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1. Introduction

ABSTRACT

A titanium dioxide-based DGT method (Metsorb-DGT) was evaluated for the measurement of As(V),
V(V), Sb(V), Mo(VI), W(VI) and dissolved reactive phosphorus (DRP) in synthetic waters. Mass vs. time
DGT deployments at pH 6.06 (0.01 mol L~ NaNO;) demonstrated linear uptake of all analytes
(R? > 0.994). Diffusion coefficients measured using a diffusion cell were in reasonable agreement with
diffusion coefficients measured using DGT samplers (Dcen/Dpcr=0.82-1.10), although a systematic
difference was apparent. The Metsorb-DGT method was independent of ionic strength (0.001-
0.7 mol L=! NaNO; at pH 7.1) for the measurement of all analytes (Cpgr/Cso1=0.88-1.11) and, with
the exception of V(V), the method was independent of pH (3.98-8.24, 0.01 mol L~ ! NaNOs), indicated
by Cpct/Cso Values in the range 0.88-1.13 for short-term deployments (up to 10 h). For V(V) at pH 3.98,
Metsorb-DGT underestimated the solution concentration by 17%, presumably due to weak binding of
the VO3 species. The Metsorb-DGT and ferrihydrite-DGT (in situ precipitated ferrihydrite) methods
were compared by deploying samplers in synthetic freshwater (pH 7.20, conductivity 223 uScm™1)
and synthetic seawater (pH 8.3. salinity 34.6) for up to four days. For synthetic freshwater, Cpgr/Csol
values between 0.87-1.17 were obtained for all analytes measured by the Metsorb-DGT method over
the deployment period. For ferrihydrite-DGT, Cpgr/Csor Values between 0.97-1.23 were obtained for
As(V), V(V), W(VI) and DRP. However, Mo and Sb(V) showed reduced uptake and Cpcr/Cso Values were
in the range 0.18-1.14 and 0.39-0.98, respectively. In synthetic seawater deployments, Metsorb-DGT
was capable of measuring As(V), V(V), Sb(V), W(VI) and DRP for up to 4 days (Cpcr/Cso1=0.89-1.26),
however, this method was not capable of measuring Mo for deployment times >4 h (Cpgr=0.27-0.72).
For ferrihydrite-DGT, Cpgr/Csor Values in the range 0.92-1.16 were obtained for As(V), V(V) and DRP,
however, Mo(VI), Sb(V) and W(VI) could not be measured to within 15% of the solution concentration
(Cper/Csor 0.02-0.83).

© 2012 Elsevier B.V. All rights reserved.

The diffusive gradients in thin films (DGT) technique has been
used to measure a wide variety of anionic species in water,

The oxyanions of arsenic (As), vanadium (V), antimony (Sb),
molybdenum (Mo), tungsten (W) and phosphorus (P) are all
elements of significant environmental interest that can cause
deleterious environmental and/or human health effects [1-6].
In addition, Mo and P are essential elements that are required by
plants and animals [4,7]. In well-oxygenated environments, As, V,
and Sb are frequently found in the +5 oxidation state [8-10] and
Mo and W in the +6 oxidation state [4,5]. Reliable, robust and
economical techniques for the measurement of oxyanion species
are essential for understanding their behavior and impact within
the environment.

* Corresponding author. Tel.: +61 7555 28358; fax: +61 7555 28067.
E-mail address: p.teasdale@griffith.edu.au (P.R. Teasdale).

0039-9140/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.talanta.2012.11.070

sediment and soil [11-26]. Ferrihydrite, an iron oxide mineral
phase, has been used extensively as a DGT binding agent for the
measurement of As, W, Se, V, Mo, Sb and dissolved reactive
phosphorus (DRP) [11,13,15,16,18-20]. Originally, the ferrihydrite
binding phase was prepared and cast within a polyacrylamide
hyrodgel (slurry ferrihydrite) [11,15]. Recently, a new approach
has been reported in which the ferrihydrite is precipitated within
a pre-cast polyacrylamide gel (in situ precipitated ferrihydrite)
[19,21]. Precipitating the ferrihydrite in situ results in a more even
distribution of the binding phase, which is especially important
for high resolution sediment measurements. More recently, a DGT
technique using a titanium dioxide-based adsorbent (Metsorb-
DGT) has also been used to measure a variety of anionic species:
As, Se, P, Al and U [17,22,24-28]. Metsorb-DGT has been system-
atically compared to the slurry ferrihydrite-DGT method and was
shown to be advantageous for the measurement of As and P in
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seawater over long-term deployments (up to 4 days) [22,23,25].
The capacity and selectivity of the ferrihydrite binding phase
were suggested as reasons why the ferrihydrite performed poorly
in comparison to Metsorb [22,25]. Metsorb-DGT has never been
compared with the in situ precipitated ferrihydrite-DGT method.
The precipitated ferrihydrite-DGT has been reported to have a
capacity which is three times higher than slurry ferrihydrite-DGT
and, hence, may work as well as the Metsorb-DGT method for the
measurement of As, DRP and other anions.

The present study focuses on the development of Metsorb-
DGT for the simultaneous measurement of DRP, As(V), V(V),
Sb(V), Mo(VI) and W(VI) in freshwater and seawater, with the
last four species being described for the first time with Metsorb-
DGT. The following series of laboratory experiments were con-
ducted to validate the Metsorb-DGT technique, some of which
involved comparison of Metsorb-DGT with the precipitated
ferrihydrite-DGT method (herein referred to as ferrihydrite-
DGT): testing several elution procedures and determining elution
factors; measuring diffusion coefficients using diffusion cells and
time-series DGT deployments; evaluating the performance in
solutions of various ionic strength and pH; and measuring mass
vs. time Kkinetics over 4 days in synthetic freshwater and sea-
water. This study has extended the range of elements able to be
determined using Metsorb-DGT in surface waters and confirmed
its superior performance compared to the ferrihydrite-DGT
technique.

2. Experimental
2.1. General experimental

Deionised water (Milli-Q Element) was used to prepare all
solutions. 1000 mg L~ solutions of Mo(VI), V(V), Sb(V) and W(VI)
were prepared fresh using Na,Mo04.2H,0, NH4VO3, KSb(OH)g
and Na,WO,-2H,0 (all AR grade), respectively. 1000 mgL~!
As(V) and P standard solutions were obtained from High Purity
Standards and Merck, respectively. All plastic containers and DGT
components were acid-cleaned in 10% (v/v) HNOs (AR grade,
Merck) for at least 24 h and rinsed thoroughly with deionised
water prior to use. All salts used to prepare experimental solu-
tions were AR grade or higher.

2.2. DGT procedures

2.2.1. Gel preparation

Diffusive gels were prepared according to Zhang and Davison
[29] and Metsorb (Graver Technologies, DE, USA) binding gels were
prepared according to Bennett et al.[17]. Precipitated ferrihydrite
binding gels were prepared according to Luo et al. [19] and were
stored in water prior to use.

2.2.2. DGT deployment

DGT samplers were supplied by DGT Research Ltd. and were
assembled as described previously using a 0.45 pm cellulose
nitrate membrane filter (Millipore).[29] DGT samplers were
deployed in plastic containers in 2-7 L of well-mixed solution.
The pH, temperature and conductivity/salinity of the deployment
solutions were monitored regularly throughout each experiment.
Dilute HNO3; and NaOH were used to adjust pH as required.
Samples of the experimental solution were removed at the
beginning of each experiment and whenever DGT samplers were
retrieved, filtered (0.45 pm), acidified to 2% (v/v) HNO3 and stored
at <4 °C in the dark until analyzed.

2.2.3. Elution

Metsorb binding gels were eluted in 1 mL of either 1 mol L~}
NaOH or a mixture of 1 mol L~! NaOH and 1 mol L~ ! H,0,, for 24 h.
Ferrihydrite binding gels were eluted in 1 mL of 1 mol L~ ! HNO; for
24h and the following elution efficiencies were used: As(V)
(78.0 +4.8%) [19]; Sb(V) (85.1 +£3.5%) [19]; Mo(VI) (79.3 + 5.4%)
[12] and P (1004 5.4%) [21]. Reported elution efficiencies for
V(V) and W(VI) from ferrihydrite are limited and potentially unreli-
able, therefore, a value of 85% (average of the elution efficiencies
reported above) was assumed. For synthetic seawater and fresh-
water experiments, the Metsorb binding gels were rinsed in 5 mL of
deionized water for 1 h (to remove salts associated with the binding
gel) prior to elution [22].

2.2.4. Calculation of the DGT concentration

The DGT-measured concentration (Cpcr, ng mL~ 1) was calculated
using the DGT equation [29] along with the diffusion coefficients (D)
measured in the current study corrected to 25 °C: As(V) (6.78 +
024)x10"%cm?s~1; V(V) (8.024+0.35)x10"%cm?s~1; Sh(V)
(6.86+0.30)x 106 cm?s~1; W(VI) (6.26 +0.08) x 10~ % cm? s~ ;
and Mo(VI) (6.814+0.28)x10"%cm?s~!. A D value of 6.05 x
10~%cm?s~! was used for P [11]. For seawater and high ionic
strength (0.7 mol L~! NaNO;) deployments a value of 0.9 x D was
used [30].

2.3. Sample analysis

Measurements were performed using an inductively coupled
plasma mass spectrometer (ICP-MS, Agilent 7500a). All ICP-MS
samples and standards were prepared in a 2% (v/v) HNO3; matrix.
Quality control standards at 10 ug L~ ! were analyzed every 20-30
samples. Sc, Y and In were added to all samples (final concentration
of 10 ug L~ 1) as an internal standard to account for instrument drift.
Phosphorus measurements were performed using a Merck phos-
phate test kit (US Standard Methods 4500-P E).

2.4. Laboratory evaluation

2.4.1. Uptake and elution efficiencies

Uptake and elution efficiencies were measured by immersing
five Metsorb binding gel discs (4.91 cm?) in 4.5 mL of 100 pg L~!
of a mixed analyte solution (prepared in 0.01 mol L~' NaNOs/
0.005 mol L~! sodium acetate at pH 5). After 24 h the gels were
removed, eluted and analyzed. Samples of the uptake solutions
were also analyzed (after acidification) to determine the mass of
analyte remaining in solution. The mass of adsorbed analyte, and
thereby the uptake and elution efficiencies of the analyte, were
calculated by difference.

2.4.2. Time-series accumulation

The time-series accumulation of As(V), V(V), W(VI), Sb(V), and
Mo(VI) by Metsorb-DGT (from a mixed analyte solution) was
evaluated at pH 6.06 (0.01 molL~! NaNO3/0.0005 mol L'
sodium acetate) for up to 24 h in a solution containing between
13-25 pglL~! of analyte. Effective diffusion coefficients were
calculated using the slope of the linear regression of the mass of
analyte accumulated in the binding gel over time, as detailed by
Bennett et al. [17].

2.4.3. Diffusion coefficient measurement using a diffusion cell

A diaphragm diffusion cell custom-made from Perspex was
used to measure the diffusion coefficients of As(V), V(V), W(VI),
Sb(V) and Mo(VI) [31]. The cell consisted of two 100 mL compart-
ments connected by a 1.58 cm diameter opening. A disc of
polyacrylamide hydrogel (0.08 cm thickness; 2.5 cm diameter)
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and a 0.45 um cellulose nitrate filter membrane (0.01 cm thick-
ness) were placed between the two compartments. A 0.05 cm
thick plastic spacer was also used to prevent excess compression
of the gel. The cell was then clamped using screws. Diffusion
coefficients were determined in 0.01 M NaNOs, pH 7.15+ 0.1 at
21 °C with a mixed analyte solution containing As(V), V(V), W(VI),
Sb(V) and Mo(VI) (all at 5mgL~!). The solutions in both cell
compartments were stirred continuously using magnetic stirrers.
Samples (1 mL) were taken from both sides every 10 min for 2 h
and preserved for analysis. Diffusion coefficients were calculated
as described by Zhang and Davison [31].

2.4.4. pH and ionic strength

To examine the efficacy of the Metsorb-DGT method across a
wide pH and ionic strength range, samplers were deployed in mixed
analyte solutions (50 pug L~ ! of each analyte) of varying pH (5.0-8.3;
0.01 mol L~! NaNOs) or ionic strength (0.001-0.7 mol L~! NaNOs;
pH 7.0) for 8-10 h.

2.4.5. Synthetic freshwater and synthetic seawater

Metsorb-DGT and ferrihydrite-DGT were deployed in a syn-
thetic freshwater (pH=7.20 + 0.10; conductivity=223 uScm™1!)
and a synthetic seawater (pH 8.30+0.15; salinity=34.6) for
8-97 h to evaluate the performance of the binding gels.
The composition of the synthetic freshwater and synthetic seawater
is given in the supporting information of Panther et al. [22]. The
synthetic waters were spiked with 3-80 pg L~ of each analyte. For
the seawater deployment, the concentration of As in solution could
not be measured by ICP-MS due to the polyatomic ArCl (m/z 75)
interference. The Metsorb gels were first eluted with 1 mol L~!
NaOH to elute As, V, Mo, W and P, followed by elution with
1 mol L~! NaOH/1 mol L~ H,0, to elute Sb.

3. Results and discussion
3.1. Uptake and elution

Metsorb uptake efficiencies for As(V), V(V), Mo (V), W(VI), DRP
and Sb(V) were >98% (n=6). Metsorb binding gels were eluted
with 1molL~! NaOH or a mixed eluent of 1 molL~! NaOH/
1molL™! H,0,. Both eluents have previously been used in
Metsorb-DGT applications; NaOH for As, Se, P and Al [17,22,28]
and NaOH/H,0, for U [27]. When eluting with 1 mol L~ NaOH,
elution efficiencies > 86% were obtained for all analytes investi-
gated (Table S1), with the exception of Sb(V) (20.2 + 3.7%). Elution
with 1 mol L~! NaOH/1 mol L~! H,0, resulted in elution efficien-
cies >88% for all analytes including Sb(V) (Table 1), with the
exception of P. The elution efficiency with 1 mol L~'H,0, added
was actually higher for each of the species in Table 1 than with just
NaOH. The elution efficiency of P from the Metsorb binding gel
could not be determined for NaOH/H,0,. Addition of acid (necessary
for P spectrophotometric measurements) to the eluted sample
produced an orange colouration, probably as a result of a
titanium-peroxide complex forming at low pH [32], which inter-
fered with the spectrophotometric measurement of the blue phos-
phomolybdate complex. However, a single Metsorb-DGT sampler
can still be used to measure DRP and Sb(V) simultaneously if a two
step elution is employed. For example, eluting the gel with NaOH to
elute P (and other oxyanions), followed by elution with NaOH/H,0,
(to elute Sb(V)) would allow both analytes to be measured simulta-
neously. This approach was utilized for the synthetic freshwater and
synthetic seawater measurements. Alternatively, ICP-MS could be
used to measure P and this would only require a single elution with
HzOz/NaOH.

Table 1
Elution efficiencies (mean +S.D.; n=10), gel blanks and DGT method detection
limits (MDL)

Metsorb Metsorb Metsorb- Ferrihydrite Ferrihydrite-
elution gel blank DGT MDL  gel blank DGT MDL
efficiency (%)* (ng)* (ngL™")*  (ng) (ngL )P

As  92.1+25 0.58 £0.18 0.02 0.98 +0.23 0.03
Mo 948+3.6 3.25+ 043 0.06 1.99+039 0.05
\% 908 +2.3 141+25 0.28 041+0.18  0.02
Sb 903 +4.6 0.51+0.11 0.01 046 +0.17  0.02
W 979+16 264+121 0.16 0.67+0.34 0.04

DRP 92+5.0¢ 143+46 0.75° 17.1+3.8 0.63¢

3 Eluted with 1 mol L~! NaOH/1 mol L~ H,0,.

" MDL=3c blank and using Dpcr values reported in Table 2, t=24h,
A=3.14 cm? and Ag=0.08 cm. Temperature=25 °C.

¢ Eluted with 1 mol L~ HNOs.

4 Elution efficiency reported by Panther et al. [22] using 1 mol L~ NaOH.

¢ Calculated using D value reported in Panther et al. [22].

3.2. Gel blanks and method detection limits

Metsorb and ferrihydrite binding gel blanks and DGT method
detection limits (MDLs) are presented in Table 1. For As(V),
Sb(V) and DRP the ferrihydrite and Metsorb gel blanks were
comparable, whereas, for Mo, V(V) and W(VI) the ferrihydrite gel
blanks were significantly lower than the Metsorb gel blanks. For
V(V), the Metsorb gel blank was ~34 times higher than the
corresponding value for ferrihydrite indicating contamination of
the Metsorb binding agent. If required, the Metsorb blank values
may be lowered by cleaning the binding agent with NaOH prior to
use; a similar approach has been used to significantly lower the Al
blank value for Metsorb [28]. The ferrihydrite and Metsorb-DGT
MDLs (Table 1) for As(V), Mo(VI), Sb(V) and DRP were all similar. For
W(VI) and V(V), the DGT MDLs for Metsorb were four and 14 times
higher, respectively, than the ferrihydrite-DGT MDLs, due to greater
variability in the blank values. With the exception of V(V), all
measured DGT MDLs for Metsorb and ferrihydrite were comparable
or better than those reported by other workers [12,17,19]. The DGT
MDLs can easily be lowered by increasing the deployment time or
decreasing the thickness of the diffusive layer.

3.3. Time-series accumulation

When evaluating new DGT adsorbents, or applying pre-
existing DGT methods to new analytes, the assumption that there
is a linear relationship between the mass of analyte accumulated
and time needs to be confirmed. Experiments were conducted to
investigate the uptake of As(V), Mo(VI), V(V), Sb(V) and W(VI) by
Metsorb-DGT over a 24 h period. Good linearity was observed for
all analytes investigated (R*>>0.994) and the relative standard
deviations (RSD) of triplicate DGT samplers were generally less
than 10% (Fig. S1). These results confirm rapid uptake of the
analytes by the Metsorb adsorbent, ensuring that the concentra-
tion of analyte at the interface between the Metsorb binding gel
and diffusive gel is effectively zero. These results confirm that
Metsorb is an appropriate DGT adsorbent for the new analytes
investigated (Mo(VI), V(V), Sb(V) and W(VI)) over the time period
employed (24h) and conditions used in this experiment
(0.01 mol L~ ! NaNO; at pH 6.06).

3.4. Diffusion coefficients

The diffusion coefficients of As(V), Mo(VI), V(V), Sb(V) and
W(VI) were measured using two methods: a diaphragm diffusion
cell (Dcey) and DGT deployments (Dpgrt). The regression lines from
Fig. S1 were used to calculate effective diffusion coefficients for
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DGT deployments. The Dce; and Dpgt values are given in Table 2.
With the exception of W(VI), all D)y values were 8-18% less than
the Dpgr values. A similar discrepancy between Dce) and Dpgt has
been reported by Bennett et al. [17] and was purported to be due
to the presence of a small diffusive boundary layer (DBL)
associated with the diffusion cell experiments, effectively increas-
ing the diffusive path length which results in calculation of a
lower D value. However, an improved diffusion cell design, in
which DBL formation was much less likely, was used for this
study. An alternative explanation may be due to lateral diffusion
that occurs within the DGT sampler diffusive layer, as first
reported by Warnken and co-workers [33], which results in a
20% increase in the actual area of the sampler compared to the
geometrical area. Lateral diffusion would contribute to the mass
of analyte accumulated by the DGT sampler but would not
contribute to the mass of analyte diffused from one compartment
of the diffusion cell to the other, hence, Dpgr may be greater than
Dcen, as observed in the current study. However, it is important to
note that overall there is reasonable agreement between the two
measurement methods used in this study.

Table 2 also compares the D values measured in the current
study with literature values that have been measured using a
diffusion cell or DGT samplers with other binding layers. Gen-
erally, reasonable agreement (within 20%) between the D values
measured in the current study and those reported in the literature
is observed. However, due to differences in the diffusion coeffi-
cients reported in the literature for both anions and cations, we
recommend that researchers measure their own diffusion coeffi-
cients to ensure accurate DGT concentration measurements.

The Dpgr values are a combined measurement of the rate of
diffusion of analyte through the DGT diffusive layer and the
binding ability of the Metsorb binding agent for the analyte,
hence, Dpgt values were used for all subsequent calculations.

3.5. pH and ionic strength

The effect of pH (3.98-8.24) and ionic strength (0.001-
0.7 mol L=1) on the utility of Metsorb-DGT for measuring As(V),
Mo(VI), V(V), Sb(V) and W(VI) was investigated. Generally, over
the pH (Table 3) and ionic strength (Table 4) range investigated,
good agreement between Cpgr and Cso was obtained as indicated
by Cpcr/Csol ratios between 0.88 and 1.13. These results indicate
that the analyte uptake efficiency by Metsorb is independent of
ionic strength and pH, demonstrating that the charge of the
analyte or Metsorb binding agent does not significantly affect
uptake efficiency across the pH and ionic strength range studied.

Table 2

A clear exception was observed for V(V) at pH 3.99, for which
Cpcr/Csor Was 0.83. Similar results for V(V) have been observed by
Luo et. al. [19] who reported that the ferrihydrite-DGT method
underestimated the dissolved V(V) concentration by ~40% at pH
3.13 and ~20% at pH 4.42. Luo et al. [19] explained this under-
estimation as weak binding between the positively charged VO3
species (dominant V(V) species at pH <5.5) and the positively
charged ferrihydrite surface. Similar interactions are most likely
occurring between VO3 and the titanium dioxide surface of
Metsorb (pHp,c=5.9 for anatase mineral form of TiO;) [34],
resulting in a 17% underestimation at pH 3.99. Overall, the pH
and ionic strength results obtained in the current study are in good
agreement with the work of Bennett et. al. [17], Luo et. al. [19], and
Mason et. al. [12] and confirm that the Metsorb-DGT is capable of
measuring the oxyanions of As(V), Mo(VI), V(V), Sb(V) and W(VI)
over the pH and ionic strength ranges typically encountered in
most natural waters.

Table 3
Effect of pH on the measurement of As(V), Mo(VI), Sb(V), V(V) and W(VI) by
Metsorb-DGT at 0.01 mol L~ NaNOs.

pH Cocr/Csot

As Mo Sb \% W
398 090+0.07 1.04+0.15 098+0.02 0.83+0.03 1.11+£0.13
507 095+0.12 088+0.11 092+0.12 090+0.08 0.89+0.07
6.02 1.05+0.10 093+0.04 096+0.11 091+0.15 0.88+0.10
723 098+0.06 1.13+0.05 096+0.07 0.97+0.5 0.96 +0.11
824 097+0.09 1.04+0.12 089+007 1.11+0.10 0.98+0.04

Uncertainties associated with Cpgt/Csor Values are derived from replicate DGT and
grab sample measurements.

Table 4
Effect of ionic strength (molL~! NaNOs) on the measurement of As(V), Mo(VI),
Sb(V), V(V) and W(V) by Metsorb-DGT at pH 7.1.

Ionic Cocr/Csol
strength

As Mo Sb \% W
0.001 0.90+0.07 1.04+0.15 0.98+0.02 0.89+0.03 1.11+0.13
0.01 0.95+0.12 0.88+0.11 0.92+0.12 0.94+0.08 0.89 +0.07
0.7 097+0.09 1.04+0.12 0.89+0.07 1.11+0.10 0.98 +0.04

Uncertainties associated with Cpgr/Cso Values are derived from replicate DGT and
grab sample measurements.

Measured diffusion coefficients ( x 10~% cm? s—') using a diffusion cell (Dcey) and DGT samplers (Dpcr) at 25 °C?

As Mo \% Sb W
Diffusion cell (Dcerr)® 5.54+0.17 6.28 +0.13 7.14 +0.04 6.04 +0.12 6.89 +0.08
DGT deployments (Dpgr)© 6.78 +0.24 6.81+0.28 8.02 +0.35 6.86 + 0.30 6.26 +0.37
Dcen/Dpcr 0.82 0.92 0.89 0.88 1.10
Literature D¢ values 4.85, [15] 5.45[18]

5.18, [19] 6.48, [12] 6.48, [19] 5.40, [19]

5.21, [18] 5.96, [18] 6.72, [18] 5.55, [18]

5.57, [17]
Literature Dpgr values 4.90, [15] 5.56[18]

5.25, [19] 5.42, [18] 6.26, [19] 5.46, [19]

6.83, [17] 6.48, [12] 6.66, [18] 5.38, [18]

5.26, [18]

2 Uncertainty with D values are derived from the S.D. of the mass vs. time plots and the uncertainty associated with the analyte concentration.

b pH=7.1, ionic strength=0.01 mol L~ NaNOs.
¢ pH=6.06 + 0.02, ionic strength=0.01 mol L~ NaNOs.
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It is important to note that outside of the pH range studied
(3.98-8.24) the uptake efficiency of the anionic species may be
lower due to the charge on the analyte and/or adsorbent varying
with pH; the authors suggest further investigation if this DGT
technique is to be used outside of the pH range stated.

3.6. Synthetic freshwater

DGT samplers containing Metsorb or precipitated ferrihydrite
binding gels were deployed in synthetic freshwater spiked with
As(V), Mo(VI), V(V), Sb(V), W(VI) and DRP (between 4 and
80 ug L~ 1) for up to four days. Deployment times of 4-5 days in
the laboratory will often be adequate to reveal possible interfer-
ences, especially in seawater, and four days is a typical deploy-
ment time for in situ determinations. Mass vs. time plots for
Metsorb-DGT showed good agreement between the mass of
analyte accumulated by the DGT sampler and the predicted mass
of analyte for all oxyanions investigated (Fig. 1, closed squares).
Furthermore, Cpgr-metsorb /Csol Values between 0.89 and 1.17 were
obtained for all analytes (Table S2), indicating that Metsorb-DGT
quantitatively measures the analyte concentration in freshwater
over the 4 day deployment.

Linear mass vs. time plots were obtained using ferrihydrite-
DGT for As(V), V(V) and W(VI) and Cpgr.rerr /Csol Values between
0.97-1.23 were obtained across the sampling periods (Table S3).
The good agreement between Cpgrrerr and Cso validates the use
of the assumed 85% elution efficiency for V(V) and W(VI). For
Mo(VI) and Sb(V), poor agreement was obtained between the
accumulated mass and the predicted mass for deployment times
> 5.9 h, indicating competition between Mo/Sb(V) and other ions
in solution for binding sites on the ferrihydrite adsorbent. Over
short deployment times (5.9 h), the ferrihydrite-DGT method
accurately measured the dissolved concentration of Mo(VI)
(Cogr-Ferr [Csoi=1.14) and Sb(V) (Cpgr-rerr /Cso1=0.98), however
for deployment times >25.7 h the Cpgr/Csor Values ranged from
0.18 to 0.61 and from 0.38 to 0.69 for Mo(VI) and Sb(V),
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respectively, indicating considerable underestimation of the dis-
solved concentration by ferrihydrite-DGT. To our knowledge, this
is the first time that the ferrihydrite-DGT method has been
evaluated for Mo(VI), V(V), Sb(V) and W(VI) in synthetic fresh-
water for up to four days. Luo and co-workers [19] used similar
deployment times (up to 72h) and found good agreement
between the predicted and accumulated mass of Sb(V), however
their deployments were carried out in 0.01 mol L~ ! NaNOj3 at pH
5.01. It is possible that the presence of major ions from the
synthetic freshwater used in our experiments (Ca?*, Mg?*, Cl~
and SOZ~), which are not present in the simple NaNO5 matrix,
may be affecting uptake of Sb(V) and Mo(VI) by the ferrihydrite-
DGT method. This effect has been observed experimentally for the
measurement of Al by Chelex-DGT [28].

Mass vs. time experiments were not carried out for DRP.
Metsorb- and ferrihydrite-DGT samplers were only deployed for
72 and 93 h. For a deployment time of 72 h, Cpc1/Cso| ratios for the
Metsorb and ferrihydrite samplers were 0.98 and 0.95, respec-
tively, and for a deployment time of 93 h, the corresponding
ratios were 1.02 and 0.91, respectively. These values are in good
agreement with those reported by Panther et. al. [22] who
compared the performance of Metsorb-DGT and ferrihydrite-
DGT (slurry form) in freshwater over similar deployment times
to those carried out in this study.

3.7. Synthetic seawater

DGT samplers containing Metsorb or precipitated ferrihydrite
binding gels were deployed in synthetic seawater spiked with
As(V), Mo(VI), V(V), Sb(V), W(VI) and P (between 3 and 80 ug L~ 1)
for up to four days. Mass vs. time plots for Metsorb-DGT showed
good agreement between the mass of analyte accumulated by the
DGT sampler and the predicted mass of analyte for As(V), V(V),
Sb(V) and W(VI) (Fig. 2) with Cpcr-Metsorb /Csol Values between
0.86 and 1.26 over the four day deployment (Table S4). However,
for Mo(VI), Metsorb-DGT did not accurately measure Mo(VI) in

2400

As ” Mo p
-~ & - -
2 1000 - i 2 2000 - .
g ,g' ) &
© 800 - . > 1600 - i
£ . 5 a7 =
z g £ o~
2 - ‘ 3 1200 -
o ; : A
-] 4 ° .
P o P
< 400 4 . = 500 - L
- L4 o
] 8' ]
o ’ w ’f T
8 200 . é? 400 - o o} & %
s e K b
A A
0 . . . ‘ 0 ! . v ‘
0 20 40 60 80 100 0 20 40 60 80 100
Time (h) Time (h)
1200 - 350 5 1400
v Jof | sb 7 w 2
5 i | S ] g | .
2 1000 - L 2320 ‘ . B 1200 A
- ’, - ’ pacscf ’
) é’ & 250 | li S 1000 4 g
o 800 - Pl o L’ -
€ £ | . £ 57
= 3 -] i . 4
B 5/ 2 200 - - T 800 -
S 600 P a | | K] a-
g e & 150 i e T S 600 5
2 400 - & ‘ ) z .
13 Q, %5 100 { 1 S 400 e
: ¢ " s g
I r'd w ” » ’
200 4 e ] | ,- © @ ¥
- L g 01 . g w0
J | o 2
0 - 0+ T r T T 0 -
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 80 80 100
Time (h) Time (h) Time (h)

Fig. 1. Average (n=3) mass of analyte accumulated by Metsorb-DGT (M) and ferrihydrite-DGT (O ) for synthetic freshwater deployments. Error bars represent the
standard deviation of triplicate measurements. Dotted line is the predicted uptake calculated using the DGT equation. Experimental conditions: pH=7.20 + 0.08;
conductivity=230 puS cm~'; temperature=24.8 °C. Analyte concentrations were: As(V) 15 pg L=, Mo(VI) 30 ug L=, V(V) 12 ug L~ !, Sh(V) 4 ug L~ ' and W(VI) 17 pg L~ .
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Fig. 2. Average mass (n=3) of analyte accumulated by Metsorb-DGT (W) and ferrihydrite-DGT ( O ) for synthetic seawater deployments. Error bars represent the standard
deviation of triplicate measurements. Dotted line is the predicted uptake calculated using the DGT equation. Experimental conditions: pH=8.30 + 0.12; salinity=34.6;
temperature=24.8 °C. Analyte concentrations were: As(V) 15 ug L™', Mo(VI) 15 ug L%, V(V) 13 ug L=, Sb(V) 3 ug L~ and W(VI) 17 pg L~ .

seawater for deployment times >4h; Cpcr-Metsorb /Csol Values
ranged from 1.16 at 4 h to 0.27 at 92 h (Table S4). For ferrihydrite-
DGT, only As(V) and V(V) showed good agreement between the
predicted and measured mass of analyte (Cpgr.perr /Csor iN the
range 0.92-1.26; Table S5), whereas Mo(VI), Sb(V) and W(VI) all
showed large deviations from the predicted uptake, indicating
competition between the analyte and other ions in solution for
the ferrihydrite adsorbent. Molybdenum was most affected,
followed by Sb(V) and then W(VI) (e.g. Cpgr/Csor at 92 h for
Mo(VI), Sb(V) and W(VI) was 0.02, 0.17 and 0.50, respectively).
Panther and co-workers [25] have shown that the presence of
bicarbonate in solution affects the uptake of DRP by ferrihydrite-
DGT. Metsorb-DGT was not affected by the presence of bicarbo-
nate, presumably due to a higher capacity and/or better selectiv-
ity of Metsorb compared to ferrihydrite [22,25].

For DRP, after a deployment time of 70 h, Cpg1/Cso) ratios for
the Metsorb and ferrihydrite samplers were 0.97 and 0.84,
respectively, and for a deployment time of 93 h, the correspond-
ing ratios were 0.92 and 0.71, respectively. The DRP results
observed in this study are similar to those reported by Panther
et. al. [22] and indicate competition between bicarbonate and
DRP for binding sites on the ferrihydrite adsorbent.

4. Conclusions

This is the first time that the Metsorb-DGT method has been
used to measure V(V), Sb(V), Mo(VI) and W(VI) in freshwater and
seawater, and the first application of Metsorb-DGT to simulta-
neously measure As(V), DRP, V(V), Sb(V), Mo(VI), and W(VI) in
water. Furthermore, this is the first time that the ferrihydrite-DGT
method has been rigorously tested for a variety of oxyanions in
freshwater and seawater for deployment times up to four days.

This study has demonstrated that Metsorb-DGT accurately
measures the dissolved concentration of As(V), DRP, V(V), Sb(V),
Mo(VI) and W(VI) when deployed in freshwater for up to four

days, whereas, for ferrihydrite-DGT, only As(V), DRP, V(V) and
W(VI) were measured accurately over the same time scale. For
seawater deployments, Metsorb-DGT accurately measured As(V),
DRP, V(V), Sb(V) and W(VI) over the four day deployment,
whereas, ferrihydrite-DGT was capable of measuring only As(V),
DRP and V(V) due to competition for ferrihydrite binding sites by
other ions in solution. Neither Metsorb nor ferrihydrite are
appropriate adsorbents for measuring Mo(VI) in seawater for
deployments >4 h.

This study has shown the importance of a comprehensive
laboratory evaluation of DGT methods prior to being used in the
field. This study, and also work by others [22,23,25,28], demon-
strates that experiments of similar duration and in similar
matrices to the proposed field deployment conditions are essen-
tial when evaluating new DGT techniques.
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