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(57) Abstract: Systems and methods are described for measuring pH of low alkalinity samples. The present invention provides a
& sensor array comprising a plurality of pH indicators, each indicator having a different indicator concentration. A calibration function
N g generated by applying the sensor array to a sample solution having a known pH such that pH responses from each indicator
are simultaneously recorded versus indicator concentration for each indicator. Once calibrated, the sensor array is applied to low
alkalinity samples having unknown pH. Results from each pH indicator are then compared to the calibration function, and fitting
functions are extrapolated to obtain the actual pH of the low alkalinity sample.
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METHOD AND APPARATUS FOR MEASURING pH OF LOW ALKALINITY
SOLUTIONS

BACKGROUND OF THE INVENTION

Field of Invention

The present invention relates generally to a system for measuring pH, and more
particularly relates to an improved method and apparatus for measuring pH ot low

alkalinity solutions by extrapolating spectrophotometric measurements from a

plurality of pH indicator sensors.

Description of Related Art

A wide variety of systems and methods have been employed for pH measurement of
water systems. For example, a glass electrode 1s commonly used for pH mcasurement
in both a laboratory and industrial environment. Alternatively, it i1s known that
spectrophotometric techniques may be used for pH measurement. Exemplary systems
and methods for pH measurement have been described in published U.S. Patent

Application Serial No. 11/507,689 filed August 22, 2006, now U.S. Patent 8,133,741

which is assigned to the same assignee as the present application.

While the prior art devices and systems have provided useful products, they have not
been entirely satisfactory in providing a fast, simple, and accuratc measurement of
low alkalinity water samples in a relatively simple and user friendly manner. One of
the challenges associated with measuring pH of low alkalinity solutions is that
perturbation in pH induced by introduction of indicators into the sample solution is
not negligible. This is true because indicators themselves are weak acids or bases.
Stated another way, the pH of a weakly buffered (i.e., low alkalinity) solution can be
severely perturbed due to the fact that the amount of indicator concentration

introduced into the sample is significant in relation to the quantity of acid or base 1n

the solution.
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Prior art attempts have been made to minimize or correct for indicator induced
perturbation 1n aqueous phase by: (1) adjusting the pH of the indicator stock solution
close to the pH of the samples; (2) decreasing the ratio of indicator addition to the
sample volume; and (3) observing indicator induced pH perturbations through
stepwise mndicator additions, and then using linear extrapolation methods to obtain the
pH of the sample. Such prior art methods may provide useful results, but they are
typically very time consuming and non-user-friendly. Therefore, a strong need
remains for an improved method and system that provides a precise, accurate, and fast
pH measurement for low alkalinity samples 1n a relatively cost effective and user-

friendly manner.
SUMMARY OF THE INVENTION

One of the challenges associated with measuring pH of low alkalinity solutions 1s that
perturbation in pH values induced by the introduction of indicators into the sample
solutions 1s not negligible. As a result, pH measurements can be severely perturbed
due indicator concentrations being 1ntroduced mto a weakly buffered (1.c., low
alkalinity) solution. To meet this challenge, the present invention discloses systems
and methods comprising a sensor array comprising a plurality of pH indicators, cach
indicator having a different indicator concentration. The sensor array 1s calibrated by
applying the sensor array to a sample solution having a known pH. The response
from ecach pH indicator is simultancously recorded, and a calibration function (1.c.,
calibration curve) 18 generated representing the pH response versus indicator
concentration for each indicator concentration. Once calibrated, the sensor array may
then be applied to low alkalinity sample solutions having unknown pH. Results from
the pH values from cach pH indicator are compared to the calibration curve, and a
fitting function (1.c., fitting cquations) representing the pH response from ecach
indicator concentration 18 generated. Fitting equations are then generated and
extrapolated to determine the intercept points (i.e., when indicator concentration 1s

zero) to obtain the original (1.¢., actual) pH of the unknown sample.

Other aspects of the present invention relate to the use of such systems and methods,

and to exemplary methods for measuring pH of low alkalinity solutions. Further
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aspects of the present invention and its advantages over the prior art will become

apparent upon reading the following detailed description and the appended claims

with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graphical illustration showing changes in pH after introduction of various

amounts of thymal blue;

Fig. 2 depicts a series of plots showing pH values of ditferent solutions betore and

after indicator addition;

Fig. 3 1s a graph illustrating the relationship between pH measured versus the amount

of phenol red added;
Fig. 4 illustrates calibration curves generated on four distinct indicator concentrations;

Fig. 5 is a graph illustrating a result from an exemplary linear extrapolation method of

the present invention.

Fig. 6 depicts a pH sensor array in accordance with an exemplary embodiment of the

present invention;

Fig. 7 depicts a single use or disposible test array card in accordance with an

exemplary embodiment of the present invention; and

Fig. 8 'depicts a fluidic delivery device that can be used with the test array card of Fig.
7.

DETAILED DESCRIPTION OF INVENTION

The present invention describes systems and methods comprising a polymer film-
based sensor array for quickly and accurately measuring pH of low alkalinity
solutions, for example low alkalinity water samples. It is known that alkalinity or

buffer capacity is one of the basic features of water samples. Alkalinity 1s a measure
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of the ability of a solution to neutralize acids. A lower alkalinity means lower

capacity to resist the change to pH when an acid is added to the solution.

The concept of the present invention is based on the recognition that in low alkalinity
solutions, perturbation of pH induced by introduction of indicators into the sample 1s
not negligible. This is true because indicators themselves are weak acids or bases. As
a result, pH of a solution can be severely perturbed due to the fact that the amount of

indicator concentration introduced into the sample is signmificant in relation to the
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quantity of acid or base present in the weakly buffered (i.e., low alkalinity) solution.

This perturbation etfect 1s even more pronounced in pH indicator loaded fiim.

To meet this challenge, one aspect of the present invention describes an extrapolation
process for quickly and accurately measuring pH of low alkalinity samples. The
method preferably utilizes, but is not limited to, a sensor array constructed in
accordanc:e with published U.S. Patent Application Serial No. 11/507,689, now U.S.
Patent 8,133,741. Such sensor array is configured to comprise a plurality of indicator
portions, each with different indicator concentrations. Once constructed, the sensor
array is used to spectrophotometrically measure pH of the sample, whereby each
indicator provides a discrete absorbance pH measurement simultaneously. The
measured pH values from each indicator portion are plotted versus their respective
indicator concentrations, and a fitting function (i.e., fitting equation) representing the
measurcd pH values is extrapolated to determine the intercept points when 1ndicator
concentration is zero to obtain the initial pH (1.c., pH real) of the sample. The systems
and methods of the present invention provide advantage over known methods because
instead of trying to minimize pH perturbations caused by indicator additions, the
present invention exploits the relationship between pH perturbations from different
indicator concentrations to calibrate the sensor array, thus providing a baseline
reference parameter for determining pH measurements from low alkalinity samples

having unknown pH.

As disclosed herein, the systems and methods of the present invention are particularly
well suited for quickly and accurately determining pH of low alkalinity solutions.
Measuring pH of low alkalinity solutions is not trivial due to perturbations induced by
the addition of weak acids or base indicators into the solution, especially when the
indicator concentration (which is typically either a weak acid or base) is significant in
relation to the quantity of acid or base in the sample solution. pH response may be

measured by colorimeter, spectrophotometer, or fluorescent spectrometer.

In accordance with an exemplary embodiment of the present invention, a pH sensor
array was constructed with a four-film array, although it is understood that more or

less films could be used without departing from the scope of the present invention.
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Each sensor film contained a different pH indicator concentration which will be
denoted as In;, Iny, In3, and Ing respectively. For purposes of the examples herein, the

indicator concentration of each film ranged from about 0.01 to 10%.

The solid films are typically prepared from water-soluble polymers, cellulose acetate,
or Poly 2-Hydroxyethyl Methacrylate (pHEMA). The indicators may be colorimetric
pH 1ndicators, fluorescent pH indicators, or other suitable pH indicators known or
later developed 1n the art. Colorimetric pH indicators are preferably selected from a
oroup consisting of phenol red, cresol red, m-cresol purple, thymol blue,
bromochlorophenol blue W.S., bromocresol green, chlorophenol red, bromocresol
purple, bromothymol blue, neutral red, phenolphthalein, o-cresolphthalein, nile blue
A, thymolphthalein, bromophenol blue, metacresol purple, malachite green, brilliant
oreen, crystal violet, methyl green, methyl violet 2B, picric acid, naphthol yellow S,

metanil yellow, basic fuchsin, phloxine B. methyl yellow, methyl orange, alizarin.

To demonstrate the concepts of the present invention, we carried out a theoretic
calculation of pH change (1.c., perturbation) to low alkalinity solutions due to the
addition of differing amounts of indicator material into a sample solution. Although
the examples disclosed herein are included to demonstrate the broad applicability of
the present invention, 1t should be appreciated by those of skill in the art that the
techniques disclosed 1n the examples herein represent techniques discovered by the
inventors, and thus can be considered to constitute exemplary modes for 1ts practice.
However, those of skill in the art should, in light of the present disclosure, appreciate
that many changes can be made 1n the specific embodiments which are disclosed and
still obtain a like or similar result without departing from the scope of the invention.
And the calibration and extrapolation methods disclosed herein may be used to
determine pH of low alkalinity samples with pH responses measured by colorimeter,

spectrophotometer, or fluorescent spectrometer.

A shown 1n Fig. 1, a graphical illustration shows how changes 1n pH are realized after
introduction of various amounts of thymal blue into the solution. The results of Fig. 1
indicate that the delta pH (1.e., pH real — pH measured) becomes bigger and bigger

with increasing additions of indicator concentration into the solution. This result
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clearly 1llustrates that weakly buffered (1.e., low alkalinity) solutions can be severely

perturbed by indicator additions.

With continued reference to Fig. 1, theoretic calculation of pH perturbation
demonstrates that the lower the alkalinity 1s, the bigger the delta pH 1s. Therefore, we
can draw the conclusion that with more addition of indicator, and with lower

alkalinity, the greater the pH of the solution will be changed or perturbed.

To prove this conclusion, we conducted a first experiment 1n which a series of 100
ppm carbonate buffers were implemented, and the pH value of different solutions was
measured before and after indicator additions. Results from this first experiment are
shown 1n Fig. 2. As shown 1n Fig. 2, a series of plots 1llustrates pH values of different
solutions measured before and after indicator additions. Based on these results, it is
apparent that when 20 ppm phenol red (acid form) was added to the solution, the pH
measurement slightly decreased. Fig. 2 also illustrates that a gradual decrease of the
pH was observed as the amount of phenol red increased from 0 ppm (diamond points)
to 100 ppm (square poimnts). When more phenol red 100 ppm was added, the pH was
orcatly perturbed. As shown by Fig. 2, with 100 ppm phenol red added, solutions
with pH higher than about 8.0 became essentially indistinguishable. Based on these
results, 1t became apparent that a correction on delta pH induced by indicator

additions could be accounted for to obtain the actual pH (pH real) of the solution.

Accordingly, we conducted a second experiment to show that an extrapolation method
may be useful to determine pH. In this second experiment, two 100 ppm carbonate
buffers with original pH of 8.12 and 8.53 were chosen. Indicator phenol red which
has a pH response range from about 6.8 to 8.2 was used. When an acid form of
phenol red was added stepwise to the weakly buffered carbonate solution, a pH meter

was used to monitor the pH of the solution.

As shown 1n Fig. 3, a linear relationship of pH measured to the 100 ppm indicator
addition was plotted for ecach of the 100 ppm carbonate buffers. The linear functions
representing pH measured from each indicator type were extrapolated when indicator

percentage was zero to obtain the intercept pomts. As shown in Fig. 3, the intercept
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points, namely 8.13 and 8.46, represent pH of the solution when indicator
concentration 1s zero. In this way, the intercept points represent the original pH of the
solution before indicator additions. It 1s readily apparent that the intercept points are
very close to the mitial pH values, 1.¢., 8.12 and 8.53, of the carbonate buffers,
respectively. Consequently, our experiment demonstrates that pH perturbation due to
indicator condition 18 not negligible when alkalinity 1s very low. Morecover, our
experiment demonstrates that the exemplary linear extrapolation technique of the
present invention 1s quite useful to obtain the sample’s original pH. The algorithms

used 1n the exemplary extrapolation technique are described 1n more detail below.

To correct for changes in pH induced by indicator additions, a calibration curve was
set up using a synthetic cooling standard solution with high enough alkalinity versus
solid pH sensor with a series of indicator concentrations. In this third experiment, the
pH of samples was measured with the same solid pH sensor, and the pH measured for
cach 1ndicator concentration was calculated. The pH measured versus indicator
concentration was then plotted and a fitting equation was generated and extrapolated
when 1ndicator concentration 1s zero to obtam the mitial pH (1.e., pH real) of the

unknown sample.

As shown 1n Fig. 4, a calibration curve was generated on four (0.5%, 1.0%, 1.5%,
2.0%) 1indicator concentrations. The pH value of an unknown sample with low

alkalinity (less than 100 ppm) was measured.

Fig. 5 1s a graph 1illustrating results from an exemplary linear extrapolation method of
the present invention. As can be seen from Fig. 5, the itercept point of the equation
(1.c., when 1ndicator concentration 18 zero) 1s 9.18. Since the intercept point
represents pH before indicator additions, our extrapolation method demonstrates that
the 1ntercept point of 9.18 1s a very good approximation to the actual pH value 9.07

measured by a pH meter.

In order to achieve the results 1llustrated in Figs. 4 and 5, a pH sensor array was
constructed with a four-film array mm which each sensor film contained a different pH

indicator concentration, as In;, In,, In3;, and Iny respectively. Next, an absorbance
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response was measured for each pH sensor film from a series of pH standard solutions

having a fixed and known alkalinity value.

Next, a calibration curve was generated for cach pH sensor film from the data
measured from the previous second step. The calibration functions are denoted 1, 15,

f3 , and {4 for purposes of the calculations shown below.

Next, an unknown pH sample was applied to the pH sensor array, and absorbance
values measured from cach film. For purposes of calculations shown below, these

absorbance values are denoted A, Ay, Az, and A4 for films 1, 2, 3, and 4 respectively.

Next, preliminary pH values are calculated for cach film from cach corresponding
calibration equation and absorbance value. For example, pH for films 1-4 are
represented as: pH; = f1(A)), pHy, = 1,(Ay), pH: = 13(A3z), and pHsy = f4(Ay),
respectively. It 1s noted that these pH values would all be the same 1f the alkalinity
value of the unknown sample 1s equal to that of the calibration standard solution.
However, pHi, pH,, pHs, and pH4 will all have difterent values if the alkalinity value

of the unknown sample 18 not equal to that of the calibration standard solution.

In the final step, the actual pH value for the unknown sample 1s calculated from the
preliminary pH values pH;, pH,, pHs, and pH4 based on the extrapolation algorithm

given below:

Equation 1:

X(In;) X(In,* pH,)
2. 1In, 2. pH,

pH

sample

where:
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118 the film index;
In; stands for the indicator concentration in the it f1lm;

pH; is the apparent pH value calculated from absorbance of the i film and the

corresponding calibration equation f;;
and N 1s number of pH films.

Fig. 5 1s a graphic illustration of the exemplary extrapolation algorithm. Calculations
for the results shown 1n Fig. 5 and the corresponding mathematic procedure are shown

below:

Equation 2:

N=4,1=1,23,and 4

Equation 3:

>(In))*=2.02+1.52+1.02+0.52="7.5

Equation 4:

>pH; =8.38 + 8.60 + 8.75 +9.00 = 34.73

Equation 3:

>Ini=20+15+1.0+05=5.0

Equation 6:

2InipH;=2.0x 838+ 1.5x860+1.0x8.75+0.5x%x9.00=4291

Equation 7:

pH sample = (34.73 x 7.5-5.0 x42.9)/(7.5 x4 -5.0x 5.0)=9.18

Based on the results describe above, the present invention thus provides a system for

directly measuring the pH of low alkalinity samples by providing a sensor array

9
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having a plurality of indicator concentrations, and calibrating the pH measurcd of an
unknown sample to the calibration curve generated from a known sample to obtain the
pH of the unknown sample. In accordance with the present invention, these
mecasurements are recorded simultaneously 1n a timely manner to avoid the tedious
and lengthy measurements and calculations 1nvolved with stepwise 1ndicator
additions. As an example, an exemplary solid fi1lm sensor of the present invention

demonstrated a rapid response to the target, with results being obtained within about

five minutes for in situ (on field) tests.

As described herein, the systems and methods of the present invention incorporate a
solid polymer-based pH sensor film array comprising a series of different indicator
concentrations. Once constructed, the sensor array 1s applied to a sample solution
containing a known pH and alkalinity. The pH response from each indicator
concentration is simultanecously mcasured and recorded. Next, a calibration function
(i.e., calibration curve) is generated by plotting the pH measured versus each indicator
concentration. The calibration curve thus represents a plot ot the pH measurcd versus
indicator ‘concentration. Next, a fitting function (i.e., fitting equation) representing
each pH measurement is generated. The fitting equation is extrapolated to determinc
the intercept points when indicator concentration is zero, thus obtaining an accurate
indication of the original pH of the sample before indicator additions. In this way, the
calibration curve represents a baseline reference function which can be used to
calibréte the discrete results from each indicator portion to quickly and easily exploit

the perturbation of pH from different indicator additions so as to extrapolate the pH ot

low alkalinity samples.

Fig. 6 depicts a pH sensor array in accordance with an exemplary embodiment of this
invention. The array 10 transports a controlled amount of a liquid sample, in metered
quantities, to multiple reservoirs 8 in order to effect a chemical reaction between the
samplé fluid and the sensor elements (not shown) connected to the reservoirs 8. As
shown in Fig. 6, the array 10 comprises a top cover layer 2, a middle channel layer 4,
a bottom Sampler-substrate binding (i.e., gasket) layer 6, a fluid entry port 12, and an
associated plastic entry port wall ring 11. A plurality of grooves or channels 5 are

formed on the channel layer 4 for directing the sample fluid from the fluid entry port

10
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12 to the reservoirs 8. A plurality of channels is formed when the cover layer 2 1s
bound to the channel layer 4. A series of vent holes 7 are added to assure complete
fluid flow through the channel system. Due to the capillary force driving the tluid
through the channels 5, no pumps and valves are required to deliver a given amount ot

liquid sample or reagent from the sample entry port 12 to the multiple reservoirs 3

within a predefined sequence.

Fig. 7 illustrates a single-use or disposable test array card 9, also referred to as a disk
or substrate, comprising diverse chemically or physically responsive sensor films 3 1n
accordance with an exemplary embodiment of the present invention. The sensor films
3 can be grouped into chemical or physically similar sets of one or more films

depending on the desired fidelity of a sensor responsc through the use ot outlier

elimination or statistically processing of the individual film responses.

Fig. 8 illustrates a fluidic delivery device 10 that can be aligned and assembled to the
test array card 9 using the locating holes 1. The delivery device 10 transports a
controlled amount of a liquid sample injected at the entry port 12, in metered
quantities, to an array of reservoirs 8 through channels 5 radiating out of the entry port
12 to the reservoirs 8 in order to effect a chemical reaction between the sample fluid
and the sensor element 3 connected to the cell. In addition the fluidic delivery device
provides four sidewalls and the roof of the reservoirs with the test array card 9
providing the bottom floor. The roof of the reservoirs comprises a film that has
circular vent holes 7 that vent air out of the reservoirs as they are filled with sample
liquid. The vent hole material, diameter and depth are optimized to regulate the
effective venting of air and containment of sample fluid within the controlied

dimensions of walls of the reservoirs &.

While there have been described herein what are considered to be preferred and
exemplary embodiments of the present invention, other modifications of these
embodiments falling within the scope of the invention described hercin shall be

apparent to those skilled in the art.

10a
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WHAT IS CLAIMED IS:

1. A method for mcasuring pH of an unknown sample, comprising the
steps of:

providing a pH sensor array having a plurality of pH indicators, each said
indicator having a different indicator concentration;

applying said scnsor array to a sample solution having a known pH;

measuring a first pH response from cach said indicator simultaneously;

generating a calibration tunction representing said first pH response;

applying said sensor array to a sample solution having an alkalinity of less
than 100 ppm;

measuring a second pH response {rom each said indicator simultaneously;

comparing said second pH résponse with said calibration function so as to
obtain a prcliminary pH value from each said indicator;

generating a f{itting function representing said preliminary pH values; and

extrapolating said fitting function when indicator concentration is zcro to

estimate the actual pH of said unknown sample.

2. The method of claim 1, wherein said extrapolating step comprises
generating linear intercept points of said fitting function to obtain pH of said unknown

sample.

3. The method of claim 2, wherein said extrapolating step comprises

an extrapolation algorithm determined by the equation:

S(Iny Y(n* pll)
2. 1In, 2. pH,

ks
|

semple

>(In®) Yin
N In N

where:
1 1s the index corresponding to each pH indicator;

Ini is the indicator concentration of the it" indicator;

11
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pHi is the second pH measurement of the i™ indicator; and

N 1s number of pH indicators.

4. The method of claim 3, wherein said indicators are solid polymer-

based, pH indicator-containing {ilms.

5. The method of claim 4, wherein said indicators are colorimetric pH

indicators or fluorescent pH indicators.

6. The method of claim 5, wherein said colorimetric pH indicators are
sclected from the group consisting of phenol red, cresol red, m-cresol purple, thymol
blue, bromochlorophenol bluc W. S., bromocresol green, chlorophenol red,
bromocresol purple, bromothymol blue, neutral red, phenolphthalein, o-
cresolphthalein, nile blue A, thymolphthalein, bromophenol bluc, metacresol purple,
malachite green, brilliant green, crystal violet, methyl green, methyl violet 2B, picric
acid, naphthol yellow S, metanil yellow, basic fuchsin, phloxine B. methyl yellow,

methyl orange, alizarin.

7. The method of claim 1, wherein said first pH response and said
second pH response are measured by colorimeter, spectrophotometer, or fluorescent

Spectromcter.

8. The method of claim 4, wherein said solid {ilms arc prepared tfrom

water-soluble polymers.

9. The method of claim 4, wherein said solid films are prepared from

Poly 2-Hydroxycthyl Methacrylate (pHEMA) or cellulose acetate.

10.  The method of claim 4, wherein said sensor array comprises at lcast

four pH indicators having concentrations on the order of about 0.01% to 10%.

11.  The method of claim 3, further comprising the step of generating

graphical representations of said calibration and fitting functions.

12
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12. A system for measuring pH of an unknown sample, comprising:
a pH scnsor array having a plurality of pH indicators, each said indicator
having a different indicator concentration;

means for applying said sensor array to a sample solution having a known

pH;

mcans for mecasuring a first pH response from each said indicator
simultancously;

means for gencrating a calibration function representing said first pH
[CSpPONSC;

means for applying said sensor array l(j a sample solution having an
alkalinity of less than 100 ppm;

means for measuring a second pH rcsponse from each said indicator
simultaneously;

means for comparing said second pH response with said calibration
function so as to obtain a preliminary pH value from each said indicator;

means for generating a fitting function representing said preliminary pH
values; and

means for extrapolating said ftitting function when indicator concentration

1s zero to estimate the actual pH ot said unknown sample.

13. The system of claim 12, whercin said means for extrapolating
comprises means for generating linear intercept points of said fitting function to

obtain pH of said unknown sample.

14.  The system of claim 13, wherein said mecans for cxtrapolating

comprises an ¢xtrapolation algorithm determined by the equation:

SUn'y Y(In*pH))
Z]”; ZPH;

J2 /e sample -

Y(In') Yin,

SIn N
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where:

11s the index corresponding to cach pH indicator;

In; is the indicator concentration of the i indicator:;

pHi is the second pH measurement of the i'" indicator; and

N i1s number of pH indicators.

15.  The system of claim 14, wherein said indicators are solid polymer-

based pH indicator containing films.

16.  The system of claim 15, whercin said indicators are colorimetric pH

indicators or fluorescent pH indicators.

17.  The system of clatm 16, wherein said colorimetric pH indicators are
selected from the group consisting of phenol red, cresol red, m-cresol purple, thymol
blue, bromochlorophenol blue W. §.,; bromocresol green, chlorophenol red,
bromocresol purple, bromothymol blue, neutral red, phcenolphthalein, o-
cresolphlhaléin, nile bluc A, thymolphthalein, bromophenol blue, metacresol purple,
malachite green, brilliant green, crystal violet, methyl green, methyl violet 2B, picric
acid, naphthol yellow S, metanil yellow, basic {fuchsin, phloxine B. methyl ycllow,

methyl orange, alizarin.

18.  The system of claim 15, whercin satd sohid films are prepared trom
water-soluble polymers, Poly 2-Hydroxycthyl Methacrylate (pHEMA) or cellulose

acetate.

19.  The system of claim 15, wherein said scnsor array comprises at least

four pH indicators having concentrations on the order of about 0.01% to 10%.

20.  The system of claim 14, further comprising mecans for generating

graphical represcntations of said calibration and fitting functions.

14
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