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Environmental context. Itis now nearly 20 years since the introduction of the technique of diffusive gradients
in thin films, which can provide information on solute concentrations and dynamics in sediments, soils and
water. The interpretation of these measurements in terms of concentrations relies on simple equations and
associated assumptions. This review examines how well they have stood the test of time.

Abstract. Diffusive gradients in thin films (DGT) is now widely used to measure a range of determinands in waters, soils
and sediments. In most cases the mass accumulated is interpreted in terms of a labile form of the component being
measured using a simple equation that applies to steady-state conditions. During the past decade several publications have
revealed phenomena that question some of the assumptions necessary for use of the simple equation. This review
systematically examines the available evidence relating to appropriate geometry, possible charge effects, binding of
solutes and ligands to the diffusive gel and filter, the rate of reaction with the binding layer, the effects of solution
complexation and kinetic limitation, necessary time for deployment and the measurement of nanoparticles. DGT emerges
as a robust monitoring tool for labile components in solution. Although there is evidence, for some conditions, of binding
of metals and, more moderately, humic substances to the diffusive gel and filter membrane, this is unlikely to affect DGT
measurement in natural waters for deployment times exceeding a few days. Detailed speciation and kinetic studies require
a more thorough interpretation of the mass accumulated by DGT. A coherent theory has emerged for relatively simple
solutions, but systems with complex heterogeneous ligands, as is the case for natural waters, are challenging. The size
discrimination of DGT is still poorly known. Systematic measurements with well characterised nanoparticles are required
to define the distribution of pore sizes in the gels and to establish the contribution of natural colloids to the DGT

measurement.
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Introduction

Diffusive gradients in thin films (DGT) is now an established
technique that is used in different fields of research, including
water quality monitoring,!""* chemical speciation in solu-
tion,>* sediment geochemistry,’>*® dynamic processes in
waterst” * and soils!'*!'" and bioavailability in waters''>!3! and
soils.'*!* By using different binding agents the range of
determinands has been extended from trace metals''® to include
other cations,"'”'® oxyanions!'*?” and targeted species, for
example sulfide,*! uranium,?! radium™*' and technetium.*
This burgeoning use of the technique in different areas of
research has been facilitated by its simplicity, ease of use and the
straightforward interpretation of measured mass (Mpgr) in
terms of the DGT-labile concentration (Cpgr) which in sedi-
ments and soils is an interfacial concentration.['®2

From the outset it was recognised that use of Eqn 1 to obtain
Cpgr from the well defined quantities (see Fig. 1) of physical
(geometric) area of the exposure window (4,,), diffusion layer
thickness (Ag) and deployment time (f) requires several
assumptions.”

MpgrAg

DAyt M)

Cper =

Put simply these are: (i) geometric values of exposure area
and Ag apply with a negligible diffusion boundary layer;
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(ii) interactions of solution species with the gel and membrane
filter comprising Ag are negligible; (iii) measured species
interact at the binding layer surface without penetration; and
(iv) the time taken by the initial transient before steady-state is
negligible compared with the deployment time. Further inter-
pretation of in-situ measurements in natural waters also assumed
that there would be negligible contribution from colloidal spe-
cies, other than very small nanoparticles such as complexes with
fulvic and humic acid, which are usually regarded as solution
species.['®*" Initially these assumptions were largely untested,
but over time they have been investigated by several research
groups. By examining the available evidence this review con-
siders the likely validity of Eqn 1 for a range of determinands
and conditions, presents alternative approaches where necessary
and highlights remaining uncertainties. The focus is on
deployments in solutions, which provide controlled conditions
for performance testing, but the findings relate directly to in-situ
deployments in natural waters and are very relevant to deploy-
ments in soils and sediments.

Appropriate area and thickness

A thin layer of solution adjacent to an immersed surface is
quiescent and transport of solutes in this layer, known as the
diffusive boundary layer (DBL), is exclusively by diffusion.
Therefore the complete diffusion gradient for a deployed DGT
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Fig. 1. Schematic diagram of a diffusive gradients in thin films (DGT)

piston assembly, with an expanded view of the binding and diffusion layers
indicating symbols and terminology (DBL, diffusive boundary layer; MDL,
material diffusion layer).

device extends through the DBL. In this paper we use the term
material diffusion layer (MDL) when referring to the gradients
through the diffusion layer and filter, of total thickness (Ag)
(Fig. 1).

Although early work appreciated that the diffusion gradient
would extend into the adjacent solution where there is a DBL,
the thickness of the DBL was initially assumed to be negligible
in well mixed solutions and natural waters.['® The DBL was
soon shown to be significant in stirred solutions at low stirring
speeds!?® and in 1998 Zhang et al.[*® took it into account in their
in-situ measurements of phosphate by deploying DGT devices
with different thicknesses (g) of diffusive gel. They stated that
the DBL thickness (8) can be derived from the intercept divided
by the slope of a plot of 1/Mpgt v. Ag according to Eqn 2 (4., the
effective surface area, is explained bf:low).[29’3 i

Mpgr  tCpgrde \DMPL " DV = tCpgrd. \D¢ = Df ' DV
(2)

The gel originally used in DGT and most commonly used
since is APA, which is polyacrylamide crosslinked with an
agarose derivative.*') Measurements using a diffusion cell have
shown that the diffusion coefficient of simple metal cations in
the filter membrane (Df) of thickness f, is indistinguishable from
that in the APA gel (D®).*?) Consequently, a single value can be
used for the MDL (DMPL = D& = Df), but a separate value for
water (D%) should be used for the DBL.*

When Warnken et al.?*! measured Cd in well stirred solu-
tions using MDL thicknesses of 0.14 to 1.34 mm, they were able
to obtain estimates of §, which decreased with increasing stirring
speed. The consistency of the data when only the filter mem-
brane was used (for the 0.14 mm thickness) also confirmed that
DE=D". As Webb and Keough®¥ have demonstrated, it is
difficult to estimate 6 precisely using just two MDL thicknesses,
but by using four MDL thicknesses and replicate measurements
Warnken et al.**! obtained very reproducible values, as have
other workers.>> It was shown later that when metals are
present as organic complexes the DBL obtained using this
method can be higher than the physical value, as it incorporates
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Fig. 2. Two dimensional representation of diffusion pathways into the
diffusive gradients in thin films (DGT) device without convection in
solution. (a) Assumed for application of Eqn 1 with the physical geometric
area. (b) Allowing for lateral diffusion at the edges of the window.

a kinetic term if slowly dissociating complexes contribute to the
accumulated metal. 2% As complexes of Cd and Zn in natural
waters are generally weak, with no measurable kinetic limita-
tion, the value of § obtained from measurements of these metals
is the true physical DBL.

The precise values of Cpgr obtained for each metal in
simple, non-complexing, inorganic solutions, taking into
account the DBL, were systematically higher than the concen-
trations measured directly in solution, Coon.2¥1 This was
attributed to the effective surface area (4.) of the standard
DGT holders being 3.80 cm® whereas the geometric area was
3.14 cm?. Similar experiments also showed that for standard soil
devices: 4, = 2.54 cm? and 4, = 3.08 cm?. Measurements using
laser ablation inductively coupled plasma—mass spectrometry
(ICP-MS) showed that the metal accumulates in an area of resin
gel greater than Ap.[3 31 However the major reason for A, > Apis
that the diffusion pathway into the front membrane is not just
perpendicular to the membrane, as implicitly assumed using the
simple one-dimensional representation of diffusion of Eqns 1
and 2 (Fig. 2). Extra material is supplied at the edges in curved
diffusion paths as shown using numerical modelling (O. A.
Garmo, pers. comm.). Similarly, there are likely to be edge
effects for the DBL. Therefore, derived values of 6 are also
really effective values, as & is unlikely to be constant over the
whole area of the filter.

According to the above evidence, Eqn 3 is generally most
appropriate for calculating Cpgr.

MDGT (DWAg —+ DMDLO‘)
tDWDMDL 4 (3)

Cper =

However, it can be simplified when a 0.8 mm-thick gel layer
is used with a typically 0.14 mm-thick membrane filter in a
standard DGT solution device. There are then two valid ways of
calculating Cpgr for a given value of Mpgt. Eqn 1 can be used
with the geometric area (4,) making no account for the DBL.
Alternatively the same value of Cpgr will be obtained by using
Eqn 3 with 4. = 3.8 cm? when the actual DBL is 0.23 mm. This
is why in practise Eqn 1 has been found to work quite well. The
DBL is typically ~0.2 mm in well stirred solutions, as created
by immersing a DGT device in a solution stirred by a magnetic
follower to create a well defined vortex. In-situ measurements of
the DBL using DGT vary from 0.26 mm (fast flowing waters),
0.31mm (Lake Epilimnion) to 0.39mm (stagnant pond).
Therefore, for all but the last case, the error in using Eqn 1 with
the geometric area and neglecting the DBL would be much less
than 10 %. This greatly simplifies measurements, as there is no
need to measure the DBL thickness, but clearly this only applies
to DGT devices with this standard geometry and size. Note that
errors will be larger when other thicknesses of gel are used.
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Eqn 3 should then be the preferred calculation route, in which
case 6 should be measured using a suite of DGT devices having
the same geometry, but equipped with a range of gel layer
thicknesses.

Inert diffusive gel?
Effect of gel charge

The APA diffusive gel commonly used in DGT devices was
previously used in experiments employing the technique of
diffusive equilibration in thin films (DET).B"! As part of the
DET studies, the gel was equilibrated with known solutions and
the total solute concentrations in the gel compared with their
known concentrations in solution. The generally good agree-
ment established that there was no significant attachment to the
gel of the solutes studied, including major cations and anions,
Fe', Mn'"" and ammonia.

Early measurements of trace metals using DGT assumed that
any interactions with the diffusive gel were minimal, as indicated
by the good agreement between Cpgr and Cg,, in non-
complexing solutions.!**) However, measurements undertaken
at very low ionic strengths (/) (/=1mM) began to reveal
inconsistencies. Using an APA diffusive gel, Alfaro-De la Torre
et al.??! observed values of Cpg1/Ceorn systematically greater
than 1, which they attributed to diffusion of metal ions being
enhanced to preserve electroneutrality under dynamic condi-
tions. Peters et al.1**! speculated that their observed values of
Cpg1/Csoms ranging from 0.5 to 3, were attributable to an
apparently variable charge on the gel. An earlier study had
shown that diffusion coefficients of metal ions in the APA gel,
measured using a diffusion cell, were also erratic at very low
ionic strengths.*') An explanation for the apparent inconsisten-
cies was provided by Warnken et al.*'! Their systematic
experiments showed that the extent of washing determines the
value of Cpgt/Csonn- If polyacrylamide gels are not very well
washed they have a negative charge because of the presence of
excess reagent products. A simple test involves measuring the
pH of the rinse solution: values greater than 7 indicate incom-
plete removal of reagent products. With copious washing the pH
can become less than 7 and a value of Cpg1/Cyorn < 1 may be
observed if the ionic strength is very low (~0.1 mM), indicating
a small positive charge stemming from hydrogen ions in the
wash water (CO, at atmospheric partial pressure dissolving as
carbonic acid). At ionic strengths of 1 mM or higher, Cpgr/
Csomm = 1 using well washed gels, due to electrolytic screening of
the charge.

Fatin-Rouge et al.**! considered quantitatively several
solute—gel interactions, including steric hindrance and specific
binding of metals to the gel. They provided a mechanistic basis
for observed values of Cpg1/Csoln greater than 1 in pure agarose
gel, based on the effect of gel charge, which creates a Donnan
potential. Their explanation for DGT applications was elaborated
in detail by Yesek and van Leeuwen,** who supported their
theory by deriving the Donnan potential from measurements of
the conductivity of polyacrylamide gels copolymerised with
sodium acrylate to ensure a high charge. They were crosslinked
with N,N'-methylene-bis-acrylamide, commonly known as
bis-acrylamide or simply bis, with 0.3 g of bis and 15.3 g of
acrylamide in 100 mL of the initial gel solution. When gels are
negatively charged, cations become electrostatically associated
with the gel. Their concentrations on either side of the gel—
solution interface are then unequal, with an enhanced concen-
tration inside the gel (Fig. 3). In practise the gel contacts a
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Fig. 3. Schematic diagram of the concentration gradients of a cation at
steady-state through a diffusive gradients in thin films (DGT) device when
the gel is negatively charged, assuming that the filter membrane is not
charged. Adapted from Yesek and van Leeuwen.**! (DBL, diffusive
boundary layer.)

membrane filter rather than solution, but if the filter has zero
charge (which may not be the case) the gel-solution interface is
effectively the interface between the gel and the porewater of the
membrane filter. The consequence of the charged-induced
cation enhancement is that the diffusion gradient of metal ions
through the gel is elevated compared with a comparable situa-
tion where the gel is uncharged, and Cpgr is higher than
expected if calculated using Eqn 1. The Donnan potential (/)
established between gel and solution, because of the charge
density ofthe gel (p), can be used to calculate the elevation of the
concentration in the gel (Cg) over the adjoining solution
(Egns 4, 5).

Cgel —zvuEY/RT
_— M 4
Csoln ¢ ( )

RT . p
v= (5 )asmn () ®

The valence of the metal ion is zy;, and that of the supporting
electrolyte, of concentration c, is z. The Faraday constant is F, R
is the gas constant and 7 is the absolute temperature. If gels are
positively charged, cations are repelled and the concentration at
the gel side of the interface is lowered. The concentration gra-
dient in the gel is then lowered so that Cpg1/Cyorn becomes less
than 1 in very low ionic strength solutions, as observed by
Warnken et al.*' and supported by comparable lower fluxes
observed in diffusion cell experiments, that were interpreted as
lower apparent diffusion coefficients.”*?! Eqn 5 shows that the
effect of gel charge is reduced as ionic strength (related to zc) is
increased.

Yesek and van Leeuwen!**! found that for the bis crosslinked
gel without any sodium acrylate the Donnan potential was too
small to measure (<10mV) in solutions where /=1mM,
indicating negligible effects due to charge. As ionic strength
was lowered further, there was an increasingly negative Donnan
potential. DGT measurements with this gel gave values for
Cpg1/Csoin=~1.7 at I=0.1 mM and slightly higher than 1 at
I=1and 10 mM. From consideration of Eqns 4 and 5 it appears
that at these low ionic strengths the Donnan potential resulting
from the gel charge is not negligible."**! Sangi et al.l** had
earlier used bis gels (0.8 g of bis and 30 g of acrylamide in



100 mL of gel solution) in DGT to measure metals in situ in a
stream with a very low ionic strength. Their calibrations
produced values of Cpg1/Csorn=~1 for Cd at /=1mM, but
systematically increasing values as the ionic strength was
lowered. They showed, using simple DET experiments, that
the ratio of Cd concentrations in the gel (Cge) to Cyo1 increased
with decreasing ionic strength below /=1 mM, consistent with
the gels having a negative charge whose effects were apparent at
these low ionic strength solutions. When all the above measure-
ments with bis gels were made the critical importance of gel
washing was not appreciated, so the results should be regarded
cautiously.

Use of the above theory (Eqns 4, 5) implies a high density of
charged sites, which may not be the case for the APA gel, which
has minimal charge effects. However, it is also presumed that
charges are distributed uniformly so that the potential is constant
within the gel. If this does not hold there may be a negligible net
charge, even though locally within the gel there may be charged
groups.[*!

So how do the charges on the gel discussed above affect DGT
measurements? Where DGT incorporates the most commonly
used APA gel and measurements are made at ionic strengths of
1 mM or above there is no effect. This is consistent with the very
small positive charge on the gel, provided it has been well
washed during preparation.*!! Several papers authored by van
de Veeken and van Leeuwen *®*® state that there is a negative
charge on the APA gel, but they refer to their measurements
made using bis gels.****! Even for their bis gels they found it
difficult to measure a Donnan potential at /=1mM. The
restricted gel that has been used in DGT is a bis crosslinked
gel of a different composition (0.8 g of crosslinker and 15 g of
monomer).?1321 It is referred to as a ‘restricted’ gel because
diffusion coefficients of metal complexes with large ligands in
this gel have been shown to be lower than in the APA gel, which
may be attributed to a more restricted diffusion path. Verifica-
tion that Cpg1/Csoin =1 forms part of the quality control for
each batch of gels produced by DGT Research Limited, but this
is only performed at /= 10 mM. Ideally more detailed measure-
ments at low ionic strength should be performed with well
washed examples of the restricted gel to emulate the detailed
study of the APA gel.[*!]

Effects of binding of measured species

The above discussion of the effects of gel charge have focussed
on their direct effects on DGT measurements and therefore on
Cpa1/Csoln- However, as Sangi et al. 1 showed experimentally,
a negative charge within the gel will promote accumulation of
cations and therefore when the diffusive gel is simply equili-
brated in solution, as in a DET experiment, the ratio of metal
concentrations measured in the gel to that in solution (Cgei/Csoln)
will be greater than 1. When the enrichment of metal cations
within the gel is because of the gel charge, the value of Cyet/Cyorn
should depend markedly on ionic strength (Eqns 4, 5). Fatin-
Rouge et al.l*! recognised that their observed ratios of Cye1/Cyoln
for Cu, Cd, Hg and Pb in an agarose gel were partly attributable
to charge effects, which develop a Donnan potential, and were
partly attributable to specific binding between the metal ions and
the gel. The values of Cye/Cyo1n >1 observed earlier for solu-
tions of 0.83 mg L~ of Cd, using a bis gel, increased markedly
as ionic strength decreased below 1mM, but for /=1 to
100 mM they were fairly constant between 1.5 and 1.7.%! The
virtual invariance to ionic strength is consistent with weak
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specific binding that is observable above 1 mM when associa-
tions because of charge are negligible. Cd was also observed to
bind specifically to the APA gel.[“] The Cye/ Coo1n Tatio was ~9
and independent of  (0.01 to 10 mM) when Cd was 1 pgL ™', At
10 pg L™ of Cd, the much reduced ratio of ~2 declined a little
with decreasing ionic strength and at 60 pg L' of Cd, the ratio
was close to 1. The specific binding of low concentrations of Cd
obscures any Donnan effects for the 1 ug L™" Cd solution. The
marked dependence on the concentration of Cd indicates a low
capacity of binding sites. At 10 pg L™ of Cd some of the binding
may be related to the slight positive charge observed on these
gels for /< 1 mM.*!

DET experiments have shown some slight binding (Cel/
Csomm=1.1) of U (400nM), Mo (1 pM) and Re (5nM) to a bis
crosslinked gel.*! Similarly, there was at most very slight
binding of As" and Se" to an APA gel (Cyet/Coorn = 1.1-1.2)
when Cyop = 25 pg L™ (see supporting information in Williams
et al.>)). For phosphate at 1 mgL ™" and at much lower con-
centrations in rivers there was no evidence of binding to APA
gels."" No enrichment in an agarose gel was observed for Cd,
Cu, Mn, chloride, bromide, sulfate and nitrate, but concentra-
tions in solution were high at 10 mg L'k

In a comprehensive study of cationic trace metal binding to
APA, restricted and agarose gels and to the polyethersulfone
membrane filter (Supor-450, Pall) commonly used within
DGT, the concentration of metals, the ionic strength and
the solution composition were systematically varied. Enrich-
ment of trace metals in the APA and restricted gels was observed
under some conditions. It decreased with increasing trace metal
concentration, so low concentrations of 10 and 100 nM were
used to maximise the effect. Enrichment was almost insensitive
to ionic strength and concentrations of Ca and Mg, consistent
with high affinity, but low capacity, specific binding to the
polyacrylamide gel structure. Cu, Pb and Ni were the most
strongly bound, with Cyel/Cyo1n = 14, 2 and 1.4 at 10 nM metal
concentrations. Cd and Co binding was so slight that it was
difficult to measure. Complexes of metal with fulvic acid also
appeared to bind to the polyacrylamide gels, but there was less
evidence for fulvic acid complexes binding to the filter and
agarose gels. Binding of metals to the filter and agarose gel was
also generally less than observed for the APA gel, but binding of
Cu and Pb was again most pronounced. Although these metals
clearly bind specifically, the enrichment of, for example Cd,
decreased with increasing ionic strength, suggesting that it is
attributable, at least in part, to electrostatic interactions.

The most pronounced binding of a cation to a diffusive gel
was reported for Hg where a value of Cye/ Cyo1, = 700 was found
for an APA gel and 4.5 for an agarose gel.”*! It is well known
that Hg binds with high affinity to amide groups, which are a
prime constituent of polyacrylamide gels. However, Hg has
been measured successfully with DGT using both these gel
types.[6’54]

Collectively the measurements on specific binding show that
in many cases when DGT is used it would be incorrect to assume
there is no interaction between solutes and the materials of the
diffusion layer. The influence of such binding on measurements
of metals by DGT has been investigated both experimentally
and using a numerical model, which includes binding to the
diffusive layer as well as binding to the resin layer.”>) As metal
enters the diffusive layer it binds, with metal accumulating until
the capacity (usually low) of the gel binding sites is reached.
Consequently the time it takes to reach the steady-state concen-
tration gradient of unbound metal through the gel is lengthened.
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At this steady-state, when all binding sites on the gel are
equilibrated with the local metal concentration in solution, the
concentration gradient and hence the flux will be no different to
the normal situation for DGT, when there is no binding to the
gel. Therefore, if the deployment time is sufficiently long, use of
the simple Eqn 1 will provide the correct answer. A more
detailed discussion of the transient state and necessary deploy-
ment times is provided in a subsequent section. However, it
should be appreciated here that when metals are present at high
concentrations, as in contaminated systems, affects associated
with specific binding will be negligible. Even at low concentra-
tions, noticeable effects in terms of a significantly delayed
approach to a steady-state concentration gradient are only likely
to occur for Cu and Pb.

It is relevant to mention here a further effect related to
binding of solute to the gel. DGT devices are often left for hours
or days before they are dismantled. During this resting time the
metal bound to the diffusive layer will be stripped out by the
stronger Chelex sink. For very short deployment times, typically
less than 2h, this could produce an erroneously high DGT
measurement, especially if there is appreciable binding that
elevates the total concentration of metal in the MDL.!*>! For the
more usual longer deployment times, however, this release from
the diffusive gel effectively shortens the deployment time
necessary before the effect of the initial transient conditions
on the DGT measurement are negligible.

Possible ligand binding

Simple inorganic ligands, such as sulfate, chloride and phos-
phate are not enriched or depleted in gels according to the
available evidence of DET-type experiments.**>'% To our
knowledge the binding of simple organic ligands has not been
directly tested, although measurements of metals by DGT in
solutions where they are present have been sensibly interpreted
without invoking such effects.> %! An experimental study has
considered directly the enrichment in an APA gel of Suwannee
River fulvic acid (SRFA) and humic acid extracted from forest
soil (FSHA). Deployment solutions were buffered with the
sodium salt of 2-(N-morpholino)ethanesulfonic acid (MES) to
pH 6.1 and contained NaNO; (0.001-0.1 M).*7*¥] The humic
material associated with the gel was measured spectroscopically
at 280 nm by simply inserting a part of the gel into a cuvette. There
was little systematic evidence for any enrichment of SRFA
from the measured ratio of Cyei/Cyorn, which was 1.0 at Cyq, =
50mg L' At concentrations of SRFA of Smg Lfl, Coell
Coorn Was 1.9 at /=11 mM, but 0.6 at /=2 mM. The observed
concentration dependence of Cg/Cyon does not suggest a
charge related phenomenon, but a negative Donnan potential
was assumed in rationalising the results, even though experi-
ments at very low ionic strength with well washed gels indicate a
small positive charge.!*'! A separate experiment, which mea-
sured Cyei/Csoin for SRFA when Cd was present in solution,
found the ratio did not differ from 1 for concentrations of SRFA
in the range 2.6 to 50 mgL~".**! Consistently high values of
Coet/ Cso1n Were observed for FSHA of 50-56 at /=2 mM and
12—17 at /=11 mM, independent of the concentration of FSHA
(0.3-10mg L~ 1).""1 In the presence of Cd the ratio for FSHA
declined to ~30 (/=2 mM) and ~5 (/= 11 mM).[** Cadmium
was enriched in the gel, most markedly at /=2 mM, with the
enrichment increasing with the concentration of FSHA. In
interpreting their data the authors assumed, without supporting
measurements, that the gel was negatively charged and, with this
premise, pointed out that the higher accumulation factor they

observed for negatively charged humic acid (pH 6.1) at lower
ionic strength is counterintuitive. To account for their obser-
vations, they invoked micelle formation at the higher ionic
strength, with the micelles having less hydrophobic affinity.
This may be true, but equally a slight positive charge on the gel,
as has been observed from measurements at very low ionic
strength,[41] would explain the data without invoking micelle
formation.

Clearly, if humic acid does substantially bind to the APA gel
it is likely to affect the performance of DGT for measuring trace
metals. So far the main evidence comes from a single study and
is confined to humic acid derived from a forest soil. Attempts to
replicate this work found measurements of the absorbance loss
from solution were much more sensitive than measuring absor-
bance on the gel (Y. Gao and C. Lin, pers. comm.). Ratios of
Coet/Csoin 0f 2 for SRFA and Suwannee River humic acid
(SRHA) and 11 for a soil derived humic acid were obtained at
pH 6.1 and /=2mM. Molecular weight and hydrophobicity,
which is likely to promote binding to gels, is known to decrease
in the order: soil derived humic acid > aquatic humic acid >
fulvic acid. Most laboratory work with DGT or DET and humic
substances has used fulvic acid. Garmo et al.l**! found that fulvic
acid slightly increased the enrichment of some metals on
polyacrylamide gels, presumably by either fulvic acid or its
complexes binding to the gel. DGT experiments in solutions of
Cu and SRFA were able to measure Cu accurately, provided
deployments were sufficiently long to accommodate the longer
time required to reach steady-state conditions because of bind-
ing of the complexes in the diffusive layer.>>! No exceptional
behaviour associated with adsorption was reported when diffu-
sion coefficients of fulvic and humic acids from an aquatic
source and humic acid extracted from peat were measured using
a diaphragm cell in a medium of 0.1-M NaNO; at pH 7.8.*!]

DGT measurements of metals do not appear to have been
affected by binding of humic substances to the MDL. In
solutions of 1-uM Pb and either 5Smg L' SRHA or 25mgL ™"
SRFA over the pH range 5 to 6.9, DGT measurements could be
interpreted by simply considering complexation in solution,
without invoking possible effects associated with binding of
either metal or humic substances to the gel.>®! In natural waters
both fulvic acid and humic acid are present, with the former
usually dominant. Good agreement has normally been observed
between DGT and filterable metal where complexation in
solution was predicted to be unimportant.'®**! Where com-
plexation is dominant, as is often the case for Cu, the measured
signal could be explained by accounting for the lower diffusion
coefficient of the complex and, if necessary, the dissociation
kinetics of species in solution.!®!***] These studies embraced a
wide range of dissolved organic carbon, for example from 0.6 to
13.2mgL " in 34 streams.[*¥

The weight of evidence suggests that effects associated with
possible enrichment in the gel of humic substances do not affect
significantly the interpretation of in-situ measurements in fresh-
water of metals by DGT. It is even more unlikely that there will
be any effects for measurements made in marine systems.
However, as the indications are that for some conditions humic
acid can bind to gels, further direct investigations of the binding
and its effects on DGT measurements are required. This partic-
ularly applies to DGT measurements made in soils where the
humic substances may be more hydrophobic and have a greater
affinity for the gels. It should be recognised that humic acid in
soil solution may not bind to gels as well as humic acid extracted
from soil using a strong base, as this latter procedure will extract



more hydrophobic fractions attached to solid phases. Given the
sensible interpretation of DGT data for deployments in soils
without invoking binding of humic acid to the gel,['%!"!%-> the
present position is that a problem associated with ligand binding
has yet to be demonstrated in practice.

Concentration of analyte in the binding layer

Application of Eqn 1 requires that the concentration of the
measured species at the interface between the binding and dif-
fusion layers is negligibly small. This condition implies that
binding is very fast. The usual good agreement between Cpgr
and the directly measured concentration in solution indirectly
confirms that the condition holds. Measurement of the time
dependence of the binding of solutes to binding gels, simply
immersed without DGT holders in well stirred solutions, pro-
vides direct information on the rate of binding, as shown for
binding of phosphate, molybdate, and cationic metals to a mixed
binding layer.' The amount bound usually increases pro-
gressively over a timescale of minutes, as it is controlled by mass
transport. However, to have an effectively zero interfacial
concentration in DGT, binding needs to be efficient within a
minute. As Luo et al.[*) have pointed out, the measured mass
accumulated in this time by the immersed binding gel equates to
a flux that is usually orders of magnitude higher than the max-
imum flux required by DGT, confirming that the rate of binding
is not limiting for DGT.

Levy et al.®! investigated penetration of metal into the
binding gel by using DGT devices equipped with multiple resin
binding layers. In simple solutions at pH 7 they found no
evidence of penetration beyond the first binding layer, but at
lower pH there was measurable penetration of Mn (pH 4 and 5)
and Cd and Co (pH 4). The results were consistent with rapid
binding of metals in circum-neutral waters and slower binding
of Mn, Cd and Co at lower pH. A penetration parameter
expressing the mean distance that metals penetrate into the resin
(Am) was derived. Other than for very low pH, it was no greater
than the diameter of the Chelex 100 resin.

When the accumulated analyte is near to the maximum
capacity of the binding layer, the case of a near infinite sink
no longer applies. The concentration in the pores of the gel at the
interface of the diffusion and binding layers becomes significant
and the increase in DGT measured mass with increasing
concentration or deployment time declines as the capacity is
approached. However, when the accumulated mass is less than
approximately one-tenth of the capacity, the sensitivity of the
DGT response is unaffected. Competition for the binding sites
with other components in solution effectively lowers the capac-
ity and induces a progressive decline in sensitivity as the
capacity is approached. Using a simple ion exchange equation
incorporated into a model of DGT accumulated mass, Degryse
et al.'”! showed how measurement of Zn was affected by
competitive binding of Ca. Similar competition by protons for
sites on Chelex most probably accounts for the declining
performance of DGT for measuring cationic metals as pH is
lowered.!*®%) Problems with measuring Mn", which binds
weakly to Chelex, in the presence of very high concentrations
of Fe'' have been reported’”) and phosphate measurements were
affected by very high concentrations of bicarbonate.!”"! Where
analytes have high concentrations, as for Ca, measurements
must be restricted to fairly short deployment times, typically
<1 day, to ensure capacity is not approached.!'”! Use of thicker
diffusion gels is also then a sensible strategy.
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Different slopes of mass v. time have been observed when
using DGT devices with different binding agents, as for
measurements of Hg in simple solutions using Chelex and
Spheron-thiol'>* and, for times exceeding 24 h, when measuring
phosphate in seawater using ferrihydrite and titanium oxide.!”!
If capacity was approached in the latter case, competitive
binding by the anions in seawater may be responsible, as
suggested. However, the former case of different slopes
throughout the time regime is more puzzling. For simple
solutions, relatively weak binding is sufficient to lower analytes
to negligible concentrations and so the measurement is expected
to be independent of the binding agent.!”*! Possible explanations
include the binding of Hg to Chelex being kinetically limited
and the binding agent affecting Hg hydrolysis.

Accounting for complexation

If complexes of a metal measured by DGT are present, and they
dissociate rapidly (fully labile) and have the same diffusion
coefficient as the free metal, Eqns 1, 2 and 3 can be used, with
Cpgr being the total concentration of metal. Simple inorganic
complexes including carbonates, hydroxides, sulfates and
chlorides are within this category. Dealing fully with the effects
of complexation for situations other than this simple case is, as
for any technique, quite complicated and would require a review
in its own right. This section therefore only provides a brief
outline of progress.

Natural organic ligands, including humic substances, may be
sufficiently large that their complexes have a smaller diffusion
coefficient. For simplicity and brevity the subsequent discussion
will consider only the simple case where the labile inorganic
metal (M) reacts with an organic ligand (L) to form a complex
(ML) but some of the cited literature includes fuller treatments.
When the complex is fully labile (dissociates rapidly), the
accumulated mass is simply derived from the sum of the fluxes
attributable to each species present, resulting in Eqn 6 where the
diffusion coefficient in the DBL is taken to be the same as that in
the gel layer.l”¥

D D ‘A
Mogr — (DmCwm +AgMLCML)t e (6)

This treatment, allied to in-situ deployments of DGT with
different gels, each with different diffusion coefficients for
fulvic acid, was used to derive the concentration of metals bound
to fulvic acid in freshwater.”*”> The DBL thickness was
derived in the same water by deploying DGT devices with dif-
ferent thickness and & was incorporated within Ag, with the
assumption that diffusion coefficients in water, Dy; and Dy,
were the same as those in the MDL and diffusive gel, D§; and
D§y; . If this assumption does not hold, Eqn 7 applies (remember
DMPL _ pE_ pfy [8]

I 0 n Ag
Mpgt a Dy Cwy + DY Cumw Dﬁch + DI%ALCML

/tAe (T7)

When a single measurement of Mpgr is made in an unknown
solution containing a fully labile complex, Cy; and Cyyp, cannot
be derived even if Dy; and Dy are known. However, if the
concentrations of Cy; and Cy. are estimated independently by
modelling, it is possible to calculate the expected value of
Cpar, which has been termed C&™ (Eqn 8).1°163] This maxi-
mum dynamic concentration is the maximum concentration,
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corresponding to the situation where all complexes are labile,
that can be measured in a solution using a dynamic technique
(where metal species must be transported by diffusion before
measurement). Eqn 8 again disregards different values for dif-
fusion coefficients in the DBL.

cim _ DmCu + D G

Dy
A Dur =Cu+ (—> Cve (8)

Dy

Where ML is a metal complex with fulvic acid, to a good
approximation Dy /Dy = 0.2 in an APA gel.*'*?! Eqn 8 has
been used with this ratio to calculate C&2 for several fresh-
waters using a speciation code such as WHAM!®! and total
filterable concentrations.**'** Where expected, for example
for weakly complexing metals such as Cd and Mn in slightly
acidic waters, C&¥ has agreed quite well with Cpgr. Values of
Cpgt appreciably less than CH have been taken to indicate
either slow complex dissociation rates or the presence of col-
loidal species that are sufficiently immobile or inert not to be
measured by DGT. These observations are consistent with
predictions of complex lability, which indicate that for DGT
with an ~1 mm thick MDL, most metal complexes can be
expected to be labile, with Cu and Pb at very low ratios of metals
to humic substances being the only exceptions.!””-"®)

An appreciation of how kinetic factors influence the DGT
measurement has been approached in two ways: by developing
analytical equations and using dynamic numerical models.
A simplified equation requiring many assumptions was first
used to obtain information on the rate of dissociation of NINTA
complexes (NTA, nitrilotriacetic acid) from DGT measure-
ments using several diffusion layer thicknesses.””! Similar
measurements performed in situ in a natural water were inter-
preted using the more complete Eqn 9 derived from an approach

used to interpret voltammetric data.’®*%!
o o n Ag
Mpgt B DKV/[CM + DIV\V/ILCML DI%/[CM + DI%ALCML
b | i, ©)

Dﬁ,ICM + DI%/[LCML

The kinetic term (gy;,) was obtained from plots of 1/Mpgr v.
Ag. A fuller interpretation of data obtained when Ag is varied,
which accommodates penetration according to the theory of
Mongin et al.®®! and Uribe et al.,*") will soon be available
(J. Galceran, J. L. Levy and J. Puy, pers. comm.). It confirms that
it is appropriate to use Eqn 9 to obtain g,;,. However, the earlier
quantitative interpretation of gy;,, which failed to consider
penetration into the resin gel of the relatively slowly dissociating
complexes, did not generally represent the DGT case.’®! Town
et al.l”! have pointed out that only a narrow kinetic window is
accessed by this approach. They have suggested that this can be
extended by varying the metal-to-ligand ratio.

Tusseau-Vuillemin et al.'®* used the first dynamic numerical
model of DGT immersed in a solution of metal ion and ligand to
demonstrate that, depending on its dissociation rate, the com-
plex could diffuse into the resin layer before dissociating
(Fig. 4). They demonstrated quantitatively that the contribution
of DGT accumulated metal from the complex is governed by
Dy1/Dy and the proportion of the complex that can dissociate.
Cu-citrate and Cu-EDTA (EDTA, ethylenediaminetetraacetate)
were used as examples of labile and inert systems. Penetration
into the resin layer was experimentally demonstrated using

lanthanide complexes of a multidentate ligand.[83] It was
successfully modelled using a similar approach to Tusseau-
Vuillemin et al.®*! but assuming that binding of metal to the
resin was controlled by stability and rate constants rather than
being instantaneous.[’*! The DGT measurement was shown to
be independent of the stability constant for metal binding to the
resin, provided it was greater than a threshold value. A similar
model was used to calculate the lability degree defined as the
ratio of the actual contribution of the complex to the metal flux
to the maximum contribution reached if the complex was labile
(Eqn 10).5%

o Jactual - Jinert ( 10)

Jlabile — Yinert

Metal fluxes, J, are subscripted according to the actual
measured value, the value when all complexes are inert (supply
only from free metal) and for the case when all complexes are
labile. Model simulations showed that a complex system is likely
to appear more labile when measured by DGT, where complexes
can penetrate into the binding layer, than when measured by
other techniques where complexes are restricted to the diffusion
layer. This work was extended to provide approximate analyt-
ical expressions for calculating the metal flux, lability degree
and concentration profiles in a DGT experiment.’®! The diffu-
sion layer for DGT is typically 100 times greater than for vol-
tammetry, which means that even without considering resin
layer penetration, complexes are ~10000 times more labile
when measured using DGT. Penetration of partially labile
complexes into the resin layer enhances this effect.

Collectively these developments provide increased under-
standing of how the DGT measurement is affected by the
complexities of solution speciation. One of the great advantages
of the modelling approach is as an aid to conceptual apprecia-
tion, especially by the images it provides of temporal changes in
the distribution of each species through the DGT device (Fig. 4).
The accumulated mass can be successfully predicted for well
defined metal-ligand systems. However, interpreting measure-
ments in truly unknown and very complicated systems, such as
natural waters, is far more challenging. Comparison with C&%
and use of multiple devices with a range of diffusion layer
thickness are useful approaches. If the only data available are
from a single type of DGT device, the measurement must simply
be interpreted as labile and mobile metal, as there are too many
unknown solution parameters (e.g. speciation, dissociation
rates, colloidal composition) that can affect measurements made
with DGT or any other dynamic technique. An additional
complication is that the heterogeneous ligands of natural waters
have a distribution of stability and dissociation rate constants.
Plots of Cpgr V. the ratio of moles of bound metal to weight of
DOC have provided information on the variation in the affinities
of binding sites that can be available to a metal (heterogene-
ity).”] However, this procedure did not provide conclusive
information when applied to data for 34 streams, which may
be a general outcome when applied to natural waters, where
other variables, such as pH and the nature of the DOC, will be
important.!**!

Necessary time for DGT deployment

If the metal accumulated by DGT is modelled dynamically the
initial transient before steady-state will automatically be
accommodated and interpretation of the measured accumulated
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Fig. 4. Concentrations of free metal, M, and complex, ML, within the diffusive gradients in thin films (DGT)
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device at different times (s) for log Kpitity constant = 8; The dissociation rate constant of ML =13.2 x 10" "s™;
Dy =Dy=Dp =5x10%cm?s™%; M]= 10~®Mand [L]= 1077 M. Adapted from Supporting Information of

Lehto et al.l”

mass will be valid irrespective of deployment time. However,
Eqns 1-3 and 6-9 apply to the steady-state case. A necessary
condition for their valid application is that the actual mass
accumulated is not significantly different from the mass that
would have accumulated if there was no initial transient.

The time required to reach steady-state has been reported to
be approximated by Ag?/yD, with the coefficient y having values
from 154 to 7.1'%2%1 To be meaningful these values of y and
associated times need to be accompanied by some measure of
the degree to which steady-state is approached. Dynamic
modelling of the DGT system has shown that the instantaneous
flux will be ~99 % of the steady-state value at time Ag®/D.1>>!
A more realistic approach, when considering typical DGT
measurement errors, might be to consider 95 % of the steady-
state value, which is approximated by Ag?/2D.[>>51]

The potential error incurred when interpreting the measured
mass solely in terms of steady-state is not simply obtained by
expressing the time to steady-state as a percentage of the
deployment time. The mass that accumulates before steady-
state being reached should be considered. Lehto et al.l”* used a
dynamic numerical model that accommodates the time to

steady-state to calculate mass accumulated for various values
oft, Ag and D, and compared the mass to that obtained assuming
steady-state throughout (i.e. using Eqn 1). The difference
between the two, which provides the error associated with
neglecting the steady-state, can, to a good approximation, be
calculated using Ag?/yD, but this time y =6 (Eqn 11).

Ag®> 100
P t = ——x—
ercentage error = ;

(11)

Strictly the whole of the regime where diffusion applies,
including the DBL, should be considered and so it is more
appropriate to use Ag+ 6 rather than Ag, with the implicit
assumption that D% = D®. For typical trace metals in simple
solutions, with a diffusion coefficient of 5 x 10 cm? s, the
error when using a 0.8 mm-thick diffusive gel (filter = 0.13 mm;
6=027mm, (Ag+d6)=12mm) is 3.3% (t=4h), 1.3%
(t=10h) and 0.56% (t=24h). Increasing the gel layer
thickness will increase these errors, but even with an excep-
tionally large value of Ag+ 6 of 2.4 mm the error after 24 h is
only 2.2 %.
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Two factors can increase substantially the time necessary to
reach steady-state and therefore the associated errors. They are
the slower diffusion of complexes and the binding of metals,
complexes or ligands to the materials of the diffusion layer. If
there is no binding in the MDL, the greatest effect that labile
complexes can have on the time required to reach steady-state is
when the metal is fully complexed. In the APA gel, D for
complexes of fulvic acid is ~2 x 10~®cm?s™', and for humic
acid ~1 x 10~ ®cm? s ™!, whereas in the restricted gel it is ~1 x
10 ®cm?s™! for fulvic acid.** Using Eqn 11 with D=1 x
10~%cm®s ™!, the error when using a 0.8 mm-thick diffusive gel
is17% (t=4h),6.7% (t=10h) and 2.8 % (¢t = 24 h), indicating
that deployment times of at least 24h should be used when
humic substances are present. Tusseau-Vuillemin et al.’®*! and
Lehto et al..”! (within the supporting information) have shown
that the evolution of the concentration of each species with time
can be quite complex and highly variable, depending on diffu-
sion coefficients of metals and complexes, the initial ligand-to-
metal ratio, extent of complexation and the rate of dissociation
(Fig. 4). When appreciable labile or partially labile complexes
are present, during the initial approach to steady-state the
concentration of free metal within the diffusive layer may be
greater than the steady-state values represented by a linear con-
centration gradient, due to resupply from the complex (Fig. 4).

Recent simulations of DGT fluxes in complexing media have
shown how the lability of complexes rather than their diffusion
characteristics affect the time required to reach steady-state
(J. Galceran and J. Puy, pers. comm.). Inert or very labile
complexes do not affect appreciably the time required to reach
steady-state, but for partially labile complexes it may be
increased by as much as a factor of 5.

Binding of components in solution to the diffusive gel or
filter membrane can increase the time required to establish
steady-state. To achieve steady-state, equilibrium must be
established between the metal on the MDL binding sites and
the metal in solution at each location. As these sites must be
effectively ‘filled” by the metal diffusing into the layer, more
metal is required than for the case where there is no binding
within the MDL, lengthening the necessary time before the
linear concentration gradient of free metal is established. The
maximum rate at which metal can diffuse into the diffusive layer
is proportional to the concentration in solution. As there appears
to be a fixed capacity of sites for binding metals, the time
required to achieve steady-state increases as the concentration
in solution declines and the thickness of the diffusive layer
increases.[>> Of the metals tested, Cu binds most markedly.!>!
Garmo et al.”"*! used a numerical model, which they validated
experimentally, to calculate the error on the DGT measurement
associated with this effect. For a | mm-thick diffusion layer and
the very low concentration of 0.1nM, the error would be
negligible (<3 %) for deployments >5 days, acceptable at
<5% after 3 days, but for 1 day it is ~15% and still ~7%
for 2 days. Copper (then Pb) is the worst case; the effect for other
metals will generally be considerably less. At more realistic
environmental concentrations for Cu of 10 and 100 nM, the error
for a 24-h deployment would be ~7 and ~3 %.

Binding of a metal complex to the diffusive gel will also
increase the time required to reach steady-state. This case has
been modelled, but there is no experimental evidence to support
the findings. Van Leeuwen’s'®) graphically presented modelled
outputs did not have good temporal resolution, but they indicated
that the time to reach steady-state increased from 700s to
5% 10°s to 5x 10° s for the respective cases of free metal

ion, metal plus slowly diffusing complex and metal plus slowly
diffusing complex that also binds to the gel (at a very high
ratio of 25 bound to 1 in solution). In these calculations Dy, =
7 x 107 %cm?s™ ! and Dy =1 x 10 cm? s™!, but no informa-
tion on the concentrations of species were provided and it is not
known whether binding of humic substances is concentration
dependent. However, the simulations usefully point to two
interesting effects. First, short deployments of DGT, under
conditions where the time to steady-state is long, are likely to
provide a measure of the total labile inorganic species. Second,
if there is pronounced binding of the complex to the materials of
the diffusive layer, very long deployment times of several weeks
may be necessary to ensure that the DGT measurement accu-
rately reflects the total labile species in solution.

Collectively the information available on the time required to
reach steady-state suggests that short deployment times of 1 day
or less should be avoided in uncontaminated natural waters. In
principle, binding of Cu and probably Pb to the diffusive gel may
considerably increase the time required to reach steady-state,
but only when the metals are present at very low concentrations
(very low nanomolar range or less). Under these conditions it
was suggested that measurements of accumulated mass with
respect to time may have two slopes, initially proportional to the
uncomplexed metal concentration and then to the total metal
concentration.'® However, because of the low metal concen-
trations, deployment times in excess of 3 days will most likely be
required to ensure adequate pre-concentration by DGT for
reliable analytical measurement. Consequently the time taken
to reach steady-state will not be a problem and an initially lower
slope will not be observed. Binding of metal complexes to the
diffusive gel will further increase the time taken to steady-state.
Although moderate promotion of metal binding by fulvic acid
has been observed, there was no significant effect on the time
taken to reach steady-state.°>) The similar weak binding of
aquatic humic acid suggests that the time to steady-state will not
be increased appreciably by its presence. For measurements of
aquatic systems contaminated with metals, times at least as short
as 1 day can be used because effects due to adsorption of metals
will be minimised and their complexes will be less dominant in
solution. As there appears to be more binding to the gel of humic
acid extracted from soils, assessment of possible binding of the
presumed more hydrophobic humic acid in soil (and peat)
solution is urgently needed. It is worth noting, however, that
time-dependent DGT measurements on soils have been
explained without invoking a very slow approach to pseudo
steady-state associated with binding to the gel of metal com-
plexes or ligands.[!!-5¢!

Measurement of nanoparticulate species

Possible measurement by DGT of solute that forms a component
of colloids or nanoparticulate species will depend on whether
the particle can diffuse through the gel and filter, and suffi-
ciently rapidly release solute when it encounters the binding
layer. In solution without the hindrance of a gel the diffusion
coefficient (m?s™') decreases as the radius of a spherical
particle (r, m) increases according to the Stokes—Einstein
equation, which at 25 °C for neutral buoyancy particles in
water reduces to Eqn 12,78 provided the molecular weight
(M) = 50000 Da.[¥
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Therefore, particles with a M, of ~50 000 Da and a diameter
of 5—6 nm can expect to have a diffusion coefficient in water of
~9x 107" m?s™ ' (=9 x 107" em?s™'). This is approximately
a factor of 8 less than that of free metal ions, and consequently
measurement of metal attached to such particles by a technique
relying on diffusional transport will inherently have poor sen-
sitivity. In DGT, particles within the filter and gel will diffuse
more slowly than in water. Lead et al.”® used ultracentrifuga-
tion to estimate molecular weights (in parentheses) of fulvic acid
isolated from water (AFA) (2400 Da), humic acid isolated from
water (AHA) (6300 Da) and humic acid from a peat soil (PHA)
(16 500 Da). Their diffusion coefficients (x10~°cm?s™") in an
APA gel (italicised) and a restricted gel (underlined) were
substantially less than in water (normal text): AFA (2.46, .15,
0.37); AHA (1.79, 0.60, 0.18); PHA (1.30, 0.35), and in agree-
ment with values for SRFA and SRHA.®'2? The decrease
compared with water was proportionally greatest for the larger
molecules and the restricted gel, suggesting that size affects
diffusion in these gels, even for these relatively modest sizes
(r=~1nm (AFA), 1.4nm (AHA) and 1.9 nm (PHA)). Given
that D in the APA gel for the 3.8 nm-diameter nanoparticle is
27 % of the value in water, a much greater attenuation might be
expected for a 10-nm nanoparticle, further reducing its sensi-
tivity to measurement by DGT. The restricted gel impedes even
AHA quite markedly (only 10 % of the D value in water), which
has prompted the suggestion that when used in DGT it provides
an approximate measure of inorganic species, especially when
complexation is not dominated by humic substances.!””)

Diffusion coefficients (x10 ®cm?s™") in agarose gel of
AFA (1.92), AHA (1.19) and PHA (0.74) are higher than in
polyacrylamide gels, indicating a larger pore size.*! Fluores-
cence correlation spectroscopy of defined particles or molecules
with a range of sizes showed that agarose gel had a mean pore
diameter of 74 nm."®”! However, because of the distribution of
pore sizes, particles with a diameter >60 nm were considered to
be trapped. That is they may be able to diffuse locally, within a
set of large pores, but could not diffuse through an entire gel.
Particles with diameters up to 140 nm could participate in the
locally trapped diffusion.

Similar detailed information on pore size characteristics is
unfortunately not yet available for the gels commonly used in
DGT. DGT measurements, using both APA and restricted gels,
were made of Pb in solutions containing free Pb and Pb bound to
monodisperse carboxylated latex nanospheres with diameters of
81 and 259 nm.™*¥! There was no evidence of Pb from the larger
particles contributing to the measurement, but some indication
that, in solutions containing the smaller particles, there was
more Pb accumulated than expected from the free ion alone. In
DET experiments performed with the same solutions the mea-
sured concentration of Pb in the gels was greater than the free ion
concentration in solution and the time to equilibration was
longer than for the free ion. The authors considered this as
evidence that both sizes of particles could diffuse through both
types of gel. However, the results would be equally consistent
with Pb>" binding to the gel. According to the paper there was
no evidence of such binding, but this is contrary to the data of
Garmo et al.>*! Given that only particles <60nm in diameter
can diffuse through an agarose gel, which is more permeable to
humic substances than APA, it is surprising that particles as
large as 259 nm equilibrate to a high concentration within both
APA and restricted gels. Van der Veeken et al.*® postulated that
the restricted gel in particular, which attenuates markedly the
diffusion of humic substances, has a very wide pore size
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distribution. Although the structures of APA and restricted gels
are probably different from that of agaraose, it is worth noting
that according to the measured characteristics of agarose, large
particles (e.g. 259 nm) would be expected to display trapped
diffusion and so would not penetrate to populate the entire gel.

Comparisons of metal speciation using in-situ DGT (APA
gel) and ultrafiltration showed very good agreement between the
<1-kDa fraction and DGT measurements for Mn, Cd and Zn in
the Baltic Sea and for Mg in a river."”-*' DGT measurements of
Cu and Ni in the Baltic Sea were lower than the <1-kDa
fraction, consistent with the presence of inert colloids, which
may be strong organic complexes.”’) These measurements
suggest that in practise DGT may only be measuring particles
smaller than 2 nm.

More data are required on diffusion of well defined nano-
particles in the APA and restricted gels. Recent evidence
indicates that the pore sizes are greater than an earlier assess-
ment of the literature indicated,’*" which opens up the exciting
possibility of using DGT to determine nanoparticles. However,
the slow diffusion of nanoparticles will confer poor sensitivity.
Labille et al.l?” have demonstrated that the gel structure at the
surface of an agarose gel differs from that of the bulk gel, with
the diffusion coefficients of solutes in this ~100 um-thick
region being appreciably less than their values in the bulk gel.
Such a phenomenon may not occur in acrylamide gels, whose
structures and casting procedures differs from that of agarose,
but, if it did, there would effectively be a ‘surface filter’ for
larger nanoparticles. Although lability, as expressed by Eqn 10,
increases with nanoparticle size this is simply because of the
lower diffusive flux as a result of slower diffusion.l”® These
diffusional constraints may explain why field data indicate that
only very small nanoparticles (colloids) are measured by DGT.
More general modelling of fluxes of metal ions at consuming
interfaces, which include organisms, has shown that natural
colloids are expected to make a negligible contribution to the
total flux.t””"®]

Conclusions

It is wholly appropriate that the assumptions accompanying use
ofthe simple steady-state DGT equation have been the focus of a
considerable body of research. The accumulated evidence sug-
gests that these assumptions hold for most conditions, but not
surprisingly there are exceptions. There remains robust support
for use of DGT as a monitoring tool of labile solute species in
natural waters. The simple Eqn 1 still holds within typical
experimental errors when a 0.8 mm-thick diffusion layer is used.
Although trace metals and, to a lesser extent, humic substances
have been shown to accumulate within the diffusive gel, they are
unlikely to affect the DGT measurement provided deployment
times of a few days are used. Early work suggested that effects
related to gel charge affected measurements made at low ionic
strength, but for the most commonly used APA gel this is now
known to be an artefact associated with inadequate washing of
the gel. More definitive data on possible charge effects is
required for the restricted gel. Use of DGT for speciation and
kinetic studies is more demanding and requires use of equations
with fewer assumptions, which adequately accommodate
effects associated with an effective rather than geometric area,
a DBL, appropriate diffusion coefficients for each species and
dissociation kinetics. Interpretation in these circumstances is
greatly improved by having a suite of DGT measurements,
which may include ranges of gel layer thicknesses, gel
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composition and deployment times, as well as other data, such as
filterable metal. Good progress has been made on measurements
in well defined systems, but in-depth interpretation of mea-
surements in natural waters is complicated by the distribution of
binding and rate constants associated with metal complexed
with humic substances. Apart from humic substances, we know
little about the contribution of nanoparticles to the DGT
measurement. Definitive data obtained with well-characterised
particles are urgently required and further data are needed on the
interactions of humic substances in soil solution with the
diffusive gel and filter.

The above account has focussed largely on trace metals, for
which the DGT measurement has been most systematically
investigated. Increasingly, however, DGT 1is being used to
measure other components. As the use of DGT is extended to
new determinands and new media, it is essential that perfor-
mance characteristics of DGT, including possible interactions
with the gel, continue to be thoroughly evaluated.
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