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a b s t r a c t

An automated atmospheric elemental mercury analyzer based on the dielectric barrier discharge (DBD)
atomic emission technique was developed. The instrument is based on a gold-on tungsten coiled fila-
ment preconcentrator fashioned from commercial quartz-halogen lamps, a DBD excitation source and a
radiation detector. An in-house program provided system control and data collection. Several types of
eywords:
ercury

tomic emission
ielectric barrier discharge

radiation detectors, e.g., charge coupled device (CCD) array spectrometers, photomultiplier tubes (PMTs)
and phototube (PT) are investigated. An argon plasma provided better performance than a nitrogen
plasma. With ∼0.88 standard liters per min sampling rate and preconcentration for 2 min, the estimated
(S/N = 3) detection limit was 0.12 ng/L (Hg0), the linear range extended at least to 6.6 ng Hg/L. Typical RSD
values for determination at the single digit ng/L level ranged from 2.8 to 4.9%. In 19 separate calibrations
conducted over 7 days, the calibration slope had a standard error of 1%. The system was applied to the

heric

reconcentration on gold
irborne mercury determination of atmosp

. Introduction

Mercury, “quicksilver”, has been an enigmatic metal since
ntiquity. Mercury has been widely used because of its unique
roperties. The recognition that it is an extremely toxic metal, both
s the element and its compounds, has resulted in a drastic reduc-
ion of its use in recent decades, both industrially and otherwise.
ut the legacy of that use is its wide dispersion, from the air to the
ediments and even in biota. Any review of mercury and its con-
equences is quite beyond the scope of any single article, a recent
earch of the Web of Science database over the period 1965–2010
ields 130+ articles in which “mercury” and “review” both appear
n the title.

There are several sensitive and robust measurement meth-
ds for mercury [1]; the ability to generate the analyte as the
lement in the vapor phase and the ability to selectively precon-
entrate (and thermally release) Hg on/from gold aid trace analysis.
ndeed, because there are so many methods and techniques applied
or the measurement/speciation of mercury and its compounds

dialkyl, monoalkyl, inorganic Hg (in 0, +1 and +2 oxidation states),
aseous, reactive gaseous mercury (largely meaning gaseous inor-
anic Hg(II)), particulate mercury (any form of Hg, associated with
articles or aerosols)), there are few comprehensive reviews on

∗ Corresponding author. Tel.: +1 817 272 3171.
E-mail address: dasgupta@uta.edu (P.K. Dasgupta).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.02.005
mercury in two different locations.
© 2010 Elsevier B.V. All rights reserved.

the analytical chemistry of mercury; the last one is more than a
decade old [2]; other/more recent reviews have only a narrow focus
[3–5]. The chemistry of mercury is not always intuitive: the loss of
elemental mercury by volatilization can be prevented by covering
mercury with an oxidant solution, e.g., acidic permanganate. Inter-
estingly, the loss of mercury by volatilization through a layer of acid
occurs at a measurable rate and quixotically, the loss rate is very
substantially greater through a layer of HNO3, compared to HCl or
H2SO4 [6].

The cycling of mercury through the atmosphere is a major vec-
tor for mobilizing mercury in the environment; the atmospheric
chemistry of mercury has been concisely reviewed [7]. The major-
ity (∼95%) of mercury in the atmosphere is in the elemental (Hg0)
form. Atmospheric residence time of mercury was believed to be
from 1 to 2 years but more recent work suggests it may be just a
few months [8], which nevertheless is enough for mercury emit-
ted in any region to be dispersed globally. In the wake of increased
coal combustion there is greater concern about mercury emissions
(mercury content of US coal ranges from 2.1 to 15.7 g per GJ of
heat generation [9]) and a greater need for widely applicable mea-
surement of elemental Hg in an inexpensive manner. Particularly
a portable device able to measure ambient background levels will

be highly desirable.

A variety of options are available for the measurement of
gaseous Hg0. In almost all cases some preconcentration is needed
to measure background levels. Gold not only takes up mercury
efficiently, the resistivity of gold changes [10] upon mercury
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ptake enabling thin gold film based resistive sensors for mer-
ury [11]. Atomic spectrometry, especially emission spectrometry,
s one of the most sensitive techniques to determine the Hg0.
his includes atomic fluorescence [12], inductively coupled plasma
13], microwave induced plasma [14] and glow discharge spec-
rometry [15], etc. Very recently Yu et al. [16] and Zhu et al.
17] independently introduced dielectric barrier discharge (DBD)
lasma spectrometry. The DBD or silent discharge is non-thermal
lasma generated between two electrodes in the presence of at

east one dielectric barrier in the current flow path [18]. Both previ-
us papers using DBD-discharge to measure Hg dealt with solution
hase Hg; Hg0 was liberated from a purged solution as a pulse by
he addition of a reducing agent. There are several ways to pre-
oncentrate mercury from solution but the method is sufficiently
ensitive to not need preconcentration in most cases. One of us
JHW) was the senior author of the first DBD-Hg work [16]. While
he present study to optimize the air measurement system involv-
ng preconcentration and DBD-based detection was underway, a
etailed study on DBD-based detection of Hg by high resolution
pectrometry in He or Ar plasmas was independently published
17].

The present paper addresses measurement of Hg0 in air for
hich preconcentration is necessary to measure background lev-

ls; the most common preconcentration method for Hg0 is trapping
n gold, typically the gold is supported on glass beads [19], silica
20], glass/quartz wool [21], etc. A separate heater is needed to
hermally desorb the Hg. We describe a fully automated system
or the preconcentration and atmospheric pressure DBD-atomic
mission based determination of atmospheric Hg0. Although a He-
lasma may have some advantages [17], we focused on N2 and Ar
lasmas and optimized operating conditions. While a high resolu-
ion monochromator can improve S/N, we focused on a portable
nd inexpensive instrument: we studied the performance of sev-
ral inexpensive to moderately priced detectors for their relative
ensitivities in measuring the mercury emission line at 253.7 nm.
ercury preconcentration was carried out on gold-plated tung-

ten filaments from a pair of quartz-halogen lamps. This has the
dvantage of a “built-in” heater and rapid desorption due to a low
hermal mass. In addition, preconcentration eliminates the effect
f water vapor that was ignored in our previous work [16]. In fact,
ubsequent studies have shown that plasma instabilities that were
elieved to be due to Hg introduction (in [16] this was corrected
y referencing against a neighboring emission line in the plasma
ackground), is actually due to water vapor that accompanies the
ample introduction. In the absence of water vapor no such correc-
ion is therefore needed. In addition, it has now been noted that
here is a large decrease in intensity of the Hg emission signal in
he presence of moisture (>7× for the He-DBD [17]); not having
o deal with moisture obviates this issue. System operation was
ontrolled by an in-house program written in Labview software
www.ni.com).

. Experimental

.1. Fabrication of the mercury detector

Two PTFE spacers (75 mm × 10 mm × 1 mm) were used
s gaskets between two standard microscope glass slides
75 mm × 25 mm × 1 mm) to form a 5-mm wide 1-mm deep
ow-through channel across the entire length of the slides where

he DBD plasma is generated (see Fig. S1 in Supporting information
SI)). While the assembly is clamped together, silicone adhesive is
pplied on all sides except the channel openings. One strip each
f aluminum foil (50 mm × 10 mm) was affixed on the exterior
f each glass slide with black electrical tape and a flat-headed
81 (2010) 1109–1115

bolt was attached at the gas entrance end of each Al-foil for
facile electrical connection by two small pieces of Neodymium
magnets (B222, www.kjmegnetics.com). The spacing of the slides
is close enough that the oppositely polarized magnet faces hold
each other in place. The foils ended 10 mm from the exit of
the DBD channel. Disc-shaped end caps/holders were machined
from Glass-filled poly(tetrafluoroethylelene) (G-PTFE) for holding
the microscope slide discharge assembly. The exit end cap was
provided with a threaded axial aperture where a 10 mm dia.
fused silica window (NT45-308, www.edmundoptics.com) was
placed. Experience showed that at high concentrations mercury
may adsorb on this window and this lowers the 254 nm light
transmission efficiency dramatically. For high concentration
experiments, a flat ring-shaped heater (Polyimide Thermofoil®,
HK5186R25.0L12B, www.minco.com, 12.7 mm o.d., 2.4 mm i.d.,
0.3 mm thickness) was therefore placed atop the silica window.
The heater was powered at 5 V; this was sufficient to main-
tain the window at ∼150 ◦C. The window was held in place
by the adhesive-backed heater. The fiber-optic (P600-025-SR,
www.oceanoptics.com, 25 cm long, 600 �m core, SMA 905 ter-
minated, numerical aperture 0.22, acceptance angle 25.4◦ in air),
itself put in a custom-machined insert, held the assembly in
place and allowed the detector to view the discharge. The exit
end cap further contained a 1/4-28 threaded aperture on the
circumference for gas exit. The entrance end cap contained a
single 1/4-28 threaded aperture for gas entrance. The discharge
voltage was provided by a 100× step-up neon sign transformer
(12030P, www.Franceformer.com) and changed by adjusting
the input voltage by a variable voltage transformer (3PN1010,
www.Stacoenergy.com).

2.2. Mercury calibration source

Elemental mercury was generated from gravimetrically cali-
brated permeation tubes [22] made in-house from low density
polyethylene tubes (80 ± 5 mm × 2.08 mm o.d., 0.51 mm wall thick-
ness). Four separate tubes thus made had average outputs of
12.5 ± 0.9 ng Hg0/min at 70 ± 0.2 ◦C; the tube used for most exper-
iments had an output of 11.9 ± 0.7 ng/min over the time it was
used. Dilution air was generated by mass flow controllers (Tylan
General, Torrance, CA) that were software-controlled by a A/D-D/A
card (USB-6009, 14-bit A/D, 12-bit D/A, www.NI.com). All mass
flow controllers were calibrated by a NIST traceable primary flow
calibrator (Gilibrator, www.sensidyne.com).

2.3. The mercury preconcentrator

The glass envelopes of high-power halogen light bulbs (Hikari
JCD 250 W @ 130 V, Fig. S2) were removed at the base by scoring.
The non-filament metallic portions were coated with high tem-
perature silicone (automotive gasket grade) to prevent gold from
being deposited on areas not directly heated. The filament itself
was then coated with gold using in part a plating method for tung-
sten or molybdenum substrates [23]. Specifically, (a) the filament
surface was activated by immersion in 20% H2O2 + 0.5 M NaOH for
10 min; (b) the filament was washed thoroughly with DI water;
(c) the filament was connected as the (−)ve electrode and a stain-
less steel wire was connected as the (+)ve electrode and these were
dipped into 10 mL of a solution containing 5 g/L of KAu(CN)2 + 50 g/L
of Na2EDTA and placed ∼15 mm apart; (d) 1 VDC was applied for
30 min; (e) 3 VDC was applied for 2 h; (f) the filament was rinsed

with DI water and then methanol; (g) finally the gold-plated fil-
ament was dried at 60 ◦C before further use. Two such filaments
(complete with the bases) were inserted, oppositely oriented, into
two end caps machined from G-PTFE with a 40 mm glass tube
(10 mm i.d., 12 mm o.d.) providing the flow enclosure. Each end
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both the Hg signal and plasma background in a manner that no fur-
ther gain in S/N resulted. For Ar, the maximum S/N was observed at
the maximum applied voltage that the plasma could be indefinitely
operated in.
ig. 1. System schematic. AP: air pump, MFC: mass flow controllers, IC: iodized ch
ielectric barrier discharge cell, CCD: charge coupled device array spectrometer (ot

ap was provided with 1/4-28 threaded apertures for gas in/out
onnections through the preconcentration cell; one end cap has
wo such apertures (vide infra) and the other just one. The lamp
ase was sealed in place by hot-melt adhesive and the glass tube
as sealed into the G-PTFE holders with PTFE tape. For desorp-

ion, 9 V was applied to the filaments in parallel for 15 s via a relay
JW2SN, www.digikey.com) actuated through one of the digital
utputs.

.4. General experimental setup

This is shown schematically in Fig. 1 and a photograph appears
n Fig. S3. We make use of three 3-way all-fluorocarbon solenoid
alves (SV1-3, 648K031, 12 VDC, www.Nresearch.com) config-
red as indicated. The instrument alternates between two modes

n a cycle, the sampling mode and the measurement mode. It
s desirable that SV1-SV3 (actuated in parallel) be driven in an
nergy-efficient configuration (especially in field use). The valve-
ort identities were therefore changed depending on whether the
ampling period (ts) was longer than the measurement period (tm)
r vice-versa. The configuration shown in Fig. 1 is for background
ampling where ts > tm. During ts the valves are not energized;
he air sample or calibrant enters through SV2, is directed to the
reconcentration chamber, and flows through the preconcentra-
or, through SV1, through a short cartridge (0.375′′ o.d., 0.31′′ i.d.,
cm long) filled with pelletized iodized charcoal (05123, Fluka)

o trap any residual mercury (needed only when high calibration
oncentrations are sampled) and then through the sampling mass
ow controller MFC1 (Tylan FC 280, 10 standard liters per min)
SLM, all smaller gas flow rates are given in standard cubic cen-
imeters per min (sccm)) (www.brooksinstrument.com) with the
spiration provided by an air suction pump AP (DOA-P120-FB,
ww.Gastmfg.com). A small flow of Argon, ∼15 sccm, is mean-
hile maintained by a restrictor orifice from a pressure regulated
r cylinder source through SV3 into the DBD cell. During the
easurement stage, all three valves are energized simultaneously

hrough a MOSFET switch controlled by one of the digital out-
uts from the control computer. The sample now goes directly

nto the iodized charcoal column (this is only necessary when
alibrating, to maintain constant flow conditions on the calibra-
ion source; for a real air sampling situation, the air sampling
ump is shut off via a relay). Argon, flow rate controlled by
FC2 (UNIT UFC-1000, 1 SLM, www.Siemens.com) flows through

V1, through the preconcentration chamber and through the port
onnected to SV3 into the DBD and out. After air is completely

emoved from the preconcentration chamber, the preconcentra-
ion filaments are briefly heated and the desorbed Hg flows into
he DBD cell and the resulting emission is detected. The sequence
f events is provided in a tabular form in Table S1 in SI. When
ampling ambient air, a 47 mm PTFE particulate filter (0.5 �m
, SV1–SV3: solenoid valves (driven together), PC: preconcentration chamber, DBD:
tectors were also used as indicated in text).

pore size) was used in the sample inlet to remove particulate
matter.

3. Results and discussion

3.1. Effect of the plasma potential and plasma gas flow rate

The mercury spectral response relative to the background
appears in the previous papers and is also given in Fig. S4. Initial
ignition voltages for Ar and N2 plasmas were 1.5 and 4.5 kV, respec-
tively. The maximum voltage that could be safely applied before
sparking occurred was 8.0 kV and sometimes resulted in cracked
glass plates. Below this voltage and over a significant plasma gas
flow rate range (88–439 sccm), the heat generated by the plasma
was minimal. Fig. 2 shows the change in S/N (94 ng/L Hg), for both
plasmas as a function of applied voltage (all of the signal was
obtained by the Ocean Optics QE65000). While both plasmas show
an increase in S/N with applied voltage finally reaching a plateau
value, this plateau was reached at a lower applied voltage for the N2
plasma than for the Ar plasma. The plateau S/N value was compara-
ble in the two cases. In case of N2, the S/N ratio reached a plateau by
∼5.5 kV as one of the N2 emission lines is close to the Hg emission
line. Increasing the applied potential beyond this point increased
Fig. 2. Signal to noise ratio as a function of plasma gas flow rate and applied voltage
for N2 and Ar plasma gas, 23.5 pg Hg in DBD cell. Ocean Optics QE65000 detector.
Spectra were acquired with 100 ms integration times. All spectra acquired over 60 s
were averaged.
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ig. 3. Response behavior in N2 and Ar plasma from ∼50 to 300 ng/L. As flow rate
s increased, source limitations limit the attainable high end concentration. These
nd data for all subsequent figures were obtained by the Hamamatsu C9404CA CCD
pectrometer, 100 ms integration time. All spectra acquired over 60 s were averaged.

.2. Response behavior

The response of the system to varying mercury concentrations
or both the plasma types (N2 and Ar plasmas, respectively, oper-
ted at 5.5 and 8 kV) is shown in Fig. 3. The absolute signal was
uch higher in the N2 plasma but the standard deviation was also
uch higher. Perhaps more importantly, the signal was nonlinear
ith concentration and showed significant dependence on the flow

ate. In contrast, the Ar plasma showed linear response up to high
g concentrations at all gas flow rates. Therefore, the Ar plasma
perated at 8.0 kV was used for further work.

.3. Sensitivity comparison of different detectors

We tested several types of detectors to check their per-
ormance for the present purpose. Three CCD-array detectors
USB2000 and QE65000, both from www.oceanoptics.com and
9404CA, www.hamamatsu.com, the last two use high-sensitivity
ack-thinned CCDs) were equipped with their own monochro-
ators and connected via optical fibers. The last two use
024-element detector arrays, the USB 2000 uses a 2048 element
rray. Other detectors used were a head-on phototube (R6800U-
1) and photomultiplier tubes (R7400U-09, H5784-06) all from
ww.hamamatsu.com; these were used with a modified end cap

hat allowed the placement of a narrow bandpass (half bandwidth

able 1
elative performance of different detection systemsa.

Detector Operating range Slits and resolution Operati

CCD spectrometer
Hamamatsu C9404CA CCD 200–400 nm 140 �m, 3 nm 100 ms

Ocean Optics QE6500 CCD 200–1100 nm 25 �m, 2.6 nm 100 ms

Ocean Optics USB2000 CCD 200–1100 nm 25 �m, 1.5 nm 100 ms

Detector Response range Interference filter Gain/po

Photo(multiplier) tube
Hamamatsu PMT R7400U-09 160–320 nm 12 nm halfwidth −850 V

Hamamatsu PMT module H5784-06 185–650 nm 12 nm halfwidth Gain co

Hamamatsu PT R6800U-01 185–320 nm 12 nm halfwidth −15 V a

a Ar flow rate 88 sccm, 8.0 kV Ar plasma.
b At these applied voltages both of these PMT’s are operating with a radiant sensitivity
81 (2010) 1109–1115

12 nm) high transmittance (>65%) interference filter centered at
254 nm (MaxLampTM Hg01-254-25, www.semrock.com) ahead of
the head-on photo (multiplier) tube. The arrangement is shown in
Fig. S5 in SI. The results are shown in Table 1. Note that the inte-
gration times for the CCDs were 100 ms as opposed to 1 s for the
photo(multiplier)tubes. The unamplified phototube did not sense
any light either for the background plasma or in the presence of Hg.
The solar blind photomultiplier tube provided 2× better S/N than
the H5784 PMT sensor module. The H5784 responds to visible light
as well and the interference filter is not completely opaque in the
visible spectrum; as such, the background is much higher. In any
case, neither of these PMTs were acceptable in this configuration
to serve as detectors in trace Hg determination. The absolute light
levels are low and it is a testament to current back-thinned CCDs
that they can substantially outperform the PMT’s. However, it is of
course possible to use PMTs if, rather than using inefficient optical
fibers, the light is gathered with more efficient collection optics and
a high resolution monochromator is used to selectively detect the
mercury line [17].

Of the CCD spectrometers, the low-cost USB-2000 spectrometer
did not really provide enough sensitivity to perform trace analysis.
The Hamamatsu CCD spectrometer showed the best performance
with the highest S/N ratio (∼60×better than the USB-2000) and was
used for further work. Note that in the actual deployment with the
preconcentrator, individual spectra with 100 ms integration time
are taken over the 25 s period (see Table S1 in SI) after the filament
is flash heated and these spectra are summed for the final result.
The resulting S/N is of course much better than that taken for a
single 100 ms run reported in Table 1.

3.4. Electrode area and placement

Different shapes and sizes of the electrode and its placement
were investigated. Rectangular electrodes occupying or exceeding
the entire channel width were found to be the best. Foil lengths of
10–50 mm were studied, 30–50 mm was found to produce the best
and essentially the same result. Electrode placement was then opti-
mized and ∼10 mm from the exit was found to be the best position.
Details are provided in Figs. S6 and S7 in SI.

3.5. Desorption voltage and time
Initial experiments were conducted by applying power to the
filaments for a fixed time (30 s) and varying the applied voltage. At
≥12 V, some evaporation of gold from the filament was observed.
The voltage was now systematically decreased; no difference in

ng conditions Sample Counts/100 ms (sd) S/N

integration Blank
82.7 ng/L Hg0

1164 (19)
2860(55)

31

integration Blank
82.7 ng/L Hg0

2460 (1.5)
2494 (2.0)

17

integration Blank
82.7 ng/L Hg0

133.5 (2.3)
134.9 (2.5)

0.6

wer Sample mV (sd) S/N

applied 1 s integrationb Blank
82.7 ng/L Hg0

89.6 (6)
96.5 (4)

1.2

ntrol 0.85 V, 1 s integr.b Blank
82.7 ng/L Hg0

403 (5)
398(9)

0.5

pplied, 1 s integration Blank
82.7 ng/L Hg0

No light detected
No light detected

NA

of ∼7 × 104 A/W, ∼35% of maximum gain for the detector.
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he signal was observed between 9 and 12 V applied. The pow-
red interval duration was then decreased and down to at least
5 s, there was no change in the signal. This was considered a short
nough time to provide long filament life.

.6. Argon flush flow rate during desorption step

These experiments were conducted to determine the effect of
he Ar flow rate during the desorption step and on carrying the
esorbed mercury to the detector. A sample containing 0.73 ng/L
ercury was preconcentrated for 1 min at 4.0 SLM. After sampling

nd switching of the solenoid valves, argon was allowed to flow
hrough the preconcentration chamber and the DBD cell to com-
letely displace the air (which would have shortened the life of
he filaments when heated and would have disrupted excitation
f Hg in the DBD cell) for some period before power was applied
o the filaments. The flow rate had to be sufficient to sweep off
he air in a reasonable period but not so high that the liberated
g would be greatly diluted and argon use would be high. How-
ver, too low a flow rate would not only temporally broaden out
he signal, it would also increase the time needed to flush the pre-
oncentration chamber and thus increase analytical cycle time. We
rbitrarily decided 2 min to be an acceptable period for the flushing
tep. The filament was heated for the next 15 s and the signal was
ecorded beginning at the time that power was applied to the fila-
ent (desorption and detection is complete within 30 s). Note that

he Ar flow was continued for a further 3 min after the filaments
ere turned off even though signal acquisition was completed in
much shorter time. This allowed the filament to cool down and
erform reproducible collection. This period may be lengthened

f field measurements are conducted at a high ambient tempera-
ure. Fig. 4 shows the effect of varying the Argon flush flow rate
etween 90 and 440 sccm. There is a modest increase in the signal

n going from 90 to 180 sccm (at which point the lowest relative

tandard deviation is reached). Beyond this flow there is no further
ignificant gain in signal. We chose therefore a flush flow rate of
80 sccm for further work. The temporal signal profiles for various
oncentrations of Hg are shown in the inset of Fig. 4.

ig. 4. Signal of 0.73 ng/L mercury (preconcentrated for 60 s at 4.0 SLM) at different
rgon flush flow rates. Inset shows signal profiles for 1.1–6.6 ng/L Hg preconcen-
rated at 0.88 SLM for 120 s, 180 sccm flush flow rate.
Fig. 5. The Hg signal response per unit amount of Hg as a function of sampling flow
rate. The Hg concentration was 0.64 ng/L with a sampling time of 30 s.

3.7. Sampling rate during preconcentration

The influence of the sampling flow rate on the sensitivity was
studied with a test Hg concentration of 0.73 ng/L preconcentrated
for 30 s. A sampling rate much below 1 SLM would be impractical
to measure trace concentrations while present system flow restric-
tion limited the upper sampling rate to ∼7 L/min. Experiments were
conducted for sampling rates of 0.88–6.14 L/min. The dependence
of the response per unit amount of mercury sampled on the sam-
pling flow rate is shown in Fig. 5. In a simple tubular system, the
collection efficiency monotonically decreases with flow rate [24].
The geometry of the present preconcentrator is such that purely
laminar flow is extremely unlikely. Quantitative collection is not a
prerequisite but reproducible collection is. We have not made an
effort to evaluate the absolute collection efficiency in this work but
obviously an appreciable fraction is collected even at the high end
of the above sampling rate regime.

3.8. Repeatability and limit of detection

A four-point calibration experiment plus blank (0–6.6 ng/L),
sampling 0.88 SLM for 120 s, was set up and conducted in triplicate
at each point. A total of 19 such calibrations were repeated in an
automated fashion over a 7-consecutive-day period. The calibration
equation for the combined data was:

signal counts = 557(±4.8)[Hg0], ng/L + 56.8(±18.2)

The relative standard error of the calibration slope was less than
1%, indicating the robustness of the technique, detailed data are
shown in Fig. S8. The standard deviation of the responses at indi-
vidual concentration points varied from 2.8 to 4.9%. Given the signal
magnitude of the lowest concentration for this flow rate and this
sampling period and the uncertainty of the blank measured under
these same conditions, we calculate a limit of detection of 0.12 ng/L
based on the three standard deviations over blank criterion. Note
however, this only applies to these sampling conditions.
3.9. Dependence on humidity in direct measurement

The dependence of the emission signal on humidity has been
previously noted for dry and water saturated conditions [17] but a
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Fig. 7. Results of summertime continuous mercury measurement at a fluorescent

tem is shut down after work hours; Fig. 8 shows that the mercury
concentration rises remarkably in the enclosed area.

In summary, the gold-on-tungsten filament preconcentrator
coupled with a DBD emission detector provides an excellent means
ig. 6. Response of organomercurials when saturated headspace vapor over the
olids in injected into the DBD-discharge.

ystematic variation was not conducted. Such an experiment shows
hat at humidities below 30% RH have little influence on the sig-
al but the signal decreases dramatically above ∼35% RH. While
etailed data are shown in Fig. S9 in SI, this indicates that even if
reconcentration is not needed for purposes of sensitivity, direct
easurement results will be affected by ambient humidity. Pre-

oncentration eliminates this issue and provides matrix isolation.

.10. Response to organic mercury

It is of interest to determine if the system responds to organic
ercury compounds, notably if the discharge is able to decompose

rganic mercury compounds. We tested methylmercuric iodide
mp 143 ◦C), ethylmercuric chloride (mp 193 ◦C) and phenylmer-
uric chloride (mp 251 ◦C) at high concentrations. The results are
hown in Fig. 6. The specific concentrations of these compounds
re unknown; the headspace vapor over the solid at ambient tem-
erature was injected into the system. The fact that response is
bserved from MeHgI and EtHgCl (the response decreasing in order
f increasing melting points) but not PhHgCl suggests that (a) the
ischarge is able to break the Hg-aliphatic C bond and (b) the vapor
ressure of PhHgCl is too low for it to be measured this way and/or
he Hg-aromatic C bond is more difficult to break. As organomer-
ury compounds are not taken up by gold, speciation by initial
emoval of elemental Hg by gold followed by DBD measurement
ith or without preconcentration on gold (after photodecomposi-

ion, as is carried out for organoarsenicals [25]) will be possible.
BD-based direct selective detection of mercurials will be possible
fter chromatographic separation.

.11. Field application

We used the instrument to measure the gas phase mercury in
oncentration in the fluorescent lamp recycling area of the Univer-
ity’s environmental health and safety department in the summer
f 2009. A sampling rate of 2.64 SLM was used with a sampling time

f 5 min. The ambient temperature in the shed was also measured.
he results are shown in Fig. 7. The instrument location was near
he door of the shed where it was affected both by the outside wind
nd emissions from the storage area. Initially the concentration was
igh as the mercury had accumulated in the air. This concentration
lamp storage location at the University of Texas at Arlington. The temperature at
the measurement location is also shown. The error bars shown in this and the next
figure are not measurement uncertainties but represent the uncertainty associated
with the calibration equation.

decreased abruptly as a breeze started in the mid-afternoon and the
temperature started dropping down. The wind died down at mid-
night and the mercury levels then closely followed the temperature
profile.

A second experiment was conducted at a lamp recycling plant.
The sampling rate was as above, except 30 s preconcentration was
used. In consultation with plant personnel, the instrument was
deployed in the plant over a 24 h period. The air handling sys-
Fig. 8. Gaseous mercury concentrations in the air at a fluorescent lamp recycling
plant. The air sample was collected at 2.64 SLM for 30 s. Note that mercury concen-
tration drops abruptly as work begins and air handlers are started.
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