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Abstract—Experiments were designed to assess the potential protective effect of the presence of sulfide against the acute (48-h)
toxicity of silver(I) to Daphnia magna. Tests were conducted in borosilicate glass beakers (250 ml) in moderately hard synthetic
water. Toxicity solutions were replaced after 24 h by static renewal method. This paper describes the chemical system, and the
acute toxicity results are presented in a companion paper. Sulfide was below detection limit (,5 nM) in controls with no sulfide
added. Sulfide, added as zinc sulfide clusters at approximately 35- or approximately 350-nM concentration, dropped in concentration
to approximately 25 and 250 nM, respectively, over the 24-h period of measurements. Silver also decreased in concentration during
the experiment (up to 59%), and the rate of loss was greater in the absence of sulfide compared with the presence of sulfide. A
filtration experiment indicated a 1:1 binding ratio of silver to sulfide and a conditional stability constant for the Ag(I)–zinc sulfide
complex of log K9 5 8.9. The losses of sulfide and silver during the experiments highlighted the need for regular monitoring of
the important chemical components of the system, even during short (48-h) toxicity tests.
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INTRODUCTION

Current understanding suggests that silver toxicity to aquat-
ic organisms is strongly affected by binding of the metal to
strong ligands [1,2]. Recently, it has been confirmed that re-
active sulfide is present in a wide range of oxygenated natural
fresh and saline waters [3–7]. This overcomes earlier thinking
that sulfide is not stable in oxygenated waters and suggests
that sulfide needs to be reevaluated as an important ligand for
trace metals in aquatic systems. Reactive sulfide has been
quantified at concentrations from low nanomolar to a few hun-
dred nanomolar in river waters and publicly owned treatment
works outfalls [3,7]. These concentrations are greater than the
concentrations of silver(I) found in the same waters [7]. Since
sulfide is known to bind silver(I) strongly, it is expected that
sulfide will be the dominant ligand affecting the speciation of
silver(I) in freshwaters. Currently, the photographic and other
industries are regulated on their silver emissions to aquatic
systems without taking into account the effect of sulfide as a
ligand. It is, therefore, extremely important for both environ-
mental and economic reasons to elucidate the effect of the
binding with sulfide on the toxicity of silver(I).

Unfortunately, the nature of the reactive sulfide in natural
waters has not yet been rigorously characterized. Some authors
have shown that sulfide is stabilized in natural waters by the
presence of soft metals, predominantly zinc, iron, and copper
with traces of other metals, such as silver [3]. One possibility
is that the sulfide exists as inorganic metal sulfide cluster mol-
ecules [3,8]. Another possibility is that sulfide is stabilized by
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metals associated with natural organic matter [9]. Other au-
thors have suggested that thiols are also important forms of
reduced sulfur in natural waters [10]. The relative merits of
these arguments are complex and not suitable for full discus-
sion here. From a toxicological perspective, it is important that
a candidate form of reactive sulfide be chosen that is inherently
nontoxic to the test organisms and represents, in principle, the
sulfide found in the environment.

We chose zinc sulfide clusters as being a suitable candidate
for the reactive sulfide. These clusters probably consist, in
solution, of a mixture of polynuclear species with base units
of Zn3S3 and Zn4S6

42 [8] and can be easily synthesized in pure
water at low micromolar concentrations [8,11]. The aim was
to react silver(I) with these clusters in solution at concentra-
tions of sulfide appropriate to natural environmental levels and
to determine the acute toxicity of the solution to Daphnia
magna. This species was chosen since daphnids have been
shown to be among the most sensitive of aquatic organisms
to silver(I) [12]. Because of the unusual nature of the sulfide
ligand and the extremely low concentrations of ligand and
metal used in this study, the chemical parameters controlling
the toxicity tests were thoroughly evaluated in tests without
daphnia present and also during the toxicity tests themselves.
This paper describes the chemical system for two sets of acute
toxicity tests with zinc sulfide clusters and silver(I): one at
approximately 250 nM sulfide and one at approximately 25
nM sulfide. These concentrations are representative of the mid-
to high range of sulfide concentrations measured in natural
waters [3]. The first test (;250 nM sulfide) was conducted
largely as a preliminary study to the low sulfide study and is
reported in less detail. A companion paper details the toxi-
cological results of the experiments [13].
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METHODS

All glassware, plastic ware, and filtration equipment was
acid cleaned in 1 or 10% nitric acid. Exceptions to this were
materials used only for radiometric counting of 110mAg, which
is not prone to contamination because of low background lev-
els, and vials for methylene blue sulfide (MBS) determination,
which were used as purchased. Reagents were ACS grade un-
less otherwise specified.

Preparation of zinc sulfide clusters

Preparation of the zinc sulfide clusters is described in full
in Bowles et al. [11]. Briefly, zinc(II) nitrate (final concn. 10
nM) was added to sodium sulfide (10 nM) in oxygen-free water
(500–800 ml) under an argon blanket. The anoxic solution was
stirred for 2 h before exposing it for equilibration with oxygen
in the laboratory atmosphere. Cluster solutions were aged for
.4 d prior to use in toxicity tests to ensure the absence of any
unreacted sulfide and also the complete development of the
clusters [11]. Reactive sulfide in the cluster solutions was mea-
sured daily to ensure that the clusters were stable and to allow
calculation of appropriate dilution factors for the toxicity ex-
periments.

Determination of reactive sulfide

Reactive sulfide was quantified by formation and spectro-
photometric measurement of MBS. Not all sulfide bound to
silver(I) is measurable by the MBS method since it is only
sparingly soluble in the reagent under our analytical conditions
[11]. Therefore, the MBS value is not equivalent to total re-
active sulfide when silver(I) is present at an appreciable pro-
portion of the sulfide concentration. The MBS method was
chosen, however, because of its relative simplicity and its sen-
sitivity, which allows determination of sulfide at low nano-
molar concentrations.

Methylene blue sulfide (MBS) measurements were con-
ducted according to the method of Cline [14]. Briefly, 20 ml
of sample were pipetted by plastic-tipped micropipette into an
unused 40-ml borosilicate glass vial. Mixed diamine reagent
(MDR) was added (2 ml) and the vial quickly stoppered. The
solution was briefly shaken by hand to mix and allowed to
react for .30 min in the dark. The absorbance of the methylene
blue was measured at 670 nm using a Cary 50 spectropho-
tometer (Varian, Palo Alto, CA, USA) with a 10-cm path-
length quartz cell.

The MDR was prepared by carefully mixing the following
two solutions: 2.25 g of N,N-dimethyl-p-phenylenediamine ox-
alate ([C8N2H12]2·C2O4H2, Baker, Phillipsburg, NJ, USA) dis-
solved in 660 ml of concentrated H2SO4 and 340 ml of water,
and 5.4 g of ferric chloride (FeCl3·6H2O, BDH, Toronto, ON,
Canada) dissolved in 100 ml of concentrated HCl and diluted
to 200 ml with water. The reagent was stored in a 1-L brown
polyethylene (high-density polyethylene) bottle (Nalgene,
Rochester, NY, USA). Note that the mixing of water and strong
acids results in considerable generation of heat, and appro-
priate use of safety equipment is required.

We found that light-scattering particles were frequently
present in the test solutions containing daphnids, possibly be-
cause of shedding of exoskeletons or fecal material, which
could interfere with the spectrophotometric measurement.
When measuring the MBS with the spectrophotometer, we
allowed any particles to settle to the bottom of the cell, as
evidenced by taking sequential readings until a plateau was

reached. Controls with solutions containing D. magna neo-
nates but with no added sulfide confirmed that with appropriate
consideration a detection limit of ,5 nM could be achieved.
Note that filtration of the solutions to remove particulates is
not appropriate (see the following discussion and [10]).

Determination of silver concentrations

Measurement of spiked 110mAg (RISØE, Roskilde, Den-
mark) was used to determine total silver concentrations in the
approximately 250-nM sulfide tests, where nominal Ag was
#9.3 nM (1 mg/L) and in all samples in the approximately 25-
nM sulfide test. The 110mAg was added to the working cold
silver stock solution so that the final specific activity after
dilution was 0.72 mCi/mg silver. The 110mAg radioactivity in
water samples (2 ml) was determined using a gamma counter
(Minaxi Auto-gamma 5000 series, Canberra-Packard, Toronto,
ON, Canada) according to the guidelines of Hansen et al. [15].

Graphite furnace atomic absorption spectrometry (GFAAS)
was used in the approximately 250-nM sulfide tests to deter-
mine silver concentrations where nominal Ag was .9.3 nM
(1 mg/L). A 10-ml aliquot from a 2-ml subsample (acidified
with 0.5% HNO3 and stored in a polypropylene vial) was
placed onto the furnace of the GFAAS (Varian AA-1275 with
GTA-9 atomizer, Varian, Walnut Creek, CA, USA) by an au-
tosampler. Measurement was made according to standard op-
erating conditions as documented by the manufacturer with no
matrix modifier. Because of adsorption of sulfide clusters onto
vessel walls, GFAAS is not appropriate for the determination
of silver in solutions containing sulfide unless certain precau-
tions are undertaken. The problems and possible solutions are
described in the Results section of this paper.

Filtration: Size separation versus surface adsorption

Filtration of zinc sulfide clusters has been shown to be
problematic because of losses of clusters that bind to filtration
membranes [11]. In many cases, the loss may be quantitative.
For this reason, filtration was not appropriate as a means of
size discrimination for the test solutions in this study. We did
use filtration, however, to assess the proportion of the silver(I)
that was bound to the sulfide clusters. This assumes that all
silver(I) bound to the clusters is expected to be lost on the
membrane, whereas silver bound to other dissolved ligands
(e.g., ) should pass the membrane. It is also assumed0AgCl (aq)

that no silver is bound to particles, other than sulfide clusters,
which exceed the cutoff of the filtration membrane. This as-
sumption is approximate, however, and would be applicable
only to the relatively simple system of zinc sulfide clusters
and silver studied here.

Acrodisc 0.45-mm polyethersulfone in-line filters (Gelman,
Ann Arbor, MI, USA) were used with polypropylene syringes
to filter solutions in the approximately 25-nM sulfide study
for determination of MBS and silver. Measured MBS in filtered
samples was always below the detection limit (5 nM). This
confirms quantitative losses of the sulfide clusters to the filters.

Determination of organic carbon

Samples for total organic carbon analyses (10 ml) were
stored in acid-cleaned borosilicate vials. Measurement was
conducted on a Dohrmann organic carbon analyzer after re-
moving inorganic carbon by acidification with one drop of
concentrated nitric acid and purging for .5 min with a stream
of nitrogen gas.
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Experimental design

Synthetic hard water (;250 ml) was measured, in triplicate,
into borosilicate glass beakers for each silver concentration,
with and without sulfide. The hard water was synthesized by
reconstituting reverse-osmosis water to the following com-
position (final pH 5 8.23): 1.0 mM CaCO3, 0.15 mM MgSO4,
and 0.6 mM NaCl. Water was bubbled with pure CO2 for 24
h to ensure that CaCO3 went into solution and then was bubbled
with air for 48 h to ensure removal of excess CO2 and at-
mospheric equilibration. The water was not bubbled during
tests.

Zinc sulfide clusters (2–4 mM MBS) were diluted into the
synthetic hard water to give an appropriate concentration. As
detailed in the Introduction, two sets of tests were performed
in the absence (,5 nM) and in the presence of low (;25 nM)
and high (;250 nM) concentrations of Zn-sulfide clusters.

Silver(I) nitrate containing a proportion of radioactive
110mAg was spiked into the test solutions at t 5 23 h. The
addition of 110mAg was chosen to give at least 160 counts/min
in subsamples (2 ml) of the lowest-silver-concentration treat-
ments. Neonate (,24 h old) D. magna were introduced into
the test solutions by disposable pipettes at t 5 0 h. At t 5 21
h, a new set of test solutions was made for each treatment by
spiking 750 ml of synthetic hard water with zinc sulfide clus-
ters and silver nitrate. At t 5 24 h, the daphnia were removed
from the original beakers by pipettes, and the water was re-
placed with the fresh solution (250 ml per beaker). The daph-
nids were held briefly in the pipettes while the water was
replaced and then pipetted back into the fresh solution for the
second 24 h of exposure. Only living daphnids were transferred
into fresh solutions. Beakers that exhibited 100% mortality
after 24 h were not used in the second 24 h. Maintenance of
the daphnids is described in the partner publication [13].

An experiment was conducted in the absence of organisms
to assess the losses of silver and zinc sulfide to borosilicate
glass beakers and polyethylene beakers over 48 h in order to
assess the suitability of each as the test material. In these tests,
silver(I) (2 and 10 mg/L; 19 and 93 nM) was added to two
glass beakers and two polyethylene beakers. Similarly, zinc
sulfide clusters (;30 nM) were added to separate glass and
polyethylene beakers. The losses of silver and sulfide over 48
h in the glass beakers were comparable (73 and 85%, respec-
tively). In polyethylene beakers, the loss of silver(I) was con-
siderably less than the loss of sulfide (37 and 80%, respec-
tively). Borosilicate glass was, therefore, chosen for all further
experiments to allow for better comparison of acute toxicity
between systems with and without sulfide present.

In other preliminary tests (data not shown), we showed that
it was not possible to saturate reactive sites on the beakers
with sulfide in order to reduce adsorptive losses. This can be
explained since the sulfide cluster, once adsorbed, forms a
substrate for further chemisorption. This property has been
reported at higher concentrations by researchers aiming to cre-
ate thin films of metal sulfides by successive application of
the metal and sulfide to a surface such as silicon [16,17]. These
experiments suggested that renewal of the test water was nec-
essary in order to maintain sulfide and silver(I) concentrations
at roughly appropriate concentrations. After several prelimi-
nary tests, we decided that the water would be replaced once
(at 24 h) during the 48-h acute toxicity tests and that regular
monitoring of the silver and MBS was essential to allow es-
timation of mean concentrations for calculation of silver mean
lethal concentration (LC50) to D. magna neonates.

As an additional check on water quality, natural organic
matter was monitored (as total organic carbon) throughout the
experiment conducted with approximately 25 nM sulfide. This
monitoring is important since natural organic matter has been
shown to affect the toxicity of silver(I) [18]. At t 5 0, total
organic carbon was always ,0.1 mg/L. At the end of the 24-
h periods, the total organic carbon ranged from ,0.1 to 0.3
mg/L. The results confirm that introduction of natural organic
matter (e.g., from daphnid shedding) was not a significant
perturbation of the system.

RESULTS

Experiment A: Approximately 250 nM sulfide

Sulfide concentrations. Spot checks were conducted to con-
firm that sulfide was not present in the beakers to which no
sulfide was added. Measured MBS was below the limit of
detection (,5 nM) in the tested beakers.

The mean initial sulfide (MBS) was measured at t 5 23 h
in all beakers with added sulfide. The concentrations (6 stan-
dard deviation) were 240 6 3.3 nM (n 5 13) on day 1 and
293 6 6.8 nM (n 5 7) on day 2 of the experiment. Sulfide
was lost from solution over each 24-h period of the experiment
because of adsorption on the beaker walls. The loss in the
silver-free beakers was 32 and 24% on day 1 and day 2, re-
spectively. The rate of sulfide loss from solution was approx-
imately linear, and the mean MBS (6 range) for day 1 was
203 6 20 nM (n 5 2) and for day 2 was 250 6 10 nM (n 5
2). In the beakers with silver present, the yield of the MBS
reaction is less than 100% (see Methods) and results in an
apparent loss of sulfide from the solution. Apparent losses
ranged from 24 to 80% as silver concentration increased. In
all cases, some sulfide was measurable at the conclusion of
the experiment.

Silver concentrations. Losses of silver concentrations over
24 h in the sulfide-free controls ranged from 25 to 66% and
were generally related to the initial silver concentration (Table
1). The mean silver concentrations listed in Table 1 for 24 h
were calculated from the t 5 0 and t 5 24-h measurements.
Similarly, the mean silver concentrations for 48 h were cal-
culated from the combined t 5 0 and 24-h measurements from
both days. These values were used in the calculations of 24-
and 48-h LC50 for D. magna neonates [13].

In the sulfide-containing treatments, analytical problems
occurred at silver concentrations .10 nM (Fig. 1A). These
samples were measured with GFAAS as opposed to the other
samples, which were analyzed by 110mAg gamma counting. The
lower values obtained with GFAAS were attributed to losses
of silver sulfide onto the walls of the sample vials before the
measurements could be made. This hypothesis was confirmed
by measurements with 110mAg gamma counting, which showed
that the silver on the walls and in solution could be measured
separately (Fig. 1B). 110mAg gamma counting was not affected
by this problem since the entire vial could be placed in the
counter. In the beakers that were measured by 110mAg gamma
counting, the losses from solution were similar those in the
sulfide-free treatments (42–65%).

Experiment B: Approximately 25 nM

Sulfide concentrations. Measured MBS in the controls with
no added sulfide was below the analytical detection limit (,5
nM) in all but one sample (6 nM). Therefore, sulfide contam-
ination was not problematic during the experiment. This also
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Table 1. Measured mean silver concentrations over 24 and 48 h, with (;250 nM) and without (,5 nM)
zinc sulfide. Figures in italics are results of graphite furnace atomic absorption spectrometry analyses
and are not reliable (see Discussion and Fig. 1). Ag loss 5 100 3 (Initial Ag 2 Final Ag)/Initial Ag.

MBS 5 methylene blue sulfide; SD 5 standard deviation; ND 5 no data

MBS
(nM)

Nominal

Ag
(mg/L)

Ag
(nM)

0–24 h

Mean Ag
(nM [6SD])

Ag loss
(%)

0–48 h

Mean Ag
(nM [6SD])

Ag loss
(%)

,5

0.05
0.1
0.2
0.5
1.0
2.0

0.46
0.93
1.9
4.6
9.3

19

0.33 6 0.07
0.65 6 0.06

1.6 6 0.2
3.0 6 0.5
5.6 6 0.3

10.6 6 0.5

50
50
50
56
58
66

0.36 6 0.09
0.71 6 0.07

1.7 6 0.2
3.1 6 0.6
5.8 6 0.3

ND

25
34
36
55
54

ND

;250

0.2
0.5
1.0
2.0
5.0

10
20

1.9
4.6
9.3

19
46
93

185

1.7 6 0.1
3.2 6 0.2
6.0 6 0.5
11 6 1

9.4 6 2.3
15 6 3
28 6 3

52
55
58
65
56
63
68

1.7 6 0.2
3.2 6 0.5
6.4 6 1.6
9.3 6 1.4
12 6 7
19 6 9

ND

45
49
42
43
20

218
ND

Fig. 1. Comparison of silver concentrations during a toxicity test
measured by different techniques (46 nM nominal silver, 240 nM
initial sulfide). (A) Graphite furnace atomic absorption spectrometry;
(B) 110mAg gamma counting. Walls refers to walls of sample vial, not
walls of the test beakers. Error bars represent standard deviation of
triplicate measurements.

Fig. 2. Loss of reactive sulfide (methylene blue sulfide [MBS]) from
synthetic hard-water solution over 24 h. Initial sulfide 5 35 nM.
Legend denotes nominal initial silver concentration. Error bars rep-
resent range of duplicate measurements.

confirmed that material shed by the neonate daphnids did not
affect the MBS spectrophotometric measurement.

In the sulfide-added beakers, the initial sulfide concentra-
tion was 35 6 3 nM (n 5 8) on day 1 and 32 6 2 nM (n 5
6) on day 2. The MBS losses over day 1 are shown in Figure
2 for the beakers with 0 nM Ag and 9.3 nM Ag (1 mg/L). As
expected, the concentration of measured MBS in the presence
of silver is lower than in the absence of silver. Note that the
difference between the two values at any given time after 3 h
is approximately 10 nM, which is close to the added silver
concentration. This implies that the binding of silver to sulfide
occurs at a 1:1 ratio if none of the sulfide bound to silver was
available for reaction with MDR. The mean MBS concentra-
tion over 48 h in the absence of silver was 22 6 0.5 nM (mean
6 range, n 5 2).

Total silver concentrations. Total measured silver concen-
trations are summarized in Table 2. As with sulfide, silver was
lost from solution over time. The concentrations of silver used
in the experiments with and without sulfide were substantially
different because of the differences in the LC50 for silver in
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Table 2. Measured silver concentrations in solution over 6, 24, and 48 h in the absence and presence
of sulfide. Ag loss 5 100 3 (Initial Ag 2 Final Ag)/Initial Ag. SD 5 standard deviation;

ND 5 no data

MBS
(nM)

Nominal

Ag
(mg/L)

Ag
(nM)

0–6 ha

Mean Ag
(nM [6SD])

Ag
loss
(%)

0–24 hb

Mean Ag
(nM [6SD])

Ag
loss
(%)

0–48 hc

Mean Ag
(nM [6SD])

Ag
loss
(%)

,5

0.05
0.1
0.2
0.5
1
2

0.46
0.93
1.9
4.6
9.3

19

0.40 6 0.05
0.92 6 0.07

1.5 6 0.2
3.6 6 0.1
7.2 6 0.6
15 6 2

5.3
3.2
3.9
8.7

11
10

0.35 6 0.08
0.83 6 0.10

1.3 6 0.25
3.1 6 0.15
5.8 6 0.9
12 6 2

32
27
32
40
50
59

0.35 6 0.10
0.77 6 0.11

1.3 6 0.26
3.0 6 0.39

ND
ND

25
40
35
40
ND
ND

;25

1
2
3
4.5
6
8

10

9.3
19
28
42
56
74
93

7.8 6 0.7
16 6 2
24 6 0.8
37 6 2
50 6 4
65 6 3
84 6 5

24
18
19
16
14
17
12

6.2 6 1.4
13 6 4
20 6 1
31 6 4
41 6 5
53 6 4
70 6 8

49
39
37
37
35
39
33

5.9 6 2
13 6 5
21 6 2
31 6 4

ND
ND
ND

54
40
32
35
ND
ND
ND

a Mean of measurements at 0 and 6 h on day 1 only.
b Mean of measurements at 0, 6, 9, 15, and 24 h on day 1 only.
c Mean of measurements at 0, 6, 9, 15, and 24 h on each of day 1 and day 2.

Table 3. Slopes of regressions: measured silver versus time over 24
h, with and without sulfide (;25 nM methylene blue sulfide). Data

from previous work (see Discussion). ND 5 no data

Nominal
Ag
(nM)

Sulfide ,5 nM

Slope
(pM/h) r2

;25 nM sulfide

Slope
(pM/h) r2

0.46
0.93
1.9
4.6
9.3

14
19
28
46
93

5.4
9.8

24
75

190
ND
430
ND
ND
ND

0.9844
0.9596
0.9539
0.9293
0.9335

ND
0.9847

ND
ND
ND

ND
ND
16
45

140
200
270
440
730

1,450

ND
ND

0.9766
0.9931
0.9946
0.9855
0.9733
0.9872
0.9851
0.9852

the presence and absence of sulfide [13]. In previous work,
however, we had greater overlap of silver concentrations and
can use these data to compare the rate of loss of silver with
or without sulfide present. Regressions for the rate of loss of
silver over a 24-h period are listed in Table 3. The regression
slopes are higher in the absence of sulfide, which indicates
that sulfide helps to prevent the adsorption of silver to the
vessel walls. It is interesting to note that in the absence of
sulfide, the percentage loss of silver over time increases with
increasing silver concentration, whereas this trend is reversed
in the presence of sulfide (Table 2, 24-h data). This is further
evidence for the need to closely monitor the actual concen-
trations of chemical species in solution during toxicity tests.

Filtered silver concentrations. In the absence of sulfide,
filtered silver accounted for 69 to 93% of the total measured
silver (Table 4). At higher total silver concentrations, the pro-
portion of filterable silver was lower, possibly suggesting a
small amount of precipitation of AgCl. Computer modeling
(MINEQL1 Ver 4.0), however, suggested that precipitation of
AgCl did not occur. Chemical parameters of the modeling
procedure were entered on the basis of solution chemistry
described in the experimental design section.

In the presence of sulfide, the proportion of filterable silver
(17–62%) was much less than in the absence of sulfide (Table
4). Filtered silver concentrations increased as total silver con-
centrations increased, which is consistent with silver having
exceeded the stoichiometric binding ratio with the sulfide clus-
ters. Bowles et al. [11] present evidence that the removal of
zinc sulfide clusters on filters is caused by chemisorption rather
than simply size exclusion of particles. Since silver is com-
plexed by the sulfide, the filtered silver concentrations can be
used as a measure of the extent to which the silver has been
complexed by the sulfide.

Figure 3 shows the relationship between filtered silver and
total silver concentrations. Silver concentrations in the absence
of sulfide were linearly correlated with total silver (slope 5
0.784, r2 5 0.940, n 5 40). Silver concentrations in the pres-
ence of sulfide showed a biphasic distribution with filtered
silver concentrations close to zero until the concentration of
sulfide (;22 nM) was exceeded. The linear regression for the
silver data points in excess of the sulfide concentration (slope
5 0.840, r2 5 0.929, n 5 20) was similar to the regression
for silver without sulfide present. The filtered silver concen-
trations, with sulfide present, on day 1 at t 5 0 were propor-
tionately higher than at all other times (see Fig. 3, open tri-
angles). This suggests that the silver sulfide moiety that ini-
tially forms may be smaller or less prone to chemisorption
than clusters after further stabilization. When these points were
removed from the data set, the linear regression (slope 5 0.781,
r2 5 0.943, n 5 13) was virtually identical with the regression
in the absence of sulfide. The x intercept of this regression
was 24 nM, which corresponds well with the mean measured
sulfide value (22 nM), clearly indicating 1:1 binding between
silver and sulfide.

Filtered and total silver concentrations were used to esti-
mate a conditional binding constant (K9) and capacity (Ltotal).
In this assessment, unbound silver ([Ag9]) is assumed to be
that concentration of silver that passes the filter. The bound
silver ([AgL]) is that amount retained on the filter. We assume
1:1 metal to ligand binding so that
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Table 4. Measured filtered silver concentrations over the periods 6, 24, and 48 h in the presence and absence of sulfide. MBS 5 methylene blue
sulfide; SD 5 standard deviation

MBS
(nM)

Nominal

Ag
(mg/L)

Ag
(nM)

6 ha

Filtered Ag
(nM [6SD])

% AgTd

(%)

24 hb

Filtered Ag
(nM [6SD])

% AgTd

(%)

48 hc

Filtered Ag
(nM [6SD])

% AgT
(%)

,5

0.05
0.1
0.2
0.5
1.0
2.0

0.46
0.93
1.9
4.6
9.3

19

0.33
0.82
1.3
2.8
5.2

12

83
89
85
77
71
75

0.31
0.74
1.2
2.3
4.0
8.4

87
90
89
76
69
71

0.30
0.71
1.2
2.5
ND
ND

86
93
92
82
ND
ND

;25

1
2
3
4.5
6
8

10

9.3
19
28
42
56
74
93

2.3 6 0.4
4.5 6 0.7
8.6 6 0.7
15 6 2
24 6 2
37 6 0.6
52 6 0.8

29
30
36
41
47
56
62

1.5 6 0.4
2.7 6 0.7
4.8 6 0.7
8.6 6 2
15 6 2
24 6 0.7
36 6 2

24
21
24
28
35
48
51

1.3 6 0.4
2.3 6 0.8
4.0 6 0.8
7.2 6 2
ND 6
ND 6
ND 6

21
17
19
23
ND
ND
ND

a Mean of measurements at 0 and 6 h on day 1 only.
b Mean of measurements at 0, 6, 9, 15, and 24 h on day 1 only.
c Mean of measurements at 0, 6, 15, and 24 h on day 1 and day 2.
d AgT 5 total measured silver.

Fig. 3. Relationship between measured filtered and total silver in
beakers with and without added sulfide (as zinc sulfide clusters). Data
are a composite from day 1 and day 2 of experiment. X axis error
bars represent standard deviation of triplicate measurements. Y axis
error bars represent range of duplicate measurements.

Fig. 4. Nonlinear least-squares fitting of the data derived from filtered
and total silver measurements. Ag free 5 filtered silver concentration;
Ag bound 5 (total silver concentration 2 filtered silver concentration).

[Ag ] 5 [Ag9] 1 [AgL] [L ] 5 [L] 1 [AgL]total total

K9 5 [Ag9][L]/[AgL]

Combining the two equations and rearranging gives

[Ag9]Ltotal[Ag9L] 5 (1)
[Ag9] 1 K9

The function in Equation 1 was fitted to [Ag9] (filtered) and
[AgL] ([Agtotal] 2 [Ag9]) to obtain values for Ltotal and K9 using
a nonlinear least-squares fitting procedure. Figure 4 shows the
plot of data for bound Ag ([ML]) versus free Ag ([M9]) and
the best-fit curve (Eqn. 1). The time 5 0 h data from both day
1 and day 2 were omitted since reaction with the clusters
appeared incomplete at that time (see the previous discussion).
The results obtained were log K9 5 8.9 (95% confidence range:
8.7–9.2) and Ltotal 5 32 nM (26–39 nM).

The calculated binding capacity (32 nM) is higher than the

mean measured sulfide (22 nM). Therefore, it may be inferred
that the binding is approximately 1.5:1 (silver:sulfide), al-
though this contradicts the previously reported evidence,
which indicated a 1:1 binding ratio. It is possible, however,
that this method also factors in the component of sulfide ad-
sorbed to the walls of the vessel but that is still available to
bind silver. This seems reasonable since the initial sulfide con-
centrations (35 and 32 nM on days 1 and 2, respectively) were
very close to the calculated capacity.

The calculated conditional stability constant (log K9 5 8.9)
is considerably lower than the thermodynamic log K reported
for the equilibrium: AgHS/Ag1·HS2 by Martell and Smith (log
K 5 13.6) [19]. It is likely that the presence of the zinc(II) as
a competing metal significantly affects the equilibrium of sil-
ver(I) with the sulfide. Literature data are not available for
binding to metal sulfide clusters, but it is possible to make an
estimate of the contribution of zinc to the calculated condi-
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tional constant if the following displacement reaction is sub-
stituted for Equation 1:

1 0 1 21Ag 1 ZnS 1 H ⇔ AgSH 1 Zn

21 1 0 1K 5 [AgSH][Zn ]/[Ag ][ZnS ][H ] (2)(2)

Equation 2 can be broken down to the following equilibria
with reported log K values from the National Institute of Stan-
dards and Technology (Gaithersburg, MD, USA) Critical da-
tabase [19]:

1 2Ag 1 HS ⇔ AgSH

1 2 13.6K 5 [AgSH]/[Ag ][HS ] 5 10 (3)(3)

21 2 0 1Zn 1 HS ⇔ ZnS 1 H

0 1 21 2 5.0K 5 [ZnS ][H ]/[Zn ][HS ] 5 10 (4)(4)

These can be rearranged to give equilibrium (2), where

8.6K 5 K /K 5 10 or Log K 5 8.6(2) (3) (4) (2)

The stability constant for Equation 2 is dependent on the
concentrations of Zn21 and H1 in solution. Substituting in val-
ues of pH 5 8.23 and [Zn] 5 22 nM gives an apparent con-
ditional log K9(2) 5 9.2. This value is similar to the experi-
mental conditional constant (log K9 5 8.9). Despite this, the
conditional stability constant reported here should be treated
with caution until appropriately thorough analytical studies are
performed to confirm or refute this result. Furthermore, the
use of filtration data to separate species must be considered
appropriate for this experimental setup only.

DISCUSSION

Zinc sulfide proved to be feasible as a form of sulfide to
use in the toxicity tests. Losses of sulfide during the experiment
were substantial, however, which is in agreement with the
findings of other work that reported zinc sulfide losses to a
variety of materials, including borosilicate glass, at similar
concentration ranges [11]. Losses of silver during the toxicity
experiments were also substantial. For example, in a test so-
lution containing nominally 19 nM silver and 25 nM zinc
sulfide, the silver concentration was measured to drop by 39%
over 24 h (Table 2). Based on the data reported in the com-
panion paper [13], accumulation of silver by the daphnids
accounted for ,5% of the measured silver loss from solution.
Since the daphnids are exposed to silver over the complete
duration of the experiment, it is possible that the greatest mor-
tality will occur in the initial few hours of each 24-h period
when the silver concentrations are highest. This may be par-
ticularly important in the presence of sulfide since filtered
silver concentrations, which may be the bioactive fraction, may
drop to below the LC50 values despite the total silver re-
maining comparatively high. Despite these concerns, we de-
cided to change the water only once during the 48-h toxicity
tests in order to minimize stress to the daphnids [13].

When using GFAAS, analytical difficulties also occurred
because of the adsorption of the clusters to container walls
after sampling. We found that the simplest solution was to use
a radiometric counting method with labeled silver in which
the entire sample vial could be counted. Methods in which an
aliquot is removed for measurement may suffer from signifi-
cant analytical artifacts. In order to use such methods, it will
be necessary to destroy the metal sulfide clusters before anal-
ysis. Studies of the analysis of silver and copper in natural
(sulfide-containing) waters suggest that acidification of sam-

ples is not sufficient to attain quantitative recoveries and that
an oxidative step is required [20,21]. Suitable oxidative steps
may involve ultraviolet light treatment [20] or oxidation with
peroxide or persulfate [21]. It should be noted that the loss of
sulfide onto vessel walls is highly dependent on solution chem-
istry (e.g., pH and ionic strength, form of sulfide) [11]. There-
fore, the extent of loss of sulfide and associated metals (e.g.,
silver) from natural samples cannot be predicted using the data
from this toxicity experiment.

An additional analytical difficulty results from the low sol-
ubility of silver sulfide under the conditions of the reaction
with the MDR. This results in low sulfide recoveries in the
presence of silver and a degradation of precision, depending
on the length of time the silver sulfide is allowed to react with
the MDR. It is possible that allowing a longer reaction time
will recover more of the sulfide. Some researchers have re-
ported the use of CrII as a reagent to allow measurement of
total sulfide by reducing the bound metal (e.g., silver or copper)
[3,22]. This approach has promise, but caution is required since
this method will also reduce a number of other sulfur species
to sulfide, such as polysulfides, elemental sulfur, sulfite, and
thiosulfate, some of which may occur in the toxicity test so-
lution.

It is important for the toxicity tests that the added silver(I)
has time to equilibrate with the sulfide clusters. Other workers
have shown that silver will displace zinc from the sulfide clus-
ters in ,1 min [3]. This suggests that the amount of time
between addition of the silver to the sulfide and exposure of
the daphnids should not be critical. Our filtered data suggest,
however, that 3 h after the addition of the silver to the sulfide
(t 5 0 in our experiments), conformational changes may still
be occurring that result in a change in the degree to which the
clusters adhere to the filters (Fig. 3). Also, we found that the
degree to which the clusters adhered to the walls of the sample
vials used for silver analysis was changing up to 9 h (t 5 6
h) after silver addition (Fig. 1). Therefore, it may be appro-
priate to allow the silver sulfide clusters to stabilize for a longer
period before addition of the daphnia to the test waters.

Despite adsorptive losses of the sulfide and silver, it was
possible to monitor the concentrations throughout the exper-
iment to allow calculation of mean concentrations to use in
LC50 determinations. If appropriate care is taken, zinc sulfide
clusters are a suitable form of sulfide for use in toxicity tests.
These conclusions are born out in the acute toxicity results
that are discussed by Bianchini et al. [13].
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