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a  b  s  t  r  a  c  t

Microwave-assisted,  hydrofluoric  acid  digestion  is  an  increasingly  common  tool  for  the  preparation  of
marine  sediment  samples  for analysis  by  a variety  of  spectrometric  techniques.  Here  we report  that
analysis  of terrigenous-dominated  sediment  samples  occasionally  results  in  anomalously  low  values  for
several  elements,  including  Al, Ba,  Ca,  Mg, and  Sr.  Measured  concentrations  of  these  elements  increased
with  time  between  sample  preparation  and  sample  analysis,  reaching  stable  values  after  8–29  days.  This
vailable online 14 December 2011

eywords:
icrowave digestion

nsoluble  fluorides
ydrofluoric acid

lag  is explained  by  the formation  and  subsequent  dissolution  of  poorly  soluble  fluoride  phases  during
digestion.  Other  elements,  such  as  Fe,  Mn,  and  Ti, showed  little  or no  lag  and  were  quickly  measurable
at  a stable  value.  Full  re-dissolution  of  the least  soluble  fluorides,  which  incorporate  Al and  Mg,  requires
up  to four  weeks  at room  temperature,  and  this  duration  can  vary  among  sedimentary  matrices.  This
waiting  time  can  be reduced  to 6 days  (or  shorter)  if  the samples  are  heated  to  ∼60 ◦C for 24  h.
arine  sediments

. Introduction

Microwave-assisted digestion is an efficient and safe way  to pre-
are solid samples for analysis of a wide range of elements that
eed to be introduced into an analyzer (e.g. ICP-MS) in the liquid
hase. The method can be tailored to digest a variety of mate-
ials, including rocks and ores [1,2], soils [3,4], organic materials
5,6], and marine sediments [7]; the resulting solutions can be ana-
yzed for a wide array of major and trace elements [6,8,9] and trace
lement isotopes [10]. Microwave digestion occurs in a sealed con-
ainer at high temperature and pressure, and evaporation of acids
an also be accomplished utilizing this tool. Isolation of the sam-
les in this device greatly reduces the potential for user contact
ith dangerous acids.

Different  materials and analytes may  require different acid
atrices for dissolution. For geologic samples it is generally nec-

ssary to include hydrofluoric acid (HF) for quantitative digestion,
s this acid is one of the few capable of dissolving silicates [4,5,7].
ith the use of inorganic acids, and in particular HF, comes the

otential for the formation of other acid-insoluble phases. In the

ase of HF there is the possibility of production of relatively insol-
ble fluoride complexes with Al, Ca, Mg,  and Fe during digestion
11]. X-ray diffraction analysis of these precipitates reveal a num-

∗ Corresponding author. Tel.: +1 541 737 5224; fax: +1 541 737 2064.
E-mail  address: jmuratli@coas.oregonstate.edu (J.M. Muratli).

1 Present address: Institute for Marine and Antarctic Studies, University of Tas-
ania,  Private Bag 129, Hobart 7005, Australia.

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.11.081
© 2011 Elsevier B.V. All rights reserved.

ber of compounds, including one similar to the mineral ralstonite
(Na0.88Mg0.88Al1.12(F,OH)6·H2O [12]) and a number of Ca–Mg–Al
fluorides such as AlF3, CaAlF5, MgF2, and CaMg2Al2F12 [2,13]. These
compounds may  also incorporate elements that form divalent
cations, such as Ba and Sr [13], or trivalent cations such as the
rare earth elements (REE) [2]. This behavior of Ca, Mg,  and Al has
led them to be classified as “insoluble fluoride forming elements,”
while other “fluorophile elements” (e.g. Ti) easily enter solution in
the presence of HF [14].

Accurate measurement of any of the insoluble fluoride forming
elements requires the re-dissolution of the fluoride precipitates. A
common method to do this has been to repeatedly fume off fluo-
rine in the presence of perchloric acid [12,13]. However, the use of
perchloric acid leads to the potential formation of a TiO2 precipi-
tate [13], is not compatible with microwave digestion, presents a
significant safety hazard, and requires the use of a specialized fume
hood. Other investigators have used boric acid to complex excess
HF and prevent fluoride formation [3]. Like the perchloric acid fum-
ing, the loss of free HF likely leads to progressive redissolution of
Ca–Mg–Al fluorides. However, addition of H3BO3 increases the total
dissolved solids in the solution, potentially leading to higher back-
ground measurements during ICP-MS analysis [8]. Addition of Mg
to the sample prior to digestion was shown to suppress formation
of Al fluorides, allowing accurate measurements of the REEs [2],
though these workers used perchloric acid to complete the diges-

tion. For studies interested in measuring Mg  contents of samples
this may  not be an appropriate method.

Here we document the effect of fluoride formation on the anal-
ysis of trace metals in marine sediments. We  show that the impact
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f fluoride formation is matrix-dependent, that the fluorides can
e easily dissolved, and that the dissolution rate is temperature
ensitive.

. Methods

.1. Equipment

Sediment samples were digested using a CEM MARS-5
icrowave oven (CEM Corp., Matthews, NC) with a 12-position
P-1500 Plus vessel and rotor system. The vessels were composed
f PFA plastic. Evaporation of acids after digestion was accom-
lished with the MicroVap accessory. After evaporation, samples
ere diluted into preweighed 30 mL  HDPE bottles that had been

leaned for at least 24 h in 10% (v/v) reagent-grade HCl. Where
iluted samples were heated, an analog block heater was used with
nodized aluminum heating blocks pre-drilled with 35-mm drill
oles (VWR International, item # 13259-252).

Samples were analyzed for Al, Ba, Ca, Fe, Mg,  Mn,  Sr, and Ti on
 Leeman Labs Prodigy Inductively Coupled Plasma Optical Emis-
ion Spectrometer (ICP-OES); and for Cd, Mo,  Re, U, and V on a VG
lemental Excel ICP-MS.

.2.  Reagents

Nitric acid (HNO3) and HCl were produced by sub-boiling distil-
ation of reagent grade acids. Hydrofluoric acid (HF, 47–51%) used

as Omnitrace Ultra grade (EMD Chemicals). Water used in the
igestion process was purified (>16 M� cm−1) using a Milli-Q sys-
em (Millipore, USA).

Primary  stock solutions used for analysis of digested samples
ere 1000 mg  L−1 solutions obtained from EMD  Chemicals, with

he exception of Mo  (Ultra Scientific). Most solutions consisted of
 single element diluted in nitric acid, although some (e.g. Mo,  Ti)
ere provided in different matrices. All secondary solutions used

o create external calibration solutions were diluted from these
rimary solutions with 2% (v/v) HNO3.

.3. Standard materials

Accuracy  was  assessed by digestion of either MAG-1 (USGS)
r PACS-2 (NRC-Canada). Precision was determined by repeat-
dly digesting a composite Chile Margin sediment (RR9702A-
2MC, 2–17 cm,  36◦10′S, 73◦41′W,  1028 m;  obtained from the
regon State University Marine Geology Repository; corelab-
ww.coas.oregonstate.edu)  that was freeze-dried and homoge-
ized.

.4. Digestion and evaporation

Each  digestion run of twelve vessels included two  that contained
tandard materials. Sediment samples (60 ± 2.5 mg)  were weighed
nto a microwave vessel and bathed overnight in 2 ml  concentrated
NO3 and 1 ml  concentrated HCl. The next day 2 ml  concentrated
F and 3 ml  water were added and the vessels were sealed. The
igestion program consisted of a 10 min  ramp from room temper-
ture to 180 ◦C. This temperature was held constant for 40 min,
nd was followed by a 4 min  ramp to 200 ◦C. This temperature was
eld constant for 20 min. Pressure was monitored throughout this
rocess for safety.

The  evaporation temperatures of the acids used are such that HF
nd HCl vaporize before HNO3; therefore, we used three sequential

vaporations in the microwave to remove halides from the matrix
nd retain the dissolved sample in nitric acid. After digestion the
essels were allowed to cool to room temperature, and were then
pened. Digestion lids were rinsed with 1 ml  concentrated HCl and
 89 (2012) 195– 200

1 ml  water, which was added to the digestion liquid. The vessels
were fitted with evaporation lids, and evaporation of the acid was
accomplished using the CEM MicroVap accessory. The liquid was
heated with 600 W to a plateau temperature (see below), and the
acid fumes were drawn out with a vacuum pump through a series
of three bubblers containing (in sequence) 5% boric acid, 5% NaOH,
and Milli-Q water before draining into a fume hood cup sink. The
plateau temperature was  maintained until the microwave software
detected a decrease in temperature at the probe site, which indi-
cated the level of the liquid had fallen below the temperature probe
and the evaporation was  complete. The first evaporation targeted
a plateau temperature of 105 ◦C, and stopped the heating after a
decrease of 20 ◦C. This step was followed by two  additional evapo-
rations in which 4 ml  50% (v/v) HNO3 was  added and then heated
to a plateau of 110 ◦C, and stopped after a temperature decrease of
15 ◦C. Samples were then transferred to acid-cleaned HDPE bottles
and diluted to ∼30 ml  (∼500-fold dilution) with 12.5% (v/v) HNO3.
Samples in 12.5% (v/v) HNO3 were stored at room temperature prior
to analysis.

2.5. Analysis

Each sample was  analyzed using both ICP-OES and ICP-MS. The
elements of interest to our study occurred in the samples in a range
of concentrations spanning eight orders of magnitude, and neither
instrument alone is suitable for measuring all of these elements.
Therefore the higher concentration elements (Al, Ba, Ca, Fe, Mg,
Mn, Sr, Ti) were measured with ICP-OES, and trace elements (Cd,
Mo, Re, U, V) were measured with ICP-MS.

2.6. ICP-OES

Samples were further diluted by a factor of five with 1% (w/v)
HNO3 prior to analysis by ICP-OES, for a total dilution factor of
∼2500. Sample concentrations were calibrated using a standard
curve diluted by weight from a secondary solution mixed from
1000 �g ml−1 primary solutions. Aluminum, Ba, Mn,  Sr, and Ti were
analyzed using axial view, while Ca, Fe, and Mg were analyzed in
radial view. Instrumental drift was monitored by repeatedly ana-
lyzing the calibration standards over the course of a day’s run. Drift
was negligible even after 6 h of analysis time and no correction was
necessary. We  calculated the instrumental detection limit as the
value at three standard deviations above the mean of all the day’s
runs of 1% (w/v) HNO3. A typical detection limit was 5–10 ng ml−1

in solution for Al, Ca, and Fe; ∼1 ng ml−1 for Ti; less than 0.5 ng ml−1

for Mg  and Mn;  and less than 0.1 ng ml−1 for Ba and Sr.

2.7. ICP-MS

Samples were further diluted by a factor of four with 1% (w/v)
HNO3 just before analysis. All samples, standards, and blanks were
spiked with 0.1 ml  of an internal standard solution containing Be,
In, and Bi (concentrations ∼250 ng ml−1 Be and ∼50 ng ml−1 In and
Bi). These elements were monitored at mass 9 (Be), 115 (In), and
209 (Bi) to account for instrumental drift. The total sample dilution
factor was  ∼2050. Sample concentrations were calibrated using
a standard curve diluted by weight from secondary solutions of
1000 �g ml−1 primary solutions described in Methods. Vanadium,
Mo, and Cd (mass 51, 98, and 111 respectively) were corrected for
instrumental drift using a weighted average of 9Be and 115In; Rhe-
nium (mass 185) was  corrected using a weighted average of 115In

and 209Bi; and U (mass 238) was corrected using 209Bi. We  cal-
culated the instrumental detection limit in the same way as for
ICP-OES analysis. A typical detection limit was 10–50 pg ml−1 in
solution for V, Mo,  and Cd; and less than 1 pg ml−1 for Re and U.
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Table  1
Time  in days before stabilization in the three standard sediments measured in this
study.

Stabilization time (days)a

Element RR9702A-42MC MAG-1 PACS-2

Al 29 85 28
Ba 14 85 –
Ca 12 8 –
Fe 15 85 –
Mg 29 85 13
Mn 15 11 –
Sr 12 16 –
U – 25 –
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Cd, Mo, Re, Ti, V – – –

a Determined by the F-statistic (see text).

. Results and discussion

For  this work we are presenting the results from repeated diges-
ions (n = 23–48) of the sediment standards as well as repeated
nalysis of the solutions (n = 24–103) over the course of 1 to >1000
ays. To compare results across elements and between sediments
e normalized the data by dividing the measured value by the

table value. We  determined this stable value by calculating the
-statistic stepwise, comparing all of the data run before a number
f days had passed with all of the data run after that time. Where
he p-value associated with that F-statistic was  a minimum, the
ifference between the variances of these two  groups was at its
aximum. This procedure located the time of a change in slope

rom drifting to stable values. To eliminate the possibility that this
ifference could arise from scatter in the data, we compared the
eans of the two groups with a t-test. Values that pass these two

ests (p < 0.05 for both cases) are reported in Table 1. The stable
alues and uncertainty for the elemental analyses are reported in
able 2.

For  all three sediments, the elements that took the longest
o enter into solution from their fluoride phase were Al and Mg
Fig. 1a–c). This agrees with the observations that these elements
ccur together as poorly-soluble MgAlF5·xH2O [11] and in ral-
tonite [12]. Calcium and Sr re-dissolved more quickly (generally
ess than two weeks, Fig. 1d–f). Barium (not shown) displayed
imilar behavior to these two elements, which suggests that Ba
nd Sr substituted into Ca-fluorides (e.g. [13]). Iron and Mn  both
e-dissolved after about two weeks, and neither element was par-
icularly low in concentration relative to its stable value from the
utset of the measurement (e.g. ∼80–90% for Mn  and ∼83–93%
or Fe), suggesting limited substitution into fluoride precipitates
Fig. 1g–i). Titanium and V showed no evidence of precipitation as a
uoride in any of the sediments (Fig. 1j–l). Because of their low con-
entrations, Cd, Mo,  Re, and U data were too variable to accurately
etermine whether these elements are significantly influenced by

ncorporation into fluoride phases, though the data from MAG-1
uggests that U may  have been incorporated into the precipitates
not shown).

.1.  Differences between sediment matrices

Our data suggest that formation of insoluble fluorides occurs
hen sediments are digested using hydrofluoric acid, even in a
icrowave (Fig. 1). However, there are differences in the behaviors

f elements between the three sediment standards investigated.
nitial values of most fluoride-forming elements are much lower

elative to their stable value in RR9702A-42MC than in MAG-1 and
ACS-2. This observation cannot be explained simply by differences
n elemental concentrations among the sediments. For example,
R9702A-42MC has ∼2.8 times as much Ca as MAG-1, and initial Ta
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Fig. 1. Normalized elemental concentrat

ecovery of Ca is greater for MAG-1. In contrast, MAG-1 contains

ore Mg  than RR9702A-42MC, but recovery of Mg  is initially ∼80%

or MAG-1 and <10% for RR9702A-42MC. The time required for
e-dissolution also appears to vary between sediment standards.

hile stable values for Al and Mg  are reached after approximately
n digestion and analysis

. time without post-microwave heating.

four  weeks in RR9702A-42MC and PACS-2, it may take up to three

months for concentrations of these elements to stabilize in MAG-1
digests.

Relative concentrations of Ca, Mg,  and Al in a sample may  play
a role in the fluoride phases that form during digestion [2]. We
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Fig. 2. Normalized elemental concentration vs. time with post-microwave heating (≥24 h at ∼60 ◦C in 12.5% HNO3).
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nd that MAG-1, with the greatest amount of Al relative to Ca and
g out of the three sediments in this study, seems to form digests
ith the most refractory Al fluorides. However, we  do not have

nough information to quantitatively assess the influence of this
actor in this study. Other workers have studied the relationship
etween material properties and elemental recoveries in soils after
icrowave digestion [3], but again such an analysis is outside the

cope of this report. Although the cause of differential recoveries is
nknown to us, we have identified a straightforward and matrix-

ndependent solution to the problem of formation of a precipitate.

.2. Redissolution of fluorides
The  insoluble fluorides formed during microwave-assisted
ydrofluoric  acid sediment digestions dissolve slowly over time
t room temperature in 12.5% (v/v) HNO3 (Fig. 1a–i). The time to
each complete dissolution differs between elements (Table 1). We
previously [15] settled on a waiting period of four weeks, because
the composition of our sediments was essentially the same as that
of RR9702A-42MC, and accurate Al data was important to our study.

In samples digested for a separate study, we experimented with
heating the digestions after dilution in HDPE bottles. The samples
were digested using the same method described in Methods. Once
diluted to 30 mL  with 12.5% (v/v) HNO3 in bottles, we added heat
using an anodized aluminum heating block with 35 mm drill holes.
In addition to the unknown samples processed in this way we
also included RR9702A-42MC (n = 31), PACS-2 (n = 27), and MAG-1
(n = 2).

Twenty-four hours at ∼60 ◦C in these blocks produces precise
data for each of the insoluble-fluoride-forming elements within

six days after digestion in RR9702A-42MC (Fig. 2a–c) and PACS-
2 (Fig. 2d–f), and for PACS-2 the measured values closely match
certified values (Table 2). The small number of MAG-1  repli-
cates prevents us from assessing the effect of heating after the
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igestion process on this standard. However, we note that our two
eplicates of MAG-1 suggest this procedure works for this sedi-
ent as well. The diluted samples were weighed before they were

ut in the heating block and again after they had cooled to room
emperature post-heating, and mass lost was <1% in almost all
ases. Because the loss of mass is small, it cannot account for the
igher concentrations of elements in heated samples compared to
nheated ones as a result of evaporation of solution. Reprecipita-
ion of fluorides after heating is not evident in our data (Fig. 2).
herefore we conclude that this treatment is sufficient to redis-
olve fluorides and stabilize elemental concentrations in 12.5% (v/v)
NO3.

This  procedure allows for full recoveries of fluoride-forming ele-
ents while avoiding both the hazards associated with the use of

erchloric acid and the high analytical background measurements
aused by boric acid addition. The waiting time between diges-
ion and analysis is reduced by at least 80% for the most refractory
lements, restoring the efficiency provided by microwave-assisted
igestion.
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