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ABSTRACT

Tungsten is an emerging environmental pollutant. However, a proved robust method for preserving and deter-
mining the concentrations of tungsten in environmental media is still lacking. This study examined and
compared the suitability of classic methods and previously reported tungsten-oriented methods on preserving
dissolved tungsten and recovering tungsten from soil/sediment matrix. Tungsten concentrations in the water
samples and digestates were then determined by inductively coupled plasma mass spectrometry. Our data
showed that the tungsten-oriented HF and alkaline preservatives indeed successfully maintained the stability of
dissolved tungsten. Even when preserved using HNO3 or HCl, dissolved tungsten concentrations did not notably
change in most of our water samples over the course of ~4 months. Using glass containers for storing water
samples also did not produce much difference from using high-density polyethylene containers. Our data further
suggested that the addition of HF in digestion was important for tungsten solubilization from soil/sediment
matrix. The digestion methods with HNO3/HCI/HF and HNOs/HF/NH4OH/EDTA both yielded quantitative
recoveries of tungsten from certified reference materials and known synthetic samples, while the other tested
methods had limited recoveries. The methods validated by this study could be used to accurately determine
tungsten concentrations in environmental media and thereby to assess the fate and potential risks of tungsten.

1. Introduction

Tungsten is a transition element in Group VIB of the Periodic Table.
Although tungsten was long believed to be nontoxic, elevated tungsten
concentration in groundwater was more recently found to be positively
correlated with the occurrence of childhood leukemia and crowd dia-
betes [1,2]. Significant positive correlations were also observed between
hematal and urinary tungsten levels and cardiovascular diseases such as
spasms and stroke [3-5]. Tungsten is therefore classified as an emerging
environmental pollutant [6]. Beside toxicity, tungsten is also found to be
more soluble and mobile than previously recognized [7-9]. Due to its
robust physical properties such as high density, hardness and melting
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point, tungsten has been widely used in the industrial and technological
applications [10]. Accordingly, following the mining and smelting of
tungsten ore, use of tungsten products, and disposal of tungsten-bearing
wastes, tungsten and its compounds have been enriched in the natural
environment [11,12]. At tungsten munitions impacted sites, dissolved
tungsten levels in soil porewaters could reach hundreds of mg L1, and
groundwater tungsten pollution has been also identified in the vicinity
[7,13]. Obtaining accurate data on tungsten concentrations in soil and
groundwater systems is essential for understanding the fate and trans-
port of tungsten and for preventing and mitigating tungsten pollution.
However, a proved robust method for preserving and determining the
concentration of tungsten in environmental media is still lacking.
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To obtain an authentic level of tungsten in water and digestates,
maintaining tungsten in soluble forms before analysis is critical. Hy-
drochloric acid (HCl) and nitric acid (HNO3) are the most common
preservation reagents for water samples, because they can effectively
prevent the hydrolysis and precipitation of metal ions, prevent the
adsorption of metal ions onto the container wall, and inhibit the activity
of microorganisms [14-16]. Although HCl and HNOg are incapable of
destructing silicate minerals, they are sufficient to extract many metal
(loid)s that are typically bound to oxides and carbonates and therefore
are often used individually or in combination for soil and sediment
digestion [17]. Nevertheless, in the absence of a compound that can
form stable soluble complexes with tungsten, tungstic acid (HaWO4(s))
would precipitate at low pH (see calculations in Supporting Information
(SI) Fig. S1, Tables S1 and S2) [18,19]. Therefore, treating environ-
mental samples with HCl and/or HNOg3 can potentially cause tungsten
precipitation and compromise the determination of tungsten
concentration.

Commercially available tungsten reference solutions, instead, use
hydrofluoric acid (HF), sodium hydroxide (NaOH) and ammonium hy-
droxide (NH4OH) as preservation reagents (Table S3). The use of HF can
maintain tungsten in the form of soluble tungsten-fluorine complexes
such as H3WO4F3 even at pH < 1 (Tables S1 and S2) [18,20]. NaOH and
NH4OH can create alkaline condition to maintain tungsten in the form of
soluble monomeric tungstate WO%’ (Tables S1 and S2). Since the
addition of chelates can further complex free tungstate and therefore
increase tungsten solubility, Clausen et al. [21], Sun and Bostick [22]
and Bostick et al. [7] used a combination of NH4OH and ethyl-
enediaminetetraacetic acid (EDTA) for the preservation of
tungsten-containing water samples and digestion of tungsten-containing
soil samples. In addition, the presence of oxyanions such as phosphate
can polymerize with tungstate and form soluble polymeric tungstates
such as phosphotungstate Pwlzoﬁa [23,24]. Therefore, Bednar et al.
[25] added phosphoric acid (H3PO4) to the classic HNO3/H202 digestion
method to improve the recovery rate of tungsten from soils. At present,
the jury is still out on which reagent can preserve and which digestion
procedure can extract the true level of tungsten in environmental sam-
ples the most effectively [26]. Furthermore, there are also concerns
regarding the container, because tungsten may form unrecoverable
precipitate with silica glass under acidic conditions, although the exact
chemical form of the precipitate has not yet been determined [13,25]. So
far, the effect of the material of the container on tungsten preservation
has not been properly investigated.

The main objective of this study was therefore to compare and
evaluate the performances of different preservation and digestion
methods for tungsten-bearing water and solid samples. Known water
samples were prepared by dissolving sodium tungstate dihydrate
(NagWO4-2H0) in both deionized water (DIW) and artificial ground-
water (AGW). The effectiveness of preserving dissolved tungsten with
two classic acid preservatives and four tungsten-oriented reagents was
investigated and compared with thermodynamic modeling result. The
effects of glass and high-density polyethylene (HDPE) containers were
also studied. Known solid samples included not only certified reference
materials but also synthetic samples that were prepared by mixing
different forms of tungsten with quartz sand. The recovery rates of
tungsten by three classic digestion methods from U.S. EPA and three
tungsten-oriented digestion methods were compared. Tungsten con-
centrations in the water samples and digestates were then determined by
inductively coupled plasma mass spectrometry (ICP-MS).

2. Methods and materials
2.1. Preparation of water samples
To represent typical tungsten concentration in aquatic systems [10],

water samples with initial tungsten concentrations of 0.01, 0.1 and 1 mg
L1 were prepared. Tungsten was added from a freshly prepared stock
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solution containing 400 mg L' tungsten added as Na;WO4-2H,0. To
investigate the effects of common co-existing ions on tungsten preser-
vation, water samples were prepared in both DIW and AGW matrices
and compared. Based on typical groundwater composition [27,28],
AGW used in this study consisted of DIW amended with 0.5 mM
NaHCOg, 1 mM KCl, 0.4 mM MgSO4, 0.4 mM CaCl; and 0.02 mM NH4Cl,
and was adjusted to pH 7 with 0.1 M HCI. Before use, the AGW was
equilibrated with the atmosphere for >24 h. Tungsten-containing water
samples were then prepared by diluting the stock solution with either
DIW or AGW. The reagents used in this study were GR or AR grade
(Table S4).

2.2. Water sample preservation

Six preservation reagents were selected for water samples in this
study, including HCl, HNOs, HF, NaOH, NH4OH and NH,OH/EDTA
(Table 1). For each concentration (i.e., 0.01, 0.1 and 1 mg LY of
tungsten in either DIW or AGW, six samples treated individually with six
preservation reagents as well as a blank without any preservative (i.e.,
tungsten in DIW or AGW only) were prepared in capped 250 mL HDPE
containers in triplicate. Concentrated HCl (38 %) and HNO3 (68 %) were
added to the typical volume fractions, i.e., 1 % HCI [15,29] and 2 %
HNOg [16], respectively. Based on Poehle et al. [30] and Oburger et al.
[31], the volume fraction of concentrated HF (40 %) added in the water
samples was 0.3 %. Based on the concentration of NaOH in commer-
cially available tungsten reference solutions (Table S3), NaOH was
added to 0.01 M. Consistent with Clausen et al. [21] and Bostick et al.
[71, the concentrations of NH4OH and NH4OH/EDTA added were 0.2 %
and 0.2 %/0.1 %, respectively. To identify the effect of container ma-
terials on tungsten preservation, a series of water samples containing 1
mg L} tungsten were also prepared in capped 250 mL glass bottles.
Because HF corrodes glass container [32], water samples treated with
HF were only stored in HDPE containers. These tungsten-bearing water
samples were preserved at room temperature for up to 6 months, during
which the bottles were opened for subsampling at desired time intervals
with <2 min each time. During subsampling, a 10 mL aliquot of each
solution was periodically removed and filtered to 0.22 pm using a pol-
yethersulfone membrane syringe filter (Tianjin Jinteng Experimental
Equipment Co., Ltd.) as a subsample. Dissolved tungsten concentrations
in the subsamples were determined immediately after collection using
ICP-MS.

2.3. Preparation of solid samples

Certified reference materials used in this study were from China
National Center for Standard Materials, which included three soils -

Table 1
Preservative reagents for tungsten-bearing water samples and digestion methods
for tungsten-bearing solid samples examined in this study.

Sample Classification Procedure Reference
type
Water Traditional preservatives HNO3 [14]
HCI
Tungsten-oriented HF [18]
preservatives NaOH [24]
NH4OH [7]
NH4OH/EDTA [7]
Solid Classic digestion methods HNO3/H504 [34]
Reverse aqua regia [35]
HNO3/HCl/HF [36]
Tungsten-oriented digestion HNO3/H3P04/H50, [25]
methods HNO3;/H,0,/NH4OH/ [71
EDTA
HNO3/HF/NH40H/ [7]
EDTA
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GBW07941, GBW07980 and GBW(E) 070234, and three sediments -
GBWO07312, GBW07311 and GBWO07307. Detailed information and
elemental compositions of these references are given in Table S5.
GBW07941 is an agricultural soil from Tongguan, Shanxi, containing
33.8 + 2.9 mg kg ! tungsten. GBW07980 is an alluvial and diluvial soil
downstream of the tungsten-tin-molybdenum-bismuth mining area from
Shizhuyuan, Chenzhou, Hunan, containing 164 + 9 mg kg~ tungsten.
GBW(E) 070234 is a soil contaminated by the iron mining industry from
Xuzhou, Jiangsu, containing 30.9 + 2.0 mg kg’1 tungsten. GBW07312 is
a stream sediment from copper-tungsten-tin mining area in Yangchun,
Guangdong, containing 37 + 2 mg kg~! tungsten. GBW07311 is a
stream sediment also from the tungsten-tin-molybdenum-bismuth min-
ing area in Shizhuyuan, Chenzhou, Hunan, containing 126 + 9 mg kg ™!
tungsten. GBW07306 is a stream sediment from the copper mine (por-
phyry type) mining area in Zhaduo, Qinghai, containing 25 + 2 mg kg !
tungsten. Based on information on the certificates, tungsten concentra-
tions in these reference materials were determined by multi-acid
digestion followed by ICP-MS analysis, polarography and/or neutron
activation analysis.

Five known synthetic samples were prepared by mixing metallic
tungsten wo (99.99 %), NagWO4-2H50 (99.0-101.0 %), HoWO4(s) (99
%), scheelite CaWOy4(s) (72 % WOs3), and wolframite (Fe,Mn)WO4(s)
(70 % WO3) with high purity quartz sand (Macleans, 200-250 mesh,
>99.7 %). To represent tungsten concentration in contaminated soils
and sediments [7,26,33], tungsten concentration in the synthetic sam-
ples were set at ~1000 mg kg~ '. Accordingly, 0.5000 g tungsten metal,
0.8971 g Na;WO4-2H,0, 0.6795 g HyWO4, 0.8756 g CaWOy or 0.9006 g
(Fe,Mn)WO4 was mixed into 500 g quartz sand. Each sample was ho-
mogenized through 3 sequential steps: (1) with horizontal shaker
(SK-0330-Pro, Dalong Xingchuang Laboratory Instrument Co., Ltd.) for
3 h, (2) with disc spin mixer (MX-RD-Pro, Scilogex) for 6 h, and (3) with
ball mill (GQM-4-5, Changsha Tianchuang Powder Technology Co.,
Ltd.) for 24 h. The ball mill used 72 corundum balls of various sizes
(0.5-2.5 cm diameter) and corundum jars. To prevent
cross-contamination, the ball mill was cleaned between samples by
mixing pure quartz sand for 20 min and wiping with ethanol at least 3
times before and after quartz sand mix. To know the baseline, a 500 g
quartz blank (without tungsten) was also prepared in a consistent
fashion and digested as described below. X-ray fluorescence (XRF)
spectrometer (Hitachi, XMET 8000) was used on multiple random
mounts of each of the prepared synthetic materials, which showed
tungsten was evenly distributed (Table S6).

2.4. Digestion procedures

Six digestion methods were used and compared, including three
classic methods from U.S. EPA, i.e., (1) HNO3/H30,, (2) reverse aqua
regia, and (3) HNO3/HCI/HF, as well as three methods that were spe-
cifically designed for tungsten-bearing solid samples, i.e., (4) HNO3/
H3PO4/H20,, (5) HNOs/H;0,/NH4OH/EDTA and (6) HNOs/HF/
NH4OH/EDTA (Table 1). High-pressure digestion and a closed-vessel
oven (Tianjin Taisite Instrument Co., Ltd., 202-3AB) heated system
were used in this study. All the digestion procedures were performed in
Teflon vessels. Each digestion batch included one reagent blank, one
quartz blank, six certified references and five known synthetic samples.
Dissolved tungsten concentrations in the digestates were determined
using ICP-MS. All digestions were performed in triplicate, and the mean
values were reported.

2.4.1. Classic digestion methods from U.S. EPA

HNO3/H20, digestion was conducted following EPA Method 3050B
[34]. The use of HNOj3 can dissolve organics, metal oxides, carbonates
and sulfide minerals and liberate the associated trace metals. The use of
H20; can enhance the oxidation of organics and improve metal recovery
from organic matter enriched solid analytes. Reverse aqua regia diges-
tion was conducted following EPA Method 3051A [35]. The co-use of
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HCI with HNOj3 can improve solubility and recovery of certain elements
such as Ag, Ba, Pb and Sb. HNO3/HCI/HF digestion, which is a complete
digestion method, was conducted following EPA Method 3052 [36]. The
addition of HF can dissolve elements bound to recalcitrant silicate
minerals. More detailed procedures of these three classic digestion
methods are provided in Table S7.

2.4.2. Tungsten oriented digestion methods

HNO3/H3P04/H20; digestion was conducted based on Bednar et al.
[25], except that the concentration of H3PO4 used was reduced from
14.63 M to 1 M. This modification was made based on Chen et al. [37],
which found that concentrated H3PO4 would increase the viscosity of
the digestates and compromise ICP-MS analysis, while 1 M H3PO4 (in
combination with 2.5 M HSO4) could guarantee recovery of tungsten
from mineral tungstates. For each solid sample, a 0.05 g aliquot was
heated in 3 mL concentrated HNO3 and 1 mL 1 M H3PO4 at 140 °C for 16
h. Once complete, the suspensions were cooled to room temperature and
evaporated to dryness at 120 °C on a hotplate (Nanjing Zhenghong In-
strument Co., LTD, GS-1). Once dry, 3 mL 30 % H30, was added and
heated at 140 °C for 2 h. The suspensions were again cooled to room
temperature and evaporated to dryness at 120 °C on a hotplate. Then, 1
mL concentrated HNO3 and 3 mL DIW were added, and the suspensions
were heated at 140 °C for 9 h. Finally, the obtained suspensions were
cooled to room temperature and centrifuged at 4000 rpm for 10 min.
Each of the supernatants was filtered to 0.22 pm using a poly-
ethersulfone membrane syringe filter (Tianjin Jinteng Experimental
Equipment Co., Ltd.), and diluted to 50 mL with DIW before ICP-MS
analysis.

HNO3/H202/NH4OH/EDTA  digestion was conducted based on
Bostick et al. [7]. A 0.05 g aliquot of each sample was heated in 3 mL
concentrated HNO3 at 140 °C for 16 h, cooled to room temperature and
evaporated to dryness at 120 °C on a hotplate. Once complete, 3 mL 30
% H302 was added and heated at 140 °C for 2 h. The suspensions were
cooled to room temperature and evaporated to dryness at 120 °C on a
hotplate. Once dry, 1 mL 20 % NH40OH/10 % EDTA and 3 mL DIW were
added. The suspensions were heated at 140 °C for 9 h, and then soni-
cated for 1 h to ensure mixing. Finally, the obtained suspensions were
centrifuged at 4000 rpm for 10 min, filtered to 0.22 pm, and diluted to
50 mL with DIW before ICP-MS determination. HNOs/HF/NH40-
H/EDTA digestion was also conducted based on Bostick et al. [7], except
that 1 mL concentrated HF (40 %), instead of 3 mL 30 % H305, was used
to dissolve silicate minerals and the associated tungsten. All other steps
remained consistent with the HNO3/H202/NH4OH/EDTA digestion
procedure described above.

2.5. Sample analysis

Dissolved tungsten concentrations in the water samples and solid
digestates in this study were determined by ICP-MS. The analyses were
carried out using an Agilent 7700X ICP-MS (G3281A) equipped with a
PFA Inert Kit (G4912-68000), a Connector tube Insert Kit (G4912-
80016) and a PFA MicroFlow Nebulizer (G3139-65100). Single-element
internal standard solution of rhenium (1°3Rh) was added inline through
a tee valve to correct non-mass spectra interference. Because the pres-
ence of organics could lead to instability of plasma torch and carbon
deposits in the interface cones for ICP-MS [38], the samples preserved in
NH4OH/EDTA were diluted 10 times with DIW immediately before
entering the machine, while all the other samples were injected without
dilution. 3 % HNO3/3 % HF was used as the rinse solution to remove
residual tungsten between samples during analysis. Quantification of
tungsten concentration in the water samples was based on comparison
to a six-point standard curve, either between 0 and 0.12 mg L ™! or be-
tween 0 and 1.2 mg L~ depending on the concentration in the sample.
Quantification of tungsten concentration in the digestates was based on
comparison to a six-point standard curve between 0 and 0.2 mg L 1. The
standards were prepared freshly before each sample run by dilution of a
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single-element reference solution containing 100 mg L™ tungsten in
trace NaOH (Table S4). To avoid mutual influence between different
matrices, the matrices of the standards (i.e., the solutions used for
diluting the reference) were consistent with those of the determined
samples. All standard curves were linear with correlation coefficients of
>0.999. Three diluted tungsten reference solutions were also prepared

(A) No preservative

110

105 F

C/IC, (%)
S

) o
104 G)E‘
102
95t 100-% -----------
98 2}1
ool X0 3 60,
0 30 60 90 120 150 180
Time (days)
10 (B) HNO,
105 ®
-
o4
S 0 4
=100 €
Saic
®) 102 8 @
95T 100[E---m=n==- Pl
98
90 L= <6 Q 3,6 19 L L
0 30 60 90 120 150 180
Time (days)
110 (D) HF
E3]
105 |
1100%; ..... S
o 04
o AT 102 =
sr 100 ‘(D
N A I I
0 30 60 90 120 150 180
Time (days)
15 NHLOH
104} @ &
| 102
110 [ﬂloog __________ Q@ _
) 98
S 105 o 3 6 9
<
< 100 C? ...... % @.ﬁ. ..............
©)
95
90 1 1 1 1 1 1
0 30 60 90 120 150 180

Time (days)

Talanta 276 (2024) 126307

in the respective matrix and inserted in each sample run as quality
controls (QCs), which verified accuracy of the quantification. Each
sample was run six times and averaged. The relative standard deviation
between six runs was always better than 6 %, which verified precision of
the quantification. In addition to tungsten, the concentrations of many
other elements, including Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn,

0 HDPE-DIW-0.01
O HDPE-DIW-0.1
A HDPE-DIW-1
< Glass-DIW-1

110 (QHCI
105}
—_ " N
éloo LK. @ eeeeees T
O __T1o04
O Priota @
= 100 fgr=========="==o
55F 98 O
|96 Ol 3 1 6 |9 1 1
0 30 60 90 120 150 180
Time (days)
(E) NaOH
110 T04
17— o]
105 %
—_~ 98 [}
-l
S B3 6 9
2100 % -----------------
o ®
@)
95 £

0 30 90 120 150 180

60
Time (days)
110 (G) NH,OH/EDTA
105
S
=100
S
@)
95
90 1 1 1 1 1 1
0 30 60 90 120 150 180
Time (days)

Fig. 1. Dissolved tungsten concentrations versus time in tungsten-bearing DIW samples without preservatives (Black) and with HNO3 (Red), HCI (Yellow), HF
(Green), NaOH (Blue), NH4OH (Lake blue) and NH4OH/EDTA (Purple). The grey dashed line in each subplot represents C/Co = 100 %.
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Mo, Na, Ni, Pb, Sr and Zn, in digestate solutions were also determined
(the detailed information on analysis is given in Text S1).

2.6. Thermodynamic calculation

Thermodynamic calculations were performed to estimate tungsten

(A) No preservative
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solid-solution speciation in the presences of different preservatives. The
geochemical modeling software PHREEQC Interactive 3.3.12 was used
for the calculation, in which the standard database Amm. dat was used
and updated for tungsten [39]. Many of the tungsten related reactions
and equilibrium constants were sourced from the database thermo. vdb in
Visual MINTEQ, which contains data for HWOgy, szﬁogg , HW,033,

110
105
;\: [0 HDPE-AGW-0.01
=~ 100 O HDPE-AGW-0.1
O A HDPE-AGW-1
&) > Glass-AGW-1
95
90 L~ 1 1 0. 3 ) 6 ,9
0 30 60 90 120 150 180
Time (days)
10 (B) HNO, i (C) HCI
A
105 105+
S
=100 100 [+ =rsersmesmsnssmssnssnss s
o N 104
Q 102
95 95+ 100 +-===-====- -
98
96
] P gl "0 3 6,9 ,
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Time (days) Time (days)
110D HEI;“] 110 &) Na011014
m R
105 -[H] 105 96 <I>
g @ 8 S olef B
~ ~Z 100 03 ..... 69 .........
oelOO o8 Qc Al
@) 104 Q
95 100 95 0
o0 03 6 9 12 @
90 1 1 1 1 1 1 90 1 1 1 1 1 1
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Time (days) Time (days)
T (F) NH,OH 16 (G) NH,OH/EDTA
106
104l @ ® Kl
102
AIOS - 182 &[ﬂé @ = 105 @
X 9 A =% @
< 0 3 6 9 <
pST0(0]" TSR AR ,  SA— = 100 BAC: eeneaeanenanenennatanensasasanenaanans
9 @) 104
O o 102 o ¢
ol @ . | Yiole=- 5 {4
o6 ©
90 1 1 1 1 1 1 90 1 1 O |3 6| 9| 1
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Time (days) Time (days)

Fig. 2. Dissolved tungsten concentrations versus time in tungsten-bearing AGW samples without preservatives (Black) and with HNO3; (Red), HCl (Yellow), HF
(Green), NaOH (Blue), NH4OH (Lake blue) and NH4OH/EDTA (Purple). The grey dashed line in each subplot represents C/Co = 100 %.
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W708s, HaWi0437, WO3(Hz0)3 (aq), CaWOs(aq), MgWO4(aq),
HyWO4(s) and CaWO4(s) [40]. The database was further updated with
additional polytungstates wwog‘g s Hwéogf , and szlzoia from
Rozantsev and Sazonova [41], tungsten-fluorine complex H3WO4F5
from Wang et al. [20], and tungsten-EDTA complexes from Zare et al.
[42]. The relevant reactions, stoichiometries, and equilibrium constants
are provided in Table S8. The effects of adding six different preservation
reagents on tungsten solid-solution speciation with initial concentra-
tions of 0.01, 0.1 and 1 mg L™} in both DIW and AGW were calculated.

3. Results and discussion
3.1. Performance of different reagents on preserving dissolved tungsten

Without preservatives, dissolved tungsten concentrations changed
by —1.57 %, —0.52 %, and +4.18 %, respectively, in DIW (Fig. 1A), and
by —0.53 %, +3.37 %, and +7.78 %, respectively, in AGW (Fig. 2AA),
relative to the initial values of 0.01, 0.1, and 1 mg L7!, in HDPE con-
tainers. Consistent with the criteria used in many previously published
studies [43-46], the relative difference (RD) between the added con-
centration (Cgdqeq) and the determined concentration (Cgetermined) DY
ICP-MS was calculated to assess the stability of the target element, i.e.,
tungsten:

Cdetermined - Cadded « 100% (1)

RD=
Cadded

The stability can be classified as “excellent” with |RD| <3 %, “good”
with |RD| = 3-7%, “acceptable” with |RD| = 7-10 % and “bad” with |
RD| >10 %. Accordingly, our data indicated that the stability of dis-
solved tungsten was at least acceptable in both DIW and AGW without
preservatives (Table S9). Geochemical modeling further confirmed that
tungsten would not precipitate at pH > 6, and that typical concentra-
tions of typical groundwater constituents would not affect dissolved
tungsten level (Fig. S1). While most of the constituents in AGW do not
react with tungsten, the co-existence of Ca®* and tungstate can lead to
the precipitation of scheelite CaWO4(s) [47]. Nevertheless, based on
thermodynamic calculations, CaWO4(s) was always under saturated in
our systems, and instead, the added Ca?" would form ion pair
CaWO04(aq) with WO7™ in solution (Table S2).

When preserved within 2 % HNOg, dissolved tungsten was stable in
both DIW and AGW in HDPE containers, with RD ranging from —3.66 %
to +5.23 % (Figs. 1B and 2B). In the presence of 1 % HCI, dissolved
tungsten was also stable in most samples, with RD ranging from —1.18 %
to +6.74 %, except for 1 mg L™ tungsten in DIW, which changed by
—24.6 % after 110 days (Figs. 1C and 2C). These data implied that 2 %
HNO3 could be used to preserve <1 mg L™} tungsten at least within 4
months, whereas 1 % HCl was unsuitable for preserving >1 mg L~}
tungsten. However, based on known equilibria with common tungsten-
bearing species as detailed above, in 1 % HCl and 2 % HNOs3, while 0.01
mg L ! tungsten could maintain the dissolved form, 0.1 mg L™ tungsten
would already lose ~61 % and ~63 % of the dissolved form to precip-
itation of HoWO4(s), respectively, and 1 mg L™! tungsten would almost
entirely (~96 %) precipitate as HoWO4(s) (Fig. S1, Tables S1 and S2).
Even though no significant change in the concentration of dissolved
tungsten was observed in this study, HoWO4(s) might still exist. It is well
known that monomeric tungstate WO3~ forms various polymeric tung-
states under acidic conditions [48,49]:
mH* +nWO03~ = HW,00" 0+ % (m — x)H,0 2

HoWO4(s) starts to precipitate when m/n > 2, and the particle size of
precipitated HoWO4(s) decreases with increasing m/n value [50]. At
room temperature with a m/n value of 1.50, the size of HoWO4(s) is ~2
pm [50]. The m/n values of even 1 mg L™" tungsten in 2 % HNO3 and 1 %
HCl in this study were already 64,000 and 24,000, respectively.
Therefore, HyWO4(s), if present, might be small enough to pass through
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0.22 pm pore size filters. Dissolved tungsten concentration in soil
porewater impacted by tungsten munitions could reach several hundred
mg L~! [7,13], while the highest concentration of dissolved tungsten in
the water samples prepared in the study was only 1 mg L1, Based on the
negative correlation between the value of m/n and the particle size of
HoWO4(s) (Reaction 2), it is possible that HoWO4(s) particles precipi-
tated in tungsten-rich water samples treated with 2 % HNO3 or 1 % HCl
would be large enough to be filtered out. This possibility, however, still
needs to be testified through further studies. The generation of
HoWO4(s) at room temperature is a kinetically controlled, slow process
[47], which could explain the inconsistency between observations and
the thermodynamic modeling results. Nevertheless, water samples are
commonly stored at low temperatures (for example, 4 °C) until analysis
[14]. Previous studies pointed out that low temperature might promote
the formation of HyWO4(s) in tungsten-containing water samples treated
with acidic preservatives [18]. The suitable preservation temperature
for dissolved tungsten, therefore, also needs to be further assessed.
Furthermore, various polymeric tungstates and ion pairs could form in
our systems and stabilize tungsten in solution, many of which do not
have reported equilibrium constants in the literature and could not be
properly considered in the thermodynamic calculations [7,49,51].
Metastable tungsten-bearing complexes, such as tungsten—chlorine
complexes WO3Cl™ and (WO3),Cl™ might also exist [52,53].

The four tungsten-oriented preservatives, including 0.3 % HF, 0.01
M NaOH, 0.2 % NH4OH, and 0.2 % NH40H/0.1 % EDTA could maintain
the stability of dissolved tungsten in DIW and AGW in HDPE containers,
with RD ranging from —7.69 % to +8.15 % (Figs. 1 and 2). While
thermodynamic modeling demonstrated broadly consistent results with
observations, it showed that 1 mg L~! tungsten would lose ~94 % of the
dissolved form to precipitation of HoWO4(s) in 0.3 % HF (Fig. S1). Be-
sides the aforementioned possible causes, the discrepancy between ob-
servations and the thermodynamic calculations might also partially
result from the missing information on tungsten—fluorine equilibria. In
addition to H3WO4F3 that has known equilibrium constant, many other
tungsten—fluorine solution complexes, such as WOFs, WOZF%’, WOgFg’,
WO4F3~, WO3F3~, WOsF~, and WO,F3 might also exist [52-54].

Previous studies suggested that tungsten might precipitate in silica
glass containers under acidic conditions [13,25]. In this study, water
samples containing 1 mg L' tungsten were also stored in glass con-
tainers and compared with the results from HDPE containers. Relative to
initial concentration of 1 mg L™}, dissolved tungsten concentrations
changed between —6.83 % and +8.06 % in glass containers, except for
the sample in DIW with 1 % HCI, which had a RD of —45.18 % (Figs. 1
and 2). Therefore, when switching from HDPE to glass, the stability of
dissolved tungsten in most samples did not change, no matter in DIW or
AGW, with preservatives or without. Nevertheless, in DIW with 1 % HCI,
the concentration of dissolved tungsten decreased more in the glass
container (Fig. 1C), which can be attributed to the adsorption of poly-
tungstates on glass. The tungsten atoms in polytungstates that are pre-
sent under acidic conditions can form weak p;-d; coordination bonds
with the oxygen atoms of the Si-O groups of the silica glass [52,55].
Compared to DIW, the existence of metal cations in AGW could increase
the degree of protonation of the Si-O groups and thereby weaken the
adsorption of polytungstates onto the wall of the glass container [56,
57]. Accordingly, the concentration of dissolved tungsten in the AGW
matrix did not decrease (Fig. 2).

3.2. Tungsten recovery from solid samples using different digestion
procedures

The performances of three classic digestion methods from U.S. EPA
were examined in this study on known tungsten-bearing solid samples
(Table 1). Sizable differences in tungsten recovery were found between
these three methods (Table 2 and Fig. 3). Tungsten recoveries obtained
by the HNO3/H50; procedure only ranged between 0.13 + 0 % and 50
+ 2 % from reference materials and between 12 + 1 % and 20 + 3 %
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Table 2
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Tungsten recovery (%) from certified reference materials and known synthetic samples using six different digestion procedures. Each data represents the mean value of
triplicates, and each error represents the standard deviation.

Sample Classic digestion methods Tungsten-oriented digestion methods
HNOs/ Reverseaquaregia ~ HNO3/HCl/ HNO3/H204/ HNO3/H;0,/NH40OH/ HNO3;/HF/NH40OH/
H20, HF H3PO4 EDTA EDTA
Reference GBW07941 46 +7 90+ 0 129 £1 68 +6 46 £ 1 44 £5
materials GBW07980 33+1 68 +1 113+1 52+1 26+ 0 98 +2
GBW(E) 070234 013+0 1+0 106 + 1 29+3 5+0 70 +1
GBW07312 31+2 91+ 4 122 +1 64 + 2 32+3 111 + 4
GBW07311 50 + 2 79+1 116 + 4 54 +1 64 +1 96 + 3
GBW07306 1+0 24+1 113+ 4 88 +2 34+6 9 +0
Synthetic samples wo 20+ 3 23+0 85+ 2 64 +1 98 +1 98 +1
Na;WO4 14 £1 23+0 78 £2 59+1 97 £2 94 +1
HyWO, 20+1 23+1 80 +3 57 £1 97 £ 0 98 +3
CaWO, 15+1 224+0 80+5 50 £1 94 +1 100 + 2
(Fe,Mn)WO4 12+1 23+1 81+3 53+1 94 +1 107 £3

(A) Reference materials

(B) Synthetic samples

—~
~ 100 L  HNO/HFNHOH/EDTA — . . 1000 - HNO,HF/NH,OH/EDTA 7
2 : HNO,HCIHF 2 [ HNO,/H,0,/NH,OH/EDTA
. r ~— on r /
£ i g F HNO/HCVHF <,/ %
w ) L L
Z 10 HNO/H,0,H,PO, / 2 /
> E e 4 i .
§ r O - § W HNO,/H,0,/H,PO,
3 - . § s
g . 3 4
g 1t -~ = g - i @
12 ,~*" HNO,/H,0,/NH,OH/EDTA 2 ,~ Reverseaquaregia
£ i s g .
e [ mnoyi,0, — e HNOJH,0, — E
e Reverse aqua regia s |
0.1 il Ll Ll L 100 i L L L M|
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-1 -1
Tungsten, ., value (mg kg™) Tungsten,,,,,, ., value (mg kg™)

Fig. 3. Comparison between known tungsten concentrations and the concentrations determined by HNO3/H;0; (Light grey), reverse aqua regia (Black), HNO3/HCl/
HF (Red), HNO3/H205/H3PO, (Green), HNO3/H,0,/NH4OH/EDTA (Lake blue) and HNO3/HF/NH4OH/EDTA (Blue) digestions followed by analysis on ICP-MS. The

black dashed line represents the 1-to-1 line.

from synthetic samples. These recovery rates were consistent with the
reported recoveries (i.e., between 0.4 % and 47 %) by Bednar et al. [25],
which also tested the same digestion procedure but used inductively
coupled plasma atomic emission spectroscopy (ICP-AES) for analysis.
Tungsten recoveries obtained by reverse aqua regia digestion increased
to between 1 + 0 % and 91 + 4 % from reference materials but was still
only between 22 + 0 % and 23 £ 1 % from synthetic samples. When HF
was added to the acid cocktail, tungsten recoveries substantially
increased to between 106 & 1 % and 129 + 1 % from reference materials
and between 78 + 2 % to 85 + 2 % from synthetic samples. In natural
soils and sediments, tungsten usually exists as Fe/Mn oxide-bound and
silicate-bound forms [8,26,33,58]. Unlike the total digestion procedure
with HNO3s/HCI/HF, the two acid digestion methods can dissolve ele-
ments bound to Fe/Mn oxides but cannot dissolve those bound within
silicate structure [34,35]. Limited leaching of Fe/Mn oxides by HNO3
compared with reverse aqua regia could explain the lower tungsten re-
covery from HNOs/H302 digestion. Furthermore, the use of concen-
trated HNOj in the final steps of the HNO3/H20; and reverse aqua regia
methods would convert liberated tungsten into HoWO4(s) [18,19]. The
use of HF, on the other hand, could not only successfully decompose the
soil/sediment matrix but also solubilize tungsten by forming tung-
sten—fluorine solution complexes [18,20]. Nevertheless, even the total
digestion method did not fully extract tungsten from the synthetic
samples in this study (Table 2 and Fig. 3).

The HNO3/H202/H3POy4 procedure from Bednar et al. [25] was

developed on the basis of U.S. EPA Method 30508, i.e., the HNO3/H04
method. Tungsten recoveries obtained by this HNO3/H302/H3PO4 pro-
cedure ranged between 29 + 3 % and 88 + 2 % from reference materials
and between 53 + 1 % and 64 + 1 % from synthetic samples in this
study (Table 2 and Fig. 3). Therefore, compared to the HNO3/H204
procedure, the addition of H3PO4 helped stabilize tungsten in soluble
forms to some extent, most likely as (substituted) heteropolytungstates
that are more stable than their corresponding conventional (homonu-
clear) polytungstate analogues [25,37]. Still, most recovery rates were
markedly lower than the reported recoveries (i.e., between 76 % and 98
%) by Bednar et al. [25], in which the majority of sample analysis was
conducted with ICP-AES. The reason was most likely be that to accom-
modate the requirement for ICP-MS analysis, the concentration of
H3POj4 used in this study (i.e., 1 M) was substantially lower than what
was used in Bednar et al. [25] (i.e., 14.63 M). Nevertheless, ICP-MS was
in fact used in Bednar et al. [25] on analyzing the digestate of a certified
reference material (SRM 2709), from which the reported tungsten re-
covery was only 25 %.

The HNO3/H302/NH4OH/EDTA procedure from our previous study,
Bostick et al. [7], also initially followed U.S. EPA Method 3050B but
then dissolved the digestates in alkaline matrix to prevent the generation
of HyWO4(s). Tungsten recoveries using this procedure were between 5
+ 0 % and 64 £ 1 % from reference materials and between 94 + 1 % and
98 + 1 % from synthetic samples (Table 2 and Fig. 3). Therefore, the
alkaline modification of the HNO3/H30, procedure substantially
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increased tungsten recovery from synthetic samples, in which tungsten
exists as metallic tungsten or mineral tungstates (i.e., (Fe,Mn)WO4 and
CaWOy,). Consistently, the method used in the literature to digest
tungsten ores is also often the alkaline digestion with NaOH [26,47].
This HNO3/H205/NH4OH/EDTA procedure, however, still could not
fully decompose silicates [59]. As a result, the recovery of tungsten from
reference materials, which are natural soils and sediments, remained
quite low. In comparison, the addition of HF to this procedure further
extracted the silicate-bound tungsten and thereby notably improved
tungsten recovery from natural soils/sediments. Tungsten recoveries
from reference materials and synthetic samples obtained by the
HNO3/HF/NH4OH/EDTA procedure were all better than 70 + 1 %,
except for GBW07941 (Table 2 and Fig. 3). While the recovery rates of
Fe, Mn and many other elements through HNOs/HF/NH4OH/EDTA
were all acceptable for the six certified reference materials assessed in
this study, the Al recoveries ranged only between 46 + 1 % and 76 + 4
% (Table S11). In addition to Fe/Mn oxides, Al oxides are also an
important type of tungsten scavengers [26]. Therefore, the low tungsten
recovery from GBW07941 by HNOs/HF/NH4OH/EDTA was possibly
due to tungsten sequestration by (re)precipitation of Al oxides following
NH4OH addition.

The digestion methods for biological samples, such as animal and
plant tissues, are often similar to the methods for soils and sediments
[60]. In fact, the digestion procedure developed by Bednar et al. [25] for
tungsten in soils were used for digesting snail, cabbage and soybean that
were exposed to tungsten, although no certified animal or plant refer-
ence material was used to verify the obtained results [61,62]. The
methods validated by this study can potentially be used to digest bio-
logical samples. Nevertheless, future digestion study of biological ana-
lytes is required to confirm the validity.

4. Conclusions

This study examined the effects of different preservatives and
container materials on the stability of tungsten in water, and the per-
formances of different digestion procedures on recovering tungsten from
soil and sediment matrices. This is a timely, important examination as
tungsten is an emerging environmental pollutant and has been receiving
increasing attention in recent years. Our results confirmed that the
tungsten-oriented HF and alkaline preservatives could maintain tung-
sten in soluble forms. Although the use of HNO3 and HCl would
potentially cause precipitation of HoWO4(s) based on thermodynamic
calculations, the changes in dissolved tungsten concentrations were
subtle in most of our samples over the course of ~4 months, no matter in
the presence of typical groundwater constituents or not. The use of glass
containers for storing water samples did not produce much difference
from HDPE containers either. Our results further showed that the
addition of HF in the digestion techniques greatly improved tungsten
solubilization. Both HNOs3/HCI/HF and HNOs3/HF/NH,OH/EDTA
digestion methods yielded quantitative recoveries of tungsten from
certified references and known synthetic samples, while all the other
tested methods as conducted had limited recoveries. The preservation
and digestion methods validated by this study can be used to accurately
determine the concentrations of tungsten in environmental media, and
therefore are of great significance to evaluate the fate of tungsten and
the associated health and ecological risks.
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