitrocellulose membrane filter if the
soluble COD was measured; otherwise, well-mixedpdesnwere used after appropriate
dilution for total COD measurements. All sampleseverepared in triplicate and a
calibration curve was prepared using 1 g/L standahdtion of potassium hydrogen

phthalate (KHP).

3.1.4 Total and Volatile Suspended Solids (TSS\488)

TSS and VSS were determined according to procedi@ssibed irftandard Methods
(APHA, 2012). Whatman GF/C glass fiber filters @ diameter and 1,2m nominal
pore size; Whatman, Florham Park, NJ) were wash#dde-ionized (DI) water and
ignited at 558C for 20 minutes in a Fisher Isotemp Model 550-trtfifle furnace before
use. The filters were then cooled in a desiccatdrnaeighed. Samples of known volume
were filtered through the glass fiber filters. Theers were then rinsed with 10 mL DI
water to remove dissolved organics and inorgarits.sehe filters containing the samples
were dried at 10% for 90 minutes. After cooling in a desiccatog thry weight was
recorded and the filters containing the dry samplese ignited at 55 for 20 minutes.
After ignition, the samples were cooled down inesidcator and the weight was

measured. TSS and VSS concentrations were themat&d using the equations below.

27



Filter weight after 108 (mg)-Filter tare weigh{mg)

TSS (mg/L)= Sample voluméL)

Filter weight after 105C (mg)-Filter weight after 550C (mg)

VSS (mg/L)= Sample voluméL)

3.15 Total and Volatile Solids (TS and VS)

TS and VS of samples were determined accordingdoegdures outlined

in Sandard Methods (APHA, 2012). Samples were weighed in pre-ignite8d{C) and
cooled ceramic crucibles using an Ohaus AP250D yiical Balance (precise to +0.02

mg up to 52 g, and to £0.1 mg between 52 and 210y samples were then dried at

105°C for 24 hours in a Fisher Isotemp Model 750G owifter drying, the crucibles
were transferred to a desiccator until cooled, tnash the dry weight was measured. If

VS were to be determined, the crucibles were teansfl to a Fisher Isotemp Model 550-

126 muffle furnace and ignited at 380for 20 minutes. After ignition, the samples were
cooled in a desiccator and the remaining solidggiatevas measured. TS and VS were

then calculated using the equations below.

Crucible weight after 10%& (mg)- Crucible tare weighfmg)

TS (mg/L)= Sample voluméL)

Crucible weight after 10% (mg)- Crucible weight after 55 (mg)
Sample voluméL)

VS (mg/L)=
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3.1.6 Total Gas Production

Total gas production in closed assay bottles arg laolume reactors was measured by
either the gas-water displacement method or with\R Pressure/Vacuum transducer

(resolution —1 atm to 1.974 atm with an accurac§.002 atm).

3.1.7 Gas Composition

The gas composition was determined by a gas chogregghy (GC) unit (Agilent
Technologies, Model 6890N; Agilent Technologies. JiPalo Alto, CA) equipped with
two columns and two thermal conductivity detecttdsthane (CH), oxygen (Q) and
dinitrogen (N) were separated with a 15 m HP-Molesieve fusechsi0.53 mm i.d.
column (Agilent Technologies, Inc.). Carbon diox{,), nitric oxide (NO) and

nitrous oxide (MNO) were separated with a 25 m Chrompac PoraPLOUs€@df silica,

0.53 mm i.d. column (Varian, Inc., Palo Alto, CAJelium was used as the carrier gas at
a constant flow rate of 6 mL/min. The 10:1 spljettor was maintained at 1%D), the

oven was set at 40 and the detector temperature was set atCL58ll gas analyses

were performed by injecting a 10Q gas sample. The minimum detection limit for CH

CO,, NO, NO, G, and Nwas, 500, 800, 500, 7, 50 and 50 ppmv, respectively

3.1.8 Volatile Fatty Acids (VFAS)

VFAs (G to G, i.e., acetic, propionic, iso-butyric, n-butyrisp-valeric, n-valeric, iso-
caproic, n-caproic and heptanoic acids) were medsafter acidification of filtered
samples with a 2.5%4R0O, solution containing 1.5 g/L acetoin as the intestahdard

(sample:acid, 2:1 volume ratio) using an Agilen8@&eries GC unit equipped with a
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flame ionization detector and a 35-m Stabilwax-D&3-mm I.D. column (Restek,
Bellefonte, PA). Samples used for the measurenfeviEAs were prepared by
centrifugation at 10,000 rpm for 30 minutes anuldtlon through 0.22¢m PVDF
membrane filters before acidification. The minimdsetection limit for each acid
mentioned above was 0.25, 0.10, 0.03, 0.02, 0.08, 0.02, 0.02, 0.05 mM,

respectively.

3.1.9 Organic Acids

Non-flame ionizable organic acids (formic, oxabdric, malic, pyruvic, lactic,

succinic and fumaric acids) were measured with dHFO Series HPLC (Hewlett
Packard, Palo Alto, CA) unit equipped with an Amirt¢PX-87H ion exclusion column
(300 x 7.8 mm)(Bio-Rad, Richmond, CA) and an Adiléh00 Series UV/visible diode
array and refractive index detectors (Agilent Testbgies, New Castle, DE). A 0.01 N
H,SO, solution was used as the mobile phase with a feder of 0.6 mL/min and the
column was maintained at 65°C. The samples werkiiteged and the supernatant was
acidified with 0.2 N HSQyin a 1:1 volume ratio, and filtered through @i membrane
filters before the analysis. Organic acids werected by the UV detector at 210 nm

wavelength.

3.1.10 Anions
Chloride (CI), nitrite (NQ), bromide (Br), nitrate (NQ@), phosphate (Pﬁ), and
sulfate (SQZ) anion concentrations were determined using a &io®X-100 ion

chromatography unit (Dionex Corporation, Sunnyva&ld,) equipped with a suppressed

30



conductivity detector, a Dionex lonPac AG14A (4x5@mprecolumn, and a Dionex
lonPac AS14A (4x250 mm) analytical column. The wwis operated in autosupression
mode with ImM NaHCg8mM NaCOseluent and a flow rate of 1 mL/min. All samples
were filtered through 0.2m membrane filters prior to injection. The minimua@tection
limit for each anion listed above was 0.03, 0.02)30 0.04, 0.02 and 0.05 mM,

respectively.

3.1.11 Dissolved Oxygen (DO)

The DO concentration of the cultures used in thidyswas measured using a HACH
HQ40d portable dissolved oxygen meter in conjumctigth a IntelliCAL LDO101
StandardLuminescent Dissolved Oxygen (LDO) Prolt#ACH Company, Loveland,
CO). The instrument was periodically calibrated to wagturated air, at a given

temperature, before using.

3.2 Microtox® Acute Toxicity

The acute toxicity of NA-bearing samples was asgkssing the standard Microtox®
test. All samples were adjusted to 2% NaCl befoadyeis in order to maintain the
proper osmotic pressure (ionic strength of 342 rfivlVibrio fischeri. Sample dilutions
ranging from 1 to 2 corresponding up to 128-fold dilution, were tesfer 5 and 15
minutes exposure time. The luminescence emittédfatent sample dilutions was
compared to that of the control, which consiste@%fNaCl in DI water (pH 6.5-7.0)

having no NAs. The effective concentration of aidart (%, v/v of sample strength or

31



NA concentration, mg/L) that causes the bacteriend light at 50% of the control

(ECs0) was used as the descriptor of toxicity.

3.3  Total Acid Number (TAN)

TAN, which is also referred to as neutralizatiomtuer, is the amount of alkalinity
consumed to neutralize the total acidity in crudeloe to several acidic constituents.
The TAN of crude oil samples was measured accordirtige ASTM D664-09 method
(ASTM, 2010) as follows. A 20 g sample of crudewds diluted with 125 mL of solvent
composed of toluene, i-propanol and wMMater (508:89nL). The crude oil/solvent
mixture was then titrated with a standard alcoh@licN KOH solution

potentiometrically to an inflection point. The TAMas expressed as the amount of KOH

used for the titration of one gram of crude (mg K@lkrude).

3.4  Naphthenic Acids

NA concentrations and congener distributions weterthined using a pair-ion

extraction method (PIX), followed by liquid chrorogtaphy/mass spectrometry (Tezel et
al., 2010). In the case of wastewater samplesxtraction was performed as follows.
The pH of a 10 mL sample was increased to 10 wittNAOH. Then, 60 pL of a 100

mM p-toluene sulfonatepl'S) surrogate standard and 1 mL of a 10 mM bemibytlyl
ammonium (BTBA) counter-ion solution were added #relsample extracted with 10

mL methylene chloride overnight (Figure 3.1). Aoe gjuantification of the total NAs
(TNA) in crude oil samples, the extraction was parfed as follows. A 0.2 g crude oil

sample was mixed with 3 mL toluene, 17 mL methamal 0.1 mL 5M NHOH. The
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mixture was amended with 0.03 mMS and filtered through 0.2 um PTFE filtelfar
the quantification of total extractable NAs (TENA)crude oil samples, the extraction
was performed as follows. A 0.2 g crude oil sampdes mixed with 20 mL 1N NaOH
solution and agitated for 3 hours. After storagedioe day to allow phase distribution,
the mixture was centrifuged at 10,000 rpm for 1&.1ihe aqueous phase was amended
with 1 mL of 10 mM BTBA and 60 pL of 100 mTS and then extracted with
methylene chloride overnight. The extracts of wasater and crude oil samples were
transferred into 2-mL amber glass vials and useterL.C/MS analysis described below.
The NA concentration and congener distribution X extracts of NA-bearing
samples, prepared as described above, were deeetméng an HP 1100 Series LC unit
and an HP 1100 Series LC/MSD mass spectrometrgtoetenit. A 10uL standard or
PIX extract sample was introduced into the MS brgdiinfusion using a 60:40 (v/v)
mixture of 10 mM NHOH in acetonitrile and 10 mM NfDH in water (pH 10) as the
mobile phase at a flow rate of 0.7 mL/min. MS asaywas conducted by electron spray
ionization in negative mode (ESI-) at 70 eV fragma#ion voltage with a mass scan
range ofm/z 100-500. The drying gas (nitrogen) flow rate wad_Amin at 350°C, the
nebulizer pressure was 50 psig, and the capillatage was 3500 V. Then, the NA
concentration was determined relative to the stah@dS) and a calibration curve
prepared with a commercial NA mixture (TCI NA mixtysee Chapter 6). The congener
distribution was determined as follows: tin& of each ion was compared to the
deprotonatedn/z value of a NA based on the general formula ¢i 470, and if there
was agreement, the correspondmgndZ numbers were recorded and plotted to display

the relative abundance of each corresponding N4&titre (Tezel et al., 2010)

33



U
)

Benzyl tributyl ammonium

NA (BTBA)
AQUEOUS SAMPLE
pH>10 p-toluene sulfonate
T
(PTS) 0. O
S\\

O

METHYLENE CHLORIDE
NA Concentration
+
CONGENER Distribution
ESI-LC/MSD
ANALYSIS

Figure 3.1.Pair ion extraction (P1X) method for the quantifioa of naphthenic acids.
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35 General Procedures

3.5.1 Aerobic Culture Media

Aerobic cultures used in this study were sustainggtowth media shown in

Table 3.1. The media were utilized without autorrigy

Table 3.1.Composition of media for the mixed aerobic cultused in this study.

Compound/Solution Concentration
KoHPO, 1.07 g/L
KH.PO, 0.524 g/L
CaCb-2H,0 0.068 g/L
MgCl,- 6H,0 0.135¢g/L
MgSQ,- 7TH,O 0.268 g/L
FeCb-4H,0 0.068 g/L
Trace metal stock solution 0.67 mL/L
Trace metal stock solution Concentration
ZnCl, 0.5¢g/L
MnCl,- 4H,0 0.3 g/L
H3BOs 3.0g/L
CoCb- 6H0 2.0g/L
CuCb- 2H0 0.1g/L
NiSOs- 6HO0 0.2 g/L
NaMoO,- 2H,0 0.3 g/L
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3.5.2 Methanogenic Culture Media

A mixed methanogenic culture used in this study stestained in medium which
supplied necessary nutrients, trace metals, aaduis. The composition of the culture
media is shown in Table 3.2. Resazurin was usedredox indicator (ORP < -110 mV).

Culture media were prepared by adding the fisstragredients in Table 3.2to 8 L

DI water in 9-L Pyrex serum bottles. The bottlesevhien autoclaved at 250(121C)

and 21 psi (1.43 atm) for 45 minutes. After auteitlg, the bottles contents were purged
with helium for 1.5 hours in order to strip oxygeom the media. After purging, and
while the media were still warm, the rest of thgredients listed in Table 3.2 were

added.
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Table 3.2.Composition of media for the mixed methanogenituce used in this study.

Compound/Solution Concentration
KoHPO, 0.9¢/L
KH2PO, 0.5g/L
NH,4CI 0.5¢g/L
MgCl,-6H,0 0.2 g/L
Trace metal stock solution 1 mL/L
1 g/L resazurin stock 2 mL/L
Vitamin stock solution 1 mL/L
CaCb-2H,0 0.1g/L
FeCb-4H,0 0.1g/L
NaHCG; 6.7 g/L
NaS-9HO0 0.5¢g/L
Trace metal stock solution  Concentration
ZnCl, 0.5¢g/L
MnCl,- 4H,0 0.3 g/L
H3BO3 3.0g/L
CoCh- 6HO 2.0 g/L
CuCk- 2HO 0.1g/L
NiSO,;- 6HO 0.2 g/L
NaMoO,- 2H,0 0.3 g/L
Vitamin stock solution Concentration
Biotin 0.2 g/L
Folic Acid 0.2 g/L
Pyridoxine hydrochloride 1.0g/L
Riboflavin 0.5¢g/L
Thiamine 0.59g/L
Nicotinic Acid 0.5 g/L
Pantothenic Acid 0.59g/L
Vitamin B12 0.01 g/L
p-Aminobenzoic Acid 0.5¢g/L
Thioctic Acid 0.5¢g/L
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CHAPTER 4
FATE AND EFFECT OF NAPHTHENIC ACIDS ON OIL REFINERY

ACTIVATED SLUDGE WASTEWATER TREATMENT SYSTEMS

4.1 Introduction
Petroleum refineries are process plants where aildetransformed to refined
products, such as gasoline, diesel and keroseffi@irReprocesses use large quantities of
water, primarily for extraction, desalting, and kg, generating waste streams, which
are combined and carried to the refinery wastewegatment plant (Dorn, 1998;
IPEICA, 2010). Many wastewater components are easithoved by the refinery
wastewater treatment plant; however, some compolousl in process waters, such as
naphthenic acids (NAs), are more difficult to treatl create operational problems, such
as corrosion and toxicity (Dorn, 1998; IPEICA, 20%0hitby, 2010). Activated sludge
systems are common biological treatment processesb to treat refinery wastewaters;
however, very limited information exists relativethe fate and effect of NAs in refinery
activated sludge units and whether such treatnreicepses are capable of reducing the
NA concentration and toxicity of refinery wastewate

NAs are present in crude oil and bitumen from masies and oil sands. Recently,
oil exploration has led to extraction of extra heawdes and bitumen from oil sands,
which have elevated NA concentrations and resulfimery process waters and
wastewaters with relatively high NA levels. Refinerastewaters vary in NA

concentration depending on the crude oil sourceti@aiment process (IPEICA, 2010;
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Whitby, 2010).

Detailed information about the occurrence of NAsdfinery wastewater streams
and what factors affect the fate and biodegradaifdwAs in refinery wastewater
treatment plants is very limited. The objectivesta$ research were to: a) characterize
crude oil and wastewater streams from six oil efigs; b) determine the occurrence and
fate of NAs in various refinery wastewater treattrsgystems; and c) assess the inhibitory

and biotransformation potential of NAs on refinagtivated sludge microcosms.

4.2 Materials and Methods

4.2.1 Crude Oil, Refinery Wastewater Samples amehiicals

Crude oil and wastewater samples taken from thal@edrine, influent, mixed liquor
and effluent steams of activated sludge units wereived from six United States
refineries, referred to as refinery A through FfiRery A uses powder activated carbon
(PAC) in the activated sludge mixed liquor. Crudesamples were analyzed for total
acid number (TAN), total NAs (TNA), and total exdtable NAs (TENA). All
wastewater samples were analyzed for pH, totallsdli'S), volatile solids (VS),
chemical oxygen demand (COD), ammonia, nitriteatetand NAs. It is important to
note that although the crude oil and wastewatepgzswere not received at exactly the
same time from each refinery, they are considevdzetrepresentative of each refinery.
A commercial NA sodium salt was purchased from TGémicals (Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan). Thetom& contains approximately 8.6%

(w/w) sodium. All NA concentrations mentioned instivork refer to NAs and not the

39



NA salt. The characteristics of the NA salt arecdiegd in detail in Chapter 5, Section

5.3.1.

4.2.2 Micro Dilution Susceptibility Test

A batch test was performed to assess the inhibétiect and biotransformation potential
of TCI NAs of the native refinery activated sludgerobial communities. The inhibition
test was performed as follows: a 200 pL sampleeadf mixed and aerated mixed liquor
was transferred to a 1800 pL sterile nutrient bomtimposed of 3 g/L peptone, 0.5 g/L
casein, 0.2 g/L BHPQ,, 0.05 g/L MgSQ and 0.002 g/L FeGl6H,O. The culture was
incubated overnight at room temperature (22 {&€24diluted 10000 times with the same
broth and re-incubated overnight. The mixed hetepdtic culture obtained was diluted
to about 0.005 McFarland (approximately t@lls/mL) and 1 mL of the diluted culture
was transferred to 10 mL culture tubes containimgLlnutrient broth and a range of TCI
NA concentrations from 0.5 to 500 mg/L. The tubesenincubated at room temperature
(22 to 24C) overnight and the growth was measured with ali8/¢pectrometer at 600
nm wavelength. Tubes containing nutrient broth hgthe same NA concentrations but
without culture were used as blanks. Control tudmegained sterile broth, dextrin and
casein, culture, but no NAs.

A similar test was performed to assess the NA ansformation potential of the
activated sludge microorganisms, using a nutrieothbcomposed of inorganic salts as
mentioned above and NA salt as the sole carborts@ira range of NA concentrations
from 0.5 to 500 mg/L. The sterile broth was complosi0.2 g/L kkHPQ, 0.05 g/L

MgSQsand 0.002 g/L FeGI6H0. Tubes containing the sterile broth having threesa
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NA concentrations but without culture were usetlasks. Tubes containing sterile

broth and culture but without NAs were used as robst

4.2.3 NA Desorption Assay

The desorption assay was performed with triplié&tenL samples of two NA-bearing
activated sludge mixed liquors from refineries Ald@) with and without PAC,
respectively. The mixed liquor samples were addetDtmL Teflon centrifuge tubes and
centrifuged at 10,000 rpm for 15 minutes. Approxeha75% of the supernatant volume
was removed and replaced with 10 mM phosphate b(gfe 7) that contained 200 mg/L
sodium azide to inhibit any microbial activity. Thées were agitated on an orbital
shaker by continuous mixing at 190 rpm. On day3, 4, 7 and 10 the tubes were
centrifuged and 75% of the supernatant volume wamved and analyzed for NAs. The
removed supernatant was replaced with 200 mg/Lusodizide phosphate buffer
solution and the tubes were returned to the orbitaker. The interstitial water in the
solids pellet after centrifugation was determineavgnetrically and the mass of NAs in
the interstitial water was determined as the prodtithe measured NA concentration in
the supernatant and the mass (volume) of the renggimterstitial water at each
successive desorption step. Over the successivepdies period, the solid-phase NA
concentration was determined by difference of tieasared total and liquid-phase NA

concentrations.
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4.2.4 Biotransformation Assay of Chronically-sath¢As

Samples of activated sludge mixed liquors, recefuaa refinery A (PAC-containing)
and B (PAC-free) and used in the desorption asSagtion 4.2.3, above), were also used

in this biotransformation assay. The two mixed ¢éiggamples were aerated at room

temperature (22 to 2@) without any exogenous substrate addition foagsdDuring

this incubation period, the soluble COD concentratlid not decrease in both mixed
liquor samples, indicating very low biodegradapibf the mixed liquor organic
components, which resulted in very low microbiaiaty. Then, an organic mixture of
700 mg COD/L was added to both mixed liquors toaase their microbial activity. The
organic mixture was composed of (mg COD/L in thaediliquor): sodium acetate, 180;

sodium propionate, 180; sodium butyrate, 90; amtiuso benzoate, 250. Incubation was

carried at room temperature (22 to@%with continuous aeration using pre-humidified,
compressed air. Throughout the incubation perioel fwo microcosms were fed three
times with the same organic mixture as mentionex@bThe pH was maintained
between 7 and 7.5 in both microcosms throughouinitigation period. Soluble COD,

pH, and total and liquid-phase NAs were monitofegdughout the incubation period.

4.3 Results and Discussion

4.3.1 Characteristics of Crude Oil and Refineryst&avater

Refinery processes depend on the amount and typreidé oil as well as the target
petroleum products. The refinery processes prothrge amounts of wastewater,
including desalter brine, spent caustic, sour waier water used in other refining

processes such as cooling and steam. The desatterand other refinery process waters

42



are combined and sent through the wastewater texdtpiant before reuse or discharge
into storage ponds or the environment. A typichhexy wastewater treatment plant
consists of primary treatment (i.e., oil/water sagian), equalization, secondary
biological treatment (i.e., activated sludge withnathout PAC, sequencing batch
reactors, membrane bioreactors) and in some dasgary treatment (i.e., sand filtration,
activated carbon, chemical oxidation) (Figure ZIRJECA, 2010).

The six refineries considered in this study prociBerent types of crude oll
from various sources (Table 4.1). Each refinerycpssed different volumes of crude oll
in the range of 105 to 306 thousand barrels pel(ldB{). The measured TAN values
ranged from 0.12 to 1.50 mg KOH/g crude oil. TheNlI'gotentiometric titrations for all
six refinery crude oils are shown in Figure 4.1t Eamparison of TNA and TENA
values (see below) to the crude oil TAN valuesculaltions were based on measured

TNA, TENA and TAN values, their average MW and KONV, performed as follows:

TNA
X MW on x—m9

TNA/TAN ratio (%) =
MWy, TAN  1000ug

x100%

x100%

| TENA
TENA/TAN ratio (%) = xMWkon , Mg
MWy TAN  1000pg

where TNA is the total NA concentration in the cwl (Lg NA/g crude oil), TENA is
the total extractable NA concentration (ug NA/gd=zwil), MWya is the weighted
average MW of the NAs in that specific sample (gJpdW «on is the molecular weight

of KOH (g/mol) and TAN is the total acid number (id@H/g crude oil)
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Table 4.1.Crude oil source and type for six refineries inelddn this study.

Refinery Crude Oil Source Crude Oil Type
A Venezuelan Intermediate/Heavy
B Midcontinent Intermediate
C Sea Light
D Midcontinent Intermediate
E Midcontinent Intermediate
F Alaskan Light
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Figure 4.1.Potentiometric titration for TAN measurement afide oils from refinery A

to F (blue dot and arrow indicate inflection point)
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The TNAs in crude oil samples ranged between 9GMEH pg/g crude (Table

4.2). The highest TNA value was measured for thdes having the highest TAN

values. The Venezuelan crude oil had the highésk MA concentration followed by the

Midcontinent, Sea and Alaskan crude oils. All csidesre dominated with TNAs having

Z=0,-2,-4, -6, -8, and -10 ambetween 10 and 45 carbons. The weighted average MW

of NAs in the crude oil samples ranged betweeng&#D430 Da. The TNA concentration

correlates to the TAN {r= 0.88) (Figure 4.2) and represents 30 to 100%heTAN

values (Table 4.2).

Table 4.2.Total acid number (TAN) and total NAs (TNA) weigttaverage molecular

parameters and formulae in crude oil samples friamesineries.

TAN Total NAs
TNA/TAN P
Refinery mg KOH/ Conc?
Z n MW Formula %
g oll ng/g oll
A 1.50 -49 288 4303 £LHsx0, 3629.3 31.5
B 0.58 -5.2 282 4216 HLH51 0, 1868.8 42.9
C 0.22 -45 25.0 3775 o0, 1265.9 85.5
D 0.60 54 26.6 399.0 £Hi7dO, 1898.2 445
E 0.52 -5.2 26.7 400.6 s6His Lo 957.8 25.8
F 0.12 -6.0 26.1 3914 ,6£H4sL0, 1007.3 120.3

#NA concentration expressed using average TNA MWaich crude oil sample

P Calculated based on measured TNA and TAN valhes, average MW and KOH MW

46



6000
5000-
4000-
3000-
2000-
1000-

TOTAL NAs (mg NA/g crude)

0.0 0.5 1.0 15 2.0
TAN (mg KOH/g crude)

Figure 4.2.Relationship between total NAs (TNAs) and TAN difide oil samples

obtained from six refineries (A to F)(Broken line® 95% confidence bands).

The total NA values, as well as the total NA cimttion to TAN were consistent
with previously reported values (Meredith et a0Q). These researchers analyzed 33
different crude oils with TAN values ranging fromlQo 2.67 mg KOH/g oil and
reported total NA concentrations from 33 to 8697g, gontributing up to 96% of the
TAN. The results of the present study indicate thattotal NA contribution to the total
crude oil acidity is pronounced and about 40% aeraye for crudes having TAN above
0.5 mg KOH/g oil (Table 4.2). As an example, thialt®A distribution in the crude oll
sample from refinery A is given in Figure 4.3A. Alk crude oil TNA distributions are
summarized in Table 4.Zhe total extractable NAs (TENA) in crude oil sdegranged
between 100 to 175 pg/g crude (Table 4.3). ThedsgRENA value was measured for
the Venezuelan crude oil (refinery A) which had tinghest TAN value. All crudes were
dominated with TENAs having = -2, -4 and -6 and between 10 and 20 carbons. The
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TENA represents 2.5 to 20.6% of the TAN and 4.82&%% of the total NA (Table 4.3).

Generally speaking, the ratio TENA/TNA decreasethvicreasing TNA MW. The

weighted average MW of the TENAs in the crude git&cts ranged between 256 and

286 Da, which is 14 and 44 Da lower than the TNAgited average MW range. The

TENA distribution in the extract of the crude adnsple from refinery A is given in

Figure 4.3B.
(A)
20 - pTS
~ 15~
10 ~
5 -

O_

m/z

RELATIVE ABUNDANCE (%

(B) (©)

204 RTS 20 P1°
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0 0

100 300 500 700 900 100 300 500 700 900 100 300 500 700 900
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Figure 4.3.NA congener distribution in refinery A crude oitabNA extract (A), crude

oil total extractable NA extract (B), and desaliene (C) samples.
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The characteristics of wastewater samples collezté¢he six refineries, including
mean and range values for pH, total and liquid-phéAs, total and soluble COD, TS,
VS, ammonia, nitrate, and Microtox® Ef-are summarized in Table 4.4. Nitrite was not
detected in any of the samples. NAs were deteatedl wastewater samples analyzed
and accounted for less than 16% of the total COQBuE 4.4). The theoretical oxygen
demand (ThOD) of NAs present in each sample wasllzded using the average NA
molecular formula, molecular weight and NA concatitm. The NA oxidation reaction
is:

i 2n+Z
6n+Z-10 o+ n2

ChHonszO H,0

The ThOD was calculated using the following equatio

ThOD =32 x—o2
4*M

VVNA

The TCI NA mixture (MW = 272.1 g/mol) was used astandard to determine NA-COD
and the ThOD was calculated as follows:
Ci7.4H3060,+24.1 Q> 17.4 CQ + 15.4 HO

ThOD =32 x 24.1/272.1 = 2.83 mg/@g NA

As shown above, the theoretical TCI NA-COD wasneated to be 2.83 mg
O./mg NA. The total NAs concentration in the desdttene samples ranged from 4 to 40
mg/L. The desalter brine of the Midwestern cruds load the highest NA concentration
followed by the brines of Venezuelan, Sea and Adasttude oil. The NA congener
distributions indicate that the lower molecular gfgiNAs in the crude oil are transferred

to the desalter brine and the higher MW, more hytobic NAs, are not removed from
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the crude oil during the desalting process (Taleathd 4.3). NAs contribute 1 to 7% of
the total COD of the desalter brines which indisateat many other organic compounds
are present in the desalter brine and NAs are amecmmponent (Figure 4.4). On
average, the liquid-phase NAs accounted for ab8%i @f the total NAs in the desalter
brine samples analyzed (Figure 4.5A). The NA coegelmstribution in the desalter brine
sample from refinery A is shown in Figure 4.3C; tb&al and liquid-phase weighted
averageZ, n, MW, formula and NA concentration in all desaleine samples from the
six refineries are summarized in Table 4.5. TheddAcentration and weighted average
NA MW of the liquid-phase NAs were slightly lowdran for the total NAs. In addition,
NAs with higher cyclization and lower carbon numbeg the predominant NAs in the
agueous portion of the desalter brines. Thesetseisulicate that a portion of NAs having
high MW, lower cyclization and higher carbon numbex sorbed to the desalter brine
solids. All desalter brine samples had NAs with Ma&ging between 210 and 265 Da
and carbon numbers ranging from 13 to 17. It shbeldoted that due to refinery process
variability over time, along with changes in rembetiiciencies and other operational
parameters along the process water/wastewater &dimect comparison of NA profiles
and abundance among the various waste streamsattr@nsame refinery, cannot be
drawn.

The total NA concentration in the influent and ndXguor samples ranged from
5t0 17 and 10 to 140 mg NA/L, respectively (FigdrgB and 4.5C). The ratio of
liquid/total NAs in the mixed liquor samples randgesim 0.03 to 0.3 (Figure 4.5C).
Between 70 and 97% of NAs in the mixed liquor saaplere associated with the solid

phase (i.e., biomass or biomass plus PAC in refiAgr(Figure 4.6). Effluent NAs
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ranged from 3 to 12 mg/L (Figure 4.5D), and on aDdsasis, calculated based on a
mean NA theoretical oxygen demand of 2.83 m@@ NA, accounted for less than 16%
of the total effluent COD (Figure 4.4). Thus, o€@D basis, NAs are a minor organic

component of the effluents from the refinery biotad treatment units.

Table 4.3.Total extractable NAs (TENA) weighted average molacparameters and

formulae in crude oil samples from six refineries.

Total Extractable NAs
TENA/TAN®  TENA/TNA

Refinery Conc?
z n MW Formula % %
na/g oil
A 48 17.0 265.2 CiHxp L, 174.6 2.5 4.8
B 44 18.0 279.6 CigHs O, 160.9 5.6 8.6
C 3.9 16.3 256.3 CiH20; 124.0 12.3 9.8
D 4.7 181 280.7 CigiH30; 101.8 3.4 5.4
E -46 185 286.4 CisH3L0; 119.6 4.5 12.5
F 4.7 179 2779 CirHz1.10; 122.5 20.6 12.2

#NA concentration expressed using average TENA MWaich crude oil sample
b Calculated based on measured TENA and TAN vatheg, average MW and KOH

MW
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Table 4.4.Characteristics of desalter brine, influent, adedasludge mixed liquor and

effluent samples from six refineries.

Parameter Desalter Brine Influent Mixed Liquor Effl uent

pH 7.4 (5.2-8.5) 7.5(6.9-8.3) 7.3(6.4-7.7) 7.6 (7.3-8.0)
Total NA (mg/L) 22.7 (4.2 -40.4) 10.2 (4.5 -16.6) 70.6 (9.6 — 140.3) 6.8 (2.8 -11.6)
Liquid NA (mg/L) 15.6 (3.6-28.2) 6.9(3.4—12.2) 55(2.9-85) 5.5 (2.9 - 9.5)

Total COD (mg/L) 1280 (415 —1942) 704 (467 — 11173641 (609 — 9100) 370 (114 — 847)
Soluble COD (mg/L) 1139 (391 —1805) 544 (211 -)966 375 (69 — 878) 317 (40 — 831)
Total Solids (g/L) 2.9 (0.5-8.4) 3.8(1.1-12.0) 83(1.6-217)  42(1.4-128)

Volatile Solids (g/L) 0.7 (0.2-1.6)  0.45(0.2223) 3.1(0.38-6.2)  0.32 (0.13 — 0.91)

Ammonia (mg N/L) 8.1 (0 - 50.5) 11.4 (0 - 28) 906-(30.8) ND
Nitrate (mg N/L) NDY 238 (0 — 440) 737 (0 — 2126) 447 (0 — 1314)
ECso % (V/V) 6.1(0.03-12.8) 69.1(5.9-160) 1168.2—271) 262 (107 — 540)
ECso (Mg NA/L) 1.3 (0.001 —2.9) 3.4 (0.4 - 9.9) 5970 13.3)  11.2(7.5-15.7)

#Mean value and range (i.e., minimum — maximura)(8)

®ND, not detected
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Table 4.5.NAs weighted average molecular parameters and flaerin desalter brine

samples from six refineries.

Refinery Phase Z n MW Formula NA (mg/L)
A Total -5.5 14.6 231.3 fadH23 O2 17.0+0.6
Liquid -5.6 14.0 222.3 H22 O, 10.3+0.4

B Total -4.4 17.0 265.4 1220602 37.0+4.1

Liquid -4.6 16.2 254.2 6. H27.02 28.2+0.6

C Total -4.6 13.4 220.3 1e4H20 o 9.6+0.3
Liquid -4.8 13.1 210.6 5.1H22.407 7.7+0.2
D Total -4.9 15.4 242.6 5.4H25 L2 28.0+0.7

Liquid -5.3 14.8 234.0 £.dH24.02 21.4+0.8

E Total -4.2 16.9 264.4 1edH29.602 40.4+5.3
Liquid -4.6 15.8 248.6 5.8H2702 22.6+1.0
F Total -5.5 13.7 218.8 1620, 4.2+0.3
Liquid -5.0 14.3 227.2 G H2:3Oo 3.6+0.3

#Mean + standard deviation € 3)

56



4.3.2 NA Toxicity

The toxicity of desalter brine, influent, mixeddigr and effluent sample filtrates was
measured by the standard acute Microtox® toxicsseg and the 5-min exposuredgC
values are reported in Table 4.4 as sample strgPgthv) and the corresponding
equivalent NA concentration (mg/L) based on thesuead NA concentrations. There
was negligible difference between the 5- and 15-exiposures. The desalter brinesgC
values in terms of liquid-phase NA concentratiomged from 0.001 to 2.9 mg NA/L
(0.03 to 12.8% v/v), which accounted for less tB&mof the soluble COD. Thus, only a
fraction of the desalter brine toxicity measuredlioy standard acute Microtox® toxicity
assay is attributed to the liquid-phase NAs. THikei@mt, mixed liquor and effluent &g
values ranged from 5.9 to 160%, 16.2 to 271%, e fL07% to 540% (0.4 t0 9.9, 0.7
to 13.3, and 7.5 to 15.7 mg NAJ/L), respectivelylfleasd4.4). Previous studies have
reported NA toxicity using the standard Microtox&say and found that both
commercial NAs and NAs extracted from refinery @ waters were toxic ¥brio
fischeri; however, the toxicity of both refinery and commal®lAs were found to have a
wide range of E¢, values depending on the NAs source and distribuifddA

structures (Frank et al., 2009; Frank et al., 2008pwenko et al., 2002; Scott et al.,
2008). Similarly in this study, a wide range ofdg€alues were measured and no
correlation between Egand liquid-phase NA concentrations could be madéhie six
refineries tested; however, it is noteworthy thatgmificant toxicity reduction is
achieved by the biological treatment units in edlrefineries tested, indicated by the

increasing mean Egvalues from desalter to effluent wastewater stee@figure 4.7).
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The TCI NA salt mixture was used to determine & Microtox® acute toxicity
can be correlated to NA concentrations, despite Mfasesenting only a small fraction of
the soluble COD. The TCI NA mixture consists of tho8, 1 and 2 ring NA structures
with carbon numbers ranging between 10 and 25 ameighted average MW of 271.4
Da. When prepared in deionized (DI) water, the WBImixture has an E£ value
between 8 and 10 mg NA/L. Figure 4.8A and 4.8B shtive measured Microtox® acute
toxicity and predicted toxicity effect (broken riage) based on the TCI NA Microtox®
response and measured NA concentration for theanfland effluent wastewater
streams from refinery A. The influent and efflustreams have measured & €alues of
5.9% (0.4 mg NA/L) and 218% (10.5 mg NA/L), respesly. The influent predicted
ECsp value based on the measured NA concentrationryslee and much lower than the
above-reported, measured & @alue for the TCI NA mixture in DI water. In coast,
the effluent predicted Egvalue based on measured NA concentration is \esgdo
the EGp value of the TCI NA mixture in DI water. The difemce between the measured
and predicted E& values in terms of NA concentration for the influiand effluent
samples is attributed to compositional differenoetsveen these two wastewater samples,
brought about by the biological treatment prockssg]ing to a lower total effluent
toxicity as compared to the influent. The efflueicity is very low, with the undiluted
effluent resulting in only 20% effect dnbrio fischeri; however, the measured effluent
toxicity can mainly be attributed to persistent NAsen though they contribute less than
5% of the total effluent COD in refinery A. Thessults further confirm that it is not

possible to correlate Microtox® acute toxicity té&\oncentration in NA-bearing,
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complex wastewater streams and that dependingeocotimposition of the wastewater
stream, other components will contribute signiftbato the measured toxicity.

In an effort to assess the contribution of NAsh® dverall toxicity of complex
refinery wastewater streams, attempts were madeniove NAs from a refinery desalter
brine sample using organoclays, granular and poackgrated carbon and anion
exchange resins. Exposure of desalter brine sartiptée adsorptive media resulted in a
decrease in Microtox® acute toxicity (data not shijwmowever, it was not possible to
verify if other toxic components of the desalteanbrsample, removed by adsorption in
addition to NAs, contributed to the measured desgéadoxicity. As a result, a correlation
of Microtox® toxicity to NA molecular descriptorsd., MW, Z andn number, and

structure) was not achieved in the present study.
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Figure 4.7.Measured 5-min Microtox® acute toxicity for desalbeine (A), influent (B),
mixed liquor (C) and effluent (D) wastewater straambtained from six refineries (A to

F; horizontal red lines indicate mean g €alues).
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4.3.3 NA Biotransformation and Inhibition of Redity Microcosms

Aerobic batch tests were carried out to assesskiigitory effect and biotransformation
potential of NAs to the native refinery activatéaidgie microbial communities. Figure
4.9 shows the growth profiles of the six refinerigracosms with NAs as the only carbon
and energy source. With the exception of the mialammmunity of refinery C (Figure
4.9C), which had a modest growth, all communit@sieved significant growth on NAs,
with the measured growth generally increasing witheasing initial NA concentration.
Growth inhibition data at initial NA concentration§100 and 400 mg/L in each refinery
microcosm, compared to respective control microcoprepared without NAs, using the
peptone/casein nutrient broth as carbon and ersenggge, are shown in Table 4.6. None
of the activated sludge heterotrophic communitias wsompletely inhibited up to 400 mg
NA/L, though 16 to 22% and 10 to 59% growth inhdmtwas observed at 100 and 400

mg NA/L, respectively.
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Figure 4.9.Growth profile of six aerobic refinery microcosnstp F) at TCI NA
concentrations from 0.5 to 500 mg/L with NAs segvas the sole carbon and energy
source (corrected for growth of respective contmarocosms containing nutrient broth

and culture, but no NAs).
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Table 4.6.Growth inhibition at two initial TCI NA concentratns in six refinery

activated sludge microcosms.

Refinery Inhibition (%) # at an initial NA:
Microcosm 100 mg/L 400 mg/L
A 18.1 58.6
B 17.4 31.2
C 16.1 20.9
D 21.6 10.2
E 22.0 46.3
F 20.2 16.3

& Compared to respective control microcosms growpeptone/casein nutrient broth
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4.3.4 NA Desorption from Refinery Mixed Liquors

The initial total/liquid-phase NA concentrationsrafinery A (with PAC) and refinery B
mixed liquors were 83.4/2.4 mg NA/L and 82.6/3.6 N®&/L, respectively. The results

of the desorption assay are shown in Figure 4.dth Biixed liquors exhibited poor
desorption with greater than 80% of NAs remaininglee solid-phase at the end of the
10-day desorption period (five successive desanmteps). The desorption kinetics were
very similar for both mixed liquor samples, indicgtthat desorption was equally limited

in both mixed liquors, regardless of the presenasbof PAC.
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Figure 4.10.Fraction of solid-phase NAs remaining after eaatteasive desorption step

at pH 7 in two refinery activated sludge mixed bggsamples with chronically-sorbed

NAs.

65



The initial NA congener distribution in the mixaduors from refinery A and B is
shown in Figure 4.11A and 4.12A, respectively. Ayand monocyclic NAs with
carbon number 15 to 25 were predominant in refidengixed liquor, whereas dicyclic
and tricyclic NAs with carbon number between 20 38Bdvere predominant in refinery B
mixed liquor.The results of the desorption assay indicate thggrdless of NA congener
distribution, the majority of the NAs in activatsllidge systems are associated with the
solid-phase (greater than 80%). As a result, imeey systems with high total NA
concentrations, the liquid-phase NA concentrati@msain very low, with minimum
desorption even over an extended period under pigsoifavorable conditions. The pKa
of NAs is typically in the range of 5 to 6; therefpincreasing the pH above the tested
pH 7 is unlikely to significantly increase the NAsbrption rate and extent from
activated sludge with chronically-sorbed NAs. Agufraction of the NAs that are not
degraded by the biological treatment system wilaad to the solids, increasing the
overall NA removal and resulting in good effluentatjity. Chronic exposure of biomass
(and PAC) to NAs leads to accumulation and seqaisitr of NAs, thus contributing to

their persistence as discussed below.
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4.3.5 Biotransformation of Chronically-sorbed NAs

In order to determine the biotransformation potdraf chronically-sorbed NAs,
biotransformation assays were performed with atgtvaludge mixed liquors from
refinery A (PAC-containing) and B (PAC-free). Aftire two mixed liquors were aerated
and showed very low biological activity, indicatiagzery low level of available

biodegradable substrates, the two mixed liquorewesubated at room temperature (22

to 24'C) with continuous aeration, fed with a synthetastewater three times over the
90-day incubation period. Figure 4.13 shows thaltd liquid-phase NAs as well as the
soluble COD concentration over the incubation pkriche NA liquid-phase
concentrations were below 10 mg/L throughout tleeiliation period and their weighted
average MW was lower by 40 to 160 Da comparedadvkV of the solid-phase NAs
(Table 4.7). The total NA concentration in the PA@xtaining, refinery A mixed liquor
decreased slowly, reaching an extent of NA degraatf 33% by the end of the 90-day
incubation. In contrast, the total NA concentratiothe PAC-free, refinery B mixed
liquor decreased by 30% within the first 15 daysetibation and by 61% by the end of
the 90-day incubation. The bi-phasic NA degradagiattern in the PAC-free mixed
liquor is assumed to be due to NA fractions witragable degree of bioavailability. On
the other hand, the presence of PAC in the mixaebli of refinery A, with its superior
NA adsorption capacity compared to biomass, redutt&a much lower NA
bioavailability. In view of the potential negatirapact that degradable organic
substrates may have on the NA degradation, longagtan periods between exogenous
carbon amendments were maintained. However, aaaserin the rate of NA

degradation during the starvation periods was heeoved (Figure 4.13). A comparison
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of the NA congener distribution in both mixed ligganitially (Figure 4.11A and 4.12A)
and at the end (Figure 4.11B and 4.12B) of thebation shows an increase in the
weighted average MW, and carbon number, again indicating that the td@&/ NA
fraction was more degraded compared to the high&rWNAs (Table 4.7). These results
agree with previously reported findings in whickver MW NAs were preferentially
degraded over higher MW NAs with increagkdnd carbon numbers (Biryukova et al.,
2007; Clemente et al., 2004, Han et al., 2008; ttelwko et al., 2002; Scott et al., 2005;

Watson et al., 2002).
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Table 4.7.Total and liquid-phase NA weighted average molegogaameters and

formulae in mixed liquor microcosms from two refiigs (initially and after 90 days of

incubation).
Mixed Time
Phase Z n MW Formula
Liquor (Days)
Total -5.8 23.6 356.6 L2eH41.40-
0
Total -6.2 27.9 416.5 £2Ha9 0o
90
Liquid -6.1 24.1 362.9 £2 1Hao Oo
Total -5.6 27.4 409.7 £2Ha9 105
0
Refinery B Liquid -5.8 19.7 302.6 5 Haz O,
Total -5.8 28.2 421.4 £ Hsz060-
90

Liquid -4.1 16.7 262.0 (6. H20 02

2 PAC-containing mixed liquoP PAC-free mixed liquor
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4.4 Summary
NAs are transferred from crude oil to the desditare, which is the major source of NAs
in refinery wastewater. NAs were measured in aBtewaater streams before, within and
after the biological treatment systems (i.e., i@fiy mixed liquor and effluent). The
activated sludge units of the six refineries inelddn this study were effective in
lowering the effluent COD and NA concentrationsvadl as the effluent toxicity.
Significant toxicity was measured in most wastewsateeams tested, primarily in
desalter brine and influent samples; however, & n@t possible to correlate Microtox®
acute toxicity values to NA concentrations in saomplex samples. Other components
contribute significantly to the measured toxicityahus, the measured toxicity largely
depends on the wastewater composition. Although doxdributed less than 16% in the
total COD of refinery effluents, the Microtox® aeubxicity effect of such effluents was
primarily attributed to NAs.

Desorption and biodegradation of chronically-sdrbis in refinery mixed
liquors were limited, resulting in sludge with eéé®d NA concentrations as compared to
influent NA levels. The chronically-sorbed, loweM¥of NAs were preferentially
degraded in two mixed liquors tested in this stude persistence of the higher MW
residual NAs is likely due to a combination of nml&ar recalcitrance and decreased
bioavailability when chronically-sorbed to the biass and/or PAC. Therefore, refinery
process water and wastewater, as well as solickegastjuire proper treatment and

disposal to minimize the environmental impact ofNA
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CHAPTER 5
PHASE PARTITIONING OF A NAPHTHENIC ACID MIXTURE TO

BIOMASS AND ARTIFICIAL ADSORPTIVE MEDIA

5.1 Introduction

NAs are hydrophobic and partition to both naturad artificial solid media. Granular
activated carbon (GAC) and powder activated cafB#C) have been used in treatment
of refinery wastewater; however, their performaaneNA removal has never been
reported (IPIECA, 2010). Organoclays are also guts@ media that could potentially be
used as a tertiary treatment for hydrophobic, mraht NAs; however, their ability to
remove NAs is unknown.

The phase distribution in refinery samples (Chagjendicated that
approximately 50% of the NAs were associated withdolid phase in the desalter brine,
influent and effluent wastewater streams. On themhand, greater than 70% of the NAs
were adsorbed to the biomass in the refinery mixgebr samples and the NA
partitioning was controlled by the concentratiorsolids in the samples. NAs accumulate
on refinery mixed liquor biomass and desorptiogtubnically-sorbed NAs from
refinery activated sludge mixed liquors was venyited. There is limited to non-existent
information about the partitioning behavior of N#sboth natural (i.e., sediments, soil,
sand) and artificial (i.e., organoclays, powder grahular activated carbon, resins)

media.

74



The objective of this research was to investigagepthase partitioning behavior
(i.e., kinetics and isotherms) of the TCI NA mix@up both biomass and artificial
adsorptive media such as organoclays, GAC and PAder to determine the feasibility
of using adsorption to artificial media as a teytimeatment for recalcitrant, residual

NAS.

5.2 Materials and Methods

5.2.1 Adsorptive Media and Culture Preparation

NA-enriched culture biomass and three adsorptivdiai@cluding organoclays, GAC
and PAC were used in adsorption kinetic, isothemohr@sidual NA adsorption assays.
The organoclays and GAC were obtained from Ecol&gixironmental Systems
(Alpharetta, Georgia, USA). The organoclays (Produember MCM-830P) were gray
to tan granules of modified montmorillonite claythva cationic quaternary amine salt
surface with a specific gravity of 2.0 to 2.2 ando&d volume of 35 to 45%. The GAC
was coconut shell GAC 8x30 mesh (Product Number AC8x30) with a surface area
of 850 to 1350 rfig and an apparent density of 0.4 to 0.54 g/mL (@&gir
Environmental Systems). The PAC was provided b\saefinery and its properties
were not reported. The NA-enriched biomass was adfifiree times with 10 mM
phosphate buffer, as previously described in Cha&pt8ection 6.2.2, before use in the

adsorption assays.
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5.2.2 Adsorption Kinetic Assay

A 100 mg NA/L solution was prepared in 200 mg/L isot azide-amended aerobic
culture media at pH 7 as described in Chapter &j@e6.2.1. Portions of 100 mL of this
solution were transferred to 250-mL Erlenmeyerkitasontaining organoclays, GAC,
PAC and biomass at concentrations of 1, 0.2, On@50a3 g/L, respectively. The initial
mass of adsorptive media was chosen based on pratyrassays (data not shown). Four
individual sacrificial flasks having the same comsipion were prepared with each
adsorptive media. A control flask was also prepavigd 100 mg NA/L and no

adsorptive media. The flasks were agitated on bitabishaker at 190 rpm at room
temperature (22 to 24°C) and sampled at predetedrtimes of 0, 1, 3, 6 and 24 hours.
The liquid-phase NA concentration was measurediamdolid-phase NAs were

determined by difference between the total anddigpinase NAs.

5.2.3 Adsorption Isotherm Assay

The adsorption of the TCI NA mixture to each of ther adsorptive media (organoclays,
GAC, PAC and NA-enriched biomass) was tested af&t hour equilibration time,
which exceeded the time to reach equilibrium deiteech by the above described kinetic
assay. Triplicate samples were prepared in 250-ndnmeyer flasks with 200 mg/L
sodium azide-amended aerobic culture media at (d¢& Chapter 6, Section 6.2.1) and
organoclays, GAC, PAC and biomass at concentrabbas0.2, 0.05 and 0.3 g/L,
respectively, were amended with the TCI NA mixtateoncentrations of 10, 25, 50,
100, 200 and 400 mg/L. The flasks were coveredagitdted on an orbital shaker at 190

rpm for 24 hours at room temperature (22 taC34A control flask was also prepared at
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each NA concentration, containing NAs and no ads@pnedia. The phase distribution
of NAs was determined at the end of the 24-houttbatisorption assay by measuring
the liquid-phase NA concentration and calculatimg NA adsorbed to each media by the
difference between total and liquid-phase NAs.

The Freundlich isotherm was used to describe theatigorption equilibrium data
as foIIows:qe: K-CoF wherege is the NA concentration adsorbed to each adsorptive
media/biomass at equilibrium (mg NA/g adsorptivadiag Ce is the NA concentration in
the liquid phase at equilibrium (mg NA/LKf is the adsorption capacity factor ((mg/g
adsorptive media)(L/md)), andnr is the Freundlich intensity parameter (exponeFtig
experimental data were fitted to the Freundlictheaom equation and the adsorption
parameter value&{ andng) were estimated using non-linear regression (SiBiog

Version 8.02 software; Systat Software Inc., Sae,JCGA, USA).

5.2.4 Adsorption of Residual NAs

A batch assay was performed to investigate therptisn of residual NAs (discussed in
Chapter 6) to the adsorptive media used in thdystarganoclays, GAC and PAC). A
portion of the NA-enriched culture was centrifuggd000 rpm and the supernatant (pH
= 6.8) was filtered through a Whatman GF/C glaserffilters (47 mm diameter and 1.2
um nominal pore size; Whatman, Florham Park, NJgradaed with 200 mg/L sodium
azide and added to 250-mL Erlenmeyer flasks coimiguidifferent amounts of adsorptive
media ranging from 0.05 to 1 g. A control series ko0 set up containing the sodium
azide-amended culture supernatant and no adsorpgdéa. The flasks were loosely

capped and agitated on an orbital shaker at 190ap@4 hours at room temperature (22
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to 24°C) before measuring the liquid-phase androbMA concentration. The solid-
phase NA concentration was determined by differdrateveen the total and liquid-phase

NAS.

53 Results and Discussion

5.3.1 Adsorption Kinetics

The adsorption kinetics of the TCI NA mixture tetharious adsorptive media and
biomass were determined over 24 hours and thetses@ shown in Figure 5.1. The time
required to reach equilibrium for all adsorptivedi@eand biomass was less than 6 hours.
Adsorption equilibrium was achieved with PAC, GAaNA-enriched biomass within

1 hour. The rate at which equilibrium was reachetvben the NA mixture and

organoclays was significantly lower, in betweem & hours.
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Figure 5.1. Adsorption kinetics for the non-biotreated TCI N#Axture to organoclays,
GAC, PAC and NA-enriched biomass (Error bars regaremean values * one standard

deviation,n = 3).
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5.3.2 Freundlich Isotherms

Adsorption kinetics showed that equilibrium toadisorptive media and NA-enriched
biomass was reached within 6 hours or less (seeqbbherefore, adsorption of the TCI
NA mixture to the four adsorptive media was meagateconcentrations up to 400 mg/L
after 24 hours equilibration. The Freundlich isothevas used to describe the NA
isotherms and was a good representation of thegtitso data as indicated by Ralues
greater than 0.954 (Figure 5.2). The estimatedrietezh adsorption capacity factd{,
and intensity parametarg, values are summarized in Table 5.1. PAC has ahigh
adsorption capacity for the TCI NA mixture than GAf€ganoclays and NA-enriched
biomass as indicated by the highvalue of 27.11. The observed differenc&jwvalues
is likely due to an increased surface area of th€ ,Rvhich has a significantly smaller
particle size than both organoclays and GAC, regyih a larger adsorption surface for
NAs (Snoeyink and Summers, 1999). Adlvalues were less than 1, indicating that NAs
are bound with weaker free energies as the solad@imass increases and thus, making it
more difficult for NAs to adsorb (Schwarzenbaclalet2003). NA adsorption to GAC
was non-specific and the relative congener NA idbistion of the liquid-phase NAs was
very similar to the initial TCI NA distribution. Thorganoclays, PAC and biomass
preferentially adsorbed the higher carlmumber NAs; however, they were nonspecific
in adsorption of different ring numbers, as indéchby the similaZ numbers compared
to the congener NA distribution of the initial TRNA mixture (Figure 5.3, Table 5.2).
There is very limited information available abdiA partitioning to both natural
and artificial solid phases. The phase distribuirothe refinery samples (Chapter 4)

indicated that chronic exposure of biomass (and PAGIAs leads to accumulation and
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sequestration of NAs; however, NA desorption is/Manited. Other studies have
estimated the isotherms for oil sands NAs and mihidetompounds to soils taken from
an oil sands mining site in Alberta, Canada anchdotlhat the oil sands NAs rapidly
adsorbed to the soil and the model compounds weakly adsorbed and found that, in
contrast to the Freundlich isotherms estimatetiéprresent study, the oil sands NAs
exhibited linear isotherms (Janfada et al., 20Béng et al., 2002). There is no
information available about the partitioning belmavaf NAs to PAC and GAC, despite

the fact they are used in refinery wastewater itneat systems.
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Figure 5.2.Freundlich isotherms for the adsorption of the-baitreated TCI NA
mixture to organoclays, GAC, PAC and NA-enricheahtass (dashed lines indicate 95%

confidence intervals; error bars represent meanetstandard deviation,= 3).
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Table 5.1 Freundlich capacity factoK{) and intensity parametend) values for TCI

NAs to various adsorptive media.

Media Ke Ne R?
Organoclays 0.72+0.16 0.98+0.16 0.989
GAC 4.95+1.43 0.63+0.10 0.954
PAC 27.1143.52 0.59+0.05 0.989
Biomass 9.41+2.45 0.78+0.07 0.988

#Mean * standard erron £ 3)

Table 5.2.NA congener distribution in the initial, non-bieated TCI NA sample and the

liquid-phase after adsorption equilibrium with eacisorptive media.

Sample AverageZ Averagen Average MW  Formula

TCI (Initial) -3.7 15.8 249.4 & dH27.02
Organoclays -3.8 13.3 214.8 1d3H 22602
GAC -4.0 17.1 267.5 3.1H30.02
PAC -3.7 134 216.4 faH23 0o
Biomass -3.6 14.4 229.8 154H25 02
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Figure 5.3.Liquid-phase NA congener distribution in 50 mgditial (A), biomass (B),
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5.3.3Residual NA Adsorption

Although the NA mixture was degraded under aerobiaditions, a residual fraction
remained under all conditions studied, even afteg lincubation periods (Chapter 6).
Thus, an alternative treatment method must be dé® complete removal of NAs. To
investigate if the artificial adsorptive media danused as a possible tertiary treatment
for NA removal, batch adsorption assays were peréor using the organoclays, GAC
and PAC and the residual NA-bearing culture sugamaFigure 5.4 shows the liquid-
phase NA fraction (%) of residual NAs after adsimmpto organoclays, GAC and PAC
compared to the initial residual NA concentratibefore adsorption). The results
indicate that although organoclays were capabsbrbing a fraction of the non-
biotreated TCI NA mixture (see Section 5.3.2, abptree residual NAs are not adsorbed
up to an organoclay concentration of 10 g/L. Intcast, the GAC and PAC are good
adsorbents for removing the residual NAs as theoxeed 57 and 100% of the residual
NAs at concentrations of 5 g adsorbent/L, respebtiPAC is a better adsorbent than
GAC and removed more than 85% of the residual NAls ayPAC concentration of 2
g/L, while only 80% was removed at a GAC concerdradf 10 g/L. Table 5.3 shows the
liquid-phase NA congener distribution in the residNA sample before and after
adsorption to the artificial media. These resulticate that although the PAC
preferentially adsorbed the higher carlmumber NAs and they were not specific as to
theZ number range when adsorbing the non-biotreatedNIKCinixture, adsorption of
residual NAs was preferential to more cyclic NAustures (Table 5.3). These results
indicate that activated carbon, especially PACpisiplementary to microbial

biodegradation aha combination of physico-chemical and biologjmacesses may be
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necessary to achieve the complete removal of Néws the petroleum refineries

effluents.
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Figure 5.4. Liquid-phase NA fraction of post-biotreatmentides NAs after adsorption
to organoclays, GAC and PAC (adsorbent mass ireaaiass added to 100 mL liquid

volume; error bars represent mean + one standardta, n = 3).
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Figure 5.3.NA congener distribution in the residual NAs befand after adsorption to

organoclays, GAC and PAC.

Adsorbent Average Average Average

Adsorbent Formula
Mass () Z n MW
Residual NAs - -55 17.3 268.1 153H20 O-
0.2 -5.3 17.1 265.7 Z1H28.0-
Organoclays 0.5 -5.3 16.9 263.8 fedH28.602
1 -5.2 16.7 260.3 {e Hog o
0.2 -5 17.1 266.6 G.1H29 o
GAC 0.5 -5.3 17 264.4 GH o
1 -4.7 16.6 259.9 {e.H280-
0.05 -5.1 16.4 256.5 ©Hr7 0o
PAC
0.2 -3.9 15.4 244.2 & H26.0o
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5.4 Summary

Despite the fact that activated carbon is commadiyed to refinery activated sludge or
tertiary treatment units, there are no reportshenpartitioning behavior of NAs or the
effectiveness of artificial media in removing NAsth refinery wastewater streams. The
results of this study indicate that activated carlaspecially PAC, is the best adsorbent
for the removal of NAs, especially those that aveeasily biodegraded. The aerobic
bioassays performed in this study (see Chaptendeeviously published literature data
showed that the higher molecular weight NAs arebnadegradable; thus, combination
of both physical and biological may be requiredréat NA-bearing wastewaters to
completely remove NAs Biryukova et al., 2007; Cleteeet al., 2004; Han et al., 2008;
Holowenko et al., 2002; Scott et al., 2005; Watsbal., 2002). The results of the
adsorption assays using both non-biotreated amdluig@dNAs indicate that the higher
molecular weight NA fraction is preferentially adsed to PAC. Thus, a post-
biotreatment PAC filter is a promising tertiaryatment option for the removal of

recalcitrant NAs.
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CHAPTER 6
INHIBITION AND BIOTRANSFORMATION POTENTIAL OF
NAPHTHENIC ACIDS UNDER DIFFERENT ELECTRON

ACCEPTING CONDITIONS

6.1 Introduction
NAs can be degraded under aerobic conditions; hewevany NAs are persistent and
remain in the wastewater systems even after bionezat (Clemente and Fedorak, 2005;
Del Rio et al., 2006; Quagraine et al., 2005a; Setodl., 2005). The toxicity of NAs is
relatively well-studied; however, there is littenio information available about the
inhibitory effect of NAs to biological processesgch as nitrification, denitrification and
methanogenesis, and the biotransformation potesftidAs under these conditions. NAs
are found in crude oil, especially in heavy cruges] transferred to the desalter brine in
the crude oil desalting process, which is the msgurce of NAs in refinery wastewater
(see Chapter 4). Refinery wastewater treatmentgplaonst commonly utilize aerobic
activated sludge and attached growth processesabrefinery process waters (IPIECA,
2010). Ammonia has been reported in oil sands afidery process wastewater at
concentrations up to 80 mg/L (Allen, 2008; Fanglet1993). However, it is unknown if
NAs inhibit ammonia removal in the aerobic activbséudge units of refinery
wastewater treatment plants.

In addition to refinery wastewater treatment plaMAs are frequently found in

oil sands tailings ponds and the environment. Nrldshgdrophobic, adsorbing to organic
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matter, which is then deposited to the bottom b$ands tailings ponds and aquatic
natural sediments, where in both cases anoxic aaérabic conditions exist. Methane
production in oil sands tailings ponds is significehowever the substrates utilized for
methane production are not completely understaddrrhation on the fate and effect of
NAs under anoxic and anaerobic conditions is therg iimited (Holowenko et al., 2000;
Siddique et al., 2011; Whitby, 2010). NAs from sainds process waters caused short-
term inhibition of methanogenesis from &t acetate and methane yields measured in
microcosms amended with two surrogate NAs suggestetplete mineralization under
anaerobic conditions (Holowenko et al., 2001).

Although NAs are found in refinery process waterd anpacted natural systems,
there is limited information about the inhibitorffeet and biotransformation potential of
NAs in such systems and the environment. The abgof this study was to assess the
inhibitory effect and biotransformation potentidleocommercial NA mixture under
nitrifying, denitrifying and fermentative/methanage conditions. Bioassays were
performed using laboratory developed nitrifyingnidiefying and methanogenic cultures

at a range of NA concentrations, with and withaubeganic co-substrate.

6.2 Theoretical Considerations

6.2.1 Free Energy Calculations

The standard Gibb’s free energies of formatingX) of NAs have not been reported in

the literature and were calculated using the gergribution method developed by

Mavrovouniotis (1990). Thag? of the TCI NA mixture (see Section 6.3.1, belovgsw

estimated using the average formula for TCI NAg,48330.402, and assuming various
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possible NA structures with= 0, -2, -4, -6 and -8. The TCI NA\G?' was used to
estimate the free energies of reactiggY) in order to determine if biodegradation of the
TCI NA mixture is thermodynamically feasible und@&robic, denitrifying and
methanogenic conditions
The standard Gibb’s free energies of forma(i@@?') of NAs were estimated using
the group contribution method developed by Mavrawotis (1990) using the following
equation:
AGY =X} 5AG, (6.1)
where, a is the number of occurrence of grbapdAGgi' is the standard Gibb’s free
energy of formation of group The calculated grou@(;gi' values are given in
Mavrovouniotis (1990). The standard Gibb’s freergies of half-reactionsAG?") under
aerobic, nitrate-reducing and methanogenic conttiere obtained from Rittmann and
McCarty (2001). The standard Gibb’s free energiddfAreactions (without cell
synthesis) were calculated by using the followiggation (Rittmann and McCarty,
2001):
AGY=Z1pAGH, - X AGEH, (6.2)
where, p is the molar fraction of product j; rlie tmolar fraction of reactant chl; and

A(;,?]'r are the standard Gibb’s free energies of formatigoroducts and reactants,

respectively.

The calculated free energies of reaction for N&wged from -103.4 to -106.9, -

96.9 to -100.4 and -1.2 to -4.6 kJ/electron eqeint(€eq) under aerobic, nitrate-

93



reducing and methanogenic conditions, respectiaetiyare summarized in Table 6.1.
The negative free energy values indicate that lgaatkation of NAs is

thermodynamically feasible under all three condsigFigure 6.1).
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Figure 6.1.Schematic showing the positions of £I0As on the electron tower and the
standard free energy upon complete oxidation of MASC» under aerobic, nitrate-

reducing and anaerobic/fermentative conditions.
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Table 6.1.Standard Gibb’s free energies of formation for N& mixture and standard
Gibb’s free energies of reaction under aerobicatetreducing and

fermentative/methanogenic conditions.

NAs AG f' A(;})”r (kJ/eeq)
Z number (kJ/mol) Aerobic Nitrate-reducing Fermentative/Methanogenic
0 -262.76 -106.87 -100.35 -4.61
-2 -319.25 -106.04 -99.52 -3.78
-4 -371.13 -105.22 -98.70 -2.96
-6 -424.27 -104.35 -97.83 -2.09
-8 -476.99 -103.45 -96.93 -1.19
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6.2.2 Nitrification Simulation

The nitrification rates under the experimental abads of this study were estimated by
modeling nitrification as a two-step process, a@monia oxidation to nitrite followed
by nitrite oxidation to nitrate, assuming ammomidé the only rate-limiting substrate.
The following four differential equations were catesed for ammonia consumption,
nitrite formation/consumption, nitrate formatiomdabiomass growth of nitrifying

bacteria:

dth3 - knh3th3 x
dt Ksnh3 + th3 :

(6.3)
dSnoZ - ( knhSthS Jxa _( kn02 Sn02 jxa
dt Kmh3 + thS KmoZ + Snoz (64)
dS103 - [ kn02 3102 jx
dt Ksnoz + Sn02 (65)
dxa - Yaknh3xasnh3 + Ynknozxasnoz —bXa
dt Kth + th3 Knoz + Sn02 (66)

where,Sns Sz andS,ez are ammonia, nitrite and nitrate concentrationg NifL),
respectivelyt is time (days)ka.ns is the maximum specific ammonia utilization rate
(MAUR; mg N/g VSS-day)kno2 is the maximum specific nitrite utilization rafdlUR;
mg N/g VSS-day)Ksns is the half-saturation constant for ammonia (mg)NKgo2 is

the half-saturation constant for nitrite (mg N/K); is the active nitrifying biomass
concentration (g VSS/L), andY, are the true yield coefficients for ammonia oxidgi
bacteria (AOB) and nitrite oxidizing bacteria (NO@)g VSS/mg N), respectively; amd
is the biomass decay coefficient'jdSimulations were used to determine the extent of
inhibition in order to compare the effect of NAs thve different cultures under the

experimental conditions of this study. ValuesK@#s, Ksoz, Ya, Yn, andb were chosen
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based on stoichiometry, bioenergetics and liteeatund were kept constant throughout all
simulations. The values chosen Kins, Ksno2, Ya, Yn, andb were 1.25 mg N/L, 2 mg

N/L, 0.27 mg VSS/mg N, 0.08 mg VSS/mg N and 0.1dagspectively (Rittmann and
McCarty, 2001). Then, the MAUR and MNUR values wesémated.

The fraction of the active autotrophic biomasshi@ mixed nitrifying culture was
determined by the oxygen uptake rate (OUR) valtidiseoseed culture obtained when
only dextrin or only ammonia was provided as su#tstGinestet et al., 1998Based on
this procedure, the initial autotrophic biomassstitated 20% of the culture total
biomass, corresponding to 0.14 g VSS/L. On therdthad, the heterotrophic biomass in
the enriched nitrifying culture was found to be Iiggble (i.e., below 3%). The biomass
concentrations of the nitrosofying (AOB) and nitiifg (NOB) bacteria were initially
considered separately for simulations with thedaraul nitrifying culture series.

For the enriched nitrifying culture, the ratio oOB to NOB in the seed biomass
was determined by the oxygen uptake rate (OUR)egadid the seed culture obtained
under the following conditions: 1) without any strbge (for endogenous OUR); 2) only
ammonia as substrate; 3) only ammonia as substnataitrite oxidation inhibited by the
addition of 24 mM sodium azide; 4) only nitritegstrate; and 5) only glucose as
substrate to quantify any heterotrophic populatiotihe mixed enriched culture (Ginestet
et al., 1998). The OUR values obtained under enstmggeand glucose-amendment
conditions were very similar. Therefore, the frantbdf heterotrophs in the enriched
nitrifying culture was considered to be negligibdelditionally, based on the OUR

results, the seed culture consisted of 70% AOB38¥9d of NOB.Initially, the biomass
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concentrations of ammonia oxidizing (AOB) and mtoxidizing (NOB) bacteria were

considered separately in the simulation, as follows

dth3 - _( knh3th3 jx
dt Ksnh3 + th3 ¢

(6.8)

dsnoz - [ knh3 th3 J X - ( kn02 Snoz Jx

dt Kmh3 + thS : Ksnoz + Sn02 " (69)
dSn03 — [ knoz Sn02 JX

dt KsnoZ + Sn02 (610)
dxa - YaknhSXathS _ b X

dt Ksnh3 + thS v (611)
dxn — Ynknozxnsnoz _ b X

dt Kn02 + Sn02 (612)

where, X, is the AOB biomass concentration (g VSS/L) ads the NOB biomass
concentration. In the biomass growth equatigrandy,, are the true yield coefficients
for AOB and NOB (mg VSS/mg N), respectively, andandb, are the decay coefficients
(d™h) for AOB and NOB, respectively. The values choferKgis, Ksoz, Ya Yn, baandb,
were 1.25 mg N/L, 2 mg N/L, 0.27 mg VSS/mg N, 009§ VSS/mg N, 0.1 dayand 0.1
day?, respectively (Rittmann and McCarty, 2001). Fa tivo-populations simulation,
Xaand X, were 476 and 205 mg VSS/L.

Time course data of ammonia, nitrite and nitrabéamed from the enriched
culture nitrification assay were fitted to the mbgeguations 6.8 — 6.12) using Berkeley-
Madonna Version 8.3 BTBA software (Macey and Os2606). The MAUR and MNUR
values were estimated by minimizing the deviatietween the model output and the
experimental data. The 4th order Runge-Kutta allgoriwith a step size of 0.01 day was
used in the simulations. The root mean square tdeniéRMSD) was used as a measure

of the goodness of fit in each simulation. MAUR ariUR values normalized to the
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NA-free control series (i.e., NMAUR and NMNUR) weteen calculated. Based on the
two-biomass simulations, the extent of inhibitiolMAUR and MNUR was not
significantly different when considering a singi&ifying biomass or two populations
(AOB and NOB)(Table 6.2). Therefore, the singlenbéss model was used throughout
the simulations and the time course data of ammaitige and nitrate, obtained from
the two nitrification assays were fitted to the rabEquations 6.3 — 6.6) using Berkeley-

Madonna Version 8.3 BTBA software as described abov
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Table 6.2.Nitrification simulation for enriched culture sesiassuming one and two

(AOB and NOB) biomass populations.

Initial NA (mg/L)
Population Parameter

0 20 40 80 200 400
RMSD? 19.2 17.3 15.9 12.4 19.7 17.1
MAUR® 0.359 0.337 0.334 0.354 0.321 0.199
Single
MNUR® 0.213 0.191 0.197 0.195 0.172 0.098
Biomass
NMAUR? 100 93.9 93.0 98.6 89.4 55.4
NMNUR® 100 89.7 92.5 91.5 80.8 46.0
RMSD 19.4 17.6 16.2 12.7 19.4 17.1
MAUR 0.512 0.481 0.476 0.504 0.457 0.284
Two
MNUR 0.731 0.657 0.674 0.669 0.589 0.341
Biomass
NMAUR 100 93.9 93.0 98.4 89.3 55.5
NMNUR 100 89.9 92.2 915 80.6 46.6

®RMSD, root mean square deviation

PMAUR (mg N/mg VSS-day)

‘MNUR (mg N/mg VSS-day)

INMAUR, normalized MAUR (%) compared to NA-free cositseries

*NMNUR, normalized MNUR (%) compared to NA-free cantseries

101



6.3 Materials and Methods

6.3.1 Naphthenic Acid Mixture

A commercial mixture of NA sodium salt was purclthfem TCI Chemicals (Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan) and useodughout this study. The mixture
contains approximately 8.6% (w/w) sodium. The chemastics of the TCI NA mixture

are summarized below (Section 6.4.1).

6.3.2 Culture Development and Maintenance

6.3.2.1 Nitrifying Cultures
Two aerobic nitrifying cultures, with no previousp@sure to NAs, were used to
investigate the effect of NAs on nitrification. time first nitrification assay, a mixed
aerobic nitrifying/heterotrophic culture was usedsaed, which was developed from a
mixed liqguor sample collected at a poultry procegsvastewater treatment plant. The
mixed nitrifying culture was maintained by feedungtreated dissolved air floatation
(DAF) underflow wastewater collected at the samaltpp processing facility. The
mixed, aerobic nitrifying culture was maintainedaicontinuous flow system with an
hydraulic retention time (HRT) and solids retenttone (SRT) of 2.5 and 15 days,
respectively. The steady-state total suspended)(@dbvolatile suspended (VSS) solids
were 1.6+0.3 and 1.3+0.2 g/L, respectively (Hajagd Pavlostathis, 2012).

In the second nitrification assay, an enrichedfgihg culture was used, which
was originally developed from a contaminated esteasediment sample by feeding only
ammonia as substrate at a loading rate of 0.2 gdNX.ang, 2007). The enriched

nitrifying culture was maintained fed-batch withldRT and SRT of approximately 20
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days. Approximately 65% of the culture mixed liquaas wasted once per week and the
wasted volume replaced with a salt medium describektail in Chapter 3, Section
3.5.1. ThepH in both cultures was controlled between 7.0 Abdusing a pH controller
(Type HD PH-P, Barnant Company, Barrington, llis\dJSA) and a 42 g/L NaHCO
solution.Both nitrifying cultures were aerated with pre-hdified compressed air passed
through a fine pore diffuser maintaining a dissdleaygen concentration of 6 mg/L and

higher.

6.3.2.2 Denitrifying Culture

A mixed, aerobic culture fed only with dextrin apelptone (D/P) and with no previous
exposure to NAs was used in all denitrifying assay®rted here. The culture was
maintained fed-batch with an HRT and SRT of 14 déad twice per week with 2 g
COD/L of D/P corresponding to an average loadirtg o 0.57 g COD/L-day.
Approximately 25% of the culture mixed liquor waasted twice per week and replaced
with salt media (Chapter 3, Section 3.5.1). Thadyestate TSS and VSS concentrations
were 2.7+0.1 and 1.7+0.1 g/L, respectively. Theéwelwas aerated with pre-humidified
compressed air passed through a fine pore diffasémaintained with a pH of 7.0 to
7.5. A preliminary test confirmed that when the edxculture was provided with nitrate
and D/P as an electron donor and incubated unasi@oonditions, denitrification

proceeded without any lag.
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6.3.2.3 Methanogenic Culture

A mixed, methanogenic culture developed with inaoulobtained from a mesophilic,
municipal anaerobic digester and maintained fedtbaith a HRT/SRT of 35 days at
35°C was used as seed in the fermentation/metharegeassay reported here. The
culture was fed with 8 g/L dextrin and 4 g/L pe@dm the feed) and pre-reduced culture
media, corresponding to an average loading rafe3#f g COD/L-day as previously
reported by Tezel et al. (2006). The culture mésldescribed in detail in Chapter 3,
Section 3.5.2. The steady-state methane and caibgitle concentrations were
60.7+0.5% and 39.2+0.4% (meanzstandard deviatrespectively. The steady-state

total (TS) and volatile solids (VS) concentratidrtias culture were 6.9£0.3 and 2.2+0.1

g/L, respectively.

6.3.3 Inhibition and Biotransformation Assays

6.3.3.1 Nitrifying Conditions

The nitrification assay conducted with the mixetlifying culture was divided into two
phases: with and without the addition of dextri@@éng COD/L) as an external carbon
source. The seed culture, phosphate buffer (10 rriee metals, ammonium chloride,
NAs and dextrin were mixed to make fourteen cultegses prepared in duplicate. The
NA-amended culture series were prepared with it concentrations of 20, 40, 80,
200, and 400 mg NA/L. One culture series did noenee NAs and dextrin and served as
a nitrification control. All dextrin-amended culauseries had an initial dextrin
concentration of 600 mg COD/L. One culture serezeived dextrin but no NAs and

served as a control for the dextrin-amended culkarees. Similarly to the above
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described nitrification assay, another nitrificatimssay was set up using the enriched
nitrifying culture as the seed to prepare six aeltseries with initial NA concentrations
of 20, 40, 80, 200, and 400 mg/L. One culture sedid not receive NAs and served as a
nitrification control.

Both nitrification assays were performed using 8d0Erlenmeyer flasks (150

mL liquid volume) and incubation was carried outam temperature (22 - 23).

Before the assay, ammonia was not detected inraithiire. The initial ammonia
concentration in all culture series was 100 mg il the initial pH was in the range of
7.1 —7.3. The initial VSS concentration in all edxand enriched culture series was 680
mg/L. Pre-humidified compressed air was passeditfirdine pore diffusers in order to
maintain dissolved oxygen (DO) concentration adtwsve 6 mg/L in all culture series.
The flasks were placed on an orbital shaker antimoously mixed at 190 rpm during
the test period. The pH was monitored periodicalig maintained above 7.0 by addition
of sodium bicarbonate. Ammonia, nitrite, and nératere monitored throughout the
incubation period. For the dextrin-amended cultusetuble COD was also monitored
over time. In addition, initial and final solubleDD, total NAs, TSS and VSS were

measured.

6.3.3.2 Nitrate-reducing Conditions

A batch assay was conducted to investigate theegiadlation potential and inhibitory
effect of NAs on nitrate reduction. The assay ideldi twelve culture series prepared with
NAs at initial concentrations of 0 (control), 2@,480, 200, and 400 mg NA/L, with and

without addition of dextrin/peptone (D/P) as aneemal carbon source. The assay was
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conducted in 160 mL serum bottles (100 mL liquitlmee) sealed with rubber stoppers
and aluminum crimps and flushed with helium fomif before any liquid addition. An
aliquot of 80 mL of culture seed taken at the ehd ¢-day feeding cycle and 15 mL of
culture media (Chapter 3, Section 3.5.1) were addedch serum bottle. Specific
volumes of sodium nitrate, D/P, and NAs stock sohg were added to achieve target
concentrations and the total liquid volume was stéjd to 100 mL with deionized water
(DI). The initial nitrate and D/P concentrationsresd 00 mg N/L and 600 mg CODIL,
respectively, in all culture series (COD:N = 6:Tyvo additional series, seed blank
(culture seed, denitrifying media and DI water) &i@ reference (culture seed,
denitrifying media, DI water and D/P) were alsoganeed. The initial TSS and VSS
concentrations of each culture series were 0.8MaBkig/L, respectively.

All culture series were prepared in triplicate amclibated for 35 days at room
temperature (22 to 28). Throughout the incubation period, total gagdspace
composition, nitrate and nitrite were monitored.tid¢ end of the incubation, pH, nitrate,

nitrite, ammonia, VSS, TSS and total and liquidgehBlAs were measured.

6.3.3.3 Methanogenic Conditions

A batch assay was performed to investigate théitdry effect and biotransformation
potential of NAs in a mixed, mesophilic (35 methanogenic cultur@dhe assay was
conducted in 160-mL serum bottles (100 mL liquidivmoe) sealed with rubber stoppers
and aluminum crimps and flushed with helium gasifemin before any liquid addition.
An aliquot of 80 mL of the mixed methanogenic ctdttaken at the end of a 7-day

feeding cycle was anaerobically transferred to emchm bottle along with 15 mL of
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pre-reduced culture media (Chapter 3, Section B.B/P, which served as carbon/energy
source, and NAs at target concentrations were addédhe total liquid volume was
adjusted to 100 mL with deionized water (DI). THEPIZOD concentration in the bottles
was 1200 mg/L. The assay included twelve cultureseavith NAs at O (control), 20, 40,
80. 200 and 400 mg/L, with and without D/P addedo®dditional culture series were
prepared: seed blank and reference which consiétendly seed, culture media and DI
water, and seed, culture media, DI water and D2B@Ing COD/L), respectively. Each
culture series, including seed blank and referewes, prepared in triplicate. The initial
pH in all culture series was 7.1+0.1. All cultuexiss were incubated in the dark at 35°C
and the bottles were agitated every few days by h@nroughout the incubation period,
the total gas volume produced and headspace cotngmosiere measured. At the end of
the incubation period, pH, total and liquid-phas&sNvolatile fatty acids (VFAS),

soluble and total COD concentrations were measured.

6.4 Results and Discussion

6.4.1 Commercial NA Mixture

The TCI NA salt mixture used in all biotransfornuatiassays consists of mostly 0, 1 and
2 ring NA structures (i.eZ = 0, -2, -4) with carbon numbens) (fanging between 10 and
25 and has a weighted average MW of 271.4 Da. ©hgener distribution of a 100

mg/L solution of the TCI NA mixture is shown in fige 6.2. The TCI NA mixture is
representative of the types of NAs found in refyn@astewater streams, having a similar
NA congener distribution to refinery desalter bragamples, which were identified as the

main source of NAs in refinery wastewater (Chagte®ection 4.3.1). The general NA
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congener distribution of refinery desalter brinepées (Chapter 4, Figure 4.3C and
Table 4.5) was similar to the TCI NA mixture, shoinrFigure 6.2, with carbon numbers
ranging from 5 to 25 and the most abundanumbers of 0, -2, -4 and -6. The TCI NA
characteristics are summarized in Table 6.3. Amaand anions, such as nitrite, nitrate,
chloride, fluoride, bromide, sulfate and phosphetere not detected in the 100 mg NA/L
working solution. The theoretical oxygen demand@@t) and carbon content were
calculated based on the weighted average formutaeoNA mixture, G7.Hs0.d02, and
were 2.93 mg &mg NA and 0.77 mg C/mg NA, respectively. The Th@&s lower than
the measured COD value of 3.45 mgrg NA, while the calculated C content was
higher than the measured DOC of 0.67 mg C/mg NA Vdriation between the
calculated and measured COD and DOC values ig/l&keésult of the estimates being
based on the weighted average molecular formuldewhie mixture contains hundreds

of NAs with varying structure and formula. Additalty, the toxicity of the TCI NA

mixture was measured by the standard acute Mic(?dmo'(city assay and the effective
concentration which causes 50% inhibitiorvdbrio fischeri (ECso) was between 8.1 and

10.2 mg NA/L (30 to 37tM based on a mean MW of 271.4 Da).
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Table 6.3.Characteristics of the TCI NA mixture.

Parameter Value

pH 6.02
Sodium (%, w/w) 8.6
DOC (mg/mg NA) 0.67+0.04
COD (mg/mg NA) 3.45+0.14
Microtox EGso (mg NA/L) 8.9 (8.1-10.9)
AverageZ -3.9
Averagen 17.4
Average MW (Da) 271.7
Average Formula & Hz0.02

®Mean * standard deviation (n = 3)

PMean (low — high)
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Figure 6.2.Congener distribution of the TCI NA mixture (100 Magolution in DI

water).
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6.4.2 Inhibition and NA Biotransformation Potentisthder Nitrifying and

Heterotrophic Conditions

6.4.2.1 Mixed Nitrifying and Heterotrophic Culture Series
To investigate the effect of NAs on nitrificaticemmmonia removal was monitored in the
mixed nitrifying/heterotrophic culture with and Wwaut the addition of dextrin as an
external carbon source. The batch assay perforntadive mixed nitrifying culture
amended with NAs and dextrin lasted 4.7 days. E@UBA shows the ammonia
consumption and Figure 6.3B shows the nitrate ftiongnitrite was not detected).
Table 6.4 summarizes the MAUR values estimatedtbyd Equations 6.3 — 6.6 to the
experimental data obtained from the mixed nitri§youlture series amended with NAs
and dextrin. Significant inhibition (greater thad?2) was observed at an initial NA
concentration of 40 mg/L and above. Compared tanitngication rate of the NA-free,
dextrin-amended control culture series, the MAUR weduced by 18.4, 34.4, 52.7, 65.6
and 75% for the cultures with initial NA concenioats of 20, 40, 80, 200, and 400 mg
NA/L, respectively. The estimated MAUR values rath@@®m 0.064 — 0.256 g N/g VSS-
day (Table 6.4). Because nitrite was not detecteahy of the dextrin-amended culture
series, the extent of NA inhibition to MNUR couldtrbe quantified. The estimated (i.e.,
simulated) MNUR values were relatively constantdtbiNA-amended culture series,
ranging from 4.7 — 5.3 g N/g VSS-day, which werghler than the simulated MAUR
values (Table 6.4). RMSD values ranged from 17 ~rit8cating a good model fit.

NAs were not degraded at or below 80 mg NA/L; hogreapproximately 50% of
NAs were degraded in culture series amended witha2@ 400 mg NA/L (Table 6.5).

The substrate COD consumption was also measumekinin-amended culture series
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(Figure 6.4). All culture series with initial NAoacentrations of 80 mg/L and lower had
less than 300 mg soluble COD/L remaining at theadritie 4.7-days incubation. The
culture series amended with dextrin at 200 and™8Q. NA had residual soluble COD
of 470 £ 83 and 1,018 + 126 mg/L, respectively. €levated residual COD is attributed
to the significantly higher residual NA concentoais of 112 and 200 mg NAJL,
respectively, compared to the other culture s€iliable 6.5), as well as to cell lysis at
such relatively high NA concentrations.

The nitrification assay conducted with the mixéuifiying culture, amended with
NAs and no dextrin lasted 3.3 days and resultslaogvn in Figure 6.3. Figure 6.3C
shows the ammonia consumption and Figure 6.3D sliosvsitrate formation over time
in the dextrin-free culture series. Nitrite was detected in any culture series, expect at
the beginning of the incubation in the control &imel 400 mg/L NA-amended culture
series (transient nitrite at less than 2 mg N/ltadet shown). Similarly to the results
obtained with the dextrin- and NA-amended nitrifyiculture series (see above),
nitrification was not significantly inhibited by NsAup to an initial NA concentration of
80 mg/L; however, at an initial NA concentration2®f0 and 400 mg/L, the nitrification
rate decreased significantly. Table 6.4 summatizeMAUR values obtained in the
dextrin-free mixed nitrifying culture series. As ni®ned above, the MAUR values were
obtained by fitting equations 6.3 — 6.6 to the expental data (Section 6.2.2). Compared
to the nitrification rate of the dextrin- and NAe& control culture, the decrease in
MAUR was 8.8, 5.5, 10.6, 30.9 and 46.5% at anahNA concentration of 20, 40, 80,
200 and 400 mg/L, respectively. The estimated MAldRIes ranged from 0.116 — 0.217

g N/g VSS-day (Table 6.4). Similarly to the dextamended culture series, because
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nitrite was not detected in the dextrin-free, NAearded culture series, the extent of NA
inhibition to MNUR could not be quantified. The iesated (i.e., simulated) MNUR
values were relatively constant for all NA-amendatiure series, ranging from 4.7 — 5.0
g N/g VSS-day, which were higher than the simul&&dJR values (Table 6.4). RMSD
values ranged from 16 — 31.

Although the mixed nitrifying culture had never hezxposed to NAs, it was
capable of some NA degradation, both with and withlibe addition of an external
carbon source. It was observed that the residuatdi®entrations in dextrin-free culture
series were significantly lower compared to thaseulture series fed both dextrin and
NAs. This observation was most pronounced in calaaries amended with 200 and 400
mg/L NA, in which the residual NA concentration wasow 90 mg/L in the dextrin-free
series. The removal of total NAs in dextrin-fredtare series was in the range of 40 to
80%, excluding the 20 mg/L culture series in whith removal was very low (Table
6.5). On the contrary, higher residual NA concerdres were observed in dextrin-
amended cultures, in which NA degradation was bstoved at initial NA
concentrations of 20, 40, and 80 mg/L and approtei®0% degradation was observed
in dextrin-amended cultures with initial NA concextion of 200 and 400 mg/L. Figure
6.5 shows an example of the NA mass spectra angeoen distribution in culture series
amended with an initial NA concentration of 400 mgrhe NAs were significantly
degraded in the dextrin-free culture series, whetika NA degradation was less than
50% in the dextrin-amended culture series.

These observations suggest that in dextrin-freei@ikeries, in which NAs were

the only available, external carbon source, hetepbic microorganisms degraded NAs
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lowering the NA concentration. Consequently, the iNWibition to nitrifiers was not

very significant up to an initial NA concentratioh80 mg/L. On the contrary, in dextrin-
amended culture series, heterotrophic microorgassmaferentially consumed dextrin
over NAs, leaving NAs at relatively high concentras for a longer duration. These
results also indicate that the presence of a cetgtk decreases or completely inhibits
NA degradation in cultures not previously exposedlAs. The longer exposure of
autotrophs to the relatively higher NA concentnasioesulted in the higher degree of
nitrification inhibition observed in dextrin-amerdlas compared to dextrin-free culture

series.

6.4.2.2 Enriched Nitrifying Culture Series

The nitrification assay conducted with the enrickallure lasted for 1.7 days. Figure 6.6
shows the time course of ammonia, nitrite, andatetin each culture series amended
with different initial NA concentrations. The nfidation activity by the enriched
nitrifying culture was not significantly affecte¢y INAs below 400 mg NA/L (Table 6.4).
The measured and simulated ammonia, nitrite amdtaitoncentration profiles in the
enriched nitrifying culture series are shown inUf&6.7.

Compared to the nitrification rate of the NA-freentrol culture, the MAUR
reduction in the cultures amended with 20 to 200NAdL was in the range of 2 — 11%.
However, 45% reduction in MAUR was observed in¢hure amended with 400 mg
NA/L. In the enriched nitrifying culture seriestnite oxidizers were more affected by
NAs than ammonia oxidizers as the MNUR was redige8d4% in the culture series

amended with 400 mg NA/L compared to that of the-fik control culture (Table 6.4).
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The MAUR and MNUR values ranged from 0.199 — 0.866 0.098 — 0.213 g N/g VSS-
day, respectively, and RMSD values ranged from 28.—

The results of the initial and final NA analysiggest that NAs were not
degraded during the test period (Table 6.5). Tthese cultures were exposed to the
initial NA levels throughout the nitrification te#s stated above, the fraction of
heterotrophic bacteria in the enriched culture negligible and the nitrosofying (AOB)
and nitrifying (NOB) autotrophs do not have theligbto degrade any organic matter.
Regardless of the NA concentration and in contmagte results obtained with the mixed
nitrifying culture series, the nitrification acttyiwas not significantly impacted in the
cultures amended with 20 to 200 mg NA/L. One pdegsiason for the lower
nitrification inhibition in the assay conducted withe enriched nitrifying culture is the
higher population size of nitrosofying and nitrifigi autotrophs. The ratio of NA to AOB
and NOB biomass was significantly lower in thisegssompared to the assay conducted

with the mixed nitrifying culture, thus resulting lower inhibition.
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Table 6.4.Maximum specific ammonia utilization rate (MAUR)damaximum specific

nitrite utilization rate (MNUR) at different initidNA concentrations in both the mixed

and enriched nitrifying culture series.

Culture Series

Initial NAs (mg/L)

0 20 40 80 200 400

| Dextrin-amended mixed culture |
MAUR?  0.256 0.209 0.168 0.121  0.083 0.064

NMAUR" 100.0 81.6 65.6 47.3 34.4 25.0

| Dextrin-free mixed culture |
MAUR 0.217 0.198 0.205 0.194 0.150 0.116

NMAUR 100.0 91.2 94.5 89.4 69.1 53.5

| Dextrin-free enriched culture |
MAUR  0.359 0.337 0334 0354 0321 0.199

NMAUR 100.0 93.9 93.0 98.6 89.4 55.4
MNUR 0.213 0.191 0.197 0.195 0.172 0.098

NMNUR® 100.0 89.7 92.5 91.5 80.8 46.0

*MAUR and MNUR, g N/g VSS-day

PNMAUR, normalized MAUR (%) compared to NA-free cositseries
‘NMNUR, normalized MNUR (%) compared to NA-free cantseries
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Table 6.5.NA removal in mixed and enriched nitrifying cultuseries.

Dextrin-amended

Dextrin-free mixed

Dextrin-free enriched

Initial mixed culture series culture series culture series
NA Residual NA Residual NA Residual NA
(mg/L) Total NA Removal | Total NA | Removal | Total NA | Removal
(mg/L) (%) (mg/L) (%) (mg/L) (%)
20 21.8+3.6 NR® 19.6 £ 0.9 2 24.6+1.5 NR
40 41.0+45 NR 2560 36 43.3+1.2 NR
80 83.3+94 NR 42.3 £ 6.3 47 82.4+2.7 NR
200 112.3+26.2 44 51.9+0.38 74 209.5+8.8 NR
400 199.7 £+ 45.5 50 88.3 + 28|2 78 409.943.2 NR

#Mean * standard deviation € 2).

®NR, not removed
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Figure 6.3.Ammonia consumption and nitrate formation in dextxmended (A, B) and
dextrin-free (C, D) culture series at differentiili NA concentrations. Error bars

represent mean values + one standard deviatierS.
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Figure 6.4.Soluble COD in dextrin-amended mixed nitrifying tcué series.
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Figure 6.6. Ammonia consumption (A), nitrite formation/consumopt(B), and nitrate
formation (C) in enriched nitrifying culture seriasended with different initial NA

concentrations (0 to 400 mg/L).
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6.4.3 Inhibition and NA Biotransformation Potentisihder Nitrate-Reducing

Conditions

Figure 6.8A and 6.8B show the nitrate removal a®tiscorrected nitrogen gas
production in the culture series amended with boNs and D/P. The rate of nitrate
reduction was the same in all culture series arth alightly increased at initial NA
concentrations of 200 and 400 mg/L, indicating thAs are not inhibitory to denitrifiers.
Similarly, the nitrogen gas production was the sam&lightly higher at increased NA
concentrations (Figure 6.8B). All D/P-amended a@ltseries contained sufficient
degradable carbon to drive denitrification to coatipin (COD:N> 6), which is shown by
the complete removal of nitrate by day 4 (Figu@§. The added COD (D/P and NAs)
and initial COD:N ratio for each culture series shewn in Table 6.6.

Figure 6.9A shows the nitrogen balance for the R} NA-amended culture
series. The nitrogen balance shows that 100% doddided nitrate-N was recovered in the
form of nitrogen gas in all D/P-amended cultureeserThe culture media used for the
denitrification assays contain ammonia. In additeammonia production as a result of
peptone fermentation is expected. However, refer@acrected ammonia concentrations
increased with increasing NA concentrations (FiguB#). Similar ammonia
concentrations were found in all culture seriesraaeed with NAs and D/P, excluding the
400 mg NAJ/L culture series, in which a higher ammaoncentration was observed.
The higher ammonia concentration is a result dflgeis at higher NA concentrations
which is also corroborated by the much lower fid&8IS concentrations in the 200 and

400 mg NAJ/L culture series. The final VSS concetndres decreased with increasing NA
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concentrations, further indicating that cell lysecurred at the higher NA concentrations
(Table 6.6).

The total and liquid-phase NA concentrations atehd of the incubation were
measured in all culture series and the results@aremarized in Table 6.6. The ratio of
the liquid to total NA concentrations was relatiwebnstant in all D/P-amended culture
series, ranging from 0.46 to 0.58. Figure 6.10Avehthat the initial and final total NA
concentrations were the same in all culture seinels;ating that NAs were not degraded
under nitrate reducing conditions during the 28-mhaybation period. The NA congener
distribution for each culture series is shown igufe 6.11. Although NA degradation is
energetically feasible under nitrate-reducing ctods (Section 6.2.1), the overall NA
distribution did not change in all culture seriesther indicating that NAs were not
degraded or even partially transformed during @&y incubation period.

To investigate the biotransformation potential @&d\under anoxic, denitrifying
conditions, similar culture series were set up Ws as the only external carbon
source. Figure 6.8C and 6.8D shows the nitrate valrend the seed-corrected nitrogen
gas production in culture series amended with diAg. Ignoring microbial growth, the
theoretical electron donor requirement for compteteate reduction (i.e., denitrification)
is 2.85 mg COD/mg nitrate-N. Assuming an electrquiealent fraction for energyej
equal to the electron equivalent fraction for egihthesisff)(i.e.,fe = fs = 0.5) (Rittmann
and McCarty, 2001), the theoretical electron daeqguirement for both complete
denitrification and cell synthesis is approximatgly mg COD/mg nitrate-N. Based on
this electron donor requirement, the NA-free candesies and some of the culture series

amended with only NAs up to 80 mg NA/L were eleatdmnor limited assuming full
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NA degradation under nitrate-reducing conditionewdver, as discussed below, NAs
were not degraded, which makes all D/P-free culseréges electron donor limited
relative to the 100 mg/L of nitrate-N initially agld. Table 6.6 summarizes the COD
added and the COD:N ratio in each culture seriésatd removal and nitrogen gas
production increased as the initial NA concentratitcreased, indicating that at higher
NA concentrations, more biodegradable carbon wagable for denitrification as
explained below.

A nitrogen balance was performed for all D/P-fidé-amended culture series
(Figure 6.9B). In all culture series amended withsMnly, greater than 89% of the
added nitrogen was recovered, with 3 — 28 and 89% recovered as nitrate and
nitrogen gas, respectively. Similar to the D/P-adeshculture series, a higher seed-
corrected ammonia concentration was measured fareuderies with higher NA
concentrations. In addition, the final VSS concaintns decreased with increasing NA
concentrations (Table 6.6), again indicating thet lgsis was more pronounced at higher
initial NA concentrations. Thus, cell lysis prodsietere used as electron donor(s), which
explains the observed partial denitrification iftgre series with a COD:N ratio lower
than the above discussed theoretical value neextdubth nitrate reduction and cell
synthesis.

The total and liquid-phase NAs concentrations atethd of the incubation in the
culture series amended with only NAs are listediable 6.6. The ratio of liquid to total
NAs ranged from 0.45 to 0.64. Similar to the D/Rd &lA-amended culture series, the
initial and final NA concentrations were practigalhe same, indicating that NA

degradation did not occur, even when no other paterarbon source was present. The

125



initial and final NA concentrations are shown igiiie 6.10B and the NA congener
distribution for each culture series is shown igufe 6.12. The overall NA distribution
did not change in all culture series, indicatingttNAs were not degraded or even

partially transformed, regardless of the additiomat of an external carbon source.
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Table 6.6.Initial and measured final values for denitrifyioglture series prepared with

and without supplemental external carbon sourcet(idépeptone, D/P).

Initial

Initial

Final Final Final Liquid to
Culture COD:N
NA cobp? VSsS Total NA  Liquid-phase  Total NA
Series Ratio®
(mg/L) (mg/L) (g/L) (ma/L) NA (mg/L) Ratio
0 1200 12.0 0.78+0.94 - - -
20 1270 12.7 0.73+0.01 28.412.6 13.0+0.8 0.46
D/P- 40 1340 134 0.63+0.02 35.54£8.9 18.4+0.2 0.52
amended 80 1480 14.8 0.66+0.04 84.519.0 42.345.9 0.50
200 1900 19.0 0.42+0.06  231.0+25.5 132.7+15 0.57
400 2600 26.0 0.31+0.05 414.0+21.1 240.6+3.7 0.58
0 0 0 0.74+0.02 - - -
20 70 0.7 0.69+0.06 18.2+1.4 11.4+1.6 0.64
40 140 1.4 0.62+0.17 39.2+1.3 21.1+0.9 0.54
D/P-free
80 280 2.8 0.57+0.02 73.7+4.1 33.0£3.0 0.45
200 700 7.0 0.48+0.07 193.9+17.1 105.448.5 0.54
400 1400 14.0 0.35+0.07 417.8+18.9 239.2+15.9 0.57

®4ncludes both D/P (1200 mg COD/L) and NA COD cadtetl based on the measured

COD of TCI NA mixture (3.5 mg COD/mg NA) and initivaadded NAs

Assumes NAs are fully degradable

“The final VSS concentration of the seed blank (dhtailture series was 0.6 g/L; all

VSS values were corrected for the residual NA cotredions

YMean + standard deviation; n =3
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Figure 6.8.Nitrate removal and nitrogen gas production inuatseries amended with

both NAs and D/P (A, B) and NAs only (C, D).
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6.4.4 Inhibition and NA Biotransformation Potehtimder

Fermentative/Methanogenic Conditions

Total gas, methane and carbon dioxide productiauiture series amended with D/P
and NAs are shown in Figure 6.13. The TCI NA migturas not inhibitory to
methanogens up to 40 mg NA/L; however, inhibitiossvobserved at 80 mg NA/L and
above. While methane production was completelyhitdd in culture series amended
with NAs at 200 and 400 mg/L, culture series amdnaigh NAs at 80 mg/L were only
transiently inhibited. In the culture series wiititial NAs at 80 mg/L, methane
production was inhibited until day 136, upon whionbthane gas production recovered.
These results agree with a previous study condumtddolowenko et al. (2001), in
which NAs from oil sands process waters had a gleom inhibition of methanogenesis
from H.or acetate, but with prolonged incubation, methanoeluction resumed. In
contrast to methanogenesis, fermentation was hdtited at all NA concentrations
tested in our study indicated by the comparablbaradioxide production by the
reference and NA-amended culture series (Figuré®.1VFAs were detected at the end
of the incubation in all culture series amendedsi® mg NA/L and higher (Table 6.7).
The predominant VFAs measured in the NA-amendetli@iberies were acetate,
propionate, iso-butyrate and iso-valerate. The mcdation of VFAs also confirms that
fermentation and acidogenesis were active eveslatively high NA concentrations.
Therefore, methanogenesis was more susceptiblétimiNbition than
fermentation/acidogenesis. Final measured totachidcentrations show that NA
degradation did not occur (Figure 6.14). Although @iegradation is energetically

feasible under methanogenic conditions (Sectiorl.the final NA congener
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distributions were the same as in the NA- and Diferaded denitrification culture series
(Figure 6.11), indicating that NAs were not degchde even partially transformed.

Total gas, methane and carbon dioxide productiaiuiture series amended with
NAs and no D/P are shown in Figure 6.15. Similah® D/P-amended culture series,
methane production was completely inhibited inungtseries with initial NAs at 200 and
400 mg/L. Transient inhibition was also observeditiure series prepared with 80 mg
NA/L; however, methane production recovered on4ihyapproximately 100 days
earlier than in the respective D/P-amended seviEAs were also measured at inhibitory
NA concentrations, excluding culture series contggr80 mg NA/L (Table 6.7).

Similarly to the D/P-amended culture series, thelpminant VFAs were acetate,
propionate, iso-butyrate and iso-valerate. VFAsenikely not detected in the D/P-free
culture series amended with 80 mg NA/L because ametfpenesis recovered almost 100
days earlier than in the D/P-amended culture sealksving time for VFA fermentation
and conversion to methane.

The NA-only culture series amended with 20, 40 &adng NA/L produced more
methane and carbon dioxide than the NA-free sestkbIThus, there was more readily
available carbon for fermentation/acidogenesisrasthanogenesis as the NA
concentration increased; however, the final meakNi# concentrations and NA
congener distributions in each culture series m#ichat no NA degradation or
biotransformation occurred throughout the 181-aeryibation period (Figure 6.14). The
excess methane is attributed to degradable cadsaiting from cell lysis at the higher
NA concentrations, similar to the results obtaineder nitrate-reducing conditions

(Section 6.4.3 above). In contrast to these resutien Holowenko et al. (2001) used
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two NA surrogates (3-cyclohexylpropanoic and 4-oheixylbutanoic acid) in
methanogenic microcosms containing fine tailingsrfran oil sand extraction process,
the observed methane yield suggested complete atizegion of these compounds (i.e.,
mineralization of both the aliphatic chain and timg).

The final measured VFAS, NAs and seed-correctedhamet in each culture series
are summarized in Table 6.7. The liquid to total fdtio in all culture series ranged
from 0.38 to 0.69, which is similar to the ratiosasured in the denitrifying culture
series. The COD balance, calculated by compariagnitial measured total COD to the
sum of the produced methane-COD and the final nmedgotal COD (including NAs,
VFAs, and soluble COD) in all culture series is suamized in Table 6.7. On average,
103 and 91% of the COD was recovered in NA- and-@rended culture series and

D/P-free, NA-amended culture series, respectively.
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Table 6.7 Initial and measured final values for methanogeniture series prepared

with and without supplemental external carbon seydextrin/peptone, D/P).

Final Final Liquid to COD
Culture Initial CH, VFAs
Total NAs Liquid-phase Total NA Balance
Series NAs (mg/L) (mg COD/L) (mg CODI/L)
(ma/L) NAs (mg/L) Ratio (%)
0 - - - 753.3£42.8 ND 11449
20 22.8+4.8 15.8+0.85 0.69 866.1+22.1 ND 957
D/P- 40 39.846.3 25.6+4.4 0.64 1123.7¢59.9 ND 108+10
amended 80 82.945.0 51.445.4 0.61 209.3+191.426.6+27.5 88+12
200 201.548.0 101.5+13.2 0.50 RD  1023.4+23.9 106+11
400 404.6+38.8 183.4+13.3 0.45 ND 1225.8+38.110445
20 20.5+3.7 11.3+1.2 0.55 48.0+28.4 ND 91+6
40 39.1+3.6 21.7+1.9 0.56 188.1+14.4 ND 8619
D/P-free 80 81.1+7.4 51.3+3.6 0.63 218.6+92.9 ND 83+13
200 207.1£10.9 79.5%15.5 0.38 ND 362.3+3.6  94+10
400 410+8.9 186.4+16.7 0.45 ND 476.6+17.8  102t7

Mean + standard deviation; n = 3

®ND, not detected

136



300 |V Seed Blank (A)

| O Reference
L Initial NA (mg/L):

N
a1
o

200+ B 20 © 200
- <& 40 A 400

TOTAL GAS (mL)

METHANE (mL)

CARBON DIOXIDE (mL)

TIME (Days)
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6.5 Summary

NAs were found to be inhibitory to nitrifiers in thomixed and enriched nitrifying
cultures. When dextrin was provided as an additioagdbon source, the extent of NA
degradation by the heterotrophs was lower tharexiroh-free mixed nitrifying culture
series, resulting in longer exposure of nitrifierdigher NA concentrations, which in
turn resulted in a higher degree of nitrificatiahibition. The nitrification activity by the
enriched nitrifying culture was not significantlffected by NAs up to an initial
concentration of 400 mg NA/L, which is attributedthe higher population size of AOB
and NOB compared to the mixed culture series.

Inhibition and biotransformation assays showed ttafT Cl NA mixture was not
inhibitory to denitrifiers at concentrations up400 mg/L. In contrast, NAs were found to
be inhibitory to methanogens at and above 80 mg-NAdwever, carbon dioxide
production indicated that fermentation and acidegenwere not affected by NAs. NAs
were not degraded under denitrifying or methanageanditions; however, significant
cell lysis took place at high NA concentrationseTkleased lysis products were in turn
used as electron donor(s) for nitrate reductiooomverted to methane.

Refinery treatment systems typically use aerobatreatment units; however,
understanding the fate and effect of NAs under anamd anaerobic conditions is
relevant for the treatment of NA-bearing sludge #redfate of NAs in impacted natural
sediments. NAs are introduced into many anoxic/aiae environments within oil sands
tailings ponds, landfills and sediments. Thuss important to understand the potential
toxic and inhibitory effect that NAs have under@hditions and other factors that may

affect NA degradation in order to prevent disruptad refinery wastewater treatment
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systems and/or negative effects on natural ecasgsite which NAs could potentially be
introduced. The present study provides valuablermétion relative to the fate and effect

of NAs in engineered and natural systems.
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CHAPTER 7
AEROBIC BIOTRANSFORMATION POTENTIAL OF A COMMERCIAL

MIXTURE OF NAPHTHENIC ACIDS

7.1 Introduction
Model NAs, commercial NA mixtures and NA-bearinfjmery process water samples
have been degraded aerobically using inocula obdairom refinery wastewaters and
NA-exposed wetland waters; however, commercial M&se found to be more readily
degraded than the NAs found in refinery wastewdtelsmente and Fedorak, 2005; Del
Rio et al., 2006; Scott et al., 2005). Although N&Xe prevalent in refinery wastewaters
and oil sands tailings ponds, there is limited infation about their biotransformation
potential and toxicity. NAs can be degraded un@eolic conditions; however, many
NAs are persistent and remain in wastewater efttienen after biotreatment (Clemente
and Fedorak, 2005; Del Rio et al., 2006; Quagratred., 2005a; Scott et al., 2005).
Partial biodegradation of NAs has been shown tolr@s more oxidized
biotransformation intermediates, containing moantbne carboxylic group or 3, 4 or 5
oxygen atoms (Grewer et al., 2010; Han et al., 200Bnson et al., 2011). Activated
sludge wastewater systems are commonly used tioréf@@ery process water and
wastewater. However, no reports have been madetddgree that activated sludge units
are capable of reducing the NA concentration aeddbtors affecting NA
biotransformation are not completely understood.

The objective of this research was to investiglhgeltiodegradation potential of a

commercial mixture of NAs under aerobic conditioisgng different cultures with
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varying degrees of NA exposure history and at ckffie time points in the culture
development. Bioassays were performed to investitie effect of co-substrate, prior
NA exposure and NA concentration on the extent Aftibdegradation and

mineralization.

7.2 Materials and Methods

7.2.1 Culture Development and Maintenance

Three mixed, aerobic cultures (un-amended, NA-areéraohd NA-enriched) were
developed with the same inocula obtained from iaeey activated sludge system and
then used as seed in the biotransformation asspysted here. The NA-amended culture
was developed from the un-amended culture bionféess3amonths of development on
an NA-free feed. Both the un-amended and NA-amerdédres were maintained fed-
batch with a 40-day solids retention time (SRT) &Beblay hydraulic retention time
(HRT) at room temperature (22-24°C) (Table 7.1ctefeeding cycle consisted of three
phases: two 3-day oxic phases, followed by oneylag@xic phase. In the first oxic
phase, the cultures were fed with a synthetic wesdter (1,200 mg COD/L), ammonia
(100 mg N/L), and NAs (50 mg/L; NA-amended cultordy). The composition of the
synthetic wastewater feed was chosen in ordemalsie to some degree the influent of
refinery activated sludge units. The synthetic wastter composition was as follows (in
g COD/L): sodium acetate, 0.179; sodium propionate79; sodium butyrate, 0.089;
sodium benzoate, 0.358; methanol, 0.269; naphtbalér089; and phenol, 0.036. The
synthetic wastewater and ammonia were consumeddgltire first oxic phase after which

the second oxic phase began. In order to enrichmaadtain a nitrifying autotrophic
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population, at the beginning of the second oxicsphte cultures were fed with only
ammonia at an initial concentration of 100 mg NZlomplete nitrification was achieved
in the second oxic phase, while nitrate accumulakédn, aeration was stopped and the
reactors were switched to the anoxic phase witlatitgtion of the same synthetic
wastewater (1,200 mg COD/L) which served as casgmamce and electron donor for
denitrification. Complete removal of nitrate viangteification in the third, anoxic phase
was achieved within one day. To maintain a relfyinegh SRT, wasting was alternated
with and without biomass settling at the end ofdahexic phase. After wasting, the
cultures were replenished with the same volumerabdure of tap water amended with
phosphate buffer (10 mM), synthetic wastewater, ammand NAs (NA-amended
culture only). The un-amended and NA-amended fepdycles corresponded to an
average organic loading rate of 0.34 and 0.37 g L&y, respectively and the NA-
COD to wastewater COD (WW-COD) ratio in the NA-amded culture was
approximately 0.074 mg NA-COD/mg WW-COD. The cuéisitvere aerated with pre-
humidified compressed air passed through a fine dofuser and maintained at a pH
between 6.8 and 7.2 throughout all feeding phases.

A third culture, an aerobic NA-enriched culture swieveloped using the same
inoculum as the above-described un-amended, antbthenercial TCI NA mixture was
the sole carbon source. The culture was fed antedawice per week corresponding to
an average organic loading rate of 0.2 g COD/L-déne feed included 200 mg NA/L
(TCI NA mixture), 25 mg NE-N/L and a salt medium containing the following ¢i.):
KoHPO,, 1.07; KHPO,, 0.524; CaGl- 2H,0, 0.068; MgCi- 2H,0, 0.135; MgSQ-

7H,0, 0.268; FeGl- 4H,0, 0.068; and 0.67 mL/L trace metal stock solutibime culture
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was maintained with an HRT and SRT of 14 days,tadraith pre-humidified
compressed air passed through a fine pore diffaisémaintained at a pH between 6.5
and 7.5.

In order to assess the effect of non NA co-sulestiatl absence of NA in the
culture feed on NA biodegradation, two additionaltures were developed from the NA-
enriched culture biomass and fed either both NAksaymthetic wastewater or synthetic
wastewater only. Synthetic wastewater was fed th boltures to achieve an initial
concentration of 700 mg COD/L. NAs were fed to ih#s and wastewater-fed culture in
three 20-day phases at initial concentrations 6f 30 and 15 mg NA/L, corresponding
to NA-COD to WW-COD ratios of 1, 0.25 and 0.075 M&-COD/mg WW-COD
(Table 7.1). The cultures were maintained for appnately 60 days with an HRT and
SRT of 14 days, aerated with pre-humidified comgedsair passed through a fine pore

diffuser and maintained at a pH between 6.5 and 7.5
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Table 7.1.Characteristics of mixed aerobic cultures usddAnbiotransformation

assays.

Loading Rate Feed NA/WW  Retention Time

(g COD/L-day) Ratio® (Days)
Culture

Synthetic
NA mixture HRT  SRT
Wastewater

Un-amended - 0.34 - 12 40
NA-amended 0.025 0.34 0.074 12 40
NA-enriched 0.2 - - 14 14
Wastewater onfy - 0.2 0 14 14
NAs and Wastewat®r  0.2/0.05/0.015 0.2 1/0.25/0.075 14 14

®NA-enriched side culture amended with synthetictexater only

PNA-enriched side culture amended with NAs and sgtithvastewater

‘On a COD-basis
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7.2.2 Biotransformation Assays

Six batch assays were performed to investigatdithteansformation potential of NAs by
mixed aerobic cultures developed under variousi$emed duration of NA exposure. In
the first biotransformation assay, which assessectfect of culture enrichment and co-
substrate, four culture series were set up asvisll@wo cultures were prepared with the
un-amended culture, one with and one without syigheastewater amendment. Another
two cultures were prepared with the NA-enrichedurel similarly to the two un-
amended cultures (i.e., with and one without sytitheastewater amendment). Prior to
the bioassay, culture biomass was settled and washee with 10 mM phosphate buffer
before being re-suspended in aerobic salt mediagosition detailed in Section 7.2.1,
above). All cultures were amended with 200 mg NAggual to 700 mg CODI/L).
Nitrogen was added to each culture series withodtvath wastewater at concentrations
of 35 and 70 mg NH-N/L, respectively (COD:N = 100:5). The synthetiastewater
was the same used to feed the un-amended and NAdaeheultures (see Section 7.2.1,
above). At the time the first biotransformationaswas performed, the un-amended and
the NA-enriched cultures had been developed andtaiaed for 3 and 15 months,
respectively. The two cultures initially amendedhathe synthetic wastewater at an
initial concentration of 700 mg COD/L were againeanded on day 10 with the same
wastewater and at the same initial concentration.

In the second biotransformation assay, three @ukaries were set up using the
three, previously developed cultures (un-amendédaMended and NA-enriched
culture) in order to assess the effect of cultwdimation and age on the

biotransformation of the TCI NA mixture. At the nthe second biotransformation assay
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was performed, the un-amended, NA-amended, andAkenriched cultures had been
maintained for 15, 12, and 27 months, respectivite three culture series were
prepared in the same manner as in the first bigamsé amended with 200 mg NA/L and
35 mg NH-N/L, without addition of the synthetic wastewatirthe above described,

two biotransformation assays, the cultures weresthixsing magnetic stirrers and aerated
with pre-humidified, compressed air. Total and bt#UNAS, pH, and soluble COD were
measured regularly. Nitrogen species, including amm nitrite, and nitrate, were
measured periodically. The pH in all culture seres maintained around 7.

In the third biotransformation assay, the NA-eneditulture was used to assess
the effect of initial NA concentration on the exten NA biodegradation. Before use in
this bioassay, NA-enriched culture biomass was e@shree times with 10 mM
phosphate buffer to remove biomass-sorbed, residdal After the last washing, the
biomass was suspended in aerobic salt media wateame composition as described in
the NA-enriched culture development (see Secti@ri7above). The total NA
concentration in the pre-washed and re-suspendadewas less than 3 mg/L and NAs
were not detected in the liquid-phase. Four cult@mres were set up in 250-mL
Erlenmeyer flasks with the pre-washed, NA-enricbelture, 35 mg NE-N/L and
target, initial NAs concentrations of 50, 100, @ 250 mg/L. The initial VSS in all
culture series was approximately 500 mg/L. Durimg ihcubation period, the flasks were
aerated with pre-humidified air at room tempera(@2to 24°C) and agitated on an
orbital shaker at 190 rpm. Total and soluble Ni#t4, and soluble COD were measured
regularly throughout the incubation period. Theiphll culture series was maintained

around 7.
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To further investigate the biotransformation poi@rif the persistent, residual
NA concentration remaining at the end of each fegdiycle of the NA-enriched culture,
a fourth biotransformation assay was performedbsvis. A portion of the NA-enriched
culture waste was maintained with approximatelystmme NA loading rate (0.2 g
COD/L-day) as the NA-enriched culture through figeding cycles without culture
wasting, fed approximately 200 mg NA/L and 35 mg,NN/L, biweekly for three
weeks. The total and liquid-phase NA concentratisase monitored before and after
each feeding and the pH was maintained around 7.

A fifth biotransformation assay was conducted usigNA-enriched culture
under closed bottle, aerobic conditions to deteemiinwhat extent the NA mixture was
mineralized to C@following a modified, previously published methdati¢mente et al.,
2004). The NA-enriched culture biomass was wasketkacribed in the third
biotransformation assay, re-suspended in aeroliongalia and amended with 35 MH
N/L. Two sacrificial culture series were set uyBrmL serum bottles amended with 40-
mL NA-enriched culture without and with 200 mg NAMepresenting the seed control
and NA-amended culture series, respectively. BodhNA-amended and seed culture
series were amended with 35 mg JMN/L, sealed and 15 mL pure,@as injected into
the headspace containing air to maintain a posiressure and to ensure oxygen was in
excess. The culture series were agitated on atabghiaker at 190 rpm and sacrificially
sampled for CQ O,, total and soluble NAs, total and soluble COD phidon day O, 1,

2, 3 and 6. On each sampling day, one NA-amendeaae NA-free seed culture bottle
were acidified with 3 mL of 6 N 80O, agitated for 4 hours, and the headspace CO

concentration was measured in triplicate. Priavgening for liquid analysis, the
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headspace £xoncentration in the un-acidified serum bottles waantified. The pH was
maintained in between 6.5 and 7 in all cultureeserihe extent of NA mineralization
was determined based on carbon mass balance ¢alonsland the weighted average
molecular weight (MW) of the NA mixture. The bionsascorporated carbon in the NA-
amended culture series was determined assumgdgdoN as the biomass molecular
formula.

Lastly, a sixth biotransformation assay was conelilicising the side culture
developed from the NA-enriched culture biomassdely synthetic wastewater. A
portion of the culture biomass was used in a batctransformation assay and amended
with NAs at 200 mg NA/L, 35 mg NF-N/L and aerobic media (see Section 7.2.1,
above). Total and liquid-phase NAs were measureidgieally throughout the
incubation period and the pH was maintained in betw6.5 and 7. The flask was aerated
with pre-humidified air at room temperature (2245C) and agitated on an orbital

shaker at 190 rpm.

7.2.3  Microbial Community Analysis

Microbial community analysis of the NA-enrichedtcué was performed when this
culture was maintained for 27 months. The biomass washed several times with a
saline phosphate buffer before extracting genonNAsing soil DNA isolation kit

(MO BIO Laboratories, Carlsbad, CA). The 16S rRN&xgs were amplified by PCR
using a pair of universal primers: 27F-EBGAGTTTGATCCTGGCTCAG-3) and

1541R (53AAGGAGGTGATCCARCCGCA-3. The PCR amplification was carried out

with the following conditions: single cycle denaition at 94 °C for 5 min, 30 cycles of
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30sat94 °C, 30 sat55°C, and 2 min at 72atd, final extension for 7 min at 72 °C.
Cloning was performed using TOPO TA cloning kititnogen, Carlsbad, CA) as
instructed by the manufacturer. The clones were greuped into different operational
taxonomic units (OTUSs) after digesting with redion enzymes Mspl/Tagl and based
on the restriction patterns. Representative clofiesch OTU were selected for
sequencing of nucleotides after PCR amplificatiosh purification. The 16S rRNA gene
sequences were then queried against the NatiomaeCler Biotechnology Information
(NCBI) GenBank sequence database using MEGABLAST algorithm. Sscpie
alignment was performed with the program CLUSTALWMe sequence-based
phylogenetic tree of the dominant bacteria was ttooted by applying the neighbor-
joining algorithm using the program MEGAA4.1. Theeitopology was evaluated by
bootstrap resampling analysis of 1000 resamplinig slets. The sequences have been
submitted to the National Center for Biotechnoldgfprmation (NCBI;

www.ncbi.nim.nih.govy for deposition.

7.3 Results and Discussion

7.3.1 Culture Development

7.3.1.1 Un-Amended and NA-Amended Cultures

The operational cycles of the un-amended and NAra@e cultures are described in
Section 7.2.1. Figure 7.1 shows the nitrogen gse&nd soluble COD concentrations
throughout the three operational phases of one @epulture feeding cycle of the un-
amended culture. All ammonia was consumed withamd 1.5 days during the first and

second oxic phases, respectively. At the end o$éwend oxic phase, the nitrate
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concentration was approximately 105 mg N/L. Nitit@gially accumulated during both
oxic cycles and was then quickly consumed. Theesnt anoxic phase started with
the addition of 1,000 mg COD/L and complete deingiion was achieved within a day
in this reactor. The pH was maintained betweera@d7.2 throughout all operational
cycles. The steady-state biomass concentratidmsréactor maintained as described
above was 1.6 g VSSIL.

In the NA-amended culture, the oxic phase-1 lakissl than 2 days, during which
ammonia, nitrite and COD were consumed (Figure. AB)monia was consumed at a
slightly slower rate by the NA-amended culture tbsrthe un-amended culture. Nitrite
initially accumulated to approximately 10 mg N/Lrohg this period and was then
quickly consumed. During the second oxic phase,pteta nitrification was observed
within 2 days and nitrite accumulated to approxehaR0 mg N/L before being rapidly
consumed. The nitrate concentration at the endeofé&cond oxic phase was
approximately 100 mg N/L. During the anoxic phasemplete denitrification was
observed within one day. The pH was maintained éetw6.8 and 7.2 throughout all
operational cycles.

Although NAs were fed to the NA-amended culturéhatbeginning of each
feeding cycle, NA degradation did not occur anteady-state total NA concentration
between 100 and 120 mg/L was maintained througthautife of the NA-amended
culture. Based on NA addition and wasting througimass and culture supernatant and
assuming no NA degradation, the steady-state lAatoncentration was estimated to be
between 100 and 115 mg/L, which agrees with theedmoentioned, measured total NA

concentration (Figure 7.3). The steady-state biencaacentration was (mean + standard
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deviation) 1.1 + 0.2 g VSS/L for the NA-amendedtard. The measured VSS
concentration was corrected for the biomass-adsglax#econcentration. The lower
biomass concentration in the NA-amended culturepaoed to the un-amended culture

indicates NA-induced cell lysis.
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7.3.1.2 NA-Enriched Culture
Figure 7.4 shows the initial feeding cycles (imnagelly after inoculation with refinery
mixed liquor biomass) of the NA-enriched culturglicating that the biomass in the
refinery mixed liquor inoculum was capable of detyng NAs. Initially, degradation of
the TCI NA salt was slow, reaching a residual cotregion of approximately 50 mg/L
within 10 to 15 days. After the first few feedingctes, the culture quickly degraded NAs
to the same residual concentration within the 8 tlay feeding cycles. The culture was
maintained with a mean total NA feed concentratb(mean * standard deviation)
192.6+28.5 for approximately 40 months and degraggmoximately 75% of the fed
NAs, resulting in a mean total residual NA concatdn of 55.5+13.3 mg NA/L.
Approximately 50% of the total NAs was adsorbeth® biomass, with the remainder in
the liquid-phase, regardless of the compositioNA$, fed (un-degraded) or residual.
Figure 7.5 shows the nitrogen species and totaligoal-phase NA concentrations
throughout one complete NA-enriched culture feedipgle after 20 months of
development. Before wasting and feeding, the amanand nitrate concentrations were 0
and 18 mg N/L, respectively. In addition to NA dadgation, nitrification was occurring
in this culture, indicated by the increase in nérdoroughout the feeding cycle (Figure
7.5A). Nitrite was not detected. The steady-staenbass concentration was (mean +
standard deviation) 366 + 22 mg VSS/L.

The NA distributions at the beginning and endhaf teeding cycle are shown in
Figure 7.6. In the initial sample, monocyclic (Z2) and dicyclic (Z = -4) NAs were the
most dominant NAs and at the end of the incubatiemod, the distribution of all acyclic

and cyclic NAs was approximately the same.
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7.3.1.3 NA-Enriched Sde Cultures

Two side cultures were developed from the NA-ergithulture waste and maintained
for approximately 60 days. The NA-enriched cultbi@mass was left unfed for 7 days
before the beginning of the first feeding cycleeThbtal and liquid-phase NAs and
soluble COD, before and after feeding, in the gelued with synthetic wastewater-only
and synthetic wastewater and NAs are shown in Eiguf and 7.8, respectively. The
NAs in the culture fed only synthetic wastewaterewvashed out within 14 days of
incubation. The mean total NA concentrations atginning and end (residual) of the
feeding cycles in the culture fed synthetic wastewand NAs during three feeding
phases of 200, 50 and 20 mg NA/L were 225.8+9.7%hd+2.0, 75.5+13.8 and
31.4+6.1, and 53.2+4.4 and 25.9£2.6 mg NAJ/L, retipely. The steady-state biomass
concentrations in the cultures fed synthetic waatemonly and NAs and synthetic
wastewater were (mean * standard deviation) 590.@&nd 864.7+23.2 mg VSS/L,

respectively.
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7.3.2 Biotransformation Assay |

The first batch NA biotransformation assay, whiskessed the effect of culture
enrichment and co-substrate, was conducted withNkenriched and NA un-amended
cultures with and without the addition of a degtadaynthetic wastewater as discussed
in Section 7.2.2, above. The total and liquid-phdseconcentrations and soluble COD
in the NA-enriched and un-amended culture serieslaown in Figure 7.9. In both NA-
enriched culture series (Figure 7.9A and C), thal tdA concentration decreased from
200 to 50 mg/L within 3 days and remained stabtete rest of the incubation period. A
short lag in total and soluble NA degradation wiasesved in the NA-enriched culture
fed with the synthetic wastewater, but then NAsengggraded at a similar rate as in the
culture without addition of synthetic wastewateA Negradation was not observed in the
un-amended culture fed with the synthetic wastem@&igure 7.9G). In contrast, after 7
days without NA degradation in the un-amended celhwt amended with the synthetic
wastewater, NA degradation took place after 7 @daybwithin another 3 days the total
NA concentration decreased from approximately 2080t mg/L (Figure 7.9E). Thus,
when a readily degradable carbon source was alaildde NA un-amended microbial
population did not degrade NAs. Soluble COD datkciated that the synthetic
wastewater was rapidly consumed in both cultureesend on day 10, the same two
cultures were re-amended with the synthetic wagewgigure 7.9D and H).

Figures 7.10 and 7.11 show the time coursé wéimber, average carbon number,
n, and MW during the incubation period in the NA4iehed and un-amended culture
series which were not amended with the synthetsteveater. Initially, monocyclic4 =

-2) and dicyclic Z = -4) NAs were the most dominant. Both culturegrdded similar
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NA compounds and at the end of the incubation petize concentration of the
individual groups of acyclic4 = 0) and cyclic NAs4 = -2, -4, -6, -8 and -10) were the
same at around 5 to 10 mg/L (Figure 7.10). The mieskeresidual NAs may not be
inherently recalcitrant, but rather below a concaian threshold, which was
investigated as discussed below (see Section @8lY.3.6). The initial weighted
average MW and carbon number in both cultures wsyand 275 and 18, respectively.
As some of the NA groups were degraded, the weigiverage MW and carbon number
increased in both cultures, indicating that lowaVNNAs were preferentially degraded,
an observation which agrees with previous rep@ty(kova et al., 2007; Clemente et
al., 2004; Han et al., 2008; Holowenko et al., 208&btt et al., 2005; Watson et al.,
2002). Scott et al. (2005) found that the NAs vaiglnbon numbers less than or equal to
17 were more readily biodegraded than the higher NWg. On the other hand, Han et
al. (2004) found that carbon number had less adftect on NA biodegradability than Z
number, whereas lower biodegradation rates wereredd for NAs with higher Z
numbers. Similarly in this study, the more cychigher MW NAs were not degraded
and remained at the end of the incubation peridebih cultures, regardless of prior NA
enrichment or not. Figure 7.11 shows that the ayeecarbon number, averageumber,
and thus average MW, increased by approximategrbans by the end of the 13-day
incubation period. The congener NA distributiongiinculture series in the initial and
final samples are summarized in Table 7.2.

The Microtox® acute toxicity was measured for itnéal and day 16 samples for
each culture series and results are summarizedbteT7.3. The E§ values in terms of

% (v/v) and NA concentration (mg/L) increased frtma beginning to the end of the

165



incubation period, indicating toxicity decreaseotighout the incubation period. Previous
NA biodegradation studies with commercial and aitds NA-bearing wastewaters
reported toxicity decrease after biotreatment, étaengh higher MW NAs were
persistent (Clemente et al., 2004; Leung et aD320NA toxicity reduction was observed
in all cultures; however, toxicity was reduced tesser extent in the un-amended culture
fed with the synthetic wastewater, in which NA detation was not observed. In terms
of NAs, the EGg values were within 5 — 7 mg NA/L at the startlué bioassay and
increased to 16 — 20 mg NA/L in all cultures, irading that the degraded NAs are more

toxic than the residual NAs remaining after biotneant.

Table 7.2. Congener NA distributions in initial and finalnsples from four culture

series amended with NAs and synthetic wastewat®/Y\W batch biotransformation

assay |.
Culture Series Sample Z n MW Formula

Initial -4.2 18.4 286.0 ¢ 4Hzo 0o

NA-Enriched
Final -5.3 23.3 353.1 £23H41 0o
NA-Enriched + Initial -4.0 17.4 272.3 & H3z0.0o
WW Final -54 21.7 330.7 £,7H33_102
Initial -4.3 17.8 276.9 G Hz1 .o

Un-amended
Final 5.4 23.3 352.4 L£H11 L0
Un-amended + Initial 4.1 17.6 274.3 & dHz1.102
WW Final -3.9 16.7 261.9 feHo9 0,
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Table 7.3.Microtox® acute toxicity in NA-enriched and un-anaed cultures during the

batch NA biotransformation assay |.

Day 0 Day 16

NA ECso ECs NA ECso ECs
Culture Series
(mg/L) (%,viv) (mg NA/L) (mg/L) (%,v/v) (mg NA/L)

NA-enriched 105.6 4.8 51 20.5 80.0 16.4
NA-enriched + Wastewater 104.5 4.8 5.0 25.2 72.2 18.1
Un-amended 110.8 5.6 6.2 27.0 67.6 18.3
Un-amended + Wastewater 112.3 5.7 6.4 109.0 18.7 20.4

167



250r e Total NAs (A)] 1250
0 Liquid-phase NAs

o Soluble COD (8)

200 1000

CONCENTRATION (mg/L)

CONCENTRATION (mg/L)

gl

o
T

N

A

o
T

O L 1 L 1 L 1 L 1 L 0 L 1 L 1 L 1 L 1 L
0 4 8 12 16 20 O 4 8 12 16 20

TIME (Days) TIME (Days)
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(biotransformation assay I).
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7.3.3 Biotransformation Assay Il

The second batch NA biotransformation assay, whssessed the effect of culture
acclimation and age on NA degradation, was conduetth three cultures (NA un-
amended, amended, and enriched) as discussedtiar5e.1, above. The total and
liquid-phase NA concentrations were monitored tigiout the 20-day incubation period
and results are shown in Figure 7.12. Althoughuir@mended culture was able to
degrade NAs in the first bioassay (Figure 7.9C)ambe point within the 12 months
without any NA exposure, this culture lost its @pito degrade NAs after 15 months of
maintenance without NA in the feed (Figure 7.128jmilarly, the NA-amended culture,
which was developed from the un-amended biomas$addeen exposed to NAs for 12
months without exhibiting any NA degradation (seet®n 7.3.1.1, above), it was again
confirmed that was not able to degrade NAs duitreg20-day incubation cycle (Figure
7.12C). Regardless of prior NA exposure, both the@mended and NA-amended
cultures lost the ability to degrade NAs after 1@mris of maintenance, fed with only the
NA-free, synthetic wastewater. The first biotramafation assay confirmed that for a
non-enriched culture, when a degradable carborceasiavailable, NAs are not
degraded. Thus, in spite the fact that both thamended and NA-amended cultures
were developed with oil refinery activated sludgenples which were capable of NA-
degradation (see Section 7.3.1.2, above), maintenaith a NA-free, degradable
synthetic wastewater resulted in loss of NA biodegtion. In contrast, the NA-enriched
culture, which was maintained with a NA-only feddgraded NAs at the same rate and
extent as observed in the biotransformation assaiith was conducted 12 months

prior to the biotransformation assay Il (FigureZA). The NA congener distribution in
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the NA-enriched culture at the end of the incubati@s very similar to the one achieved

by the same culture 12 months earlier (see Se¢t@i.2, above).
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Figure 7.12.Total and liquid-phase NA concentrations in the-8i&iched (A), un-

amended (B) and NA-amended (C) culture seriesr@msformation assay ll).

172



7.3.4 Biotransformation Assay lll

To investigate the effect of initial NA concentmtion the residual NA concentration and
congener distribution, the washed NA-enriched cal{vesidual NA concentration less
than 3 mg/L prior to feeding) was used in four grétseries set up with different initial
NA concentrations. Figure 7.13 shows the total lamdd-phase NA concentration in the
NA-enriched culture series amended with NA at atailnconcentration range from
approximately 60 to 250 mg/L. Regardless of theahNA concentration, 74 to 85% of
NAs were degraded within 3 days in all cultureegrresulting in total residual NA
concentrations as low as 20 mg/L in the 60 mg/ttucalseries. The residual NA
concentrations increased with increasing NA featteatration and the residual fraction
of the total NAs fed to the culture series amendgd 60, 100, 135 and 270 mg NA/L
was 25.8, 25.8, 23.0 and 16.7%, respectively. Teighted average MW, carbon
number,Z number and molecular formula in the initial NA rure and after
biotransformation in each culture series are sunz@adin Table 7.4. Similarly to
previous bioassays, the lower MW NAs were prefeadigtdegraded in all culture series,
evidenced by the increase in the NA weighted aveMy/ by the end of the incubation.
Figure 7.14 shows the extent of biodegradationd@the NA mixture byZ
numbers determined by averaging the fraction of Négraded in the four culture series
amended with different initial NA concentrationsedrdless of the initial NA
concentration, the extent of biodegradation wasistent for each NA group of the same
Z number, indicating that a certain fraction of M mixture is biodegradable, while the
other fraction is either recalcitrant or not biodefale. NAs withZ numbers equal to -2

and -4 were degraded to the furthest extent, falbly NAs withZ numbers equal to O
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and -6. The biodegradation extent of each NA gmaiujpe same& number correlates to
their abundance in the TCI mixture (Figure 7.14dlicating that the residual NA fraction

is likely the result of the low individual NA conagations (i.e., threshold values; see

below).
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Figure 7.13.Total and liquid-phase NA concentration in NA-ehed culture series set

up with different initial NA concentrations (biotrsformation assay III).
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Table 7.4.Weighted averagé number, carbon numbam)( MW and molecular formula
for the initial and residual NAs in the four cukkuseries amended with different initial

NA concentrations at the end of the 7-day inculmagtieriod.

NAs (mg/L) Z n MW Formula
Initial -3.9 17.4 271.7 & .Hsz0 2
60 -5.3 19.5 299.0 fosH33.02
100 -5.5 18.6 284.7 fedH31.702
150 -5.5 18.9 2911 fedHz2 0o
250 -5.7 18.5 285.5 1esH31.02
100
- ® Biodegradation |
L B Abundance
80
R
= 60Ff ¢
; t
|_
2 40 E
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20+
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Figure 7.14.NA biodegradation (%) as a functionhumber in four NA-enriched
cultures amended with different initial NA concetions and NA relative abundance
(%) in the TCI mixture according @number (Error bars represent mean values + one
standard deviatiom = 4; biotransformation assay lII).
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7.3.5 Biotransformation Assay IV

Previous studies have shown that a fraction of MAwsany oil sands processing
wastewater and commercial NA mixtures is persisevegn over long incubation periods
(Han et al., 2008; Quagraine et al., 2005a). Taetion of un-degraded NAs is poorly
characterized and the reason for their recalcigasoot well understood. To further
investigate the cause of the residual NAs remaimrge NA-enriched culture, a portion
of this culture was fed five times without cultwasting while monitoring the total NA
concentration before and after feeding. Figure 8H&ws that the residual NAs did not
accumulate with each feeding cycle and the meah aod liquid-phase residual NA
concentrations were 76.5+6.8 and 37.1+10.7 mgApeetively, regardless of the
concentration of the initial feed, which rangedir@a90 to 270 mg NA/L. These results
differ from those obtained in the biotransformatassay Il (Section 7.3.4), in which the
residual NA concentration increased with increadigfeed concentration. In the
previous bioassay (biotransformation assay I, ltlomass was washed until the
residual NA concentration was below 3 mg/L, whileghe current bioassay
(biotransformation assay IV), the biomass was |dagig¢h residual NAs from previous
culture feedings. Prior NA accumulation resultec isteady-state solid-phase (i.e.,
biomass) NA concentration that did not change watying initial NA feed
concentrations.

Both the total and liquid-phase residual NA coricions were relatively
constant before each feeding cycle, indicating As Bccumulated in the liquid or solid-
phase (i.e., biomass). Using the NA isotherm vhh NA-enriched biomass (Chapter 5.

Section 5.3.2), the equilibrium liquid-phase corcation of 37.1 mg/L corresponds to a
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solid-phase concentration of 157.7 mg NA/g VSS,ohs slightly higher than the
measured concentration of 131.3 mg NA/g VSS inbib&ransformation assay IV. The
difference in the estimated and measured solidgN#s concentrations is attributed to
the isotherm being calculated using the non-bicaldesl NA mixture, while the
experimental results in this bioassay were meadoasdd on the partitioning behavior of
the residual fraction of NAs after biodegradatigrtie NA-enriched culture. Thus, the
liquid-phase residual NA concentration is closedailibrium with the biomass-
associated NAs.

The congener NA distribution is shown in Figure6/.The weighted average
molecular weight, carbon number and Z number (TZtB¢ indicate that the NA
distribution was the same at the beginning ancetiteof the incubation period, and there
was no accumulation of a specific group of indiabMA compounds. Thus, it is
concluded that the residual NAs remaining aftehdaeding cycle are not inherently
recalcitrant, but rather are not degraded at sowhiidividual NA concentrations. The
NA-enriched culture is a mixed culture containingmy different NA-degrading bacteria.
It is not known if the NA-enriched culture degradles NA mixture as a single biomass
or if different species have different NA-degradoapabilities dependent on structure or
groups of similar NA structures. The TCI NA mixtuwensists of an undetermined high
number of NAs with different structures; therefondaile the total NA concentration may
be significant, the concentration of individual Nésgroups of similar NAs may be
below the minimum substrate concentratiog;{$ below which the mixed culture or
individual bacteria can no longer maintain a stestdye biomass concentration

(Rittmann and McCarty, 2001), leading to a residddlconcentration. These results are
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supported by those reported in Section 7.3.4, Eigut4, in which the NAs with higher
ring number are in a lower abundance in the TCImi&ture than other NAs. Thus, NAs
with higher ring number are degraded to a lessEmas a result of low individual or
group concentrations and not because of molecet&alcitrance. To determine if the
residual NA concentration would decrease furthehwktended incubation, the NA-
enriched culture was left un-fed for 27 days. Dgtihnis incubation period, the residual
NA concentration remained constant within 42 anarg/NA/L (Figure 7.17),

confirming that the residual NAs could not be ferthiodegraded.
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Figure 7.16 Total congener NA distribution of residual NAs @ay O (A) and day 23
(B) after 5 successive feeding cycles without was{biotransformation assay IV, see

Figure 7.15 for culture feeding cycles).

Table 7.5.Weighted average carbon numb&number, molecular weight and formula of
residual NAs on day 0 (A) and day 23 (B) after Bcassive feeding cycles without

wasting (biotransformation assay IV; see Figuré 7at culture feeding cycles).

Sample n Z MW Formula
Day 0 18.7 -4.9 288.6 1@_7H32,502
Day 23 18.6 -4.7 287.2 166H32.402
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Figure 7.17.Total NA concentration in NA-enriched culture ibhated unfed for 27
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7.3.6 Biotransformation Assay V

To investigate the extent of NA mineralization t@£a closed bottle, aerobic
biotransformation assay was conducted with the NAebed culture. Figure 7.18A and
B show the total and soluble NA concentrations seetl-corrected £consumption and
CO, production throughout the 6-day incubation peridsed on carbon balance
calculations, at the end of the 6-day incubatiomople 85% of NAs had been

biotransformed, of which, approximately 44% of Mw&-carbon was utilized for biomass
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growth, and 28.5% was mineralized to &Bigure 7.18C) The remaining 27.5% of
biotransformed NA-carbon was likely partially oxzdd to biotransformation
intermediates, containing additional carboxylicugye and additional oxygen atoms.
Previous studies have shown that oxidized NAs@ued in both refinery and
commercial mixtures as a result of partial aerddciegradation of NAs (Grewer et al.,
2010; Han et al., 2008; Johnson et al., 2011).8mw our previous bioassays, the lower
MW NAs were preferentially degraded, resulting miacrease in the weighted average
MW, carbon number and number. The extent of mineralization by the NAtemed
culture was generally lower than reported in anosiiedy, in which more than 90% of
two different NA mixtures were biotransformed andbth cases, approximately 60% of
the carbon was detected as {Olemente et al., 2004). Also, Herman et al. (1964nhd
that 50% of a commercial NA mixture was completaiperalized. One study by
Clemente et al. (2003) showed a lower extent ofiAeralization, in which only a 30%
decrease in NA concentration was observed with @B#e carbon detected as €

our study, the total NAs biotransformed represeftE of the initial total COD and,
accounting for biomass growth, the measured to@D@ecreased by 45% during the
incubation period, indicating that a NA fractionsMaiotransformed to more oxidized
intermediates (Figure 7.19). Analytical limitatiopevented the identification of
oxidized biotransformation intermediates due tol#ok of sensitivity of the MS, the
complexity of the NA mixture and the relatively lomdividual NA concentrations within

this mixture.
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7.3.7 Biotransformation Assay VI

The initial refinery mixed liquor bacteria were edybe of NA degradation (see Section
7.3.1.2, above); however, the un-amended and NAadetkcultures developed from the
NA-degrading inocula were not capable of NA degtiada(see Section 7.3.2, above). To
investigate the conditions and timeframe under wiihe NA-degrading biomass loses its
biodegradation capability, a batch assay was cdedweith the cultures developed from
the NA-enriched culture fed synthetic wastewatdy.ofhis batch assay lasted 21 and the
NA data are shown in Figure 7.20. The culture féth WAs and synthetic wastewater

did not lose its biotransformation capability, retjass of the NA to synthetic WW ratio,
which was decreased from 1 to 0.25 to 0.075 (Figug On the other hand, when the
culture fed only synthetic WW was amended with N\¢he end of a feeding cycle on
day 14, it did not degrade NAs during the 21-daybation period, indicating that this
culture lost its ability to degrade NAs in 14 daydess when maintained with a NA-free
feed (Figure 7.20). The loss of biotransformatiapability was faster for the NA-
enriched biomass than it was for the refinery mikgdor biomass, which at 3 months of
development without NAs was still capable of NA detation when no other carbon
source was provided (see Section 7.3.2, aboves.i$tikely because the refinery mixed
liquor biomass was much more diverse than the Nicked culture biomass, which had

been developed with an NA-only feed for over 3 gear
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7.3.8  Microbial Community Analysis

To investigate the differences in microbial comntyisiructure between the NA-
enriched and two side cultures developed with d tdeNAs and synthetic wastewater
and synthetic wastewater only (see Section 7.bdve), DNA was extracted from each
culture biomass and 112 clones were randomly sgldobm each sample. Table 7.6
summarizes thphylogenetic relationships amidigure 7.21 shows the position of the
phylotypes in the phylogenetic tree for the NA-ehdad and the two side cultures. Of the
six major groups identified in the NA-enriched cué, 80% belonged to the
proteobacteria class. The majority of the NA-enriched culturetieaia were uncultured
species, closely related to known NA-degraderdh sis®seudomonas putida and
Pseudomonas florescens, and other known hydrocarbon degrading bacteuadan oil
sands process water and oil contaminated siteb,asAeromonas andAcinetobacter

(Del Rio et al., 2006; Herman et al., 1993; Plazal.¢ 2008). Of the groups identified in
the two wastewater-fed side cultures, the most daninbacteria identified were most
closely related to th®lethylophilus andMethylobacillus genera, which are known
methanol utilizing bacteria and accounted for 6d @8% of the bacteria identified in the
NAs and synthetic wastewater fed and synthetic eveastier only fed side cultures,
respectively (Jenkins et al., 1987; Osaka et AD62. This group of bacteria was likely
enriched as a result of the methanol present isyhthetic wastewater, which is required
to dissolve low solubility compounds such as phemal naphthalene. Bacteria closely
related to thexanthomonas genus, which are known petroleum hydrocarbon diEsgsa
were also abundant in the two wastewater fed sittares and accounted for 16 and 30%

in the NAs and synthetic wastewater fed and symheastewater-only fed cultures,
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respectively (Plaza et al., 2008). Both wastewkg@cultures were found to contain a
small percentage gfproteobacteria similar to the NA-enriched culture and known NA-
degraders; however, the culture fed wastewateNskglcontained 4%-proteobacteria,
while the wastewater-only fed culture contained gmn 1%. The slightly higher
abundance of probable NA-degraders in the NAs aastewater-fed culture is most
likely the reason this culture maintained its @apito degrade NAs even after NAs were
not included in its feed, while the wastewater-dielg culture did not. These results
indicate that known NA-degrading bacterial speeiesnot abundant in the wastewater
fed cultures, especially the culture fed only wastier without NAs. The population of
NA degraders was rapidly lost within 2 weeks fegdinly wastewater (see Section
7.3.7, above) and thus, the wastewater-only fethiuickly lost its ability to degrade

NAS.
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Table 7.6.Phylogenetic relationship of microorganisms det@éch the NA-enriched

culture and NA-enriched side cultures fed synthetistewater and NAs and wastewater

only.
Culture  Phylotype  # of Closest Species/Clone type in GeneBankS'mIlarlty Taxonomy
name clones (%)
Unculturedy-proteobacterium Class:
NA-1 28 clone CM38F12 99 y-proteobacteria
NA-2 50 Unculturedy-proteobacterium 99 Class:
clone 58 y-proteobacteria
NA- : : Genus:
Enriched NA-3 4 Sphingopyxis sp. 97 Sphingopyxis
Unculturedbacterium Domain:
NA-4 12 clone ncd2676e10cl 99 Bacteria
NA-5 4 Nitrospira sp. 99 Ni('?r?)r;gisr:a
WWNA-1 66 Methylobacillus sp. % etrs/leglg;:illus
WWNA-2 17 Xanthomonas sp. 98 Xar?ﬁorxgas
. Unculturedbacterium Domain:
Snthetic WWNA-3 19 clone P50-15 96 Bacteria
wastewater Genus:
and NAs WWNA-4 4 Pseudomonas putida 96 Pseu domoﬁas
UnculturedAcidobacteria bacterium clone Class:
WWNA-S 2 Alchichica_AQ2_2_1B_112 98 Acidobacteria
WWNA-6 1 Rhizobium sp. 96 Rﬁzeor;)‘i‘jlin
WW-1 63 Methylobacillus sp. TR etrffggﬁzmus
WW-2 30 Xanthomonas sp. 97 Xarft;r?or:'rl:c?r:]as
Synthetic .
wastewater WW-3 4 Unculturedbacterium clone G3 95 ESCT;:Z'
only . Genus:
WWwW-4 3 Acidovorax sp. 94 Acidovorax
ww-s 1 Pseudomonas sp. 94 Pse(j;;‘rfgr:]as
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Figure 7.21.Phylogenetic tree of bacterial populations ideetifin the NA-enriched
culture (green, NA), and two side cultures fed bgtit wastewater and NAs (blue,
NAWW) and wastewater only (orange, WW) construdigdhe neighbor-joining method
based on the 16S rRNA gene sequences. Fracticactériml population indicated after
bacterial name (%). Bootstrap values (>50%) fromahalysis of 1000 replicates are

shown at each node of the tree.
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7.4 Summary

The commercial NA mixture used in this study wagiphly biodegraded by cultures
developed with an oil refinery activated sludgecimlams. However, a fraction of the NA
mixture was not biotransformed and remained asluasi more likely because of low
bioavailability of the very low concentrations aflividual NAs. NA biodegradation
depended on the age of the cultures and the conditinder which the cultures were
developed relative to NA exposure and availabditypther, degradable carbon sources.
Although a large portion of the commercial NA misdwas biotransformed, only a
relatively small fraction was mineralized to €®urther investigation into the
biotransformation products is necessary as theymoape readily degradable, thus
having the potential to accumulate and contribateefinery wastewater and process
water toxicity. Although it is extremely difficuto identify biotransformation
intermediates for a complex NA mixture, use of madenpounds in future
biotransformation studies would allow identificatiof partially degraded or oxidized
metabolites.

Refinery NAs are typically found at very low contrations within a complex
matrix of other hydrocarbons, which could limit teetent of NA biodegradation in
refinery wastewater and process water treatmemesygsand thus result in the discharge
of NA-bearing effluents with potential NA accumudat in the environment. Complete
elimination of non-bioavailable, residual, and pEent NAs from refinery effluents may
require the use of alternative, tertiary treatnmntesses, such as adsorption or advanced
oxidation. Further understanding of the NA biotfans:ation process in terms of

products formed as well as conditions affectingrthimdegradation will help the
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development of effective treatment processes, dieaseasing the potentially harmful

effects of NAs on the environment.
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CHAPTER 8
EFFECT OF STRUCTURE ON THE TOXICITY AND BIOTRANSFOR MATION

POTENTIAL OF MODEL NAPHTHENIC ACIDS

8.1 Introduction

NAs are the major organic constituent in crudelmat causes corrosion and toxicity
problems in refineries and wastewater treatmeriesys. It is well known that the NA
structure plays a significant role on biodegradghihowever, the effects are not
completely understood. For instance, Clemente. €2@04) and Scott et al. (2005)
demonstrated that NAs with lower carbon numbeys(d less cyclization (lowet) are
more degradable than NAs having highndZ values. Han et al. (2008) later stated that
n does not affect the biodegradability of NAs. Moreg Smith et al. (2008) indicated
that branching of R substantially decreases NA dgoddability. In the current study
(Chapter 7) and previously published literatureiitss less than 100%
degradation/removal of NAs is reported in bioassaydying the biodegradation of NAs
in commercial mixtures or crude oil extracts. Asihot completely understood which
NA structures are recalcitrant, there is a neddrther investigate the effect of NA
structure on biodegradability.

NAs are among the most toxic components of refipeocess waters and the
degree of toxicity varies with the type and concatiin of NAs; however, the chemical
composition and complexity of the NA mixture mayastronger determinant of
toxicity. Crucial information on toxicity, espedmltructure-toxicity information for

NAs is not widely available. Until now, all studibave derived their conclusions mainly
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on the effect of molecular weight and cyclizationtoxicity and biodegradation;
however, there have been no reports on the effesttuctural differences of NA isomers
on biodegradation and toxicity.

The objectives of this research were to: a) agbeswxicity of individual model
NAs using quantitative structure-activity relatibis (QSAR) and compare with
measured Microtox® acute toxicity; and b) deterntime effect of NA structure on NA
biotransformation potential through prediction ajdegradability and experimental

biodegradation assays.

8.2 Materials and Methods

8.2.1 Model Naphthenic Acids

Ten carboxylic acids, selected as model NAs, werelmased from Sigma Aldrich (St.
Louis, MO): octanoic acidy-valproic acid, 2-ethylhexanoic acid, cyclohexylaceacid,
1-methyl-1-cyclohexane carboxylic acid, 2-methytyiclohexane carboxylic acid, 3-
methyl-1-cyclohexane carboxylic acid, 4-methyl-Ilohexane carboxylic acid,
dicyclohexylacetic acid and3&cholanic acid. Stock solutions (5 to 10 g/L) otleanodel

compound were made 1 N NaOH.

8.2.2 Quantitative Structure-Activity Relationshif@)SAR)

Molecular structure and hydrophobicity (log# were used as the descriptors and
toxicity and aerobic biodegradability probabilitere used as the end-points of the
guantitative structure-activity relationship (QSARddel developed. ChemDraw v.10

(Cambridge Soft Inc., Cambridge, MA) was used testaict molecular structures and to
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obtain Simplified Molecular Input Line Entry Syst€®MILES) notations of
representative NA molecules. The log.Kalue for each NA was calculated using

ALOGPS 2.1 on-line softwarditp://www.vcclab.org/lab/alogpsYirtual Computational

Chemistry Laboratory, Munich, Germany) using thelSBS as input. ALOGPS is an
advanced log K, prediction software that was developed with 128@8ecules from the
PHYSPROP database using 75 E-state indices andlatas log K., of a molecule using
64 neural networks. Therefore, it is capable ofifpting non-equal log kK, for isomers,
which is not possible with conventional softwarel@ges which perform logds
calculations using the group contribution methddge Toot mean squared error of the
predictions is 0.35 and the standard mean er@226 for a set of randomly selected
6500 compounds.

ECOSAR ™ (EPISuite v4.0, US EPA), which is a generbdel designed to
estimate the toxicity of a wide range of compoundss used to calculate acldaephnia
magna LCsq toxicity values for the selected model NA compaoaiicbg Ko, calculated
using ALOGPS and SMILES were used as input. The E&® model estimates toxicity
using log K (i.e., hydrophobicity) and chemical structure lubse the structural
similarities to other experimentally tested chertsicihe BIOWIN v4.01 model 5 (MITI
linear biodegradation probability model) was useédtimate the biodegradation
probability of the selected NA structures undeohagr conditions (EPISuite v4.0, US
EPA). The BIOWIN model estimates the biodegradapimbability based on NA

structure using a fragment-based method.
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Using SMILES as input, the OECD (Organization faoBomic Co-operation
and Development) QSAR Toolbox Version 2.3 (OECDOL20wvas used to predict

metabolites and assemble possible biodegradatitmvag(s) for select model NAs.

8.2.3 Biotransformation Assays

To assess the biotransformation potential of theriedel NAs, aerobic batch
biotransformation assays were performed. The NAebad culture (see Section 7.2.1,
above) was washed three times with 10 mM phosphéter as described in Chapter 7,
Section 7.3.1 until the residual NA concentraticasvess than 3 mg/L and then re-
suspended in aerobic culture media amended with@06lH,"-N/L. Portions of 100-mL
of the re-suspended culture were added to ten 25&menmeyer flasks and each model
compound was added at an initial concentratiorppf@ximately 50 mg/L and the pH
was adjusted to 7 using 1N HCI. A control series @aigo set up in the same manner
using only aerobic culture media containing 20 mdyNN/L and each model NA at 50
mg/L. The initial biomass concentration was 30581®VSS/L. The flasks were loosely
capped and agitated on an orbital shaker at 190atpwom temperature (22 to 24°C).
Total NAs and pH were measured throughout the iatiab period.

To investigate the extent of NA mineralization t@a closed bottle, aerobic
biotransformation assay was conducted with the NAebed culture (as described in the
fifth biotransformation assay in Chapter 7, Secfidh2, above) to determine to what
extent two model compounds, valproic acd=0) and cyclohexylacetic acid € -2),
were mineralized to COThe NA-enriched culture biomass was washed as idesicin

Chapter 7, Section 7.2.2, re-suspended in aeraittigre media and amended with 20
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NH,"-N/L. The washed culture was then divided into ¢hcalture series as follows: two
sacrificial culture series were set up in 25-mluseibottles amended with 15 mL NA-
enriched culture with 50 mg NA/L of each model Np sacrificial control culture
series were set up with 50 mg/L of each model Né& 200 mg/L sodium azide to inhibit
any biological activity; and a control seed culteegies was also set up with only the
NA-enriched culture and no NAs. All three cultuezies were sealed with Teflon-lined
stoppers and aluminum crimps and 2 mL pusev@s injected into the headspace
containing air to maintain a positive pressure nensure oxygen was in excess. The
initial biomass in all serum bottles was 219+5 nt§S/L. The culture series were
incubated at room temperature (22 to 24°C), agltatean orbital shaker at 190 rpm. On
day 0, 1, 2, 3 and 7, each culture series wasf&aty sampled for CQ O,, total NAs,
soluble COD, VFAs, organic acids, pH and other gdssntermediates using LC/MS
scanning from m/z range of 30 to 1000 in both pasiand negative ESI mode. On each
sampling day, two NA-amended and two NA-free sadtlie bottles were acidified with
1 mL of 6 N BSO, agitated for 4 hours, and the headspace €@@centration was
measured in triplicate. Prior to opening for ligaidalysis, the headspace O
concentration in the un-acidified serum bottles gyaantified. The sodium azide-
amended series were sampled for all of the abov#iomed parameters at the end of the
7 day incubation period. The pH was maintainedetween 6.5 and 7 in all culture
series. The extent of NA mineralization was deteedibased on carbon mass balance
calculations. The biomass incorporated carbonenm\tA-amended culture series was

determined assumingsB;0.N as the biomass molecular formula.
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8.2.4 Batch NA Biotransformation Kinetics and Pagsen Estimation

For this work, Monod kinetics were used to descgablestrate (i.e., NA) utilization and

microbial growth for each individual model NA arktfollowing differential equations

were used:
dSya _ _( kna Sna )XNA (8.1)
dt
Ksna+tSna
dXyna _ (YNA kna SNA) Xys — bXya (8.2)
dat Ksna+Sna

whereSya, andXya are model NA and biomass concentrations (mg NAML g VSS/L,
respectively)t is time (days)kna is the model NA maximum specific biodegradatiote ra
(mg NA/mgVSSday); Ksua is the model NA half-saturation constant (mg NA/Xa is

the theoretical yield coefficient (mg VSS/mg NAhd is the microbial decay
coefficient (da).

Based on Gibbs’ free energy values calculatedigwtiork (see Section 8.3.2,
below) and bioenergetic calculations, the yieldfftcient for the aerobic degradation of
the model NAs was calculated as follows (Rittmand ElcCarty, 2001):

A= —b—= (8.3)
ENGy

y=22% (8.4)
8(1+A)

where A is the electron equivalents €q) of model NA converted to energy peee

cells synthesized (ignoring decay)is the efficiency of energy transfer, to or from
energy carrier (ATP)AGP (kJ/e eq) is the free energy required to convert the ehididh

to pyruvate(= A(;g&mme — AGS,): AG, (kJ/e eqg-cells) is the free energy required to
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convert pyruvate and ammonia to cells agg (kJ/ € eq) is the free energy released per

€ eq substrate converted for respirat(enAGS; — AGYL)-

Using equations 8.3 and 8.4, the yield coeffici®as estimated to be 0.43 mg
VSS/mg NA-COD (= 1.04 mg VSS/mg NA). The initiablmass concentration X,
measured at the start of the bioassay was 305 ngjLVFhe decay rate values for
heterotrophs are generally in the range of 0.0516 day* (Rittmann and McCarty,
2001; Tchobanoglous et al., 2003). Varying the geatid not significantly affect the
estimated maximum specific biodegradation riig,and thus, a microorganism decay
rate of 0.1 day was chosen and kept constant for all simulations.

TheKgsya value was varied within the range of 1 to 400 dreddffect on the
model fit (root mean square deviation, RMSD) toelkperimental data was not
significant; therefore, based on the simulatiomuitssand reported literature values Ky
(estimated based on NA biodegradation kineticstaiaki et al., 2009), a value of 350
mg/L was chosen and kept constant in all simulati®arameter estimation was
conducted as described in Chapter 6, Section GB®e using Berkeley Madonna
Software Version 8.3 (Macey and Oster, 2006). Lexgopls observed in biodegradation
were ignored when estimating NA biodegradation tase All parameter values used to

calculate the yield coefficient and biodegradatiaies are summarized in Table 8.1.
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Table 8.1.Estimated and literature values used to calculaarticrobial yield
coefficient and estimate the biodegradation kirseditthe model NAs.

Parameter Value
AGS)ypate (KI/EEQ) 35.1
AG, (KI/Eeqy 28.7
AGY (KI/€eq) -18.7
AG, (KJ/eeq) 6.4
AG, (k/€eq) 18.8
AG, (kdleeq) -107.4
n 1

€ 0.6
A (e eq NA to energy/eeq VSS synthesized) 0.65
Y (mg VSS/mg NA-COD) 0.43
Y (mg VSS/mg NA) 1.04
XN, initial (Mg VSS/L) 305
b (day) 0.1
Ksva (Mg NA/L) 350

@Mean Gibb’s free energy value for all model NAs
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8.3 Results and Discussion

8.3.1 Properties of Model Compounds

The log K, values were estimated for each model compoundrencesults are shown in
Figure 8.1A, 8.1B and 8.1C as a function of carbomber,Z number and molecular
weight, respectively. The NA hydrophobicity increasvith increasing carbon number;
the hydrophobicity of monocyclic NAs is less thae tiydrophobicity of acyclic NAs
having the same carbon number (Figure 8.1B). Thmated log kK, values ranged from

2.14 to 5.45 and estimated p¥alues were very similar for all NAs in the rargfet.7 to

4.82 (Table 8.2).

8
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Figure 8.1.Estimated Log kK, as a function of carbon number (A), Z number (BJ anolecular

weight (C) for ten model NAs.
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8.3.2 NA Toxicity

The structural variations of NA molecules inclutle tlegree of cyclizatiorZ], location
of branch (R) on a ring, and branching. The eféé¢hese structural variations on
toxicity was assessed for eight model NAs with &oas and numbers of 0 and -2 and
two additional higher MW model NAs with 14 carbarsdZ = -4 and 24 carbons aZd
= -8. The LG toxicity value toDaphnia magna was estimated using the EPISUITE
ECOSAR model and compared to measured Microtox@eaEGs, toxicity values for the
ten model compounds studied and the results amgrshmoFigure 8.2A and 8.2B,
respectively. Figure 8.3A and B show that the tibyiof the lower MW ( = 8), small
NA molecules does not vary much wZmumber; however, they are less toxic than the
larger, more hydrophobic NA molecules. The QSARJmted LG, values indicate that
the cyclic NAs are less toxic than the acyclic Nkshe same MW; however, the
measured Microtox® acute toxicity values indicatieel opposite. Figure 8.4 shows the
predicted and measured toxicity for each model N4 iadicates that the Lsgand EGp
values cannot be directly compared since the pieditoxicity is forDaphnia magna and
the measured toxicity is fafibrio fischeri; however, the observed trend is the same for
both organisms. Figure 8.5 shows a correlatiérO(475) between the predicted and
measured toxicity values. A strong correlation adrbe made, likely due to the
difference in test species for predicted and meabktoxicity values.

The results of both the QSAR and measured Microtag@te toxicity suggest
that the toxicity of NAs is influenced by their hhgghhobicity, agreeing with previously

published toxicity studies (Frank et al., 2009;rfkat al, 2010; Jones et al., 2011,
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Whitby, 2010). Due to the surfactant propertiedl8s, cell narcosis is the major mode

of action (Frank et al., 2009; Frank et al., 201dnhes et al., 2011; Zhang et al., 2011)
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Figure 8.2.Effect of molecular weight on EPISUITE predictexise Daphnia magna (LCsg)
toxicity (A) and measured Microtox® acute (gjxoxicity (B) values for ten model NAs.

160 ) 30 g B)
> 140t ° [
= ° Z 25¢
g _ 120+ Q L
3 ) X320+
Cg 1009 05 | = i
g =g
q = 80r o 151 [
O - " m
02 60 5 yd,o 10}
o 40 2 -
T 20f s O
O | 1 | 1 . 1 | L 1 .— 0 1 ! | ' ! | | 1 1 L
6o -2 4 -6 -8 -10 0O -2 -4 -6 -8 -10
Z number Z number
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203



(A) (B)

1-methyl-1-cyclohexanecarboxylic a (@) - (@)
2-methyl-1-cyclohexanecarboxylic a o - ¢}
3-methyl-1-cyclohexanecarboxylic a o - o
<Z( 4-methyl-1-cyclohexanecarboxylic a o - O
d cyclohexylacetic aci ¢} - o
[a) n-valproic acid o - O
g 2-ethylhexanoic aci ©) - o
octanoic aci o - o
dicyclohexylacetic aci O
5B-cholanic aci ID
0 40 80 120 160 O 10 20 30 40
PREDICTED MEASURED
TOXICITY TOXICITY
(LC,, mg/L) (EC,,, mg/L)

Figure 8.4.Predicted toxicity tdaphnia magna (A) and measured toxicity tdibrio
fischeri (B) for each model NA tested.
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Figure 8.5.Correlation between predicted toxicity@aphnia magna and measured
toxicity to Vibrio fischeri for each model NA tested?(x 0.475).
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8.3.3 Probability of NA Biodegradation

The effect of NA structure on aerobic biodegradgbias predicted based on Gibb’s
free energy values and BIOWIN v4.01 model 5 (Mlifiear biodegradation probability
model) and compared to the results of experimdntalegradation assays. The standard
Gibb’s free energies of various model NAs were daled as described in Chapter 6,
Section 6.2.1, above and the reduction and oxidagactions are shown in Table 8.3 and
Table 8.4, respectively. The Gibb’s free energyealuction reaction for model NAs with
Z=0, -2, -4 and -8 were estimated to be 28.77,28.0 and 26.6 kJ/eeq, respectively.
The free energy of NA oxidation was between -47268 14003.8 kJ/mol NA for all
model NAs. Therefore, biodegradation of all NAgmergetically feasible under aerobic
conditions and complete NA mineralization shoulelgian average energy of 107.06 kJ
per electron equivalent.

The aerobic biodegradation probability predictedhsyBIOWIN model for each
model NA is summarized in Table 8.2. The resultaate that the aerobic
biodegradation potential is highest for acyclic NAgh as octanoic, valproic and 2-
ethylhexanoic acid, and lowest for the highest M\Wdel NA, 3-cholanic acid. The
aerobic biodegradability is very similar for all del NAs with 8 carbon atoms; however,
the probability of aerobic biodegradation is sigrahtly lower for 1-methyl-1-

cyclohexylcarboxylic acid, which contains a quateyncarbon atom (Table 8.2).
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Table 8.2 Characteristics of model NAs.

Aerobic
Model NA n z MW  Log K., pK, Biodegradability
Probability
Octanoic acid
144.2 2.94 4.75 0.86

D
(00]
o

OH

2-ethylhexanoic acid

o
/\/\(U\DH 8 0 144.2 2.61 4.75 0.86

n-valproic acid

0, OH
/\—ji/\ 8 0 144.2 2.54 4.75 0.86

Cyclohexylacetic acid

O\/L 8 2 1422 253 472 075

1-methyl-1-cyclohexanecarboxylic acid
o

d)Lo” 8 -2 1422 2.14 4.7 0.57

2-methyl-1-cyclohexanecarboxylic acid

o
Qﬂl\c’” 8 -2 1422 2.2 4.82 0.75

3-methyl-1-cyclohexanecarboxylic acid
o]

\O/“\GH 8 -2 1422 2.2 4.82 0.75

4-methyl-1-cyclohexanecarboxylic acid

o
/O)LOH 8 -2 1422 2.39 4.82 0.75

Dicyclohexyl acetic acid

OE( 14 -4 2242 4.34 4.7 0.71

5p-cholanic acid

!LS 24 -8 360.6 5.45 4.75 0.28
.—-‘\ I,. e P

w-...-'TH_-
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Table 8.3 NA half-reactions and their Gibb's free energyp#it7 and 298K.

'0
Reduction Reactions AG
(kJ/e eq)
C =8, Z =0 (valproic acid, 2-ethylhexanoic a@dtanoic acid)
8 1 14
25 COHH e 0= CaHig0pt 1 H0 28.7
C =8, Z = -2 (cyclohexylacetic acid, methyl cyadalane carboxylic acid)
8 1 14
25 COrHH"+e = = CgH10,+ 2= H,0 28.7
C =14, Z = -4 (dicyclohexylacetic acid)
14 1 26
7_6COZ+H++e-(_)7_6C14H2402+7_6H20 29.0
C =24, Z = -8 (B-cholanic acid)
24 1 46
- +H e —— +—H.0O 26.6
13402 H 1€ 157 CadHagO T T o

Table 8.4.NA oxidation reactions and their Gibb's free eneatjpH 7 and 29&K.

'0
Oxidation Reactions AG
(kJ/mol NA)
C =8, Z =0 (valproic acid, 2-ethylhexanoic a@dtanoic acid)
CgH160,+11 0,8 CO+8 H,0 47268
C =8, Z = -2 (cyclohexylacetic acid, methyl cyatadane carboxylic acid)
CgH140,+10.50,38 CO,*7 H,0 45135
C =14, Z = -4 (dicyclohexylacetic acid)
C14H240,t190,-14CO,+12H,0 -8183.9
C =24, Z = -8 (B-cholanic acid)
C24H400,+33 0,24 CO,+20H,0 -14003.6
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8.3.4 NA Biotransformation Potential

Biodegradation assays were set up to investigatbeititransformation potential of ten
model NAs by the NA-enriched culture. Time couragador all 8-carbon model NAs
tested are shown in Figure 8.4. Figure 8.6 shoass#iof the 8 eight-carbon model NAs
were biodegraded by the NA-enriched culture in thas 4 days. Only one model NA, 1-
methyl-1-cyclohexane carboxylic acid, was not bgrdeled throughout the 7-day
incubation period. This model NA was likely recédant due to the quaternary carbon
present in this compound. None of the other moded Msted has a quaternary carbon.
These results indicate that the first step in thgrddation of the seven biodegradable
NAs is likely a-oxidation (Figure 8.7); however, in the case ohéthyl-1-cyclohexane
carboxylic acid, the quaternary carbon cannot hdipexd and biodegradation does not
proceed. The results support the QSAR predictibasthis compound is less
biodegradable than the other eight-carbon model. NAs

The biodegradation kinetics of the model NAs weneutated using equations 8.3
and 8.4 and the estimated biodegradation rate®RM®ID values are summarized in
Table 8.5. The measured and simulated NA concémtsatire shown in Figure 8.8. Of
the seven model NAs that were biodegraded by theeNiiched culture, octanoic acid
and 2-ethylhexanoic acid were degraded the fasti$iin 1 day or less, followed by 2-
methyl-1-cyclohexanecarboxylic acid, 3-methyl-1{oyexane carboxylic acid and 4-
methyl-1-cyclohexane carboxylic acid (Table 8.5 glperiods were observed in the
degradation of the two branched, acyclic model N&sthylhexanoic and valproic
acids), contradicting the QSAR prediction thataaljclic NAs are the most

biodegradable; however, the lag period was ignoareen estimating the model NA
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biodegradation rates (Figure 8.8). The lag perayd®@fethylhexanoic acid was
approximately 1 day, upon which degradation proededpidly. The lag period
observed for valproic acid was shorter than 2-éttyhnoic acid; however, degradation
was much slower once valproic acid degradationgeded. All compounds (excluding
1-methyl-1-hexylcarboxylic acid) were degraded witfour days of incubation.

In addition to the eight lower MW model NAs, thetransformation potential of
two higher MW, more complex NAs, dicyclohexylacetimd and B-cholanic acid, was
investigated. Both compounds were recalcitrantvaek not degraded during an
extended, 18-day incubation (Figure 8.9). Thesepmmds are more complex and have
a higher cyclization and MW, thus, they are moq@esentative of NAs found in refinery
wastewater or oil sands process water. These seagiiee with previous bioassays of this
study (Chapter 7) and previously reported litermaudata that higher MW NAs with
increased cyclization are more recalcitrant thanldkver MW, less complex NAs
(Biryukova et al., 2007; Clemente et al., 2004, leaal., 2008; Holowenko et al., 2002;

Scott et al., 2005; Watson et al., 2002).
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Table 8.5.Estimatedkya (Mg NA/mg VSS-day) and RMSD values for the aerobic

biodegradation of the selected model NAs by thedwiched culture.

Model NA Kna RMSD
Octanoic acid 4.05 7.3
2-ethylhexanoic acid 2.76 2.4
n-valproic acid 1.41 2.7
Cyclohexylacetic acid 1.65 5.6
1-methyl-1-cyclohexane carboxylic acid 0.01 0.9
2-methyl-1-cyclohexane carboxylic acid 2.23 3.1
3-methyl-1-cyclohexane carboxylic acid 2.24 2.2
4-methyl-1-cyclohexane carboxylic acid 2.21 2.9
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Figure 8.6.Aerobic biotransformation of 8-carbon isomer nidd& compounds by the

NA-enriched culture series containing the followmgdel NAs: 1-methyl-1-cyclohexane
carboxylic acid (A), 2-methyl-1-cyclohexane carblixycid (B), 3-methyl-1-
cyclohexane carboxylic acid (C), 4-methyl-1-cycleé@ee carboxylic acid (D),
cyclohexylacetic acid (E), 2-ethylhexanoic acid, (|glproic acid (G) and octanoic acids
(H). (Error bars represent mean values + one stdrikviationn = 3).
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Figure 8.8.Measured (symbols) and simulated (dashed linesgdifentrations in the

NA-enriched culture series containing the followmgdel NAs: 1-methyl-1-cyclohexane

carboxylic acid (A), 2-methyl-1-cyclohexane carblixycid (B), 3-methyl-1-

cyclohexane carboxylic acid (C), 4-methyl-1-cycleé@ee carboxylic acid (D),

cyclohexylacetic acid (E), 2-ethylhexanoic acid, (|glproic acid (G) and octanoic acids

(H).
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Figure 8.9.Dicyclohexylacetic acid and3scholanic acid concentrations over the 18-

days incubation using the NA-enriched culture (Elrars represent mean values * one

standard deviatiom = 3).

8.3.5 NA Mineralization Potential

To investigate to what extent the biodegradableehbid\s are mineralized to GOa
closed bottle, aerobic biodegradation assay wassasing two model NAs, valproic
acid and cyclohexylacetic acid. The NA concentratarbon dioxide production,
oxygen consumption and soluble COD for both modetgounds and their respective
controls are shown in Figure 8.10 and Figure 8Sitilar to the previous
biotransformation assay, valproic acid degradatias slower than cyclohexylcarboxylic
acid, which is also indicated by both slower oxygensumption and carbon dioxide

production. The results of this study show that%Qif the two model NAs were
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biotransformed and completely mineralized to carthaxide, with 21 and 35% of
valproic and cyclohexylacetic acid utilized for fyiass growth, respectively. VFAS,
organic acids or intermediates were not detecteshynof the samples analyzed
throughout the incubation period. These resultaataagree with the results of the
mineralization of the NA mixture (Chapter 7, Sentit3.6) in which 85% of the mixture
was biotransformed but only 44% was mineralize@@. The observed difference is
likely due to the fact that the NA-enriched cultiseeapable of completely mineralizing
the lower MW NAs and can only partially oxidizeroot biotransform the higher MW,
more complex NAs.

Although metabolites were not detected, the aerdbgradation pathway was
predicted based on the model NA structure, prevebudies, predictions of the OECD
QSAR toolbox software and the measured final prodiarbon dioxide. The proposed
aerobic degradation pathways for the selected twdaihNAs are shown in Figure 8.12
and 8.13, respectively. Similar to other studies,most likely degradation pathwaypis
oxidation, in combination witlx- or w-oxidation. The microbial attack of the acyclic NA,
n-valproic acid, is likely initiated by oxidation tfe - or ®- carbon. Both pathways
result in the formation of smaller organic acidsahhare mineralized to C{OFigure
8.12). The structure and predicted metaboliteb@fctyclic NA, cyclohexylacetic acid,
indicate that the initial step of biodegradatiofikely oxidation of thex-carbon, loss of
one carbon and followed by the oxidation of frearbon resulting in ring cleavage,

formation of smaller organic acids and finally milezation to CQ (Figure 8.13).
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Table 8.6.Carbon balance for closed bottle, aerobic biodiggran of valproic acid and

cyclohexylacetic acid by the NA-enriched culture.

Valproic Acid Cyclohexylacetic Acid
Carbon Component % of total % of total
mmol C mmol C
carbon addeq carbon added
NA Degradation 0.0416 100 0.0422 100
CO, Production 0.0315 75.9 0.0295 69.9
Biomass Growth 0.0086 20.6 0.0146 34.6
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Figure 8.10.NA degradation, carbon dioxide production and @tygonsumption in
valproic acid (A, C) and cyclohexylacetic acid (), closed bottle, aerobic NA-enriched
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8.4 Summary

Although previous studies have investigated theatfdf NA structure on toxicity and
biodegradability, the effect of structure withig@up of NA isomers has not been
previously investigated. Although significant diéaces were not observed in the
predicted and measured toxicity between the eightddmers used in this study, the NA
structure had a significant effect on biodegradigbiBranched model NAs exhibited lag
periods and slower degradation rate than non-beshoh simple cyclic model NAs. The
presence of a quaternary carbon even in a low MWréAllts in molecular recalcitrance.

The results of this study agree with previous &si@ind indicate that the higher
MW, more hydrophobic NAs are more toxic and red¢edait. The results also indicate
that complex structures, such as quaternary cabeanng NAs, increase recalcitrance,
even in low MW NAs. The quaternary carbon as welaa increase in MW and
cyclization significantly increased the recalcittarof the studied model NAs. The
recalcitrance of the higher MW as well as quatermarbon-bearing NAs provide further
insight into the results on the biodegradation obmplex NA mixture (see Chapter 7)
and confirm that the residual NAs observed in tiheéviriched culture effluent is likely
the result of molecular recalcitrance in additiorNtA bioavailability.

Given the complexity of NA distribution in refineryastewaters and the limited
availability of representative individual NAs inetimarket, developing structure-activity
relationships to understand the fate and effettAd in biological treatment systems and
the environment, as well as possible complicatiessiting from the reuse of NA-

bearing treated water in the refineries, is cru@aich a methodology will be beneficial
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in understanding the results obtained from bioassay in developing treatment options

for NA-bearing refinery wastewater.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

This study assessed the fate, toxicity and biofcamsation potential of naphthenic acids
through a series of toxicity, inhibition and biotsfiormation assays. Biotransformation
potential and inhibition of NAs was investigateddenaerobic, anoxic and
fermentative/anaerobic conditions.

A NA mixture, representative of NAs found in rediy wastewater streams, was
used in biotransformation and inhibition assaydividual model NAs were also selected
to investigate the effect of NA structure on boitttansformation and toxicity. NA
hydrophobicity and structure were used to predietNA biotransformation potential and
toxicity and the predictions were compared to #sults of experimental toxicity and
biotransformation assays. Biotransformation of NeAgnermodynamically feasible under
aerobic, anoxic and fermentative/anaerobic conustilmowever, only select NAs were
biodegraded/biotransformed under aerobic conditidhs following conclusions can be
drawn based on the results of this research:

(1) The desalter brine is the main source of NAs imesfy wastewater; however,
NAs are ubiquitous in refinery wastewater treatnsstems (i.e., influent, mixed
liquor and effluent).

(2) Activated sludge units of crude oil refineries affective in lowering the effluent
NA concentrations as well as the effluent toxichigwever, it was not possible to

correlate Microtox® acute toxicity values to NA @amtrations in such complex
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samples. Other components contribute significaitiyhe measured toxicity and
thus, the measured toxicity largely depends omiagtewater composition.

(3) Desorption and biodegradation of chronically-sorbiéss in refinery mixed
liquors were limited, resulting in sludge with edéé®d NA concentrations as
compared to influent NA levels, indicating that kwefinery effluent
concentrations are due to both biodegradation dedrption to biosolids. High
NA concentrations measured on the biosolids inditaat treatment of refinery
biosolids is required and important for the redutctf NAs.

(4) NAs were found to accumulate on the biosolids aaditpn to both artificial and
natural adsorptive media. Therefore, NAs are likelpe found in anoxic or
anaerobic environments; however, they are not diegrander these conditions
and could potentially accumulate to toxic levelshiase environments.

(5) The commercial NA mixture used in this study wadiplly biodegraded by
cultures developed with oil refinery activated gadnoculum. However, a
fraction of the NA mixture was not biotransformewlaemained as residual as a
result of low individual NA concentrations belowetminimum substrate
concentration at which they are no longer degrad@bd.results indicate that
biodegradation alone will not completely remove N#k&l combination with
tertiary physical/chemical treatment methods isinexgl for complete NA
removal from refinery effluents.

(6) Although a large portion of the commercial NA misdwas biotransformed, only
a small fraction was mineralized to g®he un-mineralized NAs were likely

biotransformed to more oxidized metabolites.
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(7) NA structure had a significant effect on biodegtabiy. Branched model NAs
exhibited lag periods in batch bioassays and lalegradation rate than non-
branched or simple cyclic model NAs. The preseri@quaternary carbon even
in a low MW NA resulted in recalcitrance. Larger MMAs with increased

cyclization were also recalcitrant.

9.2 Recommendations

This research is a comprehensive study of NAs fiteersource (crude oil) to the refinery
effluent and the results have provided informatarthe physical, chemical and
biological processes that determine the fate afettedf NAs in engineered and natural
systems. The results of this research can be osetprove NA-bearing wastewater
treatment and disposal as well as provide guidelar&l recommendations for future
practices and/or regulations.

Given the complexity of NA distribution in refinewyastewaters and the limited
availability of representative individual NAs ingtlmarket, developing structure-activity
relationships to understand the fate and effettAd in biological treatment systems and
the environment, as well as possible complicatiessiting from the reuse of NA-
bearing treated water in the refineries, is cruddgntification of more complex and
representative NA structures in refinery wastewatet oil sands tailings ponds through
advanced analytical methods will allow for moreexgint structure-activity studies to be
conducted.

Multiple studies, in addition to this one, haveigaded that NAs are not

completely degraded and likely biotransformed taeraxidized products. Further
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understanding of the NA biotransformation proceserms of products formed as well
as conditions affecting their biodegradation wélhthe development of effective
treatment processes, thus decreasing the potgrtaimful effects of NAs on the
environment. In addition, further investigationarthe biotransformation products is
necessary as they may not be readily degradahie hi#éwving the potential to accumulate
and contribute to refinery wastewater and procestemtoxicity. Although it is extremely
difficult to identify biotransformation intermeded for a complex NA mixture,
advancement in analytical techniques and use oetmmmpounds in future
biotransformation studies would allow identificatiand analysis of partially degraded or
oxidized metabolites. Advanced molecular biologyisacan be used to confirm the NA
degradation pathway through use of NA-degradintaies and various model NAs.
Identification of NA-degrading organisms as wellggmes and enzymes involved in NA
biotransformation can provide insight into the éastcausing NA recalcitrance.
Complete elimination of non-bioavailable, residw@ald persistent NAs from
refinery effluents may require the use of altengttertiary treatment processes, such as
adsorption or advanced oxidation. Activated carlespecially PAC , isomplementary
to microbial biodegradation dra combination of physico-chemical and biological
processes may be necessary to achieve the comgreteal of NAs from the petroleum
refineries effluents. The use of a PAC filter osptreatment for removal of recalcitrant
NAs should be investigated through small scaleinaous flow systems that can provide
systematic information about the use of differedgaptive media as both pre- and post-

treatment to refinery activated sludge units.
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