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Abstract The chelating agent ethylenediaminetetraace-
tate (EDTA) is not degraded by conventional biological
and physicochemical methods for the treatment of
wastewater and the purification of drinking water. Of
the measurable organic compounds it is the one present
at the highest concentration in many surface and
drinking waters. In recent years, however, studies have
demonstrated that EDTA can be degraded by specially
enriched bacterial cultures and in wastewater treatment
plants receiving EDTA-containing effluents. The
amounts of EDTA released into the aquatic environ-
ment could thus be reduced by establishing appropriate
biological wastewater treatment plants. This article de-
scribes the degradation of EDTA and its metal chelates
by different bacterial cultures, catabolic steps in EDTA
degradation, and biological methods for the removal of
this chelating agent from wastewaters.

Introduction

Many aminopolycarboxylic acids such as those shown in
Fig. 1 form strong and water-soluble complexes with
most alkaline earth and heavy metal ions. These com-
plexes are chemically and thermally very stable and can
be used for a wide variety of industrial applications, e.g.,
for controlling the oxidation potential of metal ions, for
adjusting metal ion concentrations, for masking free
metal ions to avoid metal-catalyzed spoilage or the pre-
cipitation of poorly soluble salts, and for cleansing pro-
cesses where precipitates of salts in tubes, bottles, and on
membranes must be removed. Of the aminopolycar-
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boxylic acids, ethylenediaminetetraacetate (EDTA) is
technically the most important and is used in large
quantities [sales quantities in Europe 1997: EDTA,
32 550 tons; nitrilotriacetate (NTA), 18 600 tons; di-
ethylenetriaminepentaacetate (DTPA), 14 000 tons].

For a long time, EDTA was thought to be resistant to
biodegradation (Bunch and Ettinger 1967; Madsen and
Alexander 1985; Alder et al. 1990; Bolton et al. 1993). In
contrast, NTA was found to be readily biodegradable. A
summary of NTA-degrading bacteria isolated from
various habitats was given by Kemmler and Egli (1990).
Even in municipal wastewater treatment plants, high
degrees of NTA degradation were observed, e.g., 97% in
the Glatt sewage treatment plant of the city of Zurich
(Siegrist et al. 1988). As to the biodegradability of
DTPA, very little information is available, and to date
no axenic or mixed bacterial culture capable of growing
with DTPA as sole source of carbon and energy has
been described.

In recent years, the biodegradability of EDTA has
been increasingly recognized and investigated from dif-
ferent points of view. One of these is that EDTA has
become the measurable organic compound at the highest
concentration in many surface waters and in drinking
waters prepared from them (Dietz 1985; Brauch and
Schullerer 1987; Dietz 1987; Brauch and Kiihn 1988S;
Frimmel et al. 1989; Schullerer and Brauch 1989; Alder
et al. 1990; Haberer 1991; Nusch et al. 1991; Klopp and
Pdtsch 1994). EDTA is not toxic to mammals at the
concentrations found in the aquatic environment, but
there has been some concern about its potential to re-
mobilize heavy metals out of river sediments and sewage
sludges even though this could not be proved under
natural conditions (Dietz 1987; Siegrist et al. 1988; Al-
der et al. 1990; Xue et al. 1995; Kari and Giger 1996;
Nowack et al. 1997). Since, in principle, drinking waters
should not contain xenobiotic compounds, the amount
of EDTA released into aquatic systems should be re-
duced as far as technically possible. One approach to
achieving this goal would be the development of special
biological systems for the treatment of EDTA-contain-
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Fig. 1 Aminopolycarboxylates of technical importance for use as
chelating agents (left side free acids, right side metal chelates without
the charge)

ing wastewaters. This would require enrichment of
suitable bacteria, knowledge of the optimum physio-
logical conditions for efficient EDTA degradation and of
parameters affecting it, investigations of catabolic
pathways, and the development of special reaction sys-
tems ensuring high degradation rates even under sub-
optimal growth conditions.

Another reason to investigate the biodegradation of
EDTA is the fact that this compound can be used for the
remediation of sites contaminated with heavy metals or
radionuclides, and for the decontamination of nuclear
power plant equipment (Ayers 1970; Mcfadden 1980;
Macaskie 1991). In addition, EDTA in groundwater
could undesirably enhance the migration of heavy met-
als or radionuclides from contaminated soils or disposal
sites (Means et al. 1978; Means and Alexander 1981).
Therefore, it is of interest to understand the biodegra-
dation of EDTA and to develop new approaches to
stimulate it (Palumbo et al. 1994; Bolton et al. 1996;
Thomas et al. 1998).

EDTA-degrading microorganisms and the influence
of chemical speciation on the biodegradability of EDTA

Although Tiedje (1975) and Belly et al. (1975) found a
slow oxidation or co-metabolism of EDTA by micro-
organisms from several habitats, it is only recently that
mixed bacterial cultures (Nortemann etal. 1991;
Gschwind 1992; Thomas et al. 1998) and axenic cultures
(Lauff et al. 1990; Nortemann 1992; Palumbo et al.
1994; Witschel et al. 1995) with the capability to grow
with this chelating agent as sole carbon source were
described. As reported for NTA, citrate, and oxalate, the
nature of the metal ion bound by a complexing agent
can determine the biodegradability of the ligand (Fire-
stone and Tiedje 1975; Madsen and Alexander 1985;
Francis et al. 1992; Bolton et al. 1996). Since EDTA in
industrial wastewaters or natural waters is usually as-
sociated with metal ions, the range of metal-EDTA
chelates that is degradable by axenic or mixed bacterial
cultures is important.

Of the metal-EDTA chelates tested, only Fe(IIl)
EDTA supported growth of an Agrobacterium species
isolated by Lauff et al. (1990). This chelate was oxi-
dized at high initial concentrations of approximately
30 mmol/l, but consumption of the substrate ceased
when the concentration decreased to approximately
3 mmol/l. Although this residual concentration of
EDTA represented 10% of the initial content, the re-
maining chemical oxygen demand (COD) was about
30% of the initial value, possibly indicating the accu-
mulation of partial degradation products. Contamina-
tion by other microorganisms or the addition of readily
degradable compounds (sucrose and yeast extract)
caused an inhibition of EDTA oxidation.

Degradation of Fe(III)EDTA at lower concentrations
was reported by Miyazaki et al. (1997). The bacterial
strain described, possibly belonging to the genus Pseu-
domonas, degraded the chelate at an initial concentration
of less than 100 mg/1 (about 0.3 mmol/l), whereas growth
was inhibited at higher concentrations. The Fe(III)ED-
TA chelate was also slowly oxidized by cells of another
Agrobacterium species (Palumbo et al. 1994) and by cells
of a mixed bacterial culture (Thomas et al. 1998). The
aim in both of these studies was the degradation of
EDTA chelates of heavy metals and radionuclides.
However, the Agrobacterium species only degraded
Fe(III)EDTA, and in most experiments, residual EDTA
concentrations of more than 40% of the initial content
remained in the culture fluid. The mixed culture utilized
Fe(III)-, Cu-, Co-, Ni-, and CdEDTA as substrates for
growth (initial concentrations, 5 mmol/l), but the oxi-
dation rates for all chelates tested were rather low' and

"Thomas et al. (1998) state a very high oxidation rate, e.g., for

Fe(IIT)EDTA, they report a rate of 15 pmol/pg protein and hour
(i.e., 250 mmol/g protein and minute) and attribute an even higher
rate to the Agrobacterium species described by Lauff et al. (1990).
These rates appear to be in error and are not consistent with values
estimated from the graphic presentation of the results.



decreased significantly at relatively high concentrations.
With the exception of Fe(III)EDTA, consumption of the
chelates ceased completely at residual concentrations of
3—4 mmol/l. Although inorganic phosphate was added to
the culture fluids to promote precipitation of heavy metal
ions released during degradation of the ligand EDTA, it
is possible that the cells were inactivated by free heavy
metal ions. From the time-course presented it is obvious
that the concentration of dissolved heavy metal ions not
chelated by EDTA increased significantly during degra-
dation of EDTA so that toxic effects could have arisen.

The range of metal-EDTA chelates that are degraded
by cells of a mixed bacterial culture containing the gram-
negative strain BNCI1 as a primary utilizer differed from
that of the cultures described above (Nortemann et al.
1991; Nortemann 1992; Kliner et al. 1994; Kliiner 1996;
Kliiner et al. 1998). The degradability of the complexes
by whole cells of strain BNCI1 depended strictly on their
thermodynamic stabilities (expressed as conditional
constants at pH8, 20 °C, and an ionic strength of
I = 0.1 mol/l). With the exception of ZnEDTA (con-
ditional stability constant, K = 10'*?), only metal-
EDTA chelates with stability constants below 10'? were
degraded. The maximum turnover rate for Ba- (K =
10>%), Mg- (K = 10%%), and CaEDTA (K = 10%%) was
approximately 20 umol/g protein and minute. The
EDTA chelate of Mn*" (K = 10'"7) was oxidized at a
rate of approximately 15 pmol/g protein and minute.
Metal-EDTA chelates with stability constants above
10'% such as Fe(IIl)-, Co-, Cd-, Pb-, Ni-, and CuEDTA
(K = 1037, 10139, 10142, 10'52, 10'°2, and 10'62, re-
spectively) were not metabolized. However, the oxida-
tion of uncomplexed EDTA or degradable metal-EDTA
complexes was not inhibited by these strong chelates. In
the presence of Fe-, Co-, Cd-, Pb-, Ni-, or CuEDTA, a
given surplus of uncomplexed EDTA was always con-
sumed at the same rate as observed in the absence of
additional metal ions.

The range of degradable EDTA chelates was not
described for cells of a mixed culture enriched by
Gschwind (1992) or the gram-negative strain DSM 9103
isolated from it (Witschel et al. 1995). However, exper-
iments carried out in order to determine the taxonomic
position of several EDTA-degrading organisms revealed
that Mg-, Ca-, and MnEDTA are degradable by cells of
strain DSM 9103. Very recently, other EDTA-degrading
bacteria have been isolated from different habitats, each
of them continuously receiving EDTA-containing
wastewaters (B. Nortemann et al., unpublished results).
These new isolates are phylogenetically closely related to
the EDTA-degrading strains BNCI and DSM 9103. All
of them belong to a new genus within the a-subclass of
proteobacteria and seem to degrade the same or a sim-
ilar range of metal-EDTA chelates.

The fact that EDTA is not necessarily resistant to
biodegradation was also confirmed by studies of van
Ginkel et al. (1997) and Kaluza et al. (1998) who ob-
served biodegradation of this chelator in conventional
wastewater treatment plants. Notably, van Ginkel et al.
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(1997) observed no degradation of EDTA at pH7,
whereas a high degree of EDTA degradation was ob-
tained at pH values greater than 8. It is not known
whether this phenomenon can be explained by physio-
logical requirements of the EDTA-degrading organisms
or by the composition of the different metal-EDTA
species, which is dependent not only on the metal ions
present but also on the pH.

Initial reactions in EDTA and NTA degradation

Because of the poor biodegradability of EDTA, only a
few studies on the biochemistry of EDTA degradation
have been reported. The identified or proposed catabolic
steps in EDTA degradation are illustrated in Fig. 2.
Belly et al. (1975) identified ethylenediaminetriacetate
(ED3 A) and iminodiacetate (IDA) as main metabolites
of EDTA oxidation by highly concentrated biomass
from an aerated lagoon receiving EDTA-containing
wastewaters. In addition, N,N- and N,N’-ethylenedi-
aminediacetate (N,N-EDDA; N,N’-EDDA), ethylenedi-
aminemonoacetate (EDMA), NTA, and glycine were
detected in rather low concentrations (less than
0.065 mmol/l). However, some of these compounds
could have been artificially formed during derivatization
before gas chromatography/mass spectrometry analysis.
Kliner (1996) identified ED3A, N,N’-EDDA, and gly-
oxylate as metabolites of EDTA oxidation by cell-free
extracts of strain BNC1, whereas N,N-EDDA was not
an intermediate. In addition to the identified metabo-
lites, it was suggested that IDA is a metabolite formed
from ED3A in a further reaction (Kliiner 1996; Kliiner
et al. 1998).

Both reactions in the sequential oxidation of EDTA
to N,N’-EDDA via ED3A by cell-free extracts of strain
BNC1 require NADH, FMN, and O, which, on the
basis of knowledge of the products formed, suggests that
they are catalyzed by one or more monooxygenases.
Sequential oxidative removal of two acetyl groups from
EDTA catalyzed by only one enzyme has been shown
for strain DSM 9103 by Witschel et al. (1997). The two-
enzyme system converts EDTA to N,N-EDDA via
ED3A. Component A’ of this system is most likely a
monooxygenase which catalyzes the cleavage of EDTA
into ED3A and glyoxylate, and of ED3A into N,N’-
EDDA and glyoxylate, while consuming O, and
FMNH,. The latter is provided by component B’, a
NADH,:FMN oxidoreductase that can be replaced by
other NADH,:FMN oxidoreductases (e.g., from Pho-
tobacterium fischeri). A similar system has been found
for the oxidation of NTA by a two-component mono-
oxygenase from Chelatobacter ATCC 29600 (Uetz et al.
1992). This enzyme consists of two weakly associated
components A and B and occurs as a tetramer (o,,f3,).
The FMN-containing component B exhibited a NTA/
Mg " -stimulated NADH-oxidizing activity but was un-
able to hydroxylate NTA. Hydroxylation of NTA with
the formation of IDA and glyoxylate required the
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presence of component A. The molecular weights of the
monomers of components A and B (obtained by SDS-
PAGE analysis) were 47 kDa and 36 kDa, and their
native molecular masses were determined to be 99 kDa
and 88 kDa, respectively. Of 26 compounds tested, NTA
was the only substrate for the NTA monooxygenase.
Cloning of the corresponding genes (Knobel et al. 1996)
revealed that the deduced amino acid sequence of ntaA
(gene coding for component A) showed significant ho-
mology only to SoxA (40.1% in a 451-amino-acid region
overlap), a 50-kDa protein involved in the conversion
of dibenzothiophene-5,5-dioxide to an unidentified
metabolite, and to SnaA (49.2% in a 250-amino-acid
region) which is involved in pristamycin synthesis.

Therefore, the evolutionary origin of the NTA mono-
oxygenase still remains to be elucidated.

Very recently, Payne et al. (1998) described the initial
enzyme for EDTA degradation by strain BNCI1. This
enzyme is also a two-component enzyme system con-
sisting of an EDTA monooxygenase and a NAD(P) Hy:
FMN oxidoreductase which can be replaced by other
NAD(P)H,:FMN oxidoreductases. The two-component
enzyme converts EDTA to ED3A and glyoxlate but
does not oxidize ED3A. The molecular weights (ob-
tained by SDS-PAGE analysis) of the monomers of both
EDTA monooxygenases described by Witschel et al.
(1997) and Payne et al. (1998) are quite similar at
44 kDa (strain DSM 9103) and 45 kDa (strain BNC1),



whereas their N-terminal sequences are completely dif-
ferent. Moreover, gel filtration experiments indicate that
the EDTA monooxygenase component of strain BNCI
is a monomer in its native state, whereas the corre-
sponding component A’ of strain DSM 9103 is a tetra-
mer.

So far, nothing is known about the genetic loci coding
for the EDTA-degrading enzymes and their evolution-
ary origin. In contrast to NTA monooxygenase, the
EDTA monooxygenases accept a broad range of ami-
nopolycarboxylates such as NTA, DTPA, N-(2-hy-
droxyethyl)ethylenediaminetriacetate (HEDTA), and
1,3-diaminopropane-2-ol-tetraacetate (1,3-DPTA). This
broad range of substrates leads to the question whether
a natural substrate for the EDTA monooxygenases ex-
ists or whether these enzymes have evolved by adap-
tation processes to the xenobiotic compound EDTA. A
natural structural isomer of EDTA, S,S-ethylene-
diaminedisuccinate (S,S-EDDS), is degraded by strain
DSM 9103, but this compound is not a substrate for the
EDTA monooxygenase of this strain and is converted by
a completely different type of enzyme (Witschel et al.
1997; Witschel and Egli 1998). Although EDTA and
NTA monooxygenases revealed no similarities with re-
gard to their NH,-terminal sequences or in immuno-
blots, both enzymes have many characteristics in
common so they could have evolved from the same
ancestor. However, this remains to be elucidated by
further studies.

The carrier for the transport of EDTA into the cy-
toplasm of strain BNCI is inducible and appears to be a
high-affinity system, because the Monod constant for
EDTA degradation by whole cells is only 8 umol/l
EDTA (Henneken et al. 1994; Henneken 1995; Henne-
ken et al. 1996), whereas under optimum conditions the
Michaelis constant of EDTA oxidation by cell-free ex-
tracts is 120 umol/l. The K, value of the EDTA-oxi-
dizing enzyme from strain DSM 9103 is approximately
800 pmol/l (Witschel et al. 1997), whereas it is only
8.5 umol/l for the purified EDTA monooxygenase of
strain BNC1 (Payne et al. 1998). For all of these EDTA-
converting systems, the MgEDTA chelate is the favored
substrate.

Influence of chemical speciation on the oxidation of EDTA
by cell-free extracts and EDTA monooxygenases

A dependency of the degradability of EDTA chelates on
their thermodynamic stability constants, as found with
whole cells of strain BNCI1, was not observed with ul-
trafiltered (Kliiner 1996; Kliiner et al. 1998) or dialyzed
(Payne et al. 1998) cell-free extracts of this organism.
Remarkably, the range of metal-EDTA chelates which
can be oxidized by these extracts is not identical. Payne
et al. (1998) reported that glyoxylate was released from
all of the 18 metal-EDTA chelates tested using dialyzed
cell-free extracts, whereas Kliiner (1996) found that only
Ba-, Co-, Mg-, Mn-, and ZnEDTA were oxidized using
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ultrafiltered extracts. Moreover, the purified EDTA
monoxygenase of strain BNCI also converts uncom-
plexed EDTA (Payne et al. 1998), which is not metab-
olized by ultrafiltered extracts (Kliiner 1996). The reason
for these discrepancies is not yet known.

The range of metal-EDTA chelates converted by the
EDTA monooxygenase of strain DSM 9103 (Witschel
et al. 1997) is very similar to that described for ultrafil-
tered extracts of strain BNC1 (Kliiner 1996; Kliiner
et al. 1998). In both cases, CAEDTA (K = 10*%)is not a
substrate for the first catabolic enzyme whereas Co-
EDTA (K = 10"*) is oxidized. Since CAEDTA but not
CoEDTA can be degraded by whole cells of strain
BNCl, it is probable that at least for some metal-EDTA
chelates the uptake of the ligand into the cytoplasm is
accompanied by a change in the metal speciation. This
appears to be possible only for chelates with low
thermodynamic stability constants and/or high dissoci-
ation rates. The conditional thermodynamic stability
constants of some metal-EDTA chelates increase
in the order BaEDTA < MgEDTA < CaEDTA <
MnEDTA < Fe(III)EDTA < CoEDTA < ZnEDTA <
CdEDTA < PbEDTA < CuEDTA < NiEDTA (Ring-
bom 1963), and a rough estimate for the dissociation
rate for the IDA segment of metal-EDTA complexes is
stated by Nowack and Sigg (1997) in a series
Fe(IIl) < Ni < Cu < Co <Zn < La <Pb < Ca. This
could explain why CaEDTA but not CoEDTA is de-
graded by whole cells of strain BNCI. In contrast, the
range of metal-EDTA complexes which can be oxidized
by the first catabolic enzyme of strain BNCI1 or the
EDTA monooxygenase of strain DSM 9103 is not
strictly affected by their thermodynamic stabilities or the
dissociation rates and must thus be influenced by an-
other determining factor. Since not all metal-EDTA
chelates have the postulated ideal octahedral structure,
the coordination of the metal ion could affect the de-
gradability of the ligand. Actually, the central ion of the
CaEDTA complex which can not be oxidized by the first
catabolic enzyme of strain BNCI or strain DSM 9103
has a coordination number of 8, whereas that of the
degradable MgEDTA chelate has a coordination num-
ber of 7 (Anderegg 1987). However, the central ion of
Fe(IIHEDTA also has a coordination number of 7, but
the chelate is not a substrate for the first catabolic en-
zyme. It must be assumed that at least two or more
factors in combination determine the enzymatic de-
gradability of metal-EDTA chelates.

A comparable transport mechanism with a coupled
de- or trans-complexation was proposed for NTA ca-
tabolism (Egli 1994), and the relative turnover rates for
metal-NTA chelates determined with whole cells of
Chelatobacter heintzii ATCC 29600 also differed from
that obtained in studies with the first catabolic enzyme,
NTA monooxygenase (Bolton et al. 1996; Xun et al.
1996). The degradability of various metal-NTA com-
plexes by whole cells of C. heintzii was found to be re-
lated to the corresponding dissociation rates, but the
lability of the complexes did not strictly influence their
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degradability by NTA monooxygenase. These common
characteristics in the degradation of EDTA and NTA
support the assumption that both catabolic systems—
transport systems and initial catabolic enzymes—could
have been evolved from the same ancestor.

Methods to reduce the amount of EDTA discharged
into the aquatic environment

The amounts of EDTA released into the aquatic envi-
ronment can be decreased by biological and by several
nonbiological methods. One of the nonbiological meth-
ods is the optimization of technical processes, as was, for
example, realized in the production of EDTA. In this
case, the load of EDTA in the wastewater was reduced
by approximately 60% from 1991 to 1994, and by more
than 94% from 1986 to 1994 (BUA-Stoffbericht 1996).
Another nonbiological method is the substitution of
EDTA by more readily degradable complexing agents
such as tartrate, citrate, alaninediacetate, methylgly-
cinediacetate, and NTA. However, the thermodynamic
stabilities of the corresponding metal complexes are
relatively low compared to metal-EDTA chelates. They
are thus not suited for many industrial processes or
products where strong chelating properties are required.
In addition, technically applicable complexing agents
must often be very resistant to chemical and thermal
effects as well as to biodegradation (e.g., cleansing pro-
cesses, process baths). For these technical processes,
EDTA is still the best compound known because it is
cheap to produce and to apply and is not toxic to
mammals. In contrast, other compounds with chelating
properties comparable to those of EDTA are usually
more expensive, and have been less intensively investi-
gated with regard to their toxic or ecotoxic behaviour.
The development of methods for the elimination of
EDTA from process waters or wastewaters would allow
continued application of this cheap and technically well-
suited chelating agent while reducing environmental
problems. Physicochemical methods are as a rule very
expensive and are often not efficient enough. However,
recent reports indicate that EDTA could be mineralized
efficiently and inexpensively by biological systems. There
are two main approaches for the elimination of EDTA
from wastewaters that contain the chelating agent at
relatively high concentrations. One of them is the re-
moval of EDTA in conventional activated sludge plants,
as demonstrated by van Ginkel et al. (1997) and Kaluza
et al. (1998). Although the treatment plant described by
van Ginkel et al. (1997) received predominantly do-
mestic wastewater, the EDTA concentration in the
influent was relatively high at 25-36 mg/l (0.086—
0.12 mmol/l). The mean hydraulic retention time was
1 day and the sludge retention time 20 days. Under these
conditions high degrees of EDTA degradation, between
78% and 95%, were achieved. However, experiments
carried out in semicontinuous activated sludge units
revealed that efficient EDTA removal was only possible

at high sludge retention times of 12 or more days and at
pH values greater than 8.

Kaluza et al. (1998) reported EDTA removal at
about 80% in a Finnish wastewater treatment plant with
a sludge retention time of 9 days and a mean hydraulic
retention time of 1 day. The plant was operated at a pH
value of 7.6-7.9 and at a temperature of 35-40 °C . The
mean concentrations of EDTA in the influent and ef-
fluent were 28 mg/l (about 0.1 mmol/l) and 5.8 mg/l
(0.02 mmol/1) respectively. Hence, the removal of EDTA
by conventional activated sludge plants appears to be an
efficient and cheap method, especially when the treat-
ment plant is operated at high sludge retention times and
receives alkaline wastewater.

In contrast to the wastewater treatment plants de-
scribed above, municipal or even conventional industrial
wastewater treatment plants usually receive wastewaters
with low concentrations of EDTA between a few mi-
crograms and a few milligrams per liter. Such concen-
trations might be too low to stimulate adaptation
processes for the microbial degradation of EDTA.
However, most of the EDTA is used for special indus-
trial applications where the process waters or partial
wastewater streams with high concentrations of this
compound could be treated separately before they are
mixed with other wastewaters or released into the
aquatic environment. To establish such a decentralized
and efficient wastewater treatment system, the mixed
bacterial culture containing the EDTA-degrading strain
BNC1 was investigated extensively (Henneken et al.
1994; Henneken 1995; Henneken et al. 1995, 1996;
Briiggenthies 1996; Kliiner et al. 1996).

Despite the low and varying growth rate of the cul-
ture (Umax = 0.03-0.07 per hour), high degradation
rates were achieved by immobilizing the cells on solid
carriers in airlift-loop reactors (Fig. 3). Because a high
biomass concentration was obtained by improved cell
support, the dilution rate could be increased to more
than 1.2 per hour (hydraulic retention time, less than
50 min) without a decrease in the degree of EDTA
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under continuous flow conditions in an airlift-loop reactor with
immobilized cells of an EDTA-degrading bacterial mixed culture



degradation (97-98%) and without reaching the capac-
ity limit. Under these conditions, a maximum rate of
EDTA degradation of 12.8 kg/(m® x day) was achieved.
The concentration of dissolved organic carbon (DOC)
always corresponded to the DOC calculated theoreti-
cally from the residual EDTA concentration, indicating
that no organic metabolites were accumulated in the
culture fluid. In addition, the constant and high degree
of degradation reflects the favorable ecological condi-
tions for mixed cultures with mutual interactions be-
tween different species. It was also shown that the
immobilized cells are very resistant to suboptimal or
inhibitory conditions such as shock-loading with un-
complexed EDTA or low temperatures. After the tran-
sient alteration of process parameters or the sequential
reduction of the temperature, the degree of EDTA de-
gradation always returned rapidly to its original value.

Quantitatively, the most important species of EDTA
in industrial wastewaters are Ca- and MgEDTA (from
industrial cleansing processes and pulp and paper pro-
duction), Fe(IIH)EDTA (from photographic bleaching
processes) and, to a lesser extent, MnEDTA (from pulp
and paper production). It was shown on the laboratory
scale that EDTA can be eliminated very efficiently from
most of the wastewaters from cleansing processes and
pulp and paper manufacture (EDTA concentrations
ranging from 0.1 mmol/l to approximately 3 mmol/l).
The degree of EDTA degradation was always high,
reaching maximum values of more than 99% (Briig-
genthies 1996).

Wastewaters from photographic laboratories contain
the stable Fe(IIN)EDTA chelate (K = 10'*7) which is
not degraded by cells of strain BNCI1 or the mixed cul-
ture. Nevertheless, the elimination of Fe(III)EDTA was
achieved in a two-stage process combining a physico-
chemical pretreatment step and the biological system
(Henneken 1995; Henneken et al. 1995; Briiggenthies
1996; Kliiner et al. 1996). In the first stage, lime wash [a
suspension of Ca(OH),] was added to the wastewater,
resulting in a stoichiometric excess of Ca?" compared to
Fe(III)EDTA and an increased pH value of higher than
10. This resulted in a trans-complexation reaction
according to the equation: [Fe(IINEDTA]™ + Ca’" +
3 OH —[CaEDTA]*” + Fe(OH);l. At high concen-
trations of Ca’* and high pH values Fe®" is almost
completely displaced from the ligand and precipitated as
the hydroxide which can be removed by sedimentation.
The CaEDTA chelate was then readily degraded in a
second stage, an airlift-loop reactor with immobilized
biomass. In addition to EDTA, other recalcitrant or-
ganic compounds could be eliminated, indicating that
the mixed culture is suited for the biological treatment of
industrial wastewaters.

Conclusions and perspectives

Although it was once thought that EDTA was nonbio-
degradable, many recent reports indicate that it can be
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oxidized by microorganisms. Our present understanding
of the biochemical basis of EDTA degradation seems to
indicate that the initial catabolic enzymes for the de-
gradation of NTA and EDTA share many characteris-
tics in common. It can thus be assumed that they may
have evolved from the same ancestor even though it still
remains to be identified.

The continued use of large quantities of EDTA as
chelating agent will depend particularly on the costs and
material properties of potential substitutes. Cheap and
readily degradable substitutes, provided that they exist
or can be developed, could be utilized for technical
processes and products if the chelating properties were
strong enough and no resistance against undesired bio-
degradation during application (or in the technical
products) were required. At present, however, EDTA is
the cheapest and most suitable complexing compound
for many technical purposes. In these cases, the elimi-
nation of EDTA from the corresponding process waters
or partial wastewater streams by special treatment sys-
tems is an appropriate approach to reduce the amounts
of EDTA released into the aquatic environment.

In contrast to most of the physicochemical methods,
biological treatment systems for wastewaters containing
EDTA can be operated economically and very effi-
ciently. Under certain conditions, EDTA can be re-
moved even in conventional wastewater treatment
plants. For this, a relatively high hydraulic and sludge
retention time, an alkaline pH value of the wastewater or
of the reaction system, and a relatively high concentra-
tion of EDTA in the wastewater (more than 20-30 mg/1
or approximately 0.07-0.1 mmol/l, respectively) are
required or favorable.

However, municipal or conventional industrial
treatment plants usually receive wastewaters containing
EDTA at low concentrations, at which adaptation pro-
cesses for the degradation of this recalcitrant compound
are not observed. Because most EDTA sold is used for
special industrial purposes which produce wastewaters
with high concentrations of EDTA, it would be advan-
tageous to treat those wastewaters before they are mixed
with others that are essentially EDTA-free. Small and
compact bioreactors with immobilized cells of an
EDTA-degrading culture could be integrated into pro-
duction or application processes as a final stage and
operated inexpensively at high rates and degrees of
EDTA degradation.

Further studies on the biodegradation of amino-
polycarboxylates such as EDTA and DTPA should also
consider a possible accumulation of ketopiperazinecar-
boxylates. Ketopiperazinecarboxylates can be formed by
spontaneous cyclization of primary metabolites which
are yielded by the removal of an acetyl group (released
as glyoxylate) from the respective chelating agent. As an
example, such a cyclization is shown for the first me-
tabolite of EDTA degradation, ED3A, in Fig. 4. Ternes
et al. (1996) identified ketopiperazinecarboxylates in
many surface waters and drinking waters, indicating
that EDTA and DTPA are partly and incompletely
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Fig. 4 Spontaneous formation of ketopiperazinedicarboxylate

(KPDA) from ED3A

metabolized in the aquatic environment. Notably, the
ketopiperazinecarboxylates appear to be resistant to
biodegradation, and nothing is known about their toxic
or ecotoxic behavior. Therefore, it must be ensured that
these compounds are not formed during biological or
nonbiological treatment of EDTA- or DTPA-containing
wastewaters. In the experiments with cells of the EDTA-
degrading mixed culture containing strain BNCI1, the
DOC concentration always corresponded to the re-
maining EDTA content, implying that no remarkable
accumulation of metabolic intermediates occurred.
However, it is not known if sub-optimal conditions or
disturbances in the operation of wastewater treatment
systems could lead to the release of these metabolites by
the mixed bacterial culture or other EDTA-degrading
bacteria. These factors need to be examined, but expe-
rience so far with the biological mineralization of EDTA
by the mixed culture containing strain BNC1 suggests
that a successful outcome is possible.
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