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In situ measurements were performed by means of the diffusive gradients in thin films (DGT)
technique in order to characterize the sewage sludge amended soil from one representative sampling
site in the Czech Republic, included in the monitoring investigations. This technique reflects actual
metal ion concentrations in soil solution, the rate of metal resupply from soil solids to soil solution,
and the transport rate of metal ions through the soil. The DGT technique is likely to provide a
good surrogate for a metal pool in contaminated soils, which might be available for a mctal uptake

by a plant root system.

Recently an in situ technique capable of quantita-
tive measuring of labile metal species in waters has
been developed [1]. This technique, known as diffusive
gradients in thin films (DGT) technique, has been suc-
cessfully used to measure the in situ concentrations
of metals in natural waters, metal fluxes in sediments
and soils, and also to estimate concentration of metals
in pore waters [2—5].

The DGT technique employs a specific ion-exchan-
ge resin (typically Chelex 100) embedded in a hy-
drogel, which is covered by a layer of ion-permeable
hydrogel of well-defined thickness (Ag). Both layers
of hydrogel are held together in a piston-like assem-
bly so that only ion-permeable gel is exposed to the
solution (Fig. 1). Consequently, transport of simple
metal ions from the solution to the resin gel is deter-
mined by concentration gradient induced in the diffu-
sive gel. Schematic view of the commercially available
polypropylene piston probe equipped with a diffusion
window of 2 cm in diameter is presented in Fig. 2.

After diffusing through the ion-permeable gel,
metal ions are rapidly immobilized by the resin gel.
Provided this resin sink is not saturated and the solu-
tion concentration remains constant, a linear concen-
tration gradient is established in the ion-permeable gel
in a short time period of approximately one minute. In
this instance, the solution to sink flux (F) of a given
metal ion is based on the Fick’s first law of diffusion
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Fig. 1. Scheme of the concentration gradient of metal ion
species established in the ion-permeable gel by diffu-
sion processes and metal uptake by resin gel.

F=D c/Ag=m/(A t) (1)

where c is the free ion concentration in the solution, D
is the diffusion coefficient of an ion in a diffusion gel,
typically indistinguishable from the value of the free
ion in water (order of 107% cm? s7'), m is the mass of
metal ion diffused through the diffusion area A after
deployment time t. The metal flux and subsequently
the ¢n situ metal concentration in the bulk solution can
be calculated from the mass (m} directly measured by
using suitable elution and analytical procedures. This
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Fig. 2. Schematic view of the commercially available DGT
probe (DGT Rescarch, Lancaster, Great Britain;
http://dgtresearch.com/).

holds for open solutions, where convective processes
maintain constant concentration of a metal in the so-
lution.

However, transport in pore waters is by molecu-
lar diffusion, which may be further limited by tortu-
osity of the diffusion pathway. Consequently, concen-
tration within the pore water close to the gel can be
progressively depleted with increasing exposure time.
The Fick’s second law of diffusion, which can be solved
numerically for known boundary conditions [5], then
defines concentration profiles. The instantaneous Aux
to the resin layer can be calculated from the actual
concentration gradient at the gel surface at any time
during deployment of a gel assembly. In this instance,
gel assemblies measure the metal mass per unit area
in the resin layer, which divided by the time of de-
ployment, gives a mean flux to the resin layer.

If used in soil systems, it is an important feature
of the DGT that it perturbs in situ the soil—solution
system in a known way while simultaneously record-
ing the response. When metal ions are removed from a
soil solution by a plant uptake or by the DGT system
they may be resupplied by diffusion processes from the
outer zones of pore water of the soil or directly from
the solid phase near the gel. Thus, DGT can provide
information about the kinetics of metal release from
the solid phase to the solution in soils when the lat-
ter process predominates. Since the mass or flux mea-
sured by DGT depends on the concentration gradient
between the soil solution and the resin gel, a variable
“demand” for metal ions can be created by manipulat-
ing the thickness of the ion-permeable gel. Thus, metal
uptake by a root system of a plant can be simulated.
A linear plot of the measured mass or flux against re-
ciprocal diffusive gel thickness (1 /Ag) implies that the
rate of resupply of metal ions from the solid phase is
the same as their rate of removal from the solution.

In this work, the DGT technique was applied for
characterization of a soil from a monitored field in the
Czech Republic amended recently by a contaminated
municipal sewage sludge.
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EXPERIMENTAL
Soil Samples

A representative sample of arable soil from one site
contaminated with heavy metals as a result of the fer-
tilization with sewage sludge in the Czech Republic
(Zlin, cadastre No. 7901, longitude 49°12'40", lati-
tude 17°34/48", elevation 195 m) was taken in spring
1999 [6]. The sample represented an average from ¢
mixture of 4 x 8 sub-samples taken with a probe
rod method (EDELMAN’s probe) of an area of 100(
m?2(25 m x 40 m) from the depth soil horizon of 0—1(
cm. For characterization, a fine soil fraction of partick
size below 2 mm was obtained by sieving the air-drie
raw sample, from which large components were sepa
rated (stones, plant parts).

The main soil characteristics found according t
the ordinary test methods (7, 8] are: middle so
type, pH 6.9, content of plant available macroelement
444 mg kg~! P, 320 mg kg~ K, 277 mg kg ! Mg, an
6500 mg kg~ Ca, content of exchangeable hydroge
4.1 %, content of organic matter 2.64 % and hum'
acids 4.55 % [9].

For all laboratory DGT deployment experiment
the air-dried soil sample (dry matter content of (98
+ 0.5} %) was weighed into acid-cleaned polyprop;
lene containers and slurried well with high-purity w
ter. The mixture was then equilibrated for 2 days -
ambient temperature in closed containers. The w
ter/soil mass phase ratio reflected in fact the moistu
content, expressed in percentage as a ratio of a ma
of water contained in 1 g of an oven-dried soil sa
ple. It can be interpreted as moisture content in fie
conditions.

Preparation of DGT Probes

DGT pistons, special tools and reagents were ¢
tained from DGT Research (Lancaster, Great Brita
http://dgtresearch.com/), unless otherwise specifi
Both resin-embedded and ion-permeable gels w
based on a polyacrylamide hydrogel, which was cc
posed of 15 vol. % acrylamide and 0.3 vol. % paten
agarose-derived cross-linker. Freshly prepared amr
nium persulfate initiator (70 mm? of 10 % soluti
and TEMED (tetramethylethylenediamine) catal
(20 mm?®) were added to each 10 cm® of gel sc
tion. In addition, the resin gel solution contained ¢
2 g of Chelex 100 ion-exchanger (Na-saturated, “20
400 mesh”, Bio-Rad). The gel solution was cast
tween two glass plates and set at (42 £ 3)°C for
min in an incubator. Thickness of final gels was ¢
trolled by using plastic spacers. €.g. for manufactu
gel layers of 0.8 mm thickness, typically the 0.5
thick spacer was employed. The gels were then
drated in high-purity water for at least one da;
allow them to swell to a stable thickness. A fully
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drated ion-permeable gel contained about 95 mass %
of water. Finally, gel disks of 2.5 cm in diameter were
cut from the gel layer by a plastic tool and stored in
0.01 mol dm~2 high-purity NaNOj solution. The two-
part DGT assembly (Fig. 2) was completed with a
resin gel, covered with a disk of diffusive gel and mem-
brane filter (0.45 pym pore size Gelman Laboratory
Supor®-450 hydrophilic polyethersulfone, Pall Corpo-
ration, Michigan, USA) on top of it to prevent soil
particles to adhere onto the diffusive gel. Unless oth-
erwise stated, 0.8 mm thick ion-permeable and 0.4 mm
thick resin gels were used.

Deployment Procedure

The DGT pistons were placed onto the prepared
soil surface with intimate contact between filter and
soil to avoid air bubbles in the interface region. Typi-
cally, when not specified, DGT devices were deployed
in soil samples in triplicate for 24 h. All experiments
were conducted at (25 4 2)°C. In order to prevent the
loss of water from equilibrated soil samples the gas
phase was saturated with water vapour.

On retrieval, the DGT unit was rinsed with high-
purity water and then disassembled. The resin disk
was placed for 24 h into an acid-cleaned plastic vial
containing 1 em? of high-purity 1 mol dm~2 HNO;
and metals chemisorbed in the resin were eluted. The
DGT-accumulated masses of metals were calculated
from their concentrations in the eluate. Total volume
of the gel and eluate (1.16 cm?® for 0.4 mm resin disks)
and elution efficiency of 0.8 were taken into account.
In situ fluxes of metals to DGT device and metals con-
centration in the soil solution were obtained by using
the equation of the Fick’s first law of diffusion, where

corresponding values of diffusion coefficients of simple
ions were introduced (eqn (1)). Simultaneously, blank
experiments, which included gel preparation and elu-
tion, were carried out.

In addition, a portion of the equilibrated soil was
taken before and after the deployment and the soil so-
lution was obtained by centrifugation at 6000 min~!
for 10 min and by subsequent filtration through the
membrane filters (0.45 pm pore size, Gelman Labora-
tory).

Determination of Metals by Atomic Absorp-
tion Spectrometry

Metals (Cd, Cu, Cr, Ni, and Pb) were determined
in the eluates and filtrates under recommended con-
ditions, specified by the producer, by electrothermal
atomic absorption spectrometry employing Perkin—
Elmer Model 4110 atomic absorption spectrometer
equipped with Zeeman effect background correction
system, transversally heated graphite tube with in-
tegrated platform and corresponding hollow cathode
lamps. Calibration was performed by standard ad-
dition method, when using ASTASOL (Analytika,
Prague, Czech Republic) metal aqueous standard solu-
tions. In determination of cadmium and lead, recom-
mended palladium and magnesium nitrate chemical
modifiers were used.

RESULTS AND DISCUSSION

In ficld conditions soils may have a range of mois-
ture contents. Therefore, knowledge of the effect of
soil moisture content on availability of metal ions in
soil solution is essential. To investigate the effect of
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Fig. 3. Influence of moisture content on the metal flux measured by the DGT praobe for sampling site Zlin, depth horizon 0—10 cm,
deployment time 1 d, temperature 25°C. ® Cd, (O Cr, A Cu, 0 Ni, A Ph.
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varying soil moisture, the DGT devices were deployed
in the soil aliquots with various soil moisture contents
("rwater/Msoit Tatio) from 37 % to 130 %. Devices with
0.82 mm thick gels were deployed for 24 h. The results
are graphically summarized in Fig. 3. The metal fluxes
were strongly influenced by soil moisture content. Be-
haviour of Cd, Cr, Pb and Cu, Ni groups of elements
significantly differed in the region of low soil moisture
content.

These differences can be explained by the influ-
ence of various parameters in heterogeneous equilib-
rium between the soil solution and the solid phase of a
soil. Analogously to ion-exchange equilibrium, the het-
erogeneous equilibrium can be described by the equi-
librium distribution coefficient Ky, which is in this in-
stance a ratio of the cquilibrium concentration of the
respective metal ion in the soil solution (pore water)
and the equilibrium concentration of the same metal
in the soil

Kyg= (Cporewater/Csoi])eq_ = De/T‘ (2)

where D, is the conditional distribution ratio of the
metal and r is the soil water/soil solid matrix phase
ratio {soil moisture content). Competitive complexa-
tion, acid-base, redox, and solubility processes might
be incorporated in this equilibrium distribution coef-
ficient K4, and can be reflected by the value of this
coefficient. The equilibrium concentration of the metal
ion in the soil solution (leachate, pore water) can be
expressed by means of the initial concentration of an
extractable component of a metal in the soil ¢, cqil

Cpore water = Cosoil 1/((1/Kd) + T') (3)

Assuming the same initial concentration of a metal in
the soil ¢o soil, this equation enables to estimate the
influence of the phase ratio and the value of the dis-
tribution coefficient on the concentration of a metal
ion in the soil solution. It is evident that the concen-
tration of the metal ion in the soil solution increases
hyperbolically with decreasing soil moisture content.
This concentration effect is enhanced when solubility
of the metal species in the solid phase of the soil is
high (K4 — o0). On the contrary, when competitive
processes in the solid phase are very strong, the con-
centration effect is reduced. Obviously, this effect is
responsible for differences observed between elements
of the same soil sample. Copper and nickel are proba-
bly bound more strongly to the soil components than
cadmium, chromium, and lead, so that the effective
values of distribution coefficients for copper and nickel
are lowered, down to the value of 10° g cm™3.

In addition to the heterogeneous equilibrium, an
effect of the water regain by solid matrix of a soil can
also be expected. Evidently, when mixing dry soil sam-
ples of various types in laboratory experiments, water
is retained in a soil matrix in a different manner. This
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is probably due to specific hydrophilic demand of sc
components in each type of a soil. A fraction of wat
added, which is occupied by these soil components r
duces effective volume of the liquid phase introduce
apparently available for the extraction of metals. Tt
phase ratio can then be diminished and the concentr.
tion of a metal in the soil solution increased. Of cours
this effect is more pronounced, if low phase ratios a:
applied. Consequently, resuits obtained for the appa
ently same soil moisture content would be shifted t
wards the lower phase ratio with different increment
Enhancement in metal concentrations would relate -
the maximum water holding capacity (MWHC), tyr
cally measured as a water uptake of a defined volun
of a nondisturbed soil layer (vol. %), when no suctic
is applied [10]. For Zlin sampling site relatively hig
value of MWHC of 43 vol. % was found.

Resupply of metal ions from a soil can be also me
sured by DGT technique. When accumulating mets
by DGT as a function of time and gel thickness, tl
DGT device can effectively operate as an infinite sin
somewhat analogously to the root system, provids
the membrane transport is not the limiting proces
DGT device can monitor for a long period, compar
ble to real situations in plant cultivation, the depletic
of the available metal adjacent to its surface and al
the extent of resupply from the soil’s solid phase
solution, together with in-soil diffusion processes. T.
length of time the device can be deployed depends
the capacity of the resin gel. Capability of the soil
balance the demand of the root system can be sim
lated by the potential DGT demand, when changt
the thickness of the diffusive gel.

Devices with different diffusive gel thickness (0.
mm, 1.14 mm, 1.81 mm, and 3.51 mm) were used
create various diffusion gradients and hence differe
rates of demand for metal ions. The devices were ¢
ployed for 48 h in soils of 0—10 cm horizon, hydrat
in phase ratios of 0.600 cm~2 g~!. This hydration c
responded to approximately 1.5-fold soil moisture cc
tent of the MWHC. The measured fluxes of metal io
to the DGT sink are plotted against the reciproc
gel thickness (1/Ag) in Fig. 4. In the linear range
these plots, i.e. for small values of reciprocal thickne
corresponding to thicker gel disks of 1.81—3.51 m
an increase in value of 1/Ag was followed by a p
portional increase in a metal flux. This suggests tt
the metal concentration in solution is well buffer
by rapid resupply from the solid phase. When th
ner gel disks (below 1.8 mm) were used, the DGT ¢
vices demanded larger fluxes. These fluxes exceed
the maximum that the soil can supply. The DG
measured flux, which is the average value for the whe
deployment period, was then smaller than that for t
well-buffered case, which is exhibited as a curvatt
in plots in Fig. 4. The maximum metal resupply flu
(F/(ng cm~2 d~')), which can be assessed from the
graphs for Zln sampling site are 45, 2, 35, 23, and 0.
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Fig. 4. Influence of a DGT demand (reciprocal diffusive gel layer thickness) on copper and nickel resupply fluxes. Sampling site
Zlin, phase ratio 0.6 cm3 g~ !, deployment time 2 d, temperature 25°C. J Cu, @ Ni.

for Cd, Cr, Cu, Ni, and Pb, respectively. These fluxes
represent the available part of metal pools, which can
be supplied potentially to the root system.

Providing the DGT-measured flux remains con-
stant throughout the deployment, in situ concentra-
tions of heavy metals in soil solution can be obtained
according to eqn (1) directly from the DGT measure-
ments of fluxes of metal ions to the DGT sink.

No significant changes were observed within un-
certainty of 5 % in concentrations of metals in equi-
librated soil solutions taken before and after de-
ployment of DGT sinks in all the experiments de-
scribed above. It suggested that metal losses caused
by DGT sinks in soil solution were fully resupplied
with respect to a total concentration in a soil solu-
tion. However, the ratios of the DGT-measured con-
centration and the total concentration in soil solu-
tion, 91 %, 70 %, 27 %, and 39 % found for Cd, Cr,
Cu, and Ni, respectively, indicate that only a part of
the total concentration is apparently reflected by the
DGT technique. Metal concentration at the surface
of the DGT device could be insufficiently resupplied
due to enhanced DGT demand, thus resulting in lower
metal concentration, because local concentration dis-
turbance could not be attained by determination of
the metal concentration in a supernatant of the soil
slurry. Defined by diffusive gel characteristics, size ex-
clusion or resistance for diffusive transport (decreased
values of diffusion coeflicients) for large molecules con-
taining a metal could be also responsible for this effect.
Lower concentration yields could be also obtained,
when DGT-labile and -nonlabile species of a mectal
are present in a soil solution. Because DGT device ac-
cumulates only metal ions from labile species, DGT-
estimated concentration might be interpreted as a re-
sponse of a concentration of available species. In fact,
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this part of a metal in a soil solution can really be
available to the root system. Therefore, DGT response
can become a measure of the bicavailability, in which
all the composition of a soil solution, form of metal
species, local disturbances, and diffusive transport el-
fects in the soil are included. Thus, DGT-estimated
concentration can be considered as a virtual concen-
tration of a bioavailable metal form.

Further systematic speciation studies on real soil
solutions, e.g. by gel permeation chromatography, ion-
exchange chromatography, ete. should be made and
compared with DGT measurements in order to inves-
tigate the fidelity of the DGT response on the real soil
systemns.
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