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Abstract

The diffusive gradient in thin films (DGT) technique was investigated and used to measure mercury concentration in river water. Mercury
ions are covalently bound to amide nitrogen groups of commonly used polyacrylamide, which makes this gel unsuitable as a diffusive
medium. In contrast, agarose gel was found as the diffusive gel for mercury measurements. Basic performance tests of agarose DGT verifie
the applicability of Fick’s first law for DGT measurements. Two selective resins, Chelex-100 with iminodiacetic groups and Spheron-Thiol
with thiol groups were used. The measured diffusion coefficient in agarose gel was close to that in water. The concentration of mercury in
Svitava river measured by DGT with Speron-Thiol resin gel was higher (0.810.6009u.g |~) than those obtained by Chelex-100 (0.0042
+ 0.0005u.g I71). Different capture efficiencies of two adsorbents enable to estimate fractions of mercury bonded in different complexes in the
river water. The concentrations of mercury found by DGT both Chelex-100 and Speron-Thiol resin gels are much lower than that measurec
directly in the river water (0.08& 0.012ug |I7%). This difference indicates that DGT concerns inorganic ions and labile species only, and that
it is not able to include inert organic species and colloids.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [7,8] and soil§9—-11]and also to estimate the concentration
of metals in pore waterfl2,13]. The DGT technique em-
This paper follows previous worKl] dedicated to dif- ploys two layers of hydrogel: a diffusive layer and a binding
fusive equilibrium in thin films technique (DET), using hy- phase. Diffusive layer is placed in the DGT unit on the top
drogels for sampling solute species in aquatic systems. Useof the binding phase and covered with a membrane (usually
of DET, and especially the DGT technique for the pollution 0.45um). Thesethree layers are sealed inthe DGT unitso that
monitoring and other environmental studies is increasing. In only the diffusive layer covered with membrane is exposed
the present paper, we introduce the possibility to follow mer- to the solution to be analyzgl4]. Dissolved metal species,
cury transfers in aquatic systems using DGT and appropriatewhich are smaller than membrane pore size, diffuse through
mercury measurement techniques. a hydrated polyacrylamide gel (the diffusion gel layer), of
The diffusive gradient in thin films technique, recently de- thicknessAg and areaA and are accumulated by an analyte-
veloped by Davison and Zhaijg] for in situ determination  selective adsorbent in binding phase. The use of synthetic
of kinetically labile metal species in aquatic systems has beenferrihydrite for phosphatg45], AG 50W-X cation-exchange
successfully used as a means to follow the concentration ofresin for radioactive Cs and §k6] and silver iodide for sul-
trace metals in natural watds-6], metal fluxes in sediments  fide[17] embedded in the binding phase are described. Most
frequently, an iminodiacetate chelating resin, Chelex-100, is
mpondmg author. Tel.: +420 5 41 149 432: u§ed and has peen applied tp a large number of divalent and
fax: +420 5 41 211 697 trivalent metal ion$18], including heavy metals and other el-
E-mail addressdocekalova@fch.vutbr.cz (H. Bekalo). ements of environmental interest. After exposure of the DGT

0039-9140/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2004.08.054



H. Docekalova, P. Divi§ / Talanta 65 (2005) 1174-1178 1175

unit for a timet in a solution, the amount of metal ions ab- ethylethylenediamine (Sigma-Aldrich, Germany) and DGT
sorbed by the resin is analyzed and the nissf captured cross-linker (DGT Research Ltd., UK). Chelex-100, Naform,
metals determined. The amount of metal accumulated within 100-200 wet mesh (Bio-Rad Laboratories) and Spheron-
the binding phase under these conditions is assumed to béThiol (Lachema) resins were used. For the agarose diffu-
equivalent to the amount of metal ion passing through the sive gel preparation, a 1.5% solution of agarose (Prolabo,
diffusive layer. The time-average concentration of metal in France) was used. To protect the outer surface of the diffu-
the bulk solutioncpgT can be calculated with the help of sive gels, a 0.4p.m pore size membrane (Pall Corporation,

Fick’s first law of diffusion as: USA) was placed between the diffusive gel and the plastic
MAg cap. The thickness of hydrated gels was measured using a
6T = 1) dial micrometer.

whereD is the diffusion coefficient of the metal in the gel, 2.3. Procedures
the exposure surface ar@aand Ag the thickness of the gel
layer. Eq.(1) is valid only if the free metal ions are inrapid  2.3.1. Gels preparation
equilibrium with the resin, with a large binding constantand 2.3.1.1. Polyacrylamide geldreparation of resin-
Chinding phasd$S effectively zero providing the resin is not sat-  embedded and ion-permeable diffusive gels followed the
urated. procedure used by Zhang and Davisdmd]. Firstly, the
The DGT technique gives useful information about a wide pre-gel solution was prepared by mixing aqueous solutions
range of metal species but not for mercury. Mercury binding of 15% acrylamide and 0.3% patented agarose-derived
on the amide groups within polyacrylamide 9] rather cross-linker (DGT Research Ltd., UK). Polymerization
than free diffusion does not allow use of this diffusive gel and was initiated by addmg ﬂj of fresh|y prepared ammo-
this technique for mercury determination. nium persulfate and 2,8l of tetramethylethylenediamine
In this work, an agarose diffusive gel having different (TEMED) per millilitre of a pre-gel solution. The resulting
structure from polyacrylamide gel has been tested. Resultsge| solution was cast between two glass plates separated by
obtained with agarose diffusive gel were compared with plastic spacers and the assemblage was maintained at about
those obtained for polyacrylamide diffusive gel In addition 40°C for 45 min. After removal, the ge|s were hydrated in
to testing diffusive gels, two different resins Chelex-100 and demineralized water for at least 24 h to allow them to expand
Spheron-Thiol with—SH groups prepared by @mnd Hradil  to a stable thickness. The thickness of hydrated gels was
[20] and intensively studied by Bekal and Slogk [21], 0.82 4+ 0.02mm. The discs were cut using a plastic knife
were used for the mercury DGT measurement. and stored in 0.01 motft NaNOs;.
Resin gels were prepared from a pre-gel solution of the
same composition. A 0.2g wet weight of Chelex-100 or

2. Experimental 0.12g wet weight of Speron-Thiol resins were added per
millilitre of the pre-gel solution. The polymerization rate was
2.1. Apparatus decreased by adding onlyu$ of ammonium persulfate and

2 il of TEMED per millilitre of the pre-gel solution to allow
DGT Research Ltd. (UKyww.dgtresearch.com) supplied  settling of the resin on one side of the gel. After hydration, the
DGT deployment units. Mercury in resin gels was measured discs were cut and stored in a small volume of demineralized
using one-purpose atomic absorption spectrometer Advanceduater. The thickness of hydrated gels was Gt48.02 mm.
Mercury Analyser, model AMA 254 (Altec, Czech Republic)
based on combustion of the sample in oxygen atmosphere ang.3.1.2. Agarose gelsA diffusive gel containing 1.5%
amalgamation preconcentration (www.leco.com/organic).  agarose was prepared by dissolving the agarose in an ap-
propriate volume of 80C warm demineralized water. The
2.2. Reagents and materials mixture was placed in a boiling water bath and gently stirred
until all the agarose was dissolved and the solution became
Allthe reagents were of analytical-reagent grade. For dilu- transparent. The hot gel solution was immediately pipetted
tions, high-purity demineralized water provided by a Milli-Q between two preheated glass plates separated by plastic spac-
Plus filter apparatus (Millipore, USA) was used. Mercury test ers of appropriate thickness and leftto cool down to its gelling
solutions and mercury standards were prepared fronT1 gl temperature (36C or below). The discs of agarose diffusive
stock standard solution (Analytica Ltd., Czech Republic). gels were stored in demineralized water. Their thickness was
The pH of the test solution was adjusted to 5 by addition varied between 0.50 and 1.22 mm.
of 0.1 mol -1 NaOH (Onex, Czech Republic). A 0.1 mof
NaNGQ; (Lachema, Czech Republic) medium was used in all 2.4. DGT assembly
experiments. The polyacrylamide resin gel and diffusive gel
were prepared using acrylamide (Sigma-Aldrich, Germany),  Gels were placed on the top of the piston. The resin gel
ammonium persulfate (Sigma-Aldrich, Germany), tetram- was covered by diffusive gel and by a 04 pore size
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cellulose nitrate membrane filter. The front cap was pressedin the test solution was controlled. After 4 h of exposure, DGT

tightly. units were taken from the solution, resin gels were extracted
and the amount of mercury measured. Resin gel discs with
2.5. Diffusive gel testing high amounts of mercury were divided into smaller pieces

for measurements. The total amount of mercury in each disc
Both agarose and polyacrylamide diffusive gels were was than calculated as a sum of the masses in all these pieces.

tested in a mercury solution to established if mercury was
binding to the gels. The mercury test solution containing 2.7. Field applications
100p.g I=1 of mercury in 0.01 molt! NaNOs was stirred for
24 h to equilibrate. The DGT units, filled only with agarose DGT units were deployed in situ in the stream of Svitava
and polyacrylamide diffusive gels and covered by a @.4b river in the Husovice part of Brno. Ten DGT units, five with
pore size cellulose nitrate membrane filter were immersed Chelex-100 resin and five with Spheron-Thiol and agarose
into the equilibrated mercury solution, which was stirred us- diffusive gel were anchored to a nylon string. The units were
ing a magnetic follower. For this experiment, a 0.8 mm thick suspended for 10 days in the middle of the river 0.5 m above
polyacrylamide diffusive gel and 0.5 mm agarose gel were the bottom and 0.5 m under the surface. During this time, a
used. Mercury was determined in the solution before DGT 1|water sample was collected. To avoid any adsorption phe-
deployment and periodically during an experiment carried nomena, this sample was stabilized by addition of potassium
over 24 h. Two pistons, each filled with different diffusive dichromate, nitric acid and hydrochloric a¢i&P]. The DGT
gels, were removed for analysis at each testing time. The units were rinsed with distilled water after retrieval from the
content of mercury in these gels was measured directly with river and kept in clean polyethylene bags for the transport to
the use of the AMA-254 spectrometer. When the amount of laboratory.
mercury in disc was more elevated than the available mea-
surement range, the gel disc was cut for smaller pieces, and

these were re-measured individually. 3. Results and discussion
2.6. Basic DGT performance tests 3.1. Stability of the mercury solution
In order to test the validity of DGT measurement for mer- The significant adsorption of mercury on surfaces of all
cury analysis, the recommended tdd#4] were carried out  types of containers is a well-known phenomet28]. For
using a 10Qug I~tmercury solution in 0.01 mot NaNQs. this reason, the stability of mercury solution was checked
before DGT deployment. Five litres of 1Q@ I~ mercury
2.6.1. Time-dependence experiments in 0.01 mol1 NaNQ; was placed in an HDPE container

The DGT units were filled with resin and diffusive gels and stirred using a magnetic follower. The concentration of
covered by membrane filter. Chelex-100 and Spheron-Thiol mercury in this solution was periodically checked. Due to
resin gels were combined with agarose and polyacrylamidethe adsorption of mercury on the bottle walls, a 10% de-
diffusive gels and covered with membrane filters. The assem-crease of its concentration was observed during the first hour
bly was floated in a stirred solution for different time periods, of stirring. After saturation of the walls, this concentration
up to 8 h. During the experiment, the concentration of mer- remained constant for 24 h. Subsequent immersion of DGT
cury in the test solution was controlled. At each sampling units lowered the mercury concentration further by 50% of its
time, three of each type of DGT units were taken from the adsorption onthe plastic DGT units. The actual concentration
solution, resin gels were extracted and the amount of mer-of mercury was measured during experiments and was taken
cury measured. Resin gel discs presenting high amount ofinto consideration for the calculation of DGT mercury con-
mercury were divided into smaller pieces for measurement. centration. This decrease of mercury concentration caused by
The total amount of mercury in each disc was then calculatedadsorption on DGT units is significant because of the small

as a sum of mercury masses in all these pieces. volume of model solution relative to surface area of DGT
units. It is assumed that this effect does not occur in environ-
2.6.2. Diffusion layer thickness experiments mental systems measured in situ.

The other recommended test confirming the validity of the
Fick’s first law is the linear dependence of accumulated mass3.2. Tests of gel-diffusion equilibration times
of metal in the resin on the reciprocal thickness of the dif-
fusive gel. Agarose diffusive gels of three thicknesses (0.50, The equilibration time for the agarose gel (thickness of
0.72 and 1.22 mm) were used for this experiment. The DGT 0.50+ 0.02 mm) was measured directly by immersing it in
units with different thicknesses of diffusive gel and Chelex- a stirred solution of 10Q.g1~1 Hg in 0.01 molt? NaNO;
100 and Spheron-Thiol resin gels were exposed for 4h to at 22.5°C. The amount of mercury in the gel increased with
a stirred model of 10Qg1~! Hg solution in 0.01 molt! the exposure time, reaching a plateau within 8 h (Fig. 1). The
NaNGQGs. During the experiment, the concentration of mercury concentration of mercury found in equilibrated agarose gel
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Fig. 1. Mass of mercury in agarose gel discs exposed for various periods to
a test solution of 10.g1~* Hg in 0.01 mol I'* NaNO;. Fig. 3. Measured mass of mercury in the resin layers immersed in Hg so-
lution (100wg |1~1) for various periods. The polyacraylamide diffusive gel
was 450ug =1, which is 4.5 times higher than in solution. was used and two different resins in resin layers tested: Chelex-100 (M) and
We assume that there are some impurities in the agarose, asSpheron-Thiol (). Eq(l) predicts the dotted line.
sociated with specific binding groups. After their saturation,
no more mercury is collected in agarose gel. The amount
of bound mercury is not large and does not affect the use
of DGT units with agarose diffusive gel for mercury mea-
surement. The amount of mercury in the polyacrylamide gel
increased more dramatically with time exposure. An average
of 17 p.g of mercury per polyacrylamide gel discs was found.
It corresponds to concentration of mercury 70 mtjn the
polyacrylamide gel. The reactivity of the amide groups to-
wards Hg(ll) is known for more than 100 years: the Hg(ll)
ion appears to become covalently bound to one or two amide
nitrogen atoms. Special dried polyacrylamide resin has been
prepared for Hg removal and recovgt®]. When polyacry-
lamide diffusive gel is used in DGT units, itis not possible to
interpret results because there is a competition for mercurykx = (DAr)Ag™t 2
ions between two resins, Chelex-100 and polyacrylamide.

lar slopes. Slopes obtained during the same experiment with
DGT unit with polyacrylamide diffusive gel are much lower
(Fig. 3) and differ for Chelex-100 and Speron-Thiol. Mercury
is accumulated in the polyacrylamide gel and a competitive
reaction takes place between two binding agents: the diffu-
sive polyacrylamide gel and resin in resin gel. Spheron-Thiol
resin has higher binding strength, so it can better compete
with the adsorption of mercury in polyacrylamide gel struc-
ture. These competitive reactions do not allow interpretation
of experimental data.

The diffusion coefficients were calculated from plots fur-
nished by the time experiment. Slogef the dependance
Mc~1 = f(t) can be expressed by Fick’s first law as:

From this equation, the diffusion coefficient can be calcu-

3.3. Basic DGT performance tests lated:

kAg
Two experiments were performed to verify the applica- At ®)

bility of Eq. (1) for DGT measurements of mercury with The calculated diffusion coefficiem®ca of mercury in
the systems described. The first experiment concerned theagarose gelis (8.86 0.11)x 106 cmPs~1 for Chelex-100
time dependence. DGT units with known agarose gel thick- 5ng (9.08+ 0.13) x 10-6cm?s~1 for Spheron-Thiol. The
ness were exposed for 8h to a 30§I~* Hg stirred solu- value in water is 9.1% 10-8cm? s~1 [24].
tion. The mass of accumulated mercury (M) normalized for  The second recommended test experiment with DGT was
mercury co_ncentrati(_)n in solution (c) was plotted f’;\gainst the 5150 performed. The DGT units filled with agarose gels of
exposure time (seig. 2). The two curves are linear for gifferent thickness were exposed for 4 h to a stirred solution
both Chelex-100 and Speron-Thiol sorbents and have simi- ¢ 100ug -1 mercury in 0.01 molt? NaNQs. The plot of

the measured mass against the reciprocal gel thickness is lin-

Dca =

16 ear (sedig. 4). The mass in the figures is expresseiles?,
~ 12 A ™
=y 8
bt A A
= 8 =
lq g 6
= 4 '.'o 4 [ ]
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0 : . , :
0 2 4 6 8 10 0 ' ‘ v
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Fig. 2. Measured mass of mercury in the resin layers immersed in Hg solu-

tion (100p.g I~1) for various periods. The agarose diffusive gel was used and Fig. 4. Measured mass of mercury in the resin layers, (l) Chelex-100, (a)
two different resins in resin layers tested: Chelex-100 (H) and Spheron-Thiol Spheron-Thiol) immersed in Hg solution (109 1~1) for different thick-

(A). Eq.(1) predicts the solid line. nesses of agarose gel layer. Q. predicts the solid line.
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because of variable Hg concentrations in solution during ex- x 10-%cm?s™1) for both Chelex-100 and Spheron-Thiol
periments. resins, in mercury solution. Concentration of mercury in the
Results of both testing experiments with agarose diffusive river water measured by DGT with Speron-Thiol resin layer
gel confirm the validity of basic DGT principles. The DGT  (0.0116+ 0.0009)ug1~* was three times higher than that
with agarose diffusive gel is thus possible to use for reliable measured by Chelex-100 (0.0042.0005).g|~L. This can

mercury measurements. be explained by the higher affinity of thiol groups to Hg(ll)
bound in non-labile complexes. In a real water sample, there
3.4. Field study are not only cations and small inorganic complexes of mer-

cury, but also complexes with natural ligands as fulvic acids
In March 2004, the DGT technique was used to mea- and humic acids. The DGT with Speron-Thiol resin measures
sure in situ mercury concentration in the Svitava river in even those species of mercury, which are more stable and are
the Husovice part of Brno, Czech Republic. Both Chelex- not measured by Chelex-100.
100 and Spheron-Thiol resin embedded in polyacrylamide
gel were used, covered by agarose diffusive gel with 0.5 mm
thickness. Because of the low concentration of mercury in References
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