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Abstract

Chemical fractionation, speciation analysis andabailability of metals and metalloids in
waters have received increased attention in regeats. However, this interest is not
matched by progress in improving species integhitying standard ‘grab’ sample collection,
processing and storage. Time-averaged, low distgdbaamplingjn situ, of trace element
species, in particular, is a more reliable approfachenvironmental chemical surveillance
and methods based on the diffusive gradients mftims (DGT) technique stand out as one
of the most widely used of the passive samplerselgsand hence will be the primary focus
of this review. The DGT technique was initially @ééyped to sample metals and semi-metals
in freshwaters, and later was extended to includdna settings as well as the measurement
of metal fluxes in sediments/soils. Nowadays, D@8du technologies are used extensively
in a variety of geochemical and environmental lmeaisearch disciplines. This review
specifically surveys the application of the DGT sw@@ment for fractionation and speciation
analysis (as defined by IUPAC) of metal or metaldoin agua Use of DGT in fresh,
estuarine and marine waters, as well as effluesstsirnproved the knowledge baseiafsitu
data related to fractionation processegy.(labile and inert species; organic and inorganic
species; dissolved and nanoparticles), and specianalysis. This supports not only the
calculations underpinning numerous software speciamodels for cation and anion
behavior, but also our understanding of the bidatsdity and toxicity of these species. The
measurement of metals by DGT are easy to obtaiichwh core to its popular use, but often
the results require sophisticated interpretatich @amwide spectrum of chemical knowledge to
really explain in full, which is why the method hasd continues to capture the interest of

researchers.

keywords. DGT, Passive sampler, Metal speciation, Trace eignhabile species
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1. Introduction and relevancefor in situ speciation (fractionation, speciation analysis

and bioavailability)

Metallic elements and species in natural waters loarfree, complexed €.g. by humic
substances) or adsorbed by suspended solids. Ttadsnre thefree or labile form in most
cases are more reactive, possess a smaller magmgriaster diffusive transport, and have a
higher toxicity [1]. Some organometallic species, €&xample, methylmercury (MeHg) or
tributyltin (TBT) are considerably more toxic théimeir inorganic counterparts, Hg(ll) and
Sn(lV) respectively. These exceptions to the riddgte to a very specific case of molecular
mimicry, which confers upon these species the tgliti be transported freely within living
systems via pathways that are intended for bioddlyicessential organic compounds [2].
Additionally, metalloid é.g. Sb, As and Se) toxicity varies in relation to wvele
characteristics, for example trivalent As(lll) ar®@b(lll) are more harmful than their
pentavalent As(V) and Sb(V) counterparts [3]. Thene analytical techniques to selectively
determine these fractions are essential for thaystéi hazard risk associated with metals in
aquatic environments [4]. Differentiation of orgametallic species from their inorganic form
or separation based on valence followed by spepiastification normally requires the use
of a combination of techniques, firstly to separtte target analytes/molecules and then to
measure theme(g. gas chromatography coupled with inductively codpfdasma mass
spectrometry, GC-ICP-MS) [5]. Although approachasda on the use of coupled techniques
have been increasing in recent years, less attehis been afforded to the preservation of
species integrity during sample collection and pssing. In this sense, the use of
sophisticated and state-of-the-art techniqueg.(GC-ICP-MS) to selectively determine
highly toxic but stable species at low environmktancentrations€.g. determination of

TBT in water or sediments) can be considered indaeévolution in analytical chemistry.
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However, determination of labile metal fractions, selective determination of metalloid
redox species in both the laboratory and fieldirsgdt cannot always replicate the true
conditions as accurately as we as a research coitymould ideally like.

Ensuring that the correct protocols for collectimmd sample preparation are followed is
critical if contamination and transformation (chasgin the distribution of species) of a
sample during collection, handling, transport atwtage, are to be minimised. It is worth
noting, that even the most rigours preservatiomngpies will only ever slow down the
inevitable on-going chemical and biological changiest occur after collection, with the
complete preservation of samples being nearly isiptes [6]. In this context, passive
samplers may be considered an effective alternaiiwepared to traditional grab sampling
collection techniques since the analytes are bsargpledin situ, with low environmental
disturbanceln addition to other advantages, passive sampé&rsntegrate multiple levels of
speciation data to provide a better overall measent of metal bioavailability. Particularly
for determination of trace element species, methaded on the DGT technique are the most
widely used globally [7], and hence form the foaufsthis review.

The DGT technique was developed in 1994 [8] andiniially applied to sample metals and
semimetals in freshwatems situ. In 1998, the range of DGT applications was extéentb
include the measurement of metal fluxes in sedimand soils [7,9-11]. Since then, DGT
based technologies have been used extensivelyanety of geochemical and environmental
health research disciplines. In addition to thelitgbto sample species selectively, DGT
provides a time-weighted measure of concentratemts to stabilise and pre-concentrate
target analytes, while providing an effective altdive to multiple repeat single sampling
events that not only take-up resources (time angemse) but are risk points for
contamination. All these attributes are key for theantification of metals at ultra-trace

concentrations (ppb or ppt) in the environment. Wheasured with plasma based analytical
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techniques such as optical emission spectromeédy-DES) or mass spectrometry (ICP-MS)
multiple element parameters can be obtained simediasly [7].The DGT technique is based
on the immersion of a polypropylene device compgf two pieces, the piston and the cap.
The piston works as a support for the gel-layeas #ne placed inside the devices (firstly a
membrane, then diffusive matrix and finally a fuactlised binding layer), which may vary
according to the method and the target analyte gbas@ampled. The piston base and
membrane/diffusive layer stack is then enclosea light-fitting cap, which guarantees that
the pathway of ion transport from the bulk soluttonthe inner layers occurs specifically
through an exposure window of a defined area. Tiffast/e layer forces ion transport to
occur exclusively by molecular diffusion, thus &llog analyte concentration to be
determined by applying Fick’s First Law of diffusi§7].

According to the principles of the technique, atalyoncentration in the solution can be

determined by the equation below:

Cp = (M 4g).(D t A)* Eq. (1)

whereC, is thefree or labile concentration of metals in the deployhrmaedia/sample matrix,
M is the recovered mass of the analytg,is the diffusive gel thicknes§) is the diffusion
coefficient of the analyte in the gelis the deployment time arAl is the exposure window
area [7]. Eq. (1) is based on a steady-state dondand satisfactorily holds for most
environments and deployment scenarios. Nevertheld®se are exceptions for some
conditions, mainly for short deployments (less tdah), systems with very high dissolved
organic carbon (DOC) concentrations, and water iregtrwith low ionic strengths. The
issue of allowing sufficient time for a diffusiveaglient of solute to form within the DGT

devices is quite a straight-forward concept to grdmit the subtle effects of either, metals
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and humic substances binding to diffusive layersher generation of weak charges on the
diffusive gel to occur are more complicated meaweare discrepancies to identify, mitigate
and understand [12-14].

Until now, various types of materials (e.g. polydamide gel [8], agarose gel [15], dialysis
membrane [16], Nafiohmembrane [17], chromatography paper [18], filtapgr [19]) have
been evaluated as diffusive layers within the D@inglers. The first material used in DGT
to fabricate the binding layer, was the polyvalemtal chelating resin Chelex-10@Bio
Rad). The replacement of Chelex-£0@ith other binding phases may vary according to
desired binding species and also the matrix, inclvidGT will be deployed. Since then,
various binding agents have been developed to meafterent analytes in waters. Table 1
lists several proposed binding agents (in grounafytes) for use in DGT samplers.

From its development in 1994 up until the presenét(August, 2016) more than 715 papers
can be found by entering the keywodiusive gradients in thin filmsn Web of Knowledge
Index. Published studies of DGT applications in essttotal ca. 550 papers (found by
entering the keywordwater diffusive gradients in thin filmsand this has helped greatly to
improve our understanding of fractionation patteflabile fraction, organic and inorganic
labile fraction) in many different water systems.

In the literature, it is possible to find a wideriedy of interpretations or uses of the terms of
metal speciation being applied to the DGT measunénadthough, these approaches do not
always exclusively fit within the IUPAC definitiof20]. For example, the use of DGT for
studies of speciation and bioavailability was relyef2015) reviewed by Zhang and Davison
[21]. The review examines and discusses key publdies in the last 20 years, giving an
interesting environmental perspective to DGT the(mlated to measurements of metal
complexes) and the capability of DGT to obtam situ kinetic information. Also, the

relationships between DGT measurements in soilspéantt uptake were discussed in depth.
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The focus of the present review is to consider feopractical perspective DGT approaches
in situ and highlight the advantages and analytical litiwtes of the method. We hope that
this focus can also inform analytical knowledge a@ning sample storage and preservation,
and encourage more grab sampling measurementsécsbane form of passive sampler data
validation, as part of confirmatory protocols.

Over the last two decades, the tergpéciatiori (borrowed from biological sciences) has
become an important measurement concept in aralyiemistry, although because it is a
broad term it can have a diffuse meaning. Thusjrgrto avoid confusion, the International
Union of Pure and Applied Chemistry (IUPAC) sugegeésto differentiate the terms 1)
speciation, 2) speciation analysis and 3) fractionaas: 1) “distribution of an element
between defined chemical species in a system”afl)dhalytical procedure to identify and/or
guantitative measurement of one or more chemicatisp in a sample”; 3) “classification of
an analyte or a group of analytes from a sampleordony to physical or chemical
properties”[20]. Although, the above definitionseeseexplicit, ambiguity in their use is still
common in the published literature. Neverthelasghe present review, we have considered
the IUPAC concepts as key criterion to separatevéimus DGT approaches into different
topics. Key papers (n = 90) focused on speciatiwh raetal (or metalloids) in waters were
selected. The findings are summarised and discussaederning the DGT techniques’
capability and potential for in situ fractionation €.g.labile and inert species; organic and
inorganic species; dissolved and nanoparticlgs$pieciation analysis and iii) the support the

measurements can provide for software speciatiotielador cation and anion behaviour.

2.  Water analysis- Main concepts and characteristicsrelated to DGT technique for

fractionation, speciation and speciation analysis.



185 Fig. 1 and Fig. 2 show the frequency of these @ggres when different definitions of the
186 concepts are employed. It can be clearly seen trmse illustrations, that the sections are
187 considerably different when different concepts (factionation and speciation) are adopted
188 and, according to IUPAC definitions, most of the D&pproaches relate to fractionation of
189 labile species.

190

191 2.1. Fractionation of labile, moderately labile and inert species

192

193 An essential attribute of the DGT technique is thessibility of in situ fractionation
194 (although, normally, fractionation is called spéola in DGT papers) by determination of
195 selective labile species based on their diffusiathiw a thin gel and on their interactions with
196 a solid phase (generally, a resin bound in a pogelisupport). As the process takes place
197 situ, the species of interest are protected against deasition during the stages of transport
198 and storage. The first two publications featurinGD[7,8] clearly explain the fractionation
199 properties of the technique, and how small dissblspecies are differentiated in at least
200 three degrees of lability: labile, partially labded inert species. These measurements depend
201 on both gel thickness and the rate of diffusiorotigh the gel [7]. Normally, labile species
202 are thus assumed to be those only measured udd@gTasampler with a standard 0.8 mm
203 thick diffusive gel configuration. In the particulease of partially labile complexes, changing
204 diffusive gel thicknesses yields information abahbé lability of the species and when
205 interpreting DGT measurements it is necessaryk® itato account the changes of metal flux
206 and lability degree [22]. Analytical expressions flee metal flux, the lability degree, and the
207 concentration profiles in DGT devices have beeentlg reported and are encouraging DGT
208 users to collect more kinetic and dynamic informatifrom the environment [23,24].

209 Nevertheless, changing diffusive gel thicknessesdgiinformation about the lability of the
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species. Based on this diffusive layer thicknesgedrconcept of DGT-lability, there have
been a number of published DGT papers to date 2Fhis approach looks very exciting,
and is stimulating interest in the use of DGT ttaabfurther kinetic and lability information.
When considering a partially labile species situgtithe measurement can be more
accurately achieved by varying the diffusion laykickness. Differences relating to the
lability of metal and ligand complexes (ML) anditaly free metaM) species allows them
to be discriminated. This is possible to determirt@th ML and M are being measured. In
this case, the edge of the range (totally labilé aan-labile) is represented. In the case of
partially labile species, if only M is measurede ttissociation of the ML complex can be
promoted by using a binding phase with strong gutsor properties. In this last scenario, the
kinetics of the ligand exchange determines theisaof ML that will be measured.

Adoption of this relatively simple fractionationqmedure (measurement of labile, moderately
labile and inert species) can be considered agn#fisant improvement to traditional filtering
based approaches used to quantify the dissolvedl mretction in waters, providing a

potentially more reliablén situ measure of the bioavailable metal species anditgxi

2.1.1. DGT labile species and speciation modelling

Comparing DGT results with speciation modellingtsafe can be a very insightful way to
interpret the measurements, in addition to actsy@ aomplementary technique for purposes
of data validation. The Windermere Humic Aqueousdel (WHAM) based on the humic
ion binding model VI, Visual MINTEQ (VMINTEQ) basexh the NICA- Donnan model and
Stockholm Humic model (SHM as a variety of WHAM)eathe most popular speciation
modelling platforms that feature alongside DGTha published literature.

Meylan et al. [25] compared DGT results for Cu &mdwith voltametric measurements and

predictions performed with speciation programs WHAMMINTEQ and SHM. The
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predictions offree and inorganic Cu were overestimated, attributethéothree models not
considering a strong enough binding of Cu to DO@.céncentrations calculated by these
models were in agreement with DGT and voltame#&sults.

Unsworth et al. [26] obtained results by DGT for, @i, Ni and Pb and these findings were
compared to the equilibrium distribution of speatesculated using WHAM and VMINTEQ
models. In the river Wyre, the DGT concentratioas €u were 13% of the filtered metal
(IM]+), consistent with the model predictions (20% ofiiJ. The Pb concentration measured
by DGT was only a small fraction (3% of [Rbkhowing that most of the Pb was in a non-
labile form. The Cd concentration measured by D@BE similar to that predicted by WHAM
(cdy”maxwith Fe as a colloid input into the model) andWMINTEQ the result was lower than
expected because this model predicted a higheoprop of Cd-humic species probably due
to slow dissociation kinetics of Ni compared to estilmetals. For Ni, DGT concentrations
were lower than in both the model predictions (mohs of measured species assuming
complete lability - &4 probably due to the slow dissociation kineticsNofcompared to
other metals.

Observations of DGT-labile concentrations and dyiecanmetal concentrations for Cd, Cu, Pb,
and Zn in aquatic systems influenced by histomcading activities are studied in the work of
Balistrieri and Blank [27]. They showed an agreemegtween labile concentrations and
chemical speciation software (WHAM VI) for Cu anther chemical speciation models (i.e.
SHM) to calculate Pb speciation. DGT was appliedractionate labile Al, Pb, Cu, Fe, Zn,
Cd, Ni, Co and Mn in a stream near to a neutralaed mine drainage effluent reservoir.
VMINTEQ was used to assess the inorganic fractih iforganic species), which was
assumed to represent the labile pool. When thdtseaere compared to those obtained by
DGT, there was good agreement, suggesting the lyimdginterpretation of the model was

correct for most metals. The authors’ report a mlabile fraction just for Fe, Pb, Cu and Al
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(DGT-labile concentration 5 %, 12 %, 42 % and 5Mm@#®4otal dissolved, respectively) as

these elements readily form organic complexes @t @x particulate form [28].

2.1.2. DGT labile species and filtration

As filtration separates a fraction of an elemerstiddobon differences in size, with the common
size fraction discriminator being, 0.45 um; représg the divide between dissolved plus
colloidal species and undissolved particulates.s@hed species are potentially more
bioavailable as they can pass through cell membrarw@e easily than particulate fractions.
Thus, filtered fractions can be also used to reprea bioavailable fraction when colloid
formation is considered low to insignificant. Bwngparing the metal concentrations in
filtered fractions with DGT measured availabilitige contribution of colloids or inert species
can be quantified. In addition, the expression wmfawailability can be more precisely
represented by the DGT measurements, if valueselated in some way back to the filtered
fraction. Thus, DGT maybe employed successfullya agibstitution to filtration. Although
more complex than filtration, in situations where thre-concentration of the analyte is
required, DGT may be a helpful tool.

DGT measurements were performed by Lucas et d.ifi2z@n estuary with 4 different DGT
devices (Chelex, Ferrihydrite, carbon and PurB)it#en elements (As, Au, Co, Cr, Cu, Mn,
Mo, U, V and Zn ) were determined. Carbon and Rafolvere used to sample DGT-labile
Au, ferrihydrite for labile As and Chelex-18dor cations. The DGT-measurements of Au
were in agreement with total dissolved concentrati(filtered sample) from downstream
sites. DGT- labile concentrations of Mn and Zn wsirailar to grab sample concentrations
(Coet/Grab ranging from 97% to 117%n the other hand, DGT concentration of Au, Cu,
Co, Cr, U, V, Mo and As, were lower than total dised concentrations at the upstream site,

probably due to formation of colloids or complexaisding with DOC which was not
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sampled by DGT. Senila et al. [30] presented th&erd of dissolved and labile metals in
waters of the Aries River catchment (Romania). [Hisde metal fractions, expressed as % of
total dissolved metal concentrations (using the D&hnique), were found to be 28-88% for
Cu, 43-72% for Zn, 73-85% for Fe, and 33-70% for.Menney et al. [31] present results for
Cd and Cu concentrations in two Tasmanian (Ausirativer catchments using DGT.
Concentrations of Cu and Cd measured by DGT weunaldq dissolved (0.4qm filtered)
concentrations for the Ring and Stitt rivers, imipdyorganic complexes or colloidal species
to be of little relevance to the transfer of metalghese specific water-bodies. However,
conversely in the Que and Savage rivers (Victdisstralia) DGT concentrations of Cu and
Cd were around 30 - 50% of the dissolved metaleslhighlighting a distinctively different
fluvial biogeochemistry. Warnken et al. [32] comgzhconcentrations of Al, Fe, Mn, Ni, Cu,
Cd, Pb, and Zn measured using DGT ([Mg) deployedin situin 34 headwater streams in
Northern England with filtered samples. ExceptZorand Cd, concentrations measured by
DGT were similar to or lower than concentrationsha filtered samples.

DGT deployments, used in parallel with competiggtid exchange techniques, were used to
study the lability and mobility of complexes of hignacid and either Zn(ll), Cd(ll), Pb(ll),
and Cu(ll), by varying the diffusive layer thickisg83]. Here, Zn(Il) and Cd(ll) humic acid
species tended to be more labile than Pb(ll) odlCa¢mplexes [33]. Other, adaptations to
the DGT method that have improved our understandfrig situ speciation trends include,
the use of sodium polyacrylate as a binding phaslkectively retain labile Gtiand Cd*,
while selectively not capturing metal-EDTA complex@4]. The same binding phase was
also used to scavenge?Nions, while Ni-EDTA and Ni-humic substance comgexvere
not retained [35]. Munksgaard and Lottermoser [B@&jasured runoff waters with DGT,
finding Zn in the dissolved phase (0.4 filtered sample) was nearly entirely in the labil

fraction (ratio between DGT and filtered sampleswpproximately 100%), while Cu was
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only partially labile (DGT/filtered = 25 — 46%). la study reported by Yabuki et al. [37]
concerning the use of DGT in Amazonian rivers (Aoraand Negro river) with high organic
matter and low ionic strength, for determinationAdf Cd, Co, Cu, Mn, Ni and Zn. DGT-
labile measurements were lower or similar to dissticoncentrations (except for Co and Mn
in the Negro river; Ni and Zn in the Amazon Rivérhe study of Shi et al. [38] compared the
concentrations of dissolved and DGT-labile V andirthrelationship with DOC in the
Churchill River estuary system (Manitoba, Canada)nd) spring pre-freshet, freshet and
summer base flow. Dissolved V concentration at sembase flow was approximately 5
times higher than spring high flow while for DGThiee V a converse trend was observed
(greater values found during the spring high flowWhis difference can be explained when
DOC concentrations are considered, and highligainatipe importance of accounting for the
possible effects of DOC complexation when undengiield sampling.

On the basis of the examples discussed abovegesiudts obtained by DGT (normally lower
than the total dissolved concentration) can sugtiedtin most environmental systems the
labile fraction is less than the dissolved fractignenin situ measurements are performed.
However, this assumption needs to be considerezfutiyr Firstly, DGT provides a time-
integrated concentration, and thereby is a fundsigrdifferent measurement to that of a
single time-point, grab sample, and this can raautheasurements yielding different values.
The extent of this variation is site/time specifand reflects changing weather conditions,
temperature and inputs/discharges to the water.batbp, DGT results cannot represent
guantitatively the real labile fraction when largemplexes are formed in the system, as
diffusion coefficients are considerably smaller G@npared with those of free ions) and
consequently the DGT concentrations are undere@dngby not accounting of the inert
fraction). Other errors caused by changing some pP&&ameters (e.g. DGT geometry [39];

diffusive boundary layer, DBL [40]; biofouling [4)]s not a focus of this paper but can be
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found discussed in a recent DGT review, where Gafcand Puy [14] have interpreted the
DGT measurements with appropriate physicochemicabdels giving valuable
comprehension about the system’s behavior. To sertent, errors associated with the
formation of different complexes can be overcomefragtionation of labile inorganically

and organically complexed metals, as discussdueimext item.

2.1.3. DGT labile species and other techniquesfor measuring lability

In the study by Twiss and Moffett [42], DGT devicegre compared to an independent
speciation technique (competitive ligand exchangeadsorptive cathodic stripping
voltammetry (CLE-ACSV)). The results revealed thatleast 10-35 % of the organically
complexed Cu measured by CLE-ACSV were comparabl®&T labile measurements.
While, Dunn et al. [43] found traditional 0.45-pnitdred solution and DGT-labile
measurements to vary substantially, with the la¢gistering betweera. 20-30% of the
former for Cu, Pb, Zn and Ni. Additionally in anethstudy, DGT was compared to
voltametry and competitive ligand exchange, to darfgbile Cu and Zn and was considered
a robust and efficient technique fiorsitu measurements [25]. The majority of DGT binding
layers are solid, gel-based supports; howeveligmst an exclusive requisite for the method.
Li et al. [44] developed a sampler configuratiomattiuses an aqueous solution of poly 4-
styrenesulfonate (PSS) as the binding phase, comgaihe liquid within a cellulose dialysis
membrane (CDM), which also serves as the diffusayer. The method was validated in
seawater and freshwater sites. In keeping witlptiedicted chemistries of the two matrixes,
the freshwaters possessed higher DOC values, andedorded lower DGT concentrations
when compared with the seawater sites. The lataleidbn of metals in freshwater was 3.5 —
4.8 % and 4.9 — 8.2 % for Cd and Cu, respectiveby.seawater, the labile fraction was 6.5 —

7.2 % and 42 — 46 % for Cd and Cu, respectivelyes€hresults clearly highlight the
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importance of the Cu and Cd interaction with DOGhwthese metals, and Cu in particular,
being very extensively complexed to organic mattehe freshwater sites. Dakova et al. [45]
compared the concentrations obtained with DGT aR& $obtained with a solid phase
extraction procedure based on silica spheres neodifiith 3-aminopropyltrimethoxysilane)
in water sampled from the Black Sea. The ratiosveeh DGT/SPE for Cd and Ni were
relatively high (0.6 to 0.8), suggesting that thiading of these metals by inorganic
complexes or kinetically labile organic complexeaswnot a predominant environmental
process in this setting. However, the DGT/SPE satvere much lower for Cu and Pb (0.2 -
0.4), highlighting a stronger complexation of Culadb by the dissolved organic matter

(2.9mgL™).

2.2. Fractionation (organic and inor ganic/nanoparticles)

2.2.1. Labileinorganically and organically complexed metals

Whether the metal is complexed or not with humigssances is of great interest for the study
of the speciation of trace metals in environmeséahples, because it impacts on the mobility
and even on the bioavailability of the analyte sgecYet, the relationship is not simply
binary, bound versus unbound, but also dependb@mate of dissociation of the complexes
formed by humic substance and the metal.

In 2000 [46] and 2001 [47] DGT was suggested a®tanpial tool for the separation of
inorganic and organic complexes of Cd and Cu formvétd humic and fulvic acids. This
fractionation is based on the use of diffusive faywith different pore sizes, each one placed
in a standard DGT device (Fig. 3). One diffusivgela(called open pore gel) and another
one, with smaller pore size (called restrictive) gmle used simultaneously. As inorganic

species are small, it diffuse freely and consedydaster through gels, but organic larger
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complexes formed by Fulvic (FA) and Humic (HA) aidliffuse less freely (and
consequently more slowly than small complexes)ha gels. When two similar devices
(same area, thickness and binding phase) contanestgictive and open pore gel and are
immersed simultaneously in the same solution, tierdame time, the organic and inorganic
species have very distinct diffusive coefficiemseiach type of diffusive gel; therefore the
accumulated mass in each binding disc will vannisicantly, allowing the calculations of

the concentration of each fraction by eluting tifeecent masses retained during immersion

as follow:

Cinorg = (°M / °Dorg ="M / "Dorg) / [K (° Dinorg/ °Dorg — 'Dinorg/ 'Dorg) Eq. (2)
Corg = (°M /°D inorg — "M / "Dinorg) / [K (° Dorg/ °Dinorg — Dorg/ 'Dinorg) Eq. (3)
Where:

Cinorg IS the concentration of the inorganic species;

Corgis the concentration of the organic species;

°M is the accumulated mass in the device congaimgplen pore gel;

°Dorg is the diffusion coefficient of the organic spei the open pore gel;

'M is the accumulated mass in the device congaimgestrictive pore gel;

'Dorgis the diffusion coefficient of the organic speitighe restrictive pore gel;

°Dinargis the diffusion coefficient of the inorganic sjgem the open pore gel

‘Dinargis the diffusion coefficient of the inorganic sjem the restrictive pore gel;

k is a constant, that depends on DGT parame®aasea andig thickness of the DGT devices

and the deployment time which are maintained constant.
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On the basis of this approach, even though it idaad¢eds analyte concentrations to be
relatively high [47], for the first time inorganend organic complexes formed from humic
and fulvic substances can be evaluated by usingnasitu sampler and consequently
compared with measurements performed in the latgrafThus, again DGT promotes
progress on fractionation. After being initially@ied to just the fractionation of Cu and Cd,
many further studies have taken the method andhd&tethe scope of the work, broadening
the range of studied elements. Zhang [48] extetiaeid initial proposal [46] for fractionation
of Zn and Ni in freshwater. Fractionation of orgamind inorganic Pb were successfully
performed in an synthetic system containing eitR&r HA or nitrilotriacetic acid (NTA)
over the pH range 4 - 8 using three types of DGVicds (with diffusive gels of different
pore sizes), when the diffusion coefficient of eaplecies in each gel type was considered
[49]. Determination of labile inorganic and orgasjeecies of Al and Cu in model synthetic
solutions and river water samples were evaluateddnello et al [50]. For the model Cu
solutions, the most labile fraction consisted @t jmorganic species, but, significant amounts
of labile organic complexes of Cu were also preséat the river water samples analysed in
the laboratory, less than 45% of the analytes \pezeent in labile forms (most were organic
species). For tha situ measurements, the labile inorganic and organdatifnas were larger
than those obtained in the laboratory analysessé ligfferences could have been due to
errors incurred during sample collection and steralgowing the challenge associated with
this type of fractionation measuremeémtsitu. Data from the fractionation of labile inorganic
and organic complexed metals obtained using DGTeh&een compared and/or
supplemented with ultrafiltration (TFU), solid pleasxtraction (SPE) [50], competing ligand
exchange (CLE) methods [25,51], anodic strippingfavometry and computer speciation
(WHAM) [47,48,52]. Chakraborty et al. [51] stateattDGT estimates lower concentrations

of labile metal complexes than CLE, but the assmeiaof these two techniques was found to
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be very valuable in determining diffusion coeffitie for labile metal-humic complexes in
guasi-labile systems. Similarly, Tonello et al.][#®a procedure based on ultrafiltration data
proposed to determine diffusion coefficients of émalytes, Cu and Al, in water samples and
model solutions containing bofree metal(M) and complexes (metal — humic substances
binding). When compared to SPE in the samplingrghpic-rich waters, the measurements
of DGT showed good agreement for Al and Cu, wigréhbeing only a small variation in the
measurement, likely due to differences in time-ssalf each method. The effect of HA on
the metal uptake of Cd, Cu, Ni, and Pb in DGT wealwated by Docekal et al [53]. The
authors tested HA substances at approximately emarand higher concentrations with
respect to metals ions and reported a considenadlection in the DGT metals uptake
increasing in the sequence of Cd, Ni, Pb, Cu. Buggested that HA species diffuse through
the permeable gel and affect predominantly theracteon of metal ions with specific
iminodiacetic groups of the resin by competitivaateons. Therefore, in this sense, reduced
mobility of larger molecular species of metal-huractd complexes plays a minor role. Balch
and Gueguen [54] confirmed diffusion of four hamubstances (500-1750 Da) through the
DGT system (diffusing across the diffusive gel meanie) at rates ranging from 3.48 x°®10
cn’ s* to 6.05 x 10 cnf s*. The authors’ report similar behaviour for DOCA@x 10° cnt

s to 5.31 x 10 cnf s%). Van der Veeken and Van Leeuwen report that Héneappears to
accumulate in polyacrylamide gels, with enrichmfaetors typically on the order of 10 [55—
59]. Thus, similarly to questions raised by Docelal al. [53] this behaviour has
consequences for understanding DGT data on mataddlfrom aquatic media containing FA
and HA. Therefore, Eq. (1) and Eq. (2), now, mustthken carefully when performing

fractionation of organic and inorganic metals coomuts.
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2.2.2.Nanoparticle fractionation

The basis of DGT measurement to discriminate speateording to size lies in fact that the
diffusion of free ions occur more rapidly than larger chemical specieshsas metal
complexes with humic substances. Therefore, sitpjléine discrimination of colloids and
nanoparticles from other species will depend ofuslibn of these particles through the gel
and their sufficiently rapid release upon intemactwith the binding layer. In theory, as
shown in Fig. 3, very small nanoparticles coulddisinguished/detected by DGT by using
different types of gel and varying the concentratiand type of cross-linker (e.g. acrylamide
cross-linked with an agarose derivative (APA), &mide cross-linked with bis-acrylamide
(restricted gel — RG)) [60]. Forsberg et al. [6d4hen comparing DGT and ultrafiltration in
the Baltic Sea have demonstrated that concentsatbrCd, Mn and Zn measured by DGT
were similar to the concentrations measured in & kiirafiltered samples probably due to
the weak tendency of these metals to form orgammeptexes. For Cu and Ni the ultrafiltered
concentrations exceeded the DGT-labile concentratimdicating the existence of inert
colloids, which may also be strong organic compdexiéne authors’ suggest that DGT may
only be measuring particles smaller than 1kDa (@gprately 2 nm). This agreement
between DGT and ultrafiltered concentrations (1KE&tion) in other types of water was
also reported for Mg in the study of Dahlgvist €fi&2] in freshwater. Van der Veeken,
Pinheiro and Van Leeuwen [55] reported that in sohs containingree Pb and Pb bound to
monodisperse carboxylated latex nanospheres (deasnet 81 and 259 nm, using APA and
restricted gels) there was more accumulation ofnPéplutions containing smaller particles
than expected from thieee ionalone. Davison and Zhang [12] counter this byrrefg to
evidence in which NPs with diameters <2 nm coulifude and be measured with better

sensitivity than NPs up to a 5-6 nm diameter.
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Recent studies by Pouran et al [63] concerning panicle discrimination have employed
fine-pored membranes rather than the conventiord-thm filter. The authors’ proposed
locating a 1000 molecular weight cut off dialysembrane (MWCO) (thickness 0.05
mm) in front of the diffusive gel layer to prevediffusion of nanoparticles of ZnO (ZnO
NPs). The mass of Zn accumulated using open-pdsergiects the concentrations of ZnO
NPs and Zfi, while the accumulated mass in devices with dialygsembranes provides an
estimation of the concentration of just?ZnThe experiments carried out with Chelex and
Metsorb as binding layers show that Chelex offesteqtially better performance
characteristics. However this approach has recewviéidism in Zhang and Davison [21].
Based on non-published studies (performed by GaReters, Davison and Zhang), Zhang
and Davison [21] documented that the use of ultita membranes in DGT devices may
cause radial diffusion effects. Although the abowentioned review [12] highlighted that
there were still key knowledge gaps concerning parale measurement by DGT.
Measurements of nanoparticles can be affected tayalaolloids, and size discrimination by

DGT can be not totally controlled.

2.3. Speciation and speciation analysis (or selective deter mination of a species)

Given the distinct interaction with the biota and/ieonment that each species of the same
element may encounter, coupled with their unstableaviours when stored, DGT, asian
situ sampling technique, can be a useful tool for #ledive determination of species. By
knowing the characteristics of the speciation efélement in natural waters, it is possible to
choose a suitable DGT configuration accordinggsdihding properties, resulting in a species
targeted or selective sampler that has preferaptaka of one form over the othes.q.

cations instead of anions, organometallic complerstead of metallic forms). During the
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evolution of DGT’s development, there have been enams works framed around alternative
binding layers and the uptake of specific speciatf) these studies focusing in the main on
the most toxic elemental forms.

In this section, we have followed the IUPAC [20esfation definition distribution of an
element between defined chemical species in ansysfeherefore, we assumed that DGT
alone cannot be considered a complete speciatmn ds it can only be configured to be
selective to one species but will only be able tovjge the full range or distribution of
species present in a system with the aid of spenianodelling software or auxiliary

separation technique, such as HPLC-ICP-MS.

2.3.1. DGT U speciesand speciation modelling

For U species selective determination by DGT, thpr@ach is based on using a binding
phase with a cationic functional group, thus th®min forms of the element are targeted,
combined with a binding phase that aims to captueecationic (CG@)* dissociated species.
The knowledge of which species is retained by wiyple of biding phase was achieved with
the aid of a speciation modelling software.

Li et al [64] investigated the application of a pafpased DGT using DE81as a binding
layer which may have preferentially sampled Af8Ds),>~ while Chelex-100 sampled the
fraction of U species dissociated from (% during its transport in the diffusion layer; both
methods of U speciation were only appropriate talale fresh waters. Li et al. [65]
proposed a new binding layer — Dowex ré&sin for U uptake and compared it to other
already described binding layers, Chelex®1@hd DE8f. Among the binding layers, U
concentration provided by Dowex devices was thetrselective when deployed in the same
site and compared to the total U concentrationavbiEST was the least. Additionally, DGT

has been tested for radionuclides, with Chelex2160nd to be suitable for sampling Ein
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pH close to neutrality, U for pH of at least up to 10.7 and for NgQup to at least pH
11.7 [66]. In these papers, the authors’ highlightee importance of further studies to better
understand the selectivity of these binding layerdJ species and have also emphasized the

importance the role DGT plays as a complementé&ryto better understand U speciation.

2.3.2.DGT Pb and Mn species and speciation modelling

Similarly to the U speciation method, but this tifeeusing on Pb and Mn, a selective
binding phase was also used in parallel with aiggien modelling softwareéSaccharomyces
cerevisaeimmobilized in agarose gel has also been repagedn alternative binding layer
for cationic Pb species in fresh and seawatersjigirgy a detection limit of the method of
0.75ug L™ (calculated for a 72-h deployment). The speciatimodelling software
CHEAQS was combined with the DGT results to assebsspeciation in solution,
indicating the presence of almost exclusively gatispecies in circumneutral pH values,
i.e. PB*, Pb(NQ)" , and Pb(OH)67]. Speciation of Mn in an acid mine drainagechatent
was performed by DGT. The labile Mn fraction wasessed by using DGT devices
assembled with Chelex-1®0esin as a binding phase and, when modelled WHEAQS
software, it was possible to predict that DGT silety sampledree Mn?* and a portion of
the MnSQ(aq). Negative Mn species sampling was performedhayging the binding phase
to a DE81 membrane. Devices assembled with P81 magm@bn association with CHEAQS
modelling identified MA* and Mn(OH$" species in samples with low Ca concentration [68].
For the next item we have selected only papersectlto speciation that matches IUPAC
definition of speciation analysis [20]: “an anatgi procedures to identify and/or quantitative

measurement of one or more chemical species implea
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2.3.3. Cr redox speciation analysisby DGT

As Cr(lll) and Cr(VI) are found in cationic and anic forms, respectively, in freshwater
conditions, the most common approach for studiesded on the speciation analysis of these
analytes are based on their redox speciation, $gnalsling the devices with a binding phase
known to be selective/specific for each target mseclrhus, the combination of a binding
phase selective for cations and another bindings@lselective for anions seems to fit
satisfactorily the aims of this study field. Anotregproach is to use DGT along with other
techniques, as DET and diphenyl-carbohydrazide (DR@thods, or even by using a
selective eluting agent, as further detailed. Alifio all the proposed methods were highly
efficient in terms of limit of detection, only DGDET provides arin situ sampling of the
species, which is especially appealing for spematinalysis studies, by avoiding changes in
the equilibrium of the species present in the sysdaring sample storage.

The first DGT layout proposed included the catiowhange resin Chelex-180which is
expected to only retain cationic species. Soomjhfgdrite was used to sample anionic
species, being firstly proposed for dissolved phosps sampling in soils [10]. Only in 2002,
Chelex-100 was shown to selectively sample Cr(Mihile the other species of interest,
Cr(VI), was not retained, being instead sampledB [69]. Giusti and Barakat [70] have
successfully combined Chelex-100-DGT with a DPChuétto selective sample Cr(lll) and
Cr(VI), respectively. Cr(VI) was selectively samgldy polyquaternary ammonium salt
(PQAS) while Cr(lIl) was not. The method agreedwitie determination of the conventional
colorimetric DPC method, but possessed a lowerctetelimit [71]. Later, the speciation
analyses of Cr was performed by combining a DGTiadevassembled with a sodium
poly(aspartic acid) solution as the binding layesample Cr(lll), obtaining a detection limit
of the method of 3.18 ugtand a DGT device assembled with PQAS as the hjrldiyer to

sample Cr(VI), achieving a limit of detection ottmethod of 2.92 pgt [72]. N-Methyl-D-
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glucamine (NMDG) resin was also reported as a Qréélective binding layer, presenting
negligible accumulation of Cr(lll)[73]. Another dgsis speciation method was reported
using a different approach, wherein the same bgqdayer, zirconium gel, retains both
Cr(lll) and Cr(VI1). The separation of the specisperformed by eluting with NaOH, which
is able to exclusively elute Cr(VD[74]. Cr(VI) an@r(lll) speciation analysis can be
performed by the complementary use of DGT deviesembled with a DE81 binding layer

and agarose diffusive phase to sample Cr(VI), waiigll) is retained by Chelex-100 [75].

2.3.4.Asredox speciation analysisby DGT

Due to the pressing environmental and human healtherns relating to the toxicities of As’
inorganic species, this element has become onkeofmibst studied using redox speciation
analysis by DGT, alongside Hg and Cr. A very comrpath for As speciation analysis in
DGT is to combine a selective binding phase wibraing phase able to sample the total As
inorganic fraction, thus the concentration of dme ¢pecies is given by the difference of both
retained fractions. Also, the speciation analy$is®has also been performed by harnessing
differences in the properties of the diffusive lesyeas detailed bellow.

The binding layer 3-Mercaptopropyl-Functionalizédta gel has been successfully proposed
by Bennett et al [76] to selectively retain Asylihchieving detection limits of the method of
0.03ug L™ over 72 h deployments. The authors’ also sughestomplementary use of DGT
devices assembled with Metsorb binding phasesrplgatotal As, so As(V) concentration
can be calculated from the difference between t#hsadnd As(lll) concentration. Panther et
al. [77] proposed an innovative approach in spexiadanalyses of the inorganic species of As
using different properties of diffusive medias @&l of the binding layer. While the diffusion
coefficient for both inorganic species of As on tomventional polyacrylamide diffusive gel

are similar, by using the negatively charged Nd&fionembrane a significant increase in
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As(lll) species is achieved. Therefore, the conegiain of both species can be known
similarly to the approach for fractionation of onfaand inorganic species (Eq. (1) and Eqg.
(2)). Bennett et al. [78] have used the DGT techeaitp study the mobilization of As between
sediments and freshwater along the transitions akmwredox conditions. Mercapto-silica
DGT was utilized to selectively measure As(lll) aD&T to measure Fe(ll) concentration.
The authors’ highlight the effectiveness of comibgnboth techniques, ensuring the sampling
is achieved with minimal disturbance to the sedimttus avoiding the occurrence of many
speciation artefact®.g. the oxidation of both As(lll) to As(V) and Fe(tp Fe(lll), which
could significantly change the results for the nhigbinterpretation. A method for inorganic
As speciation analyses was proposed by combininthyelrite for total As and the novel
binding layer Amberlite IRA-910 to sample As(V)uthAs(lll) concentration is obtained by
the difference. This method approach has been atelidfor speciation analyses in river

waters [79].

2.3.5.Hg speciation analysisby DGT

A detection limit of 1 pg of MeHg for the overallathod was obtained for the use of DGT
combined to a 3-mercaptopropyl-functionalized ailgel [80]. In 2014, 3-mercaptopropyl-

functionalized silica gel was again applied to MaHgasurement but this time attention was
given also to the diffusive layer which appareniijluenced this ions speciation. The
standard polyacrylamide gel was replaced with aarcsg gel, which unfortunately also
showed affinity to MeHg and therefore proved to &e unsuitable diffusive layer

replacement [81]. Although both methods were aldenteasure MeHg, the selective
sampling of MeHg by DGT was not achieved, as inhbctses the required gas

chromatography methods to separate MeHg from aibhecies were not used.
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The above scheme is a common approach to DGT sagnpiiMeHg and has been reported
elsewhere for quantifications of four mercury speci(Hg", CHsHg", CHsHg', and
CeHsHg") sampled by DGT assembled with ion-exchange resinataining thiol-
functionalized sub-groups (Duolite GT73and Ambersep GT73 and chemical
determination by liquid chromatography (LC) and dcovapor atomic fluorescence
spectrometry (CV-AFS)[82]; for Ci#fig" and H§* sampled by DGT devices assembled with
thiol-functionalized resin layer and determinediby chromatography coupled to ICP-MS
[83]. This approach was also used for As speciatioalysis [84]. Further, the separation of
MeHg from Hg(ll) was done exclusively by DGT, whierea Saccharomyces cerevisae
immobilized in agarose gel combined to an agardfestve layer efficiently retained MeHg
while Hg(ll) remained in the solution. The coupliog DGT and CV-AFS has achieved a

method limit of detection of 0.44 ng'l(48 h deployment) [85].

2.3.6.0ther speciation analysisby DGT and new trends

Polyvinyl Alcohol was used as binding layer (PVA D&o measure selectivelyee CU2*

ion concentrations in water samples (river watet srdustrial wastewater). The results of
PVA DGT have been compared with cupric ion selectelectrode (Cu-ISE) measurements,
with presented recoveries in percentages equivafenind to be low (in spiked river water,

recovery of 24.99 and 26.32 %; in spiked industwaktewater, 4.21 and 5.10 % for PVA
DGT and Cu-ISE, respectively)[86]. A recent devetemt of DGT methods has been to use
ion imprinted binding layers, wherein the analygesorbed to the ligand to improve species
retention, this approach has been successfullyedaout for Cd(ll) [87], Pb(ll) [88].

Although, application of DGT foin situ speciation analyses is well established, it sgkds

to be extended to other species. Approaches alistatsd €.g.by coupled techniques), such
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as speciation analysis of organometallic Sn andrametallic Pb, are still notable gaps in

the DGT literature.

2.4. Predicting bioavailability and toxicity

Currently there is a growing body of research #oeg on the use of the DGT technique for
predicting bioavailability and toxicity. Labile aremall complexes are the forms of a metal
most likely to be able to pass through cell memésaand therefore they are commonly the
most bioavailable and harmful to biota. As thesenfo are the ones sampled by the DGT
technique, some studies have been published taaeahe possibility to use DGT to predict
bioavailability and toxicity to human [89-91]. Asohvailability strongly depends on the
species present in the system, selective bindiaggshDGT based approach turns out to be a

powerful tool to assess the bioavailability/toxyaitf target species.

24.1. Toxicity and DGT

Tusseau-Vuillemin et al. [92] have investigated iflevance of DGT to measure Cu lethality
on Daphnia magnan mineral water spiked with various organic ligafEDTA, NTA and
glycine). These experiments showed that Cu-EDTApleres are inert while Cu-NTA and
Cu-glycine complexes appear as fully labile or lgdebile, respectively. Humic acids, fresh
and aged algae extracts were also used to reprgenatural organic matter and these three
forms were not toxic taphnia magnaut DGT results (using open pore hydrogel) showed
that Cu complexes were partially labile. Neverteg)ehe fraction of labile complexes were
significantly reduced (mainly for humic acids arged algae Cu complexes), when DGT’s
with restricted gels were used, suggesting thaBT [Mevices configured with restricted gels

seem to be effective at measuring bioavailable rCnatural water bodies. Apte et al. [93]
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have studied natural fresh waters with differemaamtrations of Cu and DOC for studies of
toxicity to an algaeGhlorella sp.12), a cladocerarCeriodaphnia cf. dubjgand a bacterium
(Erwinnia sp) and compared with Cu lability using DGT. Cu labiand toxicity
measurements were tested with 20 pyQu spiked natural water observing a reasonable
relationship between bacterial response and CHalele Cu concentrations. Another test
with 40 pg ! Cu spiked natural water has shown growth inhihigffects that are related to
the measured Chelex-labile Cu concentrations. Tdnd goxicity studies were not presented
concordant results with DGT technique probably wuan insufficient labile concentration to

cause a significant effect on algal growth.

2.4.2. Bioavailability

A trend that can be observed related to the dewsdop of new methods based on the DGT
technique is the prediction of bioavailability bdsen the comparison of the DGT results
with bioindicator animal models for specific analyt These studies commonly aim to
determine the labile fraction of an element in wagymatrices and understand how the
bioavailability of this fraction changes in the @onment €.g DOC rich waters). DGT may
be a very helpful tool for this, since it can paieither short or medium-term exposure data.
Also, DGT standardises many variables which arélitigariable but inherent to the studies
involving living organisms. Despite of all the aleeglescribed DGT advantages on the study
of bioavailability, the development of a DGT methadd its validation by an established
biological model remains a challenge, given thdidlifty of the interpretation of the data
obtained from the two different techniques. Metetwanulation in passive samplers (like
DGT) tend to exhibit similar uptake as that displyby organisms (i.e. diffusion through a
cellular membrane). However, inconsistent resultenvcomparing both techniques can be

found. The main efforts made for the improvementhaf approach are detailed bellow.
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Luider et al. [94] have compared the labile Cu deteed by DGT technique with uptake of
Cu in trout gills. In this study, there was an uigfhce of organic matter in Cu uptake by trout
gills as well as Cu concentrations determined byTDGimilar results for Cu binding to
organic matter were measured by DGT and fish gdindlicators. Divis et al. [95] have
reported results of total and dissolved concemngti (obtained through regular water
sampling), DGT technique and (bio)available conitn calculated by the aquatic moss
species Fontinalis antipyretica in river water. The authors demonstrated that the
concentrations of Cd, Cr, Pb and Zn measured bip@€ technique are comparable with the
(bio)available concentrations, except for Cu andwiich showed significant differences
between DGT and (bio)available concentrations pbgssidue to different incorporation
mechanisms and uptakes of Ni and Cu toRbetinalis Antipyretica

Martin and Goldblatt [96] have conducted studies¢sess the behavior, fractionation, and
bioavailability of Cu in a stream system rich in DQ7 — 17 mg [}) and elevated levels (~50
ug L™ of Cu concentrations, downstream of a mine-impétake (East Lake, ON, Canada).
Most of the Cu is present as filterable species 4100 % total concentration).
Measurements of labile Cu measured by DGT sugbestnost of the Cu is unavailable to
aquatic biota (9 to 24 %). Measurements of bioabdity were conducted with
Ceriodaphnia dubia(7-d incubation) and have showed that variationshe filterable Cu
concentration result in 50% mortality (LC50 = 9633@ L™) and inhibition of reproduction
by 25% (IC25 = 75 - 15@g LY. The studies of Ferreira et al. [97] have ingsted the
influence of DOC on Cu bioavailability at environmtally relevant concentrations (1 1§

L of dissolved Cu, 1 - 4 mglof dissolved organic Cu).

Bioavailability evaluation takes into account twiolbgical endpoints (short-term and steady-
state bioaccumulation of Cu by the aquatic nfésstinalis antipyretica Sampling of labile

Cu using DGT in mineral water and various form®D&@C (EDTA, humic acid and natural
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Seine River (France) extracts-hydrophobic and phaitis fractions) were also investigated.
All types of DOC reduce the bioavailability of Co aquatic mosses mainly for short-term
bioaccumulation. Labile Cu measured by DGT was greament with short-term
bioaccumulation in the case of EDTA and naturah&&iver extracts. However, with humic
acid solutions, labile Cu was lower than bioavddaBu concentration, suggesting that in
certain types of natural DOC, bioavailable Cu migiidlude some inert (non-labile) organic
complexes. Concentration e metalions of Cd, Cu, Ni, and Pb was assessed by hollow
fiber permeation liquid membrane (HF-PLM) and by D& seawater. The results obtained
by DGT were higher than the ones obtained by HF-PkMich is explained by their
different analytical windows, because while HF-Plpkbvidesfree ionsconcentration DGT
provides the concentration of mobile and labilecggsme Also, metal bioavailability to
microorganisms was successfully assessed by expGsilorella salinato the analytes and
comparing the results to the ones obtained by tiher egechniques [98]. Results were in good
agreement. Bourgeault et al. [99] have reportedlte$or DGT-labile Cd, Co, Cr, Cu, Mn,
Ni, and Zn and transplanted zebra mussels in rivater. Transplanted zebra mussels
indicated difference between sites mainly for Zm, Cu and Cd (higher concentration for
downstream). Similar results were reported for D@dasurements. Frequently, labile metal
represented only for 14-35% of total dissolved metaggestive of this being due organic
ligand binding. Lin et al. [100] have performed thpeciation of Cu in an effluent by
combining X-ray diffraction (to identify inorgan&pecies), DGT (to identify diffusible &Y
and the VMINTEQ software (to identify organic smeji Thus, they have identified Cu in the
effluent as Cu(bPQ,),and organic Cu. This paper has also combined thietsened results
to the ones from the exposure of zebrafish to etalthe capacity of these simulation models

to assess bioavailability of the species.
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There is a possibility that the DGT devices witkeliorganisms will provide bioavailability
measurement metals. DrieSaccharomyces cerevisiaemmobilized in agarose gel has
already been successfully used in DGT (DGT-Yeast dinding agent for determination of
Pb in river and seawater [67], Cd [101] and MeHgiuerwater [85]. As compared with
DGT-Chelex, DGT-yeast was selective for measuresnafit MeHg in river water and
cationic Pbspecies in seawater. Furthermore, an anaerobic realucing bacterium,
Shewanella oneidensi®ias been incorporated into a thin layer of agartosreplace the
polyacrylamide gel, and named BMDGT. The proposedia® was deployed in solution
containing Co and Cd (ionic strength 0.01 mal NaNQs). Under stationary conditions,
there were no significant differences in measuréméetween cell free control DGTs (in
aerobic and anaerobic conditions). Whereas deployofeBMDGTSs (containing cells grown
in Luria Broth (LB)) in Cd solution under anaeroloignditions was expressively lower when

compared to cell free control DGT devices [102].

3. Conclusions

In this review, several analytical approaches fmrcgation, fractionation, speciation analysis
and bioavailability in water based on DGT techniquere systematically split into three
groups. Adoption of the relatively simple fractitma procedures provided by DGT
(measurement of labile and inert species) can bsidered as a significant improvement to
traditional grab sampling (to determine the disedlraction in waters), mainly when
information about bioavailable and toxicity of met& required. By comparing the papers,
frequently the results obtained by DGT (normallywés than the total dissolved
concentration) suggest that, in most environmesyatems, the labile fraction is lower than

the dissolved fraction whein situ measurements are performed. However, this assompti
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778 needs to be analyzed carefully because the compaoisthe data from grab sampling and
779 DGT is complex.

780 Approaches based on varying the gel thickness prdvide in situ kinetic information of
781 metal complexes and can be considered an impadaearch field to explore further. While,
782 organic and inorganic speciation analysis has beported as only being suitable for
783 analytes present in an environment at high conagotrs. Despite this limitation, this
784 approach has allowed inorganic and organic compléxemic and fulvic substances), for the
785 first time, to be evaluated usimg situ passive sampling measurements and consequently can
786 be compared with measurements performed in thedétry, once again highlighting DGT
787 capability of promoting progress on information absample storage and preservation.

788  The discrimination of colloids and nanoparticlesni other species has been studied by
789 DGT in what remains only a very limited number apprs, justifying this field of knowledge
790 to be expanded.

791 As anin situ sampling technique, DGT has great potential totrttee aims of the selective
792 determination of species or speciation analysisisTht is possible to find many DGT papers
793 targeting the development of selective binding tay@specially regarding Cr and As redox
794 speciation analysis and Hg speciation analysise Uike of ion-imprinted binding layers
795 appears to be a new trend on developing seleciivBriy phases.

796 Although application of DGT foin situ speciation analyses is now well established,illt st
797 needs to be extended to other species. There @paingthe DGT literature concerning
798 speciation analyses by systematic comparativeesudsitu andin lab.

799 The comparison of biomonitoring and DGT techniqgigedifficult due to the complexity of
800 the uptake of trace elements by living organisntseene@as DGT provides a linear relationship
801 based on Fick’'s laws and therefore the resultsnfboth approaches may not be

802 corroborants for some analytes.
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Taking all the content above reported into accodET is demonstrated to be a very
versatile technique. However, although measurenwteined by DGT are usually not very
laborious and time consuming, the interpretatiothefresults often requires deeper analysis

in order to fully understand the extent of its i
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Table 1. New binding agents used in the diffusive gradiemthin films (DGT) technique

Analytes Binding agent References
2]
Q
Q
g ZnO Metsorb (titanium dioxide) [63]
2
S
pa
2 As(llN), As(V), 3-mercaptopropyl functionalized silica gel
- [17, 76, 77,
o MMAA(V), (MPS), Amberlite IRA 910, Metsorb (titanium
I3 78]
(% DMAA(V) dioxide), Perfluorosulfonated lonomer

Polyguaternary ammonium salt (PQAS), N-

8)
‘5 Methyl-D-glucamine (NMDG), Precipitated
9 [71-75]
'g Cr(VI1) and Cr(llI) zirconia gel (PZ gel), Sodium Poly(aspartic
o
@ acid), Whatman® DES81
2 3-mercaptopropyl functionalized silica gel
- Hg?*, CHsHg", [80, 82, 83,
@ (MPS), Ambersep GT74, Duolite GT73,
) CoHsHg", CeHsHg" 89]
;’;) Saccharomyces cerevisiae
o 3 Ba Whatman® P81 [19]
c @ E
o .E
£§=2
B = RadioCs Ammonium molybdophosphate (AMP) [23]
< W
Activated Charcoal, Purolite® A100/2412
Au [29]
resin, Dowex® XZ 91419
(2]
S
3]
=
S Whatman® DE81, Whatman® P81, ion-
= Mn, Cd, [18, 34, 44,
% imprinted sorbent, Methylthymol blue
= Co, Cu, 67, 68, 88,
adsorbed on Dowex 1 X8, Metsorb,
Ni, Pb and Zn 101]

Polystyrene sulfonat&§accharomyces
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1171

cerevisiag Sodium polyacrylate

Others

Whatman® DE81, Dowex 2x8-400

[64, 65]
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Highlights

Thisreview provides an overview of the applications of DGT for speciation.
Approaches were grouped according to IUPAC guideline definitions for speciation.

Knowledge gaps and areas for further DGT research on speciation are highlighted.
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