Gulberg et al — Determination of oxidase enzyme dependent reactions

Conclusion

It has been demonstrated that the electrochemical detection
of iodine in the presence of excess iodide can be reliable and
sensitive, when the appropriate solution environment is used
with the appropriate working and counter electrodes. While
certain electrode systems have a very low detection limit for
iodine, they can suffer poor reproducibility due to
absorption onto or possibly oxidation of the electrode
surfaces. One electrode system has been found to offer good
sensitivity and repeatability.

H,0,, a product of oxidase enzyme reactions, can be
sensitively coupled to the reversible I,-I" redox pair, offering
a method for determining certain substrates of interest.

Sample volumes around 25 ul can be analysed at sampling
rates typically of about 30 per hour, but as high as 80 per
hour, by flow injection analysis.
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Interfacing a titrator to a
microcomputer for incremental or
continuous modes of operation

M. Dancziger and H. V. Malmstadt*

School of Chemical Sciences, University of Illinois, Urbana, Illinois 61801, USA.

There are several microcomputer-controlled titrators now on
the market. Some of these have been programmed to utilise
many methods of endpoint detection, including the
incremental titrant delivery and calculation techniques.
However, these incremental methods are not readily imple-
mented on older titrators. It is the purpose in this paper to
describe some rather simple interface designs and automation
methodology that enable a few conventional titration
modules to be interconnected with a microcomputer so as to
provide an ‘intelligent’ and versatile automated titrator. This
system is then used to provide some comparisons of the
various incremental titrant delivery and calculation modes. It
can also be used in the continuous delivery mode to a preset
[1] or derivative [2,3] endpoint. Several concepts of a
microcomputer-controlled titrator and selection of an end-
point calculation technique are illustrated.

Although the theoretical aspects of the Kolthoff [4],
Fortuin [5], Wolf [6], Keller-Richter [7], and Bartscher
[8] incremental methods have been discussed, there is
little information in the literature on practical comparisons.
The automated titrator described here has enabled hundreds

*Correspondence to this author
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of unbiased titration results to be printed out rapidly for the
various incremental techniques. Results are presented and
discussed for a weak acid-strong base and a precipitation
titration. The incremental methods are compared on the
basis of the experimental results obtained.

Instrumentation

A block diagram of the automated titrator is shcwn in
Figure 1. An ADD-8080 microcomputer [9] provides the
“intelligence’ for the titrator. It is based on the 8080A
microprocessor (Intel Corp., Santa Clara, Calif. 95051,
USA). The microcomputer has 10K bytes of programmable
read only memory (PROM) which contain a BASIC inter-
preter (a modification of BASIC/5, Processor Technology
Corp., Emeryville, Calif. 94608, USA), a monitor program
to facilitate machine language programming, and several
utility programs. Also present are 15K bytes of read-write
memory (RWM) which are used to store BASIC user pro-
grams in machine language and data. An arithmetic
processing unit (AM9511 APU, Advanced Micro Devices,
Inc., Sunnyvale, Calif. 94086, USA),is available to perform
calculations that would be too time-consuming or cumber-
some if done on the microprocessor. A conventional
teletypewriter provides interaction with the operator.
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The following section presents in detail the interface
developed specifically for the automated titrator. Firstly
the modification of the constant-rate burette including
volume encoding and the software program that provide
precise increments of titrant are described. Secondly, details
of the voltage-to-frequency (V-to-F) converter and counter
interface between the electrodes and the microcomputer are
given. A chart recorder interface enabling hard-copy output
of titration curves is also described.

Burette modification

The burette (No. S-11120, Model C Constant Rate Burette,
Sargent-Welch Scientific Co., Skokie, Illinois 60076, USA)
is normally operated at constant speed. It has two motors
to drive the plunger. One is a synchronous motor for constant
rate delivery. The other is a bidirectional rapid drive motor
which is used for emptying, rinsing, flushing, and filling the
burette. This motor would not normally be used to deliver
titrant to the reaction vessel.

Details of the modification of the burette and its com-
puter interface are shown in Figure 2. Computer control of
the burette requires simulated closing of the front panel
switches using relays. Switch S3 selects either manual or
computer control. When this is in the computer position,
power is directed to the delivery motor, or the rapid drive
motor, or neither motor, depending on the states of relays
K1 and K2. A reliable interface must be devised to allow the
computer to drive these relays as well as the solenoid valve,
K3. This switches the burette to either the delivery tip or the
titrant reservoir. It 1is particularly important that the
inductive spike that results when a relay coil is released does
not interfere with the computer. To prevent this, separate
power supplies are provided to power the relays and solenoid
valve. These power supplies are based on three-pin voltage
regulators (Nos. 7805 and 7812, Fairchild Camera and
Instrument Corp., Mountain View, California 94042, USA)
which can provide up to one ampere at their regulated
voltage. The relays and solenoid valve each require about
200 mA. Communication of control signals from the
computer is achieved through optically-coupled isolators
(4N26). A computer bit is output through a parallel port and
this is fed to transistor Q1. This transistor can operate over
the few feet of cable between the computer and the burette.
When the computer bit is HI, transistor Q1 is on, which turns
the diode of the optical isolator off. This turns off the photo-
transistor of the optical isolator which turns on transistor
Q4, and the relay coil is energised. Conversely, when the
computer bit is LO, the coil is not energised. The other two
circuits operate in a similar fashion.

Volume encoder

A wheel with alternate opaque and transparent radial sectors
was mounted on the drive shaft of the burette to provide an
accurate measure of the volume delivered. This wheel was
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Figure 1.  Block diagram of automated titrator.

fabricated by gluing a photographic negative of 20 black and
white sectors onto a plexiglass disc (2.5 in diameter, 1/16 in
thick). The wheel and a photon coupled interrupter module
(No. H13B1, General Electric, Syracuse, New York 13201,
USA) produce twenty light pulses per revolution of the drive
shaft. There are 100 revolutions of the shaft per millilitre
delivered.

The interface of the volume encoder to the computer is
shown in Figure 3. Schmitt trigger gates configured as an
exclusive-or monostable [10,11], produce a short output
pulse (100 um sec) for each dark-to-light or light-to-dark
transition at the interrupter module. This effectively acts as
a frequency doubler. Thus 4000 electronic pulses are
produced for each millilitre of titrant delivered. These
pulses are accumulated in a 16-bit down counter. This is
one of three such counters available in a single integrated
circuit package (8253 Programmable Interval Timer (PIT),
Intel Corp.), which is physically located at the micro-
computer. To ensure high noise immunity for the volume
encoder signal, a line driver and receiver are used in the
differential mode, and are connected by a twisted pair
cable.

Operation in the incremental mode
In normal constant-speed operation the burette will deliver
0.1 ml in 6 seconds with a 10 ml capacity cylinder. Under
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Figure 2. Schematic diagram of burette interface. Key
to components: ULS, upper limit switch; LLS, lower limit
switch; S1, delivery switch;, S2, rapid drive switch; Q1I,
Q2, 03, MPS 6515; Q4, Q5, Q6, MJE 521, D1, D2, D3,
IN3193; K1, K2, Sigma relays 67 REV4-5DC; K3, sole-
noid valve 1-17-900 (General Valve Corp., E. Hanover,
New Jersey, USA); A0, A1, A2, bits output form the
computer through a parallel port; all resistances are in
ohms, 1/4 watt, 5%.

Volume 2 No. 4 October 1980

195



Dancziger and Malmstadt — Interfacing a titrator to a microcomputer

computer control, the burette can deliver an accurate 0.1 ml
increment of titrant about five times faster. The rapid drive
motor is used for the major portion of the increment.

Tq deliver one increment of titrant, the following
sequence takes place: 1) The rapid drive motor is turned on
for a short time (220 msec for a 0.1 ml increment) to deliver
most of the increment. 2) The rapid drive motor is turned
on in the reverse direction for 80 msec. This quickly brakes
the motor without causing the plunger to start moving
backwards. 3) The delivery motor is turned on to complete
delivery of the increment. The rapid drive motor cannot be
used for the entire increment because it cannot be stopped
as quickly or as reproducibly as the delivery motor when
approaching the terminal count (400 for 0.1 ml).

Using this method, the burette can deliver each 0.1 ml
increment in 1.3 sec. A 0.2 ml increment can be delivered in
about 1.5 sec because a larger proportion of it is delivered
with the rapid drive motor.

Electrode interface

The interface to input electrode potentials to the computer,
Figure 4a, uses an operational amplifier (CA3140, RCA
Corp., Somerville, New Jersey 08876, USA) with a very high
input impedance (1.5 TS2) so that the measurement circuit
does not load the electrode. The amplifier is set up as a
voltage follower with variable gain. The output of the fol-
lower (Vout) is directly accessible at the electrode interface.
This allows chart recordings of titration curves to be made
directly without computer involvement. When the switch in
the gain circuit of the follower is opened, the follower has
a gain of one. An inexpensive V-to-F converter used in con-
junction with the two remaining 16-bit counters in the 8253
PIT performs the analogue-to-digital conversion. Extremely
high data rates are not encountered in the course of
collecting volume and voltage values during a titration. For
this reason, a more expensive type of analogue-to-digital
converter need not be used. The V-to-F converter (A-8400,
Intech Function Modules, Santa Clara, California 95050,
USA) is configured to accept both positive and negative
potentials by adding an offset voltage to its summing
junction [12].

Each of the three 16-bit counters in the 8253 PIT has two
inputs, called gate and clock, and one output, which can be
directly accessed by the user. Total counts can be preloaded
or read by the 8080A CPU through its data bus. This

versatile integrated circuit can have each of the three counters
independently programmed into any one of six modes of
operation [13].

Counters 0 and 1 are easily interconnected to be a
frequency measuring system. Counter 0 is programmed as
a one-shot device (Mode 1). It is preloaded with n counts by
the software. It starts counting down on the first falling edge
at its clock input after the rising edge at its gate input (see
Figure 4b). The output of counter 0 will then remain LO until
n counts have elapsed. For example, if the preload value is
50,000 and the frequency at the clock input is 1,000 MHz,
then an output pulse of 50.00 msec is produced. The out-
put of counter 0, after inversion, becomes the gate control
for counter 1. Counter 1 is preloaded with a full count and
will not reach a count of 0 before its gate is closed. In this
manner, the counts from the V-to-F converter are counted
over very precise time intervals that depend only on the
stability of the oscillator fed to clock 0. The output of
counter 0 is also input to the CPU through one bit of a
parallel port. The rising edge here indicates that one measure-
ment cycle has ended.

Chart recorder interface
When titrations are run in the continuous mode, a larger
number of points are stored in memory. These can include
the first (and higher) derivatives of titration curves as well
as the curves themselves. It is often very helpful to inspect
the titration curve and its derivative(s) that are stored in
memory. This is particularly true when experimental para-
meters are being modified. Figure 5 shows the chart recorder
interface that is used to provide this capability. A 10-bit
multiplying digital-to-analogue converter, (DAC 331-10,
Hybrid Systems Corp., Bedford, Massachusetts 01730,
USA) is used with a 10-volt precision voltage reference
source (REF-01, Precision Monolithics Inc., Santa Clara,
California 95050, USA). This produces a full scale
voltage range of 0 to =10V at the output of Al. A2 is an
inverting amplifier with a gain of -0.0100 so that the signal
at the output of A2 has a full scale range of 0 to +100 mv.
Most chart recorders accept an input having this range. The
ratio of the feedback resistor to the input resistor of A2 can
be changed to provide other output ranges.

An assembly language program is used to output a titra-
tion curve from memory. For each point, the eight most
significant bits are sent out to Port B of the 8255 PPI,
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Figure 3. Schematic-diagram of volume encoder interface. Key to components: HI3BI, photon coupled interrupter
module; 75116 XMITR, 75116 RCVR, differential line transceivers used as transmitter and receiver, respectively; B0,
output bit from 8255 port; all resistances are in ohms, 1/4 watt, 5%, capacitance is in microfarads.
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followed immediately by the two least significant bits being
sent to Port C. There is then a delay before the next 10-bit
point is sent out. The length of this delay is adjusted to suit
the number of points that are to be output. Typically, an
8 msec delay is used and this allows 4096 points to be sent
out in about 33 sec. This would be the case for data accumu-
lated with the burette running at constant speed and data
‘points being collected continuously. This results in a smooth
titration curve. For titrations in the incremental mode, there
are inherently only a few data points in the endpoint region,
and they would not normally be plotted.

Table 1. Calibration of electrode interface

Vin, V Fout, KHZ* % RSD
+0.500 113.87 0.026
+0.400 98.48 0.069
+0.300 83.07 0.091
+0.2000 67.80 0.067
+0.1000 52.28 0.045
0.000 36.94 0.019
-0.1001 21.45 0.061
-0.2000 6.06 0.090
Linear regression: slope = 154.02 KHz/v
intercept = 36.89 KHz
correlation coefficient = 0.999999

*Each output frequency is the mean of five measurements.
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Figure 4a. Electrode interface schematic diagram. Key to

components: A1, CA3140; all resistances are in ohms, 1/4
watt, 5% unless otherwise specified; all capacitances are in
picofarads.
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Figure 4b. Timing diagram for 8253 PIT counters 0
and 1.

System evaluation

The linearity and precision of both the electrode interface
and the incremental method of delivery were tested and the
results presented. Table 1 shows the output frequency for
the electrode interface as a function of input potential. The
data show that excellent linearity and precision can be
attained. Different voltage ranges can be obtained by adjust-
ing the gain of the voltage follower or the slope or offset of
the V-to-F converter.

To test that the incremental mode of delivery does deliver
precise and accurate amounts of titrant, deliveries of water
were made ‘into a weighing bottle which was accurately
weighed before and after delivery. The uncertainty in a
0.1 ml increment was found to be 0.3 ul. Table 2 shows
results for larger volumes.

Titration conditions

Analytical reagent grade chemicals were used for the
preparation of all reagents. Acetic acid (Allied Chemical,
Specialty Chemicals Division, Morristown, New Jersey,
USA) and sodium hydroxide (Mallinckrodt, Inc., St. Louis,
Missouri 63147, USA) were prepared using freshly boiled
distilled water. Sodium chloride (Fisher Scientific Co., Fair
Lawn, New Jersey 07410, USA) and silver nitrate volumetric
concentrate (Acculute, Anachemia Chemicals Ltd., Montreal,
Canada) were -dissolved in distilled water. The silver nitrate
solution was stored in the dark to minimise the possibility
of photodecomposition. A combination pH electrode (No.
13-639-92, Fisher Scientific Company, Pittsburgh, Pennsyl-
vania 15219, USA) was used for the acid-base titrations. For
the precipitation titrations, a Ag/AgC1l electrode (No. S-
29718, Sargent-Welch Scientific Co.) was referred to a

Table 2. Linearity of incremental delivery (0.1 ml
increments)

Volume, mi Mass, gm* % RSD
0.5 0.4925 .22
1.0 0.9856 13
2.0 1.9670 .12
3.0 2.9498 .09
4.0 3.9404 11
5.0 4.9289 .15
6.0 5.9093 .03
Linear regression: slope = 0.9853 gm/ml

intercept =-0.0016 gm
correlation coefficient = 0.999997

*Each reported mass is the mean of six weighings.
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Figure 5. Chart recorder interface schematic diagram.
Key to components: REF, REF-01 10 volt precision
voltage reference source; DAC, 331-10 digital to analogue
converter. Al, A2, CA3140; all resistances are in ohms,
1/4 watt, 5% unless otherwise specified; capacitance is in
microfarads.
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saturated calomel electrode (No. 30490, Sargent-Welch
Scientific Co.). A salt bridge (2M KNO3; in 4% agar)
was used to prevent precipitation of silver by chloride ions
from the calomel electrode.

Incremental titration results were obtained for five
calculation methods for the acid-base titrations and for four
methods for the precipitation titrations. In incremental
titrations, an increment of titrant is added as described. Then
the voltage across the electrode pair is monitored either for
a fixed time or until it ‘stablises’. To decide when stability
has been reached, the computer acquires a voltage measure-
ment (by integrating the count from the V-to-F converter
over 50 msec), delays one-half second, then takes a second
point. If the two voltages differ by less than a preset amount,
the computer decides that stability has been reached. If not,
the computer continues testing in this way wuntil the
difference falls below the preset amount. This was the mode
of operation for the silver chloride precipitation titrations.
The criterion for stability in this case was a rate of change of
potential of <1.5 mV/sec. When the voltage has stabilised
within this limit, the volume/voltage values for that
increment are stored in memory, and the next increment is
added. When five increments have been added beyond the
one with the largest potential jump (Ao), the titration is
stopped. Endpoints are then calculated using the methods of
Fortuin [5], Wolf [6], Keller-Richter [7], and Bartscher
[8]. Results for these titrations are presented in Table 3.

Another approach to incremental titrations that can be
used involves waiting a fixed time after the addition of each
increment rather than waiting for the rate of change of
electrode potential to fall below a certain level. This is the
mode of operation for the acetic acid-sodium hydroxide
titrations. The titrations are started by adding 0.10ml incre-
ments of titrant. Immediately following the addition of each
increment, the potential difference is measured and stored in
memory. Then a new cycle of titrant addition and voltage
measurement is begun. When two successive voltages differ
by at least a certain amount (10 mV in this case) the
computer recognises that it is in the equivalence point
region of the titration. The titrant increment is then auto-
matically reduced to 0.05ml. Each increment is followed by
a delay of 3.0 sec, after which the potential difference
corresponding to that increment 1is measured. This
combination of larger, more rapid increments for most of
the titration, and smaller, slower increments only in the
equivalence point region provides rapid titrations as well as
an accuracy determination of the endpoint volume.

Table 3. Comparison of incremental methods for titration of
sodium chloride with silver nitrate.

0.035 N NaC1 Method 0.1 N AgNOj titrant| Precision
volume, ml volume, ml* % RSD

5.00 Fortuin (F) 1.739 0.11

Wolf (W) 1.740 0.11

Keller-Richter(KR) 1.740 0.10

Bartscher (B) 1.742 0.20

10.00 F 3.479 0.10

w 3.478 0.10

KR 3.479 0.10

B 3.478 0.17

15.00 F 5.214 0.13

w 5.215 0.14

KR 5.214 0.16

B 5.217 0.18

20.00 F 6.964 0.11

w 6.962 0.09

KR 6.964 0.12

B 6.964 0.11

*Mean value for eight titrations; 0.10 ml increments delivered through-
out the titration.
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Specific experimental parameters must be chosen to suit
the titration at hand. For example, how does one select the
increment size that should be used? As the increments are
made progressively larger, the titration is performed more
quickly. However, the ability of the calculation methods to
accurately determine the endpoint volume generally im-
proves as the increments are made smaller. Because the
appropriate increment size depends on the specific titration
reaction and the titrator setup, it is best to determine the
optimum increment size experimentally.

If a fixed time is used between the addition of an
increment and the measurement of the ‘equilibrium’
potential, what is the proper length of time to wait? If the
electrode is slow to come to its equilibrium potential, or if
the chemical reaction itself is slow, it is possible to measure
potential differences too soon. This might also be the case
if the mixing is inefficient. However, if the delay before the
voltage measurement becomes too long, it is possible for the
electrode potential to drift, particularly if the indicator
electrode does not show a well-defined response to the
chemical reaction being monitored. For small volumes of
titrant and long delay times, the diffusion of titrant from the
delivery tip could also cause errors. In this respect, the fixed
delay time method is less susceptible to errors than the
method of waiting for a certain rate of change of electrode
potential. These are some of the considerations that should
be noted when incremental titrations are to be used.

Continuous titrations can also be easily performed with
the automated titrator. Titrant is delivered at a constant
speed and potential differences of the electrode pair are
measured ‘continuously’ for 50 msec integration periods of
the V-to-F converter, and the computer stores the 50 msec
points in memory during the course of the titration. At the
conclusion of the data collection, the endpoint can be
calculated as the maximum in the first derivative of the
curve or the zero-crossing of the second derivative by apply-
ing Savitzky-Golay convolutes [14]. Alternatively, the

Table 4. Comparison of incremental methods for titration of
acetic acid with sodium hydroxide.

0.025N . ..
.1 N NaOH titrant | Precision
CH3CO0H Method O | D
volume, ml ’
5.00 Kolthoff (K) 1.274 0.10
Fortuin (F) 1.263 0.29
Wolf (W) 1.263 0.29
Keller-Richter(KR) 1.262 0.36
Bartscher (B) 1.262 0.39
10.00 K 2.527 0.09
F 2.530 0.15
w 2.530 0.15
KR 2.530 0.15
B 1.535 0.11
15.00 K 3.784 0.03
F 3.797 0.03
w 3.797 0.04
KR 3.798 0.04
B 3.797 0.03
20.00 K 5.045 0.29
F 5.052 0.09
w 5.052 0.10
KR 5.053 0.08
B 5.054 0.04
25.00 K 6.328 0.02
F 6.320 0.08
w 6.320 0.08
KR 6.320 0.09
B 6.319 0.09

*Mean value for five titrations; 0.10 ml increments delivered initially,
followed by automatic switching to 0.05 ml increments in the region
of the equivalence point.
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computer can implement a digital version of endpoint
detection schemes performed in the past by analogue cir-
cuitry. For example, a ‘dead-stop’ titration [1] can be
performed by comparing the incoming voltages to the
preset endpoint value stored in memory.

The high-speed computation capability of the computer
also allows it to calculate first or second derivatives ‘on the
fly’ and end the titration when it recognises that the end-
point has been passed. These approaches usually take
somewhat less time than the storage of the entire continuous
titration curve and the calculation of the endpoint ‘after the
fact’. However, all continuous addition methods can give
large blanks and if the chemical reaction is slow, the stirring
is inefficient, or the electrodes respond slowly erroneous
results can occur. In such case the incremental methods are
generally advantageous and provide more accurate results
more rapidly. The automated microprocessor-controlled
titrators make these incremental methods very practical.

Discussion of Results
The results for the automated precipitation titration of
chloride with silver nitrate by four of the incremental fixed-
volume endpoint methods are shown in Table 3. The results
in Table 4 are for the titration of acetic acid with sodium
hydroxide using five different incremental methods for
calculation of the endpoint. The Fortuin [5], Wolf [6], and
Keller-Richter [7] algorithms are all based on the four data
points encompassing the three largest potential jumps in the
equivalence point region. The similarity of the calculation
formulas is reflected in the results printed out for these
methods. For any individual titration, the Fortuin and Wolf
results are virtually identical. The Keller-Richter result is
most often within 0.1% of the Fortuin and Wolf methods.
However, the more recently proposed method of Bartscher
[8] is fundamentally different from the other three methods.
It uses the six points surrounding the largest potential jump
rather than just the inner four, and factors obtained from the
asymmetry of the curve. The mean values shown for the
Bartscher method in Tables 3 and 4 in all cases agree closely
with the other three methods. In some instances, the
Bartscher method showed slightly poorer precision than the
Fortuin, Wolf, and Keller-Richter methods, but most often
agreed within 0.1%. For the titrations in Table 4, the results
were also calculated for the Kolthoff method [4]. This is
simply a linear interpolation which calculates the inflection
point of the curve based on the zero-crossing of the second
difference. Except for the value at the 20.00 ml aliquot
(which was due to one outlying result) the precision for the
Kolthoff method was 0.10% or better. This was true even at
the 5.00 ml aliquot where the other methods had standard
deviations three times larger. )

As long as a titration is not subject to determinate error, a
blank should not be observed. This is borne out for the data

in Tables 3 and 4. Linear regressions performed on the results
for the different methods show intercepts which range from
-0.003 to +0.004 ml. This is close to the limits of the precision
of the overall measurements. The slopes calculated by the
linear regressions (which are representative of the titer) are
identical for all the methods in each table. Correlation
coefficients range from 0.999984 to 0.999999, showing the
excellent linearity obtained.

Although the incremental acid-base and precipitation
titrations were performed . in two essentially different
manners, the speeds for both were approximately the same.
The 5.00 ml aliquots of sodium chloride required about 65
seconds to titrate to an endpoint of 1.7 ml. The most con-
centrated aliquots, which required 7.0 ml, took 4 minutes to
titrate. The acetic acid titrations, requiring from 1.3 to 6.3
ml of titrant, took from 70 seconds to 3.3 minutes.

The designs presented here illustrate how a micro-
computer-controlled titrator can be developed from basic
modules and simple interfacing circuits. The precise and
accurate data demonstrate that this versatile titrator is
ideally suited for efficient characterisation of endpoint
detection methods as well as for rapid routine titrations.
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