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Abstract

Amendment of a soil slurry with low concentrations of a cyclodextrin, hydroxypropyl-b-cyclodextrin (HPCD),

(0.05–0.5 g l�1) increased the phenanthrene mineralization rate of a microbial consortium by 25% under Fe(III)-reduc-

ing conditions. Although a higher concentration (5.0 g l�1) resulted in a faster initial rate of mineralization, mineral-

ization ceased after 25 days with maximum mineralization 17% lower than the control (no HPCD). At lower HPCD

concentrations, mineralization was still taking place at day 76. Although pH should affect Fe(III) solubility, mineral-

ization rates at pH 6.0 and 8.0 were comparable. Decreasing the temperature reduced the extent and rate of mineral-

ization, but mineralization rates at 10 �C were still 60% of that obtained at 30 �C.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Since polycyclic aromatic hydrocarbons (PAHs) are

potentially toxic, mutagenic, and carcinogenic (Dipple

et al., 1990), they have been placed on the list of priority

pollutants by the US EPA. It has been estimated that

41.6 billion liters of coal tar was produced in the US be-

tween 1820 and 1950 (Eng, 1985) with a significant pro-

portion discarded as waste. Some of this has found its

way into soils and sediments posing potential health

problems.
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One way that PAH contamination could be remedi-

ated is by intrinsic biodegradation whereby the indi-

genous microorganisms degrade the contaminants

without intervention. However, such rates are typically

slow and enhancing the biodegradation rate could result

in more rapid site clean-up. Key factors which influence

the biodegradation rate are the bioavailability of both

the carbon substrate and the terminal electron acceptor

(TEA). PAH bioavailability is related to its water solu-

bility which generally decreases as the molecular weight

increases. Thus, lower molecular weight compounds are

degraded more rapidly than the higher molecular weight

ones which tend to persist in the environment. Synthetic

surfactants have been used to enhance PAH solubility

(Tiehm, 1994; Auger et al., 1995; Tiehm and Fritzsche,

1995). However, some researchers found that synthetic
ed.
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surfactants inhibit growth above the critical micelle con-

centration (Aronstein et al., 1991; Laha and Luthy,

1991, 1992; Tiehm, 1994) while others have observed en-

hanced biodegradation at lower (Aronstein et al., 1991;

Aronstein and Alexander, 1993), or higher (Guerin

and Jones, 1988; Bury and Miller, 1993) concentrations.

An interesting alternative is cyclodextrin, a cyclic glu-

cose oligosaccharide, which is not known to interact

with soil components, may be biodegradable and is

non-toxic (Wang and Brusseau, 1993). Depending on

the number of glucose units in the ring, cyclodextrins

are classified as a, b or c, corresponding to 6, 7, or 8 glu-

cose units respectively. The outside of the donut-shaped

cyclodextrin molecule is hydrophilic and the inside is

hydrophobic, making it ideal as a �host� for the solubili-
zation of low-polarity �guest� compounds like PAHs

(Wang and Brusseau, 1995). Thus far, b-CDs have been

used more frequently than other cyclodextrins because

of the appropriate cavity size with respect to a wide

range of organic compounds including some PAHs.

However, underivatized b-CD itself has a very low solu-

bility (1.8 g per 100 ml). To increase its solubility, the

–OH groups of the cyclodextrin molecule needs to be

modified, and hydroxypropyl (HP) derivatives are read-

ily available. These cyclodextrins, and hydroxypropyl-b-
cycodextrin (HPCD) in particular, are known to have

low toxicity to bacterial cells (Bar and Ulitzur, 1994)

and were poorly biodegraded in an aerobic composting

test (Verstichel et al., 2004). Although it has been

demonstrated that HPCD enhanced the rate of phenan-

threne disappearance (Wang et al., 1998) and that b-CD
could accelerate the degradation of naphthalene and

anthracene (Bardi et al., 2000) by aerobic cultures, the

effect of cyclodextrins on anaerobic cultures has not

been investigated.

PAH biodegradation is known to occur under

aerobic (Crawford, 1991; Cerniglia, 1992; Cerniglia,

1993), nitrate-reducing (Mihelcic and Luthy, 1988;

Al-Basher et al., 1990; MacRae and Hall, 1998; Rockne

et al., 2000), sulfate-reducing (Coates et al., 1996; Bedes-

sem et al., 1997; Zhang and Young, 1997; Meckenstock

et al., 2000), methanogenic (Parker, 1995; Genthner

et al., 1997) and Fe(III)-reducing (Anderson and Lovley,

1999; Ramsay et al., 2003) conditions. Of these, Fe(III)

is of particular interest as it is the most abundant elec-

tron acceptor in soils and subsurface environments

(Nealson and Myers, 1992; Lovley and Coates, 2000),

and consequently has the potential to play an important

role in intrinsic biodegradation.

The rate of degradation is also affected by factors

such as pH and temperature. pH is of interest since iron

oxides are very insoluble at neutral pHs (Seeliger et al.,

1998) but as the pH decreases, iron solubility increases

and perhaps its bioavailability. The objectives of this

study were to determine the effect of (1) enhancing the

solubility of PAHs using cyclodextrins, and (2) temper-
ature, and pH on the degradation of PAHs under

Fe(III)-reducing conditions by a mixed microbial popu-

lation obtained from a coal-tar-contaminated sediment.
2. Materials and methods

2.1. Inoculum

The inoculum was a microbial consortium obtained

as a one-step enrichment of a coal-tar-contaminated

sediment from a former coal gasification plant (Kings-

ton, Ontario). The enrichment was done in a four-liter

culture bottle (10 cm in dia. · 50 cm) containing 20%

(wt/vol) of the contaminated sediment, 3.5 l of a modi-

fied mineral salts medium (MSM) (Lovley and Phillips,

1986), 1 g l�1 amorphous Fe(III) oxyhydroxide and 20

mg l�1 each of naphthalene, phenanthrene and anthra-

cene at room temperature for about 18 months. The

coal-tar contaminated sediment contained a mixture of

PAHs (255 mg kg�1 of dry sediment). The slurry was

purged with high purity N2 prior to being capped and

mixed on a Modular Cell Production Roller Apparatus

(Wheaton Instruments) for about 5 weeks and then

allowed to settle. The redox potential at the top of the

water column was 50 mV, and �6 to �16 mV at the

sediment-water interface.

2.2. Composition of mineral salts medium

The MSM contained (in grams per liter) (Lovley and

Phillips, 1986): 2.5 NaHCO3, 1.5 NH4Cl, 0.6 NaH2-

PO4 Æ H2O, 0.1 KCl, 0.1 CaCl2 Æ H2O, 0.1 NaCl, 0.1

MgCl2 Æ 6H2O, 0.1 MgSO4 Æ 7H2O, 0.0043 MnSO4 Æ
H2O, 0.001 NaMoO4 Æ 2H2O and 10 ml of a trace min-

eral solution (TMS). The TMS contained (in grams

per liter): 3.0 MgSO4 Æ 7H2O, 1.5 ethylenediamine tre-

traactetic acid (EDTA), 1.0 NaCl, 0.6 MnSO4 Æ 4H2O,

0.18 CoSO4 Æ 7H2O, 0.1 FeSO4 Æ 7H2O, 0.1 CaCl2 Æ
2H2O, 0.13 ZnSO4, 0.037 Na2MoO4 Æ 2H2O, 0.024 Ni-

Cl2 Æ 6H2O, 0.018 AlK(SO4)2 Æ 12H2O, 0.01 CuSO4 Æ
5H2O and 0.01 H3BO3. Ferrihydrite (5Fe2O3 Æ 9H2O)

was prepared by neutralizing a 0.4 M FeCl3 Æ 6H2O solu-

tion to pH 7.0 with 10 M NaOH (Lovley and Phillips,

1986) and diluted to the final Fe(III) concentration.

2.3. PAH solubilization by HPCD

Individual PAHs (naphthalene, acenaphthalene,

phenanthrene, anthracene, pyrene or fluoranthene) were

added to 20 ml scintillation vials to a final concentration

above their solubilities. An appropriate volume of water

and of a stock solution of either hydroxypropyl-b-cyclo-
dextrin (HPCD) (Aldrich), b-methyl cyclodextrin

(MCD) or sulphate-b-cyclodextrin (SCD) (Cerester) were

added to a final cyclodextrin concentration in the range of



Table 1

The effect of hydroxypropyl-ß-cyclodextrin (HPCD), ß-methyl-cyclodextrin (MCD) and sulphate-ß-cyclodextrin (SCD) on the

solubilization of six PAHs

PAH k(nm) St/So log Kow
a

HPCD MCD SCD

Pyrene 332 50 30 2 4.88

Phenanthrene 245 40 41 4 4.46

Anthracene 242 13 8 2 4.45

Fluoranthene 282 9 11 9 5.16

Acenaphthene 220 8 5 2 3.92

Naphthalene 215 4 ND ND 3.30

St/So is the ratio of the aqueous phase PAH concentration in the presence of 5% (wt/vol) cyclodextrin (St) to the concentration without

cyclodextrin (So).
a Data taken from Yaws (1999).
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1–5% (wt/vol). The mixture was equilibrated by mixing

for 48 h on a gyrorotary shaker. Four milliliter samples

were centrifuged at 7000 rpm for 15 min and the PAH

concentration determined by UV/Vis spectrophotometry

at different wavelengths (Table 1).

2.4. Effect of cyclodextrin, pH, and temperature on

PAH mineralization

Duplicate abiotic and biotic microcosms were pre-

pared in 125 ml serum bottles. For naphthalene and

phenanthrene mineralization, 50 ml of MSM, 30 ml dis-

tilled water, 10 ml of the ferrihydrite suspension contain-

ing a stoichiometric excess of Fe (III) (about 100 mg)

required to mineralize the amount of PAH provided,

and 10 ml of the inoculum were added to a final volume

of 100 ml. The contents were purged with N2 to remove

O2. [U–14C] naphthalene (17.8 lCi lmol�1, Sigma, St.

Louis, MO), greater than 98% pure, dissolved in metha-

nol and non-radiolabeled naphthalene were added to

have an initial naphthalene concentration of about

150 lmoles l�1 (20 mg l�1) and an initial activity of

about 100000 cpm. 14C-Naphthalene microcosms were

sealed with MininertTM teflon valves (Alltech Associates

Inc., Deerfield, IL). All microcosms were incubated in

the dark without mixing and each contained a 5-ml test

tube containing 2 ml of 1 N KOH to trap volatile 14C

activity (Greer et al., 1993) which was measured with a

Wallac 1409 Scintillation Counter using the Optiphase

‘‘HiSafe 3’’ liquid scintillation cocktail (Wallac Scintilla-

tion Products, Turku, Finland). Sodium azide (0.2% wt/

vol) was added to the abiotic controls. In the cyclodex-

trin experiment, [14C9] phenanthrene (8.3 lCi lmol�1,

Sigma, St. Louis, MO), greater than 98% pure and dis-

solved in methanol was added to an initial concentration

of 20 mg l�1 and an initial radioactivity of about

100000 cpm. HPCD was added to a final concentration

of 0, 0.05, 0.5 and 5 g l�1. All experiments were per-

formed in duplicate.
2.5. Fe analysis

The phenanthroline colourimetric method (Clesceri

et al., 1998) was used to quantify Fe(II) and Fe (III) in

the aqueous phase and in slurry samples. Absorbance

was measured at 510 nm and compared against a ferrous

iron calibration curve. Ferric iron was calculated as the

difference between total and ferrous iron.
3. Results and discussion

3.1. Cyclodextrins and PAH solubilization

Since synthetic surfactants can have a negative im-

pact on growth (Aronstein et al., 1991; Laha and Luthy,

1991, 1992; Tiehm, 1994), potentially less toxic cyclodex-

trins capable of PAH solubilization were examined. Of

the three cyclodextrins (hydroxypropyl-b-cyclodextrin
(HPCD), b-methyl cyclodextrin (MCD) or sulphate-

b-cyclodextrin (SCD)) evaluated, HPCD and MCD en-

hanced the solubility of various PAHs to similar extents

while SCD only slightly improved the solubility of any

PAH tested (Table 1). A similar trend in solubility

enhancement was observed for the same cyclodextrins

when used as hosts for trichloroethylene and perchloro-

ethylene (Shirin et al., 2003). In this study, as the con-

centration of HPCD or MCD increased, the solubility

of the PAHs increased as seen in a typical set of results

for HPCD (Fig. 1). The solubility of phenanthrene and

pyrene was enhanced 40–50 times in 5% (wt/vol) HPCD

while that of naphthalene, acenaphthalene, anthracene,

or fluoranthene was enhanced only 4–13 times. These

differences may be due to stereoselective interactions

and hydrogen bonding between a given cyclodextrin

structure and the individual PAH (Wang and Brusseau,

1993). The enhanced solubility may lead to enhanced

bioavailability, particularly of phenanthrene and pyrene,

and hopefully, faster degradation rates.
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Fig. 2. The effect of HPCD concentration on [14C]phenan-

threne mineralization in anaerobic microcosms. Data points

represent the average of duplicate microcosms with data

varying from 1% to 3%.
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Fig. 3. Influence of pH on naphthalene mineralization. Data

points represent the average of duplicate microcosms with data

varying from 1% to 3%.

0

10

20

30

40

50

60

0 2 3 4

Weight % HPCD

St
/S

o

Naphthalene
Acenaphthene
Phenanthrene
Anthracene
Pyrene
Fluoranthene

51
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3.2. The effect of HPCD on phenanthrene

mineralization

Although cyclodextrins have been shown to improve

the solubilization and mobilization of low-polarity or-

ganic compounds (Wang and Brusseau, 1993; Brusseau

et al., 1994; Brusseau et al., 1997), few studies have shown

that enhanced solubilization could lead to improved PAH

degradation rates (Wang et al., 1998; Bardi et al., 2000;

Garon et al., 2004). The disappearance rate of phenan-

threnewas enhanced in the presence ofHPCDby an aero-

bic bacterial culture (Wang et al., 1998) and fluorene

using maltosyl-cyclodextrin and aerobic fungal cultures

(Garon et al., 2004). However, the effect of cyclodextrins

on PAH mineralization under anaerobic conditions such

as Fe(III)-reducing condition have not been previously

evaluated. The mixed anaerobic culture in this investiga-

tion can mineralize naphthalene and anthracene in the

presence of various terminal electron acceptors including

solubleand insoluble formsofFe(III) (Ramsayetal., 2003).

In the present study, phenanthrene mineralization in the

biotic microcosms began without a lag phase (Fig. 2)

indicating that the consortium was adapted to its de-

gradation. In general, the mineralization rate in the first

25 days increased as the HPCD concentration increased

and was highest (0.23 mg phenanthrene l�1 day�1) at

5.0 g l�1 HPCD, lower at 0.05 and 0.5 g l�1 HPCD but

having the same rate of 0.14 g l�1 day�1, and was lowest

(0.12 mg l�1 day�1) without HPCD. After 11 weeks
of incubation, 30%, 38%, 36% and 24% phenanthrene

mineralization occurred at 0, 0.05, 0.5 and 5.0 g l�1

HPCD, respectively. All results shown in Figs. 2 and 3
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are the averages of duplicate microcosms with minerali-

zation data varying from 1% to 3%.

Unexpectedly, from week three to six, both duplicate

microcosms with 5.0 g l�1 HPCD had decreasing rates

of phenanthrene mineralization with the rate at week

six being only 2.4% of that at week one. Since both

duplicates displayed the same trend, these results are

likely representative. HPCD toxicity was not the limiting

factor in the extent of mineralization as degradation oc-

curred for several weeks prior to this event. However

higher HPCD concentrations (>5.0 g l�1) could be

inhibitory (Bar and Ulitzur, 1994). It is probable that,

at 5.0 g l�1 HPCD, there was a strong selective pressure

for HPCD-degrading microbes in the consortium such

that HPCD was preferentially consumed instead of

phenanthrene as the mixed population became adapted

to HPCD around day 21. HPCD has been shown to

be biodegradable to a limited extent (Verstichel et al.,

2004). Inhibition from by-products of phenanthrene

metabolism may also be eliminated since mineralization

continued at a faster rate and to a higher extent in the

other amended microcosms. A more likely explanation

is that high concentrations of HPCD render a significant

portion of the PAH unavailable for biodegradation

trapped inside the donut-shaped cyclodextrin molecule

in a mechanism similar to that found with surfactants

above their critical micelle concentration (Guha et al.,

1998).

In this study, the addition of low concentrations of

HPCD (0.05 and 0.5 g l�1) enhanced the rate of phenan-

threne mineralization by a mixed Fe(III)-reducing popu-

lation over a longer period of time and to a higher extent

than higher concentrations (5.0 g l�1). In contrast,

although, Wang et al. (1998) found that the rate of

phenanthrene disappearance increased as the HPCD

concentration increased (0, 10, 100 g l�1), there was no

comparable cessation of phenanthrene degradation at

any HPCD concentration. A key difference between

the two investigations is the culture used. Wang et al.

(1998) used a phenanthrene-degrading, aerobic estuarine

sediment isolate which was maintained on phenan-

threne. Their culture may not have had the ability to

degrade HPCD, or since their experiments lasted a

maximum of 7 days, it may not have had sufficient time

to adapt to HPCD utilization. In our study, a mixed

anaerobic culture was used and the experiment lasted

much longer (75 days). Under these conditions, there is

more opportunity to select for individuals of the consor-

tium which can degrade HPCD and time for them to

adapt to a new substrate.

Due to the nature of the cyclodextrin inclusion com-

plexes, each molecule will solubilize one PAH molecule.

It is unclear whether HPCD can be degraded by the

indigenous microorganisms and, hence, whether cyclo-

dextrin molecules can be reused. Verstichel et al.

(2004) has shown that aerobic microbes in compost will
degrade 20% of the HPCD and Garon et al. (2004) have

shown that there are cyclodextrin derivatives which are

more resistant to biodegradation. Even though there

are disadvantages to cyclodextrins, when the potential

of using synthetic surfactants like Triton X-100 and Brij

35 to enhance the biodegradation of mono- and poly-

aromatic hydrocarbons by our consortium or individual

members was evaluated, microbial growth was inhibited

at the critical micelle concentrate on (data not shown).

This indicates that, in spite of their drawbacks, com-

pounds like cyclodextrins can be a possible alternative

to synthetic surfactants since our studies have shown

that small amounts of HPCD could play a role in enhan-

cing PAH biodegradation rates under Fe(III)-reducing

conditions.

There was little to no radioactivity measured in the

KOH traps of the abiotic controls compared to biotic

microcosms indicating that it was an effective sterilizing

agent for the duration of the experiment. There was only

0.3% radioactivity measured in the abiotic control with

phenanthrene (Fig. 2) and about 3% with naphthalene

over 75 days. This low amount of radioactivity would

primarily reflect volatilized PAHs.

3.3. Fe(III) reduction and PAH mineralization

The microbial consortium in this study was previously

shown to mineralize naphthalene and anthracene in the

presence of oxygen, nitrate, Fe(III) (soluble and insolu-

ble) or sulphate (Ramsay et al., 2003). There was minimal

naphthalene (2.2%) and no anthracene mineralization in

the absence of a TEA and in all abiotic microcosms. In

the present study, phenanthrene and naphthalene miner-

alizationwere only examined under Fe(III)-reducing con-

ditions. When Fe(III) was provided as TEA, there was no

evidence that sulphate reduction was occurring at the

same time when sulphate was present in the medium since

(i) there was no change in the sulphate concentration and

(ii) the phenanthrene mineralization rate was unchanged

when an actively Fe(III)-reducing culture was spiked with

20 mM molybdate (an inhibitor of sulphate reduction).

Under these conditions, about 30% phenanthrene (Fig.

2) and 54% naphthalene (Fig. 3) mineralization took

place. In similar experiments using unlabelled naphtha-

lene, about 30 mmol l�1 of Fe(II) were formed for the

same initial amount of naphthalene after 65 days of

incubation.

3.4. The effect of pH on naphthalene mineralization

One way to enhance iron solubility and hence its bio-

availability may be to decrease the pH. However, no

biological mineralization was detected at pH 4 and the

rate or extent of naphthalene mineralization was similar

at pH 6 and 8. (Fig. 3). This is similar to the results of

Arnold et al. (1986) who found a modest variation in
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the mineralization rates of lactate at pH 6.5–7.5 and Ar-

nold et al. (1988) and Kostka and Nealson (1995) who

found that dissimilatory reduction of ferric iron occured

in the pH range of 5.0–6.0. Since a pH of 5.0 favors fun-

gal rather than bacterial growth, no mineralization at

pH 4 indicates that bacteria rather than fungi were

responsible for PAH mineralization using Fe(III) as

TEA.

3.5. The effect of temperature on naphthalene

mineralization

Although, temperature is known to affect microbial

activity and biodegradation rates, little is known about

biodegradation under psychrophilic conditions. How-

ever, in temperate regions, soil temperature is less than

20 �C for a greater part of the year, and groundwater

is usually less than 10 �C all year. Hence, knowing the

effect of temperature on PAH biodegradation is of inter-

est. In general, the mineralization rate of naphthalene

by the consortium increased as temperature increased

(Fig. 4). This is not surprising as it is generally accepted

that for every 10 �C increase in temperature, the biolog-

ical activity doubles till the optimum temperature is

achieved. At 10 �C, mineralization proceeded after a

three-day acclimation period (Fig. 4) while there was

no lag phase at 20 �C and 30 �C. The degradation rate

more than doubled between 10 and 20 �C and increased

by 30% from 20 to 30 �C. After 75 days, 47%, 57% and
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Fig. 4. The effect of temperature on naphthalene mineraliza-

tion. Data points represent the average of duplicate microcosms

with data varying from 2% to 5%.
64% of the naphthalene was mineralized at 10, 20 and

30 �C, respectively. In this experiment, duplicate micro-

cosms differed by only 2–5%.

Although metabolic activity was faster at the higher

temperatures, the microbial consortium was able to

adapt to a lower temperature and maintain reasonable

degradation rates. This implies that moderate fluctua-

tions in temperature would have a slight impact on the

rate of PAH degradation by this consortium. By com-

parison, the iron-reducing isolate, GS-15 (subsequently

named Geobacter metallireducens ) had a temperature

optimum between 30 and 35 �C, with no detectable

activity at greater than 50 �C or less than 10 �C (Lovley

and Phillips, 1988).
4. Conclusions

This is the first study to examine the effect of the cyclo-

dextrin, hydroxypropyl-b-cyclodextrin (HPCD), and

environmental conditions of pH and temperature on pha-

nanthrene mineralization of a Fe(III)-reducing consor-

tium. Low concentrations of HPCD (0.05–0.5 g l�1)

enhanced phenanthrene mineralization compared to the

control (no HPCD) but a higher concentration

(5.0 g l�1) resulted in a faster initial rate of mineralization

which ceased after 25 days. Since reasonable mineraliza-

tion rates were obtained at 10 �C (i.e. 60% of that ob-

tained at 30 �C), this culture should function well under

in situ conditions.
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