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In this paper we introduce, for the first time, a portable on-board Surface Enhanced Raman Spectroscopy (SERS) Sensor
System on an Artic sea-trial, applying a 671 nm microsystem laser diode. During a three-week cruise on the James Clark
Ross (JCR) research vessel in August 2011, the measurements of Arctic water column and sediments were taken around
78 N and 10 E. Raman and SERS spectra of Arctic surface and sediment water are presented as well as the results of
short-time and long-time substrate stability tests. Spiking experiments with PAHs (anthracene, fluorenthene and pyrene) in
different concentrations were also carried out.

INTRODUCTION
The International Panel on Climate Change (IPCC, 2007) has
identified the Arctic as the area of the planet most affected by
climatic changes. Barrie et al. (1992), Hallanger (2010), Sapota
et al. (2009) and other studies show that the Arctic is home to
several toxic organic pollutants.
Polycyclic aromatic hydrocarbons (PAHs) are dangerous environmental pollutants formed during incomplete combustion of
coal, oil and gas (Lohmann et al., 2009). PAHs are dissolved in
seawater with low concentrations in the range of nM or less and
their concentration profiles are changing temporally and spatially
(Witt, 2002). These pollutants were found in the Arctic area in
2005 (sampling date), in surface sediments from lakes (2 ÌM)
and Fjords (180 nM) around the Spitsbergen area (Sapota et al.,
2009).
Most pollutants around Svalbard come as atmospheric deposits
from the local mining industries and coal-fired power stations in
the Isefjord (Rose et al., 2004). The pollutants are transferred
to the Arctic through the atmosphere, ocean currents, and rivers
(Barrie et al., 1992; Fellin et al., 1996). The atmospheric transportation of pollutants mostly comes from industrially developed
countries in Europe and North America (Pacyna and Ottar, 1985;
Barrie, 1986; Beine et al., 1996; Burkow and Kallenborn, 2000).
Typical chemical methods for water/sediment analysis are complex and time consuming. The aim of our group is to develop a
fast-response, in-situ sensor, for easy handling and rapid analysis.
Several studies were made by Hester et al. (2006), Peron et al.
(2010), Breier et al. (2010) and White (2008), using Raman spectroscopic techniques for identification of different components in
the sea water. This type of vibrational spectroscopy is noninvasive and provides spectral “fingerprints” of the molecules. The
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major disadvantage, however, is that Raman scattering is very
weak. Therefore, for the detection of molecules in low concentrations, the sensitivity of this technique must be increased by
several orders of magnitude. This can be achieved by applying surface-enhanced Raman scattering developed by Fleischmann
et al. (1974).
In this paper we introduce a portable Raman (SERS) set-up
with a 671 nm microsystem laser diode tested in real field conditions. The main delivery of our project is to carry out pilotstudies of the Raman sensor in “extreme” real-field conditions
as an intermediate step between the construction of a sea-going
instrument and laboratory experiments. For this purpose, surface
water and sediment samples were examined in twenty locations
in three weeks (August 2nd–21st, 2011), in the area of 78 N and
10 E onboard the James Clark Ross research vessel.
All water samples were analyzed with Ag,DMCX:MTEOS substrate (Kwon et al., 2011a; Kwon et al., 2011b).

MATERIALS AND METHODS
Preparation of SERS Substrate
To prepare Ag,DMCX:MTEOS, substrate quartz slides with a
thickness of 1 mm and diameter of 10 mm are cleaned using
piranha solution, which is heated at 70 C for 30 minutes, rinsed
with methanol several times and stored in methanol until use. To
prepare the sol-gel film embedding, the silver colloid functionalized with DMCX, 17.4 mg of silver nitrate are dissolved in 60 Ìl
of pH 0.6 H2 O. The pH value is controlled by HNO3 . To this
solution, 149 Ìl of ethanol, containing DMCX with a concentration of 1 mM and 163 Ìl of methyltriethoxy-silane (MTEOS),
are added to form the sol solution. The mixture is stirred with
a stir bar and after 5 minutes every quartz section is spin-coated
with this solution at 3000 rpm for 10 seconds. The substrates are
heated for 17 hours at 70 C. After that, silver nitrate in the solgel film is thermally reduced by heating to 230 C for 2 hours,
forming the silver colloid functionalized with DMCX in MTEOS
derived sol-gel film (Kwon et al., 2011a; Kwon et al., 2011b).
Before measurement, the prepared SERS substrates are stored in
distilled water. For every measurement, a new substrate is used,
unless for stability tests.
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Fig. 1 Portable Raman (SERS) set-up for field experiments:
(1) 671 nm microsystem laser diode, (2) laser driver, (3) optode
housing, (4) mirrors, (5) bandpass filter, (6) lens, (7) quartz glass
window, (8) flow cell with sample, (9) peristaltic pump, (10) sea
water sample, (11) waste water, (12) and (13) Raman edge filters,
(14) lens, (15) optical fiber, (16) mini spectrometer with CCD
camera, (17) netbook, (18) sensor housing.
Portable Raman (SERS) Set-Up
The portable Raman (SERS) sensor device, which was used for
the sea water investigations, is schematically shown in Fig. 1. A
671 nm laser diode (1) as excitation light source (Maiwald et al.,
2009) is controlled by a laser driver (2). This is used to set the
injection current (275 mA) and the temperature (25 C), in order
to achieve a laser power of around 20 mW. Note that we apply a
671 nm Raman laser diode instead of the more common 785 nm
laser, since the quantum efficiency in this spectral region of CCDdetectors is much better. The collimated 671 nm laser radiation
passes inside the Raman optical bench (3), which has a diameter
of 25 mm and a length of 180 mm. The excitation beam is then
guided by two mirrors (4) and a bandpass filter (5) to a lens (6)
with a focal length of 10 mm, which serves to focus the light
through a quartz glass window (7) onto the water sample in the
flow-through cell (8). The water flow is controlled by a peristaltic
pump (9) to hold a constant flow with a speed rate of 0.05 ml/s.
The sample is placed in laboratory flasks (10) and, after recording
the spectra, it is utilized as waste (11).
The backscattered radiation from the sample is collected by the
same lens (6) and filtered by Raman edge filters (12) and (13),
which are blocking the Rayleigh scattered radiation as well as the
anti-Stokes scattering. Then the Raman Stokes signal is launched
by a lens (14) with a focal length of 16 mm into a 100 Ìm optical
fiber (15) and transferred to the detection unit. A custom-designed
miniature spectrometer (Horiba Scientific) (16) with a dimension
of 200 × 190 × 70 mm and a resolution of 8 cm−1 is connected
by a standard SMA connector. The Raman spectra are detected
using a CCD camera (S7031-1006, Hamamatsu) with 1024 × 58
pixel cooled thermoelectrically down to −8 C. The spectra are
recorded using a netbook (17) running Versaspec software from
Horiba Scientific. Two hard anodized aluminum halves, manufactured in our institute’s workshop, are sealed by O-rings to form a
robust housing (18) for the prototype device. Thus, the compartment containing optics, laser, and electronics is protected against
unfavorable environmental conditions, i.e. dust and moisture.
The bandpass filter and the Raman edge filter were purchased
from Semrock, Inc. and LOT Oriel Group, respectively. All lenses,
the quartz window, as well as the mirrors were acquired from

Fig. 2 Laser diode and optode in an aluminum housing: (1) 671 nm
microsystem diode laser, (3) optode housing, (8) flow cell with
sample, (15) optical fiber, (18) sensor housing.
Thorlabs, GmbH. The optical fiber used for the connection to the
detector, is enclosed in tubing which offers mechanical protection.
The laser power was set to 18 mW at the sample and integration
times of 0.3; 0.5; 1; 5; 10; 25; 35; and 50 s were applied, so that a
statistically representative number of ten spectra can be recorded
within 3 s–8 min.
The completely assembled handheld device has a length of
210 mm, and height of 240 mm (see Fig. 2).
Flow-Through Cell System
The flow-through cell, which is presented in Fig. 3, is made
from a quartz window and a sea water resistant aluminum alloy.
The thickness of the sample solution in the cell is 3 mm and the
effective volume is 113 Ìl (Kwon, 2012).
Sampling
A constant supply of surface sea water was insured by pumping
it onboard to the laboratory through a feed pipe. Twenty surface
and sediment water locations between 78 N and 10 E were
examined, with surface water temperatures varying from 3 to 5 C
depending on the sample.
The sediment samples were taken at a depth of 200–400 m
depending on the sample. Then it was mixed with surface sea
water (50%–50%), heated up to 20 C–40 C and filtered with standard laboratory filter paper. This sample will be called “sediment
water.”
The flow-through cell was washed with deionized milli-Q water
between the experiments (not involving PAH spiking)—also with
[milli-Q water − Methanol + Acetone mixture (50%–50%)-milli-Q
water] and pipe exchange in case of the PAH spiking tests. These

Fig. 3 Flow-through cell

International Journal of Offshore and Polar Engineering, Vol. 23, No. 3, September 2013, pp. 161–165

163

PAH spiking tests involved three types of mixings with the PAHs
(pyrene, anthracene and fluorenthene) with surface water: one by
one/two of each/all three in different concentrations starting with
0.3 nM up to their specific saturation concentrations.
All chemicals used in the experiments were purchased from
Sigma Aldrich Company.

RESULTS AND DISCUSSION
Numerous measurements in different locations were carried out
for surface water and sediment water. Figure 4 shows a typical Raman and SERS spectra. At first glance it is obvious that
SERS is necessary to increase the sensitivity of the measurements.
Figure 4d represents conventional Raman spectra of artificial sea
water, surface sea water and sediment water with an integration
time of 50 s. Although the integration time is high, it is difficult
to observe any clear peaks, except the quartz Raman band coming from quartz window in the optode and substrate at 480 cm−1 .
Much better results can be obtained from the SERS spectra
(Figs. 4a, 4b, 4c). The “blank” spectrum was taken for every set
of measurements. In this case, the “blank” is a milli-Q water sample (Fig. 4a) with an integration time of 25 s. Real surface water
(Fig. 4b) and sediment water (Fig. 4c) samples were taken with
integration times of 10 s. All Raman bands marked with a star are
originated by the substrate, i.e. from the sol-gel or DMCX (Kwon,
2012). The Raman band at 999 cm−1 may correspond to the
1 -stretching mode of the salt ions in the sea water. Although this
signal usually appears in smaller wavenumbers due to quantum
mechanical reasons and specifications of the substrate, the shift of
the Raman bands can be expected to be as much as 20 wavenumbers (Pfannkuche et al., 2012). Raman band location at 999 cm−1
can also refer to biphenyl in surface water (Bich Ha, 2004). The
result of most interest is the Raman band at 1228 cm−1 , which is
clearly observed in the spectrum from the surface water sample
(Fig. 4b). Taking into account that the Ag,DMCX:MTEOS substrate is especially selective for PAHs, this peak could correspond
to hydrocarbons: pyrene (1238 cm−1 5, fluorene (1234 cm−1 5,
dibenz(a;h)anthracene (1220 cm−1 5, benzo(a)pyrene (1236 cm−1 5,
etc.—see also our measurements in the Baltic Sea (Pfannkuche

Fig. 4 Raman/SERS spectra of sea water samples: (a) SERS
milli-Q water 25 s, (b) SERS surface water 10 s, (c) SERS
sediment water 10 s, (d) conventional Raman spectra of artificial sea water (blue), surface sea water (red) and sediment
water (green) 50 s. Surface sea water location = 78 33.4527 N
and 10 03.9969 E. Sediment sample location = 78 61773 N
and 9 42273 E. Depth = 30707 m. Laser power at the
sample = 18 mW. All SERS spectra are made with the same
Ag,DMCX:MTEOS substrate - averaged from 10 spectra.

Fig. 5 Ag,DMCX:MTEOS substrates short time stability test:
(a) SERS sediment water 1st hour, (b) SERS sediment water
10th h, (c) SERS sediment water 22nd h. Sediment location =
78 55.899 N and 9 53.483 E. Depth = 339061 m. Integration
time = 25 s, laser power = 18 mW at the sample. The same substrate and sample averaged from 10 spectra.

et al., 2012). Disturbing fluorescence was not observed in the Arctic water.
For the short-time stability test of the substrates, we inserted
one SERS-substrate in the flow cell and carried out measurements
up to 22 h after exposing it in the sea water. As we can see from
Fig. 5, the main sensitivity loss of the Ag,DMCX:MTEOS substrate is during the first 10 h of measurements. After this time
the sensitivity remains constant. The first spectrum (Fig. 5a) was
recorded in the 1st hour of the experiment and shows the highest
sensitivity. The second measurement (Fig. 5b) was done after 10 h
and one can observe the main drop of sensitivity. The third spectrum (Fig. 5c) was taken after 22 h and shows, within the limits
of accuracy, the same sensitivity as the 10 h curve. An important fact to note is that the intensity of the Raman bands does
not drop. This means that data can still be obtained after 10 h
of measurements; however, the overall intensity of the spectrum
decreases. This can happen due to silver nano-particle degradation in the top layer of the substrate, which may be a result of the
reaction between silver and sodium chloride from seawater.
Additionally, if we are talking about substrate stability, we have
to note that it differs according to its conditions of storage. As we
can see from Fig. 6 in the long-time stability test, the difference in
stability drops dramatically, due to storing the substrate for 7 days
in real sea water compared to fresh water. Spectrum (Fig. 6a) is
taken on the first day of measurement and (Fig. 6a1 5 at day seven
when the substrate was stored in real sea water. Spectrum (Fig. 6b)
is taken on the first day of measurement and (Fig. 6b1 5 on the
seventh day when the substrate was stored in fresh water. As we
can see, the sensitivity of the substrate remains almost unchanged
with exposure to fresh water.
One task of the experiments was to test the Raman (SERS)
optical sensor for a rapid identification of PAHs under harsh field
conditions (e.g., low and high frequency vibrations on board a
ship). Thus, artificial spiking of real sea water with two PAHs,
anthracene and pyrene, was carried out by mixing the PAHs with
real sea water in different concentrations. Typical spectra are
presented in Fig. 7. Milli-Q water serves as “blank” spectrum
(Fig. 7d) and the three following (Figs. 7a, 7b, 7c) are obtained
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Fig. 6 (a) Ag,DMCX:MTEOS substrates long range stability test,
(b) surface sea water – day 1: different substrates, (a1 5 surface
sea water after storing the substrate in real sea water for 7 days,
(b1 5 milli-Q water for 7 days. Location of the samples (a; b):
78 33.9485 N and 009 34.0791 E, location of the samples (a1 ;
b1 5: 78 33.6399 N and 009 59.1944 E. Integration time = 25 s,
laser power = 18 mW at the sample. Averaged from 10 spectra.
from the spiked pollutions in decreasing order. As expected, we
can observe the Raman bands at the significant positions.
The Raman band at 1384 cm−1 corresponds to both anthracene
and pyrene, i.e. the convolution is detected. Therefore, it is possible to get an optically resolved peak down to the concentrations of 0.3 nM for anthracene and 0.25 nM for pyrene. The
Raman band at 1237 cm−1 corresponds exactly to pyrene. Kwon
et al. (2011b) stated 1239 cm−1 for pyrene in solid phase and

Fig. 8 Anthracene, fluorenthene and pyrene mixture in real surface water: (a) anthracene (150 nM) – fluorenthene (600 nM) –
pyrene (400 nM), (b) anthracene (7.5 nM) – fluorenthene (8 nM)
– pyrene (8 nM), (c) anthracene (0.3 nM) – fluorenthene (1 nM)
– pyrene (0.25 nM), (d) milli-Q water as blank sample. Real
water location: 78 38.2371 N and 009 18.1350 E. All spectra
were done with the same substrate. Integration time = 25 s, laser
power = 18 mW at the sample. Averaged from 10 spectra.

1234 cm−1 for pyrene in artificial sea-water, detected also with an
Ag,DMCX:MTEOS SERS substrate. At the lowest concentration
the signal is very weak (Fig. 7c). The band at 759 cm−1 corresponds to anthracene (752 cm−1 5. Also in this case, the signal is
very weak at the lowest concentration. Further experiments were
carried out by mixing all three pollutants: fluorenthene, pyrene
and anthracene with real surface sea water.
In the case of mixing three pollutants, starting from their saturation (Fig. 8a) and down to “medium” (Fig. 8b) and “low”
(Fig. 8c) concentrations, the significant fluorenthene peak appears
at 1436 cm−1 ; the pyrene peak at 1212 cm−1 and the anthracene
peak at 752 cm−1 . Please note that the anthracene peak in Fig. 8a
is in saturation, i.e. the real peak height will be imaginary, prolonged between both side lines. Milli-Q water was examined as
“blank” spectrum (Fig. 8d).

CONCLUSIONS

Fig. 7 Anthracene and pyrene mixture in real surface water:
(a) anthracene (150 nM) - pyrene (400 nM), (b) anthracene
(7.5 nM) – pyrene (8 nM), (c) anthracene (0.3 nM) – pyrene
(0.25 nM), (d) milli-Q water as blank sample. Real water from
location 78 38.2371 N and 009 18.1350 E. All spectra were done
with the same substrate. Integration time = 25 s, laser power =
18 mW at the sample. Averaged from 10 spectra.

For the first time, an on-board Raman (SERS) system was
tested in the Arctic area (location 78 N and 10 E) during a threeweek cruise. Raman and SERS spectra of Arctic surface water and
sediment, obtained in typically 25 s, are presented as well as the
results of short-time and long-time stability tests. Spiking experiments with PAHs (anthracene, fluorenthene and pyrene) were also
carried out down to a detection limit of 0.3 nM. This was an
important step toward an in-situ sea-going Raman (SERS) instrument construction, which can be further improved by applying
lasers able to measure with two wavelengths, e.g., shifted excitation difference Raman spectroscopy (SERDS).
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