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ABSTRACT

A complete precision pH control system suitable
for laboratory use is described briefly. The mechanism
of operation and a detailed circuit description are given
for the electronic control portion of the whole system.
The instrument described makes possible pH control of
biological reactions to an accuracy of 0.0l pH intervals
and pH measurement or comparison to an accuracy of

0.002 pH intervals.
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A PRECISION ELECTRONIC pH CONTROL

I INTRODUCTION

The development of this instrument began several
years ago when the Division of Applied Biology of the
National Research Council of Canada was studying various
fermentations. They were interested in studying these
biological reactions under variations of the numerous para-
meters involved, namely temperaturs, different specific
organisms, different compositions of the media in which the
growth takes place and variations of the acidity or pH of
this solution. The control of these various parameters was
of course accomplished differently in each case but for one
of the most important of them, pH, no satisfactory control
was available. True, there were available a number of in-
dustrial type pH controllers but those which were investi-
gated proved to have such limitations as to make them un-
satisfactory for this work.

Variations in the pH of a fermentation is a
result of the growth of the organisms themselves rather than

a failure to adjust the solution to the correct wvalue in

the first place. In the case of bacteria which consume sugar,

acid is'produced and an alkaline solution must be added in
small quantities from time to time as growth proceeds to

maintain the pH of the reaction within specified limits.
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This instrument was designed therefore to provide this control.
Essentially, pH control is achieved by the measurs-

ment of voltaées produced by a palr of electrodes immersed

in the solution which is being controlled. A change of the

hydrogen ion concentration results in a corresponding change

of voltage at the electrodes and this change is used to

actuate the control mechanism which adds to the reaction an

acldic or alkaline correcting reagent in order to restore the

pH, and therefore the electrode voltage, to their former

values.,

IT GENERAL DESCRIPTION OF THE CONTROL SYSTEM

Industrial control of pH to 0.1l of a pH interval
may be considered to be fairly accurate. For research pur-
poses 1t is desirable to exceed this accuracy and therefore
control to 0.0l pH intervals was set as a target, with the
stability of the instrument such that this accuracy could
be maintained without recalibration over a period of several
days.

A further requirement was that the instrument
should be able to control simultaneously several ferment-
ations. The procedure desired by the biologists was to set
up, say, three reactions at slightly different values of
pH and upon completion of the fermentations, to analyze

the by-products of the fermentations and thus be able to
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relate quantitatively the production of specific by-products
with pH value. This quantitative analysis procedure was in
fact one reason for attempting to control pH to one per cent
of a pH interval for with such close control, fermentations
and quantitative analysis may be repeated with reasonable
consistency. This requirement for multiple channel pH con=-
trol was one facility not readily available on those indust-
rial controllers which were considered.

These, then, are the principal requirements of
the instrument to be described. It is a precision laboratory
instrument and in its present form it is not intended to be
directly applicable to industrial control, although this
would be a logical direction for further development. The
instrument is essentially a millivoltmeter, having output
circuits for the control of valves to permit the correction
of pH.

The complete slectronic portion of the pH control
system 1s illustrated in Fig. 1. This shows the instrument
rack with the power supply on the bottom shelf and the elec-
tronic control unit or pH Monitor on the top shelf. The
middle shelf is used 1n practice to support recording milli-
ammeters.

Of secondary importance, but quite necessary for
precision pH control, since the voltage appearing at the
electrodes for a given pH is somewhat dependent on temper-

ature, is the requirement for temperature control of the



FIG.1 The pH Monitor Instrument Rack
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reaction. Also of secondary importance, but highly important,
is the requirement that the reaction be thoroughly agitated
in order that increments of correcting solutions will be
rapidly mixed in.

These two requirements are provided for as illus-
trated in Fig. 2. The steel tubing table supports a
temperature-controlled cabinet and located just below this
is an agitator mechanism, part of which extends up through
openings in the bottom of the cabinet to a frame on which
the three flasks are supported.

A framework mounted outside and above the
temperature-controlled cabinet is used to support burettes, .
containing the correcting reagent, and the valves which con-
trol the flow of the pH correcting reagent from the burettes. .

A functional block diagram of the pH control
system is shown in Fig. 3. The electronic control or pH
monitor comprisés only those blocks identified as "input
circuits", "amplifier®™ and "relay output circuits"; Below
the first two named are listed items of special signifi-

cance to those particular functions.

III THE THREE CHANNEL pH MONITOR

The instrument which was designed to fulfil the
above requirements and provide for the simultaneous control

of three fermentations, is shown in Fig. 4. It is basically



FIG.2 Agitator Table and Temperature
Controlled Cabinet
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a three channel pulsed millivoltmeter with suitable pro-
vision for calibration and adjustment as required by the
specific demands of pH control.

The elsctrode system across which is developed
the voltage to be measured comprises a "Glass®" and a
"Calomel" electrode having together an internal resistance
of approximately 150 megohms. In order that the millivolt-
meter will not appreciably load the electrode system, it
is therefore necessary that the millivoltmeter input resist-
ance be considerably higher than 150 megohms, and an input
resistance in e xcess of 10,000 megohms has been achieved.

The instrument has a range of approximately zero
to plus or minus 500 millivolts. Since a change of one pH
interval results in a change of Electrode voltage of approxi-
mately 60 millivolts the pH Monitor is therefore useful over
the full range of pH from 1 to 1l2.

The sensitivity of the millivoltmeter circuit is
such that it can detect a change of 0.0001 volts, or in

terms of current in the input circuit, of 10-12

amperes.

In terms of pH the pH Monitor is capable of pH indications
of comparisons to 0.002 pH and the system as a whole includ-
ing tHe pH Monitor, temperature-controlled cabinet, agitator,
and valves, has been designed to permit an overall control

accuracy of fermentations to 0.0l pH.
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In order that the instrument will have a very high
order of stability, all precautions have been taken to provide
line voltage regulation, d-c voltage stabilization, filtering,
circuit isolation and shielding where necessary. AS a result,
over a period of several days,. drift is only a fraction of a
millivolt and accuracy of calibration is maintained throughout

the duration of prolonged fermentations.

IV _PRINCIPLE OF OPERATION OF THE pH MONITOR

A simplified schematic diagram of one channel of
the pH Monitor is shown in Fig. 5. The potential developed
between the electrodes immersed in the solution is compared
with a predetermined Reference voltage by a single pole double
throw snap action "Micro-Switch™ in the grid circult of the
first amplifier tube Vl. This switch is caused to operatse
from the lower to upper position by an electric-motor-
operated cam mechanism. The moving arm of the switch 1is
connected to the grid of V, and it is normally in the lowsr
position which is at Reference voltage potential. On each
switching operation it connects for about one hundredth of
a second with the upper contact which is at Electrode volt-
age potential. The Electrode voltage is therefore connected
to the amplifier proper at the rate of 30 times a minute for
this short interval only. It is this mechanism which con-
tributes largely to the very high input resistance of the

circuit because with respect to the electrode terminals
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Te
he actual input resistance of the first amplifier is multi-
plied by the time ratio of the switching interval of the
"Micro-~-Switch",

When the Electrode voltage differs from the Reference
voltage, a momentary change of voltage occurs at the grid of
the amplifier Vl during the brief switching interval. Thse
" amplitude of this pulse is determined by the magnitude of the
difference between the Electrode and Reference voltages and
the polarity of the pulse (i.e. positive or negative) is
determined by the sign of the difference between the two
voltages. The amplitude of this pulse is used to indicate
when a correction of pH is required and the polarity of the
pulse 1s used to indicate the sense of the required correction.
Successive stages of amplification and rectification produce
from this pulse a d-c voltage having a polarity and amplitude
proportional to the pulse and this voltage actuates relays
wnieh control the valves which add the pH correcting reagent to

the solution being monitored.

V__A DETAILED DESCRIFTION OF THE CIRCUIT

Referring again to Fig. 5, the Electrode voltage
1s comnected to the input amplifier circuit V, at terminals
1 and 2. A standardized Reference voltage is provided by
the precision potentiometer "A" which may be fitted with
a calibrated dial to read in pH units either directly or
from a calibration chart. Precision potentiometer "B®" pro-

vides the Asymmetry correction voltage which compensates
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for differences in electroles so that although different
pairs of electrodes produce slightly different voltages in
solutions of the same pH a balance may always be obtained
with the same setting of the Reference voltage potentiometer.
"G" is a standard celi and galvanometer circuit for standard-
izing these voltages.

This whole amplifier stage is very thoroughly
shiselded and all leads entering the amplifier compartment
are carefully filtered. Fig. 6 illustrates this shielding
in the three channel pH Monitor. The electrode voltage
charges the capacitor ®C" which is selected for very high
leakage resistance. Pulses developed by the switch "S" as
explained previously are coupled to the grid of the amplifier
Vi. Cathode bias, plate and screen voltages have been chosen
for low noise operation and care is taken to ensure that the
amplification of both positive and negative pulses is the
same. This condition however need only hold for small pulse
amplitudes near the balance point say from zero to 5 or 10
millivolts.,

The second stage V. is a pulse amplifier having

2
variable gain by means of the sensitivity control network
mDrn, Since these pulses occur at a fairly slow rate low fre-
quency response of the amplifier is important and for this

reason, fixed grid bias and fixed screen voltage are used.
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The screen voltage is variable over a small range to compen-
sate for tube differences so that the amplification for both
positive and negative pulses will be the same.

VzA is a pulse cathode follower directly coupled
to the plate of V,. Its cathode is coupled to V4, a double
diode rectifier so arranged that at point "X" a d-c voltage
is developed whose sign and amplitude correspond to the
sign and peak amplitude of the input pulse.

This d-c voltage is connected to the grid of
VBA a cathode follower whose cathode is connected by a re-
sistor network to V5° A recording milliammeter may be
connected into the circuit at "R"™ to record current varia-
tions in this network which variations are proportional to
variations of the Electrode voltage. Such a recorder pro-
vides a constant and most useful check on the operation of
the instrument, on the electrodes, and on the progress of
the reaction. Experience has shown that much can be learned
about the operation of the complete system by observation
of these records. Common féults such as faulty electrodes
produce quite characteristic traces and these difficulties
are thus eeslly identifised., In addition to this, however,
it is of considerable value to be able to observe the pro-
gress of the fermentation, to note the deviation in pH, the

rate of growth and particularly the termination of the

reaction.
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V. is a differential d-c amplifier in whosse

5

cathode circuits is placed a sensitive differential relay.
In order to compensate for differences between individual
tubes used as V5 the potentiometer in the coupling network
between V3B and V5 is provided to bring V5 to an initial
balance condition when the input pulse amplitude is zero. The
sensitive relay is connected as a single pole double throw
relay which has a normally off position when the instrument
is at balance, and which comnects one way or the other when
an off-balance condition occurs. This sensitive relay actu-
ates two output circult power relays which are used to control
the operation of the valves so that pH correcting reagents
may be added to the reaction as required.,

An auxiliary circuilt provides a means of observ-
ing off-balance conditions and so facilitates rapid balancing
of the instrument. This circuit operates an electron-ray
indicator tube and it is comnnected from the cathode of V5A’
the pulse cathode follower, to Vg a limiter which serves to
separate positive and negative pulses into two channels.

The two outputs of V6 are coupled each to onse
half of V7 a double triode amplifier, one half being biased
to operate on positive pulses and the other on negative
pulses.,

In order that the pulses to be applied to the

electron-ray tube be easily observed, it 1s necessary that
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they be of considerably longer duration than one hundredth
of a second, the approximate duration of the original pulse.
The integrators V8 and V9 perform this function, one being
connected for positive pulses and the other for negative

pulses.,

The outputs of these circuits are connected
together to the grid of the electron-ray indicator tube le'
This tube is biased so that the target is normally in the
half open position with the result that on the application
of pulses of one polarity it winks open and on pulses of the
opposite polarity it winks closed. The gain and sensitivity
of the circuit are such that in this way a very precise
balance may be obtained.

Standard receiving type tubes have been used
throughout and referring to Fig. 5 the tubes used in each
stage are as follows: V1-1620 (6J7), v, - 6537, V3 - 68N7,
V, = 6ALS, Vs
Vg = 6AL5, Vig -6E5. Every effort has been made to make the

- 65N7, Vg = 6AL5, v7 - 636, Ty -6AL5,

circuits non~critical to tube replacements and this has been
possible in every case but V2 and V5 where adjustments for
tube variations are provided.

The power supply for the pH Monitor has been made
as free from powsr line variations as possible. The primary

a=Cc supply is regulated by a line voltage regulating trans-

former and all d-c voltages are electronically stabilized.
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Separate voltage sources are provided for the "B" supply, bias

supply, Reference and Asymmetry voltages and relay voltages.

VI CONCLUSION

Two of these complete 3 channel pH control systems
have been built. One has recently been installed in the
Prairie Regional Laboratory of the Division of Applied Biology
of the National Research Council at Saskatoon, Saskatchewan and
the other, which has been in operation for nearly a year, is
installed in the Biology Division's Laboratories in Ottawa.

The operation of this instrument has been satisfactory in
every respect and it has provided the Biologists with a
powerful tool to aid them in their studies of biological

reactions,
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APPENDIX

Subsequent to the writing of this paper an
additional figure was prepared, and, as it 1s of parti-
cular interest; it is included following this page.

The figure is a record of pH variations of a
bacterial fermentation. The control level of pH is
6,60 and the reaction 1s started off at a pH slightly
alkaline with respect to this. Growth starts slowly
and at one hour and forty-five minutes from the starting
time the pH has drifted, as a result of acidic by-
products of the reaction, to 6.60 and a sudden pH cor-
rection is made by the addition of a small amount of
alkaline correcting reagent. A second correction occurs
two hours after the starting time, and, following this,
the rate of growth increases rapidly and pH corrections
become increasingly frequent. The bacteria in this
fermentation consume sugar and as the supply of sugar
decreases the growth slows down until at fourteen and
one-half hours all sugar has been used up and the
reaction stops with the pH of the solution drifting in
an alkaline direction.

It is interesting to note that the maximum
deviation in pH throughout the duration of the fermenta-
tion 1s only about 0.03 pH, and that the control level
of 6,60 pH has been held to better than 0.0l pH.

ERB~-216
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