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Determination of [S,S′]-ethylenediamine disuccinic acid (EDDS) by high
performance liquid chromatography after derivatization with FMOC
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Abstract

The paper describes a new HPLC method for the determination of ethylenediamine disuccinic acid (EDDS). EDDS is derivatized with
FMOC reagent followed by HPLC separation on a reversed-phase column. The eluents consist of phosphate buffer at pH 6.8 and acetonitrile.
Separation was carried out using gradient elution. The FMOC-EDDS derivative is detected with a fluorescence detector with an excitation
wavelength of 265 nm and an emission wavelength of 313 nm. The detection limit is 0.01�M. The method is applicable to the determination
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f the compound in water, soil solution and plant material at trace levels.
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. Introduction

S,S-ethylenediamine-N,N′-disuccinic acid (EDDS) is a
aturally occurring, biodegradable complexing agent[1]. Re-
ently it has been used commercially in detergents[2,3] to
eplace EDTA, which is found to be too recalcitrant in the
nvironment[4]. There has also been some interest in it for
emediation of metal contaminated soils, both by soil wash-
ng and chelant enhanced phytoextraction[5–8].

The colorimetric detection of EDDS has been described
ut this method has a very high detection limit (0.1 mM)[1].
nepper[3] mentions that the GC-based ISO method for
omplexing agents[9] can be used for the analysis of EDDS
ut no such use has been documented. In three investigations
PLC methods have been used for the analysis of EDDS but

he details given are not comprehensive[11–13]. Although
he detection limits are not given, it seems from the data that
hey would be relatively high. These methods are based on
he photometric detection of CuEDDS or Fe(III)EDDS com-
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plexes. A HPLC method based on the photometric dete
of Fe(III)EDDS has been described in detail but it is not s
able for use with complex matrices at trace levels of ED
[14]. One method has been described using IC–ICP–M
the detection of metal–EDDS complexes[10]. This method
is suitable for trace analysis in natural waters but require
use of an ICP–MS for detection and is therefore not suit
for routine analysis.

The aim of this work was to develop a HPLC ba
analytical method for EDDS that is applicable to a br
range of sample types and has a detection limit suitabl
analysis at sub-micromolar concentrations. To achieve
goal we chose a FMOC (9-fluorenyl-methyl chloroforma
derivatization followed by HPLC separation and fluoresce
detection. Fluorescence detection has advantages ove
detection, in that it gives low detection limits and h
sensitivity due to low interferences. FMOC is a stand
reagent for the determination of amino and imino a
[15,16]. FMOC has also been used for the derivatizatio
aminophosphonates[17], aminopolyphosphonates[18] and
for glyphosate and its degradation product aminomethylp
E-mail address:nowack@env.ethz.ch (B. Nowack). phonic acid[19,20].
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2. Experimental

2.1. Reagents and chemicals

Water was obtained from a MilliQ system (Millipore). All
chemicals were obtained from Merck (Switzerland) and were
analytical grade if not otherwise specified. All solvents were
LiChrosolv grade.S,S-EDDS was obtained from Procter &
Gamble (Belgium). A 1 M borate buffer was prepared from
boric acid adjusted with sodium hydroxide to pH 6.2. A 0.1 M
EDTA buffer was prepared by dissolving Na2H2EDTA in wa-
ter and adjusting the pH with NaOH to 8 or 11.5. The metals
were used in their nitrate forms. The FMOC reagent was pre-
pared by dissolving 155 mg of 9-fluorenylmethyl chlorofor-
mate (FMOC-chloride, puriss; Fluka, Switzerland) in 40 ml
acetone to give a concentration of 15 mM. It is important to
prepare the FMOC reagent freshly each time it is used.

2.2. Derivatization of EDDS

0.2 ml EDTA buffer (pH 11.5) was added to 0.8 ml of sam-
ple. This was heated for 3 h at 90◦C. After cooling, 1.0 ml of
the FMOC reagent was added and the sample was allowed
to react for 30 min at room temperature. Two millilitres of
dichloromethane were then added, the sample was shaken,
centrifuged and 50�l of the aqueous layer injected into the
H
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from 0 to 80%, 1 min at 80%, then in 1 min to 0% and re-
equilibration for 6 min. Fifty microlitres samples (100�M
FMOC-EDDS) were injected.

2.5. Water and soil solution samples

Tap water samples were taken from the non-chlorinated
normal domestic supply. Its calcium content was 2 mM and
the magnesium content 0.7 mM.

Soil solution was collected using Rhizon Flex soil mois-
ture samplers (Rhizosphere Research Products, Wageningen,
The Netherlands) from two top soils. The first soil was a non-
calcareous, acidic, sandy loam with a pH of 5.5 (in 0.01 M
CaCl2), the second soil was a non-calcareous, near neutral
loam with a pH of 6.6 (in 0.01 M CaCl2). Both soils were
agricultural in origin and from Northern Switzerland.

2.6. Plant material extraction

The plant material originated from a hydroponic exper-
iment using sunflowers to investigate the uptake of heavy
metals and EDDS from nutrient solution[21] and also a pot
experiment investigating the use of EDDS for enhancing phy-
toremediation. Dried (40◦C) ground plant material from both
roots and shoots were extracted in pure water (10 mg/10 ml)
by sonication with a micro-tip sonic probe for 1 min. The
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.3. HPLC

A Jasco high-performance liquid chromatograph (
80; Jasco, Japan) equipped with a fluorescence de
821-FP or FP-2020), using 265 nm as excitation and 31
s emission wavelength, and an autosampler 851-AS
sed. An injection volume of 50�l was used. The HPL
eparations were performed on a Lichrospher 100 RP
�m column (Merck, 12.5 cm length, 4 mm diameter). So
reliminary work was carried out on a PLRP-S polym
eversed phase C18 column (Polymer Laboratories, 1
ength, 4 mm diameter). The aqueous mobile phase con
f 0.05 M NaH2PO4 / 0.05 M Na2HPO4 with a pH of 6.8
he following gradient elution was used: 0–6 min from 1
cetonitrile to 20%, 6–8 min from 20 to 80% acetonitr
–11 min at 80%, 11–12 min from 80 to 10%, then 8 min
quilibration at 10%. The flow rate was 1 ml/min at room t
erature. The eluents were degassed online (Gastorr G
LOM Corporation, Japan).

.4. LC/MS

LC/MS was performed on an API4000 LC/MS/MS (A
lied Biosystems, Rotkreuz, Switzerland) using electros

n the negative ion mode. Chromatography was perfor
ith a 0.1 M NH4–acetate buffer at pH 7, using a Lichrosp
00 RP-18, 5�m 125 mm× 4 mm column (Merck). The fo

owing gradient elution with acetonitrile was used: 0–10
,

amples were kept on ice during sonication to prevent
ng. They were then centrifuged and filtered (0.45�m) before
erivatization. Xylem sap samples were collected by de

tating the plants and collecting the xylem sap for 2–3 h.
amples were diluted immediately before derivatization
dding 800�l of pure water (sample weight 4–140�g).

. Results and discussion

.1. Derivatization of EDDS

The derivatization of amino acids by FMOC with bor
uffer at pH 8 and at room temperature is complete w
0 s[15,16]. The derivatization of EDDS, however, is mu
lower. A reaction time of less than 1 min at room temp
ure is not sufficient for a complete derivatization of EDD
fter heating for 10 min at 60◦C a maximal conversion

he derivative was achieved. However, longer heating t
educed the peak area again. We found that at room te
ture maximal derivatization of EDDS with FMOC occur
t a reaction time of 30 min, yielding the same maximal p
rea as heating for 10 min at 60◦C (Fig. 1a). The effect of pH
n derivatization at room temperature is shown inFig. 1b. It
an be seen that the peak area increased exponentiall
ncreasing pH. An EDTA buffer with pH 11.5 was theref
hosen for the analysis of all natural samples. Some me
evelopment was also carried out using an EDTA buffer
H 8 or a borate buffer with pH 8.

Metals present in the sample may inhibit the deriva
ion of EDDS. Attempts to remove the cations by passing
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Fig. 1. Influence of reaction time (a) and EDTA-buffer pH (b) on the deriva-
tization of 1�M EDDS with FMOC at room temperature.

sample through a cation exchange column in the H+ form
were not successful because EDDS was also retained. Ad-
dition of the chelating agent EDTA in excess of all metals
(10 mM) resulted in a maximal conversion of EDDS to the
FMOC derivative in most cases. Concentrations of Ca2+ up to
1 mM and of NO3

− up to 0.1 mM did not affect the derivatiza-
tion of 1�M EDDS (Table 1). The addition of 10�M Zn(II),
Cu(II), Pb(II), as nitrates was also investigated but showed no
effect. 10�M Fe(III) reduced the EDDS peak area by 14%,
while 10�M Ni reduced it by 91%. In further tests with con-

Table 1
Influence of metals on EDDS derivatization by FMOC. Conditions: 1�M
EDDS, addition of EDTA-buffer (pH 8), 30 min reaction with FMOC at
room temperature

Conditions Relative peak area

Unheated Heateda

Free 1.00 1.00
1 mM Ca2+ 0.96
100�M NO3

− 1.00
10�M Cu, Zn, Pb 0.98–1.00
10�M Fe 0.86
10�M Ni 0.09 0.99
100�M Fe 0.69
100�M Ni 0.09

a Heated for 3 h at 90◦C after the addition of EDTA buffer and before
FMOC addition.

centrations of Fe(III) and Ni up to 100�M, Ni produced the
same reduction whatever its concentration, while Fe(III)’s ef-
fect increased with increasing concentrations (Table 1). Heat-
ing 1�M EDDS and 10�M Ni with EDTA buffer at pH 8
for 3 h at 90◦C before adding the FMOC reagent produced
the same signal as 1�M EDDS in the absence of Ni with
and without heating. The same experiments carried out us-
ing EDTA buffer at pH 11.5 produced enhanced signals, due
to a more efficient derivatization at higher pH. NiEDTA is a
complex that is known to react very slowly. Heating greatly
increases the reaction rate[22]. As EDDS is an isomer of
EDTA, the same can be assumed for NiEDDS. EDDS com-
plexes must yield their metals to EDTA, in order for the free
EDDS to be derivatized by the FMOC reagent. Heating ac-
celerates this rate limiting step.

Repeated measurement of a derivatized sample indicated
that the derivative was stable for at least 18 days when stored
at 4◦C in the dark.

3.2. HPLC separation

Fig. 2 shows a chromatogram of 10�M EDDS in pure
water derivatized in EDTA-buffer. The EDDS peak is well
separated from the reagent peak (elution time 9 min) and ad-
ditional peaks originating from impurities in the EDTA (elu-
t also
g tion
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ion time between 7 and 9 min). Some batches of EDTA
ave a small peak originating from impurities, or degrada
roducts emerging over time, that elutes at the same tim
DDS. Careful testing of the purity of the used EDTA ba

s therefore necessary in order to ensure that it is free o
nterference. A solvent blank sample should also be de
ized with every calibration to check for degradation of
DTA buffer over time.
For standards made in pure water the relationship bet

he peak area and the concentration of EDDS was linear
.01 to 10�M (fluorescence detector gain× 10) with a corre

ation coefficientr2 of 0.9952 (n= 10). The relationship wa
lso linear from 1 to 30�M (gain×1) with a correlation co
fficientr2 of 0.9910 (n= 6). The detection limit is 0.01�M
S/N= 3).

Fig. 2. Chromatogram of 10�M EDDS in pure water.
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Fig. 3. Chromatogram of 1�M EDDS derivatized with FMOC in borate
buffer at pH 7.7, PLRP-S polymer RP-C18 column (see Section3.3 for
details).

3.3. Identification by LC/MS

Fig. 3 shows a chromatogram for EDDS derivatized in
borate buffer without addition of EDTA (PLRP-S polymer
RP-C18 column). Borate instead of EDTA buffer was used
in LC/MS analysis because the derivatization in EDTA buffer
gives additional overlapping peaks which obscure the EDDS
signals (peaks 2–4) and thus complicate structure assignment.

The EDDS standard used yielded four distinct peaks. The
first peak consists of a compound with a molecular ion of
m/z 513 which corresponds to a singly derivatized FMOC-
EDDS (seeScheme 1). MS/MS of this ion gave fragments
at m/z 495 (–H2O), 397 (loss of maleic acid), 317 (loss of
fluorenyl-methanol), 291 (EDDS; loss of FMOC), 273 (291
minus water and cyclization), 229 (elimination of CO2 from

273, one of three possible structures is shown), 157 (loss of
maleic acid from 273).

Them/zof the molecular ion of peak 2 was 495, indicat-
ing that EDDS had undergone cyclization before or during
derivatization, as described by Kolleganov et al.[23]. Elim-
ination of FMOC from this ion yieldsm/z 273, followed by
loss of CO2 (one of three possible structures is shown) or
maleic acid (seeScheme 2).

Peak 3 corresponds to a deprotonated molecular ion with
a m/z of 354. Its fragmentation pattern indicates FMOC-
aspartate. TheS,S′-EDDS used had been synthesized from
l-aspartic acid and 1,2-dibromoethane. This peak thus was
likely an impurity in the EDDS standard. The major masses
werem/z 158 (elimination of fluorenyl-methanol) and 165
(formation of the fluorenyl anion).Scheme 3shows the pro-
posed fragmentation pattern.

Peak 4 had a molecular ion ofm/z 735, which corre-
sponds to the derivatization of both imine groups of EDDS.
The fragmentation yieldedm/z 513 (elimination of one
FMOC) and further all the masses observed in peak 1
(Scheme 1).

Based on the data presented, the first peak observed in
the chromatogram was used for quantifying EDDS, since it
clearly corresponds to the derivatized EDDS, while the other
peaks could be assigned to reaction side-products.

3
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w
t r was
f luted

negat
Scheme 1. MS/MS fragmentation pattern of the
.4. Analyses

Both tap water and two types of soil solution were sp
ith EDDS over a concentration range of 0.01–10�M and

he results compared to pure water standards. Tap wate
ound to reduce the peak area by 5%. The ten times di

ively charged molecular ionm/z513 of peak 1 inFig. 3.
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Scheme 2. Fragmentation pattern of the molecular ionm/z495 of peak 2 inFig. 3.

soil solutions both gave a 7% reduction in peak area and the
undiluted soil solutions a 9–10% reduction. For soil solu-
tion or other natural water samples we have therefore always
prepared the standards in the same EDDS-free matrix as the
samples. Where an EDDS-free matrix is not available, stan-
dard addition has to be used for the samples. In addition real
soil solution samples from a soil washing experiment with
EDDS were successfully quantified (undiluted and diluted
10 and 50 times).Fig. 4 shows an undiluted soil solution
sample containing 0.75�M of EDDS.

There is only one other detailed report on the analy-
sis of EDDS in natural waters[14]. This method is based
on the ion chromatographic separation of Fe(III)EDDS and
UV-detection. In distilled water the detection limits of both
methods are the same. The Fe(III)EDDS method, however,
suffers from matrix effects by major ions (e.g. chloride, sul-
fate, phosphate). The observed peak broadening and peak
area reduction results in a reduced sensitivity in natural waters
which limits the applicability of the method to well defined
matrices.

n of mo
Scheme 3. Fragmentation patter
 lecular ionm/z354 of peak 3 inFig. 3.
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Fig. 4. Chromatogram of an undiluted soil solution sample containing
0.75�M EDDS.

Using plants grown in the presence of EDDS (see Sec-
tion 2.6) it was found that extracts of shoots and roots could
be successfully analysed after FMOC-derivatization (Fig. 5).
Sub-samples were also spiked with EDDS prior to derivati-
zation in order to help identify the EDDS peak among the
plant matrix peaks at low concentrations.Fig. 5a shows a
chromatogram of a shoot extract with an EDDS concentra-
tion of 0.19�M from the hydroponics experiment and also

F
(
c

Fig. 6. Chromatogram of plant xylem sap with spike (0.5�M EDDS).

the sample spiked with 0.2�M EDDS which gave a recovery
of 91%. The actual shoot concentration was 183�mol/kg.
Fig. 5b shows a root extract from a pot experiment where
much higher concentrations of EDDS were found. The ex-
tract concentration was 6.43�M EDDS and the spike con-
centration was 2.5�M with a recovery of 97%. The actual
root concentration was 4791�mol/kg.

Plant xylem sap samples were also analysed. Some in-
terference from the matrix, which produced a partially co-
eluting peak with the EDDS peak, could not be overcome
by changing the gradient. The spike recovery was between
30 and 90% for these samples. Small sample volumes (few
�l) in some cases may have led to inaccuracies due to the
large dilution factors required to be able to analyse the sam-
ples.Fig. 6shows a sample and corresponding spiked sample
with a concentration of about 0.23�M EDDS and a spike of
0.5�M EDDS. In this case the spike recovery was 47%.

Xylem sap and plant material analysis was not possible
using the Fe(III)EDDS method[14] due to co-eluting com-
pounds and a large reduction in peak area and excessive peak
broadening.

4. Conclusions
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A

ig. 5. Chromatogram of (a) an extract of a low concentration shoot sample
0.19�M EDDS) spiked with 0.2�M EDDS and (b) an extract of a high
oncentration root sample (6.43�M EDDS) with spike (2.5�M EDDS).
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The results show that the chelating agent EDDS ca
erivatized using FMOC to give derivatives suitable for s
ration by reversed-phase HPLC. The method is applic

o the determination of the compound in water, soil solu
nd plant material at trace levels.
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