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Abstract

A prototype of the digital readout instrument designed for pH glass electrode has been
developed. The instrument has two circuit boards, i.e. main board and display board. The
main board is built with the 89V51RD2, 64kB Flash microcontroller, two channels digit
digital voltmeter chips, ICL7135, and the Femtoampere input high precision amplifier,
LMP7721. The display board is built with MAX7219, 7-segment display controller. The
input DC potential range is +/-1.0000V with 100pV sensitivity. The potential from glass
electrode is converted to pH scale using Nernst equation. Temperature correction for the
pH reading is computed by using the built-in temperature sensor, LM35 or manual set at
25.0C. Calibration of the pH probe uses 3-point standard buffers i.e. pH 4.00, pH 7.00 and
pH 10.00. In addition, the meter also provides RS232 port for interfacing to the PC.
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Introduction

A pH meter [1] is an electronic device used for measuring the pH (acidity or alkalinity) of a
liquid. A typical pH meter consists of a glass electrode connected to an electronic meter
that measures and displays the pH reading. Shown in Figure 1 is the high precision pH
meter Metrohm that uses in the Department of Chemistry and Department of Biology.

Figure 1: Commercial pH meter with pH glass electrode.

This project, we will design the digital readout instrument for displaying pH scale. The
circuit will use a cheap microcontroller, a high input resistance operational amplifier and
the digital voltmeter chip. The software will be developed for computing the pH scale from
mV readings using Nernst equation. The cheap glass electrode will be bought from China.
However the circuit and software will be developed for using with the high precision pH
probe as well.



Design of Digital pH Meter

A simplified block diagram of the digital pH meter is shown in Figure 2. A digital pH
meter measures the potential difference (in mV) then converts it to pH scale with
temperature correction. The pH probe is made of glass electrode. Its characteristic is a very
high internal resistance (>10® Ohms). To feed the signal from the glass electrode to the
analog-to-digital converter thus needs a very high input resistance buffer amplifier. The DC
signal produced from the electrode is +/-414.0mV. The analog-to-digital converter (ADC)
converts analog voltage to digital data. The microcontroller reads the digital data, performs
digital filtering and converts it to pH scale using Nernst equation. The pH readings will
then be displayed by the display board.
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Figure 2: Simplified block diagram of digital pH meter



Principle of Operation

The microcontroller computes mV readings from the ADC chip and converts it to pH scale
using Nernst equation[2].

In electrochemistry, the Nernst equation is an equation that can be used to determine the
equilibrium reduction potential of a half-cell in an electrochemical cell. It can also be used
to determine the total voltage (electromotive force) for a full electrochemical cell. It is
named after the German physical chemist who first formulated it, Walther Nernst.

The Nernst equation gives a formula that relates the numerical values of the concentration
gradient to the electric gradient that balances it. For example, if a concentration gradient
was established by dissolving KCl in half of a divided vessel that was originally full of
H,0, and then a membrane permeable to K+ ions was introduced between the two halves
empirically, an equilibrium situation would arise where the chemical concentration gradient
(that would normally cause ions to move from the region of high concentration to the
region of low concentration) could be balanced by an electrical gradient that opposes the
movement of charge.

The two (ultimately equivalent) equations for these two cases (half-cell, full cell) are as
follows:
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where

Eq 1s the half-cell reduction potential at the temperature of interest

Eored 1s the standard half-cell reduction potential

Ecell is the cell potential (electromotive force)

Eocell is the standard cell potential at the temperature of interest

R is the universal gas constant: R = 8.314472(15) JK 'mol’

T 1s the absolute temperature

a 1s the chemical activity for the relevant species, where aRed is the reductant and aOx is
the oxidant. aX = yXcX, where yX is the activity coefficient of species X. (Since activity

coefficients tend to unity at low concentrations, activities in the Nernst equation are
frequently replaced by simple concentrations.)



F is the Faraday constant, the number of coulombs per mole of electrons:
F = 9.64853399(24)x10* Cmol

z 1s the number of moles of electrons transferred in the cell reaction or half-reaction
Q 1s the reaction quotient.

At room temperature (25 °C), RT/F may be treated like a constant and replaced by 25.693
mV for cells.

The Nernst equation is frequently expressed in terms of base 10 logarithms (i.e., common
logarithms) rather than natural logarithms, in which case it is written, for a cell at 25 °C:
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For our design that uses computing by the microcontroller, we will use below equation.
RT
0
E=b" == In(Q)

Where
R = 8.314472(15) JK-1 mol’
F = 9.64853399(24)x10* Cmol
T = absolute temperature in Kelvin 273.15 (0°C)

For simplicity, we enter the constants and change the natural log to common log we get,

(8.314472)(273.15+ T, )
9.64853399x10*

The temperature is now in Celsius unit. The temperature readings can be measured from
built-in temperature sensor or use fixed value at 25.0°C.

E=E"—] 1x2.30258

For example, the mV/pH sensitivity will be -59.16mV/pH at 25.0°C.

By using this equation with the temperature sensor, the sensitivity pH/mV for a given
temperature can be computed by the microcontroller directly.
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Figure 3: Relationship between mV and pH scale at 0C, 25C and 50C.



3-point Calibration

The pH readings computed from theoretical method is the idle characteristics. However a
given pH electrode made from different manufactures definitely produces a slightly
different output for a given pH value. Our design uses 3-point calibration. The standard
buffer having known pH for three values will be used for calibrating the probe.

Figure 4: Standard buffers used for pH probe calibration.

Standard buffers are pH 4.00, pH 7.00 and pH 10.00. Calibration is made by measuring
three standard buffers. The pH readings for each buffer and the known pH of the standard
buffers will be used for computing linear regression. The known standard pH will be Y
variables and the pH readings will be X variables.

The result equation is as follows.

Y=a+bX

a = intercept
b = slope
X is the pH reading. Y is the pH value for the probe being calibrated.
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Where, a is intercept
b is slope
n is number of sample, i.e. 3 for three buffers

The example of finding the linear regression equation is shown below. We use fix point
calculation. So the standard buffer 4.00, the value for calculation is then 400, similarly for
standard buffer 7.00 and 10.00. We used above equation for finding a, and b parameters.
We tested the calculation using spreadsheet software.

The results gave a =11.072913 and b = 0.972740043.

sample | pH meter X STD buffer Y XY X2 Y2
1 412 400 164800 169744 160000
2 755 700 528500 570025 490000
3 1026 1000 1026000 1052676 1000000
2193 2100 1719300 1792445 1650000
a b
-11.0729713 0.972740043

We also tested above equations with Origin plot software. The result is shown below.

Linear Regression for Datal B:

Y=A+B*X

Parameter Value Error

A -11.07297 50.90525

B 0.97274 0.06586

R SD N P -------------
0.99772 28.65805 3 004303 -----
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Figure 5: Linear curve fitting for standard buffer and pH being measured.

The calibration curve will be used to compute the pH value and show it on the display.
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Hardware descriptions

pH probe

The meter is designed to read the DC potential of + 1.0000 full scales. The glass electrode
for pH measurement produces approx. +414mV output for pH 0-14. This makes the meter
is able to use with many types of electrodes. One of the examples is a replacement pH
probe bought from ebay. It was made in China and its cost is only $20. The specification is
as follows.

Measurement range: 0.00-14.00 pH
Resolution: 0.01 pH

Accuracy: = 0.05 pH

Operating temperature: 0°C-50°C
Dimensions: 150mm

Cable length: 1.2m (3.93ft)

Figure 6: Replacement Probe pH Sensor with resolution of 0.01 pH
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Femtoampere Input High Precision Amplifier

The use of a very high input resistance amplifier is to provide buffering between the glass
electrode and the low impedance ADC circuit. The amplifier circuit has a unity gain. The
circuit needs Femtoampere input bias current. It means the input resistant is in the range of
10"°Ohms. The selected amplifier chip is LMP7721. Features and sample applications of
the LMP7721 is shown in Figure 7. One of the recommended applications is pH electrode
amplifier.

Features

Unless otherwise noted, typical values at T, =25°C, V4 =5V.
® Inputbias current (Vg,, =1V}

— max @ 25°C =20 fA

— max @ B85°C 800 fA
e (ffset voltage =26 v
s (Offset voltage drift =1.5 pv/°C
e DC Open loop gain 120 dB
e DC CMRR 100 dB
e nputvoltage noise (atf =1 kHz) 6.5 nV/~Hz
e THD 0.0007%
o Supply currant 1.3 mA
* GBW 17 MHz
e Slew rate (falling edge) 12.76 V/us
o Supply voltage 1.8V to 5.5V
e Operating temperature range -40°C to 125°C
s B5-Fin S0IC
Applications

® Photodiode amplifier

e High impedance sensor amplifier
e lon chamber amplifier

e Electrometer amplifier

e pH electrode amplifier

e Transimpedance amplifier

Figure 7: Features and sample applications of the LMP7721 amplifier.

The amplifier circuit is shown in Figure 8. The signal from pH probe is tied to noniverting
pin. The signal output is feedback to the inverting pin thus providing unity gain. The power
supply is +/-1.2V. C2 and C6 are 4.7uF tantalum capacitors providing power supply noise
filtering. The output signal +/-414mV is fed to the DVM chip as the pHChannel. CON2 is a
special BNC connector. It has a very high permittivity dielectric core to prevent charge
leakage to the reference GND voltage.
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Figure 8: LMP7721 buffer amplifier circuit.
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Digital Volt Meter (DVM)

A Digital Volt Meter (DVM) chip is an integrating type analog to digital converter. The
integrating method provides excellent common mode noise rejection with very high
resolution. The DVM chip 1s ICL7135 41/2 digit DVM manufactured by Intersil. The input
signal is full scale +/-1.0000V with 100uV resolutions. R3 and C4 forms a low pass filter
for the input signal from the amplifier. R1 is a 25-turn trimmer for providing +1.0000V
reference voltage. The chip provides 5 digits BCD output at the pin B1, B2, B4 and BS.
The STRB signal is used to trigger the MCU when each digit is available on the BCD
output pins. CLK input pin is driven with 120kHz or 125kHz oscillator. Thailand has
power line frequency of 50Hz, the 125kHz is then selected for better noise rejection.
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Figure 9: Digital Volt Meter circuit for pH probe.
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The second channel DVM is for temperature sensor input. The circuit is similar to pH
channel. However the MCU port that reads BCD data is PORT?2.0.
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Figure 10: Digital Volt Meter circuit for temperature sensor.

16



Reference Voltage

The reference voltage is provided by U5, LM4140-1.2. This reference voltage is for DVM

chips.
+5VA
Us
TP1
2 & VREE 1.2V i I
VIN VREF | TEST POINT
. GND ;
Enable GMND
7 T~ €1t |+ 012
GND £ 0.1uE=—~ 4.7uF
GND
LM4140-1.2

Figure 11: Reference voltage for DVM circuit.

The microcontroller NXP89V52Rd2 is configured in single chip mode (EA=+5V). The

Microcontroller and EEPROM

code memory size is 64kB, 128 bytes onchip RAM, expanded 768 bytes data memory. The

oscillator frequency is 11.0592MHz. Port0 is interfaced to the DVM chip for pH sensor.

uz
P0.0 =
K 32 Po.0rADO F2.0/A8 22 BT
Heuo e
P03 : 2 s
5 38 Fo.3AD3 F2.3/A11 22 BT
P05 2=—| FO.4/AD4 F2.4/A12 (52 x
P0.6 =3 FO.5/AD5 P2 5/A13 |22 e
P07 35| PO.6/AD6 P2.6/A14 55 S
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RUNHOLD 2 P1.O/T2 P3.0/RXD [o— x5
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CLK T P16 P3.6WR [ s
30pF C5  11.0502MHz P1.7 P3.7/RD
I ’ 19 | xraL1 PSEN [ 1
L RESET 1; XTALZ 2
6 oy L] ey RST ALEPROG [—2—xX =
I _-.I- T 31| EANPP
30pF =
= NXPBSVS1RD2

Figure 12: Microcontroller NXP89V52RD2 configured in single chip mode.
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Port2 is interfaced to DVM chip for temperature sensor. P1.0 is the output pin for the
timer2 square-wave output. It is software generated 120kHz or 125kHz oscillator. P3.4-
P3.7 are input bits for the front panel keypad. J2 is internal bootloader pin that activated for
code loading.

+5V 8V
R14 R15
4.7k &7k
U2
5 € bseLk
P14
%—T1wp sDal2 s
B 1 vee
5V 24C16B/SO8

Figure 13: EEPROM, 24Cl16.

The nonvolatile memory, EEPROM 24C16 is used to store the calibrated equation. The
chip has 16kB space. Interface pins are P1.3 for SCLK and P1.4 for SDA which is the
standard I°C port.

5V
~L- 1ouF 10V 10uF C24
[ 7 c22 +
B ) U8
5 2 1
OO__M CC.: 10uF
o—+2—X L clzr v c2+ 4
= & + c2- + | «c28
Pt ' %
1> 7 _‘IDUF
o2 = 21 110Ut TIN XD
o—+8—x >e—1— T20UT T2IN RXD
O_H 13 R 12
ey “— RIIN RIOUT
R2IN R2OUT ==
CONNECTOR DBS female modem cable =
= MAX232A

Figure 14: RS232C port

RS232C Port

The RS232C port is shown in Figure 14. The MAX232A is the RS232C level converter.
The signal at RS232C port is +/-10V negative logic. Serial port signals from the MCU are
TXD and RXD pins. The port is asynchronous with speed of 9600bps, 8 data bits no parity
and one stop bit.
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Built-in Temperature Sensor

The main board has built-in temperature sensor. The sensor circuit is LM35, integrated
Celsius temperature sensor. It provides output of 10mV/C. This is an optional sensor for
the probe that does not provide the temperature sensor in the probe.

o Thermistor
+5VA ME_ ; selector for LM3E or probe's temperature sensor
vs+ \ouT -2 22 3
CON3
LM35TO

Buil-in temperature
ay board Sensor

Figure 15: Built-in temperature sensor.

Main Power Supply

The main board power supply is simple linear voltage regulator. Digital circuit is supplied
by +5V from U6, LM7805. Analog circuit is supplied by +5SVA from U7, LM7505 and
negative-SVA from U9, LM7905. V1 is small bridge diode. D2 and D4 is shunt regulator
providing +/-1.2V DC supply only for the Femtoampere amplifier.

+50 A
RT
OINT 1k
+1.2V _
Loe
: D2
= | M385-1.2/S0 ICLBDES-1.2/S0
= 9
P
LM385-1.2/S0O ICLADBS-1.2/50
=+
1.2V _

R13 -5VA
1k

Figure 16A: Power supply +/-1.2V for Femtoampere amplifier.
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Figure 16B: Main board power supply.

Display Controller

The display is two rows 16 digits 7-segment LED. The controller chip is MAX7219. The
interface port to the microcontroller is software generated SPI port. The SPI signals are
DIN, CLK and LOAD. The LED is LTC4727 common cathode multiplexed configuration.
Shown only 4-digit, for complete 16-digit, let us see the complete schematic in the
Appendices. Data stream is sent from microcontroller and write to the MAX7216’s internal
registers. The scanning signals are produced by the internal circuit of the MAX7219.
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Prototype of the Digital pH Meter

Prototype Outlook

The prototype is enclosed in an instrument plastic box. The box size is 160x130x60mm.

The front panel has two rows 7-segment display and four key switches.

Figure 18: The prototype and pH electrode.

Back panel provides pH electrode connector, temperature sensor, RS232C connector, AC
power receptacle and main power switch

Figure 19: Back panel of the prototype.
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The placement of the main board and display board is shown in Figure 20. The left-hand is
a 300mA isolation transformer with 9V center tap output. Microcontroller is shown in the
right-hand side.

Figure 20: Main board and display board placements.

Front Panel Keypad functioning

Front panel has four key switches i.e., CAL, pH/mV, STD and T¢. User can set the
functioning and calibrating the pH meter using these keys easily.

Key Functions

2
Cn.,_u/.x Select the 1¥ row display in pH or mV

@D Set the meter for calibrate mode

Select the built-in temperature sensor or fixed 25C.

23




STD)

Set the readings for 3-point calibration using three standard
buffers

PC Interfacing

The back panel provides RS232C port for interfacing the PC. The cable is straight through
serial cable male-female type. We can use any VT100 terminal emulation software with the
asynchronous 9600 8nl format. One of the examples is Putty which is free software.

Figure 21: RS232C cable, straight through male-female type.

The help key ‘?” displays the list of the commands.

&2 COM1 - PuTTY )

Digital pH Meter V1.1 (? help)

automatic print readings
= interval (3]

H

standard buffer

' manusl entry

24



The sample of settings the interval to 10s and print the readings every 10s is shown below.

I x

[? help)

print readings

standard huffer
anual entry
interwval (=) =10

Wi.1 (? help)

Calibrating Procedure

To calibrate the meter for a given pH electrode, the standard buffer must be set beforehand.
Settings the value of pH standard buffer must be done only by serial interface with
command b.

&2 COM1 - PuTTY i - 10| x|
Digital pH Meter V1.1 (? help)

Comatic print readings
interval (3]

H
standard huffer
manual entry

-
o
it
[a]
0]

Ente
enter
Ente

=]
=

ot
o]
ul]
ot
fui]

These values will be saved to the EEPROM and it will be the default values for later
calibration.
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Calibration procedure can be done by the front panel keypad easily. The steps are as
follows.

N —

(98]

9]

9.

o

CAL
Press ‘\._.«f to set calibration mode.

. Measure the first buffer 4.00, wait until the readings stable.

Press The display will show CAL 1 for point 1.

Rinse the probe and then measure the second buffer 7.00, wait until the readings
stable.

D
Press ~" The display will show CAL 2 for point 2.

Rinse the probe and then measure the third buffer 10.00, wait until the readings

stable.
STE‘!

Press .~ The display will show CAL 3 for point 3.

o
Press “~" The display will show % of slope.

STD
PressQ The display will show calibrated pH value.

If % slope is out of the band setting, it will show ---- in step 8. To make a new

calibration, the previous settings must be cleared. To clear it, turn off the meter, keep

15-)

pressing key -~ then turn power switch on. The previous calibration will be
cleared.

After calibration, the indicator will be displayed as pH. To indicate the mater has been
calibrated.
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Testing the Prototype with Standard Buffers

The prototype digital pH meter was tested with three standard buffers i.e. pH 4.00, pH 7.00
and pH 10.00. The test was performed at fixed temperature 25.0C.

Figure 22: Standard buffers

The tested pH probe was taken from the Metrohm 827 pHmeter.

i’
>

Figure 23: pH probe being tested with the prototype.
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The calibration curve using linear regression is shown in Figure 24. The pH being
measured for 3 points were the X axis. And the known standards pH were the Y axis.

Shown in the graph, the calibration curve Y=1.097419X — 27.506270. This equation was

saved in the EEPROM and the calibration flag was set. The pH calibrated values then were
displayed instead. The different of +/- pH from standard was shown below.

point standard buffer | pH measured pH calibrated +/- pH from standard
CAL1 4.00 3.84 3.9 -0.10
CAL2 7.00 6.75 7.15 +0.15
CAL3 10.00 9.30 9.95 -0.05
Y=1.097419 X - 27.506270 pH 10.00
R7"2=0.9986
o
=
S
m
©
| .
©
©
c
©
el
(]
I
o
T T 1
9 10

pH Measured

Figure 24: Calibration curve using three point standard buffers.
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Conclusions

We have designed and built the prototype of the digital pH meter. The meter is
microcontroller based digital readout instrument having very high input resistant DC
amplifier. The signal from glass electrode is converted to digital data. The microcontroller
computes the mV readings using Nernst equation and finds the pH scale. The built-in
temperature sensor is used to correct the pH readings. The meter has display and keypad
for calibration. A given electrode can be calibrated using known pH buffers.

The core technology for the amplifier, digital to analog converter, software coding were
summarized in this report. The proceeding projects for pH meter development can use this
core technology and/or modify the display/keypad or the plastic enclosures for making the
final product then.
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Hardware Schematics

® Main Board Schematic

® Display Board Schematic
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Bill of Materials

Digital pH Meter V1.1 Revision: 1

Bill of Materials for main board

Item |Quantity | Reference Part
1 21C22,C1 Electrolytic 10uF 10V
2 3|1C2,C6,C12 Electrolytic 4.7uF
3 4|Cc3,Cc7,Ccl1l3,C15 Electrolytic 1uF
4 2|1Cl4,C4 Multilayer 100nF
5 2|C5,C8 Ceramic 30pF
6 21C9,C20 Multilayer 0.47uF
7 4|1C10,C24,C27,C28 Electrolytic 10uF
8 5/C11,C18,C19,C25,C26 | Multilayer 0.1uF
9 2|1Cl6,C23 Electrolytic 100uF+16V
10 2|C17,Cc21 Electrolytic 1000uF+16V
11 2 |D1,D3 Silicon diode 1N4148
Reference Voltage LM385-
12 2 |D2,D4 1.2/S0 package
13 31J1,J2,33 CON2
14 21J4,J6 CON3
15 1|J5 CON16
16 1|P1 CONNECTOR DB9 female
17 101 Crystal 11.0592MHz
18 2 | R2,R1 10K
19 6 | R3,R5,R6,R8,R9,R11 100k
20 2 | R10,R4 27
21 3/ R7,R12,R13 1k
22 2| R14,R15 4.7k
23 1| Swil SW TACT-SPST
24 1| TP1 TEST POINT
25 1|TP2 +5V
26 1| TP3 GND
27 2 |Ul,U4 ICL7135, DVM
NXP89V51RD2, 64kB Flash
28 1|02 microcontroller
29 1|03 LMP7721,
30 1|US IM4140-1.2
31 2| U6,U07 UA78M05/TO
32 1|08 MAX232A
33 1109 UA7905C/TO
34 1010 LM35/TO
35 1|U12 24C16B/S08
36 1|Vl BRIDGE diode DF08M
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Digital pH Meter V1.1 Revision:

Bill of Materials for display board

1

Item Quantity [ Reference Part
1 21C1,C3 Electrolytic 22uF
2 21C2,C4 Multilayer 0.1uF
3 11J1 CON16
4 2 |R1,R2 10k
5 4 | SW1,SW2,SW3,SwW4 5mm tact switch PUSHRBUTTON
6 41U01,U02,04,05 LTC-4727JR, 7-segment LED
MAX7219, display
7 2|1U6,U3 controller
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Layout Designs
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Source Code Listing
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