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Abstract: A method based on flow injection-isotope dilution-cold vapor-inductively coupled plasma mass spectrometry (FI-ID-
CV-ICP/MS) has been applied to determine trace level of mercury in fly ash. *°Hg isotopic spike was added to 0.25 g of BCR176R
fly ash and then decomposed by microwave digestion procedure with acid mixture A (8 mL HNO;+2 mL
HCI1+ 2 mL HF) and acid mixture B (§ mL HNO; + 2 mL HCIO, + 2 mL HF) for applying IDMS. Mercury cold vapor was gener-
ated by using reductant solution of 0.2% (w/w) NaBH, and 0.05% (w/w) NaOH. The measurements of n(**’Hg)/n(***Hg) isotope
ratio was made using a quadrupole ICP/MS system. The accuracy in this method was verified by the analysis of certified reference
material (CRM) of fly ash (BCR 176R). The indicative value of Hg in BCR 176R fly ash was 1.60 £ 0.23 mg/kg (k = 2). The deter-
mined values of Hg in BCR 176R fly ash by the method of FI-CV-ID-ICP/MS described in this paper were 1.60 + 0.24 mg/kg
(k=3.18) and the analysis results were in well agreement with the indicative value within the range of uncertainty.
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Introduction

Mercury (Hg) is a major concern among hazardous heavy
metals because of its high volatility and high toxicity. In
environmental matrices, Hg usually occurs in very low contents,
so that highly sensitive analytical methods are needed for the
determination of the element." Therefore, with the increasing
importance of the effect of mercury in environment on health,
various analytical methods to detect a trace amount of mercury
in various samples have been continuously developed. In
atomic spectroscopy, analytical methods of mercury such as
atomic absorption spectrometry (AAS),” atomic fluorescence
spectroscopy (AFS),” and inductively coupled plasma mass
spectrometry (ICP/MS)*  have been reported. Especially,
isotope dilution-inductively coupled plasma mass spectrometry
(ID-ICP/MS) had been developed and used as a primary
method in inorganic atomic analytical method because ICP/MS
is applicable to analyze isotope analysis.” A method of isotope
dilution-cold  vapor-inductively —coupled plasma mass
spectrometry (ID-CV-ICP/MS) was developed in National
Institute of Standards and Technology (NIST) at 2001 and
applied to analyze small amount of mercury in various NIST
Standard Reference Material (SRM) samples.”” National
Research Council of Canada (NRCC) which is the national
standard research institute in Canada adopted the ID-CV-ICP/
MS method to determine mercury in river standard samples."

In this study, an ID-CV-ICP/MS method coupled with flow
injection (FT) has been applied to determine the content of Hg in
BCR 176 fly ash CRM. Isotopic ratios were measured at two
different signal processing mode in FI, that is, average mode

*Reprint requests to Dr. Jung Ki Suh
E-mail: jksuh@kriss.re kr

58

and maximum mode, and the reproducibility of the obtained
isotopic ratios were compared.

For mercury cold vapor generation, the solutions of 0.05%
(w/w) NaOH and 0.2% (w/w) NaBH, with3 % (w/w) HCI
solution were used as reductant. For isotope dilution method,
the **°’Hg isotope was used as an enriched spike and **Hg was
used as a reference isotope.

Two different acid mixtures (acid mixture-A: 8 mL HNO;
+2mL HCl+ 2 mL HF, acid mixture-B: 8 mL HNO;+ 2 mL
HCIO,+2mL HF) were compared for fly acid sample
digestion. The mineral acid mixture-A (HNOs + HCI + HF) was
used according to EPA method 3052. The mineral acid mixture-
B (HNO; + HCIO, + HF) was used according to the method that
has been used for decomposition of NIST 1633a coal fly ash.'
To investigate the validity of the method described in this paper,
Mercury in BCR CRM 176R fly CRM was analyzed and
compared with the indicative value.

Experimental

Instruments and reagents

Dynamic Reaction Cell-ICP-MS (Perkin-Elmer SCIEX Elan
6100) was used in this study and FIAS 400 (Perkin-Elmer)
device was used for continuous flow injection. A 1000 mg/kg (in
10% HNO;) Hg standard solution was prepared and certified at
the Korea Research Institute of Standards and Science (KRISS).
BCR-176R fly ash was provided by the Institute for Reference
Materials and Measurements (IRMM). Concentrated isotope of
*Hg (abundance 84.45%) was purchased from TRACE
SCIENCES (International Corp., Ontario, Canada). NaBH,
(Sigma-Aldrich, granules, 99.99% Cat#480886), NaOH (Sigma-
Aldrich, pellets, 99.99%, semiconductor grade, Catalog No.
30657-6), HCI (Dong Woo Fine Chem, Korea, Iksan, electronic
grade) were used to produce mercury cold vapor. Milestone
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Ethos Plus/HPR 1000/100 Rotor (Italy) was used for microwave
digestion.

Flow injection-cold vapor-ICP/MS system

A flow injection device to produce hydride is shown in Figure
1. HCl solution (3%, w/w) was used as carrier with 9-12 mL/min
flow rate and 0.2% NaBH,/0.05% NaOH as reductant with 5-
7 mL/min flow rate was used in this study. Containing volume of
sample loop was 500 pL. Gaseous mercury from gas/liquid
separator was directly injected into ICP/MS through PTFE
tubing (1/8 inch x 1 m). In this step, flow rate of argon gas that
was injected from argon nebulizer gas line was 1.0 mL/min.

Sample decompositions

0.25 g BCR 176R fly ash was measured and taken into a
Teflon reaction vessel of microwave digestion. Then some
amount of concentrated isotope *’Hg was added into the
measured sample. And the sample was decomposed after
adding acid mixed solution A (8 mL HNO;+2 mL HCl+
2mL HF) and acid mixed solution B (8 mL HNO; +2 mL
HCIO, + 2 mL HF). In the microwave heating, the sample was
decomposed at 120 °C for 5 min, 80 °C for 3 min, 180 °C for 10
min, 220 °C for 35 min, step by step.

Results

Signal profiling data

Typical signal and data acquisition conditions using the FI-
CV-ICP/MS system is shown in Figure 2. This figure shows the
three replicate signals for 1.0 ng/g of mercury solution. The
introduction of mercury vapor into [CP-MS resulted in
a single isotope sensitivity of 4.5x10* counts's™” /ng-g™
for Hg. The RSD of three replicates was within 0.5%.
The reproducibility means significantly reduced memory
compared with a traditional solution nebulization ICPMS."

Repeatability for measurement of isotope ratio

In this system, isotope ratio n(**’Hg/*"*Hg) and intensity with
eight times analysis for 102 min to investigate reproducibility of
analysis of isotope ratio are shown in Table 1. The maximum and
average mode of peak processing mode were used to investigate
reproducibility using approximately 1.0 ng/g concentrated
mercury sample. The relative standard deviation (RSD) of the
intensity of the isotope **Hg and ***Hg was high about 9-10%,
but the RSD of the isotope ration(***Hg / **Hg) was within the
range of 0.65% at maximum mode and 0.85% at average mode

Injection position

ICP/MS
i M-
Waste
Gas/Liquid : r
Carrier :3 %HCI
Pump-2
Reductant :
0.2 % NaBH4

Separator
in
0.05 %NaOH

Figure 1. Diagram of flow injection cold vapor generation
system used in this experiment.
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Figure 2. Typical signal profile and data acquisition conditions
for mercury isotopes recorded in FI-CV-ICP/MS system.

Table 1. Repeatability of intensities and isotopic ratios of *’Hg
and *Hg in maximum peak processing mode of FI-CV-ICP/MS
system (Concentration of Hg: 1.0 pg/kg).

Time Intensity in [CP/MS (cps) Isotopic Ratios
200 e 2021 e n(ZOOHg/ZOZHg)
0 6648.40 8379.57 0.7934
17 min. 6547.51 8210.13 0.7975
34 min. 6287.43 7870.98 0.7988
51 min. 6183.69 7841.5 0.7886
92 min 5664.32 7085.72 0.7994
68 min. 5953.25 7511.58 0.7925
85 min. 5069.05 6298.88 0.8048
102 min. 5308.94 6629.41 0.8008
Average 5957.82 7478.47 0.7970
SD 570.89 746.50 0.01
Rel. SD 9.58% 9.98% 0.65%
based on the results.

Determination of Hg in fly ash by FI-CV-ID-ICP/MS
method

Each parameter of IDMS obtained from the following
formulae is shown in Table 2."

¢, = D.cy.ﬁx..w.z.&_f_cblank (Eq. 1)
W'mx Rb_Rx ZRy[

=D.c,. M RR, Ry—R. DR,
w-mm, Ro=R. R=Ry 3R

Chlank

Hg content in standard samples, BCR176R (Fly ash from a
city waste incineration plant) was determined by the isotope
dilution method using the FI-CV-ICP/MS device. To use an
isotope dilution method, the blend solution (blend b) was firstly
prepared by adding some amount of enriched spike isotope (171,
into some amount of sample (#2,) and then the isotope ratio (R;)
was determined. At the same time, the blend solution (blend b')
was prepared by adding some amount of enriched spike isotope
(my) into primary assay standard (7,) and then the isotope ratio
(Ry) was determined.
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Table 2. Typical value of each parameters of IDMS equation and the analytical results of Hg in BCR-176R fly ash.

Typical value

Parameters Description
BCR 176R
D Dilution factor 5.9333E-05
C. Amount content of the primary assay standard z [mg/kg] 998.968
/4 Dry mass correction factor 0.99633
m, Mass of sample in Blend b [g] 0.20598
m, Mass of enriched spike in blend b [g] 1.07325
m; Mass of enriched spike in blend b' [g] 1.06673
m, Mass of primary standard in blend b' [g] 5.10883
R, Measured ratio of enriched isotope to reference isotope in the sample (Mass bias corrected) 0.77361
R, Measured ratio of enriched isotope to reference isotope in the enriched spike (Mass bias corrected) 12.74960
R. Measured ratio of enriched isotope to reference isotope in primary assay standard (Mass bias corrected) 0.77361
ZRx Sum of the all ratios in the sample 3.34929
z R, Sum of the all ratios in the primary assay standard 3.34929
R, Measured ratio of blend b (Mass bias corrected) 1.66042
Ry Measured ratio of blend b' (Mass bias corrected) 1.72176
C, Concentration of Hg in sample (mg/kg) 1.596

Table 3. Analytical results of mercury in BCR-176R fly ash by FI-CV-ID-ICP/MS.

Found Value, mg/kg

Sample Signal profile processing Mode Decomposition by acid Decomposition by acid
mixture-A mixture-B
Average mode 1.58 £ 0.27 (k=3.18) 1.62+0.26 (k=2.78)
BCR 176R

Maximum mode

1.60 +0.24 (k = 3.18)

1.56 +0.18 (k = 2.57)

Indicative value: 1.60 £ 0.23 (k =2)

Representative values of each parameter and calculated
concentration values by equation (Eg. 1) with isotope dilution
method are shown in Table 3. Here, the dilution factor (D) in
BCR 176 fly ash was 0.0000593 because primary assay
standard (KRISS) solution concentrated at 998.968 mg/kg was
diluted to 0.059 mg/kg.

Dry mass determination of BCR176R fly ash sample was
carried out by drying in ventilated oven at 105 °C for 3 hours,
until constant weight is reached. Measured moisture content in

0.25 g portions of BCR176R was 0.36% + 0.02%, and the
value of dry mass correction factor () was 0.9963. Mercury
concentrations calculated by each representative values are
1.596 mg/kg at BCR-176R.

The analytical results of mercury in a BCR-176R fly ash by
FI-CV-ID-ICP/MS are summarized in Table 3. The indicative
value of Hg in BCR 176R fly ash was 1.60+ 0.23 mg/kg
(k=2). The determined values of Hg in BCR 176R fly ash by
the method described in this paper were 1.60 + 0.24 mg/kg

Table 4. Summarize analytical results and calculation of combined and expanded uncertainty for Hg determination in BCR-176R by FI-

CV-ID-ICP/MS.

Samples (BCR-176R) C, (pg/keg) Uncertainty (u) Rel. u. (%) Degree of freedom (v)
Sub-sample-1 1.591 0.074 4.64 3
Sub-sample-2 1.611 0.075 4.64 3
Sub-sample-3 1.610 0.075 4.64 3
Sub-sample-4 1.593 0.074 4.64 3

Average 1.601

Standard deviation 0.01

Relative standard deviation (%) 0.68
Degree of freedom (v) 3 Pooled uncertainty 0.074

Relative uncertainty (%) 4.64 Effective degree of freedom (v) 3

Combined uncertainty (uc) 0.075 Relative uncertainty (%) 4.69%
Effective degree of freedom 3 Coverage (k) 3.182
Effective degree of freedom 3 Relative uncertainty (%) 14.96
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(k=3.18) and the analysis results were in well agreement with
the indicative value within the range of uncertainty.

Evaluation of measurement uncertainty

The typical example of the combined and expanded
uncertainty calculation for Hg determination in BCR-176R by
FI-CV-ID-ICP/MS are summarized in Table 4. In Sub-sample-
1, concentration of mercury is (1.591 £ 0.074) mg/kg. Here, the
uncertainty value, +0.074, of measurement is systematic
uncertainty. Four sub-samples produced similar systematic
uncertainty values. Table 4 shows average value of four sub-
samples, valid degree of freedom (v), pooled standard
deviation, combind uncertainty (u.), coverage factor (k),
expanded uncertainty (U) of each samples by ISO guide.*'
Linearity and limit of detection

Validation processes for the proposed method were conducted
as recommended by an international guide.” In order to
investigate the linearity and limit of detection for the proposed
method, FI-ICP-MS signal intensities were examined as a
function of mercury concentrations ranging from a 0.3 pg/kgto
1.11 pug/kg of *Hg and *Hg isotope. As shown in Figure 3,
the values of R* of 0.9997 and 0.9996 under the two different
isotopes suggest very good linear relationships occurred
between the ICP-MS signal intensities and the examined
mercury concentration within the ranges.

The limit of detection (LOD) for Hg concentrations using the
proposed analytical system was determined based on the
following criterion.'®

t -8
Cp, = &"Zlu (1)

Where Cp; = LOD expressed in concentration (ug/kg)

f(1-a, n-1y = Student’s 7 statistic at a specified confidence level
and degree of freedom (dimensionless)

S, = the standard deviation of the background computed from
at least 10 replicate measurements (CPS; counts per second)

m = the slope of the analytical calibration curve (CPS per
pg/kg).

The assigned value of the 7 statistics, ., ,.1), for 10 replicates
(n=9) tested in this study is 2.26 at 95% confidence level. Based
on 10 independent measurements for the background ion
current, the obtained value for the standard deviation of
background, S, was 70 cps. For the *Hg isotope, the slope of
the calibration curves was 20047 cps per pug/kg. With these
values, the minimum detectable concentration, Cp, of an
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Figure 3. Calibration curve in FI-CV-ICP/MS system for Hg
isotopes.

approximately 0.008 ug/kg was obtained. And, for the *Hg
isotope, the slope of the calibration curves was 25476 cps per pg/
kg. With these values, the minimum detectable concentration,
C)p, of an approximately 0.006 pg/kg was obtained.

Conclusion

FI-ID-CV-ICP/MS has been successfully developed and
applied to the determination of mercury in fly ash sample. The
determined value of Hg in BCR 176R fly ash by the method of
FI-CV-ID-ICP/MS described in this paper was well agreed with
indicative result within the range of uncertainty. The difference
of analytical results between digestion methods used two
different acid mixtures was negligible. And also the difference
between average signal processing mode and maximum mode
was insignificant. The use of this method described in this paper
is a considerable advantage in that it affords complete separation
of mercury from the HF treated sample matrix and much higher
sensitivity than conventional sample introduction method and
reduced memory effect.
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