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SENSORS FOR SULFUR ACTIVITY MEASUREMENTS

BACKGROUND OF THE INVENTION

The present invention relates to measuring the thermodynamic sulfur
activity in a process environment. In particular, the present invention
includes a method and a sensor to measure sulfur activity.

In many processes, for example in the refining of crudes or in sour
gas production wells, there is a significant need to measure the thermodynamic
activity of sulfur which is established in the environment by the interplay of
the various sulfur containing corrosive species. Sulfur activity is a well
known measure of the available sulfur for reaction (see e.g., "An Analysis of
the Phase Equilibria in the Fe-FeS System", Metallurgical Transactions B, p.
37-41, Vol. 6B, March 1975). To provide operational flexibility in these
environments, it is of great interest to predict the rates of corrosion.
Typically, these environments exhibit temperature ranges 150°F to 1000°F. The
thermodynamic activity of sulfur can be used as a generalized index of
corrosivity. Thus, if the sulfur activity can be directly measured by means
of a sensor, this will provide a determination of corrosivity prediction.

SUMMARY OF THE INVENTION

The present invention includes a method and a device to determine
the sulfur activity in a given environment (such as a feedstream). This
activity can be related to the sulfur concentration in the environment.

The sensor includes several elements: a non-stoichiometric sulfide,
Ma-xS, whose conductivity varies with sulfur activity where the maximum value
of x is between .002 and 0.5; electrodes attached to the sulfide; and a means
for measuring the conductivity of said sulfide and correlating the electrical
conductivity with the sulfur activity.
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In a preferred embodiment, the sulfide is iron sulfide (pyrrhotite)
or cuprous sulfide.

The sensor is placed in an environment whose sulfur activity is to
be determined. The conductivity and hence, resistivity of the sulfide is
measured. The corresponding sulfur activity and sulfur concentration may then
be determined from a calibration curve of the conductivity (or resistivity)
vs. sulfur activity.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows the resistivity (inverse of conductivity) of a
cuprous sulfide foil as a function of the sulfur activity at 1000°F. The
sulfur activity was established using equilibrated H2S/H2 mixtures.

Figure 2 shows the resistivity (inverse of conductivity) of an iron
sulfide foil as a function of the sulfur activity in the H2S/H2 mixture at
1000°F.

Figure 3 shows a schematic diagram of an embodiment the sensor of
the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

The present invention includes a method and a device to determine
the sulfur activity in a giVen environment (such as a feed stream} at a
temperature which will be lTimited to below 1000°F for such applications. One
of the elements of the device is a non-stoichiometric metal sulifide Mg-xS
whose metal to sulfur ratio (a-x) varies over a wide range and whose
conductivity varies with sulfur activity. The measurement of conductivity
variation is made possible by the rapid diffusion of metal ions in these
non-stoichiometric sulfides. The non-stoichiometry of the binary sulfide
Ma-xS is defined by the deviation, x of the M/S ratio from the stoichiometric
constant, a. a is defined as the metal to sulfur ratio in the binary sulfide
when there is no deviation from stoichiometry. For the sulfides of the
present invention, the maximum value of x (Xmax) is in the range 0.002
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<Xmax<0.5. In a preferred embodiment, xpax is in the range 0.02<xpax<0.5.
Examples of sulfides of our invention are Cu2.xS (Xmax=0.23), Fel.xS
(Xmax=0.25). The larger non-stoichiometry range allows rapid atomic
diffusion in the temperature range (below 1000°F) where sensors are used. The
non-stoichiometry of the sulfides is due to the metal deficiency on the cation
lattice while the anion lattice is nearly perfect. The sensor also includes
electrodes attached to the sulfide and a means for measuring the electrical
conductivity of the said sulfide and correlating the conductivity with the
sulfur activity.

The sensor includes a non-stoichiometric sulfide which in general is
a p-type or n-type semi-conductor. The presence of metal vacancies balanced
by electron holes provides semi conduction in the former case while metal
interstitials balanced by excess electrons causes semi conduction in the
latter case. The measured total conductivity is essentially equal to the
p-type or the n-type conductivity which is proportional to the metal deficit
or metal excess of the sulfide, which in turn 1is directly related to the
sulfur chemical potential or activity of the environment. Metal sulfides
useful in the present invention include Cuz-xS, Fe1-xS, Co1.xS, Ni3S2+x.

One method of practicing this invention is to prepare thin self
supporting foils of the non-stoichiometric sulfide sensor and use four probe
d.c. techniques to measure its electrical conductivity. This can be done by
first starting with a metal foil to which inert metal electrodes are spot
welded. The foil/electrode assembly is then exposed to a controlled sulfur
environment whereby the metal foil is converted to the non-stoichiometric
sulfide sensor element. The sensor is then ready for placement in the process
stream. The steady state conductivity of the foil provides a measure of the
sulfur activity of the stream.

The sulfur activity-conductivity relationship for the sulfur sensors
may be determined by using iron foils and copper foils in H2S/H2 mixtures of
known sulfur activity. The foils convert to the corresponding sulfides.
Figures 1 and 2 show the resistivity (inverse of conductivity) of cuprous
sulfide and iron sulfide foils respectively as a function of the sulfur
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activity in the HpS/H2 mixture at 1000°F. These f1gures serve as a
calibration plot of conductivity vs. sulfur activity. Shown in the inset are
relaxation curves of the variation of resistivity with time when the
environment is changed from one sulfur content to another. This provides a
measure of the response time of the sensor at 1000°F.

The sensor may be made more durable by replacing the sulfide foils
with thin sulfide films deposited on a non-conductive ceramic substrate (see
Figure 3). This will provide for enhanced mechanical integrity as well as
faster response times. A suitable substrate (1) could be a ceramic wafer with
conductive electrodes (2) formed by thin or thick film techniques which are
well known in the art. One method of practicing this invention is to deposit
a thin film of the metal by sputtering or evaporation and subsequently
converting the metal film into a sulfide (3). Another technique could be to
deposit the metal sulfide layer in a single step by reactive sputter
deposition. Such thin film deposition techniques are also well known in the
art.

In many process streams, erosive damage of sensor components can
occur because of particulate and velocity effects. The sensor of the present
invention may include an -erosion resistant porous ceramic layer (4) between
the sensor and the process stream. Such a membrane layer could be formed by
solgel techniques, for example.
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1. A method to determine the sulfur activity in a sulfur containing
environment having a temperature less than 1000°F comprising:

(a) contacting said environment with é non-stoichiometric metal sulfide
Mg-xS, whose electrical conductivity varies with the sulfur
activity, where the maximum value of x is between 0.002 and 0.5;

(b) measuring the electrical conductivity of said sulfide; and

(¢) correlating said conductivity with the sulfur activity in said
environment.

2. The method of claim 1 wherein said sulfide is iron sulfide or copper
sulfide.

3. A sensor for determining the sulfur activity in an environment
comprising:

(a) non-stoichiometric metal sulfide, My-xS, whose electrical
conductivity varies with sulfur activity, where the maximum value of x is
between 0.002 and 0.5;

(b) electrodes attached to said sulfide; and

(c) means for measuring the electrical conductivity of said sulfide and
correlating said conductivity with the sulfur activity.

4. The sensor of claim 3 wherein said sulfide. is iron sulfide or copper
sulfide.

5. The sensor of claim 3 wherein said sulfide is a thin self supporting
foil.

6. The sensor of claim 3 wherein said sulfide is a thin film deposited on a
substrate.
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7. The sensor of claim 6 wherein said substrate is-a ceramic material.

8. The sensor of claim 6 further comprising a porous, corrosion and erosion
resistant layer between said sulfide and said environment.
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ABSTRACT OF THE DISCLOSURE

Sensors_for Sulfur Activity Measurements

A method and a sensor to measure the sulfur activity in suilfur-
containing environments are disclosed. The active component is a non-
stoichiometric metal sulfide foil or film. In the case of a thin sulfide
film, a ceramic substrate is employed for improved mechanical rigidity. The

electrical conductivity of the sulfide is related to the sulfur activity of
the process stream to which it is exposed.
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SENSORS FOR SULFUR ACTIVITY MEASUREMENTS

BACKGROUND OF_THE INVENTION

The present invention relates to measuring the thermodynamic sulfur
activity in a process environment. In particular, the present invention
includes a method and a sensor to measure sulfur activity.

In many processes, for example in the refining of crudes or in sour
~ gas production wells, there is a significant need to measure the thermodynamic
activity of sulfur which is established in the environment by the interplay of
the various sulfur containing corrosive species. Sulfur activity is a well
known measure of the available sulfur for reaction (see e.g., "An Analysis of
the Phase Equilibria in the Fe-FeS System", Metallurgical Transactions 8, p.
37-41, Vol. 6B, March 1975). To provide operational flexibility in these
environments, it is of great interest to predict the rates of corrosion.
Typically, these environments exhibit temperature ranges 150°F to 1000°F. The
thermodynamic activity of sulfur can be used as a generalized index of
corrosivity. Thus, if the sulfur activity can be directly measured by means
of a sensor, this will provide a determination of caorrosivity prediction.

SUMMARY OF THE INVENTION

_ The present invention includes a method and a device to determine
the sulfur activity in a given environment (such as a feedstream). This
activity can be related to the sulfur concentration in the environment.

The sensor includes several elements: a non-stoichiometric sulfide,
Mea-xS, whose conductivity varies with sulfur activity where the maximum value
of x is between .002 and 0.5; electrodes attached to the sulfide; and a means
for measuring the conductivity of said sulfide and correlating the electrical
conductivity with the sulfur activity. '
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In a preferred embodiment, the sulfide is iron sulfide (pyrrhotite)

or cuprous sulfide.

The sensor is placed in an environment whose sulfur activity is to

" be determined. The conductivity and hence, resistivity of -the sulfide is

measured. The corresponding sulfur activity and_su1fur concentration may then
be determined from a calibration curve of the conductivity (or resistivity)

vs. sulfur activity.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows the resistivity (inverse of 'conductivity) of a
cuprous sulfide foil as a function of the sulfur activity at 1000°F. The
sulfur activity was established using equilibrated H2S/Hz mixtures.

Figure 2 shows the resistivity (inverse of conductivity) of an iron
sulfide foil as a function of the sulfur activity in the H2S/H2 mixture at
1000°F. ' - '

Figure 3 shows a schematic diagram of an embodiment the sensor of

the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

The present invention includes a method and a device to determine
the sulfur activity in a given environment (such as a feed stream) at a
temperature which will be limited to below 1000°F for such applications. One
of the elements of the device is a non-stoichiometric metal sulfide Mq-xS
whose metal to sulfur ratio (e-x) varies over a wide range and whose
conductivity varies with sulfur activity. The measurement of conductivity
variation is made possible by the rapid diffusion of metal ions in these

non-stoichiometric sulfides. The non-stoichiometry of the binary sulfide

Mg-xS is defined by the deviation, x of the M/S ratio from the stoichiometric
constant, a. @ is defined as the metal to sulfur ratio in the binary sulfide
when there 1is no deviation _froﬁ stoichiometry. For the sulfides of the
present invention, the maximum value of x (xXpax) is in the range 0.002
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<Xmax<0.5. In a preferred embodiment, xmax is in the range 0.02<xpax<0.85.
Examples of sulfides of our invention are Cu2-xS (Xmax=0.23), Fej-xS
(xmax=0.25). The larger non-stoichiometry range allows rapid atomic

~diffusion in the temperature range (below 1000°F) where sensors are used. The"

non-stoichiometry of the sulfides is due to the metal deficiency on the cation
lattice while the anion lattice is nearly perfect. The sensor also includes

~electrodes attached to the sulfide and a means for measuring the . electrical
'  conductivity of the said sulfide and correlating the. conductivity with the

sulfur activity.

The sensor includes a non-stoichiometric sulfide which in genéra1 is

 a p-type or n-type semi-conductor. The presence of metal vacancies balanced

by electron holes provides semi conduction in the former case while metal
interstitials balanced by excess electrons causes semi conduction in the
latter case. The measured total conductivity is essentially equal to the
p-type or the n-type conductivity which 1is proportional to the metal deficit
or metal excess of the sulfide, which in turn is directly related to the
sulfur chemical potential or activity of the environment. Metal sulfides
useful in the present invention include Cup-xS, Fe1-xS, Co1-xS, Ni3S2+x. -

One method of practicing ‘this invention is to prepare thin self
supporting foils of the non-stoichiometric sulfide sensor and use four probe
d.c. techniques to measure its electrical conductivity. This can be done by
first starting with a metal foil to which inert metal electrodes are spot
welded. The foil/electrode assembly 1is then exposed to a controlled sulfur
environment whereby ‘the metal foil is converted to the non-stoichiometric
sulfide sensor element. The sensor is then ready for placement in the process
stream. The steady state conductivity of the foil provides a measure of the
sulfur activity of the stream.

The sulfur activity-conductivity relationship for fhe sulfur sensors
may be determined.by using iron foils and copper foils in HoS/Hz mixtures of
known sulfur activity. The foils convert to the corresponding sulfides.
Figures 1 and 2 show the resistivity (inverse of conductivity) of cuprous
sulfide and iron sulfide foils respectively as a function of the sulfur
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activity in the HzS/H2 mixture at 1000°F. These figures serve as a.
calibration plot of conductivity vs. sulfur activity. Shown in the inset are
relaxation curves of the variation of resistivity with time when the
environment is changed from one sulfur content to another. This provides a
measure of the réspoﬁse time of the sensor at 1000°F.

The sensor may be made more durable by replacing the sulfide foils
with thin sulfide films deposited on a non-conductive ceramic substrate (see
Figure 3). This will provide for enhanced mechanical integrity as well as
faster reéponse times. A suitable substrate (1) could be a ceramic wafer with
" conductive electrodes (2) formed by thin or thick film techniques which  are
well known in the art. One method of practicing this invention is to deposit
a thin film of the metal by sputtering or evaporation and subsequently
converting the metal film into a sulfide (3). Another technique could be to
deposit the metal sulfide layer in a single step by reactive sputter
deposition. Such thin film deposition techniques are also well known in the
art.

In many process streams, erosive damage of 'sensar components can
occur because of particulate and velocity effects. The sensor of the present
invention may include an erosion resistant porous ceramic layer (4) between
the sensor and the process stream. Such a membrane layer could be formed by
solgel techniques, for example. '
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A method to determine the sulfur activity in a sulfur containing
environment having a temperature less than 1000°F comprising:

(a) contacting said environment with a nop-stoichiometric metal sulfide
Ma-xS, whose electrical conductivity varies with the sulfur

activity, where the maximum value of x is between 0.002 and 0.5;

(b) measuring the electrical conductivity of said sulfide; and

- (¢) correlating said conductivity with the sulfur activity in said

environment.

The method of claim 1 wherein said sulfide is iron sulfide or copper
sulfide.

_ A sensor for determining the sulfur activity in an environment

comprising:

(a) non-stoichiometric metaT sulfide, Mg-xS, whosé electrical
conductivity varies with sulfur activity, where the maximum value of X is
between 0.002 and 0.5;

(b) electrodes attached to said sulfide; and

(c) means for measuring the'electricaIIconductivity of said sulfide and
correlating said conductivity with the sulfur activity.

The sensor of claim 3 wherein said sulfide is iron sulfide or copper
sulfide.

The sensor of claim 3 where1n said sulfide is a thin self supporting
foil.

The sensor of claim 3 wherein said sulfide is a thin film deposited on a

substrate. _5__;__~______~__~___;_-
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7. The sensor of claim 6 wherein said substrate is a céramic-material————

- 8. The sensor of claim 6 further comprising a porous, corrosion and erosion
resistant Tayer between said sulfide and said environment.
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ABSTRACT OF THE DISCLOSURE

Sensors for Sulfur Activity Measurements

- A method and a sensor to measure the sulfur activity in sulfur-
containing environments are disclosed. The active component is a non-
stoichiometric metal sulfide foil or film. In the case of a thin sulfide
film, a ceramic substrate is employed for improved mechanical rigidity. The
electrical conductivity of the sulfide is related to the sulfur activity of
the process stream to which it is exposed. '

FIGURE 3.
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What is claimed is:
1. A sensor for determining the sulfur activity in an
eavironment comprising:
(a) a non-stoichiometric semi-conducting metal sulfide,
M, S, whose p-type or n-type conductivity varies with
-sulfur activity, where M is the metal and o is the
stecichiometric constant, and x is the deviation from that
constant and where the maximum value of x is between
0.002 and 0.5;
(b) electrodes attached to said suifide; and
(v - (c) means for measuring the p-type or n-type conductivity
of said sulfide and correlating said conductivity with
the sulfur activity.
Z. The sensor of claim 1 wherein said sulfide is iron
sulfide or copper sulfide.
. 3.The sensor of claim 1 wherein said sulfide is a thin self
supporting foil.
4. The sensor of claim 1 wherein said sulfide is a thin film
deposited on a substrate.
5. The sensor of claim 4 wherein said substrate is a
ceramic material. _
6. The sensor of claim 4 further comprising a porous,
corrosion and erosion resistant layer between said sulfide
and said environment.
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ABSTRACT OF THE DISCLOSURE

Sensars for Su]Fur Activity Measurements

A method and a sensor to measure the sulfur activity in sulfur-
containing environments are disclosed. The active component is a non-
stoichiometric metal sulfide foil or film. In the case of a thin sulfide
film, a ceramic substrate is employed for improved mechanical rigidity The
electrical conduct1v1ty of the sulfide is related te the sulfur activity of
the process stream to which it is exposed.

FIGURE 3.



