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Cladosporium strain AJR318,501 was tested for its ability to sorb the organochlorine pesticide (OCP) p,p 0000000 -DDT from
aqueous media. When p,p 0000000 -DDT was added to distilled water, ethanol or 1-propanol solutions in excess of its
solubility, p,p 0000000 -DDT was sorbed onto the fungal biomass. Increasing the amount of p,p 0000000 -DDT in solution by changing
the medium composition increased sorbent uptake: p,p 0000000 -DDT uptake by the fungal biomass was 2.5 times greater in
25% 1-propanol (17 mg of p,p 0000000 -DDT g���1 dry weight fungal biomass) than in distilled water. When p,p 0000000 -DDT was
dissolved in 25% 1-propanol (12 mg l���1), rapid p,p 0000000 -DDT sorption occurred during the first 60 min of incubation. p,p 0000000 -
DDT in solution was reduced to 2.5 mg l���1 with the remaining p,p 0000000 -DDT recovered from the fungal biomass. A number
of environmental parameters were tested to determine their effect on p,p 0000000 -DDT biosorption. As arsenic (As) is
prevalent at DDT-contaminated cattle dip sites, its effect on p,p 0000000 -DDT uptake was determined. The presence of As
[As( III ) or As(V) up to 50 mg l���1 ] did not inhibit p,p 0000000 -DDT uptake and neither As species could be sorbed by the fungal
biomass. Changing the pH of the medium from pH 3 to 10 had a small effect on p,p 0000000 -DDT sorption at low pH indicating
that an ion exchange process is not the major mechanism for p,p 0000000 -DDT sorption. Other mechanisms such as Van der
Waals forces, chemical binding, hydrogen bonding or ligand exchange may be involved in p,p 0000000 -DDT uptake by
Cladosporium strain AJR318,501.
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Introduction

1,1,1 -Trichloro -2,2 -bis - (p -chlorophenyl )ethane (DDT) is an

organochlorine pesticide (OCP) that was used extensively during

the Second World War to control insect typhus and malaria vectors.

After the war, DDT continued to be used as a residual spray for the

eradication of malaria and as a delousing dust for typhus control as

well as to control hundreds of insect pests associated with

agricultural practices [17]. In 1972, DDT was banned from use

in the United States due to the organochlorine exhibiting toxic

effects towards nonpest invertebrates and the persistence of the

compound in soils and aquatic sediments [6 ]. In addition,

significant quantities of DDT were found to accumulate in various

plant and animal tissues [7,8,24,25]. As a consequence, there were

increasing concerns about the accumulation of the organochlorine

in the food chain and the possible effects this may have on human

health. In developed countries, the use of DDT was progressively

restricted or phased out; however, DDT is still being used today in a

number of developing countries.

In tropical and subtropical regions of Australia, DDT was used

extensively between 1957 and 1962 for the eradication of cattle and

sheep ticks. As a consequence of the dipping and disposal practices,

soil surrounding the dip sites was contaminated with DDT [5].

Although the use of DDT at cattle and sheep dip sites ceased almost

40 years ago, the pesticide still persists in these soils today [16]. In

addition, these sites contain significant quantities of arsenic (up to

3000 mg kg�1 ) [5,19] as a consequence of tick eradication

methods prior to DDT use. The remediation of dip sites comes as a

direct response to the encroachment of residential development

close to old dip sites, which has raised many questions about the

human safety factor.

The remediation of DDT-contaminated soil has met with a

number of problems. Physicochemical remediation processes, such

as thermal destruction, may be used for soil cleanup; however, these

techniques are prohibitively expensive. Bioremediation of DDT-

contaminated soils has been unsuccessful due to the recalcitrant

properties of the compound i.e., low aqueous solubility, high

hydrophobicity, high degree of chlorination. When degradation

does occur, DDT degradation rates are extremely slow and the

resultant transformation products ( i.e., DDD and DDE) are more

toxic and recalcitrant than the parent compound [1,15]. Recently

Juhasz and Smith [12] demonstrated the effectiveness of co-

solvent washing on the desorption of DDT from contaminated soil.

Co-solvents such as ethanol and 1-propanol enhanced the

solubility of DDT and remove the OCP from a number of soil

types [12]. The combination of co-solvent washing and bio-

sorption may offer an attractive alternative for the remediation of

DDT-contaminated soils.

Biosorption is a process where biological material is used to

remove (adsorb /absorb) contaminants from waste streams. Bio-

sorption has been used as an alternative technology for removing

toxic heavy metals from waste effluents [23]; however, its use for

removing organic contaminants from waste streams has received

less attention. For the remediation of OCP-contaminated soil, the

first step in the process would be to provide the contaminant in an

available form for the biosorbent. This may involve a soil -washing

process that utilises surfactants or co-solvents to solubilise the

OCPs. The soil -wash solutions may then be passed through

biological filters containing the biosorbent for the removal of the

OCPs from solution. Biosorption offers many advantages over

conventional remediation options. The process is rapid, has no

nutritional requirements and DDT transformation products are not

generated. In addition, a low operating cost is associated with the
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production of biomass and the co-solvent or surfactant washing

solutions may be recycled.

Recently,Cladosporium strain AJR318,501, isolated from DDT-

contaminated soil, was shown to possess the ability to biosorb p,p 0 -

DDT [9]. The experiments outlined in this paper were performed in

order to determine the effect of potential soil -wash solutions and

environmental parameters ( such as pH and arsenic ) on p,p 0 -DDT

biosorption by strain AJR318,501.

Materials and methods

Chemicals
p,p 0 -DDT and pentachloronitrobenzene (PCNB) were purchased

from Aldrich Chemical (Sydney, Australia ). All other chemicals

and media were purchased from Sigma Chemical (Sydney, Aus-

tralia ). All of the solvents and chemicals were instrument grade

reagents.

Stock solutions and media
Stock solutions of p,p 0 -DDTwere prepared in dimethylformamide

(DMF) at a concentration of 10 or 50 mg ml�1 and stored in the

dark at 48C. PCNB was prepared in dichloromethane (DCM) at a

concentration of 1 mg ml�1 and stored in the dark at 208C. Potato
dextrose broth (PDB) and agar (PDA) were prepared according to

the manufacturers instructions (Sigma).

Preparation of fungal inocula
The source of Cladosporium strain AJR318,501 and the isolation

procedure used has been described elsewhere [11]. Fungal inocula

were prepared by growing Cladosporium strain AJR318,501 on

PDA at 258C for 7 days. Following growth, plates were flooded

with PDB (20 ml) and gently agitated to suspend the fungal spores.

Aliquots of the spore suspension (10 ml) were used to inoculate

400 ml of PDB. Incubation was performed in a shaking incubator at

258C and 150 rpm. After three days, fungal biomass was collected

by filtration (Whatman No. 2 filter paper ) and washed twice in

sterile phosphate buffer (pH 7). Collected biomass was prepared

for biosorption studies as outlined by Juhasz and Naidu [11].

Briefly, collected biomass was air dried overnight at room

temperature before particle size separation. Mycelial balls were

separated into two size classifications ( <2.0 but >1.4 mm and <1.4

but >0.5 mm in diameter ) by sieving the mycelia sequentially

through 2-mm and 1.4-mm sieves. The larger mycelia size fraction

( <2.0 but >1.4 mm in diameter ) was used for biosorption studies.

Biosorption experiments
Biosorption experiments were performed to determine the extent of

p,p 0 -DDT adsorption to fungal biomass. Fungal mycelia (100 mg)

were added to sterile serum bottles (30 ml ) to which sterile distilled

water (10 ml) was added. Serum bottles were sealed with neoprene

stoppers and crimped with an aluminium lid. p,p 0 -DDT was

injected into the bottles to achieve a final concentration ranging

from 10 to 375 mg l�1. In these experiments, the concentrations of

p,p 0 -DDT added to the distilled water were far in excess of its

aqueous solubility. To enhance the amount of p,p 0 -DDT in the

aqueous phase, further experiments were conducted using dilute

primary alcohols as the supporting medium. Experiments were

conducted as described above; however, fungal biomass was added

to serum bottles containing 25% or 50% ethanol or 1-propanol and

p,p 0 -DDT. Control cultures consisted of uninoculated p,p 0 -DDT-

containing media as well as p,p 0 -DDT-containing media inocu-

lated with killed fungal biomass (autoclaved three times at 1218C
for 20 min on three successive days ). All cultures were prepared in

triplicate for each sample point. Cultures were incubated at 258C by

shaking at 150 rpm in the dark for up to 5 days. At each sampling

time point, whole cultures were sacrificed for organochlorine

extraction and analysis.

Effect of pH and arsenic on p,p 00000 -DDT biosorption
The effect of pH and the presence of As in solution were tested to

determine whether these parameters affected p,p 0 -DDT sorption by

the fungal biomass. pH significantly influences the sorption of

metal cations [14,26,27]; however, few studies have determined its

influence on organic compound sorption. Since As is prevalent in

cattle dip site soil, its influence on p,p 0 -DDT biosorption was also

studied. Biosorption experiments were prepared in the same

manner as described above with the exception of the supporting

medium. The effect of pH on p,p 0 -DDT biosorption was evaluated

by testing fungal p,p 0 -DDT uptake at pH values between 3 and 10.

Phosphate buffers (pH 3.0, 5.5, 7.0, 8.5 and 10.0) were used as the

medium to which p,p 0 -DDT was added at a concentration of

approximately 80 mg l�1. Cultures were incubated for 50 h before

determination of the distribution of p,p 0 -DDT between the medium

and the biomass.

The effect of As on p,p 0 -DDT biosorption was investigated by

using distilled water containing either As( III ) (NaAsO2) or As(V)

(Na2HAsO4) salts as the medium to which approximately 80 mg

l�1 of p,p 0 -DDT was added. Arsenic was added at concentrations

ranging from 1 to 50 mg l�1. Cultures were incubated for 24 h

before determination of the distribution of p,p 0 -DDT between the

medium and the biomass. In addition, As concentrations in the

medium were determined by inductively coupled plasma optical

emission spectrometry ( ICP-OES).

Extraction of p,p 00000-DDT from fungal cultures
Extraction of p,p 0 -DDT from fungal cultures was performed

according to the method outlined by Juhasz and Naidu [11].

Briefly, DCM was used as the extracting solvent while PCNB

(1 mg ml�1 in DCM) was used as the internal standard. Fungal

mycelia were separated from culture fluid by filtration through a

stainless steel sieve (0.5-mm grid size ) containing glass wool. The

two phases (aqueous and mycelia phases ) were extracted

separately. p,p 0 -DDT was extracted from the aqueous phase with

DCM (5 ml ) after the addition of PCNB (100 �l ). p,p 0 -DDT from

fungal mycelia was extracted ultrasonically using a Misonix

ultrasonic processor (Farmingdale, NY) after HCl digestion for 6

h at 608C. DCM extracts (50–150 �l ) were transferred to brown

glass sample bottles (2.0 ml ), diluted appropriately and stored at

�208C until analysed by gas chromatography (GC).

Analytical procedures
GC analysis of p,p 0 -DDT DCM extracts and OCP standards was

performed on a Perkin -Elmer chromatograph (San Jose, CA)

equipped with an electron capture detector (GC-ECD), using a

DB-5 narrow-bore column (30 m�0.25 mm ID; J & W

Scientific, Folsom, CA). The oven temperature was programmed

at 2008C for 1 min, followed by a linear increase of 108C min� 1

to 2508C, holding at 2508C for 4 min. The injector temperature

was 3008C and the detector temperature was 2608C. Arsenic in

solution was determined by ICP-OES with a limit of quantification

of 50 �g l�1.
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Calculation of p,p 0-DDT recovery and sorbate uptake
The amount of p,p 0 -DDT recovered from fungal cultures ( live or

autoclaved) was calculated by adding p,p 0 -DDT concentrations

detected in the aqueous phase and mycelial phase ( the sum of p,p 0 -

DDT concentrations from glass wool and sieve fractions ).

Percentage p,p 0 -DDT recovery was calculated with reference to

concentrations detected in uninoculated p,p 0 -DDT media. The

results shown are the average of three individual samples.

Sorbate uptake was calculated using Eq. (1):

q ¼ V ðCi�Cf Þ
S

ð1Þ

where q=sorbate uptake, V=volume of liquid ( l ), C i= initial

concentration of p,p 0 -DDT in the medium, Cf=final concentration

of p,p 0 -DDT in the medium (mg l�1 ), and S=sorbent amount (g)

[26]. Ci and Cf represent the sum of dissolved and solid phase

p,p 0 -DDT concentrations in the medium.

Scanning electron microscopy
Cultures containing fungal biomass were diluted and filtered onto

polycarbonate Nucleopore2 membranes (Whatman). The mem-

branes were mounted onto aluminium mounts using double - sided

tape and evaporatively coated with 20 nm of carbon to provide

electrical conductivity and maximum phase contrast for the

backscattered electron signal. The samples were placed into a

Cambridge Instruments Steroscan S250 Mk 3 scanning electron

microscope (SEM) for further examination using a primary

electron beam energy of 20 KeV. Imaging was performed using

the secondary electron signal or the backscattered electron signal

for information about surface topography or composition and

phase, respectively. Characteristic X- ray signals were also

collected at selected positions for qualitative energy dispersive

X-ray (EDX) analysis using a Link system AN 10000 energy-

dispersive X-ray system. Some areas were imaged using the

characteristic X-ray signal to obtain an image of the elemental

composition.

Figure 1 Percentage recovery of p,p 0 -DDT from culture fluid and fungal
biomass after incubation of Cladosporium strain AJR318,501 in distilled
water containing 90 mg l� 1 of p,p 0 -DDT. Aqueous -phase - associated
p,p 0 -DDT and mycelia - associated p,p 0 -DDT from live (A) and killed (B)
biomass cultures were determined after 50 h. Percentage recovery of p,p 0 -
DDT in inoculated cultures was calculated relative to the amount recovered
from the uninoculated control medium (100%).

Figure 2 Biosorption of p,p 0 -DDT from 25% 1-propanol by Cladospo-
rium strain AJR318,501. The concentration of p,p 0 -DDTassociated with the
aqueous phase (� ) and mycelia (& ) was determined after dichloro-
methane extraction and GC-ECD analysis. The concentration of p,p 0 -DDT
in uninoculated controls did not change over the incubation period.

Figure 3 Scanning electron micrograph of Cladosporium strain
AJR318,501 biomass (A) after incubation in 25% 1-propanol containing
p,p 0 -DDT. p,p 0 -DDT was supplied solely (dissolved) in 1 -propanol
(12 mg l� 1 ). The distribution of p,p 0 -DDTwas determined by probing for
chlorine using a voltage energy of 20 keV (B). The white colouration
indicates the distribution of chlorine on p,p 0 -DDT- treated fungal biomass.
Colouration ( i.e., chlorine ) was not observed on the fungal biomass
without prior exposure to p,p 0 -DDT.
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Results

Biosorption of p,p 00000 -DDT
The ability of Cladosporium strain AJR318,501 to sorb OCPs was

assessed by adding dried biomass of strain AJR318,501 to media

containing p,p 0 -DDT. Different medium types were used, which

varied with the amount of p,p 0 -DDT in solution. p,p 0 -DDT in

solution followed the order: distilled water<ethanol<1-propanol.

Over the incubation period (50 h) there was no significant change

in the concentration of p,p 0 -DDT in any of the uninoculated media

(Figure 1). However, in cultures inoculated with live fungal

biomass, significant amounts of p,p 0 -DDT were removed from the

medium and recovered from the fungal mycelium (Figure 1A).

Approximately 63% of p,p 0 -DDTadded to distilled water (55.7 mg

l� 1 ) was recovered from the fungal mycelium after 50 h. In

addition, DDD and DDE could be removed from the medium and

recovered from the fungal biomass (data not shown). Greater

amounts of OCPs were recovered from fungal mycelium when low

molecular weight primary alcohols were used as the medium. In

addition, increasing the carbon chain length of the alcohol ( from

ethanol to 1-propanol ) increased p,p 0 -DDT biosorption. After

50 h, 80% and 92% of p,p 0 -DDT was removed from 25% ethanol

and 1-propanol media, respectively. However, increasing the

concentration of co-solvent from 25% to 50% had little effect on

increasing the uptake of p,p 0 -DDT by the fungal biomass.

Appreciable amounts of p,p 0 -DDT were also removed from the

media by killed fungal biomass; however, greater amounts of the

pesticide were recovered from live mycelium compared to killed

mycelium (Figure 1B).

Although the above experiments demonstrated the potential of

fungal biosorption for the removal of p,p 0 -DDT from dilute alcohol

solutions, the concentration of p,p 0 -DDT in these solutions was still

in excess of its solubility. Additional biosorption experiments were

performed in 25% 1-propanol with p,p 0 -DDT supplied solely

(dissolved) in the aqueous phase (12 mg l�1 ). The rapid decrease

in the concentration of p,p 0 -DDT in the medium corresponded to

an increase in biomass-associated p,p 0 -DDT. After 60 min, the

concentration of p,p 0 -DDT remaining in the aqueous phase

decreased from 12 mg l�1 to approximately 2.5 mg l�1 while

the remaining p,p 0 -DDT was recovered from the mycelia

(Figures 2 and 3). Further incubation resulted in a decreased rate

of p,p 0 -DDT uptake: after 270 min, 1.6 mg l�1 of p,p 0 -DDT

remained in solution.

p,p 00000 -DDT sorption isotherms
As the quality of any sorbent material is judged according to the

amount of sorbate it can immobilise, p,p 0 -DDT uptake by

Cladosporium strain AJR318,501 was determined per unit weight

of biomass. Sorption isotherms were plotted by first determining

the sorbate uptake (q ) according to Eq. (1). Sorbate uptake was

then plotted against the final concentration of p,p 0 -DDT associated

with the aqueous phase (Cf ). Figure 4 illustrates the sorption

isotherms for p,p 0 -DDT using live Cladosporium biomass when

inoculated into distilled water, 25% ethanol and 25% 1-propanol

media. Sorbate uptake varied significantly among the three medium

types. Greatest p,p 0 -DDT uptake (at the concentrations tested )

occurred in the 25% 1-propanol medium (17 mg g� 1 ) followed by

25% ethanol (12.2 mg g� 1 ). p,p 0 -DDT uptake from the distilled

water medium was 2.4 times less than that from the 1-propanol

medium. Although the extent of p,p 0 -DDT uptake was greatest

when 25% 1-propanol was the supporting medium, at low p,p 0 -

DDT concentrations, greater amounts of the organochlorine were

partitioned onto the fungal biomass when p,p 0 -DDT was supplied

in 25% ethanol (Figure 4).

Effect of pH on p,p 00000-DDT biosorption
The uptake of metal ions by biomass is strongly influenced by the

pH of the system: ion uptake decreases significantly as the pH drops

from 6.0 to 2.5. In order to assess the effect of pH on p,p 0 -DDT

biosorption, fungal biomass was added to phosphate buffers of

varying pH (pH 3–10) containing p,p 0 -DDT. The pH of the

Figure 4 Biosorption isotherm plots for p,p 0 -DDT uptake by live fungal
biomass in distilled water (� ), 25% ethanol (& ) and 25% 1-propanol
(~ ). Sorbate uptake is plotted against the residual p,p 0 -DDT concentration
associated with the medium after 50 h incubation.

Table 1 Effect of pH on the biosorption of p,p0 -DDT by Cladosporium strain AJR318,501

pH of medium Concentration of p,p0 -DDT associated with the medium and mycelium

Uninoculated:
medium (mg l� 1 )

Killed biomass: Live biomass:

Medium
(mg l� 1 )

Mycelia
(mg g� 1 )

% p,p0 -DDT
recovereda

Medium
(mg l� 1 )

Mycelia
(mg g� 1 )

% p,p0 -DDT
recovereda

3.0 74.9±3.2 34.3±2.4 3.7±0.4 95.2 22.7±1.2 5.3±0.2 100.7
5.5 68.1±0.5 16.7±1.4 4.9±0.2 97.2 13.9±3.9 6.4±0.8 115.0
7.0 74.2±4.7 18.5±1.7 5.6±0.7 100.9 15.9±2.8 6.3±0.3 106.5
8.5 79.3±2.0 21.9±1.7 5.3±0.4 94.1 12.1±1.2 5.9±0.1 89.5
10.0 76.6±3.7 24.7±0.7 4.9±0.5 96.2 14.1±1.7 6.5±0.7 103.5

aThe percentage p,p 0 -DDT recovered from cultures inoculated with Cladosporium strain AJR318,501 was calculated using the amount detected in the
corresponding uninoculated medium after 24 h incubation.
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medium had some effect on p,p 0 -DDT biosorption by strain

AJR318,501 (Table 1). Although p,p 0 -DDT biosorption occurred

over the range of pH tested, p,p 0 -DDT uptake was slightly inhi-

bited at pH 3.0: 37.0±4.5 and 52.7±1.8 ppm of p,p 0 -DDT was

recovered from killed and live fungal biomass after 50 h, res-

pectively, compared to 56.4±6.6 and 63.1±2.9 ppm at pH 7.0.

Effect of arsenic on p,p 00000 -DDT biosorption
At a number of DDT-contaminated sites in Australia, As is also

prevalent at high concentrations. Potentially, As species could

inhibit p,p 0 -DDT uptake through competition for binding sites on

the fungal biomass. To determine the effect of As on p,p 0 -DDT

uptake, biosorption experiments were prepared with arsenate

[As(V) ]or arsenite [As( III ) ] in the medium. The presence of

As( III ) or As(V) in the medium did not affect p,p 0 -DDT

biosorption by strain AJR318,501 (Table 2). Varying the con-

centration of the As species from 1 to 37.5 mg l�1 also did not

influence the extent of p,p 0 -DDT biosorption over the incubation

period. Arsenic could not be sorbed by strain AJR318,501

(Figure 5). Adjusting the pH of the medium between 3 and 10 did

not promote As uptake by the fungal biomass (data not shown).

Discussion

The potential use of fungal biomass for the removal of

contaminants from wastewater has been recognised for some time.

Since the early experiments of Zajic and Chiu [27], advancement

of the utilisation of fungal biomass as biosorbents for heavy metal

ions has led to the application of fungal biosorption processes for

the removal of metal ions from industrial waste effluents [14].

Numerous publications have reviewed the potential of various

biosorbents to sorb a variety of metal ions and the mechanisms

involved in metal ion uptake [13,14,26]. Although much is known

about metal ion biosorption, little information has been published

on fungal biosorption of organic compounds.

Previously, strain AJR318,501 was shown to sorb p,p 0 -DDT

from a liquid medium when the pesticide was supplied in excess of

its aqueous solubility [9]. The experiments described in this paper

confirmed the ability of strain AJR318,501 to sorb p,p 0 -DDT, in

addition to toxic and recalcitrant DDT transformation products

(DDD and DDE) [11], which may be produced from the biological

degradation of the OCP. Transformation of p,p 0 -DDT was not

observed during sorption; however, previous research demonstrated

that strain AJR318,501 was capable of transforming p,p 0 -DDT to

DDD during extended incubation periods (12 days) [10].

Although transformation of p,p 0 -DDT was observed previously

[10], DDD was not detected in the aqueous phase; however, it was

detected sorbed to the fungal biomass. In this study, the contact time

between p,p 0 -DDT and the fungal biomass was not sufficient for

degradation to occur; however, if degradation was to occur, it is

likely that the products formed would partition onto the fungal

biomass and not in the medium.

Although an earlier study [9] demonstrated the potential of

strain AJR318,501 to biosorb OCPs, one limitation in the experi-

ments was the low solubility of the OCPs in the media used.

Removal of OCPs from contaminated soil with a soil -washing

process utilising water as the wash phase would be unsuccessful as

it would remove only microgram to milligram quantities of OCPs

per litre due to the low solubility of these compounds in water. In

order to increase the effectiveness of the soil -washing process, co-

solvents, such as simple low molecular weight primary alcohols

(e.g., ethanol or 1-propanol ), could be used as the wash phase

as these co-solvents can successfully solubilise OCPs [4,12].

Table 2 Effect of arsenic species on the biosorption of p,p0 -DDT by Cladosporium strain AJR318,501

Arsenic species Concentration (mg l� 1 ) Concentration of p,p 0 -DDT in: % p,p 0 -DDT recovereda

Medium (mg l� 1 ) Mycelia (mg g� 1 )

– 0 30.5±0.6 4.9±0.1 97.9
III 1 30.7±5.3 4.4±0.1 92.5
III 5 36.2±3.6 4.5±0.3 100.0
III 10 34.2±1.2 4.1±0.1 93.6
III 25 36.3±0.7 4.4±0.2 99.4
III 37.5 34.9±0.7 4.5±0.2 98.6

V 1 31.2±1.6 4.6±0.3 95.4
V 5 35.0±2.8 4.1±0.1 93.8
V 10 30.6±2.0 4.6±0.2 94.3
V 25 31.0±3.8 5.0±0.3 100.2
V 37.5 24.6±5.1 5.1±0.1 93.4

aThe percentage p,p 0 -DDT recovered from cultures inoculated with Cladosporium strain AJR318,501 was calculated using the amount detected in
uninoculated media after 24 h incubation (80.9±1.1 mg l� 1 ).

Figure 5 Biosorption of As( III ) (6 ) and As(V) (� ) by Cladosporium
strain AJR318,501. The concentration of arsenic in the medium was
determined by ICP as described in Materials and methods.
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Co-solvents such as these have been shown to enhance the

solubility of hydrophobic organic compounds through the decrease

in interfacial tension between the compounds and the aqueous

solution and the preferential partitioning of the co-solvent into the

hydrophobic organic phase [3]. An increase in the compound’s

solubility occurs due to a decrease in the hydrophobicity of the

organic compound. p,p 0 -DDT biosorption was enhanced by

supplying the OCP in ethanol or 1-propanol media indicating the

suitability of these soil wash solutions for biosorption purposes.

Although p,p 0 -DDT uptake was greater when the OCP was

supplied at low concentrations in 25% ethanol, the fungal biomass

accumulated more p,p 0 -DDT when it was supplied in 25% 1-

propanol: maximum uptake was approximately 40% greater when

p,p 0 -DDT was supplied in 1-propanol compared to ethanol. The

enhanced uptake of p,p 0 -DDT from 1-propanol is probably a

response to the increase in solubility of the compound in 1-

propanol compared to ethanol. It is well recognised that increasing

the carbon chain length of the co-solvent increases the solubility of

the hydrophobic organic compound, as the longer carbon chain

decreases the influence of the polar group on the partitioning of

p,p 0 -DDT into the solution [2,18]. Increasing the volume fraction

of the co-solvent ( i.e., from 25% to 50%) also results in an increase

in the solubility of organic compounds [12,20,21]. However, when

the co-solvent volume fraction of ethanol and 1-propanol were

increased from 25% to 50%, a corresponding increase in p,p 0 -DDT

uptake was not observed. Presumably, saturation of p,p 0 -DDT

sorption sites on the fungal biomass occurs which inhibits further

p,p 0 -DDT uptake even though high concentrations of p,p 0 -DDT

are still in solution. This limitation may be overcome by increasing

the biomass to co-solvent solution ratio.

The efficacy of a biosorption process may be influenced by the

presence of other contaminants in the waste stream. At a number of

DDT-contaminated sites in Australia (cattle and sheep dip sites ),

As is also present at high concentrations [5,16,19]. Potentially, As

species may compete for binding sites on the fungal biomass,

thereby decreasing the p,p 0 -DDT uptake efficacy of strain

AJR318,501. Biosorption of DDT by strain AJR318,501 was not

affected by the presence of either As species [As( III ) ] or

[As(V) ] ), which probably reflected the inability of the biomass

to sorb these metal anions. Although it has been shown that As

sorption is strongly influenced by pH (As[V] is sorbed to a greater

extent at low pH while As[ III ] sorption increases with increasing

pH) [22], changing the pH of the medium did not facilitate As

sorption by Cladosporium stain AJR318,501.

The uptake of metal ions by most biomass types decreases

dramatically as the pH of the system decreases from pH 6.0 to 2.5

[26]. The dependence on pH has been linked to an ion exchange

process between protons on the biomass and the heavy metal ions,

where weakly acidic carboxyl groups associated with cell wall

constituents are the probable sites of ion exchange. Such a dramatic

dependence on pH was not observed for p,p 0 -DDT biosorption,

indicating that other mechanisms, such as van der Waals forces

(dispersion /London forces ), chemical binding, hydrogen bonding

or ligand exchange may be involved in DDT uptake by strain

AJR318,501.

The combination of co-solvent soil washing for the cleanup of

DDT-contaminated soil and biosorption for the removal of DDT

from soil -wash solutions offers many advantages over conven-

tional remediation technologies. A low operating cost is associated

with the production of the biomass while no nutritional require-

ments are needed during the biosorption process. Unlike other

biological remediation strategies, the process is rapid and DDT

transformation products are not produced, although if these

compounds are present in the soil -wash solution, they may be

removed by the fungal biomass. The DDT- laden biomass may be

disposed of by incineration or chemically treated to dechlorinate the

organochlorine and reused in subsequent sorption processes.

Finally, soil -wash solutions may be recycled, which will result in

a more economical remediation process.
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