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Optical Characterization of the Interaction of Mercury
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Abstract: We have demonstrated that the surface plasmon resonance (SPR) wavelength of gold
nanoparticles suspended in solution can be modified by exposure to elemental mercury at sub parts per
million (ppm) concentrations in nitrogen. Ultraviolet-visible (UV-vis) absorption spectroscopy was
used to monitor the wavelength and maximum absorbance of the colloidal solution during and after the
exposure process. Transmission electron microscopy (TEM) images revealed modifications to the
morphology of the particles (size, shape, and extent of aggregation). The results show that the SPR
wavelength is blue-shifted and the absorbance is increased with exposure time. After the exposure, the
spectra were observed to relax toward their original position suggesting that the detection medium is
regenerative. Copyright © 2007 IFSA.

Keywords: Mercury, Gold, Nanoparticle, Surface plasmon resonance

1. Introduction

The detection and quantification of mercury are important in many applications including
environmental monitoring, waste management, developmental biology, and clinical toxicology.
Because of its persistent, bioaccumulative, and toxic (PBT) nature, mercury contamination has
emerged as a global concern. Elemental mercury, given its high vapor pressure (1.6 ppm on a mass
basis at standard temperature and pressure, [la]), high diffusivity in air (0.135 + 0.003 cm?/s, [2]),
low water solubility (50 ppb on a mass basis at STP, [3]), and relative stability is difficult to capture,
can be transported long distances, and has an atmospheric residence time of between 1-2 years.
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Gaseous (elemental) mercury is the dominant atmospheric species [4, 5]. It is removed from the
atmosphere by dry deposition onto surfaces or by wet deposition after oxidation to water-soluble
monovalent or divalent mercury. Divalent mercury is more stable and thus more common in the
atmosphere, and is typically the primary component in oxic, suboxic, and anoxic aqueous
environments [6]. It can be associated with inorganic molecules including chlorine, sulfur, and
hydroxyl ions, and organic molecules giving rise to monomethylmercury and dimethylmercury, both
of which are highly toxic and can bioaccumulate by up to a factor of 10° in the aquatic food chain [7].
Monomethylmercury is the most significant species in terms of adverse biological effects but typically
only represents a small fraction of the total mercury in any medium. However, given that all species of
mercury can be converted to the monomethyl compound, a quantitative understanding of the
environmental fate of the species is critical to controlling, regulating, and assessing the ecological risk
of mercury contamination. In particular, the control and regulation of gaseous or elemental mercury is
of fundamental importance. The primary source of elemental mercury is anthropogenic emissions from
coal-fired power plants and waste incineration facilities [8]. Recently, new regulation aimed at
minimizing the human health effects and environmental hazards caused by mercury pollution has
necessitated the need for sensitive, reliable, portable, and inexpensive mercury detectors [9].

Commercial mercury analyzers are primarily based on atomic absorption spectroscopy, atomic
fluorescence spectroscopy, or inductively coupled plasma mass spectrometry. These techniques, while
sensitive, generally lack portability, are expensive, and often require analyte preconcentration onto the
surface of a noble metal. In principle, colorimetric methods have the potential to satisfy the
requirements for a simple, real-time, portable continuous mercury emissions analyzer but given that
most conventional molecular dyes exhibit relatively low extinction coefficients, the challenge is to
identify appropriate binding leuco dyes capable of yielding sufficiently intense absorbing metal/dye
complexes [10]. An alternative is to use nonmolecular chromophores such as free-electron metal
nanoparticles that display visible extinction coefficients up to several orders of magnitude higher, e.g.:
gold, silver, and copper.

In this paper, we demonstrate the potential for a sensitive, reliable, portable, inexpensive elemental
mercury detector that takes advantage of the visible surface plasmon resonance (SPR) wavelength of
gold nanoparticles. We first hypothesized that the SPR phenomenon can be used as an analytical tool
to detect and quantify the concentration of elemental mercury adsorbed and/or absorbed to gold
nanoparticles suspended in solution. Aqueous suspensions of the gold particles display an intense
plasmon absorption band centered at approximately 520 nm that renders the colloidal solution ruby-red
in color. Gold nanoparticles were chosen for a number of reasons. First, as is well known in the mining
industry, mercury has a high affinity for gold and will readily form an amalgam [11]. Second, gold
nanoparticles display a surface plasmon resonance (SPR) band in the visible region at about 520 nm.
The exact location of the SPR wavelength is a complex function of particle morphology, the
surrounding medium, and any adsorbent species present [12, 13]. By maintaining a constant particle
size and shape, and stable surrounding medium, the degree to which a particular adsorbent, for
example elemental mercury, is adsorbed by the particles can be directly related to the change in the
SPR wavelength. A further advantage of using gold nanoparticles is their very high surface area to
volume ratio which minimizes the amount of material required and maximizes the sensitivity.

2. Material and Methods

Colloidal gold was procured from British Biocell International (BBI), product code EM.GC5. The
particle diameter was 5 nm with coefficient of variation < 15% (0.75 nm) and particle roundness
greater than 95%. The particle concentration was calculated to be 5 x 10" particles per ml with a
molar absorptivity of 2058 M cm™ at the SPR peak. The solution was stored in a transparent,
polyethylene terephthalate (PETE) container at room temperature and remained stable for the duration
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of the experiment. Elemental mercury (99.9999% electronic grade from Aldrich Chem. Co.) was used
as the source of mercury vapor.

The experimental apparatus is shown in Fig. 1. A bead (1 gram) of elemental mercury was indirectly
submerged into a temperature controlled water bath and its vapor pressure controlled by setting the
temperature of the bath. The mercury vapor was entrained in a nitrogen (99.999% from Airgas) carrier
stream flowing at 140 cubic centimeters per minute (ccm) and was assumed to be in a state of
equilibrium. The mercury vapor was exposed to the gold nanoparticles by bubbling the carrier stream
through a series of three 4 ml UV-vis cuvettes with a 1 cm path length. Each cuvette contained 3.2 ml
of the colloidal gold solution.

'* Nitra gen

Elemental
the Tty

Fig. 1. The experimental apparatus consisting of three cuvettes, a water bath to control the temperature, and a
bead of elemental mercury. The carrier stream was permitted to escape from the system after the last cuvette
(i.e. #3, the left most cuvette).

The experimental apparatus enabled us to relate the sensitivity of changes in the SPR wavelength to
the amount of mercury bubbled through the system, and to quantify the capture efficiency (defined as
the ratio of the number of mercury atoms captured by the colloidal solution to the total number of
atoms bubbled through the solution).

3. Characterization

A Perkin Elmer Lambda 2 UV-vis spectrometer was used to record the absorption spectra of the
colloidal solutions during and after the exposure. Standard 1 x 1 x 4 cm’ high density polyethylene
(HDPE) UV-vis cuvettes were used and the background was set to pure (18.2 MQ.cm) ambient
temperature distilled water from a Millipore Milli-Q® ultrapure water purification system connected in
series with a Barnstead Fi-Stream® type II distillation glass still. A FEI model Technai 12 TEM was
used to image the particles. The TEM samples were prepared on carbon coated 200 square-mesh TEM
grids (from SPI Supplies) by allowing a drop of the colloidal solution to dry by evaporation from the
grid surface.

4. Results and Discussion

The samples were characterized by UV-vis absorption spectroscopy and TEM imaging. Fig. 2(a)
shows the UV-vis spectrum of the colloidal solution, as received. A TEM image of the particles is
shown in Fig. 2(b). The broad absorption band centered at 519 nm (2.4 eV) is a result of the collective
oscillation of free conduction electrons in response to an electromagnetic field [13-16]. The position
and width of the band depends on several factors including single particle properties (e.g. surface
functionality, adsorbate effects, electron density, etc.), the refractive index and viscosity of the
surrounding medium, particle concentration or average distance between neighboring particles, and
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temperature [12,13]. Provided these variables are known, the position of the resonance band maximum
can be used to assess colloidal concentration and particle size in solution [17].

0.9 -
F'::-_'r L
” -t '|: “. 2 .# L]
< «— SPR peak at !
o 0.6 - (519 nm, 0.66 A) . M :“-, ~
= A ey ¥ - i
[a~] nl . i . 5 L |
° S o % 3
£ e
2 037 b *
oo SO
0.0 \ | RICRTE
400 330 700 2 100 nm . a L ™~ iﬁ
Wavelength [nm] s ok .
(a) (b)

Fig. 2. (a) UV-vis absorption spectrum of the colloidal gold solution illustrating the SPR peak at 519 nm. The
absorbance at the SPR peak is 0.66 A. (b) TEM image of the colloidal particles — the scale bar reads 100 nm.

4.1. The Surface Plasmon Resonance Phenomenon

The SPR effect was first described quantitatively by classical electrodynamic (Mie) theory, based on
bulk optical properties, by solving Maxwell’s equations with appropriate boundary conditions for
small (< 100 nm) spherical particles [18]. For nanoparticles that are small compared to the wavelength
of the exciting electromagnetic radiation (2R << A, 2R < 25 nm for gold [15]) the quasi-static or
discrete dipole approximation can be used and the extinction (absorption plus scattering) cross section
is given by [13, 14, 19]:

4

&

32 W
o(w) =WNV,¢,,"” — ’ 5 —
c [g +23m] +&

(1
where V, is the spherical particle volume, c is the speed of light, @ is the angular frequency of the
exciting radiation, &y the dielectric constant of the surrounding medium (assumed to be frequency
independent) and & and &” are the real and imaginary parts of the complex dielectric function of the
particle material respectively. From (1), Mie theory predicts that the surface plasmon resonance band
occurs when g~ -2y (i.e., at the Frohlich frequency) provided &” is small and only weakly dependent
on the frequency. Further, (1) predicts that the position and width of the plasmon band are determined
solely by ¢” and are independent of size, except for a varying intensity due to the volume term.

In practice, however, a clear size-dependence is observed [13, 14, 20-23]. To account for these
findings, basic Mie theory has evolved to include the fundamental assumption that the dielectric
function of the nanoparticle material is size dependent (i.e. the intrinsic size-effect). The need to
introduce this size-dependence has been proposed to occur for free-electron metal particles when their
size becomes smaller than the electronic mean free path in the bulk metal, approximately 20 nm for
gold [13]. Using (1) and the bulk optical properties of gold [1b], the UV-vis spectrum of five
differently sized colloidal gold particles suspended in water was calculated. The spectra, normalized to
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one at the SPR wavelength, are shown in Fig. 3(a). For reasons not fully justified (see [22], p. 162),
only the imaginary component of the particle dielectric function was adjusted for size (following the
method of Hovel et al. [24]). The result is a 1/R dependence of the plasmon bandwidth on particle size,
in agreement with experimental results, and a fixed SPR wavelength.

For larger particles, the extinction cross section is also size dependent and is accurately described by
the full Mie equation. The size-dependence is a result of changes to the real part of the dielectric
component of the particle material. In general, & is an increasing function of frequency; when the
particle size is increased the absorption maximum is red-shifted. This is known as the extrinsic size-
effect and is used extensively in the sizing of metal particles by optical extinction spectroscopy [22].
Shown in Fig. 3(b) are the normalized extinction cross sections of four differently sized gold
nanoparticles suspended in water. The spectra were calculated using the full Mie equation, the
numerical code in Bohren & Huffman ([16], Appendix A), and bulk optical properties. Clearly, the
plasmon bandwidth increases and the position of the SPR peak red-shifts with increasing particle size.
Below 10 nm the spectra were identical, hence the need to introduce the intrinsic size-effect.

1.2 1.2
Particle radius
10, 30, 40, 50 nm
g 0.9 1 g 0.9
ot 2
2 S
g 0.6 £ 0.6 1
2 z
38 Radius
< 03 1,2,4,8,20nm 0.3 1
00 T T T 1 0.0 T T T 1
400 500 600 700 800 400 500 600 700 800
Wavelength [nm] Wavelength [nm]
(a) (b)

Fig. 3. (a) Calculated UV-vis absorption spectra of five different sized colloidal gold particles suspended in
water using equation (1). Only the imaginary part of the dielectric function of the particle material was adjusted
for size (see Scaffardi et al. 2005). (b) Calculated UV-vis extinction spectra of four different sized colloidal gold
particles suspended in water using full Mie theory.

Bohren and Huffman [16] also considered the case of small, homogeneous spheres uniformly coated
with a mantle of different composition. The effect of the coating was to shift the Frohlich frequency.
The magnitude of the shift was determined to be a function of the real part of the dielectric function of
the sphere as well as the kind and amount of coating. For the purpose of this work, it is important to
note that the position of the SPR peak is expected to be a function of particle size and single particle
properties.

4.2 Experiment

The concentration of mercury in the carrier stream was controlled by setting the temperature of the
mercury source. Three vapor pressures were considered (a) 0.215 + 0.035 ppm, (b) 1.6 £ 0.01 ppm,
and (c) 81 = 9 ppm mercury in nitrogen corresponding to a mercury source (water bath) temperature
of 0 °C, 20 °C, and 80 °C respectively. The vapor pressures were calculated using data (section
12-131) tabulated in the CRC Handbook of Chemistry and Physics [1] and compared with previously
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reported values for consistency and accuracy [2, 6, 25]. The real UV-vis absorption spectra of the
colloidal solutions as a function of exposure time for case (b) are shown in Fig. 4. In each case, the
SPR wavelength was observed to blue-shift and the absorbance increased as the total quantity of
mercury bubbled through the system increased. Table 1 shows the magnitude of the blue-shift and the
increase in absorbance (both measured from the original surface plasmon maximum) as a function of
time. Both the shift in the wavelength and change in absorbance were significant; however given that
the molar absorptivity at a particular wavelength is constant regardless of the particle concentration
(i.e. Beer’s law), the shift in the wavelength was chosen as the most appropriate metric to quantify the
changes induced by the mercury.

After one hour of exposure, the blue-shift for cases (a), (b), and (¢) was 8 nm, 22 nm, and 34 nm
respectively. The SPR wavelength moved approximately linearly with exposure time except for case
(a) cuvette #3 and case (c) cuvette #1. In case (a), the extremely low concentration (<< 0.215 ppm) of
mercury flowing through the solution in cuvette #3 is the most probable explanation for the non-linear
response. In case (c), the alternative is likely true. The high concentration (c. 81 ppm) of mercury
flowing through cuvette #1 was such that the solution saturated at short exposure times and yielded no
further wavelength-shift. The best fit, most linear response was obtained for case (c) cuvette #1. In this
sample, the blue-shift fitted the linear regression equation 0.1327- 0.04 (where 7 is the exposure time)
with an R-square value equal to 0.99. Given that the maximum solubility of mercury in water
(16.9 ng/L at 21 °C, [26, 27]) is much greater than the actual amount of mercury bubbled through the
system, it can be inferred that it is the exterior and/or interior of the gold particles that become
saturated and not the surrounding medium. Further, Miller et al. [26] have observed that it can take on
the order of months for a water medium to become saturated with mercury even when there is
sufficient mercury to saturate the stream. Thus, provided (i) there is sufficient mercury flowing
through the system, (ii) the solution is not overwhelmed or saturated with mercury, and (iii) the
original location of the SPR maximum is known, the extent of the blue-shift can be used to quantify
the amount of mercury flowing through the system. It remains to be investigated whether a similar,
linear type of relationship holds true for other types of colloidal gold (e.g., thiocyanate, sodium
borohydride, sodium citrate, 4-dimethyl-aminopyridine DMAP, etc.).

Cuvette #1 Cuvette #2 Cuvette #3

0.9 0.9

0.6 0.6
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(=}
[=2)
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Absorbance (A)

Exposure time
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Exposure time
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Fig. 4. Case (b). UV-vis spectra of the three colloidal solutions after exposure to 1.6 ppm mercury in nitrogen as
a function of exposure time in minutes.

Considering the free-electron theory, the SPR wavelength is also proportional to the inverse square
root of the electron density N2 (see Morris [27]). Thus, an increase in electron density due to mercury
adsorption should give rise to a decrease in the SPR wavelength. Fig. 10 shows that the predicted
relationship is true provided the same conditions prescribed above are satisfied, i.e. (i) there is
sufficient mercury flowing through the system such that a linear relationship can be established (i.e.,
enough mercury to interact with the entire medium) and (ii) the solution is not saturated with mercury.
The increase in electron density due to the mercury exposure was calculated from the equation:
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N = QN , (CU] ’ @
Hg

T ax109)( M

where 7 is the exposure time in minutes, Q is the flowrate (140 cm’/min), Na is Avogadro’s number,
Chg 1s the concentration of mercury in the carrier stream expressed in ng/cm’, VHg 1s the number of
valence (conduction-band) electrons per mercury atom (i.e. two), and Myg the molar mass of mercury.
Fig. 6 shows the relationship between the increase in electron density (expressed in terms of the
exposure time in minutes) and the SPR wavelength for case (c). For cuvette #1, the solution began to
saturate after approx. 15 min. The experimental data fitted a parabolic regression curve with near
perfect accuracy (R-square value of 0.99). At lower concentrations — cuvettes #2 and #3 — the data
fitted a linear regression as predicted by (2) (R-square value of 0.99 in both cases).

Table 1. The blue-shift in nm (left) and increase in absorbance (right) as a function of exposure time each case.
Both the blue-shift and change in absorbance were calculated from the original surface plasmon resonance

maximum position.
Case | Cuvette | 15 mins 30mins 45 mins 60 mins Case | Cuvette [ 15 mins 30mins 45 mins 60 mins
#1 2.0 3.8 5.8 8.0 #1 0.007 0.002 0.052 0.072
(a) #2 1.6 2.0 3.8 4.2 . (a) #2 0.005 0.014 0.029 0.038
= #3 0.2 1.8 2.0 2.0 < #3 0.013 0.022 0.029 0.031
g #1 9.8 14.0 19.6 22.0 § #1 0.108 0.169 0.213 0.241
‘4;:‘) (b) #2 6.0 10.0 14.0 17.8 g (b) #2 0.054 0.109 0.150 0.174
g #3 3.8 7.8 9.6 12.0 g #3 0.040 0.067 0.096 0.128
= #1 16.0 26.0 32.0 34.0 ;5 #1 0.142 0.194 0.219 0.241
(c) ) 8.2 14.2 20.0 25.8 (©) # 0.723 0.784 0.819 0.822
#3 6.0 9.8 14.0 19.8 #3 0.044 0.085 0.136 0.196
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Fig. 6. Case (c): Relationship between the SPR wavelength and the increase in electron density (expressed in
terms of the exposure time in minutes). The error bars represent a 0.3 nm variation in the wavelength readings.

4.3 Detection Limit

To calculate a detection limit (DL), a number of factors were considered. First, the time needed to
respond, record, and analyze the data, and second the wavelength accuracy of the UV-vis
spectrometer. For a 2 sec response time (a function of the UV-vis spectrometer), a scan-speed of
240 nm over a 50 nm range (approximate range needed to detect a change), and an estimated analysis
time of 30 sec, the detection time is estimated to be approximately 45 sec. It is shown below that the
detection time does not place any constraints on the detection limit.

The wavelength accuracy of the UV-vis spectrometer was 0.3 nm. Shown in Fig. 7 is the relationship
between the increase in electron density and the SPR wavelength for case (a). As the concentration of
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mercury is decreased, the blue-shift, and the slope of the relationship between the SPR wavelength and
the increase in electron density also decrease (cf. with Fig. 6). Below a certain mercury concentration,
the error in the wavelength becomes significant. For case (a), cuvette #1, a linear relationship with
regression coefficient or slope equal to 0.0019 was observed and none of the error bars overlapped. For
cuvettes #2 and #3 (regression coefficient of 0.0010 and 0.0006 respectively), significant overlap
occurred. Accordingly, the wavelength accuracy of the spectrometer was insufficient to detect changes
in the SPR wavelength at such concentrations. It follows that the DL lies between the concentration of
mercury flowing through cuvettes #1 and #2. A conservative estimate is 0.215+ 0.035 ppm, i.e. the
concentration of mercury flowing through cuvette #1. By taking the relative shift in the wavelength as
a suitable metric for quantifying the amount of mercury exposed to the solution, the concentration of
mercury flowing through cuvette #2 can be calculated. After 60 minutes, the blue-shift in cuvette #2
(4.2 nm) was 52.5% that in cuvette #3 (8.0 nm). Hence, it can be inferred that the concentration of
mercury flowing through cuvette #2 was 52.5% that in cuvette #3. Stated another way, approximately
47.5% of the mercury atoms flowing through cuvette #1 were captured (i.e. adsorbed and/or absorbed)
by the gold nanoparticles in solution. Taking the average of the two concentrations yields a DL of
approximately 0.16 ppm (1.3 ng/cm’).

It is important to note that there is considerable scope to lower this DL. Commercial, high resolution
(HR) portable UV-vis spectrometers are readily available. Take for example the HR4000 Spectrometer
from Ocean Optics, Inc. This miniature (145 x 104 mm’® footprint) spectrometer utilizes a 3648
element CCD array detector (from Toshiba) and achieves an optical resolution of 0.02 nm. Such a
device has the potential to lower the DL by two orders of magnitude and thus yield ppb sensitivity.
The DL could also be lowered by increasing the path length and/or by bubbling the carrier stream
through the colloidal solutions for longer times.
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Fig. 7. Case (a): Relationship between the SPR wavelength and the increase in electron density (expressed in
terms of the exposure time in minutes). The linear regression coefficient of determination or R-square value is
0.99, 0.96, and 0.82 for cuvettes #1, #2, and #3 respectively. The error bars represent a 0.3 nm variation in the

wavelength readings and are a function of the accuracy of the UV-vis spectrometer.

The number of mercury atoms per particle was calculated to estimate (i) the surface coverage at the
onset of saturation and (i1) any size change. The number of surface atoms per gold particle was
calculated using the formula 47R*(@%/2) divided by (4/3)7R*(@’/4) where R is the particle radius (5 nm)
and a is the lattice parameter (i.e. 0.408 nm for face-centered-cubic gold). For each 5 nm particle
(approximately 3800 atoms), approximately 12% (or 470 atoms) are surface atoms. The total number
of surface atoms per cuvette was thus 7.5 x 10'°. The number of mercury atoms was calculated from
the known concentration of mercury in the nitrogen carrier stream, the carrier stream flowrate
(140 ccm), the molecular weight of mercury, Avogadro’s number, and the exposure time. For case (c),
cuvette #1, the number of mercury atoms per gold surface atom was estimated to be 28 at the onset of
saturation, assuming 48% of the mercury atoms were captured in cuvette #1. This is an exceedingly
large number of mercury atoms and is most likely an overestimation for several reasons (see below).
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After the exposure process, the spectra of the colloidal solutions were observed to relax toward their
original position (not shown). The phenomenon behind this relaxation process is not fully understood
and is currently under investigation. Two explanations are possible; (i) the mercury atoms slowly
diffuse into the interior of the gold particles thereby returning the surface of the particles to their
original state, or (i1) the mercury dissolves from the surface of the gold particles. At this time, it is not
known to what extent the mercury originally adsorbed onto the surface of the gold particles diffuses
into the interior of the grains. In a long-term (greater than 850 days) experiment to determine whether
dissolved mercury could be transported through sediment (i.e., quartz sand, granules, and pebbles) and
deposited as amalgam on gold grains. Miller et al. [26] observed that mercury first deposited on the
gold grains subsequently, for some unknown reason, dissolved from the gold. They comment that
apparently well aerated conditions, organisms (micro-biota), and bio-physiochemical parameters other
than mercury concentration are expected to have a significant effect on the precipitation and
dissolution of mercury in the system.

The physical or chemical interaction between the mercury and gold atoms is an important mechanism
in the overall process. Extensive work has been done at a macroscopic level and in many cases
classical thermodynamics and well defined surface properties are sufficient to describe and/or predict
the interaction. For example, the room-temperature surface tension of mercury (485.48 mN/m) is
greater than that of water (71.99 mN/m) but less than that of gold (approx. 1.4 mN/m) at 25 °C [1c]).
Thus, for bulk gold in water, mercury is expected to adsorb readily onto the gold surface [29, 30]. On a
macroscopic level, mercury can combine with gold to form a wide range of intermetallic compounds
ranging from AuHg, to AugHg [30]. Precisely which intermetallic, or combination of, is formed
depends on the nucleation and growth kinetics and is the subject of much debate [31]. From a nano
viewpoint, the system is inherently more complicated. First, the phase diagram for bulk Au-Hg cannot
be used; by their very nature, phase diagrams only consider systems that are in thermodynamic
equilibrium. They give no clues to the rates of reaction, render no information on the effect of point or
line defects or the phase distribution morphology, and do not account for surface energy effects at
phase boundaries and strain energy effects in transformations [31, 32]. These factors are critically
important at the nanoscale and thus the prediction of the interaction between the mercury atoms and
gold nanoparticles is a challenging task. Several notable studies have been conducted at the nanoscale
(see for example [3, 33-36]), however the majority relate to thin (80—100 nm thick) gold films as
opposed to gold nanoparticles. The corrugated, step like surface of nanoparticles and the larger number
of grain boundaries is expected to have a significant effect on the amalgamation process.

Fig. 8 shows TEM images of the gold particles before and after exposure to elemental mercury at 1.6
ppm in nitrogen for 60 mins. After exposure, the theoretical maximum number of mercury atoms per
gold surface atom was estimated to be 2.4. Allowing for losses (e.g. sorption of mercury atoms to the
surface of the tubing, dissolution of mercury into the water, etc.) the number of mercury atoms per
gold surface atom is likely to be less. The TEM images revealed no change to the size of the gold
particles suggesting that the number of mercury atoms is only a fraction of the number of surface
atoms. If 2.4 mercury atoms were adsorbed to the surface of each gold atom, the particle size would be
expected to increase by approximately 9% to 5.5 nm. It is interesting to note that before exposure, the
gold nanoparticles were randomly dispersed and there was little evidence of any particle aggregation.
After exposure however, the particles were clumped together and large aggregates or clusters up to 50-
60 nm (see Fig. 9) were formed. From Fig. 2, such clusters would be expected to yield a significant
red-shift in the SPR wavelength. However, since no such shift was observed, it is most probable that
the particles aggregated whilst the solution dried on the TEM grid. In any case, it can be concluded
that the surface properties of the particles are changed after exposure to mercury. It is this change that
is most likely responsible for the change in the optical characteristics of the colloidal solution.
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Fig. 8. TEM images of the gold particles before (left) and after (right) exposure to elemental mercury in
nitrogen at 1.6 ppm for 60 minutes (i.e., case (b), cuvette #1). After exposure, the number of mercury atoms per
gold surface atom was estimated to be 3.4.

5. Conclusions

This study provides a framework for the development of a colorimetric, nano-material based sensor for
the detection of elemental mercury. We have exposed surface radiating colloidal gold nanoparticles to
mercury at sub-ppm concentrations in air and have demonstrated that the SPR phenomenon can be
used as an analytical tool to detect and quantify the amount of mercury sorbed to the surface of the
gold particles. The evolution of the SPR wavelength both during and after the exposure process is
determined to be a surface-effect, as opposed to a size-effect, and is not well explained by classical
electrodynamic theory. The SPR wavelength and absorbance moved linearly with (i) the exposure time
and (ii) the increase in electron density, provided the mercury concentration (Cpg) was within a
specified range (DL < Cy, < saturation limit). The shift in the SPR wavelength was chosen as the most
suitable metric to detect and quantify the amount of mercury as its position is independent of particle
concentration. That is, the molar absorptivity of the colloidal solution at a particular wavelength is
independent of the number of particles in solution, assuming Beer’s law is applicable.

In addition to mercury concentration, a further constraint is the instability of the gold particles after
exposure to various contaminants. For more complicated systems, e.g. mercury in soil, the colloidal
particles aggregated almost immediately and the SPR band disappeared. To overcome this deficiency,
we are currently immobilizing different types of gold nanoparticles to transparent, organosilane
functionalized quartz (SiO,) substrates. Preliminary results are promising and set the framework for a
reliable, reusable, portable, low-cost mercury detector.
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