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Abstract

CrossMark

A continuous monitoring system for elemental mercury detection utilizing low-cost multi-
mode diode lasers is demonstrated. Ultraviolet light with a central wavelength at 253.7 nm is
generated through sum-frequency generation. Correlation spectroscopy is employed to trace
the signals of the target gas by using a reference gas cell. Algorithms including automatic peak
searching and multiple-linear-regression are employed to retrieve the mercury concentration,
and long term measurements are performed. For a path length of 1 m, a sensitivity of
0.12ugm™3 (13.4ppt) is achieved for a 60's integration time, and the linear dynamic range is
about 0 ~ 60 ug m™3. Experimental results show that the present system has great potential for

industrial applications.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Mercury is the only liquid metal that is highly volatile at room
temperature. Its toxic effects include damage to the brain, kid-
neys and lungs [1], which have raised academic and public
concern for many years. The predominant anthropogenic
emitters of mercury include mines, municipal waste incin-
eration [2], fossil fuel combustion [3], chlor-alkali plants [4]
and non-ferrous metal smelting processes. Other potential
sources include disposed mercury-based batteries, fluorescent
light tubes, pesticides, clinical thermometers, etc. The emitted
mercury enters the food chain primarily through atmospheric
deposition followed by bioaccumulation in fish, while con-
sumption of contaminated fish is the primary pathway for
human exposure to mercury [5]. Typically, mercury exists in
three states: particulate-bound, elemental and oxidized mer-
cury [6]. Current commercial continuous emission monitors

0957-0233/15/085501+7$33.00

(CEMs) for mercury can directly detect elemental mercury
concentration. For detection of total mercury concentration,
oxidized mercury is always converted into the elemental state
by using conversion units based on wet chemistry, thermal
cracking or catalysts. Therefore, the elemental mercury mea-
surement is essential for mercury detection.

Various methods for mercury sensing have been reported,
most of which are based on optical methods. Cold vapor
atomic absorption spectroscopy (CVAAS) [7, 8] and cold
vapor atomic fluorescence spectroscopy (CVAFS) [9, 10]
are two typical techniques widely deployed. However, the
necessity of pretreating the sampled gas consumes excessive
amounts of time. Cavity ring down-laser absorption spectros-
copy (CRLAS) offers the potential for monitoring mercury at
parts per trillion (ppt) levels, but the existence of SO, with
a concentration greater than 10 ppm may cause interference
problems [11, 12]. Zeeman absorption spectroscopy can reach

© 2015 IOP Publishing Ltd  Printed in the UK
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Figure 1. Diagram of the continuous mercury monitoring system.

a detection limit of 2ngm™> with an average time of 1s [13,
14], but the lifespan of a mercury lamp is relatively short
(around 2000h). Differential optical absorption spectros-
copy (DOAS) [15, 16], as well as light detection and ranging
(Lidar) [4, 17] techniques, can detect mercury several kilo-
meters away, but careful calibrations are needed. The laser-
induced breakdown spectroscopy (LIBS) technique can also
be used to measure mercury concentration [18, 19]; however,
the use of a Nd:YAG laser requires careful operation in order
to ensure sufficient accuracy.

Mercury measurement by diode lasers (DLs) was proposed
and demonstrated for the first time by Alnis ez al [20]. They
used two commercial single-mode visible DLs with central
wavelengths at 404 and 688nm to generate 253.7nm ultra
violet (UV) light. Other DL pairs, e.g. 375 and 784 nm, also
have been employed for mercury detection [3]. Despite the
good accuracy and detection limit, single-mode lasers are often
expensive, and the mode-hop-free tuning range is relatively
small. In our previous work, a multimode violet DL and an
FP type quasi-single-mode red DL were employed as light
sources to generate a multimode ultraviolet laser for detection
of mercury concentration [21]. It is commonly known that the
lifetime of multimode DLs is much longer than that of mercury
lamps, and their price is much lower than that of single mode
DLs. The drawback is that the laser emission spectrum may
change from time-to-time due to the mode competition. To
stay up-to-date with the spectrum change, correlation spectros-
copy [22] was employed by using a reference channel with a
known mercury concentration. The previous mercury sensing
system has several limitations. Firstly, the measurement sen-
sitivity was mainly limited by shot noise due to the weak UV
light detected, as lasers with low output power and optical
filters with low transmissions were employed. Secondly, the
absorption signals were randomly selected without any optimi-
zation, hence the optimal performance of the system was not
achieved. Thirdly, only a qualitative analysis was performed
because of the inaccurate concentration calibration and cal-
culation algorithm. Fourthly, some of the system components
used were too large to build a miniaturized system, e.g. two
photomultiplier tubes (PMTs) with large volumes.

In this paper, in order to solve the above limiting prob-
lems, the mercury monitoring system is rebuilt by utilizing
two multi-mode DLs with larger output powers, optical filters

with higher transmissions, and PMT modules with smaller
volumes and higher UV light sensitivity. A new concentration
retrieval method is developed using a derivative method, auto-
matic peak searching algorithm and multiple-linear-regression
approach. Quantitative mercury measurements are performed
employing sample cells of various thicknesses. Long-term
monitoring is performed to check the robustness and stability
of the system. Finally, experiments of mercury volatilization
are carried out, the measurement results of which may be of
interest to research fields related to volatilization.

2. Experimental setup

The experimental setup of the continuous mercury monitoring
system is illustrated in figure 1. The violet (Sony, SLD3134,
20mW) and red (Roithner laser technic, QL68J6S-A, 50 mW)
laser beams are guided together by a dichroic mirror, and
focused into a Beta-Barium-Borate (BBO) crystal to generate
UV light. The output light, collimated by quartz lenses, is
dispersed by a fused silica prism. The UV light is then sepa-
rated by a 50/50 beam splitter into two channels, one passing
through a reference cell and the other through a sample cell.
Both cells contain mercury inside, with the concentration of
mercury vapor determined by the cell temperature [23]. Both
the reference and the sample laser beams are detected by pho-
tomultiplier modules (Hamamatsu H10493-12) with a 254 nm
interference filter mounted on each head. The peak transmit-
tance of the interference filter is about 12% with a full-width-
half-maximum (FWHM) of 10nm, so that the background
light is blocked out. The PMT module integrates a PMT, a
high voltage power supply, and a low noise amplifier all in
one tube, making it a preferable choice for minimizing the
system. The PMT output voltage signals are acquired by a
data acquisition (DAQ) card (PCI-6120, National Instruments)
and transferred to a computer for real-time data analysis by
LabVIEW-based programs.

In general, the emission wavelengths of both DLs red-
shift along with a rise in operating current and temperature.
By tuning the temperatures and the currents of both DLs,
the wavelength of the generated UV light can be adjusted.
Because the output wavelength of the violet DL is locked at
403 nm by stabilizing the temperature and the input current,
a scheme of a current scan of the red laser can be performed.
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Figure 2. Typical raw signals of the reference channel (a 3.10mm
mercury cell) and sample channel (no gas cell).

The on-resonance signals of mercury are obtained by ramp-
sweeping the current of the red laser from 60 to 100mA at a
repetition rate of 800 Hz. The sampling rate of the DAQ card
is 800000 sampless~!, so each spectrum is composed of 1000
points, which can offer an adequate resolution. Each measure-
ment signal is an average of 1000 successive signal sweeps,
throughout a period of 1.25s.

3. Measurement and analysis

3.1. Raw signal

Figure 2 shows typical recorded raw signals of the reference
channel (a 3.10 mm mercury cell) and sample channel (no gas
cell). The spectrum encompasses an average of 1000 sweeps.
An absorption signal can be observed on the reference line,
with an absorption amplitude of ~26%. The tuning range is
more than 100 GHz, providing an adequate off-resonant base-
line to fit the original light intensity. The sample channel
here is not used for baseline corrections, but simply to check
that there are no obvious intensity fluctuations due to mode
hops and that the baseline can be fitted well by a third order
polynomial.

3.2. Signal preprocessing

In order to guarantee the measurement accuracy, raw sig-
nals are preprocessed before the concentration retrieval. The
absorption baseline is corrected automatically and the absorp-
tion spectrum is extracted with little influence from the varia-
tion in light intensity and absorption. To correct the baseline,
the absorption peak position is first searched, and then the
beginning and end points of the absorption are determined by
a derivative method.

The raw signal is first smoothed by the Savitzky—Golay
(SG) filter, a smoothing method that can maintain the shape
and width of the absorption signal. A second order polynomial
is chosen for obtaining smoother results [24]. The smoothed
spectrum is then followed by a standard normal variate (SNV)
[25] procedure to remove variation in the slope due to light
intensity changes. The SNV transformed spectrum (xsny) is
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Figure 3. (a) Automatic locating procedure for absorption

peak. The green, blue and red lines are the SNV transformed
spectrum, its linear fit and quasi-absorption signal, respectively.

(b) Automatic searching procedure of the beginning and end points
of the absorption signal. The green, orange and black lines are the
smoothed raw signal, its first order derivative, and the median of the
derivative, respectively. The dotted line indicates the beginning and
end positions of the absorption signal.

xX—X

XSNV =
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N

where X represents the mean value of the spectrum and s rep-
resents the standard deviation. Next, the xsny is subtracted
by its linear fit, resulting in a quasi-absorption signal (figure
3(a)). This time, a peak searching algorithm is applied to find
peak points that are larger than 0.1, a criterion set to separate
the absorption peaks from the influence of light intensity fluc-
tuation or optical noise.

After locating the absorption peak, the first order deriva-
tive of the reference channel is utilized to find the beginning
and end points of the absorption signal. Because the raw
signal increases linearly as a whole, the median of the first
order derivative can be considered to be the slope of the whole
ramp. The points before and after the absorption peak whose
derivative values equal the median are considered to be the
beginning and end absorption points (figure 3(b)).

It is of great importance to find the beginning and end
absorption points correctly and automatically, especially for
a multimode laser system. Known as a drawback, the wave-
length of the output of a multimode laser will fluctuate due
to even a small change in operating temperature, resulting
in a shift in position and change in shape of the absorption
signal. Figures 4(a) and (b) show two particular absorption
signal shapes. In figure 4(a), there exist two absorption peaks
in the scanning range, while in figure 4(b) the two absorption
peaks overlap. The existence of the two peaks is due to mode-
hop, where the wavelength of DLs may ‘jump’ back when
the laser current increases, as described in [21]. The presented
processing method can successfully locate the beginning and
end points of the absorption signals.

According to the beginning and end points of the absorp-
tion, the baseline can be corrected by applying a third-order
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Figure 4. (a) Dual-peak absorption signals. (b) Overlapped absorption signals.

N
o

o O
I

Absorption(%)

0 0.125 025
Times (ms

Raw Signals (V)
o
N

Reference
Sample
........... BaSG“neS

L

0.75 1 1.25

0.25 0.5
Time (ms)

Figure 5. Sample and reference signals with their baseline obtained
by polynomial fitting. The inset is the normalized absorption signals
of the reference channel (green line) and sample channel (blue line).

polynomial interpolation over the full transmission region
on both sides of the absorption signal, which corresponds
to the initial laser intensity without mercury absorption (the
red dotted line in figure 2). The absorption amplitudes can be
retrieved, as shown in figure 5, from the raw signals and the
fitted initial intensities.

3.3. Sample concentration determination

As shown in figure 5, the absorption signal trembles due to
the unstable light intensities of the longitudinal modes of DLs.
These highly-correlated signals provide special fingerprints
that can be utilized by correlation spectroscopy to distinguish
the absorption of mercury from interfering gases, e.g. SO,
and NO,. The ratio between the reference absorption spec-
trum of the known concentration and the sample absorption
spectrum of the unknown concentration is determined by a
multiple-linear-regression (MLR) approach [26, 27]. In the
MLR approach, the background structure is accommodated
by an offset and a linear term. A quadratic term is not included
because the absorption signal sometimes resembles a parabola
shape, and the quadratic term may induce a distorted back-
ground fit and consequently affect the final measurement
accuracy. The sample absorption signal is fitted by a combina-
tion of a term corresponding to the reference spectrum and the
two baseline terms mentioned above:

S=AR+ A + A3X 2)

where S and R represent the sample and the reference spec-
trum, respectively. A; represents the best-fit parameters, and X
represents the x numbers in the fitting window. Figure 6 shows
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Figure 6. MLR-fit results of the sample absorption signal. The
fitted background baseline is also shown.
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Figure 7. (a) Reference absorption signals of mercury vapor
(3.10mm). (b) Sample absorption signals of mercury vapor with
and without interference of SO, (1000 ppm, 10cm).

the MLR-fit results of the sample absorption signal. The nor-
malized residuals are less than 2%, indicating that the sample
spectrum and the MLR-fit spectrum correlate well. The con-
centration of the sample cell is then determined by A;:

Lget

Csam = A; - - Cret 3)

Sam

where Lg.r and Lg,, represent the lengths of the reference cell
and the sample cell, respectively. Cs,m and Cges represent the
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corresponding concentrations of mercury in the two cells. Cref
is calculated according to the mercury temperature.

4. Performance characterization

The main gas that interferes with mercury from stock emis-
sion is SO, due to its overlapping resonance region with
mercury. Luckily, its absorption spectrum is relatively ‘flat’
around 253.7 nm, acting as a broadband attenuator in the scan-
ning region. Thus, the absorption signals of mercury can be
extracted from the sample signals with little interference from
SO,. In order to inspect the system selectivity, experiments
are done by adding a 10cm gas cell filled with 1000 ppm SO,
to the sample channel along with the mercury cell. Figure 7
shows the absorption signals (averaging over 625s) for both
the reference and sample cell under conditions with and
without SO,. The discrepancy is mainly due to the fluctua-
tions in the wavelength and intensity of the generated UV
light. Since the discrepancy exhibits identical impacts on the
sample and reference signal, there is little effect on the con-
centration retrieval.

The sensitivity performance of the proposed mercury mon-
itoring system is evaluated by performing an Allan variance
analysis [28, 29] on 6h of continuous measurements. The

Figure 10. Mercury concentration controlling system.

reference cell is 1.95 mm thick, and the sample cell is 1.20mm
thick. The room temperature is measured to be 22 + 0.2°C,
with a corresponding concentration of 16.6 + 0.3mgm™,
Because of the relatively stable conditions during the experi-
ments, the mercury vapor concentrations in both cells are
assumed to be constant and equal, so the pathlength-inte-
grated concentration should be around 19.9 ugm=2 During
the 6h measurements, about 8300 successive measurements
are performed, each taking approximately 2.5s (2000 times
averaged). The Allan variance plot (figure 8) indicates a sen-
sitivity of 0.12 ugm™2 (concentration unit per integrated path
length, which equals 13.4ppt-m), i.e. 0.12ugm™ for a 1m
path length with an average time of 60s. The variance min-
imum occurs at an integration time of 15.6min, reaching an
optimum sensitivity of 0.03 ugm™2, where the white noise
becomes dominated by additional drift noise.

The linearity performance of the system is also evaluated.
Figure 9 shows a scatter plot of the measured sample cell
lengths versus the calculated pathlength-integrated concentra-
tions with the cell length in the range of 1-10mm. A 3.00 mm
mercury cell is used as the reference cell. High linearity (R?
= 0.998) in the low absorption region (cell length from 1 to
4mm) can be observed, indicating a linear dynamic range
of 0 ~ 60ugm™2. In the high absorption region, the system
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response is nonlinear, and thus a further calibration process is
required to obtain accurate measurement results.

In order to evaluate the feasibility of the system for contin-
uous monitoring of industrial mercury emissions, the mercury
vapor volatilization process is monitored. A sample cell with
a thickness of 10.1 mm is used. The sample cell, as depicted
in figure 10, has a cold finger with a mercury drop, as well
as an outlet for exhaling. The experiment is carried out by
switching off the down switch (so that the liquid mercury is
isolated from the gas cell), pumping out all the gases, filling
the cell with clean air, and then closing the upper switch and
opening the down switch. The reference cell is under room
temperature (~20°C), and the cold finger is cooled and sta-
bilized to 4 and 7 °C respectively by dipping it into a groove
attached to a Thermoelectric Cooler (TEC). The concentra-
tions are 3.50 ugm=> for 4°C, and 4.59 ugm™ for 7°C. Heat
produced by the TEC is removed by a water circulation
system, and continuous measurements are carried out. The
measurement results of the volatilizing process are shown in
figure 11. As expected, the mercury concentration increases
faster at the beginning, and then slows down to a balanced
level. The sudden jump in the first few seconds is caused by
the quick diffusion of the mercury vapor stored below the
switch, after which the concentration expands by vaporization
of the mercury drop. Some interesting phenomena have also
been observed: the higher the temperature is set, the quicker
the mercury becomes volatile, and also the longer time it takes
for the vapor to saturate, which may help to further understand
the process of mercury volatilization.

5. Conclusions

A continuous monitoring system of elemental mercury by
using low-cost multimode DLs has been demonstrated. An
algorithm based on SNV, peak searching and the derivative
method is developed to automatically locate the absorption
signal and extract the absorption spectrum. To retrieve the
sample concentration, a multiple-linear-regression approach
is employed. With an average time of 60, a typical sensitivity

of 0.12 ugm~? is achieved. The coefficient of linear regression
R? = 0.998 indicates a good linearity between the retrieved
pathlength-integrated concentrations and the cell lengths
under low absorption conditions. The present system is prom-
ising for on-site monitoring of mercury in industrial fields.
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