
180

8  BIOGEOCHEMICAL MICROSENSORS
    FOR BOUNDARY LAYER STUDIES

Michael Kühl

Niels Peter Revsbech

Interfacial processes in sediments, biofilms, and other benthic aquatic systems can be
strongly affected by the presence of hydrodynamic boundary layers.  The boundary
layer (BL) can limit mass transfer between the overlying water and the solid matrix,
thus affecting biological processes.  The BL region adjacent to reactive surfaces that
contains significant chemical gradients is known as the diffusive boundary layer (DBL).
The DBL thickness is dependent on the flow velocity, surface topography and poros-
ity of the solid matrix, and it ranges from <0.1 mm to several millimeters in thickness
(see also chapters 5, 9, 14 and 15).  As the interface is approached, mass transfer of
solutes in the DBL becomes less dependent on advective motions (turbulence) and
increasingly dependent on diffusion.  Any net solute consumption or production within
the matrix relative to the surrounding water, therefore, leads to the formation of con-
centration gradients over the DBL as well as within the matrix.  The sediment-water
interface thus can be the site of steep gradients of physicochemical variables over
distances of <0.1 mm, and methods for studying these variables near the interface
must resolve variations over very small distances without significant disturbance to
these gradients.  Noninvasive optical analysis, by direct microscopic observation, analy-
sis of water current with laser-Doppler anemometry, nuclear magnetic resonance im-
aging (Wieland, 2000) or positron emission tomography (Khalili et al., 1998) fulfills
these requirements, but most methods with high spatial resolution are based on
microsensors.

Different microsensors for environmental use, based on a wide variety of principles,
have been developed during the last couple of decades. This development seems to be
accelerating as microscale construction makes it possible to apply principles that would
not work in macroscale analogs. The latter observation is directly connected to the
fact that diffusion is a fast transport process in microscale. As most electrochemical
sensor principles rely on diffusion-dependent electrode reactions, scaling down the
active surface area and diffusion distances leads to better signal stability, faster re-
sponse, and practical independence of the microsensor signal on stirring of the exter-
nal medium.  Such measuring characteristics can normally not be realized with
macrosensors.  For electrochemical microsensors these advantageous measuring char-
acteristics occur when the characteristic sensor tip dimension (i.e., the diameter of the
sensor membrane or the diameter of the reactive surface) becomes so small that the
diffusion to and from the sensor changes from a planar to a hemispherical geometry.
It is now generally agreed on, that this happens with tip dimensions of <20 µm. An
excellent review on the principles and advantages of electrochemical microsensors
was given by Heintze (1993).

Confusion exists about the term microsensor in both analytical chemistry and aquatic
sciences, where terms such as ultramicroelectrode and nanode are also used.  Here,
we use a rather broad definition of microsensors as being any sensor that allows for
measurements with a spatial resolution of ≤0.1 mm.  In most cases, the actual spatial
resolution is equal to the tip diameter of the sensor, if the sensor does not consume so
much of the analyte that it disturbs the analyte gradient to be measured.  Sensors
allowing measurements at a millimeter scale are termed minisensors.
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Below we present a review of microsensors and microsensor-based methods for
analysis of transport and reaction processes near the sediment-water interface.  De-
tails regarding construction and data acquisition are beyond the scope of this chapter,
which focuses on a description of the microsensors now available, as well as a few
examples of the type and quality of data that can be obtained.  An excellent introduc-
tion to the practical aspects of microsensor construction is given by Thomas (1978)
and Amman (1986).  Earlier reviews offer detailed information about microsensor
construction and application to aquatic systems (Revsbech and Jørgensen, 1986; Van
den Heuvel et al., 1992; Kühl et al., 1994b; Revsbech, 1994; Klimant et al., 1997b;
Buffle and Horvai, 2000; Varney, 2000).  A recent review by Amann and Kühl (1998)
addresses the combined use of microsensors and molecular biological techniques.
Examples of microsensor data can be found in chapters 10, 14, and 15.  Tables 8.1–8.3
summarize currently available microsensors, their measuring characteristics, and key
references for construction.

8.1  Electrochemical Microsensors

All the sensors described in this review are based on either electrochemical or optical
signal detection.  For some sensors a biological reaction precedes the electrochemical
reaction, and these sensors are labeled as microbiosensors. A new microsensor for
flow and diffusivity uses an electrochemical principle, but it provides information
about a physical parameter and so will be described separately.  The remaining elec-
trochemical microsensors can be divided into (1) simple Ag/Ag+ half cells; (2) ion-
exchanger based electrodes; (3) simple cathodes or anodes with continuous, varying,
or no polarization; and (4) Clark-type gas sensors where the chemical species must
pass an ion-impermeable membrane before oxidation or reduction or, alternatively,
induction of pH changes in the internal electrolyte (i.e., the Severinghaus principle).

8.1.1  Reference Electrodes

For many applications a reference electrode must be in direct electrical contact with
the environment being analyzed.  Such reference electrodes are usually commercial
Ag/AgCl or Calomel electrodes, sometimes equipped with a double junction to mini-
mize risk of sulfide precipitation in the inner liquid junction.  There are many misun-
derstandings and misuses surrounding such reference electrodes.  First of all, many
investigators have tried to keep them as near the sensing electrode as possible and
therefore pushed them into sediments.  In this case the potential at the liquid junction
may be affected by colloidal particles in the sediment, and the potential of the overall
reference is changed (Brezinski, 1983; Yang et al., 1989).  The exact mechanism be-
hind the suspension effect is still under debate and such aneffect is not always found
in sediment studies (e.g., Cai and Reimers, 1993). Furthermore, contact with sulfide
leads to formation of metal sulfide precipitates that may clog the reference.  Thus, in
practice the most reliable results are obtained by keeping the reference in the water
phase.   For high-accuracy measurements it may be necessary to shield the reference
from water currents, as exposure to flow may lead to changes in potential.  A simple
way to lower this effect is to place folded paper towel around the tip of the reference.

8.1.2  Ag/Ag+ Half-Cell Microelectrodes

The simplest possible microsensor for environmental use consists of a small, exposed
silver surface that is coated with the silver salt of the ion to be analyzed.  The sensors
are usually made of a tapered platinum wire coated with an insulating glass.  The glass
is removed from the very tip, and silver is subsequently electroplated onto the plati-
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Table 8.1a.  Part I.  Electrochemical microsensors used in biogeochemical sys-
tems (status in 1998).  Gas-sensor types.
_____________________________________________________________________________________________
Microsensor Type Detection Principle Tip Diameter Life-Time

Gas Sensors
_______________________________________________________________________________________
O

2
, cathode type Reduction of O

2
 on Au-cathode.   1–100 µm Drift during use;

shelf life >1 year

O
2
, Clark-type Reduction of O

2
 on Au-cathode   1–100 µm Months up to  >1 year

behind silicone membrane.

H
2
, anode type Oxidation of H

2
 at Pt- or Pd- anode.   1–100 µm Days

H
2
, Clark-type Oxidation of H

2
 at  Pt- or Pd- anode   1–100 µm Days

behind silicone membrane.

N
2
O Reduction of N

2
O on Ag-cathode   1–100 µm 1 month

behind silicone membrane.

Combined N
2
O/O

2
Reduction of O

2
 and N

2
O on Au-   10–100 µm 1 week

and Ag-cathodes behind a silicone
membrane.

H
2
S Oxidation at a Pt-anode of ferro-   10–100 µm Weeks

cyanide formed by H
2
S oxidation

with ferricyanide behind a silicone
membrane.

CO
2

CO
2
-induced pH change of bicar-   10–100 µm Few days to 1 week

bonate solution behind a silicone
membrane.

Table 8.1a  Part II. (continued)
_______________________________________________________________________________________
Gas Sensors Detection Limit Interference Key References

_______________________________________________________________________________________
O

2
, cathode type 0.1 µM O

2
H

2
S, Mg2+, Ca2+ Whalen et al. (1967)

Baumgärtl and
        Lübbers (1973)

O
2
, Clark-type 0.1 µM O

2
H

2
S Revsbech

        and Ward (1983)
Revsbech (1989)

H
2
, anode type 1 µM H

2
CO

2
, CO, CH

4
Baumgärtl
        and Lübbers (1973)

H
2
, Clark-type 1 µM H

2
CO, CH

4
Witty (1991)
Ebert and Brune (1997)

N
2
O 0.1 µM N

2
O H

2
S, acetylene Revsbech et al. (1988)

Combined N
2
O/O

2
0.1 µM O

2
 / N

2
O H

2
S, acetylene Revsbech et al. (1988)

H
2
S 1 µM H

2
S SO

2
, intense ambient Jerochewski et al. (1996)

light Kühl et al. (1998)
CO

2
<5 µM CO

2
acid gases, H

2
S De Beer et al. (1997a)

Zhao and Cai (1997)
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Table 8.1b  Part I. Other types of sensors.
_______________________________________________________________________________________
Microsensor Type Detection Principle Tip Diameter Life-Time
_______________________________________________________________________________________
Ion Sensors Build-up of potential across

solid or liquid ion-exchanger
membrane

pH, glass 20–200 µm Months to 1 year

pH, solid state 3–15 µm Weeks

pH, LIX 1–20 µm <1 to a few days

NO
3
–, LIX 1–20 µm <1 to a few days

NO
2
–, LIX 1–20 µm <1 to a few days

NH
4
+, LIX 1–20 µm <1 to a few days

Ca2+, LIX 1–20 µm <1 to a few days

S2–, solid state S2- activity–dependent potential 10–100 µm A few days
of Ag+ over Ag/Ag

2
S poly-

crystalline membrane
_______________________________________________________________________________________
Voltammetric Sensors
O

2
, Total S, Fe2+, Mn2+, Fast scan voltammetry with a >100–300 µm

H
2
O

2
, I– mercury-gold amalgam electrode

_______________________________________________________________________________________
Physical Parameters

Temperature Microthermocouple wire 10-100 µm Months

Diffusivity Amperometric detection of a 20-300 µm Months
tracer gas diffusing out of a
capillary

Flow Same as the diffusivity sensor 20-50 µm Months

Table 8.1b  Part II.  (continued)
_______________________________________________________________________________________
Microsensor Type Detection Limit Interference Key References
_______________________________________________________________________________________
Ion Sensors Reviewed by Amman (1986)
pH, glass pH 1 to 14 Thomas (1978), Amman (1986)
pH, solid state pH 1 to 12 H

2
S VanHoudt et al. (1992)

pH, LIX pH 3 to 11 De Beer et al. (1997a)
NO

3
–, LIX 5 µM NO

3
– in Cl–

 
, HCO

3
–, H

2
S De Beer and Sweerts (1989)

freshwater
NO

2
–, LIX 0.1 µM NO

2
– in H

2
S De Beer et al. (1997b)

freshwater; 10 µM
NO

2

– in seawater.

NH
4
+, LIX 1 µM NH

4
+ in K+, Na+ De Beer

freshwater      and Van den Heuvel (1988)
Ca2+, LIX <0.1 µM Ca2+ in

freshwater; 10 µM
Ca2+ in seawater Amman (1986) Fluka (1997)

S2–, solid state pH dependent: 1-10 Hg+, Ag+, O
2
, Revsbech and Jørgensen (1986)

µMS
t
 in neutral to thiourea Kühl and Jørgensen (1992a)

alkalinewaters Visscher et al. (1991)
_______________________________________________________________________________________
Voltammetric Sensors Measuring principles reviewed
O

2
, Total S, Fe2+, Mn2+, salinity, pH by Heintze (1993)

H
2
O

2
, I– Brendel and Luther (1995)

Luther et al. (1998)
_______________________________________________________________________________________
Physical Parameters
Temperature 0.1–0.01 °C Omega Engineering Inc.
Diffusivity Full relevant scale Revsbech et al. (1998)
Flow 5 µm s–1– 5 cm s–1 J. Gundersen (unpublished)
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Table 8.2a  Fiber-optic microprobes and microsensors used in biogeochemical

systems (status in 1998).   Part I.  Fiber-optic microsensors.
_______________________________________________________________________________________
Type Detection Principle Tip Diameter Life Time
_______________________________________________________________________________________
Fiberoptic Monitoring the light field

at the tip of an optical fiber
Field radiance Directional light collection 5–140 µm >1 year

with tapered optical fiber
Irradiance Small cosine collector at 40–140 µm >1 year

tapered end of optical fiber
Scalar irradiance Isotropic light collection 70–200 µm >1 year

via small diffusion sphere
at tapered end of an optical
fiber

Relative pigment Combined excitation/ 10–140 µm >1 year
distribution via emission via a tapered
induced Chl a optical fiber
fluorescence
Position of water-solid Change in reflection of NIR 20–50 µm  >1 year
interface  light emitted and collected

via a tapered optical fiber
Diffusivity and  flow Detection of time-dependent 10 µm micro-injection months

change of fluorescence in- capillary and 20 µm field
jected a known distance from radiance probe 100–250
fiber tip µm from injection spot

Table 8.2a  Part II. Fiber-optic microsensors.  (continued)
_______________________________________________________________________________________
Type Detection Limit Interference Key References
_______________________________________________________________________________________
Fiberoptic Changes in refractive Reviewed in Kühl et al. (1994b)

 index at tip
Field radiance UVB–NIR <1µmol Jørgensen

photons  m–2s–1    and Des Marais (1986),
Kühl and Jørgensen (1992b,
        1994)

Irradiance VIS–NIR <1µmol Lassen and Jørgensen (1994),
photons  m–2s–1 Kühl et al. (1994a)

Scalar UVB–NIR <1µmol Lassen et al. (1992),
irradiance photons  m–2s–1 Kühl et al. (1994b, 1998),

Garcia-Pichel (1995)
Relative VIS–NIR <1µmol Schreiber et al. (1996)
pigment photons  m–2s–1

distribution
via induced Chl
a fluorescence

Position of NIR Klimant at al. (1997a)
water-solid 50 µm or better
interface spatial resolution

Diffusivity flow  velocity: De Beer and Stoodley (1996),

and  flow 3–500 µm s–1 ; De Beer (1997)
diffusivity:
time dependent
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Table 8.2b  Part I. Micro-opt(r)odes.
_______________________________________________________________________________________
Type Detection Principle Tip Diameter Life Time
_______________________________________________________________________________________
Micro-opt(r)odes Change in optical properties

of indicator dye immobilized
at the tip of a tapered optical
fiber

Temperature Temperature–dependent   20–100 µm Months
change in luminescence
lifetime

O
2

O
2
–dependent change of   20–100 µm Weeks to months

luminescence intensity or
lifetime

pH pH–dependent change in   20–100 µm Weeks to months
absorption/reflection

CO
2

Optical detection of a CO
2
–   20–100 µm A few days to 1 week

dependent pH change behind
a gas–permeable membrane

Table 8.2b  Part II. Micro-opt(r)odes. (continued)
_______________________________________________________________________________________
Type Detection Limit Interference Key References
_______________________________________________________________________________________
Micro-opt(r)odes Reviewed in Klimant

               et al. (1997b)
Temperature 0.1–0.5 °C O

2
Holst et al. (1997a)

O
2

Dependent on SO
2
, high Klimant et al. (1995,

sensor chemistry, background               1997b)
down to <0.1 µM fluorescence

pH pH 7–9.5, can be Kohls et al. (1997a)

modified by choice
of pH indicator
chemistry

CO
2

5 µM CO
2

Acid gases, H
2
S Kohls et al. (1997b)

Table 8.3  Part I. Micro-biosensors for biogeochemical systems (status in 1998).
_______________________________________________________________________________________
Microsensor Type Detection Principle Tip Diameter Life Time

_______________________________________________________________________________________
Enzyme Based Biosensors

Glucose O
2
 microsensor with immobili-   10 µm A few days

zed glucose oxidase

Whole Cell Based

Biosensors

CH
4

O
2
 microsensor with immobili-   25 µm Months

zed CH
4
–oxidizing bacteria

NO
3
– and NO

2
– N

2
O microsensor with immo-   25 µm Weeks

bilized denitrifying bacteria

Dissolved organic carbon O
2
 microsensor with immobili-   50 µm Not

(DOC) zed yeast cells    determined
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Table 8.3  Part II. Micro-biosensors for biogeochemical systems (status in 1998)

(continued).
_______________________________________________________________________________________
Microsensor Type                       Detection Limit           Interference           Key References

_______________________________________________________________________________________
Enzyme Based Biosensors

Glucose                                        1 µM                           H
2
O

2
, variables       Cronenberg et al. (1991),

                                  affecting the            Van Den Heuvel et al.
                                  enzyme activity                                    (1992)

Whole Cell Based

Biosensors

CH
4
                                              2 µM                           H

2
S, H

2
                   Damgaard and Revsbech

                                                                   (1997), Damgaard et al.
                                                                   (1998)

NO
3

– and NO
2

–                             0.1 µM                        N
2
O                    Larsen et al. (1997)

Dissolved organic carbon,           50 µM glucose           O
2                                  

         Neudörfer and Meyer-Reil

DOC                    (1997)

num.  Coating with the silver salt in question is done electrochemically.  The resulting
electrode is basically a Ag/Ag+ half cell, where the Ag+ activity, and thus the potential,
is governed by the solubility of the silver salt in the analyzed medium.  Variations in
the anion activity will affect the Ag+ activity, as the solubility product must be con-
stant; the potential of the electrode is thus a function of the anion activity.  This type of
sensor only works for a specific ion if other anions giving a less soluble silver salt are
absent or almost absent.  Chloride can thus be measured when sulfide is absent and
bromide is very low, whereas sulfide under anaerobic conditions can be measured
without interference, due to the extremely low solubility product of silver sulfide.

In an environmental context, sulfide is often considered an important variable, and
sulfide microsensors of the Ag/Ag

2
S type have therefore been used quite extensively

(Revsbech and Jørgensen, 1986; Visscher et al., 1991).  Calibration must be performed
under strictly anaerobic conditions.  Besides leading to oxidation of sulfide in the
calibration solution, oxygen can be reduced on the negatively charged electrode sur-
face, which thus depolarizes the electrode.  Log-linear calibration curves down to
micromolar concentrations, with a slope near the theoretical 29.5 mV per concentra-
tion decade at room temperature, can be obtained by use of such simple sulfide
microsensors, but calibration must start with high concentrations (>100 µM) and then
move toward lower concentrations.  A meaningful signal usually will not be obtained
if a sensor is immersed directly in a solution containing, for example, 10 µM total
dissolved sulfide.  Another complication in use of sulfide microsensors is the need for
parallel pH measurements to compensate for the change in S2– activity with changes
in pH.

The construction and use of functioning Ag/Ag
2
S electrodes can be problematic

(Kühl and Steuckart, 2000).  These problems arise from nonideal response (Revsbech
and Jørgensen, 1986), signal drift and very long response times at low sulfide levels
(Kühl and Jørgensen, 1992a), susceptibility of the polycrystaline Ag

2
S membrane to

physical damage, and mixed potentials due to coprecipitates in the membrane (see
also Jeroschewski et al., 1996; Kühl et al., 1998, and references therein).

8.1.3  Ion-Exchange-Based Microsensors

The oldest ion-exchange-based sensor (and also the best) is the glass pH electrode.
The glass in the pH-sensitive part of the electrode is selectively permeable to hydro-
gen ions, and based on the specific external activity of hydrogen ions, a potential will
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build up across the pH glass.  This potential is then read by a high-impedance voltme-
ter.  Miniaturized versions of the glass pH electrode have been known for many years
(Hinke, 1969; Thomas, 1978; Revsbech and Jørgensen, 1986), and except for increased
fragility, they are identical to macroscopic analogs in terms of accuracy of determina-
tion and lack of interferences.

Ion exchangers can also be liquid, and in constructing microsensors, such a liquid
ion exchanger (LIX) is positioned in a capillary tip.  The solvents used for construc-
tion of LIX membranes are hydrophobic, and to prevent displacement of the LIX by
water, the inner surfaces of the microsensor are rendered hydrophobic by silanization
(Amman, 1986; Thomas, 1978).  A generalized LIX-type sensor is shown in figure
8.1, which also shows how a liquid coaxial shielding can be made around the sensor.
With such a coaxial shielding, noise pickup is negligible and the signal can be read at
0.1 mV accuracy, whereas extreme variations in the signal without the shielding makes
it virtually impossible to use such sensors in a normal laboratory environment.  The
entire setup can be enclosed in a large Faraday cage, but even by doing so, reproduc-
tion of the same signal stability as with the simple coaxial shielding shown in figure
8.1 is difficult.

Liquid ion exchangers of relevance for the study of the sediment-water interface
that have been tested and are commercially available (see e.g., Fluka, 1997) include
those for H+, NH

4
+, Ca2+, NO

3
–, and NO

2
–.  LIX-type microsensors for H+ have been

used extensively for physiological purposes and are characterized by a very high se-
lectivity.  Glass pH microsensors can have lifetimes of about one year, which cannot
be matched by LIX sensors.  LIX-type sensors can, however, be made extremely small,
with tip diameters from <1–10 µm, allowing a similar spatial resolution during mea-
surements (Van Den Heuvel et al., 1992).  Glass pH electrodes can also be made quite
small (Thomas, 1978), but such small sensors are difficult to make, and they are also
characterized by much longer response times than LIX-based pH sensors.  Thus, the
usual fast responding glass pH sensors used for environmental applications (Revsbech
and Jørgensen, 1986) have a minimum pH sensing tip of about 20 µm diameter and a
length of 100 µm.

Figure 8.1  A, Schematic representation of an LIX-type microsensor.  B, Efficient coaxial shielding
of microelectrod for LIX microsensors.  (Redrawn after Jensen et al. [1993]).
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The ammonia microsensors suffer from interference from K+ ions, but they can be
used in freshwater environments with low K+ activity (De Beer and Van den Heuvel,
1988).  The detection limit in an ordinary freshwater environment is usually a few
micromolar and about 1 µM in demineralized water.  Nitrate can be measured by LIX
microsensors in freshwater (De Beer and Sweerts, 1989), but due to a pronounced
interference from HCO

3
– and Cl–, use in saline waters is not possible.  Even in fresh-

water under optimal conditions of low HCO
3
– (1 mM) and virtual absence of Cl–,

calibrations are curved below 100 µM nitrate.  Furthermore, the accuracy of depth
profiles in sediments can be adversely affected by concurrently increasing HCO

3
–

concentrations with depth (Jensen et al., 1993).  An example of nitrate profiles ob-
tained in a sediment with a LIX microsensor is shown in figure 8.2, together with
profiles of oxygen.  A diffusion-reaction model was used to calculate rates of NO

3
–

production (nitrification), consumption (denitrification) from the nitrate profiles, and
a depth profile of oxygen consumption.  Note that the values for nitrate do not reach
zero in the deepest layers, due to HCO

3
– interference, but this zero-concentration con-

dition was imposed on the model.  The performance of nitrate electrode and any other
LIX electrode does however rely heavily on the LIX properties.  In a recent compari-
son of different LIX materials for nitrate microsensors, Verschuren et al. (1999) found
several LIX compounds with better selectivity and overall performance as compared
to that used by Jensen et al. (1993).

Figure 8.2  Profiles of oxygen and nitrate in a freshwater sediment and modeled distributions
of oxygen consumption and nitrification.
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Calcium ions are frequently measured with LIX microelectrodes in physiology and
other biomedical applications.  However, due to the excellent performance of the Ca2+

LIX available, it is possible to analyze Ca2+ in both seawater and freshwater, and Ca2+

microelectrodes have been used to study Ca2+  dynamics in macroalgae (McConnaughey
and Falk, 1991) and biofilms (Hartley et al., 1996).  Furthermore, Ca2+ LIX micro-
electrodes were used to measure Ca2+ dynamics in calcifying corals (de Beer et al.,
2000) and planktonic foraminifera, and some first measurements in sediments indi-
cate that calcium microelectrodes also may be useful in studies of calcite dissolution
(Wenzhöfer, 1999).  Finally, Müller et al. (2000) demonstrate various mini-LIX elec-
trodes for fresh porewaters, including Ca2+ and CO

3
2– sensors.

Recently, an LIX microelectrode for nitrite measurement in biofilms has been de-
veloped (de Beer et al. 1997b) with good measuring characteristics in both freshwater
and seawater.  The NO

2
– microelectrode exhibits a log-linear response towards nitrite

down to 1 µM NO
2
– in freshwater and 10 µM NO

2
– in seawater.  This most recently

developed LIX microelectrode is also shielded against mechanical and hydrophobic
interactions with the biofilm matrix by coating the microsensor tip with a thin hydro-
philic proteinaceous matrix (see de Beer et al., 1997, for more details).  This hydro-
philic protective coating, which can also be used with other LIX microelectrodes,
minimizes problems described above, such as shifting calibration curves, drift, and
loss of signal by the use of LIX microelectrodes in cohesive biofilms and sediments.

Solid-state iridium/iridium oxide electrodes can be used for pH in biofilms (VanHoudt
et al., 1992), but we still do not know if sediments can be analyzed by such potentio-
metric equilibrium-based electrodes, as dissolved sulfide may present a significant
interference.

8.1.4  Simple Microsensors with Continuous or No Polarization

The first oxygen microsensors were simple cathodes, often coated with collodium or
a similar polymer to provide some chemical and physical shielding from the environ-
ment.  Microsensors constructed in this way can have sensing tips down to about 1 µm
diameter (Whalen et al., 1967; Baumgärtl and Lübbers, 1973), and they have proven
very useful for physiological applications.  The first analyses of the oxygen distribu-
tion near the sediment-water interface were also conducted using such electrodes
(Reimers, 1987).  To increase sturdiness and ease of signal amplification, minielectrodes
with diameters of 0.1–1 mm have also been made this way (Visscher et al., 1991).
However, such simple oxygen electrodes cannot be manufactured with a perfectly
linear response and are also characterized by continuous current drift.  The reason for
this non-ideal behavior is poisoning of the electrode surface by organic matter and
precipitation of carbonate minerals due to the alkaline microenvironment created by
the reduction of oxygen.  Furthermore, such cathode-type O

2
 microelectrodes, espe-

cially needle electrodes, can exhibit a significant consumption of oxygen, which leads
to disturbances of the gradients and to a high dependency of the microsensor signal on
changes in the diffusive supply of O

2
 to the sensor tip with changes in flow or diffusivity,

that is, a high stirring sensitivity.  This can lead to significant artifacts in measured O
2

profiles when measurements are taken in a velocity gradient, for example, at the sedi-
ment-water interface (Gust et al., 1987; Revsbech, 1989; see also section 8.2.4).

Redox electrodes are basically just bare platinum or gold surfaces exposed directly
to the environment.  They interact with redox couples of the environment, and the
resulting potential, E

h
, is read against a standard reference.  There is apparently no

investigation available about how small a noble metal surface can be made and still
result in reasonable redox values, but microscale redox sensors have been used for the
determination of redox potentials in the gut of termites (Ebert and Brune, 1997).  E

h
 is

not emphasized in this chapter because such values cannot be used for quantitative
calculations, and even with large redox electrodes, reproducible and meaningful read-
ings are difficult to obtain.  Furthermore, electron exchange of most redox couples is
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slow, and environmental systems are controlled by mixed potential (fixed by several
couples acting together).

Fast-scan voltammetric methods are frequently used in electrochemistry but have
had limited application to environmental analysis (e.g., Davison and Whitfield, 1977;
Davison et al., 1988).  Simple cathode/anode-type microelectrodes or Clark-type
microsensors (section 8.1.5) for single chemical species measure a current at a fixed
electrode potential.  Fast scan voltammetry, with a simple glass-coated metal micro-
electrode allows in principle the simultaneous detection of all redox species reacting
at the metal surface within the range of a potential scan.  Brendel and Luther (1995)
developed such a microelectrode system and used it for simultaneous measurements
of O

2
, H

2
O

2
, sulfide, Fe(II), and Mn(II) in the porewaters (see also Luther et al., 1998).

Their method is based on the use of a rather large mercury/gold amalgam electrode
with a diameter of >100 µm.  Reactions at such large electrodes depend on planar
rather than hemispherical diffusion (Heintze, 1993; see our introductory remarks),
and the electrodes exhibit currents in the nanoampere range, due to their high con-
sumption of analyte, which may disturb local gradients and pH (see also Buffle, 1988).
The latter will also interfere with the electrode reactions (Davison et al., 1988).
Voltammetric techniques require frequent conditioning of the microelectrode surface,
and the resulting measurements are therefore rather slow as compared to other
microsensors, that is, in the range of minutes per measuring scan.  Thus, both spatial
and temporal resolutions of present direct-voltammetric techniques are limited and
would benefit from further optimization.

There is much literature on voltammetric techniques and their applicability for en-
vironmental analysis, which we cannot address here (a review appears in Tercier and
Buffle, 1993).  Other electrode materials like mercury-plated iridium microelectrodes
seem better suited for environmental analysis (Tercier et al., 1995) as compared to
gold electrodes, which are notorious for exhibiting adsorption and memory effects,
especially in the presence of sulfide (J. Buffle and W. Davison personal communica-
tion).  Iridium microelectrodes coated with a protective gel layer have been used for
in situ measurements in natural waters and may also prove useful in sediments (Tercier
and Buffle, 1996).  The potential for porewater analysis in sediments by direct fast-
scan voltammetry with microelectrodes needs further investigation, and such data
should be critically evaluated by simultaneous analyses with other microanalytical
techniques.  Such a comparison of techniques should preferentially be performed both
in defined solutions as well as in systems with defined gradients of analytes.  Never-
theless, in situ voltammetry represents an interesting new approach for porewater
analysis, and presently, it is the only available method,in addition to high resolution
gel-sampling techniques (Davison et al., 1997), for fine-scale measurements of iron
and manganese species in sediments (e.g., Huettel et al., 1998; Luther et al., 1998)
and natural waters (Tercier-Waeber et al., 1998).

8.1.5  Gas Microsensors with Ion-Impermeable Membranes

Gas microsensors based on ion-impermeable membranes measure the partial pressure
of a gas.  To convert to molar concentrations, the temperature- and salinity-dependent
solubility of the gas must be known.  In practice, empirically determined relations for
the concentration of dissolved gases in gas-equilibrated water of a known salinity and
temperature (e.g., Garcia and Gordon, 1992) can be used for this purpose, if indepen-
dent concentration measurements of the calibration solutions, for example, by Winkler
titration for oxygen, do not exist.

The best known gas microsensor is the Clark-type (Clark et al., 1953) oxygen
microsensor (Revsbech, 1989) that measures pO

2
.  The tip of such a sensor is shown

in figure 8.3.  An Ag/AgCl reference is also immersed into the internal mildly alkaline
electrolyte, and the electrochemistry in the sensor is thus electrically insulated from
the environment by the glass casing and the gas-permeable silicone membrane.  The
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Figure 8.3  A Clark-type O2 microsensor with a 90% response time of about 0.2 s.  A, Detailed
view of the sensor tip.  B, Schematic of the measuring principle.  The top shows the reaction at
the counter electrode in the bulk electrolyte, and the bottom illustrates the reaction at the polar-
ized (–0.8V) measuring electrode in the microsensor tip.  The alkaline electrolyte (pH 10) con-
tains 0.5 M KCl in 0.5 M carbonate buffer.

guard cathode prevents diffusion of oxygen from the bulk electrolyte toward the sen-
sor tip.  These microsensors are characterized by absence of interferences, perfectly
linear calibration curves, response times (t

90
) as fast as 0.1 s, and low effects on the

signal (<1–2%) from changes in stirring or diffusivity of the external medium (see
also sections 8.1.4 and 8.2.4).  In general, a current that is measured in an electro-
chemical system that is totally electrically shielded from the environment is more
reliable than measurements with an electrode that is in direct physical and electrical
contact with the environment.

The Clark-type pO
2
 microsensor is probably the most frequently and widely used

microsensor for environmental applications, and for a wide variety of purposes, in-
cluding studies of photosynthesis and respiration in biofilms, sediments, and symbi-
otic consortia (Revsbech and Jørgensen, 1986; Revsbech, 1994; Kühl et al., 1995,
1996), O

2
 distribution in soils and rhizospheres (Christensen et al., 1994; Højberg et

al., 1994), O
2
 microdistribution in a termite gut (Brune et al., 1995), and in situ O

2
profiles in deep-sea sediments (Gundersen and Jørgensen, 1990).  An example of an
oxygen microprofile in a sediment is shown in figure 8.2.  An important result of the
use of pO

2
 microsensors has been the detailed characterization of the diffusive bound-

ary layer properties via the measurement of oxygen profiles across the sediment-wa-
ter interface (Jørgensen and Revsbech, 1985; Jørgensen and Des Marais, 1990; also
chapters 10, 14, and 15).  A significant part of our knowledge of the DBL thus comes
from the use of Clark-type microsensors.  Their functioning is well understood and
has been optimized for environmental applications over the last decade to a stage
where it is now possible to predict its measuring characteristics from the tip geometry
dimensions, temperature, salinity, and O

2
 concentration (Gundersen et al., 1998).

A similar sensor as the one shown in figure 8.3 can be used for analysis of nitrous
oxide, if the gold tip is substituted with a silver tip and the electrolyte is made very
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alkaline (pH > 13).  The best catalytic activity with respect to N
2
O reduction occurs

when the electrolyte is a pure NaOH solution.  When using an electrolyte without
chloride, a small exposed metal surface of the guard is needed to prevent an excessive
current intensity in the guard electrode circuit.  The pN

2
O microsensors can be equipped

with a gold cathode in front of the silver cathode so that oxygen interference is avoided.
The procedure for constructing such combined sensors was described by Revsbech et
al. (1988).  Simple pN

2
O sensors constructed with only a guard and a silver cathode

for N2O detection are now used as sensing elements in nitrate biosensors (see section
8.3.3).

By substitution of the gold tip with a platinized (i.e., electrolytically coated with
colloidal platinum) tip and acidification of the electrolyte, the sensor shown in figure
8.3 can be employed as a hydrogen sensor when a positive potential is applied to the
platinum tip.  The hydrogen sensors are usually operated without a guard.  While the
pH

2
 microsensor has proven useful for studies in special environments like root nod-

ules (Witty, 1991) and the digestive tract of termites (Ebert and Brune, 1997), the H
2

concentrations in nature are generally too low to be detected by the sensor, which has
a detection limit around 1 µM.  Hydrogen can, however, be used as a tracer in a sensor
for flow and diffusivity, and such a sensor can then use a H

2
 microsensor as an internal

sensing element (see section 8.4).
A Clark-type microsensor with platinum electrodes can be employed to analyze dis-

solved hydrogen sulfide if a ferri-cyanide solution at alkaline pH is used as the elec-
trolyte (Jerochewski et al., 1996; Kühl et al., 1998; fig. 8.4A).  Hydrogen sulfide
diffuses through the silicone membrane and is deprotonated to HS–, which is oxidized
by ferricyanide in the alkaline electrolyte.  The ferrocyanide formed by this reaction is
subsequently oxidized back to ferricyanide at a platinum measuring electrode (fig.

Figure 8.4  A Clark-type microsensor for H2S.  A, Detailed view of the sensor tip.  B, Schematic
drawing of the measuring principle.  The top shows the reaction at the counter electrode in the
bulk electrolyte, and the bottom shows the reaction at the polarized (+85 mV) measuring elec-
trode in the microsensor tip.  The alkaline electrolyte (pH 10) contains 0.05 M K3Fe(CN)6 in 0.5
M carbonate buffer (from Kühl et al., 1998).
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8.4B).  The pH
2
S microsensor can be used for analysis of low sulfide concentrations

without the need of a recent exposure to high concentrations, as needed with the simple
Ag/Ag

2
S electrodes described in section 8.1.2, and they can also be made very thin (<

10–20 µm).  The pH
2
S microsensor exhibits a linear response to dissolved H

2
S, and as

its basic design is similar to the Clark-type pO
2
 microsensor, it also has a fast response

time and low stirring sensitivity.  Used in combination with pH microsensors, the
pH

2
S microsensor has been successfully  measured microprofiles of sulfide and

anoxygenic photosynthesis in neutral to moderately alkaline sediments and biofilms
up to pH 8.5 (Pringault et al., 1999; Wieland and Külh, 2000).  Furthermore, fine-
scale sulfide measurements in acidic environments now become possible with the
new pH

2
S microsensor (Kühl et al., 1998).  This new sensor may therefore replace the

Ag/Ag
2
S microelectrode for most environmental applications.

Sensors based on pH changes in an electrolyte behind a membrane that allows acid-
base active gases to pass have been known for several decades (Severinghaus and
Bradley, 1958).  Miniature pCO

2
 sensors based on this principle were made for physi-

ological applications at an early stage (e.g., Pul et al., 1978), but a high detection limit
for CO

2
 and long response times made them unsuitable for environmental applica-

tions.  Microscale pCO
2
 sensors with sufficient sensitivity for analysis at the sedi-

ment-water interface were constructed and used by Cai and Reimers (1993).  Their
sensors suffered, however, from very long response time, which is caused by the slow
hydration of CO

2
 and therefore a slow pH change in the buffered electrolyte of the

sensor tip.
A more sensitive and considerably faster responding pCO

2
 microsensor has been

developed by De Beer et al. (1997a), who used a fast-responding pH-LIX microelec-
trode as the internal pH-sensing transducer in combination with the addition of the
enzyme carbonic anhydrase to the electrolyte.  Carbonic anhydrase catalyzes the hy-
dration of CO

2
 significantly and leads therefore to a faster response of the sensor.  The

90% response time at concentrations around 10 µM CO
2
 is, however, still in the range

of 20–60s. The detection limit is around 5 µM.  Zhao and Cai (1997) employed a
similar design concept to construct a slightly larger pCO

2
 microsensor, which pos-

sesses a longer life-expectancy (i.e., about 1 month), due to the use of a different glass
type and reference electrode.  When using this type of pCO

2
 microsensor, care should

be taken in any analysis of environments containing hydrogen sulfide, as H
2
S will

also diffuse into the sensor tip and affect the pH behind the gas-permeable membrane.

8.1.6  Instrumentation for Electrochemical Microsensors

The basic circuitry requirements for electrochemical microsensors were described by
Revsbech and Jørgensen (1986).  Suppliers of sensitive pA meters and high imped-
ance mV meters are numerous, but these systems often need special modifications for
use with microsensors. Sources of dedicated microsensor instrumentation are listed in
table 8.4.  A general warning for the recording of microsensor signals is the risk of
electrical short circuits caused by humidity.  All electrochemical microsensors used
for environmental purposes are constructed of glass, and glass surfaces will conduct
electrical currents at high air humidity.  A threshold air humidity that results in prob-
lems cannot be estimated a priori as this depends on the type and corrosion (i.e.,
hydration) of the glass surface.  To avoid any problems, the parts likely to create
problems should be enclosed in an electrode holder containing a desiccant (Revsbech
and Jørgensen, 1986).  The total current leakage in a measuring circuit should not
exceed 10–13 Å.

Alternatively, the measuring circuits can be miniaturized and mounted directly on
the microsensors via a waterproof plug (V. Meyer personal communication, Germany,
MasCom GmbH).  Such measuring systems exhibit a low signal noise and a further
reduction of the response time of the measuring circuit.  Microsensors equipped in
this way can easily be interchanged even under harsh field conditions (e.g., on board
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Table 8.4  Some commercial sources for micro (<0.1 mm) and mini (<1 mm) sensors
a

____________________________________________________________________
Company Products

____________________________________________________________________
Diamond Electrodes Inc. O

2
, pH, S2-, LIX, and other  microsensors

Fluka Chemie AG LIX materials and minisensors

Lazar Research Lab. Inc. O
2
, pH, CO

2
,and LIX minisensors

MasCom GmbH O
2
, pH, S2-, redox, and H

2
S microsensors

Microelectrodes Inc. pH, CO
2
 , LIX minisensors

Precision Measurement O
2
, temperature, conductivity minisensors

                       Engineering (PME)

Presens GmbH O
2
, pH, temperature, and other fiber-optic microsensors

UniSense Aps O
2
, pH, N

2
O, H

2
S and other electrochemical micro-

sensors; CH
4
 and NO

3

- microbiosensors; flow and

 diffusivity microsensors

World Precision Instruments (WPI) O
2
, pH, and LIX minisensors, NO microelectrodes

____________________________________________________________________
a  Most companies also supply necessary meters and accessory equipment.

ship.  Furthermore, the waterproof design allows for robust in situ shallow-water
measurements with the system mounted on platforms or operated by a SCUBA diver.
For in situ microsensor analysis of boundary layers and sediments in deeper waters,
however, sophisticated autonomous instruments, that is, benthic landers and remotely
operated vehicles that can be deployed down to >5 km depth, have been designed and
are reviewed by Tengberg et al. (1995) and in chapter 10.

In the literature, a Faraday cage is sometimes recommended for microsensor work
to minimize electrical noise.  One should remember, however, that a Faraday cage
does only work properly if it also encloses the person operating the microsensor setup.
In practice, it is our experience that an effective liquid coaxial shielding of microsensors
(see section 8.1.3 and fig. 8.1) in combination with efficient grounding of the experi-
mental setup, that is, avoiding formation of ground loops, leads to almost noise-free
sensor signals.  These relatively simple precautions are much more cost-effective than
using an expensive Faraday cage and allow for simple experimental setups with an
equal or even better performance with respect to electric noise.

8.2  Optical Microsensors

Electrochemical detection principles have a long tradition in environmental monitor-
ing and are implemented in various macro- and microsensor designs (see sections 8.1,
8.2, and 8.4).  However, as an alternative, optical sensing principles where analyte-
dependent changes in an optical indicator are monitored have become more popular
in recent years (e.g., Wolfbeis, 1991).  While most developments and applications
have come from analytical chemistry and biomedical research, such as blood gas analy-
sis, the development of environmental sensors has only begun.  Optical microsensors
are based on the use of single-strand fiberoptics that collect and direct light signals
between the sensor fiber tip and the opto-electronic measuring system (Holst et al.,
2000).  Below, we discriminate between fiber-optic microprobes that collect an inher-
ent light field variable (e.g., light intensity, spectral composition, or fluorescence)
from the tip surroundings, and fiber-optic microsensors, called micro-opt(r)odes, that
measure physicochemical variables via optical changes, for example, changes in fluo-
rescence or absorption of an indicator dye that is immobilized at a sensor tip (fig. 8.5).



BIOGEOCHEMICAL MICROSENSORS    195

Figure 8.5  Representative examples of fiber-optic microprobes and microsensors.  A, Basic
design of a fiber-optic microprobe/microsensor.  B,  A fiber-optic device for fine-scale diffusivity
and flow measurements (see text for details).  C, A simple tapered and coated optical fiber for
measuring directional radiant flux (i.e., the field radiance).  D, A scalar irradiance microprobe,
which collects the available light from all directions isotropically via a small diffusing sphere
cast at the end of a tapered fiber.  Diagram E: A fiber-optic microsensor, micro-opt(r)ode, for O

2with a fluorescent indicator dye fixed at the fiber tip.  (Partly redrawn after Kühl and Jørgensen
[1992b], Klimant et al. [1995], and De Beer [1997])

8.2.1 Field Radiance Microprobes

The first fiber-optic microprobes for aquatic systems were developed to measure
microscale spectral light distributions in sediments and biofilms.  By using a simple
tapered or untapered optical fiber, which has a well-defined directional response due
to the inherent narrow acceptance angle of such fibers, the radiant flux incident from
a small solid angle in a defined direction can be measured; this is the field radiance,
which is the most fundamental variable of benthic light fields, as illustrated in fig.
8.5A (Jørgensen and Des Marais, 1986; Kühl and Jørgensen, 1992b, 1994).  While
field radiance microprobes are ideal for studies of zonations and migrations of photo-
synthetic microorganisms (Bebout and Garcia-Pichel, 1995; Kühl et al., 1994b;
Pringault et al., 1998), their practical use for measuring light intensity available for
photosynthesis is limited.  Due to the diffuse nature of light fields in benthic environ-
ments (Kühl and Jørgensen, 1994; Kühl et al., 1994b), microorganisms experience
light incident from all directions.  Thus, estimation of the total light available for their
photosynthesis would require field radiance measurements over all directions and sub-
sequent spherical integration of the radiant fluxes in order to calculate the scalar irra-
diance; this is the total radiant flux from all directions about a point, which is the most
relevant measure of light available for photosynthesis in the strongly scattering and
absorbing sediment and biofilm matrix of cells, mineral grains, and polymers.  Such
measurements are not practical in general, and have only been done in a few detailed
studies of sediment and biofilm optics (Jørgensen and Des Marais, 1988; Kühl and
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Jørgensen, 1994; Kühl et al., 1994b).  Furthermore, the procedure involves a rela-
tively complicated mathematical treatment of the radiance data (Fukshansky-
Kazarinova et al., 1996).

8.2.2  Irradiance and Scalar Irradiance Microprobes

Microprobes for measuring light intensity in benthic environments have been devel-
oped for measuring irradiance and scalar irradiance.  Irradiance microprobes measure
the incident quantum flux from the upper or lower hemisphere on a horizontal surface
area element.  This is realized by fixing a small light scattering disk on the end of an
optical fiber (Kühl et al., 1994a; Lassen and Jørgensen, 1994) which has the proper-
ties of a microcosine collector.  Scalar irradiance microprobes integrate the quantum
flux from all directions; this is done by fixing a small light-scattering sphere at the end
of an optical fiber (Lassen et al., 1992) that collects the incident light isotropically
(fig. 8.5B).  By use of these microprobes in connection with oxygen microsensors,
detailed studies of photosynthesis regulation by light can be performed in benthic
systems (Ploug et al., 1993; Kühl et al., 1997).

8.2.3 Microprobes for Fluorescence and Surface Detection

In addition to measuring the directional radiation with field radiance microprobes,
probes in this class can also be used to monitor induced fluorescence in the surround-
ings of the tapered optical fiber or to detect the penetration of the fiber tip into a solid
matrix (e.g., the sediment-water interface).  Klimant et al. (1997a) have recently de-
veloped a simple method for detecting the sediment-water interface with a field radi-
ance microprobe.  By directing near-infrared (NIR) light from the tapered fiber to the
sediment surface and collecting the backscattered light through the same fiber, the
penetration of the fiber tip into the sediment or any other optical boundary can be
detected.  When the fiber tip approaches the sediment surface, an increased backscat-
tering is recorded, and the highest relative signal change will occur at the water-sedi-
ment interface.  By combining such a simple fiber-probe with a microsensor, autono-
mous surface detection becomes possible.  This is particularly important for in situ
applications of microsensors that are mounted on benthic landers (see chapter 10).

By directing blue excitation light out of the fiber tip, pigments such as chlorophyll
(Chl a) can be excited at the fiber tip and the induced fluorescence can be collected via
the same fiber.  This allows for high-resolution measurements of pigment distribu-
tions in sediments and biofilms.  Furthermore, such a probe also allows the use of a
more sophisticated microscale fluorescence analysis, where the redox status of photo-
system II in oxygenic phototrophs can be monitored and photochemical as well as
nonphotochemical quenching can be quantified (Schreiber et al., 1996).

Additionally, by gluing a field radiance microprobe together with a microinjection
capillary, a simple device for finescale flow and diffusivity measurements can be real-
ized (fig. 8.5D; De Beer, 1997).  After injection of a nanoliter-sized plume of a fluo-
rescent dye, the dye will move away from the injection point due to diffusion and
flow.  By monitoring the time-dependent change in dye fluorescence measured at
some distance from the injection spot with the field radiance microprobe, diffusivity
or flow velocity can be calculated (De Beer, 1997; De Beer and Stoodley, 1996; see
also chapter 15).

8.2.4  Fiber-Optic Microsensors: Micro-opt(r)odes

Optical detection of various physicochemical variables can also be accomplished by
immobilization of an optical indicator in a sensor fiber tip.  Such indicators change
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their absorption or fluorescence characteristics as a function of the variable measured
(fig. 8.5C).  While such detection principles are well known and implemented as larger
sensors (i.e., opt(r)odes; Wolfbeis, 1991), the first fiber-optic microsensors (micro-
opt(r)odes) for environmental application have only recently appeared (Klimant et al.,
1995; Holst et al., 1997a, 1997b; Kohls et al., 1997).  Most optical sensors are either
based on analyte concentration dependent quenching of the indicator fluorescence
(e.g., oxygen and temperature sensors) or on an analyte concentration-dependent change
in the absorption characteristics of the indicator chemistry (e.g., pH and CO

2
 sensors).

A common requirement for such microscale sensors is a suitable photostable sensor
chemistry immobilized in a polymer matrix that adheres well to the fiber tip and ex-
hibits a high signal intensity.  Once the sensor chemistry and matrix materials have
been properly chosen, micro-opt(r)odes are easy to manufacture, as the process in-
volves only tapering of the fiber and subsequent dip-coating in a cocktail of the sensor
chemistry and the dissolved matrix material, followed, in some cases, by a final coat-
ing of the sensor tip with an optical insulation.  Furthermore, a sensitive opto-elec-
tronic measuring system is required that directs light to and from the fiber tip via the
same sensor fiber without significant losses (see section 8.2.5).

Oxygen micro-opt(r)odes are based on the oxygen-dependent dynamic fluorescence
quenching of various ruthenium complexes, or platinum- and palladium-porphyrins
(see Klimant et al., 1997b) that are excited by blue and yellow light emiting diodes
(LEDs), respectively, and emit red light.  The indicators are immobilized in sol-gel or
polystyrene matrices that are applied as a thin layer of sensor chemistry on the fiber
tip (fig. 8.5C).  The calibration curves of micro-opt(r)odes based on fluorescence
quenching exhibit a hyperbolic shape; that is, the largest relative signal changes occur
at low oxygen concentrations (Klimant et al., 1995).  Either the fluorescence intensity
or the fluorescence lifetime can be used as the measured variable, but the latter allows
for more robust measurements independent of ambient light and photo-bleaching ef-
fects (Holst et al., 1997b).  Various sensor chemistries are available, dependent on the
dynamic range that is required (Klimant et al., 1997b).  While ruthenium-based mi-
cro-opt(r)odes exhibit sensitivities equal to electrochemical O

2
 microsensors in the

range of 0–100% O
2
, the porphyrin-based microsensors are best in the 0–100 % air

saturation range.  It is also possible to make porphyrin-based sensors that exhibit a
very high sensitivity at trace levels of oxygen, that is, <0.1% air saturation, where
electrochemical O

2
 microsensors are less useful.

In addition to simple construction and a good storage and measuring signal stabil-
ity, one of the most important characteristics of O

2 
micro-opt(r)odes is the fact that

these microsensors do not consume O
2
 and therefore exhibit no stirring sensitivity.

An illustration of the effect of stirring sensitivity on measured microprofiles is shown
in figure 8.6, where a comparison of electrochemical and fiber-optic O

2
 microsensors

was done in an artificial sediment of glass beads without any oxygen gradient present
between the glass beads and the overlying water.  While the O

2
 micro-opt(r)ode mea-

sured a constant concentration, as expected, both O
2
 microelectrodes showed a de-

crease in signal as they approached the sediment surface (see also section 8.1.4).  It is,
however, possible to construct Clark-type oxygen microsensors with less stirring sen-
sitivities than the ones used for recording the data in figure 8.6.  Due to their high
stability and easy construction, O

2
 micro-opt(r)odes are ideal for deployment on benthic

landers or other measuring platforms.  The first adaptation and test of O
2
 micro-

opt(r)odes on benthic landers were, thus, recently completed (Glud et al., 1998a,b).
During this study, the pressure dependency of the microsensors was tested, and the
results showed no need for a pressure compensation even when used in the deep sea.

A fiber-optic temperature microsensor has been developed around the principle de-
veloped for O

2
 micro-opt(r)odes (Holst et al., 1997a).  While the measuring system

and the basic sensor-chemistry remain the same, the immobilization procedure and
the design of the microsensor tip were adapted to exclude O

2
.  The fluorescence thus

depends only on the ambient temperature at the very fiber tip.  This sensor may find
application as an internal temperature sensing element for temperature compensation
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Figure 8.6  Microprofiles of apparent O2 concentration in an artificial sediment with a stirred
water phase above, as measured by a O2 micro-opt(r)ode and Clark-type O2 microelectrodes
with a high (electrode 1) and a low (electrode 2) stirring sensitivity, respectively.  There was no
real gradient of O2 present in the system. (From Klimant et al. [1995]).

of other microsensors.  Furthermore, the high spatial resolution of the temperature
micro-opt(r)ode is ideal for resolving thermal gradients in benthic environments.

A pH micro-opt(r)ode has been developed by Kohls et al. (1997a).  This sensor con-
sists of a pH-indicator matrix, fixed at the fiber tip.  The pH is evaluated by the pH-
dependent change of spectral reflectance, due to a change in the absorption properties
of the indicator, guided back from the sensor tip.  The sensor has been calibrated
successfully for marine systems in the pH range of 7–9.5.  Based on fiber-optic pH
sensing, the first fiber-optic CO

2
 microsensors were recently developed (Kohls et al.,

1997b; Holst et al., 2000) and employed in the deep-sea (Wenzhöfer, 1999).

8.2.5  Instrumentation for Fiber-Optic Microsensors

While most fiber-optic microsensors are relatively easy to construct, they require more
sophisticated opto-electronic measuring systems and high-quality optical components.
The small light-collection areas pose a need for efficient excitation and light detection
with high sensitivity.  For many years, this limited measuring systems to relatively
complicated, often microscope-based, laboratory setups with laser light sources and
large expensive light detection components (photomultiplier tubes or cooled diode
array and charge-coupled devise [CCD] cameras).  The rapid development of opto-
electronics within telecommunications and information storage technology, however,
has resulted in the availability of small, robust, and relatively inexpensive components
that are ideal for optical sensor measuring systems.  Simple sensitive spectrometers
and photomultipliers for light detection, bright LEDs for fluorescence excitation, as
well as robust optical components like fiber-optic couplers, that is, a fiber-optic analog
to beam-splitters, are now commercially available.  Consequently, relatively simple
and robust measuring systems have recently been developed for use in laboratory and
field applications or on autonomous measuring platforms sush as benthic landers.  A
fundamental design of a measuring system for fiber-optic microsensors is shown in
figure 8.7.  More detailed information on measuring systems for use with fiber-optic
microsensors can be found elsewhere (Kühl and Jørgensen, 1992b; Holst et al., 1995,
1997b; Klimant et al., 1995, 1997b; Kühl et al., 1997; Glud et al., 1998a,b).
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Figure 8.7  General scheme of a measuring system for fiber-optic microsensors.  In the case of
fluorescence measurements, a low-pass filter must be inserted in front of the excitation light
source and a high-pass filter in front of the detector.  The light source can be an LED or a broad-
band miniature xenon or halogen lamp, while the detector can be a small photomultiplier tube,
a single photodiode, an intensified diode array, or a CCD chip.  The fiber-optic coupler divides
the light input from each fiber strand equally between the opposite two fibers and thus acts as a
fiber-optic beam-splitter.  In the case of fluorescence measurements, either the intensity or the
fluorescence lifetime can be monitored by using special electronic modulation schemes of the
light source and detector.

8.3  Microbiosensors

The simplest possible biosensors are the biological oxygen demand (BOD) sensors,
made by immobilizing a layer of heterotrophic microorganisms in front of an oxygen
sensor.  Dissolved organic matter in the medium being analyzed stimulates microbial
respiration by the immobilized microorganisms, and the oxygen signal decreases.  A
microsensor based on this principle has been made by Neudörfer and Meyer-Reil
(1997) and used for a semiquantitative determination of dissolved organic matter in
sediment porewater.  Of the problems with such sensors, we should mention correc-
tion for ambient oxygen concentration, induction of enzymes for uptake and metabo-
lism of the various dissolved electron donors, and the need for oxic conditions.
Revsbech et al. (2000) offer a detailed review of microscale biosensors.

The first selective microscale biosensor to be described was a glucose microsensor
based on detection of hydrogen peroxide, produced by enzymatic oxidation of glucose
with oxygen (Cronenberg et al., 1991).  However, glucose is not a species that builds
up near the benthic boundary layer.  Recently biosensors for the two more relevant
species, nitrate and methane, have been described (Larsen et al., 1996, 1997; Damgaard
and Revsbech, 1997; Damgaard et al., 1998).  Both of these sensors are based on the
same general principle that bacteria, which transform the chemical species to be sensed,
are grown in the tip of a capillary behind a membrane permeable to that chemical
species.  As growth depends on the chemical species entering through the membrane,
growth of the bacteria is limited to an extremely small volume, typically contained
within a cylinder volume of 20 µm in diameter and 100 µm in length.  Bacterial growth
is limited by the flux through the membrane.  All other substrates for growth are sup-
plied in excess by diffusion from a large (1 mL) medium present in the shaft of the
sensor.  Due to the 105 times larger volume of this reservoir as compared to the volume
with growth, the supply from the reservoir never becomes limiting.

8.3.1  Methane Microbiosensor

Methane is the end product of anaerobic degradation in environments with limited
availability of sulfate, and a method for accurate in situ measurement of CH4 concen-
tration profiles would therefore be of great value.  A procedure based on gas sampling
through a small “membrane inlet” probe has been developed (Rothfuss and Conrad,

light sourcesilica fiber coupler

fiber-optic

microsensor

light detector

referencing
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1994; Lloyd et al., 1996), but due to the relatively large membrane area needed, these
devices are sensitive to the transport characteristics (water current or diffusivity) of
the external medium, and they have a limited spatial resolution of approximately 1
mm.  A better spatial resolution can be realized (e.g., Baumgardner et al., 1995), but
this leads to a significant drop in sensitivity.

A microscale biosensor for CH4 can be constructed by growing methane oxidizing
bacteria in a gradient of CH4 that diffuses from the medium and a gradient of O2 that
diffuses from an internal gas reservoir (fig. 8.8A).  The O2 consumption within the
sensor is dependent on the CH4 concentration in front of the silicone membrane at the
sensor tip, and this is reflected in changes in the O2 profile within the sensor (Damgaard
and Revsbech, 1997).  These changes in oxygen profile are monitored by the internal
O2 microsensor, which continuously senses the O2 concentration in front of the sili-
cone membrane that seals the internal gas reservoir.  The calibration curves obtained
by monitoring the signal from the internal O2 microsensor as a function of methane
concentration are linear at low concentrations, but some sensors exhibit nonlinear
curves at higher concentrations.

Figure 8.8  Two new microbiosensors. A, Methane microbiosensor based on methane oxida-
tion by methanotrophic bacteria growing in opposing gradients of methane diffusing in from
the exterior and oxygen diffusing from an internal reservoir.  Interference from external oxygen
is avoided by use of an oxygen guard capillary filled with heterotrophic bacteria.  (Redrawn
after Damgaard et al. [1998])  B, Nitrate microbiosensor, based on a special mutant strain of
bacteria that denitrify nitrate (and nitrite), diffusing in from the exterior, to nitrous oxide, which
is measured by an internal nitrous oxide microsensor.  (Redrawn after Larsen et al. [1997])
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Oxygen and H2S are the only environmentally relevant interfering chemical spe-
cies, but O2 interference may be avoided by an O2 scavenging system in front of the
sensor (Damgaard et al., 1998).  In the same publication, a strategy for removing the
H2S interference was also described, but yet has to be realized (Damgaard et al., 1998).
There can also be a small but significant interference from H2 (L. R. Damgaard, per-
sonal communication); however, the H2 concentrations in most sediments are so low
(<<1 µM) that the interference is irrelevant.  The difference between stagnant and
vigorously stirred water usually corresponds to about 5 µM CH4 for the microsensor
without an O2 guard, independent of CH4 concentration. Sensors with an O2 guard do
not exhibit any stirring sensitivity.  The lifetime of CH4 biosensors is several months.

8.3.2  Nitrate Microbiosensor

The transformation rates and concentrations of inorganic nitrogen compounds are key
variables in the biogeochemistry of aquatic environments, and for freshwater envi-
ronments LIX-based microsensors can be used to analyze of NO3

–, NO2
–, and NH4

+

(section 8.1.3).  In marine environments, the high concentrations of interfering ions
prevent the use of LIX-based sensors.  Alternatively, NO

3
– can be reduced to N

2
O by

use of a culture of denitrifying bacteria, and the N2O can subsequently be quantified
by an electrochemical N

2
O microsensor (see section 8.1.4).

A biosensor based on this principle was originally made with a very simple design
(Larsen et al., 1996), which was not suited for environmental analysis.  This design
has been improved to allow determination of microprofiles in sediments and biofilms
(fig. 8.8B; Larsen et al., 1997).  The detection limit is better than 0.1 µM. High oxy-
gen concentrations and low temperature both decrease the dynamic range of the sen-
sor, but they do not interfere with the linearity of the signal.  As an example of the
temperature effect, a sensor with a 20 µm tip exhibited a linear calibration in the 0–
300 µM range at 20°C, but only 0–50 µM at 4°C.  At the same time the 90% response
time to changes in NO

3
– concentration increased from 20 to 35 s.  The lifetime of NO

3
–

biosensors is at present only a few days, but work is being carried out to improve
long-term stability.  Except for H2S and nitrogen oxides (i.e., NO2

– and N2O), there are
no interfering agents. The nitrate micro-biosensors can thus be used in a wide variety
of media, oxic or anoxic, and in a temperature range of 3–40°C.

Nitrate biosensors have been used for analysis of nitrate profiles in marine sedi-
ments, lake sediments, and waste water biofilms (Schramm et al., 1996).  Continuous
on-line monitoring of water-phase NO3

– in natural environments and in waste water
treatment plants has been performed for periods of up to 10 days, and with the latest
improvements in N2O detection and tip membrane application (T. Kjær, unpublished
data) ,considerably longer lifetimes should be possible.  The latest improvements have
also removed the sulfide interference.

8.4  Microsensors for Diffusivity and Water Velocities

8.4.1  Diffusivity Microsensor

Measurements of microscale concentration gradients near the sediment-water inter-
face can be of limited value unless diffusion-reaction models can be used to extract
reaction rates and fluxes. Consequently, detailed information about the diffusive prop-
erties of the investigated media is essential. Resistivity probes (Andrews and Bennett
1981) have been employed by many investigators for this purpose.  However, resistiv-
ity probes are not ideal for analysis of the uppermost few millimeters of the sediment,
as the abrupt change in diffusive properties at the interface cannot be resolved.  A
microsensor is now available for this purpose (Revsbech et al., 1998). The microsensor
consists of a glass capillary with a silicone membrane in the tip.  The membrane is
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Figure 8.9  Microsensor for diffusivity based on hydrogen as the diffusing tracer, which is
monitored by a hydrogen microsensor (see text for more details).  The lower part of the figure
indicates the different internal gradients of H

2
 in the case of a low (L) and a high (H) diffusivity

of the external medium surrounding the sensor tip.  A similar but smaller sensor can be used to
quantify water flow over a very high dynamic range.  (Redrawn from Revsbech et al. [1998])

two to four times thicker than the inner diameter of the capillary. The lumen behind
the membrane is filled with a gas that can be sensed by some type of microsensor, and
the appropriate microsensor is contained within the capillary, with its tip inserted into
the membrane (fig. 8.9).

The bulk volume of the sensor is a source of gas that diffuses from the gas reservoir,
through the membrane, and out into the environment.  The concentration sensed by
the internal gas microsensor is governed by the relative diffusional resistance within
the membrane in comparison to the diffusional resistance in a sphere around the tip of
the sensor.  Revsbech et al. (1998) have shown that the signal, S, from the gas sensor
is described by the equation

  S = a/(φDs + b)                                                                                                        (8.1)

where φ is the porosity, Ds is the apparent diffusion coefficient, and a and b are char-
acteristic constants for a specific sensor.  The sensors to date have been based on O2 or
H2 as the diffusing gases.  The practical applicability of O2 is limited, but H2 is ac-
ceptable as a tracer in most contexts.  However, some environments may consume
hydrogen at rates that interfere with the assay.  Nitrous oxide could also be used a
tracer gas, but oxygen-insensitive N2O sensors are tedious and difficult to fabricate.

The spatial resolution of φDs measured by the new diffusivity microsensor as shown
in figure 8.9 is dependent on the tip diameter.  Sensors can easily be made with tip
diameters down to 25 µm, and such a sensor would have a spatial resolution of about
100 µm; however, most of the effect on the signal is caused by the environment within
one electrode diameter from the sensor.  Such high spatial resolutions may seem ad-
vantageous, but most environments are too heterogeneous for high-resolution analy-
sis.  The use of 100-µm-thick sensors can only be recommended in fine-grained sedi-
ments, and the sensor should always be at least twice as thick as the mean diameter of
the grains within the sediment.  The response time is about 4 min for a 100-µm-thick
sensor, and as a threefold larger diameter would result in approximately a response
time that is nine times longer, the practical applicability is limited to sensors <300
µm.  The latter fact also limits practical investigations to sediments with grains sizes
smaller or equal to fine sands.

100 µm

H2 gas H2 microsensor Silicone rubber

pH2
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8.4.2  Flow Microsensor

The sensor shown in figure 8.9 can also act to measure water flow (J. Gundersen,
personal communication).  For this purpose the tip diameter should be made much
smaller, and the membrane in the tip should be as thin as possible (i.e., 10–20 µm).
Such sensors have been calibrated and employed to analyze flow fields above solid
surfaces. Sensors with a tip diameter of about 25 µm can usually be used to quantify
flows ranging from 5 µm s–1 up to 5 cm s–1.  The 90% response time to changes in flow
regime may be as short as 0.2 s.  Detailed investigations of flow at a microscale using
the sensor principle illustrated in fig. 8.9 have not been reported to date; alternatively,
see section 8.2.3 and Chapter 15.

8.5  Physical Disturbance Caused by Sensor Insertion

Microscale analyses of chemical species have many advantages over conventional
methodologies, including high spatial resolution, rapid response, and minimal distur-
bance of the analyzed substrate.  The minimal disturbance of the analyzed substrate
does not mean, however, that no disturbance occurs.  Although microsensor tips may
be very thin, introduction of the sensor to deeper layers may lead to considerable
disturbance from the microsensor shaft, and in such a case the recording of multiple
concentration profiles should not be performed at the same location.  Furthermore,
even very slim electrodes with tip diameters of a few micrometers cause changes in
the thickness of the DBL, corresponding to an apparently higher flow rate when in-
serted from above the sediment (Glud et al., 1994; see also chapter 14).  This last
effect can be overcome by introduction of the sensor from below, so that only the tip
of the sensor enters the diffusive boundary layer, but such a procedure can only be
accomplished in some laboratory setups.  Compression of the DBL by the insertion of
microsensors from above was found to be less important in sediments and biofilms
with a heterogeneous surface topography (Lorenzen et al., 1995).  The effect on the
overall concentration profiles is most pronounced when a major part of the concentra-
tion change occurs in the DBL and when the microsensor is thick.  For example, the
analysis of a highly active biofilm from a waste water treatment plant was corrupted
by the use of a 25-µm-thick nitrate biosensor (Schramm et al., 1996), whereas the
effect will be minor by analysis of ordinary sediments with 10-µm-thick oxygen
microsensors.

8.6  Summary and Some Directions for Future Work

This chapter has reviewed the possibilities for microsensor analysis of the benthic
boundary layer and interfacial biogeochemical processes as they stood in mid-1998.
However, development of new microsensor-based techniques has accelerated during
the last few years, and this is likely to continue.  We do not expect that many new
chemical species will be added to the list of those we can detect at present, but the
existing technologies will be refined or improved by the introduction of more sensi-
tive and more reliable ones.  Fiber-optic techniques may become more prominent due
to a generally higher signal stability with optical detection, while new optical detec-
tion principles need to be devised for the analysis of ions, where optical sensing still
lags behind electrochemistry.  Furthermore, microbiosensors, based on immobilized
enzymes and whole cells, along the lines of sensing principles developed for nitrate
and methane, will become more common.

New microsensors for flow and diffusivity allow for much more detailed studies of
mass transfer phenomena in benthic environments, and we envision many interesting
applications in boundary layer research.  A better understanding of the mass transfer
phenomena in sediment and biofilms is also a prerequisite for developing better and
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more accurate diffusion-reaction models to interpret measured microprofiles and to
calculate conversion rates.

When applying microsensors in natural systems and interpreting data, it is impor-
tant to keep in mind that such measurements are point measurements in a complex
heterogeneous matrix, which can exhibit a pronounced spatial and temporal heteroge-
neity due to animal activity, for example.  While microsensor data often allow for
detailed studies of fundamental regulatory mechanisms and interactions of various
biogeochemical processes, an extrapolation of process rates to larger sediment areas
can be problematic and requires a thorough consideration of the system’s heterogene-
ity.  Often microsensor measurements are interpreted assuming a 1D diffusion geom-
etry for sediments, while the system is, in reality, 3D.  A good example of the impor-
tance of such considerations can be found in chapter 15, where microsensor measure-
ments in biofilms are discussed in terms of diffusion geometry, sample heterogeneity,
and mass transfer phenomena.

Ideally, numerous microsensor measurements should be combined with techniques
that integrate over larger areas, e.g., flux chambers, and with studies on structural
heterogeneity when quantitative questions about biogeochemical processes must be
resolved.  New microscopic and imaging techniques have become available, that al-
low 2D and 3D studies of biofilms and sediments, and the 2D distribution of chemical
parameters in sediments can now be studied with planar optrodes (Glud et al., 1996,
1998b, 1999; Klimant et al., 1997b), combined with sophisticated imaging systems
(Holst et al., 1998).  In situ gel sampling devices are now available for measuring
chemical porewater composition at high spatial resolution (Harper et al., 1997; Davison
and Zhang, 2000), and these techniques can probably be further extended to allow for
2D mapping of porewater composition (Davison et al., 1994, 1997).  By use of dis-
solved O

2
 sensitive dyes or coated microparticles in connection with laser scanning

and imaging techniques, it should also be possible to realize noninvasive measure-
ments of the 3D oxygen distribution near the sediment-water interface and around
other interfaces.  In connection with modern particle velocimetry techniques, this would
ultimately allow the simultaneous visualization of hydrodynamic and diffusive bound-
ary layers.  Microsensor studies in combination with these new techniques appear to us
as an important new direction, and we foresee numerous applications in boundary
layer research and biogeochemistry over the next years.

A long wish list for new microsensors continues to exist.  In biogeochemistry, prob-
ably the largest gap in our ability to directly measure relevant variables is in the analy-
sis of sulfate, phosphate, metal ions, and simple organic substrates such as acetate;
fine-scale detection of some of these compounds is already possible with gel-sam-
pling techniques.  The present arsenal of microsensors permits detailed studies of the
most important biogeochemical processes, and the widespread use of microsensors
throughout the scientific community is not limited by the number of attractive tech-
niques, but rather by the practical availability of microsensors.  Commercial produc-
tion of various types of microsensors is now becoming more common, and several
companies sell micro- and minisensors and necessary measuring equipment (see table
8.4).
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