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Abstract 

We present a new type of chemical transducer, the co~orn~~c sensor, 
This sensor is in fact an integrated sensor-actuator system that is able to 
measure the concentration of acids and bases by means of a coulometric 
titration. An ISFET is used as the sensor to monitor the pH changes induced 
by the actuator, which is a gold electrode that fits closely around the ISFET’s 
gate area. Coubmetry is an absolute method ztnd therefore the output of the 
new sensor is only determined by its d~e~ons and is not subject to changes 
in offset and sensitivity of the indicator electrode It is thus expected that 
the operation of the senscz will be stable for a long time, so that only a one- 
time calibration is needed. As a first example of this new class of chemical 
clucks, a carbon dioxide sensor. is presented. It is shown that the stabil= 
ity is some orders of magnitude better than that for a ‘classical’ potentio- 
metric sensor. 

Direct potentiometric measurement of ion concentrations is a powerful 
method and is widely used. Because of the high speed of the direct method, 
it is very useful for continuous rno~~~. However, ~~ntiome~c methods 
require a rigid control over experimental variables such as temperature and 
ionic strength if accurate measurements are to be made. lf, for example, a 
1 mV error is made in the reading of the electrode potential for the detec- 
tion of a univalent ion, this will result in a 4% error in concentration, 86 
can be seen from the logarithmic term in the Nernst equation. For divalent 
ions this error will even be doubled. It will be clear that any drift in the 
potential of the ion-sensitive elec’trode or in the potential of the reference 
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electrode will, after some time, result in smaller or larger errors. Therefore 
frequent recalibration of these systems is a necessity. 

In this mpect, ion-sensitive field effect transi&ors (ISFETs) are not 
different from any other type of ion~~i~ &x&rode. For rn~~emen~ 
over a short period, a correction can sometimes be applied if the drift char- 
acteristics of the electrode are known and the sensitivity does not change 
[l]. For long-term applications, however, this method will not hold and 
some kind of calibration lxu+ to be applied. Bergveld and Koning 121 sup- 
gested an in rho calibration method through the oc~io~ ~j~ion of 
small amounts of buffer solution along the pH-sensitive area of an ISFET 
located in the tip of an indwelling catheter, Apart from the ethical problems 
that this approach might give, it is of course limited to catheter-type sensors 
for temporary use. On the other hand, the method is of coume applicable to 
any kind of sensor and is not limited to pH defections. For extra- 
corporeal use, Sibbald et al. [S] developed a four-function ChemFET inte- 
grated circuit that can be checked regularly with &andard calibration solu- 
tins. For in uizm calibration of sensors this procedure with a number of 
standard solutions is impractical. We therefore suggest a different approach. 

Coulometric sensors 
In a classical chemical sensor, information flows only in one direction. 

The sensor converts the concentration of a chemical species infoa voltage or 
a current, which is then fed into mrne sort of measurmg instrument. In this 
paper, we present the integration of a chemical sensor with a corresponding 
actuator, as &own in Fig. 1. Now information not only flowvl from the 
chemicaI environment to the data proce&ng system, but also the other way 
around. The actuator can actually change the composition of the chemical 
environment and if the relationship between the actuator input and the 
resulting change in pH is known, the sensor can be tested. 

In practice, the influence of the actuator output must, of course, be 
limited to an ultimately small fraction of the chemical environment. There- 
fore, the sensor-actuator system should contain a small cavity that is sepa- 
rated from the environment by some sort of membrane. 

The pH actuator used for the work described here is of the coulometric 
type. In a previous paper [4] we have shown that coulometry performed in 
nanolitre volumes provides useful information on the composition of a solu- 
tion very rapidly. 

m-l se”sot- 

electronm 

data processing 

Fig. 1. Block diagram of a chemical sensor-actuator system. 
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Fig. 2. Block diagram of a coulometric sensor. An amount of charge 9, which is equal to 
the generating currant 1 times the pulse width t, is converted by the actuator. This results 
in a change in [OH-] equal to Q/FV in which F is Faraday’s constant and V is the sample 
volume. Through the change in pH, a variation in the output voltage of the sensor is 
created, which is measured by the processor. 

The system, as depicted in Fig. 2, consists basically of a pH-sensitive 
ISFET and a set of noble-metal electrodes for coulometric generation, 
enclosed in a cavity in which the sample is held in place by a membrane. We 
will call this structure a coulometric sensor. It is through the feedback of 
nonagon that this sensor should have improved duty and be more 
suitable for long-term use. 

The coulometric sensor may be used for two purposes. First, the out- 
put from the actuator can be a test signal for the ISFET, which may be cali- 
brated in this way. This procedure can be repeated every now and then and 
the ISFET can be used in a normal way as a potentiometric electrode. The 
second possibility is to use the actuator to measure the concentration of 
certain constituents in the sample and use the ISFET only as an indicator 
electrode for the progress of a coulometric titration, The distinction between 
the two methods is not absolute. The operation of the actuator will always 
depend on the prolix of the sample and thus the first method also yields 
some notation on its composition. The major difference is that with the 
fist method, the ISFET is used in a normal potentiometric way in between 
c~ibrations and therefore requires some sort of stable reference electrode. 
With the second method the information is obtained from a measurement of 
relatively large changes in pI3 within a short time, and thus the requirements 
for the reference electrode are less stringent. 

Choice of the membrane 

The operation of a coulometric sensor will depend .on the nature of the 
membrane that is used to separate the sample from the environment in which 
the m~~ment is to be carried out. One possibility is the use of a neutral 
membrane, e.g., a dialysis membrane that is permeable for all constituents of 
the mlution up to a certain size. In that case the titration volume will con- 
tain most of the buffering components that are available in the bulk solution 
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with the exception of, for instance, proteins. (The exclusion of the last is 
possibly of influence on the result of the measurement but, on the other 
hand, fouling of the generating electrodes may be prevented in this way.) If 
the bulk solution only contains a single buffering component, the analysis 
of the titration data will not cause great problems [ 41. However, should this 
type of sensor be used for, e.g., biomedical purposes such as a measurement 
in blood, the sample solution will be more complex and, next to phosphate 
and carbonate, will also contain a number of organic acids [5]. In that case 
the titration curves that are obtained will be more difficult to interpret. It 
must be noted that a permselective membrane, e.g., a membrane only per- 
meable to cations or anions, cannot be used here. A potential difference will 
develop across such a membrane as a function of concentration and this will 
prevent further transport. Thus the concentration of a specific ion will not 
necessarily become the same on both sides of the membrane. 

Another possibility is to choose a certain ionic composition of the 
sample solution and use a membrane that is not permeable for ions but only 
for volatile components. When a gas-permeable membrane is used to enclose 
the sample solution, the coulometric sensor is in fact a Severinghaue elec- 
trode [6] that is sensitive to, for instance, carbon dioxide. The operation of 
the coulometric sensor is now determined by only one buffering component, 
i.e., carbonic acid. In this paper we will describe the development of such a 
coulometric carbon dioxide sensor. The realization of a self-calibrating sensor 
for pH, instead of CO*, is a ‘more complex task and is currently under inves- 
tigation in our laboratory. 

Construction of the coulometric sensor 

The carbon dioxide sensor presented here is based on the coulometric 
analyser that was described earlier [4]. It consists of an experimental 9.6 X 
19 mm* silicon chip containing ten ISFETs. On the chip, four gold elec- 
trodes are deposited for coulometric generation. On top of this chip a silicon 
cover is sealed with two holes in it through which the sample solution can be 
introduced. To convert this structure into a carbon dioxide sensor, a third 
hole, measuring 1 X 2 mm*, is etched in the cover. This hole is closed with a 
Teflon membrane 3 pm thick. A spacer is placed between this cover and the 
ISFET chip, thus creating a gap of approximately 30 pm for the inner elec- 
trolyte layer. The electrolyte can be introduced through the remaining two 
holes in the cover. A cross-section of the sensor is shown in Fig. 3. 

When the system is filled with a bicarbonate solution, it can be used 
like a normal Severinghaus electrode. In this case an external reference elec- 
trode is used connected to the sensor via a tube to one of its filling holes. 
The fabrication of a silver/silver chloride reference on the same chip is of 
course possible [7], but at this moment not of special interest to us. The 
response of the system is tested by exposing it to humidified gas streams of 
different CO2 concentration. Figure 4 shows the change in the output voltage 
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Fig. 3. Cross-section of the couIometric carbon dioxide sensor. 

Fig. 4. Dynamic response of the carbon dioxide sensor used as a normal Severinghaus 
electrode, on a time scale of minutes and hours. 

as a result of a stepwise change in concentration. When the concentration of 
CO2 is doubled, a corresponding pH change of 0.3 units can be expected. 
The pH sensitivity of the ISFETs used was 43 mV/decade, and from the 
Figure it can be seen that the sensitivity to CO2 is practically equal to the 
theoretical value. The time constants found in this case are in good agree- 
ment with the theoretical predictions made elsewhere [ 81. 

In a coulometric sensor, CO2 is not detected from the pH value of the 
inner solution but by an acid-base titration performed in this solution. 
Although the speed of hydration of CO2 is slow, it does not influence the 
response of a Severinghaus type of electrode [8]. When a rapid titration of 
CO2 is attempted, however, the hydration speed does become a limiting 
factor because the total amount of carbon dioxide has to be converted into 
bicarbonate in this case. This problem will be addressed in the next section. 

Titration of carbon dioxide 

Carbon dioxide in an aqueous solution behaves like a weak acid (pK, = 
6.34). This acidic reaction is the result of a hydration process in which car- 
bonic acid is formed: 
CO2 + Hz0 F H2C03 + H+ + HC03- (1) 
At equilibrium conditions the ratio [CO2]/[H2CO3] = 600. When the solu- 
tion is titrated with hydroxyl ions, two reactions occur. The first is the con- 
version of carbonic acid to bicarbonate: 
H2CO3 + OH- G HCO3 + H20 (2) 
A second possibility is the direct reaction between CO2 and OH-: 

CO2 + OH- C HCO, (3) 
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Because both reactions (1) and (3) are rather slow [9], problems arise when 
a titration has to be performed within a number of seconds. The hydration 
reaction (1) is a pseudo first-order process: 

--dW,l/dt = kco,[COz] (4) 
The value of kco, is 0.03 s-l, which means that the process has a time con- 
stant of approximately 30 s. The direct reaction (3) is a second-order process: 

-d[COJ/dt = koHICOz][OH-] (5) 
It can be seen from this equation that the reaction speed is pH dependent. 
koH = 8500 s-l (mol/l)-l and therefore the process is only relatively fast at 
high pH values; for example at pH = 10, the time constant r = 1.2 s and at 
pH = 11, T = 0.12 s. From these values it can be seen that a direct titration of 
carbon dioxide is not possible within a reasonably short time. In Fig. 5, the 
calculated titration curves for a 0.002 M solution of carbon dioxide are 
shown for various titration speeds. Because only a small amount of the total 
COz is available as HzC03 to give a fast buffering action, at the higher titra- 
tion speeds very soon an excess of free OH- ions will be formed and the pH 
will rise quickly. To obtain a ‘normal’ curve as drawn for the infinitely slow 
titration (m), from which a useful equivalence point can be detected, the 
titration time should be at least of the order of five minutes. It will be clear 
that this is rather long for application in a sensor. 

The problem can be solved by performing a back titration. First, an 
amount of hydroxyl ions in excess of the expected CO2 concentration is 
quickly added to the solution. The pH will thus be raised to a value between 
pH 10 and pH 11. At this high pH value, the direct reaction between CO2 
and OH- proceeds at relatively high speed (eqn. (5)). The conversion of CO? 
will be completed within some seconds, while part of the generated hydroxyl 
ions will be consumed by the reaction. The excess of hydroxyl ions can now 
be titrated by the generation of hydrogen ions at a sufficiently high speed 
and the original CO* concentration can be determined. Figure 6 shows the 
simulated titration of different CO* concentrations followed by the back 
titration of the excess OH-. 9 mmol/l of OH- is added over a period of 4 s; 
after a pause of 1 s the same amount of II+ is supplied. While the forward 
titration reveals hardly any information about the concentration of carbon 
dioxide, a clear shift in the position of the equivalence point can be seen 
during the back titration. It should be noted that for the calculation of 
Figs. 5 and 6, it is assumed that the solution is perfectly mixed so that only 
the reaction kinetics are studied. 

Operation of the coulometric sensor 

The analyser chip contains four gold electrodes. Coulometric titration 
is performed by using one of these as the working electrode to produce 
hydroxyl ions or protons. In order to obtain a homogeneously distributed 
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Fig. 5. Simulated titration curves for 0.002 M carbon dioxide in a perfectly mixed solu- 
tion at various titration speeds. An equivalent amount of OH- ions is added in the time 
indicated on the curves. 

Fig. 6. Back titration of the excess of OH- ions after the titration of CO2 in a perfectly 
mixed solution. The figures on the curves indicate the original CO2 concentration in 
mmol/l. 

generation of ions across this electrode, two counter electrodes are used, 
one on each side of the working electrode. The fourth gold electrode is used 
as a pseudo reference electrode. Because only local pH changes are generated 
during a ti~tion experiment, a nosy p~~n~~v~ ISFET located at a 
point of the inner electrolyte layer at which the pH is not affected can be 
used as a reference. A dtiferential measurement is performed using one 
ISFET at the site of the titration and one at this so-called neutral site. Both 
ISFETs measure with respect to the pseudo reference gold electrode and 
thus ,any instabilities in the potential of this electrode will be cancelled out 
by the differential measurement. Through this procedure the use of a ‘real’ 
reference electrode becomes unnecessary, which reduces technological 
problems in the fabrication of these senmrs. 

The operation of the coulometric sensor may be best explained on the 
basis of a typical output registration. Figure 7 shows the ti~tion of carbon 
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Fii. ‘7. Titration of 0.004 M carbon dioxide. The equivalence points can easily be detected 
from the fix& derivative, dpH/dt. 



dioxide. Hydroxyl ions are generated for 4 s and after a subsequent pause of 
4 s, the current direction is reversed and hydrogen ions are generated, also 
for 4 s. The titration of carbon dioxide is complicated for two reasons. The 
first is the slow kinetics, as we have seen in the previous section, and the 
second is diffusion of CO1 through the membrane during the titration. In 
the first phase a rapid increase in pH can be seen and an equivalence point 
is reached within 1.5 s. Only a small fraction of the total CO2 is available as 
carbonic acid to give a fast buffering reaction, and therefore an excess of 
free hydroxyl ions is quickly formed. Now two things wilI happen. At the 
high pH value that is soon reached, CO2 will react directly with OH- accord- 
ing to eqns. (3) and (5). Because the time constant of the reaction is still of 
the order of 0.1 to 1 s, some time is needed between the generation of OH- 
and the back titration to allow the conversion of carbon dioxide to be com- 
pleted. If this pause is too short, the COz concentration will be virtually 
lowered and the second equivalence point will shift to the right. On the 
other hand, as CO2 in the inner electrolyte layer is consumed, it will be 
replenished through the membrane. This effect increases the total amount 
of COz and causes the equivalence point to shift to the left. This effect will 
become less important when the membrane thickness is increased and diffu- 
sion is thus slowed down, However, a thicker membrane will lead to an 
increased response time to a change in the outside CO2 concentration, Thus 
the membrane thickness is an important parameter in the operation of the 
coulometric sensor and has to be opt&nixed. 

When the simulation in Fig. 6 and the experimental curve in Fig. 7 are 
compared, some differences are obeserved. In Fig. 6, only the reaction 
kinetics are taken into account. From Fig. 7 it is clear that the result is not 
only determined by the slow kinetics but also by diffusion of ions. Because 
it is impossible to locate the generating electrode and the pH-sensing ISFET 
at exactly the same place, some time lag is observed between the beginning 
of the current pulse and the occurrence of the equivalence point in the for- 
ward titration. This subject is addressed in more detail in ref. 10. 

For the generation of hydroxyl ions and protons, quinhydrone is added 
to she inner electrolyte solution of the sensor. Quinhydrone, which is a 1 :l 
mixture of p-benzoquinone and hydroquinone, is oxidized and reduced at 
much lower electrode potentials than those required for the electrolysis of 
water [ 41, The electrode reactions that take place are: 

p-benxoquinone + 2H+ + 2e C hydroquinone (6) 

Although the addition of quinhydrone facilitates the generation of repro- 
ducible pH changes, it has the disadvantage that hydroquinone is a weak 
acid (pK, = 10.47). Therefore, since an excess of quinhydrone is required, 
the solution becomes effectively buffered at a pH value of approximately 
pH = 10.6 when hydroxyl ions are generated. It wiIl be clear that the speed of 
conversion of carbon dioxide to bicarbonate ions is thus somewhat limited 
at this pH. 
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Experimental results 

The performance of the sensor is tested by exposing it to humidified 
gas streams of different CO1 concentration. The concentration in this sample 
stream is measured with an E5036 pCOz electrode from Radiometer Copen- 
hagen and this electrode is calibrated agaisnt two standard CO2 concentra- 
tions from a GMA2 precision gas supply, also from Radiometer. 

The excess of hydroxyl ions that js titrated depends first of all on the 
original CO2 concentration. Furthermore, the total length of the procedure 
affects the titration time due to the slow conversion of COz into bicarbonate 
and the diffusion of extra CO2 through the membrane as mentioned before. 
In ref. 10, some ~onsid~~on is given to the selection of the proper proce- 
dure’ in relation to the diffusion parameters and the reaction kinetics. Figure 
8 shows the results for two different titration protocols, The generation 
current is 20 PA in both cases. The length of the gen~~on period of 
hydroxyl ions and protons is 4 s. The pause between baseand acid genera- 
tion, however, is 1 s in the first case (4-l-4) and 4 s in the other (44-4). The 
time needed for the back titration depends on the concentration in both 
cases. If the pause length is increasedt the amount of CO3 that takes part in 
the reaction also increases due to the effects discussed in the previous section. 
The third line in Fig. 8 shows the results of the forward titration in the first 
phase. This phase is equal for both titration protocols. It can be seen that 
the influence of the carbon dioxide concentration on the time needed to 
reach the first equivalence point is negligible. 

It will be clear that the sensor has to be calibrated for each different 
titration protocol. Once this calibration has been performed, however, it is 
stable for a long period. Figure 9 shows the sensor output for a COz concen- 
tration over a period of 51 days, which was the lifetime of this particular 
coulo~~c sensor. On one day, the ~~~b~~ of the rn~ern~~ is 
approximately within 10% in concentration. Over a period of seven weeks, 
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Pig. 8. Times needed for the back titration as a function of concentration for two proto- 
cols, 4-l-4 (1) and 4-4-4 (21, compared to the forward titration (3). 



Fig. 9. &EMKX output during its lifetime for a CO, concentration of 0.004 mol/l. 

the average titration time for this concentration increases, also with approxi- 
mately 10% in concentration. 

Discussion 

The first results of the c~~ome~c sensor have been presented here. We 
have shown this new type of electrochemical sensor u-3 be a working concept. 
Future work should concentrate on the optimiza&on of the applied materials 
and the d~en~ons of the sensor. 

The first rne~men~ show a sensor drift of approximately 10% in 
concentration over a period of seven weeks. Compared to a potentiometric 
sensor with a logarithmic output, this comes down to a total drift of 2.5 mV 
or an average of 0.05 &I/day. The drift that can be expected for a ‘normal’ 
fSFET-based potentiometrie sensor is at least of the order of 0.1 - 1 mV/h. 
At this moment, the precision of the rn~~ern~~ is not better than within 
*lo%. For biomedical a~p~~~o~, this should be improved at least by a 
factor of two Ill]. 

The carbon dioxide concentrations is measured by the reverse titration 
of an excess of hydroxyl ions that is added to the solution. To make an 
accurate determination, the amount of hydroxyl ions that is generated ini- 
tially must be in reasonable proportion to the expected carbon dioxide 
concentration. Thus, for the selection of the right titration protocol, knowl- 
edge of the approximate concentration is required. This, of course, can be 
obtained Mm a first experiment in which the concentration is roughly esti- 
mated. In a second qcperiment, the m~ement can then be repeated, using 
the optimal protocol. In this way the dynamic range of the co~orn~~ 
sensor m&ht be expanded, So far we have only considered one decade in 
concentration. 

Coulometry is an absolute method of measurement and the sensor 
measures the boot of OH- ions needed for the conv~ion of an boot 
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of acid. Because the equivalence point is detected from the first derivative of 
the, titration curve, offset and sensitivity of the indicator ISFET are not 
important. The behaviour of the coulometric sensor is determined by diffu- 
sion of ions during the titration and diffusion constants will change some- 
what with ionic strength and temperature. However, these effects will be far 
less dramatic than the influence that these parameters will have on a direct 
potentiometric measurement and in general, no corrections will be needed. 

The measurement of COz forms an exception in this respect. First of 
all a correction has to be made for the change in solubility of CO2 as a func- 
tion of temperature, which is approximately 3%/V at room temperature 
[12]. This correction has to be made with any kind of COz measurement. 
A problem that is specific for the coulometric sensor is that the speed of 
reactions (1) and (3) increase s. as temperature rises. Therefore, a protocol 
has to be chosen in which the pause between base and acid generation is 
long enough for the conversion of COz to be completed even at the lowest 
temperature at which the sensor is empbyed. The membrane thickness has 
to be such that diffusion through the membrane during the titration is 
negligible. 

Of course, the sensor presented here for carbon dioxid&can, in prin- 
ciple, also be used for other volatile components such as NH3, SOz, Cl, and 
so on [ 61. Instead of a gas-permeable membrane, a porous cellulose acetate 
membrane that is also permeable for ions could be used. In that case, the 
coulometric sensor could be used for any acidic or basic substance. 

The measurements need not be limited to solutions containing only one 
protolyte. Provided that the difference in pR, values of the components is 
large enough, mixtures can also be analysed in this way. Furthermore, sub- 
Uces baviug a similar pK, can also sometimes be discerned. From the 
experiments described above it will be clear that the actual CO2 concentra- 
tion is found from the difference between the forward and the back titra- 
tion. Because of a deviating reaction speed, carbon dioxide can be distin- 
guished in a mixture of other acids. 

In conclusion, it can be said that the idea of a coulometric sensor is 
useful. The precision of the present sensor is certaMy not very specta&ar 
and needs to be improved, Its stability, however, looks very promising and 
the coulometic sensor can be used for an extended period without cali- 
bration. 
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