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METAL ION CONCENTRATION ANALYSIS
FOR LIQUIDS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the field of analytical
chemical instrumentation utilizing optical sensors and in
particular to integrated optical-chemical analytical instru-
mentation used in the fields of chemical, biochemical,
biological or biomedical analysis, process control, pollution
detection and control, and other similar areas.

2. Discussion of the Related Art

Referring to FIG. 1, a prior art optical sensor 100 is
shown. The optical sensor 100 utilizes surface plasmon
resonance (SPR). The electro-optic components of the opti-
cal sensor 100, including light emitting diode 120, photo-
detector array 110, and temperature sensor 125, may be
encapsulated within a trapezoidal-shaped optical housing
150 and coupled to an interior surface 161 of a substrate 160.
A plurality of conductive leads 165 are coupled to an
exterior surface 162 of the substrate 160. An optical window
140 made from glass is attached to the optical housing 150
to form part of sensing surface 145, which includes a gold
(Au), silver (Ag) or copper (Cu) metal thin film 145 depos-
ited onto a surface of the glass optical window 140. The
layer 145 is preferably planar although other configurations,
such as convex or concave configurations, or featured with
steps, periodic or non-periodic, can also be utilized. This
layer 145 may comprise a Au film approximately 175 A
thick. The thickness of the Au layer may vary from about
175 to about 600 A and still permit SPR to occur. The
specific film thickness is determined by the frequency of the
radiation for the light source 120 and the properties of the
conductive material used for layer 145.

Optical housing 150 has an optical geometry such that
light from a light emitting diode (LED), solid state laser or
other appropriate light source 120 will reflect from sensing
surface 145 to mirrored surface and then strike photodetec-
tor 110. Light source 120 may comprise a LED, laser diode,
light filament, halogen lamp, or other suitable source of
electromagnetic radiation. In one embodiment of the prior
art, a plurality of light sources that emit light of different
wavelengths may be used. The photodetector 110 is multi-
channeled and may be linear or two-dimensional. Other
configurations of optical housing 150 may be employed
consistent with optical sensor 100. For example, light from
LED 120 may reflect from mirrored surface to sensing
surface 145 and then strike a photodetector 110.

Optical housing 150 is made of a light transmissive
material in which light 127 from light source 120 travels.
Suitable materials include glass, plastic or hardened epoxy,
although other materials may be used that preferably will not
damage the encapsulated components. In particular, an
epoxy marketed under the trademark Epocast.RTM. 2013
Parts A/B by Furane Products Company has been found
useful, especially for radiation sources in the infrared range.
Other usable materials include Emerson & Cumming, Sty-
cast 1269A Parts A/B, Tracon Trabond F114, Dexter Hysol
0S1000, Norland 61 and 63, Dexter Hysol MG18, and Nitto
8510-1100.

Optical housing 150 is coupled to the substrate 160 to
form an encapsulated self-contained sensor 100. The sub-
strate 160 may be made of a dark, light-absorbing material,
such as a hard resin or epoxy. However, the material of
substrate 160 depends primarily on the radiation properties
of light source 120. Also, substrate 160 may be coated with
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a dark layer of light-absorbing material such as polyurethane
epoxy or a thin resin layer among others.

Temperature sensor 125 may also be embedded within
housing 150 and coupled to interior surface 161 of substrate
160. It is desirable that temperature sensor 125 be disposed
as close to the sensing surface 145 as is practical. A polarizer
121 may be used to produce transverse magnetic polarized
light (the electric field polarized in a plane of incidence
being the sensing surface 145) from the light source 120. A
filter (not shown) may also be used to screen out radiation
at wavelengths other than wavelengths produced by light
source 120. This filter may overlay photodetector 110 and
serves to pass radiation at the wavelengths produced by light
source 120 to photodetector 110. As such, the filter elimi-
nates unwanted noise caused by other radiation sources in
proximity to the sensor 100. One suitable filter is a plastic
filter material marketed by Polaroid Corporation known as
XR-84. This material is especially suitable for passing
infrared radiation and blocking visible radiation.

An alternative to utilizing a filter is to utilize a plastic or
epoxy material for the housing 150 which is transparent to
wavelengths produced by the light source 120 and opaque to
frequencies outside the desired frequency range of interest
for a given sensor/sample combination. Likewise, an absorb-
ing die can be enclosed in the housing 150 to achieve the
same function.

Those of skill in the art will recognize that the elements
of sensor 100 can be relocated, or rearranged about the
sensor substrate 160 while retaining equivalence in function
according to the invention. For example, mirrored surfaces
utilized for reflecting the light rays could take on other
configurations and locations within the sensor 100 so long as
the light strikes the sensing surface 145 and the intensity of
the radiation reflected therefrom is measured as a function of
the angle of the radiation striking the sensing surface 145.
Photodetector array 110 receives the light incident over a
broad range of angles and yields a voltage output for each
light cell where sufficient light is sensed. The output of each
cell can be carried on interface 165, as individual binary
signals of each photo cell, to an external system or compo-
nent (not shown), such as a DSP, PC104-based micropro-
cessor, hand-held meter, calculator, printer, logic analyzer,
oscilloscope, or other similar system.

Referring to FIG. 2, the well established optical geometry
for SPR is illustrated. The angle (0) at which SPR occurs is
highly dependant on the refractive index of the material in
contact with the thin metal film 145 deposited on the
dielectric 140. As is known in the art, when radiation strikes
a thin conductive film at the interface of an insulator, the
intensity of reflection thereof is a function of the angle of
incidence of the radiation onto the film and the refractive
index of the material in contact with the other side of the
film. Hence, by determining the angle at which minimum
reflectance occurs, it is possible to determine the index of
refraction of the material on the side of the film opposite the
side the radiation is reflected from. For a given wavelength
of the incident light, resonance occurs at a specific angle of
incidence that is dependent on the index of refraction of
material in contact with the thin metal film. Therefore,
changes in the index of refraction of the material in contact
with the thin metal film result in changes in the SPR angle.

Miniaturized SPR sensors are becoming available for use
in some biochemical applications, but their overall useful-
ness in other applications is limited. Specifically, the direct
detection of metal ions in liquids by a miniaturized, cost-
effective, accurate sensor is not known to exist. Currently,
for most applications, highly accurate, reliable metal ion
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concentration analysis is restricted to laboratory scale mea-
surements made ex situ and off site from grab samples.
Metal ion concentration systems that may be used “in the
field,” are expensive, have slow response times, and are
large and bulky—essentially expensive and inconvenient.
What is needed is a miniaturized, cost-effective, accurate
sensor for use in situ for the direct detection of metal ions in
liquids.

SUMMARY OF THE INVENTION

The present invention marks a step forward in metal ion
concentration analysis for liquid chemicals, in that it is a
real-time, cost-effective system packaged in a compact form
factor that is conveniently integrated into many applications.
The present invention, by combining a miniaturized SPR
optical sensor with two-dimensional and mesoscopic scale
chemistry directly addresses the limitations of current metal
ion analysis systems for liquids. The current invention
integrates SPR with novel self-assembled monolayer (SAM)
or hydrogel chemistries for use as a metal ion concentration
sensor. Furthermore, such a metal ion concentration sensor
is robust and conveniently integrated for manufacturing,
field, and home applications.

Embodiments of the present invention provide for an
optical sensor that integrates SPR with self-assembled
monolayer (SAM) or hydrogel chemistries for use as a metal
ion concentration analysis sensor. SPR is an optical surface
phenomenon that is employed in the fields of chemical,
biochemical, biological or biomedical analysis. SAMs may
be defined as a two-dimensional film, bonded at an interface
via a process whereby individual components of the layer
spontaneously organize, typically from a solution or gas
phase until a stable structure of minimum energy is reached,
into more complex structures. Components in self-as-
sembled structures find their appropriate location based on
their structural and chemical properties and on their reaction
with the chemical and structural properties of the substrate.
Adsorption of metal ions from liquids has been demon-
strated with high selectivity using SAM and hydrogel mate-
rials.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a prior art miniaturized optical sensor;

FIG. 2 illustrates prior art surface plasmon resonance
geometry and phenomenon;

FIG. 3 illustrates a miniaturized optical system including
two-dimensional and mesoscopic chemistries attached to an
optical window according to an embodiment of the present
invention;

FIG. 4aq illustrates a self-assembled monolayer (SAM)
according to an embodiment of the present invention;

FIG. 4b illustrates a hydrogel layer according to an
embodiment of the present invention;

FIG. 4c illustrates a self-assembled monolayer+ (SAM+)
according to an embodiment of the present invention;

FIG. 4d illustrates a multi-channel optical sensor accord-
ing to an embodiment of the present invention;

FIG. 5 illustrates a detailed block diagram of a metal ion
analysis system according to an embodiment of the present
invention;

FIG. 6a illustrates an optical sensor coupled to an optical
fluidic cell (OFC) according to an embodiment of the
present invention;
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FIG. 6b illustrates an inline optical-fluidic manifold
(OFM) including multiple optical sensors according to an
embodiment of the present invention;

FIG. 6c illustrates a parallel inline optical-fluidic mani-
fold (OFM) including multiple optical sensors according to
an embodiment of the present invention;

FIG. 6d illustrates a dual input single output optical-
fluidic manifold (OFM) including multiple optical sensors
according to an embodiment of the present invention;

FIG. 6e¢ illustrates a 1-3 channel micro-fluidic application
according to an embodiment of the present invention;

FIG. 7 illustrates DSP (digital signal processor) based
electronic drive circuit according to an embodiment of the
present invention;

FIG. 8a illustrates a PC104 based electronic circuit
according to an embodiment of the current invention;

FIG. 85 illustrates a PC104 based electronic circuit inter-
faced to a PC 104 based microcontroller and an actuator
according to an embodiment of the current invention;

FIG. 8¢ illustrates a PC104 based electronic circuit used
as a sensor electronic circuit and as a controller electronic
circuit according to an embodiment of the current invention;

FIG. 9 illustrates a flow chart diagram of a method of
measuring a metal ion concentration in a liquid using an
algorithm according to an embodiment of the present inven-
tion;

FIG. 10aq illustrates a graph of a raw data signal obtained
from a photodetector array according to an embodiment of
the present invention;

FIG. 1054 illustrates a graph of a background noise signal
obtained from a photodetector array with a light source off
according to an embodiment of the present invention;

FIG. 10c¢ illustrates a graph of an air reference signal
obtained from a photodetector array according to an embodi-
ment of the present invention;

FIG. 104 illustrates a graph of a reflectivity curve accord-
ing to an embodiment of the present invention;

FIG. 10e illustrates a graph of a normalized reflectivity
curve according to an embodiment of the present invention;

FIG. 11a illustrates a graph of a normalized reflectivity
curve highlighting the slope section according to an embodi-
ment of the present invention;

FIG. 115 illustrates a graph obtained using a mass
moment algorithm according to an embodiment of the
present invention;

FIG. 12 illustrates a graph of a calibration curve according
to an embodiment of the present invention;

FIG. 13a illustrates a graph of a measured index of
refraction as a function of time according to an embodiment
of the present invention;

FIG. 135 illustrates a graph of a measured fluid tempera-
ture as a function of time according to an embodiment of the
present invention;

FIG. 13c illustrates a graph of a measured sensor tem-
perature as a function of time according to an embodiment
of the present invention; and

FIG. 13d illustrates a graph of a compensated index of
refraction as a function of time according to an embodiment
of the present invention.

DETAILED DESCRIPTION

According to embodiments of the present invention, a
metal ion concentration analysis sensor and system for
liquids is described. In the preferred embodiment, the analy-
sis sensor is used in situ and at a point-of-use. The analysis
sensor and system are applicable to many metal ion analysis
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applications. The sensor analyzes metal ion concentration
for acids, bases, aqueous-based liquids, solvents, and ultra-
high purity, caustic and corrosive liquids. The invention is
useful in manufacturing facilities, water treatment and water
recycling/reclaim systems (both industrial and municipal),
medical applications, and ground and surface water sources.
In various embodiments, the invention can be integrated into
liquid recycling systems, municipal water treatment facili-
ties and into small scale at home water treatment systems.
The present invention may be connected to a flowing liquid
via input and output lines, immersed into a static reservoir
or injected with a sample of a liquid. The analysis system
provides concentration information in real-time (0.001-10
seconds), has a compact form factor (<2"x2"x1") and a
concentration sensitivity well below parts per million (ppm)
levels of metal ions. The analysis system has capabilities as
both a monitoring system and as a closed-loop control
system for interface with actuators for liquid chemicals such
as pumping systems, diverting systems, variable flow
valves, etc.

Referring to FIG. 3, the principle of operation of the
optical sensor 300 of the present invention combines a
miniaturized, fully integrated surface plasmon resonance
(SPR) optical sensor with self-assembled monolayers
(SAMs) or hydrogel technologies 401-403 (see FIGS. 4a-c)
to form a compact, real-time, cost-effective metal ion analy-
sis sensor for liquids.

The miniaturized and integrated optical sensor 300
includes a light source 120, a polarizer 121 (optional), a
temperature sensor 125, a multi-channel photon detector
110, a mirror 130, and an optical window made of a
dielectric material, for example, sapphire, quartz, glass, or a
similar appropriate dielectric material 140, which is coated
with a thin metal conducting film of high free electron
density such as Au, Ag, or Cu 145.

Referring to FIGS. 4a-c, the optical window 140 is coated
with the following materials selected and engineered for
analysis of metal ions in liquids: A thin (100 A) titanium
(Ti) or chromium (Cr) layer 146, used to aid in the adhesion,
flatness and two-dimensional crystalline of any subsequent
layer. A thin metal film 145 (=500 A) of a high free electron
density metal (such as gold (Au), silver (Ag), or copper
(Cuw), etc.) is deposited onto the Ti (or Cr) adhesion layer
146.

Referring to FIG. 4a according to an embodiment of the
present invention, a self-assembled monolayer (SAM) 401 is
reacted onto the thin metal film 145 surface in a densely
packed, two-dimensionally ordered (in the plane of the
surface) structure. Examples of SAM materials include
isalkanethiol, n-octadecanethiol, mercaptopropionic acid,
L-cysteine, and mercaptohexadecanoic acid. Other SAM
materials may be used.

SAMs are defined as a two-dimensional film, bonded at an
interface via a process whereby individual components of
the layer spontaneously organize, typically from a solution
or gas phase until a stable structure of minimum energy is
reached, into more complex structures. Components in self-
assembled structures find their appropriate location based on
their structural and chemical properties and on their reaction
with the chemical and structural properties of the substrate.

A head group 4014 of the SAM 401 material can interact
with a metal ion 450 of interest by chemisorption (chemical
bond, covalent bond), physisorption (electrostatic without
chemical bond), or geometrical/spatial confinement. It is
possible to engineer a specific type of interaction by chang-
ing the SAM headgroup 401a. A plurality of head groups
may form a molecular adhesion layer. It is also possible to
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combine multiple types of interactions in the same SAM
material, for example, chemisorption or physisorption with
spatial confinement.

Referring to FIG. 4b according to a second embodiment
of the present invention, the SAM material is replaced by an
electric hydrogel 402 material. A hydrogel 402 is a poly-
meric material that swells when exposed to water. By
controlling a hydrogel’s chemical makeup, the degree of
swelling can be made sensitive to environmental conditions
such as temperature, pH, and analyte (a substance undergo-
ing analysis) concentration. A change in volume of the
hydrogel can be measured in a variety of physical and
optical ways and thus provides the basic element of a sensor.
Metal ions 450 can bond to the hydrogel 402 surface, or
internally throughout the hydrogel 402. Metal ion bonding
to the hydrogel can be covalent, electrostatic or geometrical/
spatial.

Hydrogel 402 materials can adsorb metal ions 450 from
liquids with high specificity. Hydrogels 402 are mesoscopic
(between 2 and 3 dimensions) materials that a) can be
chosen to only attract specific metal ions 450 of interest, b)
have high selectivity and c¢) have a larger surface area than
SAM 401 materials and therefore an increased number of
binding sites for metal ions 450 under analysis. Because of
this feature, hydrogel 402 materials may provide increased
sensitivity and dynamic range by attracting a greater number
of' metal ions 450 than may be possible via use of SAM 401
materials.

Referring to FIG. 4¢ according to a third embodiment of
the present invention, a SAM has a plurality of metal ion
head group/binding sites 403a. This material may be
referred to as a SAM+.

The SAM 401, hydrogel materials 402, and SAM+403
materials are engineered/selected for high-selectivity of
metal ions in liquids. Bonding of the metal ion 450 to the
SAM 401, hydrogel 402, and SAM+403 materials may
occur via the following mechanisms; physisorption (van der
Waals, Coulombic, electrostatic interactions), chemisorption
(chemical bond), and geometrical or spatial bonding,
depending on the material.

SAM+403 and hydrogel 402 materials afford an increased
number of metal ion binding sites as compared with SAM
401 materials. In this way, more metal ions can be adsorbed
at a surface and therefore increase the sensitivity and
dynamic range of the metal ion analysis sensor.

In various embodiments of the present invention the SAM
401, hydrogel 402 and SAM+403 materials are chosen to: 1)
selectively bind to metal ions of interest, while rejecting
other species in the liquid; 2) have a tunable activation
energy to selectively bind to metal ions of interest depending
on the concentration level of the metal ion of interest in the
liquid; 3) have the capability to simultaneously analyze
several metal ions of interest, by for example, patterning and
coating the Au surface 145 of window 140 of a single optical
sensor 300 with up to three unique SAM 401, hydrogel 402
or SAM+403 materials, one for each of three optical chan-
nels; 4) simultaneously analyze several metal ions of interest
by using several optical sensor heads, each individual win-
dow 140 patterned and coated with a specific metal-ion
selective SAM 401, hydrogel 402 and/or SAM+403 mate-
rial. It may also be possible to mix and match these
embodiments into distinct combinations of patterned and
unpatterned, SAM 401, hydrogel 402, and SAM+403 coated
sensors 300 arrays (see for example FIG. 6a-e).

Referring to FIG. 3 and FIGS. 4a-c, the effect of com-
bining a miniaturized, fully integrated SPR optical sensor
with SAM 401, hydrogel 402 and SAM+403 chemistries is






