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A B ST R A C T

Polyacrylam ide was tested as a  flocculation aid by Syncrude C anada Ltd. because 

o f its effectiveness in flocculating tailings w ithout elevating salt concentrations. 

Residual acrylam ide at low concentrations in polyacrylam ide form ulations has raised 

environm ental concerns, because acrylam ide has been considered to be toxic. This study 

investigated the activities o f  oil sands m icrobial consortia in the presence of 

polyacrylam ide o r acrylam ide under sulfate-reducing o r m ethanogenic conditions in 

laboratory m icrocosm s. Low  concentrations o f acrylam ide w ere degraded under aerobic, 

sulfate-reducing, m ethanogenic, and sim ulated environm ental conditions by several 

environm ental m icrobial consortia. Acrylam ide at higher concentrations stimulated 

m ethanogenesis after an acclim ation period. W hen supplied as a nitrogen source, 

polyacrylam ide significantly enhanced m ethanogenesis, but under sulfate-reducing 

conditions, no conclusions could be drawn about polyacrylam ide use as a nitrogen 

source. A crylam ide does not persist under any o f the conditions tested in this study, and 

so likely w ould not pose an environm ental risk when present in oil sands tailings.
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1. Introduction

1.1. Oil sands operations

O rganic polym ers such as polyacrylam ide (PAM ) have been proposed to treat 

extraction tailings from  oil sands operations in order to d ispose o f  the fines fraction, to 

enhance heat recovery from  extraction water, and to allow m ore rapid  w ater recycle. 

How ever, the environm ental stability o f  PAM  and its residual contam inant acrylam ide 

m ust be assessed before usage in oil sands projects beyond the tests conducted by 

Syncrude Canada Ltd.

Bitum en from  oil sands accounted for 34%  o f C anada’s dom estic oil production 

in 2000, and will continue to be a significant source o f C anada’s hydrocarbon supplies 

(Syncrude 2000). Oil sands are found in four locations in A lberta, and o f  these, the 

A thabasca deposit is the largest, with an estim ated volume o f  over 800 billion  barrels o f 

bitum en (FTFC 1995a), w hich is at least four tim es the size o f  the w orld ’s largest 

conventional oil field (Schram m  et al. 2000). Production from  conventional oil fields has 

been exploited historically, but as these reservoirs dim inish, bitum en extracted  from oil 

sands will becom e m ore im portant.

In general, oil sand ore is bitum en-im pregnated sands contain ing a  coarse sand 

fraction and a fines fraction o f  silt and clays, form ation w ater, and bitum en (FTFC 

1995a). The A thabasca oil sand deposit is com posed of about 10 to 12% (wt.) bitum en 

dispersed in fine quartz sands, w ith an average grain diam eters o f  150 to 250 /mi, and 

clays dom inated by kaolinite and illite (Schram m  et al. 2000). C om m ercially , successful 

recovery o f  the bitum en fraction is the goal o f  oil sands operations. B itum en is a 

com plex m ixture o f high m olecular w eight organic com pounds such as hydrocarbons 

(FTFC 1995b). T he bitum en in these sands is separated from  the m ineral fraction (sand, 

clay, and silt) by a thin w ater film , a unique property that allow s fo r b itum en extraction 

from  the oil sand using aqueous digestion m ethods (Schram m  et al. 2000).

Currently, m ost bitum en is recovered from  the oil sand at Syncrude Canada Ltd. 

by using the C lark Hot W ater Extraction process. In this process, w arm  w ater with a 

process aid such as sodium  hydroxide are added to oil sand and m echanically  agitated to

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



form  a slurry. The slurry is directed to settling vessels, w here the bitum en is separated 

from  sand and suspended fines by flotation (FTFC 1995b). T he bitum en is then 

upgraded, producing a light sw eet oil o f low er viscosity (Syncrude Sw eet B lend) that is 

pipelined to m arket for further refining (Syncrude 2000).

T he m aterial rem aining following bitum en extraction is referred to as tailings 

which are hydraulically transported as an aqueous slurry to settling basins (FTFC  1995b). 

Extraction tailings slurries will have densities o f  about 1.4 to 1.5 t m '3, com prised o f 

w ater (45 to 60 wt. % ), coarse sand (40 to 55%  wt. %) (85%  greater than 22 /tm ), fine silt 

and clays (15%  less than 22 ^m ), and residual hydrocarbons (0.3 to 1 wt. %) (Syncrude 

2000; FTFC 1995b). Syncrude Canada Ltd., a m ajor oil sand processor, follow s a “zero 

discharge” policy, m eaning that no process w aters or tailings m aterial are released into 

the environm ent o ff its operation leases. The extraction tailings are placed into large 

settling basins from  w hich process waters are recycled back to the plant following 

gravity settling and densification (M acK innon 1989).

O nce there, the fine fraction will settle to a solids content o f  g reater than 30% , at 

which point they are called m ature fine tails (M FT), and the clarified  w ater layer (release 

water) is rem oved from  the surface for reuse in the extraction process (FTFC 1995b). 

W hile sand and coarse tailings quickly settle, the fines fraction was estim ated to take 

m any years to fully de-w ater through settling and consolidation due to their small size 

and m ineralogy (Eckert et al. 1996). During its first 25 y o f S yncrude’s operations, M FT 

have been accum ulating at a rate o f  approxim ately 0.15 m 3 t' 1 oil sand processed (M. 

M acK innon, Syncrude Canada Ltd., personal com m unication, 2004). During the 

operation stage o f developm ent, continuous tailings addition  com pounds the 

sedim entation problem , because the fresh tailings stream  disturbs the deposit. Eventually 

these soft tailings m ust be reclaim ed. A lthough the release w ater is recycled, the 

rem aining soft tailings m ust be reclaim ed to m eet the com pany’s com m itm ent to produce 

a stable, viable, self-sustaining habitat (FTFC 1995a). Tw o reclam ation m ethods have 

been proposed: a “w et-landscape” approach, in w hich a w ater cap  is placed over M FT to 

form lakes and w etlands, and a “dry landscape” reclam ation option  in w hich solidified 

tailings are reclaim ed as a dry landscape (FTFC 1995b). The challenge facing Syncrude
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and the o ther oil sands operators is how to produce such a reclaim able surface on which 

vegetation can succeed.

To increase the fine tailings sedim entation rate, chem ical additives can be used. 

In one process based on coagulation, calcium  in the form o f  gypsum  (C aS0 4 -2H 20) is 

added to form  quick-settling stable aggregates, know n as consolidated or com posite 

tailings (M atthew s et al. 2001). H ow ever, high gypsum  application rates are required for 

effective coagulation, leading to elevated salinity concentrations in the tailings and 

release w ater (M acK innon et al. 2001). H igh ionic strengths cause problem s with the 

quality o f  release w ater for recycling (related to divalent cations and ionic strength) 

(M acK innon et al. 2001) and with terrestrial reclam ation o f  the resulting deposits 

(salinity, ionic com position) (Renault et al. 1998).

To avoid this problem , synthetic organic polym ers, such as PAM , have been

proposed as flocculation aids. Flocculation occurs when divalent cations form  bridges

betw een the anionic PAM  and negatively-charged clays (N adler and Letey 1989).

M ultiple charged groups on the PAM  m acrom olecule adsorb m any clay particles, thereby

form ing larger floes that settle m ore rapidly out o f suspension (Sw orska et al. 2000). In

addition, hydrogen bonding betw een clays and PAM  contributes to adsorption o f  clay

particles to PAM  (N abzar et al. 1986). PAM  (75 to 300 g f 1 solids) is added to the

flotation tailings stream , which originates directly from  bitum en extraction. These

flotation tails are low er density and have higher fines content than the prim ary extraction

tailings. They will range from 4  to 24%  solids, with the fines fraction generally greater

than 50% . M ixing this tailings stream  with PA M , followed by a rapid de-w atering step

in a thickener, produces a paste-like m aterial referred to as thickened tailings (TT).

Released water from  the thickening process will contain a low solids content (less than

0.5% ), and is available from the thickener rapidly enough to allow  the potential for heat

energy recovery. The resulting dense stream , produced from  the underflow  o f the

thickener (TT slurry), is pum ped into storage pits, where further TT  pore w ater is

released over time. An overview  o f  this process is shown in F igure 1.1. It is anticipated

that large tailings ponds are not required for this process, because m ost tailings w ater is

rem oved at the thickener, and the resulting T T  deposit contains a higher fines density

than conventional tailings (Syncrude 2000). T he com position o f  the T T  is 75 to 80%
3
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solids (30 to 35%  are fines less than 46 /tm ), w ith 0.2 to 0.4%  bitum en (M . M acK innon, 

Syncrude C anada Ltd., personal com m unication, 2004). The T T  deposit is expected to 

allow  for m ore efficient w ater recycle and faster access fo r terrestrial reclam ation. The 

concern in this process is the concentrations o f  acrylam ide present in T T  resulting from  

PAM  use, as well as the environm ental fate o f  the PA M  itself. A  dosage o f  25 g PAM  

m ‘3 treated tailings w ould results in acrylam ide concentrations o f  2.5 to 15 /ig  L ' 1 in TT  

pore waters (K indzierski 2001). C urrently , A lbian Sands Energy Inc. is the only oil 

sands com pany that produces TT  on a large scale. Syncrude is carrying out pilot-scale 

experim ents to evaluate the T T  process, w ith em phasis on rapid w ater and heat recovery 

for the tailings for w ater reuse.

Flotation tails (FT)
5 to 24% solids 
35 to 80% fines

PAM Dosage
  10 to 30 g m 3 FT
(100 to 400 g acrylamide f 1 dry PAM)

Transport

overflow extractionThickener

Release water for 
reuse

TT depositunderflow

J/Vater: 2 to 10 jug acrylamide L'1

Solids: > 150 g PAM t 1

Figure 1.1. Schem atic o f  the proposed T T  process (show n by perm ission o f 

Syncrude Canada Ltd.).
4
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1.2. PAM

1.2.1. Properties o f PAM

PA M s are high m olecular w eight synthetic polym ers produced through 

copolym erization o f acrylam ide w ith alternate functional groups. T he resulting polym ers 

have various charges (nonionic, anionic, and cationic) and charge densities that provide 

enhanced versatility (L ipp and K ozakiew icz 1991). A nionic PA M , show n in Figure 1.2, 

has m any industrial applications (European C hem icals Bureau 2002). It is produced by 

copolym erization o f acrylam ide and acrylic acid. C ationic PA M s w hich are m ore water- 

soluble are copolym ers o f acrylam ide and quaternary esters or am ines, whereas nonionic 

PA M s are copolym ers o f  acrylam ide. D epending on application, specific form ulations 

can be m ade to optim ize the PA M  to specific uses. In the oil sand industry, m ost o f the 

PAM  used is anionic (Figure 1.1). Chain length determ ines polym er properties and 

usefulness, so PAM  is classified according to w eight-average m olecular weight, as seen 

in T able 1.1. PAM  is relatively w ater-m iscible at all tem peratures and pH values 

expected in tailings w aters, although high m olecular w eight polym ers m ay require longer 

for d issolution (Lipp and K ozakiew icz 1991).

C = 0 c=o

N H'2

n

Figure 1.2. R epresentative structure o f anionic PAM . 

(n represents up to 10 subunits.)
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T able 1.1. PA M  classification based on m olecular weight, 

(adapted from  L ipp and K ozakiew icz 1991)

Size classification W eight-average m olecular w eight
(Mw)

H igh 15 x 106
Low 2 x 105

Very low 2 x 103

D uring synthesis o f  the anionic PA M , incom plete polym erization leaves 

unreacted acrylam ide in PA M  form ulations. A lthough m ost residual acrylam ide is 

rem oved by chem ical treatm ent, som e rem ains as a contam inant in the finished product 

(M urgatroyd et al. 1996). Toxicity concents surrounding residual acrylam ide are 

d iscussed in Section 1.3.3. M anufacturers follow a 0.1%  (w /w ) guideline for the am ount 

o f  acrylam ide in PAM  products (STO W A  1995), but m ost industrial PA M s have less 

than 0.05%  residual m onom er in the PAM , w hich is the m axim um  for potable w ater 

treatm ent facilities w here allow able acrylam ide concentrations are set at 0.5 \ig L ' 1 (U.S. 

EPA  1994). R ecent studies have found that com m ercial PA M s considered for use in oil 

sands tailings flocculation have residual m onom er contents from  140 to 460 /tg g ' 1 (0.014 

to 0.046% ) (Sem ple et al. 2001). A lthough release waters from  polym er-treated  tailings 

are not used as potable w ater sources, eventual reclam ation o f  T T  or seepage and runoff 

w aters from T T  deposits raise concerns over the concentrations o f  acrylam ide present in 

the pore w aters. B ologna e t al. (1999) reported that low concentrations o f  acrylam ide 

w ere detected  in vegetables grown in PA M -treated soil. Thus, concern  over availability 

o f  acrylam ide in reclam ation o f TT has been raised, since the proposed PA M  dosages are 

high enough that acrylam ide in the pore and release waters w ould  exceed the 0.5 /xg L ’1 

concentration established by the U.S. EPA  (1999) unless in situ  degradation processes 

occur.

1.2.2. Uses o f  PA M

M any industries, including w ater treatm ent, m ineral p rocessing, agriculture, and 

som e o f the oil sands processors, utilize PAM  as a flocculant to enhance settling o f
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dispersed solids. As described in Section 1.1, d ivalent cations in solution form  bridges 

betw een anionic PAM  and negatively charged solids such as clay. M any charged groups 

are present on high m olecular w eight PA M , so m any sm all particles are bound together 

into larger floes which settle m ore rapidly out o f  solution than the original small 

particles, according to S tokes’ Law  (M ortim er 1991). E ither cationic o r anionic PAM s 

can be used as flocculants, depending on the predom inant chem ical charge o f  dispersed 

solids. Sew age sludge dew atering is often accom plished by cationic treatm ent, whereas 

anionic PA M  is used for settling m ineral solids such as gravel tailings, industrial 

effluents (M ortim er 1991), and flocculating oil sands tailings (Lord 2001, Jew el e t al. 

2002).

PAM  has been used successfully for erosion control and im proving soil structure 

since 1995 in the United States. W orldw ide, over 400 000 ha have been treated with 

PA M  to flocculate water-suspended particles (Sojka and Lentz 1997). One study found 

that PAM  treatm ent at a concentration o f  10 mg PA M  L' 1 reduced soil erosion by an 

average o f  94%  during a 3-y period (Entry and Sojka 2000). PA M  has been shown to 

stabilize ex isting  soil aggregate structure and prevent further aggregate decom position by 

increasing soil cohesion, although it w ill not im prove already-degraded soils (Sojka and 

Lentz 1997).

A nionic PAM s are used in a variety o f industries including enhanced oil recovery 

operations, paper m anufacturing, kim berlite tailings in diam ond operations (Crocquet de 

R osem ond 2002), and food processing (Lipp and K ozakiew icz 1991; European 

C hem icals B ureau 2002). In oil field operations, PA M  is used to m odify drilling mud 

viscosity, provide structural integrity to drilled wells, and to control fluid loss from wells 

(M ortim er 1991). In enhanced oil recovery, high m olecular w eight anionic PAM  is 

injected into oil wells to increase w ater viscosity and enhance oil displacem ent in a 

process know n as polym er flooding (Lipp and K ozakiew icz 1991). In paper 

m anufacturing, PAM  addition strengthens interfiber bonds, thereby increasing paper 

strength (L ipp and  K ozakiew icz 1991). In diam ond operations in northern Canada, PAM 

(a m ix o f cation ic  and anionic) is used to treat the processed kim berlite tailings prior to 

disposal (C rocquet de R osem ond 2002). PAM  has also been used in sugar
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m anufacturing, fruit and vegetable processing, and as a  th ickener in  cosm etics (Lipp and 

K ozakiew icz 1991).

1.2.3, Toxicity o f PAM

If  reclam ation o f T T  at oil sands operations is based on “ w et landscapes” options, 

then aquatic organism s will be in direct contact w ith the deposit o r w aters released from 

the deposit. PAM  is not toxic to aquatic organism s, bacteria  or m am m als because o f its 

very high m olecular weight. M cC ollister et al. (1965) determ ined that Lake Em erald 

Shiner fish tolerated 6000 mg L ' 1 o f a  nonionic PA M  for 6 d w ith no observable ill 

effect. Yellow  perch survived exposure to 100 m g L 4 for 90 d w ith no adverse effect, 

w hereas fathead m innows, rainbow  trout, and bluegills exposed to 1, 10, and 100 mg L 4 

o f an anionic PAM  dem onstrated no differences in feeding habits, behavior, or m ortality. 

In treating tailings from diam ond m ining and processing, a com bination o f  anionic and 

cationic PAM  w ere applied, and possible chronic toxicity  was ev ident through bioassays 

(C rcquet de Rosem ond 2002).

M aterial safety data sheet inform ation for various PA M s report toxic effects only 

at high concentrations. For exam ple, the EC50 for Daphnia  spp. is 212 mg L4 , for algae 

is greater than 1000 mg L4 , for the bacterium  Pseudomonas putida  is 892 mg L4 , and 

the LC50 for freshw ater fish is 357 mg L4 (Ciba Specialty C hem icals Canada 1988). At 

high concentrations, the toxicity exhibited in fish and insects is attributed to viscosity o f 

the solutions tested (European C hem icals Bureau 2002).

In m am m als, few toxic effects have been reported  for PA M . M cCollister et al. 

(1965) perform ed toxicological studies on rats and dogs using anionic and nonionic 

PA M s, and found that no specific toxic effects w ere dem onstrated  at high ingestion 

dosages. No internal absorption o f  either the anionic or nonionic polym er was 

dem onstrated through radiolabeled polym er studies (M cC ollister et al. 1965). 

Polyacrylate, the deam inated form  of PA M , did not produce any adverse effects up to 

doses o f  1000 mg kg4 body w eight (Hicks et al. 1989). W hen rats were injected 

intravenously o r intraperitonealy with the polyacrylate solutions, a low  m olecular weight 

polyacrylate produced no toxic effects, whereas a high m olecular weight polym er 

resulted in cardiovascular failure, haem orrhagic lesions, and general collapse (Hicks et
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al. 1989). Such results indicate that the size o f  the m olecule is im portant in causing toxic 

effects, and that large m olecular w eight polym ers m ust bypass m em branes to produce 

toxic effects, as seen in the toxicity with intravenous and in traperitoneal applications of 

polyacrylate (H icks et al. 1989).

M cC ollister et al. (1965) concluded that nonionic and anionic PA M s may be 

safely used in applications w here small doses o f  exposure occur, such as in the diet of 

hum ans o r anim als. A lthough its large m olecular size m akes PA M  toxicity unlikely, 

acrylam ide as a residual contam inant has focused attention on the degradation pathway 

o f  PAM  (see Section 1.3.3).

1.2.4. Degradation o f PAM

O nce T T  have been deposited, biodegradation could a lter the added PAM . Three 

m echanism s o f polym er degradation have been identified: scission o f  the main chain, 

depolym erization to the m onom er o r low er m olecular weight fragm ents, and loss o f  ionic 

functionality (G urkaynak et al. 1996). Unfortunately, because o f the name 

“polyacrylam ide” , people w rongly think that depolym erization o f this m acrom olecule 

will result in the release o f  acrylam ide. This is extrem ely unlikely because, for 

acrylam ide to form, the backbone o f carbon-carbon bonds in the polym er m ust be broken 

in very specific locations and a double bond m ust be introduced betw een two of the 

carbon atom s o f  the resulting released fragm ent. Since post-deposition release of 

acrylam ide from  PA M  in the T T  is unlikely, the only source o f  acrylam ide in the 

resulting PA M -treated TT would be residual acrylam ide rem aining from  the PAM 

m anufacturing process.

I.2.4.I. Chemical and physical degradation of PAM

In term s o f PAM  degradation, chem ical m ethods such as ozonation (Kay- 

Shoem ake et al. 1998a; Soponkanapom  and G ehr 1989; Suzuki e t al. 1978) and 

chlorination (A izaw a et al. 1990; Soponkanapom  and G ehr 1989) effectively  reduce the 

size o f  high m olecular w eight PA M s, though not to the m onom er acrylam ide. 

Chlorination may result in organic halide production from a reaction betw een PAM and
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chlorine (A izaw a e t al. 1990). N either o f  these m ethods is re levan t to tailings treatm ent 

as is used in T T , because PA M  should rem ain bound in the so lids phase.

D uring clarification  processes using PA M , physical degradation  by shear forces 

such as stirring, m echanical pum ping, o r m ovem ent through porous m edium  is a concern 

(C hm elir et al. 1980; ST O W A  1995; Tolstikh et al. 1992). H ow ever, follow ing 

thickening, T T  are pum ped to a rem ote site for deposition. Such  m ovem ent could cause 

fragm entation into sm aller oligom ers that may be m ore accessib le  to m icrobial attack 

(Suzuki et al. 1978) but this does not appear to be the case, because chain length 

reduction  by chem ical o r  physical m eans was show n to increase biodegradation only  

m arginally  (K ay-Shoem ake et al. 1998a; Soponkanapom  and G ehr 1989; Suzuki e t al. 

1978). E l-M am ouni e t al. (2002) subjected a nonionic 14C -labeled PAM to UV 

irradiation, and found that 79%  o f the polym er w as lyzed into fragm ents less than 1 kD 

after 72 h o f  treatm ent A s predicted, these processes have not been show n to release the 

toxic acrylam ide m onom er (Soponkanapom  and G ehr 1989). T w o questionable studies 

by  Sm ith et al. (1996, 1997) reported  that under laboratory and environm ental conditions 

o f  light and tem perature, depolym erization released acrylam ide from  PAM. At a 

constant tem perature o f  37°C , PA M  was suggested to undergo physical changes leading 

to  random  breaks in the carbon backbone, thereby liberating acrylam ide (Smith et al. 

1996). H ow ever, this observation m ay have been due to residual acrylam ide present in 

the original form ulation, and no supporting evidence o f this breakdow n has been reported 

since. O nce deposited, the T T  will rem ain relatively stationary  and physical PAM  

degradation is unlikely.

I.2.4.2. Biodegradation of PAM

Early biodegradation work involving PA M  w as focused on m aintaining PAM  

stability , but lim ited m icrobiological study w as carried out. For exam ple, observed 

viscosity  reductions in PA M  solutions were attributed to b iodegradation, because the 

addition o f antim icrobial agents inhibited viscosity loss (C hm elir e t al. 1980). H ow ever, 

th is viscosity loss could not be directly  attributed to m icrobial degradation o f the m ain 

carbon backbone, because abiotic disruption o f  in term olecular hydrogen bonds 

(photolysis) could  account for this observation (C hm elir et al. 1980). W ith respect to
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rem ediation, stim ulated m icrobial grow th in PA M -treated soils suggested that PAM  may 

be m etabolized by soil m icroorganism s (Azazy et al. 1988; Zohdy et al. 1983; Grula and 

H uang 1981). Conversely, a toxicity effect was suggested by Steinberger and W est 

(1991) who reported  significantly low er nem atode population densities in agricultural 

soil treated w ith PA M , and postulated that PAM  reduced m icroflora on w hich nem atodes 

subsist. A lthough toxicity is possible, PA M  has been show n to be a sole nitrogen source 

fo r aerobic (G rula et al. 1994; K ay-Shoem ake et al. 1998a,b; N akam iya and Kinoshita

1995) and facultative anaerobic m icroorganism s (N akam iya and K inoshita 1995), and its 

am ide group enhances grow th o f  sulfate-reducing bacteria (SRB) (G rula et al. 1994).

In general, high m olecular w eight synthetic polym ers with a carbon backbone
i

dem onstrate lim ited biodegradation unless the m olecular w eight is reduced to below 10 

(Sw ift 1994), likely due to both high m olecular w eight and lim ited solubility (Iyer et al. 

2000; Stahl e t al. 2000). W ith an average m olecular size o f  0 .2  pm , high m olecular 

w eight PAM s cannot enter m icrobial cells (K ay-Shoem ake et al. 1998b). Thus, 

m icrobial attack on either the am ide group or the carbon backbone likely involves 

extracellular enzym es. How ever, biodegradation is not enhanced by physical breakdown 

into sm aller oligom ers (K ay-Shoem ake et al. 1998a; Soponkanapom  and G ehr 1989; 

Suzuki et al. 1978), as discussed in Section 1.2.4.1.

The PA M  biodegradation pathw ay has not been fully characterized under either 

aerobic or anaerobic conditions. A crylam ide is would not be a product o f PAM  

biodegradation; instead, propionam ide (C H 3CH 2C O N H 2) is a proposed product, which 

will likely be m etabolized to propionate, and finally to C O 2 and am m onium  (W allace and 

W allace 1995). A m m onium  rem oval and use has been dem onstrated (K ay-Shoem ake et 

al. 1998a,b), leaving polyacrylate, which can be utilized as a carbon source by soil 

bacteria such as Arthrobacter spp. (Hayashi et al. 1993). H ow ever, the biodegradation 

products have not been identified and reported to date.

Certain aerobic m icroorganism s are able to use PAM  as a nitrogen source.

Extracellular am idases are believed to be responsible for PAM  deam ination, because

extracellular specific activity for PAM  was found to be higher than intracellular specific

activity  (K ay-Shoem ake et al. 1998b). M ixed cultures enriched from  soil (Kay-

Shoem ake et al. 1998a,b) and sew age sludge (Soponkanapom  and G ehr 1989), as well as
11
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pure cultures o f  Azomonas macrocytogenes (N akam iya and K inoshita 1995) and 

Pseudomonas spp. (G rula et al. 1981, 1994) are capable o f  using PA M  as a  sole nitrogen 

source.

M icrobial grow th on PA M  as a sole carbon source is lim ited. N either pure 

cultures o f  Pseudomonas spp. (G rula et al. 1994) nor a PA M -enriched soil m ixed culture 

(K ay-Shoem ake et al. 1998a,b) could use a high m olecular weight PA M  as a sole carbon 

source. M ineralization o f 14C -labeled PAM s was reported to be less than 0.05%  by 

Pseudomonas spp. (G rula et al. 1994) and less than 2% by an activated sludge culture 

(Schum ann and K unst 1991). A mixed culture dem onstrated an ability  to rem ove the 

cationic pendant group and am m onium  from a cationic PAM , leaving the m ain chain 

intact (Chang et al. 2001). O ne study reported up to 85%  degradation in 10 d 

(Y agaforova et al. 1999), but inadequate inform ation regarding the residual m onom er 

content in the PAM  leads to difficulty interpreting these results. N akam iya and 

Kinoshita (1995) reported grow th o f Azomonas macrocytogenes on PAM  as sole carbon 

source, although no description o f  treatm ent to rem ove residual acrylam ide from  the 

laboratory-synthesized polym er was given. Soponkanapom  and G ehr (1989) also 

reported an activated sludge m ixed culture capable o f m ineralizing PA M  to CO2, 

although their conclusions w ere based solely on disappearance o f a high m olecular 

weight polym er peak in size exclusion chrom atography experim ents, w ith no supporting 

CO2 analysis. So far, the evidence verifying that m icroorganism s can use PAM  as a 

significant carbon source is inconclusive.

The lignin-degrading fungus Phanerochaete chrysosporiutn has been shown to

solubilize, m ineralize, and incorporate PAM  using extracellular enzym es, albeit at a slow

rate (Stahl et al. 2000; Sutherland et al. 1997). A synergistic relationship betw een this

fungus and soil m icroorganism s was also dem onstrated, as PAM  previously solubilized

by the fungus was m ore readily m ineralized than intact polymer, although only 0.70%

was m ineralized in 30 d (Stahl et al. 2000). A proposed biodegradation pathw ay using an

extracellular enzym e by Azotobacter beijerinckii was proposed by N akam iya et al.

(1997), in which hydroquinone peroxidase reaction products abstract a hydrogen radical

from the carbon chain, thereby splitting the chain and form ing a double bond and a

methyl group in both term ini. A high m olecular weight PAM  (2 x 106) w as degraded
12
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into products less than 1000 M W , which w ere found to be units o f  three and five 

acrylam ide m onom ers, as shown in Figure 1.2. No m onom eric acrylam ide w as reported.

5

Figure 1.3. Chem ical structures o f PAM  degradation products by hydroquinone 

peroxidase o f A. beijerinckii (Nakam iya et al. 1997).

V ery little research on biodegradation o f PAM  under anaerobic conditions has 

been reported. Schum ann and Kunst (1991) reported no significant m ineralization o f a 

14C -labeled PAM  by a sludge culture under anaerobic conditions. C hang et al. (2001) 

found that the carbon chain o f a cationic PAM  w as not cleaved, although the am ide 

m oiety w as hydrolyzed. Nakam iya and K inoshita (1995) isolated the facultative 

anaerobe Enterobacter agglomerans reported to be capable o f  grow th on the carbon 

backbone o f PAM  as a sole carbon source, although no 14C -PA M  analysis was done to 

support this claim . SRB native to an oil field w ere stim ulated by high m olecular w eight 

PAM  in an oil field, because PAM  was found to increase grow th o f  SRB, w hereas

13
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polyacrylic acid, lacking an am ide group, caused no  increase (G ru la  e t al. 1994). Thus, 

PAM  was believed to serve as a nitrogen source, but no am idase assays w ere done to 

verify this hypothesis. A lthough PA M  is not believed to be used  as a carbon source by 

SRB, the authors postulated that som e type o f  m etabolic reaction  unique to SRB caused 

polym er degradation, because viscosity was decreased by SRB but not by other 

anaerobes. Because viscosity was reduced under respiratory conditions, such a reaction 

may be analogous to chem ical degradation observed in the presence o f  oxygen (Thom as 

1964). Recent laboratory studies have show n that anaerobic m icrobial activity occurs in 

M FT and com posite tailings (Fedorak et al. 2002, 2003) and  the addition o f  various 

substrates can stim ulate m icrobial activity (H olow enko e t al. 2001, Fedorak  et al. 2002). 

The addition o f PA M  to tailings to form  TT likely adds a useable  source o f  nitrogen for 

m icroorganism s in the tailings and may add a source o f  b iodegradable  carbon. Thus, 

further research is required to elucidate if  SRB and m ethanogens in tailings deposits will 

be affected by PAM  application, or if floe destabilization will occur.

1.3. Acrylamide

1.3.1. Properties

Acrylam ide (2-propenam ide) is an unsaturated am ide, show n in Figure 1.4. Its 

am ide group is readily hydrolyzed chem ically , yielding acrylic acid  and producing free 

am m onium  (H aberm ann 1991). One significant chem ical p roperty  o f  acrylam ide is its 

very high w ater solubility o f 2155 g L' 1 at 30°C (H aberm ann 1991), giv ing the potential 

for great m obility in aqueous environm ents (K indzierski 2001). A crylam ide is produced 

chem ically by acrylonitrile hydration, but enzym atic conversion  o f  acrylonitrile  to 

acrylam ide has been explored as an econom ical alternative (H aberm ann 1991). 

A crylam ide readily copolym erizes with acrylates such as acry lic  acid to form  PA M s 

(H aberm ann 1991).
H H

a) H9C=C b> H?C=C
2 I 2 I

C = 0  C = 0
I I
NH2 OH

Figure 1.4. S tructures o f a) acrylam ide and b) acrylic acid.
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1.3.2. Uses o f  acrylamide

Industrially, acrylam ide is used as a grouting agent for repair o f  sew er lines and 

m anholes (European C hem icals Bureau 2002). For this application, acrylam ide is 

polym erized at rem ote locations, form ing an im pervious layer to increase the strength o f 

the surrounding m edium  or to reroute w ater (European C hem icals B ureau 2002). A 

small am ount is used for research-grade PAM  gels, but 95 to 100% o f acrylam ide is used 

in PAM  or copolym er m anufacture for industrial o r com m ercial use (European 

Chem icals Bureau 2002).

1.3.3. Toxicity o f acrylamide

A crylam ide has lim ited toxicity  towards m icroorganism s, as indicated by the high 

LC50 concentrations o f  13.5 g L' 1 and 20.0 g L ' 1 for Vibrio fisheri and Escherichia coli 

(STOW A 1995). A lthough m icroorganism s m ay require lengthy acclim ation periods, 

several genera o f m icroorganism s have dem onstrated biodegradation o f various 

concentrations o f  acrylam ide, as d iscussed in Section 1.3.6. H ow ever, acrylam ide has 

also been reported to inhibit m icrobial growth (C larke 1980). In m am m als, acrylam ide 

binds to sulfhydryl groups o f glutathione-S-transferase, thereby inactivating the enzym e 

(Shanker et al. 1990). In m icrobial system s, the electrophilic vinyl group in acrylam ide 

or its m etabolites likely acts sim ilarly, binding the sulfhydryl sites on enzym es such as 

am idases (C larke 1980; Shanker e t al. 1990). Sulfhydryl groups can be m odified by 

vinyl com pounds in the pH range 6 to 7.5, form ing carboxyl side chains by hydrolysis of 

sulfur-alkylated proteins (Cavins and Friedm an 1968).

A crylam ide is considered to be m oderately toxic to aquatic organism s, with 

reported LC50 values o f  greater than 100 mg L ' 1 for various fish species and o ther aquatic 

organism s (K rautter e t al. 1986; STO W A  1995; K indzierski 2001). K rautter et al. (1986) 

exposed aquatic invertebrates and fish to various concentrations o f  acrylam ide, and 

reported that daphnids and m idge larvae dem onstrated 24-h LC50 values o f  230 and 570 

mg L '1, w hereas rainbow  trout, fathead m innows, and blue gills had 24-h LC50 values of 

370, 320, and 260 m g L '1, respectively. K rautter e t al. (1986) concluded that aquatic
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organism s w ould suffer no significant m ortality when interm ittently  exposed to parts per 

billion concentrations (fig L '1) o f  acrylam ide. Conversely, Brow n et al. (1980b) reported 

considerable m ortality in aquatic invertebrates exposed to a 50 /xg L ' 1 concentration of 

acrylam ide, but uncontrolled experim ental param eters such as food availability and 

predatorial relationships cast doubt on their conclusions.

A crylam ide has been show n to cause neurotoxic, genotoxic, carcinogenic, 

developm ental, and reproductive effects in m am m als (D earfield et al. 1988). W hen 

inhaled o r ingested, acrylam ide causes reversible neurological sym ptom s such as 

hallucinations, num bness, and ataxia (M cC ollister e t al. 1964; U .S. EPA 1994). 

A crylam ide binds to DN A , causing heritable genetic dam age and carcinogenic effects, 

thereby earning it a “probable hum an carcinogen” classification in the United States 

(U.S. EPA  1994). Fertility was m arkedly reduced in m am m als by acrylam ide, and 

developm ental effects w ere observed in neonatal m ice at levels nontoxic to the dam 

(D earfield et al. 1988). Thus, acrylam ide has been considered to be  a highly toxic 

chem ical, so low allow able acrylam ide intake levels for w ater have been  set by the U.S. 

EPA at 0.2 /xg kg' 1 body w eight d ' 1 (U.S. EPA 1994). D osages o f  PAM  in T T  are 

estim ated to produce acrylam ide concentrations o f  15 to 50 /xg L '1.

1.3.4. Acrylamide in foods

Recently, several research groups have reported that acrylam ide form ation during 

heating o f  foodstuffs is an im portant source o f acrylam ide exposure in hum ans (M ottram  

et al. 2002, S tadler et al. 2002, T areke et al. 2002). W hen reducing sugars (such as 

glucose) and am ino acids (prim arily asparagine) are heated at tem peratures above 100°C, 

acrylam ide is form ed via the M aillard reaction and S trecker degradation (M ottram  et al. 

2002, Stadler et al. 2002). Foods containing high concentrations o f  asparagine are 

particularly sensitive to acrylam ide form ation. Plant-based foods such as potatoes are 

quite susceptible to this reaction, because m ost contain high concentrations of 

asparagine, although acrylam ide form ation in m eats was detected (T areke et al. 2002). 

The predom inant am ino acid in potatoes is asparagine, at a concentration o f 940 mg k g 1, 

which is 90%  o f the total am ino acid content (M ottram  et al. 2002). Increased tim e and 

tem perature o f  cooking was found to increase the concentration o f  acrylam ide form ed in
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foods (M ottram  et al. 2002, Stadler et al. 2002). C oncentrations o f  acrylam ide in som e 

com m on foods are given in Table 1.2. Svensson et al. (2003) estim ate dietary intake o f 

acrylam ide to be 31 fig d ' \  but these researchers caution that there is variability in 

acrylam ide concentrations w ithin food groups w hich m ake estim ation difficult. 

A lthough acrylam ide is considered a carcinogen (D earfield et al. 1988), M ucci et al. 

(2003) failed to observe any association betw een acrylam ide in take from  food and 

increased rates o f  cancer o f the large bow el, kidney or bladder. Thus, m ore research is 

required to fully elucidate the relationship betw een acrylam ide and carcinogenicity.

Table 1.2. C oncentrations o f acrylam ide in com m only-consum ed food products.

Food product A crylam ide (fig kg’1) Reference

French fries 300 to 1100 Svensson et al. (2003)

300 to 750 T areke et al. (2002)

310 to 350 A hn et al. (2002)

French fries (overcooked) 12 800 A hn et al. (2002)

Crispbread 200 to 1700 T areke et al. (2002)

1340 to 4000 Ahn et al. (2002)

Less than 30 to 1900 Svensson et al. (2003)

Popcorn 365 to 715 Svensson et al. (2003)

Coffee (m edium  roast) 25 Svensson et al. (2003)

Bread Less than 30 to 160 Svensson et al. (2003)

13 to 49 T areke et al. (2002)

B reakfast cereal Less than 30 to 1400 Svensson et al. (2003)

H am burger 14 to 23 T areke  et al. (2002)

1.3.5. Acrylamide in the environment

In England, Croll et al. (1974) analyzed effluents from  industries using 

acrylam ide or PAM , and found that acrylam ide was present in concentrations ranging 

from 0.47 fig L ' 1 in treated paper mill effluent to 42 fig L ' 1 in coal tailings lagoons. 

Industries using acrylam ide or PAM  in processes are sources o f  acrylam ide pollution,
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although dilu tion during recycling or in receiving w aters w ill reduce the concentration to 

w ithin safe lim its for potable w ater supplies.

A crylam ide is very m obile in the environm ent, as its neutral charge and 

hydrophilic nature com bined w ith its high w ater solubility enable it to rem ain associated 

w ith the w ater phase. M obility  is influenced by soil type, and acrylam ide m igrates

through sandy soils m ore readily than through silt (Lande e t al. 1979). A dsorption to

sludges and sedim ents does not occur, although residual acrylam ide present in PAM  

flocculants may becom e entrained in flocculated sedim ents (B row n et al. 1980a). Thus, 

acrylam ide has the potential o f  leaching into groundw ater o r surface w ater supplies. 

How ever, m odification o f  acrylam ide through reduction o f  the carbon-carbon double 

bond or by rem oval o f the nitrogen atom  elim inates neurotoxic effects (Sm ith and Oehm e 

1991), so degradation reduces the toxicity o f  acrylam ide.

1.3.6. Degradation and removal o f acrylamide

I.3.6.I. Chemical and physical removal of acrylamide

The high w ater solubility  o f acrylam ide m akes physical m ethods ineffective for 

rem oving acrylam ide from  contam inated water. Croll e t al. (1974) investigated the effect 

o f w ater treatm ent processes such as settling and filtering, and found that nearly all the 

acrylam ide was recovered from  the resulting water. Laboratory experim ents in which the 

effectiveness o f coagulation and sand filtration for acrylam ide rem oval w ere investigated 

resulted in 95%  and 93%  recoveries o f  acrylam ide respectively from  the aqueous phase 

(Croll et al. 1974). A ctivated carbon was ineffective at rem oving acrylam ide as well 

(Croll et al. 1974). Thus, physical rem oval m ethods are not options for acrylam ide 

rem oval.

Chem ical reagents such as sodium  sulfite, bisulfite (H aberm ann 1991) or KMnCL 

(Croll et al. 1974) can be used to scavenge acrylam ide m onom er, but there are no 

published reports o f  practical application o f  this m ethod. C hlorination under acidic 

conditions rem oves considerable quantities o f acrylam ide (H aberm ann 1991), although a 

pH o f 1.0 was necessary to rem ove 100% o f a 6 gg  L' 1 acrylam ide solution (Croll et al. 

1974). At neutrality, chlorination resulted in no reduction o f  acrylam ide levels (Croll et
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al. 1974). In addition, toxic organic  halides such as CH CI3 and 2 ,3-dichloropropionic 

acid are byproducts o f the reaction betw een chlorine and acrylam ide, m aking 

chlorination a non-viable option fo r acrylam ide rem oval (A izaw a et al. 1990).

I.3.6.2. Biodegradation of acrylamide

A m ide-containing com pounds are com m on targets for m icrobial enzym es, and 

are preferred  if they easily en te r the cell and readily hydrolyze to produce am m onium  

(Clarke 1980). A crylam ide is a sm all soluble substrate containing an am ide m oiety, and

so is a likely candidate for biodegradation. M icroorganism s have been found to

deam inate acrylam ide, producing acrylic acid and liberating am m onium , as seen in 

Figure 1.5. Lande et al. (1979) found no acrylic acid as a m etabolite as expected during 

acrylam ide biodegradation, and concluded that acrylic acid m ust be rapidly m etabolized.

A crylic acid  undergoes further m etabolism  to acetic acid by Alcaligenes 

denitrificans (A ndreoni et al. 1990), Geotrichum  sp. and Trichodemia  sp. (D ave et al. 

1996); and p-hydroxypropionic acid by Byssochlamys sp. (Takam irzaw a et al. 1993), 

Alcaligenes denitrificans (A ndreoni et al. 1990), Alcaligenes faecalis  (A nsede et al. 

1999), and Geotrichum  sp. and Trichodemia sp. (Dave et al. 1996). Qu and 

B hattacharya (1996) found that acrylic acid is biodegradable under anaerobic conditions 

to acetate and propionate. A lthough acrylic acid is present as a contam inant in

copolym ers o f acrylam ide and acrylic acid at concentrations o f  350 to 3570 fig g ' 1

(Sem ple e t al. 2001), it is not expected to accum ulate as a result o f  either acrylam ide 

degradation o r as a contam inant in PAM  itself.

A m m onia (or am m onium ) is a com m on nitrogen source for many 

m icroorganism s (B row n 1980). T he pKa o f am m onium  dissociation is 9.25, so at neutral 

pH m ost is present as am m onium  (NH4+), w hereas at m ore alkaline pH in the 

environm ent, am m onia (N H 3) w ill predom inate (Brow n 1980). A m m onium  is easily 

m etabolized, and so is not expected  to accum ulate follow ing acrylam ide hydrolysis, as 

seen in F igure 1.5. N um erous researchers have reported am m onium  production from 

acrylam ide biodegradation (K um ar and K um ar 1998; N aw az et al. 1998; Shanker et al. 

1990; W ang and Lee 2001). A bdelm agid and Tabatabai (1982) found that am m onium
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can be oxidized to n itrite and nitrate aerobically, but accum ulates under waterlogged 

conditions.

H
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Figure 1.5. B iodegradation pathw ay o f  acrylam ide (adapted from  Shanker et al. 

1990).
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Am idohydrolases, com m only known as am idases, hydrolyze the carbon-nitrogen 

portion o f am ide bonds, producing the corresponding carboxylic acids and am m onium  

(Clarke 1980). M icrobial am idases are w idely produced intracellularly and 

extracellularly, and som e m icroorganism s can produce m ore than one am idase capable o f 

hydrolyzing a specific amide, but the enzym es are controlled by different regulation 

system s (Clarke 1980). Num erous m icrobial am idases with activity  for acrylam ide have 

been identified, as seen in Table 1.3. Sulfhydryl groups are im portant in many am idases, 

e ither at the active site or in tertiary structure (C iskanik et al. 1995; N aw az et al. 1996, 

1998).

Although num erous amidases have been purified and characterized, the specific 

activities o f m ost am idases towards acrylam ide and other unsaturated am ides are low 

com pared to aliphatic am ides (Ciskanik 1995). A crylam ide has been found to induce 

am idase activity in som e m icrobial system s (C iskanik 1995), but has been reported to 

cause poor induction in others (Hynes and Patem an 1970). Sulfhydryl proteins, 

including amidases, can be inhibited or activated by acrylam ide.

Although am idases with activity against acrylam ide have been identified from  

m any aerobic m icroorganism s, no am idases from anaerobic m icroorganism s have been 

detected. However, because there does not appear to be an oxygen requirem ent for 

am idase activity, acrylam ide deam ination may occur under anaerobic conditions.

I.3.6.3. Biodegradation of acrylamide under aerobic conditions

Acrylam ide is readily biodegradable to acrylic acid and am m onium  under aerobic 

conditions (A bdelm agid and Tabatabai 1982; Lande et al. 1979; K um ar and Kum ar 1998; 

N aw az et al. 1994b, 1996, 1998; Shanker e t al. 1990; W ang and Lee 2001). 

B iodegradation has been dem onstrated under laboratory conditions num erous times, and 

although few field studies have been done, the resulting data from  the com pleted studies 

discussed below indicate that acrylam ide is degraded in soil and water, and therefore 

does not accum ulate.
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Table 1.3. M icrobial am idases capable o f  acrylam ide hydrolysis.

Organism Activity  
(/xmol NH3 

min"1 mg 
protein'1)

Optimum

Temperature
(°C)

pH

Size (kDa) Inhibitors Reference

Aspergillus N Sa NS NS NS NS Hynes and
nidulans Pateman

A g+, Cu2+,
(1970)

Arthrobacter  sp. NS 55 7.0 300 Asano et al.
J-l

10-i b
Hg2+ (1982)

Brevibacterium NS NS NS NS Bemet et al.
sp. R312 (1987)
Pseudomonas sp. 0.09-2.6 NS NS NS NS Shanker et al.
C-3 (1990)
Xanthomonas 9.0 30 9.0 NS NS Nawaz et al.
maltophila (1993)
Pseudomonas sp. 11.8,14.0 30 8.5 NS NS Nawaz et al.
N C T R 2 (1993, 1994b)
Rhodococcus sp. NS 40 8.5 360 N i2\  Cu2\ Nawaz et al.

Hg2\  Co2+ (1994a)
Pseudomonas lower than < 5 0 7.0- 105 Ag+, Cu2+, Ciskanik et al.
chloroaphis other

unsaturated
amides

8.6 sulfhydryl
reagents

(1995)

Rhodococcus 0.94 55 7.5 480 to A g \  Cu2\ Hirrlingeret
eryihropolis 500 Hg2+, Zn2+ al. (1996)
M D50
Klebsiella NS 65 7.0 62 Sulfhydryl Nawaz et al.
pneumoniae reagents (1996)
NCTR 1
Pseudomonas 12.0 30 7.0 55 NS Kumar and
aeruginosa Kumar (1998)
Bacillus cereus 0.26 NS 7.2 NS NS Saroja et at. 

(2000)
aNS -  not stated

b mol h'1 g '1 for free cells

Early studies on  acrylam ide degradation were concerned with the presence of 

acrylam ide in w ater bodies as a result o f  industrial use o f  PA M . Croll et al. (1974) 

exam ined biodegradation o f acrylam ide in river w ater m ixed m icrobial cultures under 

aerated, sunlit conditions. Follow ing a long lag period o f 220 h, they found that 8 /xg L' 1 

acrylam ide degraded rapidly, although no rate was stated. A cclim ation of
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m icroorganism s reduced  the lag tim e considerably to 5 h in  subsequent batch  culture 

studies. They concluded  that a m icrobial com m unity capable o f  acrylam ide degradation 

could be present, bu t cautioned that the observed lengthy lag tim e m ay pose a 

dow nstream  environm ental risk.

B row n et al. (1980c) also studied aqueous acrylam ide biodegradation; however, 

they exam ined its fate  in aerobic, illum inated river, sea, and estuarine w aters. H igher 

concentrations o f 0.5 to 50 m g L ' 1 w ere degraded, with lag periods ranging from  30 to 

500 h. B ecause sterile  controls show ed no acrylam ide loss, the rem oval o f  acrylam ide 

was believed to be m icrobiological. L ater studies by Brow n e t al. (1980b) investigated 

the rem oval o f  acrylam ide from  river w ater and sew age w orks, and found that activated 

sludge caused 50 to 70%  rem oval o f  acrylam ide in 100 h. B ecause treatm ent with 

m ercuric chloride at 70°C  inhibited  acrylam ide rem oval, the researchers concluded that 

the rem oval w as m icrobiological. How ever, no m icrobiological testing w as com pleted to 

identify the organism s responsible.

Future reclam ation o f  T T  from  the oil sands necessitates know ledge o f the

potential acrylam ide concentrations and rates o f degradation in solid m edium  such as soil

and its contained w aters. Several researchers have dem onstrated the ability  o f soil

m icroflora to b iodegrade acrylam ide (A bdelm agid and Tabatabai 1982, Lande et al.

1979; K ay-Shoem ake et al. 1998a). A bdelm agid and Tabatabai (1982) used an increase

in am m onium  concentration as p roof that field soil m icroorganism s hydrolyzed

acrylam ide in soil m icrocosm s, but did not include a sterile control to exclude abiotic

hydrolysis. L ande et al. (1979) investigated the m ineralization o f  14C -labeled acrylam ide

in garden soil, and found that soil com m unities m ineralized acrylam ide com pletely to

14C 0 2, w ith half-lives ranging from  10 to 45 h, depending on soil type and time o f

sam ple collection. A crylam ide concentration had an effect on tim e required for

degradation. A t high concentrations (500 mg acrylam ide L '1), a 5-fold longer period

(94.5 h) w as required  for com plete degradation than a low er concentration (25 mg L '1).

In studies investigating the biodegradation o f  PA M , K ay-Shoem ake et al. (1998a)

dem onstrated that a m ixed culture derived from soil was able to utilize acrylam ide as its

sole source o f  carbon and nitrogen. O ther researchers have investigated the

biodegradability  o f  residual acrylam ide in PA M , and found that a m onom er
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concentration o f  50 fig  L ' 1 was biodegraded com pletely in 7 d, w ith an acclim ation 

period o f  3 d  (Soponkanapom  and G ehr 1989). M ixed cultures in both soil and water 

have dem onstrated  acrylam ide degradation, although only two studies (Croll et al. 1974; 

Soponkanapom  and G ehr 1989) have exam ined a low acrylam ide concentration more 

accurately reflecting the acrylam ide level present in TT.

Sem ple e t al. (2001) investigated the aerobic biodegradation o f  acrylam ide at a 

concentration o f 1 mg L' 1 using M FT from Syncrude’s M ildred Lake Settling Basin 

(M LSB) as an inoculum . They found that an unacclim ated oil sands com m unity 

degraded this acrylam ide concentration, with the production and subsequent loss o f 

acrylic acid  and am m onium . Based on this finding, the m icrobial com m unity present in 

TT  should be capable o f  aerobic acrylam ide degradation.

Pure cultures o f  m icroorganism s capable o f degrading acrylam ide have been

isolated from  environm ents such as garden soils, agricultural soils, sew age sludges, and

effluent from  industries using acrylam ide or PA M  (Arai et al. 1981; K um ar and Kumar

1998; Shanker e t al. 1990; W ang and Lee 2001). Previous exposure to am ide-containing

chem icals, such as herbicides in agricultural soils, appears to stim ulate com m unities o f

organism s capable o f degrading acrylam ide (K um ar and K um ar 1998; N aw az et al.

1994b). U biquitous soil m icroorganism s such as Pseudomonas spp. (A sano et al. 1982;

Ignatov et al. 1995; Kum ar and K um ar 1998; N aw az et al. 1993; Shanker et al. 1990;

W ang and Lee 2001; Zabaznaya et al. 1998), Xanthomonas maltophila (N aw az et al.

1993), Alcaligenes sp. (Zabaznaya et al. 1998), and Rhodococcus spp. (Arai et al. 1981;

H irrlinger et al. 1996; Ignatov et al. 1995; N agasaw a et al. 1990; N aw az et al. 1994a)

have dem onstrated  acrylam ide-degrading abilities (N aw az et al. 1993), as well as other

m icroorganism s such as Brevibacterium  sp. (Bernet et al. 1987; Ignatov et al. 1995,

1996) and Klebsiella pneumoniae (Nawaz et al. 1996). How ever, species within the

sam e genus d iffer in their ability to use acrylam ide. For exam ple, only one o f tw o strains

o f  Rhodococcus spp. was able to use acrylam ide in one experim ent (Arai e t al. 1981).

D espite observed am idase inhibition caused by its vinyl group, acrylam ide is a sole

source o f  carbon and nitrogen for certain ubiquitous m icroorganism s, likely due to its

high solubility  and its accessible am m onium  m oiety. A crylam ide present in the pore or

release w ater in TT  may stim ulate a m icrobial com m unity capable o f acrylam ide
24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



degradation, and as T T  usage continues, any observed lag period for acrylam ide 

degradation m ay be reduced due to acclim ation o f the m icrobial com m unity.

1.3.6.4. Biodegradation of acrylamide under anaerobic conditions

Little research has been reported on the fate o f acrylam ide under anaerobic 

conditions. A crylic acid is biodegraded under anaerobic conditions, and there is no 

apparent oxygen requirem ent for am idase activity to yield acrylic acid from  acrylam ide 

(Figure 1.4). Early oxygen-lim ited studies by Croll et al. (1974) report that acrylam ide 

degraded m ore rapidly in a  closed vessel inoculated with sew age effluent, because 

acrylam ide was undetectable by 9 d com pared to 16 d in an open vessel. Conversely, 

other researchers found that under m ore stringent anaerobic conditions, acrylam ide 

biodegraded 9 tim es m ore slowly in soils under a nitrogen atm osphere than in soils under 

air (Lande et al. 1979). Brown et al. (1980c) also reported slow er biodegradation o f  5 

m g acrylam ide L ' 1 under anaerobic conditions, and further reported that degradation was 

significantly m ore rapid in illum inated cultures than in dark cultures. Conditions 

representative o f the environm ent also revealed that anaerobic acrylam ide biodegradation 

could occur, because acrylam ide was found to be hydrolyzed to am m onium  with a 76 to 

93%  efficiency in w aterlogged soils (A bdelm agid and Tabatabai 1982). M ore recently, 

W ang and Lee (2001) investigated acrylam ide degradation under denitrifying conditions 

by Pseudomonas stutzeri. High (440 mg L '1) and low (149 m g L '1) concentrations o f 

acrylam ide w ere rem oved com pletely, with production o f acrylic acid and amm onium . 

A crylam ide was rem oved com pletely at the lower concentration in 16 h, whereas the 

degradation rate was slow er at the higher concentration. Thus, relatively high acrylam ide 

concentrations can be biodegraded under anaerobic conditions, although no work has 

been done w ith the low concentrations o f residual m onom er present in PAM  

form ulations.

1.4. The need to investigate the biodegradation of low concentrations of

acrylamide

A crylam ide is present at trace contam inant concentrations in com m ercial PA M s, 

w ith concentrations ranging from 140 to 460 \ig g' 1 in com m ercial PAM  form ulations
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exam ined in the T T  application in the oil sands (Sem ple e t al. 2001). In the T T  process,

PA M  dosages are expected to range from  15 to 50 g m'3 o f tailings (2 to 20%  solids

content). A  potential loading o f  acrylam ide to TT  release w aters could  range from  2.5 to

25 /xg L '1. The European Chem icals Bureau (2002) estim ated that fo r a  PAM  application

o f 500 g m'3 (PAM  with acrylam ide content o f 1000 /xg g_I) in sew age treatm ent, the
1

final acrylam ide concentration w ould be 500 /xg L ' , and w ith an application o f  0.5 g m‘ 

in  drinking w ater the acrylam ide concentration would be approxim ately 0.1 /xg L ' 1 (based 

on acrylam ide content in PAM  o f  250 /xg g '1) A crylam ide concentrations in w astew aters 

o f  o ther industries can range from  10 to 60 /xg L ' 1 in pulp and paper m anufacturing to 

500 /xg L ' 1 in m ineral processing (Brow n et al. 1980a). T he final acrylam ide 

concentration in T T  expected as a result o f  PAM  use is com parable to most industrial 

applications (less than 25 /xg L '1), but higher than potable w ater standards, that are less 

than 0.5 /xg L '1.

In T T  waters, in order to ensure rem oval o f the acrylam ide, biodegradation must

occur at very low acrylam ide concentrations. To date, pure culture biodegradation

studies have exam ined only high acrylam ide concentrations, ranging from  500 m g L' 1 to

4500 mg L '1. Several Pseudomonas spp. (Nawaz et al. 1994b; Shanker e t al. 1990; W ang

and Lee 2001) and Rhodococcus spp. (N aw az et al. 1994a, 1998) dem onstrated growth

on concentrations as low as 500 mg L '1; however, Kum ar and K um ar (1998) report that

an acrylam ide concentration greater than 1400 mg L"1 is necessary for P. aeruginosa  to

dem onstrate significantly greater biodegradation than in control cultures. Therefore, a

m inim um  acrylam ide concentration may be necessary for biodegradation to proceed.

A lthough these studies provide useful inform ation regarding the acrylam ide

biodegradation pathw ay, they do not give an indication o f the biodegradation potential o f

acrylam ide in the low  part per billion (less than 25 /xg L '1) range, w hich is m ore typical

o f the expected acrylam ide concentration in TT. In addition, all but one o f these earlier

experim ents were conducted under aerobic conditions; the sole anaerobic study was done

by W ang and Lee (2001) using P. stutzeri under nitrate-reducing conditions. A lthough

TT  m ixes will initially be aerobic, the high oxygen dem and o f  the T T  will result in their

going anoxic quickly and eventually anaerobic environm ents can be expected (M .D.

M acK innon, Syncrude Canada Ltd., personal com m unication, 2003). Thus, research on
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the anaerobic biodegradation o f acrylam ide at /tg  L ' 1 concentrations is needed to 

dem onstrate that acrylam ide can be degraded in T T  under anoxic conditions.

1.5. Objectives of research

The m ain objective o f  this research was to predict the fate  o f  residual acrylam ide 

in the T T  deposits in the oil sands tailings disposal. A t deposition , T T  are aerobic for a 

short tim e, but anaerobic conditions w ill develop as oxygen is consum ed and as the 

deposit deepens. M any aerobic m ixed and pure cultures degrade acrylam ide, but little 

research has exam ined the role o f  anaerobic m icroorganism s in acrylam ide 

biodegradation. Sulfate is a m ajor electron acceptor in oil sands tailings, and tailings 

ponds dem onstrate an active sulfate-reducing bacteria com m unity (H olow enko et al. 

2000, Foght et al. 1985). Thus, this research exam ined anaerobic b iodegradation o f  ppb 

concentrations o f  acrylam ide and acrylic acid under su lfate-reducing conditions, both in 

laboratory m icrocosm s and in tailings under sim ulated field conditions. O nce sulfate is 

depleted, m ethanogenic conditions will predom inate, and so the effect o f  acrylam ide on 

m ethanogenesis was also investigated. A secondary objective w as to attem pt to 

determ ine the stability o f PAM  in the T T  deposits.

The research plan consisted o f  a laboratory com ponent and a sim ulated field 

com ponent. These are sum m arized below.

The m ajor aim s o f the laboratory com ponent w ere to:

a) D eterm ine the biodegradability  o f  acrylam ide and acry lic  acid under 

aerobic conditions using T T  as sources o f m icroorganism s.

b) D eterm ine the b iodegradability  o f acrylam ide and  acry lic  acid under 

sulfate-reducing and m ethanogenic conditions using oil sands tailings and 

other environm ental sam ples as sources o f  m icroorganism s.

c) D eterm ine w hether PAM  can serve as a nitrogen source for m icrobial 

grow th under sulfate-reducing and m ethanogenic conditions using oil 

sands tailings and o ther environm ental sam ples as sources of 

m icroorganism s.
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T he m ajor aim  o f  the sim ulate field  com ponent was to  study  the biodegradation 

o f  acrylam ide in m icrocosm s established in TT.
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2. Materials and Methods

2.1. Analytical Methods

2.1.1. Acrylamide and acrylic acid

A crylam ide and acrylic acid w ere analyzed using the high perform ance liquid 

chrom atography (H PLC ) m ethod o f  Ver Vers (1999). A V arian S tar #2 system  equipped 

with a 330 UV-VIS photodiode array (PD A ) detector set at 210 nm  was used for these 

analyses. Tw o colum ns in series w ere used to separate acrylam ide and acrylic acid, an 

O D S-A L C-18 colum n (150 x 4 .6  mm; Y M C, Kyoto, Japan) com bined w ith a Fast-Acid 

ion exchange colum n (100 x 7.8 m m ; BioRad, Hercules, CA). A  guard colum n (Vydac 

218TP, 4 .6  mm, 5 p m  C-18, G race V ydac, Colum bia, M D ) was used to m inimize 

degradation of the analytical colum ns. S tandards ranging from  16 to 1000 pg  L' 1 were 

freshly prepared and analyzed w ith each set o f sam ples from  cultures, because these 

standards were the linear range o f the m ethod (Semple et al. 2001). The system  was run 

isocratically, w ith the m obile phase of 0.01 M  H 2SO4 at a flow  rate o f  0.6 mL m in '1. A 

sam ple size o f 100 p L  was injected using a Varian Pro-star M odel 400 autosam pler. 

M ean retention tim es were approxim ately 10.9 and 17.0 m in for acrylic acid and 

acrylam ide, respectively. D ata were analyzed using the Pro-S tar 400 Star 

C hrom atography W orkstation softw are (V ersion 5.31). Prior to analysis, sam ples w ere 

prepared by centrifuging at 16 000 x  g  for 10 min to rem ove solids, then diluting in 

m obile phase if  the expected concentration was outside o f the linear range o f  the method.

2.1.2. Acetate

A cetate was analyzed using a V arian 3600 GC equipped w ith a D B-FFAP 

M egabore colum n (15 m, 0.53 m m  I.D., 1 pm  film thickness; J & W  Scientific, Folsom, 

CA). Helium  (5.5 m L m in’1) was used as the carrier gas, w hile nitrogen at a flow rate o f 

30 mL m in' 1 was the auxiliary gas. Flow rates for hydrogen and air w ere 30 and 300 mL 

m in' 1 respectively. T he sp lit flow w as set to 5.1 mL m in '1. In jector and FID 

tem peratures w ere 200°C  and 250°C , w hile the oven tem perature was 110°C isotherm al.
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The retention tim e for acetate was 2.7 m in using this m ethod. Peak  areas w ere obtained 

from  a H P 3380A  integrator. Sam ples were prepared for analysis by centrifuging at 16 

000 x g for 10 m in to rem ove solids, and acidifying 90 p.L o f the supernatant w ith 10 p L  

o f 4 N  H 3PO 4. A n injection volum e of 1 pL  was used. T he calibration curve fo r acetate 

was linear in the concentration range o f  32 m g L' 1 to 300 mg L '1, so dilu tion in water was 

perform ed if  the expected acetate concentration was above the linear region o f the 

calibration curve.

2.1.3. Benzoate

Benzoate was analyzed using a W aters H PLC equipped with a R P C-18 colum n 

(10 p m  particle size, B row nlee Colum ns, Perkins Elm er, N orw alk, CT). The mobile 

phase consisted o f 65% water, 35%  acetonitrile, 10 m L 0.5 M  K2H PO 4 L '1, and 2 mL 0.5 

M H 3PO4 L' 1 at a flow rate o f 1 m L m in '1. A  W aters UV-VIS detector set to a wavelength 

o f 230 nm was used. Using this m ethod, the retention tim e o f  benzoate was 2.7 min. 

D ata w ere collected on an H P 3390A  integrator. S tandards ranging from  3.1 mg L' 1 to 

100 mg L' 1 w ere freshly prepared and analyzed each day that cu lture sam ples were 

analyzed. Sam ples were centrifuged at 16 000 x g for 10 min to rem ove solids, and 

diluted in m obile phase if the expected benzoate concentration was above the linear 

range o f the method.

2.1.4. M ethane

M ethane was analyzed using the m ethod o f  H olow enko et al. (2000). An HP 

5700A  G C fitted with a 2 m x 0.3 cm  colum n packed with Tenax (60/80 m esh) was used. 

Flow  rates w ere 30 mL min' 1 for hydrogen, 260 m L m in' 1 for air, and 46 mL min' 1 for 

nitrogen, the carrier gas. Injector and oven tem peratures were 40°C , w hile the FID was 

set at 200°C. U nder these conditions, the retention tim e for m ethane was -0 .2 3  min. 

A nalyses w ere done using 0.1 mL o f headspace gas from  m icrocosm s that had been 

vigorously shaken prior to sam pling. Peak areas were obtained from  a H P 3380A 

integrator. Calibration curves w ere prepared using 0.16% , 8%, and 15% (v/v) methane 

in 158-mL serum  bottles. Results were reported as % by vol. m ethane.
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2.1.5. Glucose

G lucose was analyzed using the 3,5-dinitrosalicylic acid  (DNS) m ethod (M iller 

1959) m odified for sm all sam ple volumes. T he DNS reagent contained 10 g D N S L '1, 

300 g potassium  sodium  tartrate L '1, and 16 g sodium  hydroxide L’1 dissolved in water. 

Sam ples w ere clarified for analysis by centrifuging at 16 000 x g  for 10 min. To assay, 

125 p L  o f  DNS reagent and 125 pL  of sam ple supernatant were com bined in a flat 

bottom  96 well plate (C om ing Inc., Com ing, N Y ), sealed w ith Therm ow ell™  alum inum  

sealing tape (C om ing Inc., Com ing, NY) to prevent evaporation, and heated in a 90°C 

w ater bath for 5 min. W hen cool, the absorbance at 540 nm  (A 540) w as read using a 

Spectram ax Plus 384 plate reader (M olecular D evices, Sunnyvale, CA ) blanked with 

appropriate m edium  and DNS reagent. D ata w ere m anipulated w ith Softm ax Pro 

software, version 3.1.2 (M olecular Devices, Sunnyvale, CA). Standards ranging from  50 

to 400 mg L' 1 were freshly prepared and analyzed in duplicate w ith each set o f  culture 

samples. I f  the sam ple concentration was expected to be outside the range o f the method, 

sam ples w ere diluted in the appropriate m edium.

2.1.6. Lactate

Lactate in sam ples was derivitized using the m ethod o f  M iw a and Y am am oto 

(1987). Sam ples were centrifuged at 16 000 x g for 10 m in to rem ove solids. Forty-tw o 

m icrolitres o f  sam ple were added to 84 p L  o f  15.8 m M  2-nitrophenylhydrazine 

hydrochloride (2-NPH) (TCI A m erica, Portland, OR), d issolved in a 3:1 95%  ethanol: 

0.4 M HC1 solution, and 84 p i o f 125 m M  l-ethyl-3-(3-dim ethylam inopropyl) 

carbodiim ide (1-EDC) (Sigm a, St. Louis, M O), d issolved in a 1:1 95%  ethanol: 3% 

pyridine (v/v) in 95%  ethanol solution. Follow ing a 20 m in incubation in a 60°C water 

bath, 42 p L  o f  140 m M  KO H (prepared in 4:1 m ethanol: d istilled w ater) w ere added, 

then the sam ples were incubated for an additional 15 m in at 60°C. T he sam ples were 

cooled under cold water, and m aintained on ice until analysis. Lactate was analyzed 

using a W aters HPLC equipped with a RP C-18 colum n (10 p m  particle size, Brow nlee 

Colum ns, Perkins Elm er, N orw alk, CT). The m obile phase consisted o f  60%  water, 40%
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m ethanol adjusted  to pH  4 .4  w ith 2 M  H 3PO4. O ne m icrolitre injections w ere perform ed, 

and the flow  rate w as 1.2 m L m in '1. A  W aters UV -V IS de tec to r set to a  wavelength o f 

400  nm  was used. U sing this m ethod, the retention tim e o f  lactate  was 1.9 min. D ata 

w ere collected on an H P 3390A  integrator. Lactate standards ranging from  223 mg L' 1 to 

2670 mg L ’1 w ere prepared from  a lithium  lactate stock (S igm a-A ldrich , St. Louis, M O).

2.1.7. A m m onium

A m m onium  w as analyzed by the phenate-hypochlorite  m ethod using an 

autom ated system  and a colorim etric m ethod developed by Friedrich and M itrenga 

(1981) m odified for 250 fiL  sam ple volum es. F o r the autom ated m ethod, sam ples w ere 

centrifuged at 16 000 x g  for 10 min, then filtered through a 0.45 /xm filter prior to 

analysis. Sam ples w ere analyzed on a T echnicon A utoanalyzer II (Technicon Industrial 

System s, T arrytow n, NY).

To assay for am m onium  by the m odified m ethod o f  Friendrich and M itrenga 

(1981), 23 juL o f  sam ple w ere added to 114 /iL  o f  phenol reagen t containing 0.106 M  

phenol and 0.17 m M  sodium  nitroferricyanide in a flat bottom  96 well plate. After 114 

[iL o f  a reagent contain ing 11 mM  hypochlorite in 0.125 N aO H  w ere added, the plate 

was sealed w ith T herm ow ell™  alum inum  sealing tape to prevent evaporation, and heated 

in a 30°C  w ater bath for 30 min. W hen cool, the absorbance at 550 nm (A 550) was read 

using a Spectram ax Plus 384 plate reader b lanked with 20 m M  sodium  pyrophosphate 

buffer, pH 8.0, treated w ith both reagents. Data were m anipulated with Softm ax Pro 

softw are, version 3.1.2. A m m onium  standards ranging from  49  jiM  to 3100 fiM  w ere 

freshly prepared from  am m onium  nitrate and analyzed in duplicate. I f  the sam ple 

concentration w as expected to be outside the linear range o f  the  m ethod, sam ples w ere 

dilu ted  in 20 m M  sodium  pyrophosphate buffer, pH  8.0.

2.1.8. Sulfate

Sulfate was analyzed by ion chrom atography using  a D ionex D X 600 

chrom atograph (D ionex Ltd., Oakville, ON) equipped w ith an A SRS-U ltra 4  m m  

suppressor on recycle m ode and Ionpac A S-H C  4 m m  and A G -H C  4 m m  colum ns. The 

eluent used was 9 mM  carbonate at a flow  rate o f  1 mL m in '1. T he  sam ple loop size used
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was 25 fLL. Sam ples w ere centrifuged at 16 000 x  g for 10 m in and d ilu ted  in  w ater to 

w ithin the linear range o f  the instrum ent, w hich w as 10 mg L ' 1 to 40  m g L '1, and filtered 

through a 0.45 fim filter prior to analysis. Sulfate results w ere verified for several 

sam ples using the turbidim etric m ethod o f Kolm ert e t al. (2000).

2.1.9. Protein

Protein analysis was perform ed using a BC A  Protein Assay K it (No. 23225, 

Pierce, R ockford, IL). Sam ples w ere centrifuged at 16 000 x  g for 10 m in to rem ove 

solids. S tandards w ere prepared from  0 to 1000 /rg mL' 1 from  bovine serum  album in, 

fraction V (BSA ) (No. 23209, Pierce, Rockford, IL). Ten m icrolitres o f  each standard 

and sam ple w ere dispensed into a flat bottom  96 well plate, and  200 /rL  o f the w orking 

reagent (1 part BC A  reagent B in 50 parts BC A  reagent A  (both Pierce, Rockford, IL) 

was added. T he plate was sealed w ith Therm ow ell™  alum inum  sealing tape to prevent 

evaporation, and heated in a  60°C w ater bath for 30 min. W hen cool, the absorbance at 

570 nm (A 570) was read using a Spectram ax Plus 384 plate reader blanked with culture 

m edium  treated w ith the reagent. D ata were m anipulated w ith Softm ax Pro software, 

version 3.1.2.

2.1.10. Carbon analysis

Total carbon (TC ) and total inorganic carbon (TIC) analyses w ere perform ed 

using a D ohrm ann D C 80 instrum ent equipped with a nondispersive infrared (NDIR) 

detector. Tw o hundred m icrolitre injections w ere perform ed, and the sam ples were 

diluted to w ithin the linear range o f  the m ethod, w hich was 10 to 800 m g carbon L '1. For 

TC , potassium  hydrogen phthalate w as used to calibrate the equipm ent, w hile for TIC, 

sodium  carbonate w as used. O rganic carbon (OC) was determ ined by subtracting TIC 

from  TC.

2.1.11. Viscosity m easurem ent

V iscosity  m easurem ents on selected PA M -containing m ethanogenic cultures 

w ere perform ed using a Cannon-U bbelohde viscom eter (C annon Instrum ent Co., State 

College, PA ). Sam ples (3.8 mL) w ere centrifuged at 16 000 x g for 10 m in to rem ove

particulate m atter, and dilu ted  in M illi-Q  water to fall w ithin the range o f  the instrum ent.
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Results are reported as centistokes per second (cSt s '1) instead o f centipoise because the 

densities o f the solutions (required to convert cSt to cp) w ere not known. T he method 

was verified w ith glycerol standards prior to use w ith PA M . A standard curve was 

generated using PAM  solutions ranging from 0%  to 0.0165%  PA M  in water. Triplicate 

analyses o f each sam ple were perform ed.

2.1.12. Extracellular amidase activity

Extracellular am idase activity was determ ined using the m ethod described by 

Kay-Shoem ake et al. (1998b). In an initial experim ent, 1.4 m L w ere rem oved from  each 

aerobic culture, centrifuged at 16 000 x g  for 10 m in, and placed on ice. Reaction 

m ixtures containing 700 /xL o f culture supernatant and either 100 m M  acetam ide or 250 

mg PA M  L' 1 in 20 m M  sodium  pyrophosphate were prepared aseptically  in triplicate. 

Follow ing 2 h o f  incubation in a 30°C water bath, sam ples w ere taken for amm onium  

analyses as described in Section 2.1.7.

In a later experim ent, a 100 m L volume was rem oved aseptically from  cultures 

inoculated with Syncrude process water, centrifuged at 16 000 x g for 10 m in at 4°C, and 

placed on ice. Supernatants o f  the cultures containing NH4NO3 and no fixed nitrogen 

were concentrated by factors o f 4 and 25 respectively using a 10 000 M W  cutoff Diaflo 

ultrafiltration m em brane in a M odel 720 Ultrafiltration cell (A m icon, O akville, ON), then 

sterilized by filtration through a M illex -GV 0.22 /xm low protein-binding filter 

(M illipore, Billerica, MA). Reaction m ixtures w ere aseptically prepared containing 100 

mM o f  acetam ide, 100 mM acrylam ide, o r 250 mg PAM  L' 1 com bined w ith 700 \iL of 

filtered supernatant to give a 1 m L total volume. The supernatant o f the culture 

containing PAM  was too viscous to filter, and so was not filtered. R eaction mixtures 

containing 25 units o f  a com m ercial am idase (EC 3.5.1.4; Sigm a-A Idrich, St. Louis, MO) 

and the test am ides were also prepared as positive controls. C ontrols containing only 

buffer plus am ide and buffer only were also prepared. All reaction m ixtures were 

prepared aseptically, incubated at 30°C in a  water bath, and sam ples aseptically removed 

periodically for am m onium  analysis (described in Section 2.1.7) and protein analysis 

(described in Section 2.1.9).
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2.1.13. Determination o f  nitrogenase activity in aerobic cultures containing PAM as

nitrogen source

N itrogenase activity assays w ere perform ed on selected cultures that had been 

provided w ith PAM  as a nitrogen source (cultures described in Section 2.2.3.1) (Turner 

and G ibson 1980). O ne m illilitre o f  culture w as inoculated into 10 mL o f nitrogen- 

deficient com bined carbon m edium  (Rennie 1981), and cultures w ere incubated at 30°C. 

C ultures provided with glucose as carbon source in the PA M -containing enrichm ent 

cultures w ere provided w ith glucose as a carbon source in the nitrogenase assay (1000 

m g L '1), w hile enrichm ent cultures acclim ated to acetate w ere provided with acetate 

(1000 mg L '1). Azotobacter vinelandii (courtesy o f H. W helan, U niversity o f Alberta) 

was inoculated and used as a positive control for nitrogenase activity.

H eadspace gas sam ples (0.2 m L) w ere taken at 24 h, 48 h, and 1 week, and 

reduction o f  acetylene to ethylene was m easured using a H ew lett-Packard 5890 series II 

GC equipped with a therm al conductivity detector fitted with a 2 m x 0.3 cm colum n 

packed w ith Poropack R (60/80 mesh). Injector, oven, and detecto r tem peratures were 

37°C, 35°C, and 80°C respectively. H elium  was the carrier gas at a flow  rate o f 59 mL 

m in’1. U nder these conditions, the retention tim e for acetylene was -2 .9  min, while 

ethylene was retained on the colum n for -  5.2 min. C alibration curves were prepared 

using 0.16% , 8%, and 15% (v/v) acetylene plus ethylene prepared in 158-mL serum 

bottles.

2.1.14. Optical density (OD6qo)

O D  readings w ere taken using a Philips PU 8740 UV -V IS spectrophotom eter set 

to 600 nm  using appropriate m edium  to blank the instrum ent.

2.1.15. Anaerobic techniques

All m edium  and stock solutions w ere prepared using standard anaerobic 

techniques (Balch and W olfe 1976, M iller and W olin 1974). M edia were cooled while 

sparging w ith (V f re e  gas, w hich was 30%  C O 2, 70%  N 2 for m ethanogenic m edium  and 

10% C O 2, 90%  N 2 for W iddel-Pfennig m edium  for SRB. G ases w ere passed over a 

heated copper coil to rem ove O 2, and w ere sterilized by filtering through a 0.22 pm  filter
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i f  required. M edia w ere dispensed into 125-mL serum  bottles (N o. 223748; W heaton 

Scientific, M illville, NJ) using Ch-free gas-flushed pipettes, and w ere sealed w ith blue 

butyl rubber stoppers (trim m ed to ~1 cm  for ease o f sam pling) and 13 m m  alum inum  

seals. These serum  bottles have a total volum e o f  158 m L  (R oberts 2002). Experim ents 

described in Section 2.2.2.3.3 used 100-mL serum  bottles (No. 223747, W heaton 

Scientific, M illville, NJ).

C ultures w ere inoculated in an anaerobic cham ber (C oy Laboratory Products, 

Grass Lake, M I) contain ing an atm osphere o f  5% C O 2, 10% FL, and 85% N 2. Follow ing 

inoculation, the headspaces o f  cultures under sulfate-reducing conditions w ere flushed 

for 2 min w ith sterile Ch-free gas (30%  CO2, 70%  N 2) to ensure no H 2 rem ained to serve 

as a possible electron donor. Sulfide was added as a reducing agent to all anaerobic 

cultures to give a final concentration o f 1 mM. Sam pling w as done w ith sterile 20 gauge 

needles fitted onto  L uer-L ok disposable syringes (Becton D ickinson, M ississauga, ON) 

that had been flushed w ith sterile 0 2 -free gas, or w as done in an anaerobic cham ber to 

avoid introducing oxygen into the cultures. Stock solutions w ere boiled, sparged with 

0 2 -free N2 gas, and sterilized prior to addition to cultures.

2.1.16. Verification o f the presence o f  SRB in experiments with acrylamide and acrylic

acid as carbon sources

The presence o f  SRB in M FT, TT, and m ud-containing cultures w as detected by 

adding 1 m L o f  sam ple to 9 mL o f  the appropriate m edium  in 15-mL H ungate tubes 

(Belco, V ineland, NJ). T ubes w ere scored after 30 d incubation at room tem perature in 

the dark. Positive tubes for SRB contained a black precipitate on the iron finishing nails.

SRB w ere cultivated using the m ethod o f  Fedorak et al. (1987). M odified 

B utlin ’s m edium  (Butlin et al. 1949) containing 10 mM  sodium  lactate and two acid- 

w ashed iron finishing nails per tube was used.

2.1.17. Chemicals

A crylam ide (99% ), acrylic acid  (99% ), and m ethyl acrylate (99% ) w ere obtained 

from  Sigm a-A ldrich. T he PAM  preparation used in all biodegradation experim ents was 

M agnafloc® LT27A G  (Ciba® Specialty  C hem icals, M ississauga, ON), an ultra-high
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w eight anionic polym er with a 29%  charge density. This form ulation was solvent 

w ashed by Ciba® to produce a very low (less than 10 m g k g '1) residual acrylam ide 

content (R. Schaeffer, C iba Specialty Chem icals, personal com m unication, 2002; 

Sem ple et al. 2001). Specifications o f o ther form ulations used in  this study are given in 

T able 2.1. C hem icals used as carbon sources were glucose (BDH , M ississauga, ON), 

sodium  acetate, sodium  benzoate, and sodium  lactate (all Fisher, N epean, ON ). All 

reagents used in HPLC m obile phases were HPLC-grade, and all w ater used was purified 

using the Milli-Q® system  (M illipore, Billerica, MA).

Table 2.1. PA M  form ulations used in experim ents.

Trade nam e M agnafloc

336

A lcoflood 1235 M agnafloc LT27A G

M anufacturer CIBA C IB A CIBA

C harge density  (m ol %) n/aa 25 29

M olecular-w eight ultra-high ultra-high ultra-high

classification

N itrogen content (% )b 12.3 10.5 11.7

Carbon content (% )b 40.7 39.0 38.9

A crylic acid content (m g kg' 1)0 2000 1800 910

A crylam ide content (mg kg ' 1)0 250 150 10

Charge anionic anionic anionic

in fo rm a tio n  not available
b analysis perform ed by Analytical Service Departm ent, D epartm ent o f Chem istry, 
U niversity o f  A lberta 
c Sem ple et al. (2001)

2.1.18. Statistical analysis

Statistical analyses were perform ed using the S tuden t’s t-test to determ ine 

w hether statistically significant d ifferences exist betw een control and viable culture 

m ethane or substrate concentrations (p<0.05).
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2.1.19. Calculations

The general form  o f  B usw ell’s equation, shown by Equation 2.1, was used to 

estim ate the expected am ounts o f  m ethane produced from  given substrates (Sym ons and 

Busw ell 1933). The balanced equations for calculating the m ethane yield  o f substrates 

used in this study are given in Table 2.2.

C nH aObNcSd +  [n -  a/4 -  b/2 +  7c/4 + d/2] H20  ->  [n/2 -  a/8  +  b/4 -  5c/8 +  d/4] C 0 2 + 

[n/2 + a/8  -  b /4 -3c/8  -  d/4] CH4 + CNH4C O 3 + dH 2S

Equation 2.1. Busw ell’s equation for theoretical m ethane production from 

substrates containing carbon, hydrogen, oxygen, sulfur, and nitrogen.

T able  2.2. Estim ation o f m ethane yield using B usw ell’s equation for carbon 

sources used.

Substrate B usw ell’s equation

A cetate C H 3CO O H  —► C 0 2+ C R 4

Benzoate C 7H50 2 + 4.75 H 20  ->  3 .3 7 5 C 0 2 + 3 .625C H 4

Glucose C 6H 12C>6 -+  3 C 0 2 + 3CH4

A crylam ide C 3H5NO + 3H 20  — I .2 5 C 0 2+ 1.5CH4 + NH4H C 0 3

Using the theoretical am ount o f  m ethane from  a given am ount o f  substrate (Table 

2.2), the expected volume o f m ethane (in mL) can be calculated using the assum ption 

that 1 mol m ethane = 22.4 L (at STP). From  this, the anticipated volum e o f  m ethane (% 

vol.) in the headspace o f rigid containers (Nelson 1971) can be calculated using Equation 

2 .2 .

CH4 (% vol.) =[(a)/(a +  b)] x 100 

W here: a = predicted vol. (mL) methane

b = vol. (m L) headspace in m icrocosm

Equation 2.2. Conversion o f  m ethane volum e (m L) to m ethane volum e (%  vol.) 

in headspace o f  m ethanogenic microcosms.
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To calculate the first-order kinetic data fo r acrylam ide rem oval, the m ethod of 

M etcalf and Eddy (1979) was used. D ata w ere plotted as the natural logarithm  

(acrylam ide concentration) vs. time (d) for the zone in w hich degradation was linear. 

T he slope o f the line is the rate constant, k j, given in units o f  d '1. From  this, the half-life 

can be calculated by: half-life (d) =  ln(2)/ki.

2.2. Biodegradation studies

2.2.1. Inocula used in biodegradation studies

Inocula used w ere an M FT sam ple (com posite from several depths o f the M LSB), 

o r a T T  slurry sam ple (general com position given in Section 1.1) collected  on 27 Sept. 

2001 from  the Syncrude A urora site. The oil sands inocula w ere stored at 4°C  in sealed 

containers prior to use. Anaerobic dom estic sew age sludge sam ples were obtained from 

the Gold Bar W astew ater Treatm ent Plant (7.9 m. depth o f  digestion tank). W here 

indicated, biodegradation studies were carried out with these inocula.

2.2.2. Removal o f  acrylamide and acrylic acid

2.2.2.1. Degradation of acrylamide and acrylic acid under simulated 

environmental conditions

2.2.2.1.1 Effect of temperature on acrylamide degradation

In this experim ent, acrylam ide degradation in A urora T T  (described in Section

1.1 and Section 2.2.1) under tem perature conditions sim ulating those o f the TT  deposit 

was assessed. Concentrations o f acrylam ide in the pg  L "1 range w ere used, because these 

represent field conditions (less than 15 pg  L '1). T T  stored at room  tem perature were 

hom ogenized using a drill and impellor attachm ent (obtained from  the D epartm ent of 

C hem ical and M aterials Engineering, U niversity o f  Alberta) until a uniform ly viscous 

suspension was obtained. Three-litre portions o f TT  w ere transferred into 4-L 

polypropylene bottles (Nalgene), and appropriate volumes o f  a sterile 1000 m g L' 1 

acrylam ide solution were added to give final concentrations o f 100, 1000, and 10 000 pg  

L '1. H om ogenizing continued for 2 min to ensure adequate m ixing o f  acrylam ide in TT.
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T T  w ith M illiQ  w ater added served as a control to determ ine the background 

acrylam ide concentration present in TT. Follow ing m ixing, 75 g sam ples w ere dispensed 

into 120 m L glass ja rs  (Q orpak), w hich w ere capped and stored in the dark at room 

tem perature, 4°C , o r -20°C . Jars stored at -2 0 °C  were set up in duplicate to provide 

spares in case ja rs  broke during freezing. A total o f seven ja rs  for each treatm ent were 

set up so that one ja r  could be destructively sam pled at each tim e (0.5, 1, 2, 3, 4, 5, 6 

m o). One ja r  was sam pled for each acrylam ide concentration at tim e zero. A t each 

sam pling tim e, both pore w ater and release w ater w ere sam pled. Release w ater was 

considered to be the w ater that collected on the T T  during storage, w hereas pore water 

was the w ater that w as obtained by centrifuging the TT  after release w ater rem oval. All 

sam ples were frozen at -2 0 °C  prior to analyses.

2.2.2.1.2 Effect of incubation under aerobic and oxygen-limited conditions on 

acrylamide degradation

To m easure the biodegradation rate o f acrylam ide and acrylic acid under aerobic 

and oxygen-lim ited conditions, 3 L o f  T T  were hom ogenized in a 4-L  wide-m outh 

polypropylene bottle, and acrylam ide and acrylic acid were added to give a final 

concentration o f 100 (ig L ' 1 each. This experim ent was designed to reflect the oxygenic 

conditions present in the T T  deposit im m ediately follow ing deposition. The bottle was 

stored at room  tem perature in the dark. Sam ples were taken periodically from  the 

surface o f the tailings to give an aerobic sam ple, and from the bottom  o f the bottle to 

reflect anoxic conditions. The upper sam ple represented the aerobic environm ent in the 

T T  deposit, while the bottom  sam ple was intended to reflect the anoxic environm ents in 

the T T  subsurface. A  sam ple o f  TT  with no added acrylam ide o r acrylic acid was taken 

to determ ine the background concentrations o f these two chem icals. W ater was rem oved 

from  the solids by centrifuging, and sam ples w ere stored at -2 0 °C  until analysis.

A later experim ent provided m ore stringent anaerobic conditions. T T  were 

hom ogenized as described in Section 2.2.2.1.1, and 750 m L w ere transferred into each of 

two 1-L polypropylene bottles (Nalgene). Four glass m arbles w ere added to each bottle 

to aid in m ixing. One o f the bottles received resazurin, a redox indicator, to verify
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anaerobic conditions (final concentration o f  1 m g L"1), and w as m oved into an anaerobic 

cham ber (described in Section 2.1.15) fo r the duration o f  the experim ent. T he bottles 

w ere allow ed to equilibrate for lw eek  with the lids loosened, and the bottles w ere shaken 

vigorously daily to m aintain fluidity. On d 7, acrylam ide was added to give a final 

concentration o f 100 /rg L '1, and the bottles w ere shaken to evenly d istribute the 

acrylam ide. Ten m illilitre sam ples were taken, placed in a 15-mL centrifuge tube 

(C om ing Inc.), and centrifuged at 10 000 x g for 10 min. O ne m illilitre o f  the supernatant 

was rem oved and stored at -2 0 °C  until analysis for acrylam ide. B oth bottles were 

incubated at room  tem perature, and samples were taken biw eekly.

T o ensure that acrylam ide is not adsorbed by the polypropylene bottles, 100 /rg 

L ' 1 acrylam ide w as added to 10 mM  phosphate buffer in 1-L polypropylene bottles 

(N algene), and sam ples were taken for acrylam ide analysis.

2.2.2.2. Acrylamide hiodegradation under aerobic conditions in shake-flask 

cultures

Enrichm ent cultures for aerobic m icroorganism s capable  o f  using acrylam ide as 

either a sole carbon o r sole carbon and nitrogen source w ere established. S terile shake 

flasks (500 mL) w ere prepared containing 200 m L o f sterile  B + N P m edium  (Fedorak 

and W estlake 1984) for cultures in w hich acrylam ide was the sole carbon source, with 

NH4CI replaced w ith KN O3 to an equivalent nitrogen concentration to allow  for 

am m onium  detection. For cultures in which acrylam ide provided both carbon and 

nitrogen, 0.8%  N aC l w as used as the medium. F ilter-sterilized acrylam ide was added to 

achieve a final concentration o f  1 m g L '1, and was added follow ing m edium  sterilization 

to avoid therm al degradation. The inoculum  used was the T T  slurry described in Section

2.2.1. Ten m illilitres o f  hom ogenized T T  were aseptically added to the m edium , and the 

flasks w ere shaken at 200 rpm on a rotary shaker at 28°C  in the dark. Sterile controls 

w ere prepared by inoculating m edium , autoclaving for 1 h d 1 on 3 consecutive d, and 

adding acrylam ide. O nce the acrylam ide had been depleted from  a culture, 10 m L o f the 

culture w ere transferred to fresh m edium  supplem ented w ith acrylam ide. Liquid 

sam ples w ere taken for acrylam ide (Section 2.1.1) and am m onium  (Section 2.1.7)
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analyses, and OD600 analysis (Section 2.1.14) w as perform ed on selected samples. A ll 

sam ples w ere stored at -2 0 °C  until analyses w ere done.

2.2.2.3. A cry lam id e  b io d e g ra d a tio n  u n d e r  su lfa te -re d u c in g  co n d itio n s

2.2.2.3.1 A cry lam id e  b io d eg ra d a tio n  in  h igh  su lfa te  m ed iu m

B ecause sulfate is prevalent in oil sands tailings, sulfate-reducing conditions are 

expected to predom inate once oxygen has been depleted. To assess the potential for 

biodegradation o f  acrylam ide and acrylic acid under sulfate-reducing conditions, 

anaerobic m icrocosm s w ere established in trip licate using the anaerobic techniques 

described in Section 2.1.15. Each m icrocosm  contained 75 m L of W iddel-Pfennig 

m edium  (Collins and W iddel 1986) and acrylam ide or acrylic acid, or both, each at 7 mg 

L '1. S terile controls w ere prepared by inoculating m edium  (inocula described below ), 

autoclaving 3 consecutive d for 1 h d 1, and adding substrates to achieve a final 

concentration o f 7 m g L ‘l each. Sulfate was added to achieve a final concentration o f 2.3 

g L '1. To assess abiotic degradation o f the substrates, uninoculated controls were 

prepared containing m edium  with only the test substrates.

Inocula used a m ud sam ple (collected from  H aw relak Park, Edm onton, AB on 9 

June 2002), M FT, and T T  (both described in Section 2.2.1). Tw enty-five grams of the 

m ud or M FT, or 25 m L o f T T  w ere added to the serum  bottles. A fter inoculation, 

m icrocosm s were incubated at room  tem perature in the dark. Sam ples were rem oved 

from  the m icrocosm s weekly and stored at -2 0 °C  until analyses for acrylam ide (Section 

2.1.1), acrylic acid (Section 2.1.1), and sulfate (Section 2.1.8) w ere done. Cultures were 

transferred into m edium  containing fresh substrate when the substrates w ere depleted.

2.2 .2 .3 .2  A cry lam id e  b io d eg ra d a tio n  in  low  su lfa te  m ed ium

To enable detection o f  sulfate loss in the cultures, the concentrations o f 

acrylam ide and acrylic acid w ere increased to 71 mg L '1 for the third transfer o f the 

experim ent described in Section 2 .2 .2 .3 .I. Based on the balanced equations for

acrylam ide and acrylic acid degradation shown in Equation 2.3 and Equation 2.4, the 

concentration of sulfate in the W iddel-Pfennig m edium  (Collins and W iddel 1986) was
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decreased to  3 m M  (290 m g L '1) sulfate for cultures containing a single substrate and to 6 

m M  (580 m g L '1) for cultures containing both substrates.

2C3H5ON + 3 S 0 42' —  6 C 0 2 + 2N H 3 +  2H 20  + 3S2'

Equation 2.3. A crylam ide m ineralization under sulfate-reducing conditions.

2C3H4O2 + 3 S 0 42' -*■ 6 C 0 2 + 4H 20  + 3S2‘

Equation 2.4. Acrylic acid m ineralization under sulfate-reducing conditions.

Serum  bottles containing the cultures were incubated in an anaerobic cham ber at room  

tem perature in the dark.

2.2.2.3.3 Acrylamide biodegradation with molybdate added as an inhibitor of 

SR B

To dem onstrate that acrylam ide degradation was coupled to sulfate reduction, 

cultures free o f sulfate and cultures containing m olybdate to inhibit SRB w ere tested. 

Fifteen m illilitres o f M FT were inoculated into 90 mL o f  W iddel-P fennig  m edium  

(Collins and W iddel 1986). Filter-sterilized acrylam ide, sulfate, and m olybdate were 

added to designated cultures to achieve concentrations of 7 m g L 1, 290 mg L '1, and 21 g 

L’1 respectively. Sterile controls were prepared by inoculating m edium , autoclaving 3 

consecutive d for 1 h d 1, then adding acrylam ide and sulfate to achieve final 

concentrations o f  7 mg L ' 1 and 290 mg L ' 1 respectively. Sam ples w ere taken weekly for 

acrylam ide and sulfate analyses were stored at -2 0 °C  until analysed. Cultures were 

transferred into m edium  containing fresh substrate when the substrates were depleted.

2.2.2.4. Acrylamide biodegradation under methanogenic conditions

2.2.2.4.1 Enrichment cultures

O nce sulfate is depleted in the oil sands tailings, m ethanogenic conditions will 

predom inate (Fedorak et al. 2002). T o assess the potential for biodegradation o f 

acrylam ide under such conditions, m ethanogenic m icrocosm s w ere established in 

triplicate using the anaerobic techniques described in Section 2 .1.15. A crylam ide was
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used as a carbon source at a final concentration o f  7 mg L ' 1 o r 71 m g L 1. Sterile controls 

w ere prepared by inoculating m edium , autoclaving 3 consecutive d for 1 h  d '1, and 

adding filter-sterilized acrylam ide to achieve a final concentration o f  7 m g L ' 1 or 71 mg 

L '1. To account for m ethane production from the inoculum , inoculated controls 

contain ing no acrylam ide w ere prepared. A fter inoculation, serum  bottles contain ing the 

cultures w ere incubated in an anaerobic cham ber at room  tem perature in the dark.

Inocula used w ere an anaerobic dom estic sew age sludge sam ple (collected 22 

April 2003), M FT, and T T  (described in Section 2.2.1). Tw enty-five m illilitres o f  each 

inoculum  was added to appropriate serum  bottles. Liquid sam ples were taken weekly for 

acrylam ide analysis, and w ere stored at -2 0 °C  until analysis. H eadspace gas sam ples 

w ere taken w eekly, and were analyzed for m ethane using the m ethod described in 

Section 2.1.4. W hen the substrate was depleted from  the cultures, a portion o f  the culture 

was transferred into fresh m edium  containing m ore acrylam ide.

2.2.2.4.2 Inhibition studies with acrylamide in methanogenic consortia

To determ ine w hether acrylam ide inhibited m ethane production, an inhibition 

assay was established using anaerobic dom estic sewage sludge (Section 2.2.1, collected 6 

O ctober 2003). P rior to use, the inoculum  was allow ed to incubate and vent in a fum e 

hood fo r 10 d to reduce the volum e o f m ethane originating from  indigenous sources 

(carbon sources in the inoculum ). A naerobic m icrocosm s w ere established in triplicate 

in the m edium  o f Fedorak and H rudey (1984) using the anaerobic techniques described 

in Section 2.1.15. Ten m illilitres o f  sew age sludge w ere inoculated into each culture, and 

headspaces were flushed for 2 min with sterile 0 2 -free gas (30%  C O 2, 70%  N 2) to ensure 

no H2 rem ained to serve as a possible electron donor. A cetate (as the sodium  salt) was 

provided to all cultures as a readily-useable energy and carbon source at a concentration 

o f  1000 mg L '1. C oncentrations o f acrylam ide tested w ere 0, 7, 40, 70, 360, and 710 mg 

L' 1 to determ ine the extent o f inhibition o f  m ethane production caused by acrylam ide. 

A fter inoculation, cultures were incubated at room  tem perature in the dark, and samples 

were taken weekly for acetate and acrylam ide analyses. Sam ples w ere stored at -2 0 °C  

prior to analysis. M ethane analysis was perform ed w eekly as described  in Section 2.1.4.
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2.2.2.4.3 Attempts to demonstrate enhanced methanogenesis from acrylamide 

biodegradation

Exposure to acrylam ide in the inhbition study (Section 2 .2 .2 .4 .2) produced an 

acclim ated consortium  w hich w as able to  overcom e acrylam ide toxicity . T o  determ ine 

w hether acrylam ide stim ulated m ethanogenesis, additional experim ents w ere perform ed 

on the acclim ated consortia  from  the inhibition study. O nce acrylam ide had been 

com pletely rem oved in these cultures, the headspaces were flushed  w ith sterile 0 2 -free 

gas (30%  CO2, 70%  N 2) until the m ethane concentration was nil, and acrylam ide was 

added to the appropriate original concentration (0, 7, 40, 70, 360, and 710 m g L '1). No 

acetate was added to these cultures, because acrylam ide was m eant to serve as the carbon 

source for m ethanogenesis. Follow ing this flushing procedure, acry lam ide in the liquid 

phase and m ethane in the headspace w ere m onitored w eekly, and  w hen the acrylam ide 

was com pletely rem oved, the cultures w ere supplem ented again w ith  acrylam ide, but no 

headspace flushing was done.

2.2.3. PAM as nitrogen source fo r  microorganisms

2.2.3.I. PAM as a nitrogen source under aerobic conditions

Enrichm ent cultures fo r aerobic m icroorganism s capable o f  using PAM  as a 

nitrogen source w ere established. S terile shake flasks (500 m L) w ere prepared 

containing 200 m L o f  sterile m ineral salts m edium  (K ay-Shoem ake et al. 1998a) 

supplem ented w ith glucose (1000 m g L '1) or acetate (1000 m g L '1) as a carbon source. 

F ilter-sterilized glucose was added follow ing m edium  sterilization to avoid loss due to 

carm elization. A 0.3%  (w/v) PAM  solution was prepared by d isso lv ing  the solid PAM  in 

sterile MilliQ® w ater, using sterile glassw are and a sterile stirrer, and m ixing the solution 

for a t least 0.5 h. PAM  w as aseptically  added to give a  carbon:n itrogen  m ass ratio o f 

20:1 in the m edium . T he inocula used w ere a garden soil sam ple (U niversity  o f  Alberta) 

and a Syncrude process w ater sam ple (1 m surface zone collected  in 2001 from  W est In 

Pit (W IP)-, settling  basin) stored at 4°C  until use. Ten gram s (garden soil) or 10 mL 

(process water) w ere added to the m edium , and the flasks w ere shaken  at 200 rpm  on a 

rotary shaker at 28°C in the dark. W eekly transfers were perform ed by transferring 10
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m L o f  a 1-w eek-old  culture to  fresh m edium . Follow ing  24 w eeks, the cultures were 

transferred biw eekly. Initially, three flasks for each inoculum  w ere set up, but only those 

flasks dem onstrating visual grow th w ere m aintained after 24 w eeks. A t 24  weeks, the 

O D 600 and pH w ere m easured to follow  growth, and sam ples w ere taken fo r acetate and 

glucose loss, and am m onium  production. All sam ples w ere stored at -20°C  until 

analysis.

T he am idase activity o f the enrichm ent cultures w as investigated using the 

m ethod described in Section 2.1.12. An initial experim ent included  both garden soil and 

Syncrude process w ater enrichm ent cultures. Tw o m illilitres o f  established enrichm ent 

cultures (grow n and serially transferred for 21 mo) w ere inoculated into 25 m L o f  sterile 

m ineral salts m edium  (K ay-Shoem ake et al. 1998a) contain ing 1 g glucose L '1 and a 

volum e o f  sterile 0.3 % (w /v) PAM  or NH4NO3 to give a C :N  m ass ratio  o f 6:1. 

Inoculated m edium  containing no added nitrogen w as also tested  to determ ine the extent 

o f am idase activity resulting from nitrogen carryover from  the enrichm ent cultures. 

Cultures w ere incubated at 28°C  on an orbital shaker set to 200  rpm for 72 h prior to 

analysis for am idase activity.

A  later experim ent attem pted to increase the am ount o f  extracellu lar am idase by 

concentrating a larger supernatant volume. Ten m illilitres o f the established Syncrude 

process w ater enrichm ent cultures (grow n and serially  transferred for 23 mo) were 

inoculated into 200 mL o f sterile m ineral salts m edium  (K ay-Shoem ake et al. 1998a) 

containing 1 g glucose L '1 and volum es o f sterile 0.3 % (w/v) PA M  or NH4NO3 to give a 

carbon:nitrogen (C:N) m ass ratio o f  6:1. Inoculated m edium  containing no added 

nitrogen was also tested to determ ine the extent o f  am idase activity resulting from 

nitrogen carryover from  the enrichm ent cultures. C ultures w ere incubated at 28°C  on an 

orbital shaker set to 200 rpm  for 96 h prior to analysis for am idase activity.

2.2.3.2. PAM as a nitrogen source under sulfate-reducing conditions

To assess the ability o f SRB to use PA M  as a nitrogen source, anaerobic 

m icrocosm s w ere established in triplicate using the anaerobic techniques described in 

Section 2.1.15. Each m icrocosm  contained 75 m L o f  W iddel-P fennig  medium, 

excluding am m onium  ch loride and the vitam in so lu tion , to ensure that PAM  is the sole
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nitrogen source. Sodium  lactate was added to give a final concentration o f  2700 m g L '1, 

and a volum e of a  PA M  solution was added to give a final C :N  m ass ratio o f  20:1.

Inocula used were M FT and TT, described in Section 2.2.1. Tw enty-five grams 

o f M FT or TT  w ere added to separate m icrocosm s. Sterile controls were prepared by 

inoculating m edium  and autoclaving three consecutive days for 1 h d '1. To assess abiotic 

degradation o f the substrates, uninoculated controls were prepared containing m edium  

w ith only the test substrates. Inoculated cultures with no added nitrogen w ere also 

prepared to  determ ine substrate loss due to residual nitrogen in the inoculum. A fter 

inoculation, sam ples were incubated at room  tem perature in the dark in an anaerobic 

cham ber. Sam ples were taken biweekly for lactate and sulfate analyses, and PA M -N 

analysis by acid hydrolysis (Section 6.1.2). Sam ples were stored at -2 0 °C  until analyses 

w ere com pleted.

2.2.3.3. PAM as a nitrogen source under methanogenic conditions

M ethanogenic m icrocosm s using the medium o f Fedorak and Hrudey (1984) 

were established to assess the ability o f m ethanogenic com m unities to use PAM  as a 

nitrogen source. N itrogen sources such as the vitamin B solution, am m onium  chloride, 

and am m onium  m olybdate were excluded from  the m edium  to lim it the nitrogen source 

to only PA M . T he inocula used in enrichm ent cultures w ere an anaerobic dom estic 

sewage sludge sam ple, M FT, and TT (see Section 2.2.1). B enzoate, acetate, or glucose 

was added as a carbon source (1000 mg L 1), and PAM  was added to give a final C:N 

mass ratio o f  20:1. PAM  was added follow ing autoclaving to avoid therm al degradation. 

Liquid sam ples w ere taken weekly after vigorously shaking the cultures, and were stored 

at -2 0 °C  until analysis for benzoate, acetate, and glucose. H eadspace gas sam ples were 

taken w eekly, and w ere analyzed im m ediately for cum ulative m ethane production. Ten- 

m illilitre portions o f  the cultures were transferred into m edium  containing fresh substrate 

once the carbon sources had been depleted.

T o  verify that PAM  was serving as a nitrogen source, established enrichm ent 

cultures inoculated with sew age sludge with acetate as the carbon and energy source 

w ere chosen for further study. Ten-m illilitre volumes w ere transferred into 75 mL o f 

m ethanogenic m edium  (Fedorak and Hrudey 1984) containing acetate (1000 m g L '1),
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sufficient volum es o f  PA M  or NH4CI solutions to give a final concentration o f 20 m g N 

L '1. Sterile controls and controls containing no added nitrogen w ere also prepared. 

Sam ples w ere taken weekly for PA M -N  analysis by acid hydrolysis and for acetate 

analysis.
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3. Results and discussion

3.1. Biodegradation studies

3.1.1. Removal o f  acrylamide and acrylic acid

3.1.1.1. Degradation of acrylamide and acrylic acid under simulated 

environmental conditions

To assess b iodegradability  o f acrylam ide and/or acrylic acid under conditions 

sim ilar to those in T T  deposits, these com pounds w ere added directly to the T T  slurry 

described in Section 2.2.1. T he ir concentrations w ere m onitored from sam ples o f release 

w ater (the aqueous phase released during tailings storage) and pore w ater (water 

centrifuged from  the solid T T  phase) during incubation under various conditions.

3.1.1.1.1 Effect of temperature on acrylamide degradation

Because o f  the potential toxicity o f acrylam ide (Section 1.3.3), the degree and 

rate o f  acrylam ide degradation in the T T  deposit is o f  interest to assess risks associated 

with tailings disposal. To assess the persistence o f  acrylam ide in the deposited  materials 

under environm ental conditions, 75-m L portions o f a slurry o f  TT am ended with low 

concentrations o f acrylam ide w ere incubated at room  tem perature under static conditions 

(approxim ately 22°C), 4°C , and -2 0 °C  to sim ulate environm ental tem peratures in the oil 

sands region o f  northern A lberta. In this experim ent, no m anipulation o f  oxygen 

concentration was perform ed, so the oxic conditions reflect those w hich likely would 

occur naturally in the T T  deposit. No background acrylam ide was detected in T T  prior to 

acrylam ide addition. Thus, all acrylam ide detected originated from acrylam ide addition 

to final concentrations o f 160, 1500, and 15 000 p g  acrylam ide L' 1 TT. U nder these 

sim ulated conditions w here oxygen was likely not lim iting, rapid degradation o f 

acrylam ide in the pg  L ' 1 concentration range occurred at room  tem perature and at 4°C 

(Figure 3.1, F igure 3.2, F igure 3.3). In tailings supplem ented w ith 160 p g  acrylam ide L' 

\  all o f  the acrylam ide was rem oved by the first sam pling tim e at 14 d w hen the TT  was 

incubated at 4°C  or 22°C  (Figure 3.1). This com plete rem oval within 14 d occurred in
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both the release and pore waters, as seen in Figure 3.1a and b. Little acrylam ide rem oval 

w as observed in sam ples incubated at -2 0 °C . S im ilar results w ere obtained in TT  

containing 10 tim es as m uch acrylam ide (1600 fig L '1). A crylam ide was com pletely 

rem oved from  the release and pore waters by the first sam pling date a t 14 d (F igure 3.2a 

and b). A crylam ide persisted in only TT incubated at -2 0 °C , as incubation tem peratures 

o f  4°C  and 22°C  caused rapid degradation in 14 d. H ow ever, som e acrylam ide loss was 

noted at -2 0 °C  (-4 0 % ) (Figure 3.1, Figure 3.2). The samples w ere thaw ed at room  

tem perature only until liquid enough to hom ogenize fully ( -3 0  m in), and so the short 

time at room  tem perature during handling likely did not allow  biodegradation to occur to 

account for this decrease. Thus, the reason for the decrease in acrylam ide concentration 

is unknow n. At 22°C, 15 000 fig acrylam ide L' 1 (100%  o f the added acrylam ide) was 

rem oved in 14 d in release w ater (Figure 3.3a), but to see sim ilar loss in the pore waters, 

30 d was required (Figure 3.3b). A fter 14 d, 390 fig acrylam ide L"1 rem ained in the pore 

w ater fraction ( -3 %  o f the added acrylam ide). Rem oval at 4°C  w as slow er in both 

release w ater and pore water, w ith only 31%  and 35%  rem oval observed by d 14 (Figure 

3.3a and b). The degradation rates at 4°C were sim ilar betw een release and pore water, 

with zero-order rates o f 330 and 380 fig acrylam ide L ' 1 d' 1 from d 0  to 14. These rates 

slow ed slightly follow ing d 14, w ith 220 and 210 fig acrylam ide L ' 1 d ' 1 being rem oved in 

release w ater and pore w ater respectively. As was observed in the tw o low er 

concentrations, an incubation tem perature o f -2 0 °C  inhibited acrylam ide degradation at 

this higher concentration.

In this prelim inary experim ent, the acrylam ide biodegradation occurred more 

quickly than expected, and only a few sam ples were taken during the incubation period 

(90 d). T he m easured acrylam ide concentrations allow ed the calculation to estim ate 

zero-order rate constants. These are sum m arized in Table 3.1.

T hese data suggest that in situ, the low acrylam ide concentrations expected from 

PAM  in T T  will be degraded rapidly during those portions o f the year when the 

tem perature is above 4°C. H ow ever, degradation may becom e slow er as oxygen is 

consum ed in the deposit. Also, as the deposit deepens, degradation m ay slow  with depth, 

causing acrylam ide to persist in pore waters. An experim ent using a larger volum e o f TT
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was then undertaken to sam ple both the aerobic surface, w hich is reflective o f the m ore 

aerobic surface o f  the TT deposit, as w ell as subsurface environm ents, which m ay be 

oxygen-lim ited.
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Figure 3.1. C oncentrations o f  acrylam ide in a) release w ater and b) pore water 

from  TT supplem ented w ith 160 pg  acrylam ide L' 1 and incubated under static 

conditions.
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Figure 3.2. C oncentrations o f  acrylam ide in a) release w ater and b) pore w ater 

from  TT supplem ented with 1600 p.g acrylam ide L ' 1 and incubated under static 

conditions.
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Figure 3.3. Concentrations o f acrylam ide in a) release w ater and b) pore w ater 

from TT supplem ented with 15 000 |ig  acrylam ide L' 1 and incubated under static 

conditions.
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T able  3.1. Sum m ary o f  kinetic data for acrylam ide degradation  in T T  under 

d ifferent incubation tem peratures.

Z ero-order degradation ra te  (pg  U  d ' )

Initial concn. (pg  L '1) Release w ater Pore w ater

22°C 4°C 22°C  4°C

160 > 11 > 11 > 1 1  > 11

1600 > 110 > 110 > 1 1 0  > 1 1 0

15 000 > 1070 170 > 1070 250

3.1.1.1.2 Effect of incubation under aerobic and oxygen-limited conditions on 

acrylamide degradation

The sm all-volum e (75 m L) TT experim ent did not allow  for sam pling at low er 

depths, w hich w ould be useful in determ ining if  any d ifferences exist betw een near­

surface and subsurface acrylam ide degradation. Two additional experim ents were 

undertaken to elucidate any differences in acrylam ide degradation rates resulting from  

oxygen content. In a prelim inary experim ent, one 4-L polypropylene ja r  filled w ith 3 L 

o f a T T  slurry incubated at room  tem perature w as used. N ear-surface and subsurface 

sam pling w ere done using a w ide-m outh 25 m L pipette, a lthough increased tailings 

densification at later tim e points required using a 60 mL syringe attachm ent instead o f a 

p ipette bulb to provide m ore vacuum . N ear-surface and subsurface sam ples were taken 

-1 6  cm  and - 6  cm  respectively from  the bottom  o f the jar, w hich  was approxim ately 4 

cm  and 14 cm  from  the top o f the T T .

N either acrylam ide nor acrylic acid was detected in unspiked  T T  at tim e zero. 

F igure 3.4 g ives the results o f  this initial experim ent. A crylic  acid was very rapidly 

degraded to undetectable concentrations a t both the near-surface and the subsurface 

levels 1 d  fo llow ing m onom er addition. A pproxim ately h a lf o f the added acrylam ide 

w as degraded by d 5, w ith 59 pg  L ' 1 rem aining at the near-surface and 63 pg  L ' 1 in the 

subsurface. C om plete degradation was observed by d 14. A  prelim inary experim ent 

determ ined that acrylam ide was not adsorbed by the polypropylene bottles used in this 

experim ent.
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Figure 3.4. C oncentration o f  acrylam ide and acrylic acid in pore w ater recovered 

from  the near-surface (top) and subsurface (bottom ) o f TT incubated in a 4-L  ja r  

under static conditions.

T hese results from  the prelim inary  experim ent reveal slight differences in 

degradation rates betw een near-surface and subsurface zones during the first 6 d, but 

further w ork was needed to conclusively elucidate any significant differences. 

Insufficient data were collected in this experim ent to apply k inetic  analysis. A  second 

experim ent incorporating m ore stringent oxygen-lim ited conditions was done by adding 

acrylam ide to a sm aller volum e o f  a T T  slurry, and m aintain ing this culture in an 

anaerobic cham ber. S tringent anaerobic conditions and frequent sam pling enabled for a 

m ore accurate estim ate o f  the degradation rate o f  acrylam ide in oil sands T T  under a 

potentially oxygen-lim ited environm ent. Resazurin, used as an indicator o f  anaerobic 

conditions, rem ained colorless throughout the experim ent, verify ing that the TT  rem ained 

anaerobic. An aerobic culture was m aintained outside the anaerobic cham ber (thereby 

not oxygen-lim ited) to estim ate the aerobic degradation rate.

In o rder to estim ate the degradation rate, the data w ere fit to show  first-order 

kinetics. A s can be seen in Figure 3.5a, both aerobic and  anaerobic incubations 

dem onstrated first-order kinetics from  d 0 to 2 , and follow ing d 2 , little loss was 

observed in either culture. A t d 14, total loss was observed in aerobic cultures (Figure 

3.5a). The interval o f  first-order k inetics (0 to 2 d) is shown in F igure 3.5b. As can be 

seen in F igure 3.5a and b, aerobic and anaerobic incubations o f  the tailings produced
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sim ilar plots. U sing the m ethod described in Section 2.1.19, the rate constant (ki) and 

the half-life (in d) were determ ined, and are given in the first tw o colum ns o f  Table 3.2.

In two later experim ents, the initial concentrations o f acrylam ide w ere m uch 

lower, at approxim ately 200 fig L '1, w hich m ore closely approxim ates the concentrations 

expected as a result o f PAM  use in field applications w here acrylam ide concentrations in 

T T  release and pore w aters are expected to  be less than 20 fig L '1. Both trials at the low 

acrylam ide concentrations produced sim ilar trends, and so the plots for only trial 2 are 

shown (Figure 3.6). From  d 0 to 7, acrylam ide was rem oved at the sam e rate under 

aerobic and anaerobic conditions (F igure 3.6a), but after this point, acrylam ide was 

rem oved rapidly under aerobic conditions (100%  rem oved in 14 d), but persisted in the 

anaerobic zone (90%  rem oved in 28 d). Again, kinetic data reveals that the rates o f 

rem oval are sim ilar under both conditions (Figure 3.6b). A crylam ide was com pleted 

rem oved under aerobic conditions in both trials (d 14 and d 9), w hile -2 8  fig acrylam ide 

L '1 rem ained under anaerobic conditions in both trials (data not show n). T he kinetic data 

are given for both trials in Table 3.2.

The initial acrylam ide concentration had an effect on the kinetics o f acrylam ide 

degradation (Table 3.2). The higher initial concentration o f acrylam ide had a higher rate 

constant and a shorter ha lf life than did the concentrations w hich w ere - 6  tim es lower. 

Aerobic and anaerobic conditions at the sam e acrylam ide concentration did not have a 

considerable effect on the half-life o f  acrylam ide in TT, as all values w ere quite sim ilar 

(Table 3.2).

Table 3.2. Sum m ary o f  kinetic data for acrylam ide degradation in T T  under 

aerobic and anaerobic conditions.

A crylam ide A crylam ide A crylam ide

(-1 2 0 0  fig L’1) ( -2 0 0  fig L '1) (Trial 1) ( -2 0 0  fig I f 1) (Trial 2)

k, (d '1) Half-life (d) ki ( d 1) H alf-life (d) k , ( d '‘) H alf-life (d)

Aerobic L4 0 5 0  0 2 4  Z 9  0 2 9  2A

A naerobic 1.4 0.48 0.31 2.3 0.33 2.1
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Figure 3.5. Concentration o f acrylam ide in pore w ater from  T T  incubated at room  

tem perature under sim ulated surface (aerobic) and subsurface (anaerobic) Field 

conditions, a) over the course o f  the experim ent, b) show ing the interval o f first- 

order kinetics (0 to 2 d). Equations for the trendlines are y=-1.39x+6.80, r“=0.94 

(aerobic); y=-1.43x+7.01, r2=0.96 (anaerobic).
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Figure 3.6. C oncentration o f acrylam ide in pore w ater from  T T  incubated at room  

tem perature under sim ulated surface (aerobic) and subsurface (anaerobic) field 

conditions in trial 2. a) over the course o f  the experim ent, b) show ing the zone o f 

first-order kinetics (0 to 7 d). Equations for the trendlines are y=0.29x+5.2, 

r2=0.96 (aerobic); y=0.33x+5.3 , r2=0.98 (anaerobic).
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3.I.I.2. Acrylamide biodegradation under aerobic conditions in shake-flask 

cultures

Im m ediately follow ing deposition, aerobic conditions w ill predom inate because 

o f  the m echanical agitation involved in the C lark H ot W ater Process o f  oil extraction, 

tailings transport, and the additional agitation during PA M  addition to the T T  m ixture in 

the thickener. Sem ple et al. (2001) reported that acrylam ide w as readily degraded under 

aerobic conditions in 4  d by several sources o f environm ental m icroorganism s, including 

Syncrude M FT. A lthough results w ere prom ising, several factors confound the 

application o f  these results to polym er-treated T T  deposits. At the time o f  the 

experim ents perform ed by Sem ple e t al. (2001), T T  orig inating  from  A urora were not 

available as a source o f m icroorganism s, so M FT w ere used. Thus, the activity o f  the 

m icroorganism s from  tw o different sources m ay differ, because the chem ical treatm ent o f 

M FT (no PA M ) and T T  (PA M -treated) differed. In addition, the acrylam ide 

concentrations used (50 to 200 mg acrylam ide L '1) were considerably h igher than those 

expected in field conditions (less than 20 /xg L '1). A crylam ide was present as an 

unreacted m onom er in selected PAM  form ulations in concentrations ranging from 190 

to 440 /xg acrylam ide g _1 polym er (Sem ple et al. 2001), w hich would correspond to low 

concentrations in T T  deposits. Thus, their results at h igher acrylam ide concentrations 

m ay not be indicative o f the degradation rate o f acrylam ide under aerobic conditions in 

TT  deposits. T o  m ore accurately calculate acrylam ide degradation rates, indigenous 

m icrobial consortia  from T T  and m ore realistic acrylam ide concentrations w ere used.

To assess the biodegradability  o f  acrylam ide by the aerobic m icrobial consortia in 

TT, a TT  slurry  was used to inoculate m edium  containing added nutrients (B + N P 

m edium ) or m edium  lacking added nutrients (0.8%  saline). A crylam ide was provided as 

the sole source o f  carbon in both m edia, and also served as a nitrogen source in the saline 

medium . C ultures w ere sam pled to follow  acrylam ide degradation over time.

A crylam ide was readily degraded by m icroorganism s orig inating from T T  

deposits, as show n in Figure 3.7. W hen inoculated into m edium  supplem ented with 

nitrogen and phosphorus, TT-inoculated  cultures rem oved acrylam ide, as observed in 

Figure 3.7a. B y 1 d post-inoculation, 70%  o f the added acrylam ide (650 /xg L 1) had
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been rem oved, and the acrylam ide concentration was below  the detection lim it by 3 d. 

The lag tim e w as less than 0.5 d and the rem oval rate increased from  9 /xg acrylam ide L '1 

h"1 in the first 0.5 d to 22 /xg acrylam ide L '1 h*1 from  in the period from  0.5 d to 1.5 d. In 

0.8%  saline m edium  that contained no added inorganic nutrients, acrylam ide removal 

progressed m ore slowly, as dem onstrated in Figure 3.7b. A fter a lag phase o f 3 d, 

acrylam ide rem oval began w ith an initial rate o f  6.3 /xg acrylam ide L '1 h '1, which 

continued to 8 d. However, follow ing 8 d, the rate slow ed to less than 1 /xg acrylam ide 

L '1 h '1. By 6 d post-inoculation, only 46%  o f the added acrylam ide had been removed, 

and by 13 d, 87%  rem oval had occurred. A t 28 d, 0.05%  o f the initial acrylamide 

concentration (50 /xg L '1) remained.
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Figure 3.7. Rem oval o f acrylam ide by m icroorganism s in T T  in 200 mL shake 

flask cultures under aerobic conditions, a) B + NP m edium , b) 0.8%  saline 

m edium.
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A lthough the initial concentrations show n in F igure 3.7 are considerably higher 

than the low concentrations (/tig L '1) expected in TT, the concentration was chosen to 

allow  for quantification o f  m etabolites such as acrylic acid or ammonium. 

M icroorganism s originating from  T T  were able to degrade acrylam ide as a source of 

carbon and nitrogen under aerobic conditions (Figure 3.7). As expected, when fortified 

w ith additional nitrogen and phosphorus, acrylam ide degradation proceeded more rapidly 

than in unsupplem ented m edium . Cultures inoculated into B + N P m edium  rem oved 

100% o f the added acrylam ide in 3 d, w hereas cultures in 0.8%  saline required nearly 10 

tim es as long to rem ove 95%  o f the added acrylam ide.

A lthough acrylam ide was not com pletely rem oved in saline m edium  inoculated 

w ith T T  w ithin the time o f  this experim ent, results from  experim ents in which 

acrylam ide was spiked directly into TT  dem onstrate that neither acrylam ide nor acrylic 

acid persist under the aerobic conditions near the surface in TT  (Section 2.2.2.1.2). 

A crylic acid was rem oved m ore quickly than acrylam ide (Figure 3.4), w hich is expected 

because o f  the additional deam ination step required for acrylam ide degradation. W hen 

200 fig acrylam ide L '1 were added to TT  in two replicate experim ents, rem oval was 

observed in 9 d and 15 d near the surface (Section Section 2.2.2.1.2). Thus, lower 

acrylam ide concentrations do not persist under these sim ulated environm ental conditions.

In the M LSB, low concentrations o f  nitrogen (average o f  3.5 mg L '1 as N H /  at 3 

m) and phosphorus (0.005 mg L 1 as PCV3' at 3 m) (M acK innon and Sethi 1993) have 

been reported. These values originate from  depths in the w ater colum n (3 m) that would 

be relatively aerobic; thus, enrichm ent cultures in 0.8%  saline, lacking added nitrogen 

(other than acrylam ide) o r phosphorus, w ould m ost closely approxim ate conditions in the 

release w ater in the T T  deposit. These results correlate w ith those reported  by Sem ple et 

al. (2001), who found that shake flask cultures inoculated w ith M FT  degraded 1 mg 

acrylam ide L '1 in 1.8 d (B + NP) and 6.3 d (0.8%  saline).

A lthough the concentrations o f acrylam ide used in this study were considerably

low er than concentrations studied by other researchers, com plete acrylam ide removal

occurred in a sim ilar tim e period. Experim ents conducted by Sem ple et al. (2001)

dem onstrated  that m icroorganism s in M FT, activated dom estic sew age sludge, and

garden soil w ere capable o f degrading 50 to 200 mg acrylam ide L '1 in 4 d. Shanker et
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al. (1990) reported  that 500 m g acrylam ide L '1 w ere com pletely rem oved in  garden soil 

and in aerobic cultures inoculated w ith garden soil in 5 and 6 d, respectively. The total 

rem oval o f acrylam ide by TT-inoculated cultures in supplem ented m edium  in 3 d is 

com parable to  these results. K um ar and K um ar (1998) isolated a  Pseudomonas 

aeruginosa strain  capable o f degrading 2.8 g acrylam ide L '1 in 40  h, which is m ore rapid 

than the rate observed in this study. H ow ever, the inoculum  used in the K um ar and 

K um ar (1998) study was from  soil regularly exposed to am ides, w hich w ould  acclim ate 

the m icroorganism s to am ides such as acrylam ide. O nce m icroorganism s in T T  are 

exposed to acrylam ide via PA M  treatm ent over tim e, acclim ation may occur, perhaps 

leading to increased rates o f acrylam ide rem oval.

To verify that acrylam ide addition stim ulated  aerobic bacterial grow th, ODgoo 

readings w ere taken on sam ples taken from  aerobic shake flask cultures. H ow ever, it 

was found that there was no difference betw een killed controls and inoculated cultures in 

either m edium , w ith values rem aining less than 0,01 for the length o f  the experim ent 

(data not shown). A lthough no direct correlation can be  draw n betw een acrylam ide 

degradation and bacterial grow th based on O D 600 readings, acrylam ide degradation is 

believed to be biotic, because killed controls dem onstrated no acrylam ide loss. Likely, 

the low concentration o f  acrylam ide that was added was not sufficient to cause a 

d iscem able increase in O D 600.

A crylam ide degradation under aerobic conditions occurs by deam ination o f

acrylam ide to acrylic acid (A bdelm agid and Tabatabai 1982), thereby releasing

am m onium  into the m edium  (Figure 1.5). I f  this pathw ay was follow ed by the

environm ental m icroorganism s in TT, acrylic acid and am m onium  w ould be expected as

interm ediates in the culture m edium . H PLC analysis d id  not reveal the presence o f

acrylic acid, nor did colorim etric am m onium  analysis detect any am m onium  (data not

show n). H ow ever, in the cultures in 0.8%  saline (Figure 3.7a), acrylam ide is the only

source o f  added carbon and nitrogen, and so likely acrylic acid and am m onium  are

consum ed rapidly follow ing acrylam ide deam ination. In cultures with B + NP m edium

(Figure 3.7b), carbon was lim iting, and so acrylic acid was likely consum ed readily.

A lthough nitrogen in the form  o f nitrate was available in B + NP m edium , the

am m onium  released from  acrylam ide deam ination is a readily useable form  for
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m icroorganism s (Brow n 1980), and so am m onium  likely d id  not persist in the culture 

m edium . Shanker e t al. (1990) also failed to detect any am m onium  from  m etabolism  o f 

500 m g acrylam ide L '1, and these researchers concluded that the am m onium  was likely 

used as a nitrogen source by m icroorganism s. I f  the high concentration o f  am m onium  

released from  500 m g acrylam ide L"1 could not be detected, it is very likely that the 

am ount o f potential am m onium  available at the m uch low er initial acrylam ide 

concentration in the aerobic enrichm ent cultures (Figure 3.7a,b) (less than 1 mg L '1) was 

readily consum ed by aerobic m icroorganism s.

In sum m ary, acrylam ide was found to be readily rem oved from  T T  under aerobic 

and anaerobic incubation conditions at tem peratures o f 4°C  and 22°C  by indigenous 

m icrobial com m unities. Based on these experim ental results, is seem s unlikely that the 

low concentration o f 15 ng  acrylam ide L '1 added from PA M  treatm ent o f  extraction 

tailings (planned dosages o f  100 to 300 g PAM  f 1 tailings solids) w ould persist for any 

appreciable tim e (less than 30 d) in the TT  deposits form ed by the oil sands operations. 

As a result, this supports the findings that risk o f  persistence and export o f  acrylam ide is 

negligible (K indzierski 2001).

3.1.1.3. Acrylamide biodegradation under sulfate-reducing conditions

Once oxygen has been consum ed in deposited oil sands tailings, oxygen-lim ited 

conditions will occur. B ecause o f the relatively high sulfate concentration (greater than 

200 mg L '1) present in oil sands tailings (Fedorak et al. 2003, H olow enko et al. 2000, 

M ackinnon and Sethi 1993), sulfate-reducing conditions are expected to predom inate.

3.1.1.3.1 Acrylamide biodegradation in high sulfate medium

Enrichm ent cultures containing sulfate as the dom inant term inal electron acceptor 

(2300 m g L '1) w ere established to sim ulate a high sulfate environm ent. Inocula used 

w ere M FT, TT, and mud. B iodegradation by initial enrichm ent cultures containing both 

acrylam ide and acrylic acid as carbon sources are shown in F igure 3.8.

Results o f  these initial enrichm ents with initial acrylam ide concentrations o f ~ 6 

m g L '1 show ed that both acrylam ide and acrylic acid appeared to be biodegraded with a 

lag phase o f  less than 7 d (the first sam pling tim e) by the three sources o f
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m icroorganism s tested (Figure 3.8). In M FT- and m ud-inoculated cultures, acrylic acid 

was rem oved before acrylam ide, as shown in Figure 3.8a and c. In cultures inoculated 

w ith M FT, 74%  o f the added acrylic acid had been rem oved by d 14, com pared to 54% 

rem oval o f  acrylam ide (Figure 3.8a). M ud-inoculated cultures also dem onstrated rapid 

biodegradation o f  acrylic acid, w ith 63% rem oval o f acrylic acid by d 7, and total 

rem oval by d 14 (Figure 3.8c). H ow ever, although 34% o f the added acrylam ide had 

been rem oved from  m ud-inoculated cultures by d 7, the concentration o f  acrylam ide in 

these cultures rem ained constant at -1 .5  mg L '1 from  d 21 to d  49, at w hich time the 

acrylam ide had been com pletely rem oved. A crylam ide was rem oved com pletely  from 

M FT-inoculated cultures in 35 d, w hile acrylic acid was undetected by d 28 (Figure 

3.8c).

In cultures inoculated w ith T T  (Figure 3.8b), acrylic acid  and acrylam ide were 

degraded at a rate slow er than that o f  either the M FT- o r m ud-inoculated cultures. By d 

14, only 28%  o f  both the acrylic acid and acrylam ide had been rem oved. Follow ing d 

14, the rate m ore than doubled for both substrates, from  a rate o f  0.12 m g L ’1 d '1 to 0.28 

mg L '1 d '1 for acrylam ide, and from  0.13 mg L '1 d '1 to 0.27 m g L '1 d '1 fo r acrylic acid. 

How ever, whereas acrylic acid was com pletely degraded in cultures inoculated with mud 

and M FT, -1 .8  mg L 1 rem ained in TT-inoculated cultures after d 49, w hich represents 

27%  o f the added acrylic acid.

A nother set o f  m icrocosm s was established w ith only acrylic acid added. Acrylic 

acid was degraded rapidly by all three inocula in the original enrichm ents, as shown in 

Figure 3.9. M ud- and M FT-inoculated cultures dem onstrated rapid degradation, with 

com plete rem oval in 14 and 21 d respectively, w hereas TT-inoculated cultures required 

70 d for com plete rem oval.

T o determ ine w hether sulfate reduction m ight be coupled to substrate loss, sulfate

concentrations w ere m easured, and the results are shown in T able 3.3. Only M FT-

inoculated cultures dem onstrated significant sulfate loss in cultures containing

acrylam ide and acrylic acid as carbon sources. Sulfate loss was also expected for T T  and

mud, because both dem onstrated loss o f at least one o f the substrates, and over half o f the

other substrate (Figure 3.8b and c). However, this prelim inary experim ent was not

designed to allow  for quantification o f sulfate, because the am ounts o f  carbon source and
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sulfate w ere not balanced so that stoichiom etric sulfate loss could  be detected. If  the 

only available sources o f carbon were acrylam ide and acrylic acid, the decrease in sulfate 

concentration w ould be only 29 m g L '1, w hich is negligible in com parison to the total 

am ount o f  sulfate added to the m edium  (-2 3 0 0  m g L '1). Therefore, sulfate loss due to 

acrylam ide and acrylic acid degradation may not be detected. In cultures containing only 

acrylic acid, M FT-inoculated cultures w ere the only cultures that dem onstrated 

significant sulfate loss (Table 3.3), despite substrate loss in the cultures containing the 

o ther tw o inocula. Again, the sulfate required as an electron accep tor (14 m g L '1) for 

com plete rem oval o f  0.1 mM  (7 m g L ‘‘) acrylic acid was very low  com pared to the 

am ount present in the culture m edium . Thus, coupling o f  acrylic acid  o r acrylam ide 

biodegradation to sulfate reduction could not be dem onstrated in these enrichm ents.

H ow ever, a large decrease in the concentration o f sulfate w as observed in M FT- 

inoculated cultures containing acrylam ide and acrylic acid (Table 3.3). This decrease is 

m ore than is expected according to the stoichiom etry o f acrylam ide and acrylic acid 

consum ption, so it is likely that other substrates in M FT in addition to acrylam ide and 

acrylic acid are responsible for the sulfate loss. M acK innon and Sethi (1993) reported 

high hydrocarbon concentrations (as bitum en and light hydrocarbons) in M LSB, and 

postulated that hydrocarbons were likely substrates for m icrobial grow th. Hydrocarbons 

are susceptible to m icrobial attack (A tlas and B artha 1998), and so the residual 

hydrocarbons rem aining in tailings following extraction m ay be the source o f  substrates 

for sulfate reduction. In field studies o f the M LSB fine tailings, H olow enko et al. (2000) 

observed that sulfate loss increased with tailings sedim ent depth, and also observed a 

corresponding increase in numbers o f  SRB. No additional substrates w ere added to these 

cultures. Sim ilarly, Fedorak et al. (2003) observed sulfate loss in pore w aters o f M FT 

that had been am ended with sulfate, but with no additional substrates. Thus, other 

substrates such as hydrocarbons present in M FT  are likely used by SRB.
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c) m ud-inoculated m icrocosm s incubated under su lfate-reducing conditions. 

Error bars represent standard deviation o f  n=3.
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T able 3.3. Sulfate concentrations in acrylam ide and acrylic  acid-am ended 

enrichm ent cultures.

In o c u lu m S u b s tra te S u lfa te  (m g  L 1)

O d 21 d 63 d 77 d

M FT A M D  + AA a 2280 ±  100* 2000 ± 1300± NDd

100c 450c

T T A M D  + AA 2490 ± 30 2450  ± 30 ND 2400 ±

170

M ud A M D  + AA 2480 ±  50 2400 ± 30 ND 2390 ± 60

M FT AA 2200 ±  80 2200 ± 140 1600 ± 70c ND

T T AA 2440 ±  30 2390  ± 60 ND 2400 ± 4 0

a A M D - acrylam ide; AA - acrylic acid
b standard  deviation o f  n=3
c m ean significantly different from  tim e 0  m ean (p<0.05) 
d N D  not determ ined

3.1.1.3.2 Acrylamide biodegradation in low sulfate medium

Serial transfers into low sulfate m edium  (290 mg L '1) containing a higher 

concentration o f  substrate ( -7 0  mg L '1) were undertaken to attem pt to dem onstrate 

sulfate loss coupled to acrylam ide and acrylic acid rem oval. In cultures containing only 

acrylam ide, this tenfold higher concentration m ay have been toxic, because little 

acrylam ide w as rem oved by any inoculum  during the experim ent, as show n in Figure 

3.10. M FT-inoculated cu ltures did not dem onstrate significantly  different concentrations 

o f  acrylam ide in active cultures and heat-killed controls (Figure 3.10a). S im ilarly, little 

degradation w as observed in cultures inoculated with TT , as show n in Figure 3.10.
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A lthough acrylam ide alone appeared toxic to the environm ental consortia as 

dem onstrated by the persistence o f  acrylam ide (Figure 3.10), w hen acrylic acid and 

acrylam ide w ere added in  com bination, degradation o f  both  com pounds was observed 

(Figure 3.11). In M FT-inoculated cultures, acrylam ide rem oval began before 

degradation o f  acrylic acid (Figure 3.11a). This resu lt was unexpected, because 

acrylam ide degradation involves an additional deam ination step over degradation o f  only 

acrylic acid. A  lag tim e o f  less than 7 d was observed, w ith  acrylam ide rem oved at a rate 

o f  2.1 m g L '1 d '1 until d  21, after w hich tim e the rate slow ed. In fact, from  d 21 to d 42, 

only 5 mg acrylam ide L '1 w ere rem oved. Follow ing d 42 , the rate  increased to 1 m g L '1 

d '1, w ith com plete rem oval occurring by d 157.

A crylic acid degradation also occurred in M FT -inoculated  cultures (Figure

3.1 la). Tw o replicates dem onstrated a lag phase of less than 42 d, w hereas one replicate 

dem onstrated a lag phase o f an additional week. By d 49 , only 1 mg L '1 rem ained, with 

total rem oval by d 59 (Figure 3.1 la). This inoculum  was the only one o f  the three tested 

in w hich degradation o f both substrates occurred. From  the results o f  the experim ents 

with only acrylic acid (Figure 3.9) and with both acrylic acid and acrylam ide (Figure 

3.11), it is clear that when acrylic acid is present alone, degradation occurs m ore rapidly.

TT-inoculated cultures dem onstrated loss o f  acrylam ide initially, as show n in 

F igure 3.11b. O f the three replicates, tw o dem onstrated little rem oval at later tim e 

points, so the results from  these two replicates were averaged and plotted. The results 

from  the o ther replicate were plotted separately. In the two averaged replicates, the 

initial rate o f acrylam ide rem oval was quite rapid, with 2.3 mg L '1 d '1 from d 0 to d 21, 

which was sim ilar to the rate o f 2.1 mg L '1 d '1 shown by M FT-inoculated  cultures. From  

d 21 to d 42, the rate slow ed, w ith only 6 mg L’1 rem oved in 21 d, w hich m irrored the 

trend observed in M FT-inoculated cultures. Following d 42, the concentration decreased 

from  72 mg L '1 to 58 mg L '1 by d 49, with only an additional 11 m g L '1 rem oved in the 

follow ing 149 d. In the third replicate, degradation rates w ere sim ilar to the previous 

two, w ith one im portant difference. In this replicate, only 4 .2 mg L '1 acrylam ide 

rem ained by d 198, com pared to 47 mg L '1 rem aining in the other replicates. 

Surprisingly, no acrylic acid loss was observed, which d iffered  from  the results o f the
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M FT -inoculated  cultures. This m ay result from  acrylic acid production  during 

acrylam ide degradation.

In m ud-inoculated  cultures, very little acrylam ide was rem oved, w ith  only 28 m g 

L '1 (30%  o f the total added) rem oved in 69 d (Figure 3.11c). Only tw o o f  the three 

replicates dem onstrated acrylic acid rem oval, as observed in Figure 3.11c. A fter a lag 

phase o f  about 21 d, acrylic acid w as rem oved at a rate o f 3 m g L '1 d '1, w ith  com plete 

rem oval by d 49. The third replicate dem onstrated no acrylic acid  loss.

T o  ensure that SRB w ere present in these cultures after three serial transfers, 

sam ples o f  each  culture (M FT-, TT-, and m ud-inoculated) w ere transferred into B u tlin ’s 

m edium  as described in Section 2.1.16. All three inocula dem onstrated  a b lack 

precipitate  on iron nails after 30 d incubation, indicating that SRB w ere present and 

active (data not shown).

A lthough the conditions m aintained in these experim ents were intended to select 

for SR B, no sulfate loss w as detected in any of the cultures that displayed substrate loss 

(data not show n). M ethane analyses verified that there is no m ethanogenic activity in 

these cultures (data not show n). Thus, the coupling  o f  acrylam ide o r acrylic acid 

b iodegradation to sulfate reduction could not be dem onstrated.

3.1.1.3.3 Acrylamide biodegradation with molybdate added as an inhibitor of 

SRB

V erification o f sulfate reduction coupled to acrylam ide degradation was sought, 

so m olybdate w as added to a series o f  cultures to inhibit SRB (Banat et al. 1983). If SRB 

are responsible for acrylam ide biodegradation, no acrylam ide degradation should occur 

in cultures contain ing m olybdate. The results o f  this experim ent are show n in F igure 

3.12. A crylam ide was degraded in cultures contain ing only acrylam ide, as well as in 

cultures contain ing acrylam ide and sulfate added as a term inal electron acceptor (F igure 

3.12a). The sulfate concentration decreased in the cultures w ith added sulfate and 

acrylam ide (Figure 3.12b), w hich m ay indicate the activity  o f  SRB. H ow ever, the loss o f  

acrylam ide in cultures w ith no added sulfate (Figure 3.12a) confounds th is conclusion, 

because the sulfate  concentration in these cultures was below  detection (10 m g L 1). As 

w ell, sulfate loss was observed in cultures containing no added acrylam ide, w hich raises
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the possibility that o ther native carbon sources such as residual b itum en, and not 

acrylam ide, m ay be the substrate o f SRB in these cultures.
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Although cultures w ere established under conditions designed to select for SRB, 

little evidence o f SRB activity (sulfate loss) was observed in relation to substrate loss. 

A lthough sulfate loss was observed in cultures containing acrylam ide and sulfate (Figure 

3.12b), sulfate was rem oved in cultures with no added acrylam ide, so coupling of
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acrylam ide degradation to sulfate loss could not be confirm ed. O ne possible explanation 

is that added sulfate originating from  the inoculum  in the original enrichm ent may have 

m asked any sulfate loss caused by SRB activity. B ased on an average sulfate 

concentration o f  160 m g L 1 in oil sands tailings (H olow enko et al. 2000), the am ount o f 

sulfate contributed by the inoculum  is approxim ately 50 m g L '1 sulfate, w hich calculates 

to one-fifth o f  the sulfate added to the m edium  (acrylam ide o r acrylic acid individually), 

or less than that, in the case o f cultures containing both substrates. B y transfer 3, this 

added sulfate w ould account for only 1/500 o f the original concentration, w hich is a 

negligible am ount. Therefore, even w ith this additional sulfate in the m edium , some 

sulfate loss should be detected if  SRB were responsible for acrylam ide or acrylic acid 

rem oval.

The presence o f  alternative term inal electron acceptors (TEAs) that w ould allow 

for a com petitive advantage m ight explain this loss, but neither identification nor 

quantification o f  TEA s such as nitrate, iron, or m anganese was perform ed. How ever, the 

only source o f  such TEA s would be the tailings inoculum , because the m edium  contains 

only trace am ounts o f iron and m olybdate. A ccording to M acK innon and Sethi (1993), 

w ater in M LSB contained low concentrations o f dissolved iron (less than 0 .10  mg L '1), 

w hich would be further diluted upon inoculation into culture m edium . A lso, the iron in 

tailings w ater w ill be in the reduced form (Fe2+), so with a low iron and its oxidation 

state, the possibility o f it acting as a TEA  is unlikely.

D egradation o f  acrylam ide or acrylic acid by aerobic o r m ethanogenic

m icroorganism s was unlikely in these cultures, because all cultures rem ained reduced, as

indicated by the colorless state o f  the resazurin indicator (therefore no O 2 w as present),

and no m ethane was detected throughout the experim ent. One rem aining possibility is

that heterotrophic bacteria present in the oil sands tailings are capable o f  acrylam ide and

acrylic acid rem oval. A bdelm agid and Tabatabai (1982) reported hydrolysis o f  500 mg

L '1 acrylam ide to acrylic acid in w aterlogged soils held under a  nitrogen atm osphere.

A fter 21 d, betw een 76%  and 93%  o f the added acrylam ide-N  was recovered, with the

recovery depending on soil physical and chemical properties (A bdelm agid and Tabatabai

1982). Brow n (1980) found that 5 mg L '1 acrylam ide was degraded in 21 d w hen river

w ater sam ples w ere held under nitrogen in the dark, com pared to rem oval in 15 d when
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incubated under nitrogen and exposed to light. N either study reported  any identification 

o f the anaerobic com m unity responsible for the acrylam ide degradation. A lthough 

acrylam ide and acrylic acid degradation by SRB could not be conclusively dem onstrated 

in oil sands tailings, the results o f  these experim ents dem onstrate that these com pounds 

are rem oved under anaerobic conditions. No other studies in the literature have 

attem pted to study biodegradation o f these com pounds under sulfate-reducing conditions.

3.I.I.4. Acrylamide biodegradation under methanogenic conditions

3.1.1.4.1 Enrichment cultures

T T  are initially aerobic during production and deposition, but following 

deposition, oxygen replenishm ent from  the atm osphere will cease, causing the deposit to 

becom e anoxic. I f  oxygen is depleted  prior to com plete acrylam ide rem oval (30 d with 

no added nutrients, F igure 3.7b), anaerobic conditions w ill occur. O nce sulfate is 

depleted as a term inal electron acceptor in oil sands tailings, m ethanogenic conditions are 

expected to predom inate (H olow enko et al. 2000, Fedorak et al. 2002). The tim e 

required to achieve these conditions will vary. M ethanogens are present in oil sands 

tailings, w ith reported concentrations o f 105- IO6 M PN g’1 o f  tailings (H olow enko et al. 

2000). T he ability o f m ethanogenic consortia to degrade low concentrations (less than 20 

/xg L '1) o f  acrylam ide is o f  interest, because these low concentrations are expected in T T  

deposits. A lthough the actual concentration o f residual acrylam ide in PA M  is expected 

to be in the /xg L '1 range, such a low concentration w ould not be sufficient to detect 

whether acrylam ide could enhance m ethanogenesis. Thus, h igher concentrations (7 mg 

L"1 and 70 mg L '1) w ere chosen for prelim inary study.

In enrichm ent m icrocosm s, the lower concentration (approxim ately 7 mg L '1) o f 

acrylam ide was readily degraded by m icrocosm s inoculated with M FT  and w ith 

anaerobic sew age sludge, as show n in Figure 3.13a and c respectively. Rem oval in M FT- 

inoculated cultures (Figure 3.11a) occurred rapidly, with 59%  o f  the added acrylam ide 

depleted by d 19. Follow ing d 19, the rate o f rem oval slow ed, but all o f the added 

acrylam ide was depleted by d 90. In sewage sludge-inoculated cultures (Figure 3.13c), 

acrylam ide was rem oved very quickly, with com plete loss in ju s t 10 d. A crylam ide
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rem oval in T T -inoculated  cultures was m uch slow er. A fter 291 d  incubation, TT- 

inoculated  cultures supplem ented w ith 7 mg acrylam ide L '1 (F igure 3.13b) dem onstrated 

significant substrate loss, although approxim ately 25%  o f  the added acrylam ide 

rem ained.

Interestingly, a peak with the sam e H PLC  retention tim e as acrylic acid was 

detected  in all three replicates o f  cultures with added acrylam ide inoculated with M FT 

(F igure 3.13a). W hen quantified, an increase in the concentration o f  this m etabolite was 

found to closely  follow  the loss o f acrylam ide in the culture, as show n in F igure 3.13a. 

B y d  10, approxim ately  h a lf  o f  the added acrylam ide (3.2 m g L '1, o r 0.045 m M ) had been 

rem oved, w ith corresponding appearance o f 2.6 m g L’1 (0.037 mM ) o f  the m etabolite 

believed  to be acrylic acid. A ttem pts were m ade to verify that this product is acrylic acid 

using  three d ifferent derivatization m ethods coupled with H PLC, GC, or G C-M S, but 

w ere unsuccessful, presum ably because o f the low m olecular w eight o f acrylic acid 

w hich m ade separation from  peaks originating from  derivatizing reagents difficult.

H igh background m ethane production m ade detection o f m ethane enhancem ent 

from  acrylam ide biodegradation difficult during this initial enrichm ent, as seen in Figure 

3.14. M icrocosm s inoculated with sewage sludge dem onstrated no d ifference between 

cultures supplem ented with acrylam ide and those containing no added carbon source 

(F igure 3.14b). In M FT-inoculated cultures, cultures that received no acrylam ide 

appeared to have a significantly higher level o f m ethane than did cultures containing 

either concentration o f acrylam ide, as shown in Figure 3.14a. TT-inoculated  cultures 

contain ing ~ 5 mg acrylam ide L '1 produced no m ethane, w hereas cultures lacking 

acrylam ide produced -3 %  (vol.) m ethane in 291 d (data not shown).
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M FT, b) TT, and c) sew age sludge and incubated under m ethanogenic conditions. 

E rror bars represent standard deviation o f n=3.
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O nce acrylam ide had been rem oved from  m icrocosm s inoculated  w ith M FT and 

sew age sludge, transfers into fresh m edium  containing 7 mg acrylam ide L '1 w ere done. 

Transfers w ere perform ed to dilu te any rem aining carbon orig inating from  inocula to 

allow  for detection o f  m ethane production originating from  acrylam ide carbon. 

H ow ever, follow ing these transfers, no significant acrylam ide loss was detected in 

cultures inoculated w ith either environm ental source o f m icroorganism s. M ethane 

production w as not significantly d ifferen t from  the unsupplem ented control in sewage 

sludge-inoculated cultures, and was insignificant in M FT-containing cultures.

Based on these results, it appears that acrylam ide was rem oved from  m icrocosm s 

under m ethanogenic conditions, although enhanced m ethanogenesis could not be 

dem onstrated in these enrichm ents. Conversely, the m ethanogenic consortia in the two 

oil sands inocula tested appeared inhibited by the relatively low concentrations o f 

acrylam ide used. Sewage sludge-containing cultures m aintained their m ethanogenic 

activity in the presence o f relatively low and high concentrations o f  acrylam ide (Figure 

3.14b), so sew age sludge was chosen to conduct an inhibition assay to determ ine which 

concentrations o f  acrylam ide may be inhibitory to acetate-utilizing m ethanogens.

3.1.1.4.2 Inhibition studies with acrylamide in methanogenic consortia

To assess toxicity effects o f  acrylam ide on m ethanogenesis, sew age sludge- 

inoculated cultures were provided w ith acetate as a readily-used carbon and energy 

source, and challenged with various concentrations o f acrylam ide (7 to 710 mg L 1). The 

concentrations o f m ethane produced w ere com pared to the concentrations o f m ethane in 

cultures with no added acrylam ide.

There was no significant inhibition o f m ethanogenesis in cultures supplem ented 

with 7 or 40 mg acrylam ide L’1, as the m ethane level was sim ilar to that o f the control 

containing only acetate (Figure 3.15). T he final m ethane concentrations in the cultures 

with the three low er concentrations o f acrylam ide were approxim ately the sam e, with 

values o f 38% , 39% , and 41%  in cu ltures containing 7, 40, and 70 mg acrylam ide L '1. 

A crylam ide was rem oved com pletely in these cultures in 29, 52, and 116 d respectively 

(data not shown).
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Initially, acrylam ide at nom inal concentrations o f  70, 360, and 710 m g L '1 

significantly  inhibited m ethanogenesis in cultures inoculated w ith sew age sludge, as 

show n in Figure 3.15 (p<0.05). H ow ever, by d 83, m ethane production increased in 

cultures containing the tw o highest concentrations o f acrylam ide. In cultures 

supplem ented w ith 360 or 710 m g acrylam ide L '1, the m ethane level increased from  

-1 2 %  and 8% to m axim um  values o f 40%  (vol.) and 46%  (vol.) respectively by d 156.

a) 8 .0  -i

b)

<d 4.0 -

e —36 mg acrylamide/L killed control 
36 mg acrylamide/L 

o —No acrylamide 
■ A — 7 mg acrylamide/L

7 mg acrylamide/L killed control

53 3.0

4 0  6 0  8 0  1 0 0  1 2 0

Time (d) T

a —B—EH3-BG-D □ □  □ -□ iD  □ — r 

100 120
a

0  2 0  4 0  6 0  80

Time (d)
Figure 3.14. M ethane concentration in headspace o f  m icrocosm s supplem ented 

with acrylam ide and inoculated with a) M FT, and b) sew age sludge. E rror bars 

represent standard deviation o f  n=3.
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- 0 — 0 mg/L 40 mg/L - ± -  70 mg/L

-© — 360 mg/L 7 mg/L 710 mg/L

Figure 3.15. E ffect o f  acrylam ide on m ethanogenesis by sew age sludge- 

inoculated m icrocosm s. E rror bars represent standard deviation o f  n=3.

A crylam ide rem oval was observed in cultures supplem ented w ith each 

concentration o f  acrylam ide. C ultures initially  containing 7 mg acrylam ide L '1 rem oved 

all m easurable acrylam ide in 29 d, w hereas cultures initially contain ing 40 and 70 mg 

acrylam ide L '1 took considerably  longer for acrylam ide rem oval, w ith 16% and 26%  of 

the added acrylam ide rem aining after 29 d and 116 d, respectively (data  not shown). In 

these cultures, although there did not appear to be a defined lag phase, the rates o f 

acrylam ide rem oval w ere quite slow over the course o f  the experim ent. In contrast, 

cultures initially contain ing 360 and 710 m g acrylam ide L’1 dem onstrated  a 14 d lag 

phase before acrylam ide degradation began (data not show n). O nce degradation began, it 

progressed rapidly, w ith com plete rem oval by d 66. F igure 3.15 show s that methane 

production increased m arkedly  after d 66 in the cultures that in itially  contained 360 or 

710 m g acrylam ide L‘*. Thus enhanced m ethane production occurred only after 

acrylam ide w as biodegraded com pletely in these cultures. T he results in F igure 3.15 

clearly dem onstrate that high concentrations o f acrylam ide inh ib it m ethanogenesis.
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H ow ever, after sufficient incubation tim e, the inhibition is overcom e and m ethane is 

produced in batch cultures.

3.1.1.4.3 Attempts to demonstrate enhanced methanogenesis from acrylamide 

biodegradation

U nacclim ated m ethanogenic enrichm ent cultures did not dem onstrate enhanced 

m ethanogenesis in the presence o f  acrylam ide (Section 2.2.2.4.1). H ow ever, the sewage- 

sludge-inoculated cultures established in the inhibition study (Section 3.1.1.4.2) provided 

a consortium  acclim ated to various concentrations o f acrylam ide, and so this consortium  

w as used in an attem pt to dem onstrate that acrylam ide biodegradation could yield 

m ethane production. To do so, once all acrylam ide from  the original addition had been 

degraded, the headspaces o f the cultures w ere flushed with oxygen-free gas to reduce the 

m ethane concentration to nil, and acrylam ide was added to restore original 

concentrations used in the inhibition study. M ethane and acrylam ide concentrations were 

analyzed to determ ine if acrylam ide enhanced m ethanogenesis.

Follow ing addition o f acrylam ide and headspace flushing, m ethane production 

proceeded im m ediately in cultures initially containing 7 m g acrylam ide L 1, but this 

m ethane concentration was not significantly  different from  the acrylam ide-free control 

(F igure 3.16). An initial acrylam ide concentration o f 40  m g L '1 produced sim ilar results. 

A n initial acrylam ide concentration o f  greater than 70 m g L '1 caused significant 

inhibition o f  m ethane production during this experim ent.

O f all the concentrations tested, the results o f the tw o highest concentrations (360 

and 710 mg L '1) w ere the m ost dram atic. After supplem enting w ith acrylam ide, lag 

periods o f  about 41 d (360 mg L '1) and 48 d (710 mg L '1) w ere observed in these cultures 

(Figure 3.16). In cultures initially containing 360 mg acrylam ide L '1, m ethane 

production increased rapidly to a final value o f  10±8% (vol.) reached at d 114. The large 

standard deviation was caused by two o f  the replicates dem onstrating m ethane 

concentrations o f  16% (vol.) and 13% (vol.) on d 114, giving an average m ethane 

concentration o f 14%, (vol.) while the final replicate dem onstrating a  relatively constant 

m ethane production o f 1% (vol.). T he m ean o f the two replicates dem onstrating higher
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m ethanogenesis (14%  vol.) is higher than the control m ean o f  6±0.8%  (vol.), show ing 

that acrylam ide at this concentration leads to increased m ethanogenesis.

The sam e situation occurred in cultures supplem ented w ith an initial acrylam ide 

concentration o f  710 m g L '1. In these cultures, m ethane production increased following 

d 48, eventually surpassing the control value o f  6% (vol.) by d 114, w ith a value of 

20±7%  (vol.). A gain, the large standard deviation is explained by tw o o f  the three 

replicates displaying significantly higher values than the third. For instance, at d  114, 

tw o replicates had concentrations o f 24%  (vol.) each, w hile the third rem ained 

considerable low er, at 12% (vol.). D espite the high standard  deviation, the m ean value o f 

20%  is significantly higher than the control value o f  6±0.8%  (vol.), dem onstrating that 

this acrylam ide concentration causes a significant increase in the am ount o f m ethane 

produced in acclim ated sew age sludge-inoculated cultures.

Because o f tim e constraints, this experim ent had to be term inated at d 114. 

However, m ethane production in the cultures with 360 o r 710 m g acrylam ide L '1 had not 

dem onstrated any leveling by the end o f this experim ent, and so m ore m ethane 

production is likely. At d 114, the amounts o f  m ethane observed in cultures containing 

360 and 710 mg acrylam ide L '1 represented approxim ately 62%  and 67%  o f the total 

m ethane expected by B usw ell’s equation from these concentrations o f acrylam ide

(Equation 2.1). e -  0 mg acrylamide/L 

A - 7  mg acrylamide/L 

O -  360 mg acrylamide/L 

• -  710 mg acrylamide/L>  20

a> 15

0 25 50 75 100 125 150 175 200

Time (d)

Figure 3.16. M ethane concentration in headspace o f acclim ated sew age sludge- 

inoculated cultures supplem ented with various concentrations o f  acrylam ide.
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A crylam ide rem oval after re-addition o f  acrylam ide is show n in F igure 3.17. The 

results from  the three low est concentrations are shown in Figure 3.17a, whereas the 

results from  the tw o higher concentrations are shown in Figure 3.17b. The low est 

concentration (7 m g L '1) was rem oved quickly, w ith 90%  rem oved in 14 d. A fter d 14, 

the rate in two o f  the three replicates was approxim ately the sam e, with com plete 

rem oval in these tw o by d 64. The third replicate had 120 /tg acrylam ide L '1 rem aining 

on d 72. On d 78, acrylam ide w as added to all three replicates to bring the concentration 

back to 7 m g L*1, but the headspace was not flushed so that m ethane production resulting 

from  acrylam ide addition m ight be observed. H ow ever, the m ethane production in these 

acrylam ide-supplem ented cultures was not significantly d ifferent from  the am ounts in the 

controls w ith no added acrylam ide. This was also the case in cultures in itially  containing 

40  mg acrylam ide L '1, although results may have been different had all the acrylam ide 

been rem oved. As o f  d 139, the last sam pling tim e, greater than 25 mg L ’1 o f  the added 

acrylam ide had been used in these cultures. Interestingly, the cultures initially  containing 

70 mg acrylam ide L '1 produced an average o f  4.6%  (vol.) m ethane by d 135, w hich is 

significantly low er than the control. By the last sam pling day (d 93), 63%  o f the added 

acrylam ide had been consum ed, with no increase in m ethane production. As was 

observed in cultures with the highest acrylam ide concentrations prior to flushing o f  the 

headspaces, m ethane production did not increase significantly until after acrylam ide had 

been rem oved. As seen in F igure 3.17b, acrylam ide rem oval was com plete in the higher 

concentrations by d 35 (710 m g L '1), and had reached ~3%  o f the total added in the 360 

mg L '1 cultures by the last sam pling tim e (d 41).

The higher initial concentrations o f acrylam ide allow ed for the accum ulation o f a

m etabolite w ith the sam e retention time as acrylic acid (Figure 3.17b). W hen quantified,

the concentration o f the m etabolite was low er than the concentration expected resulting

from acrylam ide deam ination. For instance, in one replicate initially contained 846 mg

acrylam ide L '1 at d 0. At d 14, the concentrations o f acrylam ide and the unidentified

m etabolite w ere 560 m g L '1 and 47 mg L '1 respectively. Thus, this low concentration of

m etabolite is consistent with acrylic acid production from  acrylam ide. T he “acrylic acid”

concentration d id  not appear to follow any pattern. A low concentration was present at d

0, which is likely caused by acrylic acid left in the cultures follow ing the inhibition
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study. This concentration increased to d 7, rem ained steady un til d  21, at which tim e the 

concentration decreased to 0 by d  35.

a)

b)

- A -  7 mg acrylamide/L 

- * - 4 0  mg acrylamide/L 

- A -  70 mg acrylamide/L

T3 40
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Figure 3.17. A crylam ide degradation by sewage sludge-inoculated  cultures under 

m ethanogenic conditions after headspace flushing, a) the three low est acrylam ide 

concentrations used, b) the two highest acrylam ide concentrations used. The 

intended acrylam ide concentrations after re-supplem entation are show n in the 

legends; the m etabolite suspected to be acrylic acid is also show n.
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A crylam ide dem onstrated a reversible inhibitory  effect on m ethanogenic 

m icrocosm s inoculated  w ith sew age (Figure 3.15). H igher concentrations (360 and 710 

mg acrylam ide L '1) inhibited m ethane production significantly , bu t once cultures becam e 

acclim ated, m ethane production increased to surpass the concentration in acrylam ide-free 

viable controls. I f  the final m ethane concentrations in these tw o cultures are com pared to 

the calculated theoretical levels (Table 3.4), it can be seen that actual m ethane am ounts in 

cultures containing initial concentrations o f 460 and 850 m g acrylam ide L '1 (10%  and 

20% ) rem ained below  the calculated am ounts o f m ethane (20.9%  and 32.5% ) at the end 

o f  the experim ent. H ow ever, m ethane production had not yet reached a plateau in these 

cultures after 114 d o f incubation, so the theoretical values m ay be reached if  m onitoring 

had been continued. Culture containing the low est acrylam ide concentrations (7 ,4 0 , and 

70 mg L '1) displayed no enhanced m ethanogenesis, although over ha lf o f the original 

acrylam ide added had been consum ed in these cultures by the end o f sam pling (d 173, d 

160, and d 97, respectively) (Figure 3.17).

Enrichm ent cultures inoculated with oil sands tailings inocula degraded 

acrylam ide, albeit at d ifferent rates. M FT degraded 100% o f 5 m g acrylam ide L ’1 in just 

over 80 d, w hereas TT-inoculated cultures only rem oved 75%  by d 291 (Figure 3.13). 

D etectable am ounts o f  a  m etabolite believed to be acrylic acid w ere observed in M FT- 

inoculated cultures, although verification o f its identity was unsuccessful. This 

m etabolite accum ulated briefly, then was consum ed in these m icrocosm s.

A lthough no other studies on acrylam ide degradation under m ethanogenic 

conditions have been reported, acrylic acid is degraded anaerobically , with initial 

inhibition o f  gas production at higher concentrations. W hen challenged with 

concentrations o f 250 to 750 mg acrylic acid L 1, gas production in acetate-enriched 

m ethanogenic m ixed cultures was inhibited from  9 to 16 d, after w hich gas production 

resum ed (Qu and B hattacharya 1996). D em irer and Speece (1998a) exposed 

unacclim ated acetate-enriched pure cultures o f  M ethanosarcina  sp. to concentrations o f 

acrylic acid ranging from  20 to 600 mg L"1, and found that all concentrations above 20 

mg L’1 depressed gas production with no recovery o f gas production over the course o f 

the 14-d experim ent. Schonberg et al. (1997) also conducted toxicity assays using an
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unacclim ated culture from  an anaerobic digester, and found that inhibition o f gas 

production corresponded to increased acrylic acid concentrations.

Table 3.4. Theoretical am ount o f  m ethane calculated from  B usw ell’s equation 

from  different acrylam ide concentrations in an acrylam ide toxicity assay with 85 

m L o f liquid in 158-mL serum  bottles.

Initial acrylamide 

concentration 

(mg L‘‘)

Initial acrylamide 

concentration 

(mmol)

Methane yield 

from acrylamide 

(mmol)

Calculated 

methane yield 

(mL at STP)

Potential 

methane in 

headspace 

(% vol.)*

7 0.01 0.01 0.28 0.4

50 0.06 0.09 1.9 2.6

70 0.09 0.13 3.0 4.0

460 0.56 0.83 18.7 20.9

850 1.0 1.5 34.0 32.5

a calculated according to m ethod shown in Section 2.1.19, using Equation 2.1, 

assum ing a headspace volum e o f  70.5 mL.

Interm ediate m etabolites o f acrylic acid degradation included propionate and 

acetate (D em irer and Speece 1998a, Qu and B hattacharya 1996, Schonberg et al. 1997), 

indicating that acrylic acid m etabolism  likely follows the pathw ay depicted in Figure 1.5. 

However, it is unlikely that acrylic acid is degraded by m ethanogens, because 

brom oethanesulfonic acid, an inhibitor o f  m ethanogenesis, did not stop acrylic acid 

degradation in acetate-enriched m ethanogenic m ixed cultures, leading these researchers 

to conclude that acetogens are responsible for acrylic acid degradation (Qu and 

Bhattacharya 1996).

T he hypothesis that non-m ethanogens present in a consortium  may be responsible 

for acrylic acid degradation may explain the observation that m ethane production in 

sew age-inoculated cultures provided with 360 and 710 mg acrylam ide L '1 in the toxicity 

assay did not begin until after all the acrylam ide had been degraded. If other
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m icroorganism s are required  to deam inate acrylam ide and degrade acrylic acid to a more 

readily-usable substrate for m ethanogenesis, m ethane production w ould be delayed.

3.I.I.5. Kinetics of acrylamide biodegradation

The studies d iscussed in Section 3.1.1 have provided data  from  which kinetic 

constants can be calculated using the m ethod outlined in Section 2.1.19. Table 3.5 gives 

the kinetic values for acrylam ide biodegradation by several environm ental consortia with 

d ifferent TEAs. These data were collected from the initial enrichm ent cultures before 

any serial dilutions w ere made. W ith T T  as the source o f  m icroorganism s, the half-life 

o f acrylam ide under aerobic conditions is shorter (2.6 d) than under either sulfate- 

reducing (17 d) or m ethanogenic (116 d) conditions.

Sim ilarly, w ith M FT, the half-life was shorter under sulfate-reducing conditions 

(9.9 d) than under m ethanogenic conditions (19 d). From  Table 3.5, it can be seen that 

the half-lives in M FT-inoculated cultures w ere less than those in cultures inoculated with 

T T  under both sulfate-reducing and m ethanogenic conditions. A lthough both inocula 

originate from the oil sands tailings, M FT  have been settling in deposits for years, 

allow ing for developm ent o f  a m ore established m icrobial com m unity. Conversely, TT  

have been only recently deposited, and so the num bers o f m icroorganism s may not be as 

high as in M FT. A ging o f  T T  likely will lead to an increase in m icrobial num bers, and 

an increased rate o f acrylam ide degradation.

T able 3.5. Sum m ary o f  first-order kinetic data for acrylam ide biodegradation in 

the presence o f  TEA s (oxygen, sulfate, carbon dioxide).

Incubation

conditions

Inoculum Initial acrylamide concn. 

(mg L 1)

Lag time 

(d)

k,

(d ')

Half-life

(d)

R2

A erobic3 T T 1.0 3 0.27 2.6 0.96

Sulfate-reducing M FT 4.9 ~0 0.07 9.9 0.88

T T 6.2 ~0 0.04 17 0.95

M ud 5.6 <7 0.17 3.9 0.93

M ethanogenic M FT 5.2 <10 0.04 19 0.98

TT 4.9 60 0.01 116 0.91

a in 0.8% saline medium
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W hen acrylam ide (1.2 m g L '1) w as added directly to T T  under sim ulated field 

conditions, the half-life value under aerobic conditions was 0.5 d (Table 3.2), which was 

less than the value o f  2.6 d observed in laboratory m edium  (Table 3.5). U nder anaerobic 

conditions, the m ean half-life under sim ulated field  conditions was 2.7 d (Table 3.2). 

B oth anaerobic conditions tested in laboratory m edium , sulfate-reducing and 

m ethanogenic, caused longer half-lives o f  17 d and 116 d, respectively. Thus, conditions 

in T T  deposits m ay not be accurately represented by laboratory conditions, but the 

laboratory values give an indication o f  the persistence o f  acrylam ide under defined 

conditions.

From  these data, it is apparent that acrylam ide at the low concentration predicted 

to occur in T T  deposits (less than 20 ng  L '1) will not persist if  the conditions rem ain 

aerobic for several days. Even after conditions becom e sulfate-reducing, acrylam ide is 

rem oved in several weeks (Table 3.5). It is unlikely that acrylam ide w ould rem ain until 

conditions in the T T  deposit becom e m ethanogenic, but if this is the case, acrylam ide 

m ay persist for a longer period. How ever, as stated previously, the m icrobial com m unity 

in M FT is able to readily rem ove acrylam ide, and so the long half-life  dem onstrated by 

T T  may result from  low num bers o f  m ethanogens.

3.2. PAM as nitrogen source for microorganisms

M FT (densified fine tailings derived from  extraction tailings) and com posite 

tailings (gypsum -treated extraction tailings) contain m icrobial com m unities that are 

capable o f  m any different m etabolic activities. Holow enko et al. (2001) and Fedorak et 

al. (2002, 2003) have dem onstrated that the addition o f various substrates can stim ulate 

m icrobial activities. Sim ilarly, the results reported in Section 3.1 have shown that 

m icroorganism s in T T  and M FT are capable o f degrading acrylam ide.

M icroorganism s require nitrogen for grow th. PAM  contains nitrogen and may 

serve as a nitrogen source for m icrobes (K ay-Shoem ake et al. 1998a, b). If  this is true, 

then the addition o f PA M  will stim ulate m icrobial growth and activity. A lthough no 

am idases capable o f acrylam ide deam ination have been characterized from  anaerobic 

sources, num erous am idases produced by aerobic m icroorganism s have been purified and
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characterized (see Table 1.3). I f  aerobic m icroorganism s deam inate acrylam ide before 

oxygen becom es lim iting, acrylic acid w ould be produced, w hich is m ineralized to C O 2 

and H2O under aerobic conditions (F igure 1.5). The work described in the follow ing 

sections explored the stim ulation o f m icrobial consortia supplem ented w ith PA M  as a 

nitrogen source.

3.2.1. PAM as a nitrogen source under aerobic conditions

A erobic m icroorganism s capable o f grow th on PAM  as a nitrogen source have 

been isolated  by other groups, including Enterobacter agglomerans, Azomonas 

macrocytogenes (N akam iya and K inoshita 1995), Pseudomonas sp. (G rula et al. 1994), 

as well as a m ixed culture enriched from  agricultural soil previously treated w ith PAM  

(K ay-Shoem ake et al. 1998a). Thus, it was anticipated that aerobic m icrobial consortia 

originating from  oil sands may be able to use PAM as the sole nitrogen source.

E nrichm ent cultures were established to determ ine if  m icrobial com m unities 

enriched from  garden soil and Syncrude process w ater dem onstrated the ability  to use 

PA M  (at a concentrations o f 140 and 70  mg PAM  L '1 for glucose- and acetate-containing 

cultures respectively) as a sole source o f  nitrogen (Section 2.2.3.1). Both sources o f 

m icroorganism s dem onstrated an ability to grow and consum e acetate (Figure 3.18) or 

glucose (Figure 3.19) in the presence o f  PAM  as a sole nitrogen source. W hen acetate 

was provided as a carbon source (1000 m g L 1), cultures inoculated w ith m icroorganism s 

orig inating from  garden soil showed a lag phase o f about 14 d before acetate 

consum ption began. Follow ing this lag phase, acetate loss occurred rapidly, w ith a 

concentration o f 100 mg L"1 reached by d 35. M icroorganism s originating from  process 

w ater dem onstrated  a lag phase of less than 12 d, with acetate consum ption observed by 

d 12 (the first sam pling tim e), and reached a m inim um  acetate concentration o f  52 m g L '1 

by d 43. G row th results correspond to acetate loss, although the O D 600 readings were 

quite  low in process water-inoculated culture, w ith a m axim um  o f 0.17. H ow ever, cell 

clum ping w as observed in these cultures, which m akes the O D  results less representative 

o f  cell grow th. Also, PAM  is known to flocculate negatively-charged cells and other 

solids (Letey 2000), and so these m easurem ents o f cell grow th are not accurate. Cultures 

inoculated w ith garden soil dem onstrated a higher m axim um  O D 600 o f  0 .64 at 43 d. Both
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inocula dem onstrated a low  grow th rate until d 14, w hich corresponds to the lag phase in 

acetate consum ption.
-B  process water (acetate) 

- ± -  garden soil (acetate)
0 fi

- B -  process water (OD600) 

garden soil (OD600)

0.4 §
(O

Q 
O

0.2 

0
0 10 20 30 40 50

Time (d)

Figure 3.18. G row th and activity  of enrichm ent cultures using PA M  as sole 

nitrogen source and acetate as carbon source (after serial transfers o f  the original 

enrichm ent cultures).

W hen glucose was provided as a  carbon source (1000 mg L"1) (Figure 3.19), a lag 

phase o f less than 14 d was observed for each source o f  inoculum . By d 14, 78%  of the 

glucose had been rem oved from  the culture containing m icroorganism s from  garden soil, 

with a corresponding increase in the OD 600 to 0.29. How ever, cultures inoculated with 

transfers o f  process water rem oved only 45%  of the added glucose by d 14, and only 

66%  by d 36. Interestingly, the OD 600 value increased only m arginally to a m axim um  of 

0.048 by d 43. No am m onium  was detected in the m edium  in any o f  the cultures. 

H ow ever, this result is not unexpected, because the cultures w ere nitrogen-lim ited, with 

an initial substrate C :PA M -N  ratio o f 20:1. Thus, nitrogen released from  PAM  as 

am m onium  w ould be rapidly used by cells as a nitrogen source. T his nitrogen lim itation 

may explain the concentration o f 200 mg glucose L '1 rem aining in the cultures after 43 d 

(Figure 3.19).
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Figure 3.19. Grow th and activity of enrichm ent cultures using PA M  as sole 

nitrogen source and glucose as carbon source (after serial transfers o f  the original 

enrichm ent culture).

To verify that the nitrogen provided by PAM  was responsib le for the observed 

m icrobial growth, three techniques were em ployed: (1) a n itrogenase activity assay to 

rule out use o f atm ospheric dinitrogen, (2) acid hydrolysis o f PA M  nitrogen to see if 

there was a decrease in the am ount o f nitrogen bound to PA M  (see Section 6.1.2), and (3) 

am idase assays to detect am idase activity in culture supernatants.

A lthough m icrobial growth was evident in cultures contain ing  PAM  as the only 

source o f nitrogen, nitrogen fixation could account for such grow th. A nitrogenase 

activity assay was attem pted on cultures that dem onstrated visible growth using the 

m ethod described in Section 2.1.13, but the results o f  this assay provided little useful 

information, because the positive control failed to dem onstrate n itrogen  fixation (data not 

shown).

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acid hydrolysis appeared prom ising as a m ethod to  detect rem aining nitrogen 

attached to PAM , as discussed in the A ppendix 6.1.2. If  PA M -N  was being rem oved and 

used by m icroorganism s, the am ount o f nitrogen attached to the polym er was expected to 

decrease with tim e o f  incubation. H ow ever, this was not observed, because acid 

hydrolysis o f sam ples taken from  cultures revealed no detectab le loss o f  nitrogen (data 

not shown).

D espite these inconclusive results, one final experim ent provided indirect 

evidence that deam ination o f  PAM  is possible. An indirect m ethod o f  detecting the 

possibility o f  PA M  deam ination is through am idase activity  assays. The enrichm ent 

cultures used in this experim ent had been given only PA M  as a nitrogen source for 

approxim ately 2.5 y, so presum ably the m icrobial consortia w ould be expected to 

produce extracellular am idases responsible for liberating the am ide group from  PAM, 

thereby providing am m onium  for grow th. If  inducible am idases are produced by 

m icroorganism s in the presence o f PA M , it was expected that am idase activity would be 

higher in cultures grown on PAM  com pared to the activity in cultures with no PAM , but 

w ith am m onium  nitrate added as a nitrogen source. Thus, both am m onium  release and 

extracellular protein production are expected to be higher in cultures grow n on PAM . 

Figure 3.20 show s the results o f  an am idase assay designed to dem onstrate the presence 

o f  extracellular am idases in these aerobic cultures.

M ore am m onium  was released from  two test am ides (acetam ide and acrylam ide)

w hen these w ere incubated with supernatant from  cultures grow n on PAM  as the

nitrogen source than from the supernatant o f cultures that received am m onium  nitrate

(Figure 3.19). The highest concentration o f  am m onium  w as detected when acetam ide

was the test am ide, with a concentration o f  600 /iM , w hich is 22 tim es higher than the

concentration found in reaction m ixtures incubated with supernatant from am m onium

nitrate-containing cultures. The assay results from  the test am ide acrylam ide also

dem onstrated an increased concentration o f  am m onium , although this concentration was

low er than that shown in acetam ide-containing reaction m ixtures. N evertheless, when

acrylam ide was the test am ide, the concentration o f  am m onium  detected  was 3 times

higher in reaction m ixtures supplied w ith PA M -containing culture supernatant than in

reaction m ixtures containing am m onium  nitrate-culture supernatant. N o am m onium  was
92
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detected  in the reaction m ixture that contained PA M  as the test am ide and PAM - 

containing culture supernatant as the source o f am idase.

Low concentrations o f  am m onium  were detected  in the reaction m ixtures to 

w hich supernatant from  am m onium  nitrate had been added; in fact, all the reaction 

m ixtures contain ing am m onium  nitrate supernatant dem onstrated sim ilar concentrations 

o f am m onium , w ith  an average o f  25 ±  2.1 /xM. This was from  carryover am m onium  

from  the am m onium  nitrate that w as added as the culture nitrogen source, and likely not 

am m onium  produced  through am idase activity.

W hen extracellu lar protein production was m easured, it was found that 

extracellu lar protein  production was highest in cultures to w hich PA M  had been supplied 

as a sole n itrogen source during grow th (Figure 3.21). C ultures that had either 

am m onium  nitrate or no nitrogen added dem onstrated little ex tracellu lar protein 

production, because there w as no induction by an am ide-containing chem ical such as 

PAM . C om m ercial am idase concentrations were determ ined to  be -  25 /xg m L '1 in 

reaction m ixtures containing each test am ide (data not shown).

Figure 3.20. A m m onium  released from  presum ed am idase activ ity  produced by 

m icroorganism s enriched from  oil sand process w ater after 7.5 h incubation. X- 

axis indicates the nitrogen sources in the cultures; test am ides are show n in the 

legend.
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Figure 3.21. Extracellu lar protein content in acetam ide-containing reaction 

m ixtures containing supernatant from  aerobic cultures grown on glucose with 

d ifferent nitrogen sources.

T o  ensure that the am idase assay was perform ing as desired, a parallel assay was 

perform ed using a com m ercial am idase. T he results, shown in F igure 3.22, dem onstrated 

that com m ercial am idase cleaved am m onium  from  acrylam ide and acetam ide, but not 

from  PA M  at a level significantly  d ifferent from  the control contain ing no added amide. 

H ow ever, background am m onium  in the com m ercial am idase m ay have interfered with 

detection o f  small am ounts o f  released am m onium  from  PAM . T he absence o f  protein in 

reaction m ixtures originating from  am m onium  nitrate-containing cu ltures verifies that the 

test am ides are not being detected  as protein.
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Figure 3.22. Am m onium  release by a com m ercial am idase using different test 

amides.

N o am idase activity was detected in reaction m ixtures containing PAM  as the test 

am ide (Figure 3.22), which was surprising given the hypothesis that extracellular 

am idases are responsible for the ability o f these cultures to grow when provided with 

PA M  as sole nitrogen source. This is contrary to results reported by K ay-Shoem ake et 

al. (1998a,b), who found that an extracellular am idase produced by a soil m icrobial 

consortium  grown with PAM  as a sole nitrogen source dem onstrated am idase activity 

against PA M . However, this activity against PAM  was low er than the activity observed 

against sim ple amides such as form am ide and propionam ide. A lthough these researchers 

stated that the PAM  form ulation used was free o f  contam inant nitrogen, no description of 

w hat m ethods were used to rem ove nitrogen, nor which form s o f nitrogen were tested to 

verify this statement. Acrylam ide is present at trace levels in PAM , and so if  specially- 

treated PAM  (washed to remove unreacted acrylam ide) was not used in their amidase 

studies, the residual acrylam ide present (up to 1000 m g acrylam ide k g '1 PAM ) may 

induce am idase production. Results reported in my study w ere obtained using methanol- 

w ashed PAM  to reduce the acrylam ide to concentrations less than 10 ng  L '1 (Sem ple et
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al. 2001, R. Schaeffer, Ciba® Specialty  Chem icals, personal com m unication, 2002), so 

am idase production was due to PA M , and not acrylam ide.

The reaction m ixtures containing PAM  (Figure 3.20) w ere considerably more 

viscous than the o ther test am ides, w hich may cause reduced enzym e m obility. Based 

on the results o f  the com m ercial am idase experim ent (Figure 3.22), this m ay be the case, 

because even the purified enzym e did not produce a significantly h igher concentration of 

am m onium  over that in the am ide-free control. The supernatant from  the PAM- 

containing culture was also m ore viscous than that from  the am m onium  nitrate- 

containing culture. Thus, reaction m ixtures containing PA M  as the test am ide and 

supernatant from  PA M -containing cultures had increased viscosity  originating from  both 

ingredients in the reaction m ixture, instead o f only PAM . If  reaction m ixture viscosity 

effected in am idase activity, the activity in reaction m ixtures containing supernatant from 

PA M -containing cultures would be even low er than that o f the com m ercial am idase. This 

was observed, with the com m ercial am idase producing a concentration o f  250 /tM  

am m onium  (Figure 3.22) com pared to no amm onium  in the reaction m ixture containing 

culture supernatant (Figure 3.20). This lower am m onium  production was not due to lack 

of am idase, because am idase activity was observed against the other tw o test amides 

(Figure 3.20). C ultures previously exposed to PAM  as a nitrogen source (ie. during the 

2.5 y enrichm ent), when later given a readily-usable nitrogen source such as am m onium  

nitrate, did not dem onstrate significant release o f am m onium  from  any o f the test amides 

used (Figure 3.20). This result points to induced production o f an extracellu lar protein. 

This protein is likely an am idase, because am idases are produced only in the presence o f 

am ide-containing chem icals (Brow n 1980), and the production o f  am idases is repressed 

in the presence o f am m onium .

T he low level o f protein detected in cultures containing either no nitrogen or 

am m onium  nitrate m ay result from  carryover o f PAM  from  the original m aintenance 

culture. The am ide m oiety m ay have induced a low level o f  am idase production, which 

would account for the protein detected. In fact, the low er concentration o f  protein in 

am m onium  nitrate-containing cultures (com pared to the cultures containing no nitrogen) 

can be explained by this repression as well, because cultures containing no nitrogen
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would lack repression, and so w ould  have a h igher level of am idase protein . A lthough 

all the cultures w ere centrifuged to rem ove cells, the cultures contain ing either 

am m onium  nitrate or no nitrogen w ere filtered (0.22 fim ) before addition  to the reaction 

m ixtures. It is extrem ely unlikely that any ex tracellu lar proteins are larger than 0.22 fim, 

so the possibility  o f rem oval o f any am idases that m ay have been produced  is rem ote.

N um erous am idases from  ubiquitous soil genera such as Rhodococcus spp. and 

Pseudomonas spp. have been characterized (N aw az e t al. 1993, 1994; K um ar and K um ar 

1998), and am idase activity against PAM  has been reported from  m ixed aerobic cultures 

originating from  soil (K ay-Shoem ake et al. 1998a,b). Further w ork to  purify and 

characterize this enzym e w ould verify the identity o f  the protein as an am idase.

A lthough substrate rem oval and grow th w ere evident in cultures contain ing  PAM  

as the sole nitrogen source (F igure 3.18, F igure 3.19), experim ents designed to 

dem onstrate nitrogen originating from  PAM  w as serving as the nitrogen source were 

inconclusive (data not shown). K ay-Shoem ake et al. (1998b) also used the acid 

hydrolysis m ethod o f detecting PAM  nitrogen, and did report nitrogen loss from  the 

polym er backbone during a tim e course experim ent. How ever, this group did not 

quantify the am ount o f  nitrogen hydrolyzed, but instead reported the am ount rem oved as 

a percentage o f  the tim e zero value. This may be problem atic, because the m ethod itself 

seem s subject to variability (data not shown). A ttem pts were m ade to verify that 

dinitrogen fixation was not the source o f  nitrogen in these cultures, but these were 

inconclusive (data not shown).

T he in tent o f these experim ents under aerobic conditions w as to develop  m ethods 

for am idase detection that could be applied to anaerobic work. H ow ever, because o f the 

lim ited success o f this work, the m ethods w ere not applied to anaerobic cultures.

3.2.2. PAM as a nitrogen source under sulfate-reducing conditions

PA M  is believed to serve as a nitrogen source for m icroorganism s (Kay- 

Shoem ake et al. 1998a, b; G rula e t al. 1994). O xygen depletion in oil sands tailings will 

likely occur relatively rapidly com pared to the slow  usage o f PA M  nitrogen in the 

presence o f  m ore accessible nitrogen sources such as am m onium . T hus, PA M  nitrogen 

will be available for use by anaerobic m icroorganism s, specifically  SRB and
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m ethanogens. To enrich for SRB, lactate was added as a substrate, because it is known 

to be used by m any SRB, w hile not directly used by m ethanogens.

SRB originating from  oil sands tailings consum ed lactate in the presence o f PAM , 

as observed in Figure 3.23a. H ow ever, there w as no significant difference betw een 

lactate rem oval in cultures containing or lacking PA M . C ultures under both conditions 

dem onstrated  lactate rem oval follow ing a lag phase o f approxim ately 22 d, after which 

tim e rapid lactate rem oval com m enced. By d 36, 79%  and 88%  o f the lactate had been 

rem oved from  cultures w ith no added nitrogen and w ith PA M  added as the sole nitrogen 

source, respectively (F igure 3.23a).

Lactate m etabolism  by SRB yields acetate (H ansen 1993). S ignificant acetate 

production w as observed in cultures containing PA M , as well as those lacking an added 

nitrogen source (Figure 3.23a). S im ilar trends were observed under both conditions, with 

no acetate detected  at d  0, a m axim um  concentration near d 50, and gradual rem oval o f 

acetate until a concentration o f 0 was reached by d 109. C ultures containing PAM 

dem onstrated  significantly  higher acetate concentrations throughout the experim ent.

Sulfate loss w as also detected  in these cultures, as w as expected if SRB were 

active and responsible for lactate rem oval (Figure 3.23b). Sulfate rem oval began within 

15 d post-inoculation, and progressed rapidly. By d 36, 93%  o f the added sulfate had 

been  consum ed in cultures w ith no PAM , while 95%  rem oval was observed in cultures 

w ith PA M . N o sulfate loss was observed in killed controls, o r in uninoculated controls. 

An unexplained increase in sulfate concentration was observed in the uninoculated 

controls.
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Figure 3.23. Activity o f M FT-inoculated cultures incubated under sulfate- 

reducing conditions (original enrichm ent) a) lactate consum ption and acetate 

production, b) sulfate rem oval.
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Figure 3.24. A ctivity  o f  TT-inoculated cultures incubated under sulfate-reducing 

conditions (original enrichm ent) a) lactate consum ption and b) sulfate rem oval.

Lactate consum ption in TT-inoculated cultures dem onstrated a lengthy lag 

period in com parison, as shown in Figure 3.24a. W hereas M FT-inoculated cultures 

rem oved lactate after 22 d (Figure 3.23a), TT-inoculated cultures dem onstrated little
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lactate loss prior to d 148 (Figure 3.24a). Furtherm ore, follow ing d  148, TT-inoculated 

cultures supplem ented w ith PAM  dem onstrated significantly  m ore lactate rem oval than 

cultures w ith no added nitrogen source. A steady decline in the lactate concentration was 

observed, w ith a final concentration o f  350 mg L ' 1 reached at the conclusion o f the 

experim ent (d 290). This value was considerably low er than those in cultures lacking 

PAM  and the k illed  controls, w hich had mean concentrations o f 1220 m g L ' 1 and 1570 

m g L 1 respectively. This is in direct contrast to M FT-inoculated cultures, in which 

lactate was rem oved both in cultures containing or lacking PAM . N o acetate analyses 

were perform ed on TT-containing cultures.

H ow ever, despite lactate loss in PA M -supplem ented cultures, little sulfate loss 

was observed in these cultures (Figure 3.23b). By the end o f the experim ent, only 39%  

of the added sulfate was consum ed in PA M -containing cultures, w hich w as sim ilar to the 

28%  use in PA M -lacking cultures. If com plete m ineralization o f  lactate had occurred, a 

loss o f  1.6 m m ol lactate (as was seen in PA M -containing cultures) w ould  require 2.4 

m m ol o f  sulfate if  lactate was consum ed solely by SRB, according to  E quation 3.1. The 

actual sulfate loss was 0.43 mmol, which is 18% o f the expected value. Even if SRB 

were present w hich cannot com pletely oxidize lactate (see Equation 3.2), the am ount o f 

sulfate required w ould be 0.81 m m oles, which is only approxim ately h a lf  o f that required 

for the am ount o f  lactate consum ed.

C H 3CH O H CO O  ‘ + 1 ,5S 042' +  4H + ->  3 C 0 2 + 1.5H 2S + 3H 20  

Equation 3.1. Equation for com plete m ineralization o f  lactate by SRB

2C H 3CH O H CO O  ‘ + SO42' - »  H2S + 2CH3C O O ' + 2H C O 3'

Equation 3.2. Equation for production o f acetate from  lactate by SRB.

T herefore, theoretically it is possible that sulfate reduction occurred, but it 

appears that som e other m echanism  was responsible for lactate usage in these cultures. 

One possibility is that propionate-form ing bacteria m ay be active in these cultures, as 

such m icroorganism s have been detected in oil sand tailings (H olow enko 2000). These
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m icroorganism s form  propionate from  lactate, w ith no associated  sulfate loss. No 

propionate analysis was perform ed to verify this hypothesis. H ow ever, no m atter which 

m icroorganism s w ere responsible for the lactate consum ption, it appears that som ething 

in the PA M -containing cultures enhanced lactate use. This could  be related to the 

observations o f  G rula e t al. (1994), w ho observed grow th stim ulation o f  m ixed cultures 

o f  SRB orig inating from  oil field floodw aters in the presence o f  PAM . These 

researchers also discovered that SRB M PN values were significantly  higher in an oil 

field  previously exposed to PA M  than in non-flooded w ells (G rula e t al. 1994). In 

addition, PA M  allow ed lim ited grow th o f  SRB, but only 0.1%  o f  a  14C -labeled PAM  

provided as a  sole carbon source was cell-associated. T hus, G rula et al. (1994) 

concluded that PA M  likely served as an electron source for sulfate reduction, but did not 

serve directly as a carbon source.

D uring sam pling in latter days o f the experim ent, considerable headspace 

pressure was observed in m icrocosm s inoculated w ith e ither M FT  or TT. M ethane 

analyses w ere perform ed to determ ine if m ethanogenesis w as responsible for the 

headspace pressure, and the results are shown in Table 3.6. S ignificantly  higher m ethane 

production w as observed in cultures supplem ented w ith PA M  in M FT - o r TT-inoculated 

cultures. TT-inoculated  cultures dem onstrated the m ost strik ing difference between 

cultures contain ing PAM  and cultures lacking PAM , with a m ean difference o f 16.9% 

(vol.) m ethane betw een the two conditions.

Table 3.6. M ethane observed in original enrichm ents o f  “sulfate-reducing” 

cultures w ith PA M  as sole nitrogen source and lactate as carbon source.

M ethane (% vol.)

M FT (d 191) T T  (d 186)

K illed control 0.08 ± 0 .06a 0

No PAM 13.9 ± 0 .7 8.6 ± 2.5

PAM 18.2 ± 1.2 25.5 ±  1.5

a indicates standard deviation o f n=3.
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O nce oxygen was depleted from  the T T  deposit, su lfate-reducing conditions will 

predom inate, and so experim ents were undertaken to investigate the ability o f 

environm ental m icroorganism s to utilize PA M  as a nitrogen source w ith lactate as a 

carbon source. A lthough lactate was consum ed in cultures inoculated w ith M FT, there 

was no significant difference in sulfate loss betw een cu ltures containing PAM  as a 

nitrogen source and those lacking any added nitrogen source, because both  dem onstrated 

com plete sulfate loss in 36 d (Figure 3.23). Thus, PAM  use as a nitrogen source could 

not be coupled to sulfate loss o r lactate consum ption. Subsequent m ethane production 

was observed, indicating that the cultures w ere no longer under sulfate-reducing 

conditions.

A cetate is the m ost com m only-used substrate fo r m ethanogens (Ferry 1993); 

how ever, m any SRB also use acetate as a carbon source (H ansen 1993). Considering 

therm odynam ics, sulfate reduction provides m ore energy per mol o f acetate, as can be 

seen from  the more negative A G 0' value for SRB show n in Table 3.7. G iven this 

favorable bioenergetic yield from acetate by SR B, it is expected that acetate will be used 

by SRB rather than m ethanogens. In addition, SRB have a higher substrate affinity for 

acetate than do m ethanogens, allow ing SRB to outcom pete m ethanogens under 

conditions where substrate is lim ited (Schonheit e t al. 1982).

Table 3.7. Free energy available from acetate utilization by SRB and 

m ethanogens (adapted from Zinder 1993)

Process Equation A G °' (kJ)a

Sulfate reduction CH3CO O  ‘ +  S O / '  ->  H S' + - 4 7

2HCCV

M ethanogenesis C H 3C O O ' + H 20  -*■ C H 4 + H C 0 3‘ -3 1

a values from Thauer et al. (1977)

However, once sulfate has been depleted in the surrounding environm ent, 

m ethanogenesis w ill becom e the predom inant m etabolic activity. M ethane analysis was 

not conducted on M FT-inoculated cultures throughout the experim ent, but 

m ethanogenesis w as evident at the end o f the experim ent (T able 3.6). I f  all o f the acetate
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detected at the m axim um  detected concentration (d 50) was converted  to  m ethane, a 

m axim um  o f  60%  (vol.) m ethane was expected, according to B usw ell’s equation 

(Equation 2.1). How ever, as o f  the last sam pling date (191 d), about one-third o f the 

expected m ethane had been produced. M ethane form ation in the presence o f  sulfate has 

been reported by several groups (M itterer e t al. 2001, M izuno et al. 1994, O ude Elferink 

et al. 1994), so there is no requirem ent for com plete sulfate depletion p rio r to m ethane 

form ation.

In order fo r SRB to use PA M  as a nitrogen source, extracellu lar am idases must be 

present in the environm ent to cleave the am ide group from  the polym er. A lthough the 

literature contains no reports specifically m easuring am idase activity in SRB, Boopathy 

and K ulpa (1992) isolated a Desulfovibrio  sp. capable o f  reducing the nitro  groups o f 

trinitrotoluene (TNT), 2,4-dinitrophenol, 2,4-dinitrotoluene, and 2 ,6-dinitrotoluene to 

am ines. Then this organism  deam inated the am ino groups to release  am m onium  

(Boopathy and Kulpa 1992, Boopathy and Kulpa 1993). A lthough am idase assays were 

not perform ed, it appeared that am idases may be responsible for this activity.

A lthough D. desulfuricans B was reported to use certain n itroarom atics as sole 

source o f nitrogen, later studies found that a defined consortium  o f four Desulfovibrio 

spp. was required to reductively deam inate related com pounds (B oopathy et al. 1998). 

W hen tested in isolation, none o f  the four species (D. desulfuricans A, D. desulfuricans 

B, D. gigas, and a strain closely resem bling D. vulgaris) was effective. W hen tested 

together, the consortium  was able to reductively deam inate three n itroarom atic explosive 

com pounds related to TN T with resulting am m onium  release (Boopathy et al. 1998).

A lthough individual SRB may be capable o f  producing am idases, am idase 

production may not occur in the absence o f an unknow n grow th factor, perhaps provided 

by another m em ber o f a consortium . How ever, the w ork o f Boopathy and K ulpa (1992, 

1993) and Boopathy et al. (1998) dem onstrate that som e SRB are capable o f 

deam ination. O f course m icroorganism s other than SRB m ay have produced am idases in 

my consortia, and the released am m onium  could have been consum ed by the SRB.
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3.2.2.1. PAM as a nitrogen source under methanogenic conditions

The data in Table 3.6 showed that m ethane was detected in M FT  and T T  cultures 

after approxim ately 190 d incubation. These results also show  that m ore m ethane was 

produced in the presence o f  PA M , indicating that PA M  may serve as a nitrogen source in 

m ethanogenic consortia. Thus, three carbon sources (acetate, benzoate, and glucose at 

1000 mg L '1) w ere chosen to test the ability o f a w ide variety o f m ethanogenic consortia 

to use PAM  as a nitrogen source.

M ost biogenic CPU is produced from acetate, using one o f tw o know n pathways. 

M ethanogens can either reduce the m ethyl group o f  acetate to produce m ethane, o r can 

reduce CCL with electrons originating from  H 2 or form ate (Ferry 1993). Thus, acetate 

provided a carbon source that a wide variety o f m ethanogens could use. B enzoate is also 

a com m only-used carbon source for m ethanogenic consortia (Londry and Fedorak 1992). 

A lthough glucose was also tested, the amount o f m ethane produced was approxim ately a 

third o f the expected theoretical am ount o f 30% (vol.) (according to B usw ell’s equation). 

The reason for this is unknow n, and the results from  this experim ent are given in 

Appendix A, Section 6.2).

W hen enrichm ent cultures were established w ith the three environm ental 

consortia (M FT, TT, and sewage sludge), some nitrogen originating from  the inocula was 

likely present. Enhanced m ethanogenesis resulting from PA M -N  in m ost o f these 

original enrichm ent cultures was not detected, likely because o f residual nitrogen from 

sources other than PAM  that allow ed growth. Cultures inoculated w ith sew age sludge 

dem onstrated no enhanced m ethanogenesis in the presence o f  PAM  w ith either acetate or 

benzoate, w hereas M FT and TT cultures dem onstrated sim ilar m ethane production with 

acetate as a carbon source (data not shown). O nce 10-mL volum es o f  these original 

enrichm ent cultures were serially transferred into 85 mL o f fresh m edium , the effect of 

this residual nitrogen was m inim ized, because a) readily-usable nitrogen, such as 

am m onium , was previously consum ed, and b) any rem aining nitrogen was diluted by 

factors o f  1/8.5, 1/72, and 1/614 follow ing first, second and third transfers, respectively. 

Because o f these factors, only results o f later transfers are presented to highlight 

differences betw een cultures containing PAM  and those lacking added nitrogen.
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H ow ever, tw o notable exceptions to  this trend w ere observed in cultures 

inoculated  w ith T T  o r M FT  and provided w ith  benzoate as a  carbon source. Both 

benzoate loss and m ethane production w ere observed in viable M FT-inoculated cultures 

that contained PA M , w ith  a m axim um  m ethane concentration o f  39 ±  5%  (vol.) reached 

prior to transfer into fresh  m edium  (data not show n). H ow ever, 25 ±  4%  (vol.) m ethane 

was observed in cultures with no added nitrogen (data not show n).

In contrast, in  T T -inoculated  viable cultures, only cu ltures containing both PAM  

and benzoate produced  m ethane (data not show n). A lag phase approxim ately 91 d was 

observed fo r both m ethane production and benzoate loss, after w hich m ethane production 

increased to a m axim um  o f 24 ±  8% (vol.) by  d 161, w hich corresponded to benzoate 

consum ption.

A lthough few  significant differences w ere observed in early  enrichm ent cultures, 

later transfers confirm ed that enhanced m ethane production was observed in viable 

cultures containing PA M  inoculated  w ith each  o f the three environm ental sources. 

Representative data that highlight recurring trends have been selected  for presentation. 

M FT and T T  dem onstrated  very sim ilar trends in m ethane production and substrate 

utilization. T T  orig inated  from  the A urora site at Syncrude C anada Ltd., w here an 

experim ental thickener field test was run in 2001 (M atthew s e t al. 2002). Thus, where 

appropriate, T T  results are show n.

A cetate provided a readily-usable carbon and energy source for m ethanogens 

present in both sew age sludge and TT, as show n in F igure 3.25 and Figure 3.26. 

C ultures derived from  serial dilutions o f  sew age sludge or T T  dem onstrated significant 

acetate loss only in the presence o f  polyacrylam ide (Figure 3 .25a and Figure 3.26a). 

Sew age sludge-inoculated cultures dem onstrated  a lag period o f  about 14 d prior to onset 

o f  acetate rem oval, a fter w hich tim e acetate w as rem oved at a rapid  rate of 14 mg L ' 1 d ' 1 

(F igure 3.25a). From  d 70 to 83 there was a sligh t lag, then acetate rem oval resum ed at a 

slow er rate  o f 5 mg L ' 1 d 1 until com plete rem oval at d 194.

No lag was observed  in m ethane production, with m ethane increasing steadily to

d 105, after which tim e the rate slow ed slightly  (Figure 3.25b). T he  m axim um  am ount o f

m ethane detected w as approxim ately  -3 0 %  (vol.) m ethane, w hich was reached on d 156.

Follow ing d 156, the m ethane production reached a plateau. A lthough a small am ount of
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m ethane w as produced in cultures containing acetate bu t lacking PAM , this amount 

reached a  m axim um  o f only 6 % (vol.) by the conclusion o f  the experim ent (d 269), 

which is approxim ately  1/5 o f  the am ount produced in cultures containing PA M . Thus, 

any residual nitrogen, w hich by this transfer has been d ilu ted  by 1/614, is having a 

negligible effect on m ethanogenesis. No m ethane was produced  in k illed  controls 

containing PA M , so the m ethane produced is o f biological origin. V iable acetate-free 

controls produced no m ethane over the course o f  the experim ent. In particular, the 

absence o f m ethane in the acetate-free viable control contain ing PA M  is significant, as 

this suggests that this particular m elhanogenic consortium  is unable to use PA M  as a 

carbon source.

C ultures originating from  serial dilutions o f  T T  dem onstrated  sim ilar results to 

those o f  sew age-inoculated  cultures, as seen in Figure 3.26. How ever, TT-inoculated 

cultures containing PA M  displayed a longer lag period o f  approxim ately 42 d prior to 

beginning acetate rem oval (Figure 3.26a). The large error bars reflect a d isparity  in one 

o f the three replicates that d isplayed significantly slow er rem oval than did the o ther two 

replicates. O nce acetate degradation began, the rate rem ained relatively constant, with 

com plete loss in tw o o f  the three replicates by d 170. No acetate loss was detected in 

killed controls, and the acetate concentration in PA M -free v iable cultures containing 

added acetate was determ ined to be not significantly d ifferent from that o f  the killed 

control.

M ethane production corresponding to acetate loss was observed in TT-inoculated 

cultures containing PA M , as seen in Figure 3.26b. A lag period o f  28 d was observed, 

after w hich tim e m ethane production increased rapidly to a m axim um  o f -3 2 %  (vol.) 

m ethane reached by d 163. As was seen in sew age sludge-inoculated  cultures (Figure 

3.25), m ethane was produced in PA M -free viable cultures contain ing acetate, but this 

value was only 8% (vol.) by d 219, which was one-quarter o f  the value observed in 

cultures containing PA M . PAM  did not serve as a source o f  carbon, because no m ethane 

was detected  in viable acetate-free controls.

B enzoate was chosen as a carbon source to enrich for a  m ethanogenic com m unity

able to use PAM  as a sole nitrogen source, rather than testing only acetate-utilizing

m ethanogens. V iable cultures inoculated w ith TT  rem oved benzoate and produced
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m ethane only in the presence o f PA M  and benzoate, as is seen Figure 3.27a and b. 

Benzoate rem oval began within 7 d post-inoculation, w ith nearly com plete rem oval 

achieved by d 79. Sim ilarly, m ethane production began nearly im m ediately, with a 

m axim um  value o f 21 ±  2% (vol.) m ethane reached at the conclusion o f  the experiment. 

L ittle m ethane was produced in viable cultures lacking PA M , m eaning that there was 

m inim al residual nitrogen rem aining from the inoculum . N or was any significant 

m ethane production observed in killed controls o r viable benzoate-free controls. The 

latter result indicates that PA M  did not serve as a carbon source for this TT 

m ethanogenic consortium , w hich m irrored the results o f the acetate-containing cultures 

(Figure 3.25 and Figure 3.26).

—e— killed control 
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— A —  acetate + PAM
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100 150 200 250 3QQ— killed control 

Time (d) ^ acetate
acetate + PAM 
medium 
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<u 20
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Figure 3.25. Activity o f  m icrocosm s containing sew age sludge w ith acetate as 

carbon source and PAM  as nitrogen source (transfer 3). a) acetate rem oval, b) 

m ethane production. E rror bars represent standard deviation o f n=3.
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Figure 3.26. A ctivity o f  m icrocosm s containing T T  w ith acetate as carbon source 

and PA M  as nitrogen source (transfer 3). a) acetate rem oval, b) m ethane 

production. E rror bars represent standard deviation o f  n=3.

A m m onium  w as quantified in the PA M -containing viable cultures, but no 

significant increases w ere detected over the course o f  the experim ent (data not shown), 

w hich is expected under the conditions o f nitrogen lim itation im posed on these cultures.
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Figure 3.27. A ctivity  o f  TT-containing m icrocosm s w ith benzoate as carbon 

source and PA M  as nitrogen source (transfer 1). a) benzoate rem oval, b) m ethane 

production. E rror bars represent standard deviation o f n=3.

Initial enrichm ents w ith sewage sludge as an inoculum  dem onstrated  no 

significant d ifferences in m ethane production betw een cultures containing PA M  and 

those lacking any added nitrogen (data not shown). By the second transfer, significantly 

m ore m ethane was evident in cultures containing PA M  than in killed controls, viable 

carbon-free controls, o r v iable cultures w ith no added nitrogen (Figure 3.28b). A fter a
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lag tim e o f  approxim ately 22 d, m ethane production began, w ith a m axim um  value o f 

25%  (vol.) reached at d 270.

a)
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m edium
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Time (d)

Figure 3.28. A ctivity  o f  sew age sludge-containing m icrocosm s w ith benzoate as 

carbon source and PAM  as nitrogen source (transfer 2). a) benzoate rem oval, b) 

m ethane production. E rror bars represent standard deviation o f  n=3.

There w as som e benzoate loss (370 mg L '1) coupled to enhanced methane 

production in cultures contain ing both benzoate and PAM  (Figure 3.28b), although not 

all the benzoate was consum ed. N o benzoate rem oval was observed in either killed 

controls o r PA M -lacking viable cultures.
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Figure 3.29. M ethane production by a m icrocosm  inoculated w ith sew age sludge 

and containing PA M  as a sole source o f carbon and nitrogen.

Surprisingly, m ethane production was observed in the sole benzoate-free viable 

control in this sam e experim ent (Figure 3.29). After a  lag period o f  about 121 d, this 

control rapidly produced m ethane at a rate and to an extent that surpassed all the other 

sew age sludge-containing m icrocosm s (Figure 3.28b). A m axim um  value o f 30% (vol.) 

was reached at d 277 (Figure 3.29), and which subsequently rem ained constant thereafter 

(data not show n). This v iable control w as transferred in the sam e m anner as the other 

conditions, so carbon carryover could not account for the am ount o f m ethane produced.

To verify  that PA M -C was m etabolized, carbon and viscosity m easurem ents were 

perform ed on sam ples o f the benzoate-free viable control that dem onstrated methane 

production, as well as on a killed control. A lthough the killed control had been 

autoclaved, w hich may have caused therm al degradation o f  the polym er, all the PAM-C 

added should be contained in the sealed serum  bottle and therefore detected by total 

carbon analysis. The results o f  these analyses are given in Table 3.8. B ecause the killed 

control contained  benzoate in addition to PAM , the am ount o f carbon provided by 

benzoate was calculated and subtracted from  the analyzed organic carbon value. 

A ccording to the results, the concentration o f organic carbon was significantly lower in
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the viable culture when com pared to the killed  control, indicating that loss o f  carbon has 

occurred.

Table 3.8. PA M -C use in m icrocosm s inoculated  w ith sew age sludge provided 

with different carbon sources after two serial transfers (d 390).

Carbon source C arbon (mg L '1)
Total O rganic O rganic 

(corrected)

V iscosity (cSt s '1)
C

Killed Benzoate, 1420±8b 850± 11 3 4 0 ± l la 0.589±0.004

control PAM

Viable PAM 780±9 170±4 170±4 0.490±0.005

culture

a calculated by subtracting 510 mg benzoate-C  L ' (calculated from  benzoate
concentration in killed control on last sam pling date (d 277)) from  organic-C

b represents standard deviation o f n=3
c all sam ples w ere diluted 1/5; viscosity  o f  w ater was 0.458±0.001 cSt s '1 (see 

Section 2.1.11)

V iscosity has been used to m easure PA M  degradation in previous studies by 

other researchers (G rula et al. 1994, Grula et al. 1982), and so attem pts w ere m ade to 

determ ine if  viscosity was reduced in the viable culture w hen com pared to the killed 

control. One potential confounding factor in this m easurem ent was the autoclave 

treatm ent o f the killed control, as therm al degradation may have occurred. However, 

despite this factor, the viscosity o f the viable culture was significantly less than that o f 

the killed control, indicating that some degree o f polym er degradation has occurred. 

Follow ing this discovery, all o ther acetate-, benzoate-, and glucose-free viable controls 

inoculated w ith sewage, M FT, or TT  (~ 24 cultures) w hich contained PAM  from 

previous enrichm ents were tested for m ethane production, and none produced significant 

am ounts o f m ethane. Thus, it appears that only this single culture dem onstrated this 

activity.

To verify that PA M -N  was serving as a nitrogen source, and that nitrogen fixation 

was not occurring, an experim ent containing argon as the headspace gas was established. 

The m ethane concentration in cultures contain ing am m onium  as a nitrogen source was
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highest, at 14% (vol.) (Figure 3.30). I f  dinitrogen was the n itrogen source used by these 

m icrobes in these m ethanogenic m icrocosm s, the concentration o f  m ethane in the argon- 

containing m icrocosm  w ould be substantially low er than that in  the nitrogen-containing 

m icrocosm . H ow ever, there was virtually no difference betw een the m ethane production 

in these two m icrocosm s (Figure 3.30). Because the am ount o f  inoculum  for these 

m icrocosm s was lim ited, no replicates were prepared and the results cannot be 

statistically com pared.

N itrogen fixation by m ethanogens has been w ell-docum ented, with nitrogen 

fixing activity reported  in M ethanosarcina barkeri (B om ar e t al. 1985, Lobo and Z inder 

1988, 1990), M ethanococcus thermolithotrophicus (Belay et al. 1984, 1988), 

M ethanobacterium bryantii, and Methanospirillum hungatei (Belay et al. 1988). 

H ow ever, detection o f  such activity is not sim ple, because acetylene reduction assays 

com m only used to dem onstrate nitrogenase activity are often inhibitory to m ethanogens 

(O rem land and T aylor 1975, Sprott et al. 1982). How ever, if  nitrogen fixation was 

responsible for the increased m ethanogenesis, viable cultures lacking any additional 

nitrogen would have stim ulated m ethanogenesis to sim ilar levels as PAM . This situation 

w as not observed in any o f the later transfers (Figure 3.25b, F igure 3.26b, Figure 3.27b, 

F igure 3.28b). —e— killed control
20 nitrogen

argon
O> nitrogen + ammonium chloride

<D
C
co
sz
o

2

 o o o  &

50 750 25 1 0 0

Time (d)
Figure 3.30. M ethane production in m icrocosm s inoculated w ith serially diluted 

sew age sludge supplied  w ith acetate as a carbon source with various headspace 

gas com positions.
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T o provide d irect evidence that PAM  is serving as so le  nitrogen source, attem pts 

w ere m ade to  quantify  am m onium  release from  cultures inoculated  w ith T T  containing 

benzoate as carbon source. If  PAM  is deam inated through the pathw ay proposed for 

acrylam ide (Shanker e t al. 1990), am m onium  should be detected  in the culture m edium . 

N o am m onium  was detected despite complete benzoate loss and m ethane. H ow ever, any 

am m onium  produced was likely taken up rapidly by m icrobial cells, because nitrogen 

was lim iting in these cultures.

F rom  the data gathered in Section 3.2.2.1, it is apparent that PA M  is likely 

serving as a  sole source o f nitrogen in m ethanogenic consortia. T able 3.9 sum m arizes 

the results o f these experim ents. A lthough early enrichm ents dem onstrated  no 

significant differences in m ethanogenesis betw een cultures contain ing or lacking PAM , 

the results o f  later transfers, in w hich nitrogen carryover from  inocula was m inim al, were 

m ore conclusive (Table 3.9). PA M , when added as the so le nitrogen source, stim ulated 

m ethanogenesis w ith all inocula tested. W hen com pared to cultures w ith no added 

nitrogen source, PA M -containing cultures produced more than  tw ice as m uch m ethane in 

all cultures except the culture inoculated w ith sewage and provided with acetate as a 

carbon source. O ne striking result is the very high ratio  o f  92 observed in cultures 

inoculated  w ith T T  and supplied with benzoate (Table 3 .9). N egligible am ounts o f 

m ethane w ere produced by the culture that contained no PA M  in this transfer, and even 

in the original enrichm ent (data not shown), proving that carryover o f o ther nitrogen 

sources w as m inim al.

T he m axim um  am ount o f methane produced in acetate-containing cultures 

inoculated  w ith M FT, TT, and sewage were very similar, w ith  an average o f  -3 0 %  (vol.), 

w hich corresponds closely to the theoretical value o f 31%  calculated  using B usw eil’s 

equation (see Equation 2.1 and Table 2.2). M ethanogenesis in benzoate-containing 

cultures w as also enhanced upon addition o f  PAM , but m axim um  m ethane values 

reached approxim ately  half o f the calculated theoretical value o f  46%  (vol.).
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Table 3.9. Enhanced m ethanogenesis by environm ental consortia  supplem ented 

with PA M  as sole nitrogen source over controls.8

Carbon

source

M FT T T Sewage

Enhanced Maximum 

CH4b CH4 0 (d 

reached)11

Enhanced

c h 4

Maximum

CH4 (d

reached)

Enhanced Maximum 

CH4 C ft, (d 

reached)

Acetate 2.7 30±2% 2.2 29±2% 1.2 31 ±2%

(126) (125 ) (98)

Benzoate 2.7 19±2% 92 21 ±3%  (79) 2 .9  13±4%

(167) (248 )

8all data shown is from  serial transfer 2, except M FT and TT benzoate (transfer
1).

b ratio o f m ethane in PA M -containing cultures to m ethane in PA M -lacking
cultures

c in % (vol.) ±  standard deviation o f  n=3.
ddays o f incubation before m axim um  m ethane concentration was reached

Although PAM  was not believed to be capable o f serving as a  carbon source for 

m icrobial com m unities under any conditions, the results o f  the single sew age-inoculated 

viable control containing PAM  as the only source o f  added carbon raised this possibility 

(Figure 3.29). Typically, degradation of w ater-soluble synthetic polym ers w ith carbon 

backbones such as PA M  is not significant until the average m olecular w eight is reduced 

to below 1000 (Larson et al. 1997, Swift 1994). B iodegradation o f  intact high-m olecular 

weight PAM  has been dem onstrated to be m inim al, with m ineralization o f  less than 1% 

(G rula and Huang 1981, G rula e t al. 1994, K ay-Shoem ake et al. 1998a).

The effect o f cleaving high m olecular w eight PA M  into sm aller oligom ers on 

biodegradation has produced conflicting reports in the literature. Chain length reduction 

by chem ical or physical m eans was shown to increase b iodegradation only m arginally 

(K ay-Shoem ake et al. 1998b; Soponkanapom  and G ehr 1989; Suzuki et al. 1978). 

How ever, El-M am ouni et al. (2002) subjected a nonionic 14C -labeled PAM  to UV 

irradiation, and found that 79%  o f the polym er w as lyzed into fragm ents less than 1 kD
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after 72 h o f  treatm ent. Such degradation was show n to allow production o f 8 to 10% 

(vol.) m ethane, which is considerably less than the level o f  30%  observed in this study.

U nder m ethanogenic conditions, evidence for nitrogen rem oval w as provided in 

Section 3.2.2.1. Once PAM  is com pletely deam inated, polyacrylic acid (polyacrylate) is 

produced. Several research groups have observed m ineralization o f polyacrylate after 

som e degree o f carbon backbone hydrolysis. Larson et al. (1997) reported that oligom ers 

o f 500 and 700 M W  w ere degraded by an activated sludge consortium  to produce 70 to 

80% of the DOC detected as C O 2. An Arthrobacter sp. capable o f degrading 

polyacrylate oligom ers sm aller than hexam ers was isolated by H ayashi e t al. (1993). The 

m echanism  for such action has been proposed as P -oxidation (H ayashi et al. 1993, 

Kawai 1995).

Scission o f  the carbon backbone o f  PA M  leads to som e depolym erization 

(G urkaynak et al. 1996). During transport o f T T  from  the clarifier to their destination in 

deposition pits, som e degree o f shear will likely occur. Therefore, the extent o f polym er 

degradation resulting from  m echanical breakage m ust be investigated in this situation, 

and future experim ents should address the possibility o f  biodegradation o f fragm ents o f 

suitable M W .
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4. Conclusions and Implications

4.1. Acrylamide degradation

A crylam ide has historically been classified as a potential neurotoxic, genotoxic, 

and carcinogenic chem ical (D earfield et al. 1988). To m inim ize risk  to public health, 

standards for acrylam ide in PAM  used for potable w ater treatm ent have been set at

0.05%  (w/w) (US EPA  1994). H ow ever, recent findings have determ ined that 

acrylam ide is form ed in m any foods as a result o f cooking; in particular, plant-derived 

foods rich in asparagine contain high concentrations o f acrylam ide (M ottram  et al. 2002, 

S tadler et al. 2002, T areke et al. 2002). Such foods may contain  greater than 10 000 /tg 

acrylam ide k g '1 (Ahn et al. 2002). A nother significant avenue for exposure to 

acrylam ide is cigarette sm oke (Schum acher e t al. 1977, B ergm ark 1997). Tareke et al. 

(2002) found detectable concentrations o f acrylam ide in foods w ith a long shelf-life, 

indicating that acrylam ide is relatively stable once form ed in foods. In the production o f 

TT, polym er doses o f 15 to 40 g PA M  m 3 o f  slurry (or 100 to 500 g PAM  to n n e '1 solids) 

(M .D. M acK innon, Syncrude Canada Ltd., personal com m unication, 2003), which 

corresponds to potential acrylam ide concentrations o f 5 to 10 /ig  acrylam ide L '1 release 

w ater (calculated from  acrylam ide concentrations in PA M  form ulations; assum ing 

polym er dosage o f 150 g polym er tonne '1 solids, 7% solids content (Sem ple et al. 2001)). 

Thus, continuous acrylam ide exposure from food consum ption or cigarette sm oke may 

pose more o f  a chronic health risk to the population than the occasional exposure to low 

concentrations produced by PA M  use. T he two routes (food and cigarette sm oke) are 

ingested directly, and so do not have the opportunity for degradation.

A crylam ide is w ater-soluble and does not readily adsorb to solids (Haberm ann 

1991), so following deposition, acrylam ide likely rem ains associated with the water 

phase in oil sands tailings. Results o f  Section 2.2.2.1.1 confirm  this hypothesis, because 

when acrylam ide was added directly to TT, blended thoroughly, and volumes o f  the TT 

analyzed im m ediately, the concentration corresponded to the expected concentration 

(from  calculation). Furtherm ore, acrylam ide did not adsorb to the plastic (Section 

2.2.2.1.2) or glass bottles (Sections 2.2 .22 , 2.2.2.3, 2.2.2.4) used in any experim ents.
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The findings o f  Brow n et al. (1980a) support th is hypothesis, w ith little adsorption o f 

acrylam ide to m ontm orillonite o r kaolinite clay fractions. The A thabasca oil sands 

contain kaolinite and illite as m ajor clay fractions (Schram m  et al. 2000), and so 

acrylam ide adsorption to these fractions will be m inor. A cry lam ide has a low vapor 

pressure (Thom as 1964), and so acrylam ide w as not expected  to partition into the 

headspace o f m icrocosm s. Therefore, acrylam ide added to the m icrocosm s in this study 

likely rem ained in the liquid phase, and any loss o f  acrylam ide throughout this study was 

due to factors o ther than chem ical adsorption to  the m icrocosm  serum  bottles o r solids 

present in the m icrocosm s.

A lthough tailings release w ater is not destined for potable use, the potential exists 

for acrylam ide present in pore w ater to m igrate into vegetation p lan ted  in reclam ation 

areas, and potentially be m ade available to grazing fauna (K indzierski 2001). 

A crylam ide concentrations are low and bioaccum ulation potential is small, so risk is 

expected to be minor. How ever, the relatively high dosages o f  PA M  used as a flocculant 

in the oil sands tailings may still be an environm ental concern because o f  its potential as 

a hum an carcinogen. As a result, issues regarding the stability  o f  residual acrylam ide in 

the tailings deposits m ust be addressed. Initially, conditions will be aerobic, because 

oxygen is introduced into the tailings by agitation during tailings transport and treatm ent. 

Once oxygen has been depleted as the TEA  in TT , o ther processes requiring alternate 

TEA s such as sulfate and bicarbonate occur. A lthough no characterization o f  the 

m icroorganism s in T T  has been com pleted to date, H olow enko et al. (2000) 

dem onstrated the presence o f  active com m unities o f  SRB and m ethanogens in M FT. 

Sim ilar com m unities are expected in T T  because o f the com m on origin o f  the tailings. 

Thus, laboratory exam inations o f biodegradability  o f acrylam ide in this study included 

aerobic, sulfate-reducing, and m ethanogenic conditions.

O nce oxygen has been depleted in the oil sands tailings, sulfate-reducing

conditions will likely predom inate. In the literature, there are no studies investigating

acrylam ide degradation by SRB; thus, this study was the first to investigate the potential

o f SRB to degrade acrylam ide, as w ell as a potential degradation m etabolite, acrylic acid.

A crylic acid is a w ell-know n interm ediate o f  acrylam ide degradation under aerobic

conditions (N aw az et al. 1993, Zabaznaya et al. 1998, B em et e t al. 1987, K um ar and
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K um ar 1998, Shanker et al. 1990), but no published reports ex ist regarding the fate o f 

acrylic acid under sulfate-reducing conditions. Initial studies under sulfate-reducing 

conditions w ere prom ising, w ith acrylam ide and acrylic rem oval dem onstrated in 

cultures inoculated with M FT, TT, or m ud as sources o f  m icroorganism s (Figure 3.8, 

F igure 3.9). H ow ever, later transfers designed to dem onstrate substrate loss coupled to 

sulfate reduction were not successful, because little substrate or sulfate loss was detected 

(F igure 3.10). N onetheless, acrylam ide was biodegraded when it was added to sulfate- 

containing m edium  with M FT, TT, or m ud (Table 3.5).

W hen sulfate has been depleted, m ethanogenic conditions predom inate in oil 

sands tailings. B icarbonate is present at approxim ately 1000 m g L '1 in oil sands tailings 

(H olow enko e t al. 2002), and so an adequate supply o f  TEA  exists for m ethanogenesis. 

A lthough m ethanogenesis has been observed in oil sands tailings, the effect o f adding 

acrylam ide w as unknown. No reports o f  acrylam ide degradation under m ethanogenic 

conditions have been m ade, so this study was the First to investigate the effect o f 

acrylam ide on m ethanogenesis.

Three possibilities exist for the effect o f acrylam ide on m ethanogenesis: (1) 

stim ulation o f  m ethanogenesis, (2) no effect, or (3) inhibition o f  m ethanogenesis. All 

three possibilities were observed in this study. M ethanogens are lim ited to sim ple 

com pounds containing few carbon atom s as substrates (Z inder 1993). A lthough 

acrylam ide contains only three carbon atom s, it likely is not used by m ethanogens. At 

higher concentrations (360 and 710 mg L '1), acrylam ide inhibited m ethanogenesis in a 

sew age-sludge consortium  initially (Figure 3.15), but the inhibitory effects were 

tem porary, as an acclim ated consortium  dem onstrated stim ulated  m ethanogenesis in the 

presence o f  acrylam ide (Figure 3.16). Low er acrylam ide concentrations (7, 40, and 70 

mg L '1) had no effect on m ethanogenesis (Figure 3.15).

A reported  value for a First-order degradation rate constant (ki) for acrylam ide in

soil has been reported as 2.8 x lO"4 d '1 (U.S. EPA  2001). This corresponds to a half-life

o f 2500 d, w hich is considerably longer than any o f  the aerobic, anaerobic, or sim ulated

Field condition half-lives generated in this study (Table 3.1, T ab le  3.2, Table 3.5). The

longest half-life calculated from  the results o f this study was 116 d (TT-inoculated

m icrocosm s under m ethanogenic conditions), which is approxim ately  one-tw entieth of
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the literature value. R esults in this study have given average rates o f  0.27 d '1 and 0.32 d '1 

under aerobic and anaerobic conditions, respectively, in the T T  deposit (Table 3.2). A t 

higher acrylam ide concentrations, the rate does not differ greatly betw een aerobic and 

anaerobic conditions. A lthough tem peratures in the w inter slow  degradation rates, once 

the tem perature reaches 4°C , as in the spring, sum m er and autum n, acrylam ide rem oval 

becom es rapid (Section 3.1.1.1.1). Thus, acrylam ide likely will not persist under the 

conditions expected in the T T  deposit.

4.2. PAM

High m olecular w eight PA M s are considered safe fo r uses such as drinking w ater 

treatm ent, food processing, as an ingredient in cosm etics (L ipp and K ozakiew icz 1991, 

European C hem icals B ureau 2002, K indzierski 2001). H ow ever, concerns over the 

safety o f PA M  use have prom pted studies into the degradability o f high m olecular w eight 

polym ers. The carbon backbone o f  PAM  is considered quite resistant to m icrobial 

attack, but the nitrogen contained in its acrylam ide subunits is considered to be a source 

o f  nitrogen for som e m icroorganism s (K ay-Shoem ake et al. 1998a, G rula et al. 1994). 

Thus, this study focused on determ ining the extent to w hich PA M  could serve as a 

nitrogen source under aerobic, sulfate-reducing, and m ethanogenic conditions, as was 

d iscussed in Section 3.2. Acrylam ide release from PAM  was not believed to be 

therm odynam ically possible, and so PAM  as a carbon source was not investigated.

In an oil sands tailings environm ent, deam ination o f PA M , as well as residual 

acrylam ide, may occur w ithout a definite identification o f  the origin o f the am idases 

involved. Extracellular am idases are ubiquitous in soil, and although a  certain am ount is 

inactivated by m icrobial degradation, som e am ount o f  free enzym e persists in soils 

(Skujiijs 1976). A sim ilar situation may occur in oil sands tailings, with different 

m em bers o f  the m icrobial com m unity producing extracellular am idases. Am idase 

activity w as detected in aerobic sam ples originating from  process w ater used in the 

extraction o f  oil sand (Section 2.2.3.1), and so such am idases may accum ulate over time. 

An am idase activity assay o f the extruded pore water w ould provide verification o f  the 

presence o f  extracellu lar am idases in the oil sands tailings.
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Once o ther term inal electron acceptors such as sulfate  have been depleted, 

m ethanogenesis w ill occur in oil sands tailings. M ethanogenesis has been observed in 

established tailings deposits such as M LSB for approxim ately 10 y, w ith a predicted 

m ethane production o f 0.25 m L m ethane g '1 M FT (H olow enko et al. 2000). A lthough 

m ethanogenesis has not yet been observed in T T  deposits, developm ent o f  m ethanogenic 

conditions in M LSB took m ore than 10 y, so such conditions m ay develop eventually as 

the T T  deposit m atures. One im portant difference betw een the two environm ents is the 

presence o f PA M  in TT, and the PA M  m ay im pact m ethanogenesis.

A lthough M FT from  the M ildred Lake site and T T  from  the A urora site both 

originate from  oil sands environm ents, several differences in the activity o f the two 

inocula have been revealed through this study. U nder sulfate-reducing conditions, 

sulfate loss was detected in M FT-inoculated enrichm ent cultures w hen acrylam ide and 

acrylic acid, o r acrylic acid alone, w ere added as carbon sources, whereas cultures 

containing T T  did not dem onstrate sulfate loss (Table 3.3). This suggests that the M FT 

m ay have developed a m ore num erous SRB com m unity as com pared to the m ore 

recently-form ed T T  deposits, but as the T T  deposit ages, SRB may increase in num bers. 

No enum eration o f  SRB in T T  was com pleted in this study, but SRB w ere active, as 

indicated by form ation o f  black precipitate on iron nails in m edium  designed to detect 

SRB (Section 3.1.1.3). A lthough differences in processing, ore com position, or deposit 

age m ay account for these differences in activity, further work m ust be done to clarify the 

reasons for the differences. Future w ork enum erating the SRB over tim e in the TT  

deposit would be useful to determ ine w hether tem poral d ifferences exist betw een M FT 

and T T  SRB com m unities. As well, characterizing the SRB com m unities in M FT and 

TT  using m olecular m ethods such as PC R-RFLP m ay help clarify the differences in 

activity observed in this study.

Differences betw een the m icrobial com m unities in M FT and T T  were also 

observed under m ethanogenic conditions. W hen supplied  w ith benzoate as a carbon 

source, TT-inoculated m icrocosm s dem onstrated a m uch higher enhancem ent o f m ethane 

production in a shorter tim espan over viable cultures lacking PA M  than did M FT- 

inoculated cultures (Section 3.2.2.1). This m ay be due to differences in the m icrobial
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consortium  present, and so characterizing the m ethanogenic com m unities using 

m olecular m ethods m ay be useful.

O ne further use for m olecular analysis o f anaerobic com m unities used in this 

study is to characterize the sew age consortium  capable o f  PA M -C, and com pare the 

results to consortia in T T  and M FT  to determ ine w hich consortium  m em bers m ay be 

responsible for this activity.

4.3. Fulfillment of objectives

The objectives o f  this research w ere to  predict the fate o f  residual acrylam ide in 

the TT  deposits, and determ ine the effect o f  PAM  on the m icrobial com m unity present in 

TT. The m ajor findings o f  the laboratory studies are sum m arized below .

1. A crylam ide at low concentrations was readily  biodegraded by an 

aerobic consortium  enriched from  TT.

2. A crylam ide at low concentrations w as readily  rem oved when added 

directly to T T  under both oxic and anoxic conditions, and when the 

incubation tem perature was above 4°C.

3. A crylam ide was rem oved from  enrichm ent cultures under sulfate- 

reducing and m ethanogenic m icrocosm s. H igher concentrations o f 

acrylam ide (360 and 710 mg L '1) w ere initially inhibitory to 

m ethanogenic consortia, but acclim ation restored activity, and 

acrylam ide addition produced m ethane. M icrocosm s under “sulfate- 

reducing” conditions degraded acrylam ide and acrylic acid in 

enrichm ent cultures, but sulfate loss coupled  to substrate rem oval 

could not be dem onstrated to verify that SRB w ere responsible for this 

activity.

4. PAM  stim ulated m ethanogenesis in oil sands tailings and sewage 

consortia w hen provided as a nitrogen source. H ow ever, no evidence 

that PA M  could serve as a nitrogen source under sulfate-reducing 

conditions w as observed. PAM  served as a nitrogen source for garden
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soil and  oil sand extraction process w ater consortia  under aerobic 

conditions.

4.4. Future work

Several in teresting observations lead to opportunities fo r future work. The ability 

o f sew age sludge-inoculated  m ethanogenic m icrocosm s to use PA M  as a carbon source 

lead to several questions. First, w hich unique m em bers o f the consortium  are responsible 

for this activity? N one o f  the M FT-, TT-, or o ther sewage sludge-inoculated cultures in 

this study dem onstrated  any m ethanogenesis provided with PA M  as sole carbon source. 

M olecular biology m ethods could be used to elucidate w hich m em bers are unique to this 

culture, and could also be used to com pare to the consortia present in other 

environm ental sam ples. Second, w hich part o f  the PAM  chain is being used as a carbon 

source? 14C -labeled PA M  could be used to identify  which carbons are being used, which 

could  aid in determ ining the route o f  degradation. In order to elucidate this pathway, 

m ore refined m ethods for PA M  analysis must be developed.

A nother area to be explored is the effect o f physical degradation and 

photodegradation on PA M  in T T  deposits. Som e shear will likely occur during 

deposition, w hich m ay reduce the m olecular w eight o f PAM . D epending on the 

conform ation o f the deposition  sites (wide, long pits vs. narrow  deep pits), deposited TT 

m ay have large surface areas that are exposed to sunlight. T hus, the m olecular w eight of 

the polym er m ay be reduced, and as previously discussed, m olecular w eight reduction 

can lead to increased m ineralization.

M ethanogenesis w as significantly  enhanced by PA M  when supplied as a sole 

nitrogen source. A m idases are likely responsible for liberating am m onium , but the 

source o f the am idases is unknow n. Further research should investigate the origin of 

theses am idases; particularly , are m ethanogens capable o f am idase production? There 

are no literature reports o f  am idase production by m ethanogens, so this is one avenue of 

exploration.

T he role o f  SRB in both the deam ination o f PA M  and the degradation of 

acrylam ide m ust be further clarified. This study failed to detect sulfate loss coupled to
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acrylam ide rem oval under the laboratory conditions tested. In  the future, m ore work 

should  be  done to ensure that the m edium  form ulation is optim al for SRB grow th with 

acrylam ide.

A crylam ide stim ulated m ethanogenesis, w ith the production o f an unidentified 

m etabolite , but the route o f acrylam ide degradation w as not verified. A lthough the 

m etabolite  is believed to be acrylic acid based on HPLC retention time, no verification o f 

this identification was possible. Thus, further research should  clarify the route o f 

acrylam ide biodegradation under both sulfate-reducing and m ethanogenic conditions.
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6. Appendix A

6.1. Measuring PAM-N content

To verify that m icroorganism s use nitrogen from  PA M  as their nitrogen source, 

the am ount o f nitrogen either rem aining on o r released from  the polym er must be 

determ ined. Elevated am m onium  concentrations in culture m edium  w ould provide 

evidence o f release o f  the am ide group of PAM , but no am m onium  has been detected in 

culture m edium , likely because o f biological uptake. Thus, tw o m ethods o f quantifying 

the am ount o f nitrogen rem aining on the PAM  w ere investigated, chem ilum inescence 

and acid hydrolysis.

6.1.1. Chemiluminescence

To assay for organic nitrogen by chem ilum inescence, a 500 mg PAM  L '1 solution 

was prepared and diluted in sterile m ethanogenic m edium  to give standards ranging from 

1 to 29 mg PA M -N L 1. Volum es o f 6 [iL w ere injected in triplicate into an Antek 

7000V  elem ental analyzer for nitrogen and sulfur (A ntek Instrum ents Inc., Houston, TX) 

with a com bustion cham ber tem perature o f 1050°C. C hem ilum inescence m easures only 

organic nitrogen, as is found in PAM  at a level o f 11.7% (w/w). D ata were gathered and 

m anipulated using HP Chem station software, version A.03.34.

The chem ilum inescence m ethod produced a linear standard curve when PAM was 

dissolved in water, as shown in Figure 6.1. How ever, when used to quantify PAM -N in 

cultures, results were not consistent, so this m ethod was abandoned in favor o f  the acid 

hydrolysis m ethod (Section 6.1.2)
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Figure 6.1. Calibration curve for PAM  dissolved in w ater using the 

chem ilum inescnce method. Error bars represent standard deviation o f  n=3.

6.1.2. Acid hydrolysis

A cid hydrolysis o f PAM  was perform ed according to the m ethod o f C hallis and 

Challis (1970) as adapted by K ay-Shoem ake et al. (1998b). PA M  standards ranging 

from  4 mg L '1 to 500 mg L '1 were prepared in water, and 0.5 m L o f  12 M HC1 were 

added to 1.5 mL portions o f PAM  solutions. The standards w ere m ixed briefly by 

vortexing, sealed with Therm ow ell™  alum inum  sealing tape, and placed in boiling water 

for 30 min. W hen cool, the standards were neutralized w ith 10 M  NaOH, and the 

am ount o f  am m onium  released was determ ined using the m ethod described in Section 

2.1.7. Verification was perform ed using a total o f three PAM  form ulations.

Acid hydrolysis o f  PAM  produced linear standard curves w ithin the concentration 

range o f  4  mg L '1 to 500 mg L '1, as shown in Figure 6.2.
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Figure 6.2. A m m onium  release from  anionic PAM  treated by acid  hydrolysis.

One observation noted during the initial experim ent w as that although the am ount 

o f am m onium  released was linear, the am ount released w as only  15.3 ±  2.4 % o f  the total 

nitrogen present in the PAM , as show n in Table 6.1. O ne possible reason is the 

form ation o f nitrogen-containing im ide ring structures w hen PA M  is treated  w ith strong 

acids (Thom as 1964), thereby lim iting the am ount o f  n itrogen released as am m onium . 

This may be problem atic when acid hydrolysis is used to m onitor PAM  deam ination in 

cultures, because the proportion o f nitrogen released as am m onium  may not be consistent 

with PAM  concentration. A lthough this proportion rem ained relatively constant in 

repeated experim ents, verification was necessary, so  tw o other com m ercial PAM  

form ulations (A lcoflood 1235 and M agnafloc 336) w ere tested.

Tw o o ther form ulations o f PA M  w ere tested by acid  hydrolysis to determ ine if 

the am ount o f  PA M -N  recovered was constant (F igure 6.3). Statistical analysis revealed 

that the only significant difference betw een the form ulations was betw een A lcoflood 

1235 and M agnafloc LT27A G  (p<0.05).
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T able 6.1. N itrogen released as am m onium  by acid  hydrolysis from  M agnafloc ' 

LT27A G  PAM .

P A M E x p ec ted  N in A m m o n iu m  d e te c te d N reco v ered  as

(m g L '1) so lu tio n  (m g L" a f te r  h y d ro ly s is am m o n iu m  (%  o f

’) (m g L '1) to ta l N a d d ed )

500 59 10 13.7

250 30 6.2 16.3

125 15 3.0 15.8

63 7.3 1.3 14.0

31 3.7 0.62 13.0

16 1.8 0.36 15.1

8 0.9 0.16 13.7

4 0.5 0.12 20.5

05
E

+
r t

X
z

■ Magnafloc 336 

♦  Alcoflood 1235 

A Magnafloc LT27AG

y = 0.02x - 0.02 
R2 = 0.92 

y = 0.02x - 0.85 
R2 = 1.00

y = 0.03x - 0.89 
R2 = 1.00

0 75 150 225 300 375 450 525

PAM (mg L'1)

Figure 6.3. Com parison o f  am m onium  recovery o f  three PA M  form ulations 

treated by acid hydrolysis. T rendline equations are listed in legend order.
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W hen the am ount o f nitrogen recovered w as expressed as a  percentage o f the 

to tal PA M -N  added, w hich differs am ong form ulations (see Table 2.1), slightly different 

results were observed (Table 6.2). W hile the am ount o f nitrogen recovered from  

A lcoflood 1235 sam ples w as not significantly d ifferent from  M agnafloc LT27A G, there 

w as a significant difference betw een M agnafloc 336 and M agnafloc LT27A G . However, 

all three form ations had m ean recoveries betw een 13 and 18%, w hich had been 

previously observed in experim ents with M agnafloc LT27A G  (data not shown).

T ab le  6.2. N itrogen recovery follow ing acid hydrolysis from  three com m ercial 

PA M  form ulations.

PA M  

(m g L '1)

N reco v e red  (%  o f  to ta l N a d d e d )

M agnafloc 336 A lcoflood 1235 M agnafloc LT27A G

500 13.4 16.0 15.6

250 N D 1 14.9 13.6

125 15.5 16.1 14.7

63 14.3 17.0 11.3

31 16.1 22.6 10.5

16 24.7 24.0 12.2

8 12.1 13.2 11.1

4 14.9 ND 16.6

M ean N recovery 

(% )
I x m  ... : ,

15.92 17.7

13.2

indicates recovery significantly d ifferent from  LT27A G  m ean (p=0.06).

6.1.3. Evaluation o f interferences in acid hydrolysis o f  PAM

The acid hydrolysis m ethod was tested to ensure that am m onium  detection 

resulting from PAM  hydrolysis would not be affected by the presence o f other N- 

containing m aterials such as proteins, DNA, or w hole cells. For all experim ents, a series 

o f  PAM  standards (Magnafloc® LT27AG, Ciba® Specialty  Chem icals, M ississauga, ON)
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ranging from  4 .0  x 10-4 to 0 .051%  (w /v) (yielding 4.3 to 0.035 m M  PA M -N ) was 

prepared in sterile water. To test for the effect o f  protein, a sufficient volum e o f a 2 m g 

BSA  m L '1 stock solution was added to each standard  to achieve a final concentration o f 

10 fig  protein m L '1. To test the effect o f bacterial DN A , 2/xL o f purified Pseudomonas 

fluorescens LP6a D N A  (obtained from  Stephanie Cheng, D epartm ent o f  B iological 

Sciences, U niversity o f A lberta) w ere added to  1.5 mL o f  each  standard. To test the 

effect o f w hole cells, 100 fiL  o f  a 0.59 O D 600 P- fluorescens  LP6a cell suspension 

(courtesy o f Kathy Sem ple, D epartm ent o f  B iological Sciences, U niversity o f A lberta) 

w ere added to 1.5 m L o f  each standard. S tandards w ere m ixed well by vortexing, and 

w ere subjected to acid hydrolysis and am m onium  quantification.

The results o f  these analyses are show n in Figure 6.4. T he calibration lines were 

com pared by testing w hether there w ere statistically  significant d ifferences betw een their 

slopes o r y-intercepts in the presence o r absence o f biological m aterials. T he addition o f 

protein had no statistically significant effect on recovery o f PA M -N  (p<0.05 for slope 

and intercept) (Figure 6.4a). Both w hole cells o f  P. fluorescens  and D N A  significantly 

increased the am ount o f  nitrogen recovered (p>0.05 for intercept) (Figure 6.4b), but only 

D N A  significantly affected the slope o f  the line (Figure 6.4b).

A lthough the acid hydrolysis m ethod produced a linear standard curve when 

standards were prepared in w ater (Figure 6.2), the m ethod was not useful for detecting 

nitrogen loss from PAM  in culture m edium , and so was not used to quantify  PA M -N loss 

in cultures.
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Figure 6.4. E ffect o f  n itrogenous com ponents o f m icrobial cells on am m onium -N  

release from  PA M  follow ing acid hydrolysis; a) protein, b) w hole cells and DNA. 

Trendline equations are listed in legend order.

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.2. PAM as a nitrogen source in glucose-containing cultures under

methanogenic conditions

To enrich for a w ider variety o f  anaerobic m icroorganism s in m ethanogenic 

consortia, glucose was used as a  carbon source follow ing an initial enrichm ent on 

acetate. All sources o f  environm ental m icroorganism s tested rem oved g lucose more 

rapidly com pared to acetate and benzoate, but with dram atically low er methane 

production. M FT-inoculated cultures both containing and lacking PAM  rem oved ~ 94%  

o f the glucose by d 136, as show n in Figure 6.5a. M ethane production w as considerable 

low er than in acetate-containing cultures, with average m axim um  production o f  7% and 

5% in cultures containing PA M  and w ith no additional nitrogen respectively (Figure 

6.5b).

In cultures inoculated w ith TT, glucose was com pletely rem oved in cultures 

supplem ented w ith PAM  by d 28 (Figure 6.6a), which w as also w hen m ethane 

production reached its m axim um  o f 2.9%  (Figure 6.6b). G lucose w as also rem oved 

from  cultures that had no added PAM , but 12% rem ained on d 35. M ethane production 

was only a third o f  that produced by PA M -containing cultures, w ith a m axim um  value o f 

only 1%.

G lucose rem oval by sew age sludge-containing m icrocosm s was very rapid, with 

86%  o f  the added glucose rem oved by d 7 by all cultures, show n in F igure 6.7a. No 

d ifferences were observed betw een cultures containing and lacking PA M , as was the case 

w ith m ethane production (Figure 6.7b). The m axim um  m ethane production was quite 

low com pared to that o f  acetate-containing cultures, w ith average values o f  8% and 9% 

for cultures w ith no added nitrogen and cultures contain ing PA M , respectively. 

A lthough cultures inoculated with TT  did display enhanced m ethane production when 

provided with PAM  as a nitrogen source, neither M FT- nor sew age-inoculated  cultures 

show ed the sam e trend. N either one dem onstrated significantly d ifferen t m ethane 

production when supplem ented w ith PA M .
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Figure 6.5. A ctivity o f  m icrocosm s containing M FT with g lucose as carbon 

source and PAM  as nitrogen source, a) glucose rem oval, b) m ethane production. 

Error bars represent standard deviation o f n=3.
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bars represent standard deviation o f n=3.
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Figure 6.7. A ctivity o f m icrocosm s inoculated w ith sew age w ith glucose as 

carbon source and PA M  as nitrogen source, a) g lucose rem oval, b) m ethane 

production. E rror bars represent standard deviation o f  n=3.

O ne puzzling observation is that the m ethane yield in all the cultures was 

considerably  low er than is expected. A pproxim ately 30%  (by vol.) m ethane is expected
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from  an in itia l concentration o f 1000 m g glucose L"1 according to B usw ell’s equation 

(Suflita e t al. 1997). T he reason for this anom aly is unknow n.

D esp ite  the low m ethane yield, PAM  addition to m icrocosm s containing m icrobes 

enriched from  TT increased m ethane production (Figure 6.6), suggesting that PAM was 

serving as a  nitrogen source for these consortia.
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