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Abstract

This thesis aims to invent the water’s pH control device, controlled by fuzzy logic

controller. This controller can determine the dripping peried of buffer solution which consist of a

 buffer solution pH 4 or acid solution and a buffer solution pH 10 or base solution for adjustment of

water’s pH to the pH requirement with accuracy and precision. The pH adjustment range is
designed between 6 and 8. The Arduino microcontroller is used 1o ¢valuate the appropriate dripping
period by fuzzy logic and display the result on LCD screen. The results showed that the fuzzy
controller can adjust the water’s pH to the pH requirement in acceptable range with a maximum
error of 4.33 percent. In addition, in order to provide more experimental accuracy, the dripping rate

and the characteristics of the fuzzy set should be tuned appropriately and relatedly.
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Highly comprehensible menibership functions
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aas10151aounlasres annunanaiai +1.67 R uaidoaand 1da1sedu
anuilurFnos qud” mifu 035 uazszdy anudluamdaves Ui’ sy

0.64
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Whuaw) i 036 naziiszdvanuiumndnveasa 7 mToanilugud) i 0.62
Frotnfiuaasnmuniiufladuosinnuianain -0.67 osrimaiden Togedann Tudem
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] A 1 ] o P 3 =
Nildsinnudusuaaiisanniimuiiuunn aplmssdunnudiumngnvesitaesduyaly

o
sladFuaindnlddail

H(Error = N)(—0.67)=0.36
p(Ervor = Z)(-0.67)=0.62
#(Error = P)(-0.67) = 0.00
H(ErrorRate= N)(1.67)=0.00
H(ErrorRate = Z2)(1.67)=0.35

1(ErrorRate=P)(1.67)=0.64

2) Mavszniuanguealad (fuzzy rle evaluation) HAIINAIUIUMATZAYAIIN
FumnFnvesdunaianunlduds Sunouselufonslsziiumuesdaudsi gl NYUDN
Ao malsziiudingdananziiudau 7 gmlszasdiiorimsdsaiuhmdenlvan
E)"uwgm'fumzﬁﬂﬁﬂgiﬂé)’mnssﬁﬂudw THEN #o'l1 F101992 8 ng ludeu luding1n
mandmilingnioua iy dosnnnszudiduyaunnimils (fufedinnufianaeuas
sammsnlaounslasvoadinnuiianain) Gouluveaudaziuynszgnilszdiuadod
nsgviwasilaian 15 AND w3 OR oW1 nadnigaiedud i meiiaansoria
Usgifiumidan THEN iidaniondaazgmilldszdudomszdunmniiuansnvesd

4

udsiemnaluduneude’lhl Aorsandanszii orR smmgufiames 1adeaumsh 2.7
A0 BOx) = max] A, pB)] @7

06191308 dansei1 OR ansoiiion ldvatedie sndred 1%y danseii OR

3 E
TunasuniesiiovesnunudufloFanin (MATLAB Fuzzy Logic Toolbox) v£iifan13 1%
HanFu max 19du naziladdunsadaiEondn probor MioMATMTIRTANA (algebraic sum)

AErUMTN 2.8 1A% 2.9

HA B(x) = probor| pA(x), #B(x)] (2.8)
= pA(x)+ pB(x) — pA(x) x 1B{x) 2.9

1 ~ Y ot o a A ¥ di & . =4 ~ =
WuRvIAUAUAINTEH1 AND delundeaniosiievosuunuaudsdanin

ﬂ’l ol @ o A
(MATLAB Fuzzy Logic Toolbox) Hiam3 19Wan4u min uag anFunagat (rod) Aseumsi
2.10,2.11 uag 2.12
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HANB(x) = min{ pA(x), uB(x)] (2.10)

)
HANB(x) = prod [ pA(x), B (x)] 2.11)
= pA(x)> pB(x) (2.12)

Tunnansdins MiladFuresdanszhveuranuandiadu o1vee IHaT e i
1 a ¥ ar =y ] 1 A A AAA ' A
uangein1a ndenndsziivaweamaziton lviazudeu lvlunsdifndinnnd 1 Gouly
L] i Q =] 1 IJ =y 1
Tudauves ¥ udnaf ldezgnmir hillszifiuwanngdelandesgniioisun ludiu THEN
' o o y ad A 4 ¥ A a o
a1 Hosandiodnszuy auguguugilddinguediledianua o 9o Geulvvesdunndn

i A ] A 1 or = i ] 1w
ﬁﬂuﬁ‘lﬁllﬂ Error = -0.67 A1y AL e =15ﬂﬁmsmuﬂ’nmﬂuﬂuwmm Nuae Z ﬁ“lmmn‘.u

o A a ] = 1 t o ] T 3! =
-flue NﬂuulﬂﬂqﬂaTJNﬂ']n'lﬂﬂ')']ﬂumlﬁzﬂgcll‘lﬂau Fyogngie 1, 2,4, 5,71ag 8 Tuwmzh

A = a’ ! T é 1 ar
iWouluvasdunadanaedldun ErrorRate = +1.67 ssruraFoaani dqldmazduanuiu
= i 1 1 a 1 1 dl. A a
fundnved Z uaz P 1 hinhdugudiazedludiu 1 vsangdod 4, 5, 6, 7, 8 uag 9 liovms

s Y 4 5 ] { n,: A 1 [} a
AND (a5 min) Souluisaosndns tddouluieaoaniian ldduguiffedoulvlu

Fd
=4

{0 4, 5, 7 uaz 8 Tnvewnsaagllds
(1) IF (Error=N) AND (ErrorRate=N) THEN Output =C
IF (0.36 AND 0.00)=0.00 THEN Quiput =C
(2) IF (Error=27Z) AND (ErrorRate=N) THEN Cutput =H
IF (0.62 AND 0.00)=0.00 THEN Cutput =H

(3) IF (Error=P) AND (ErrorRate=N) THEN Output =H

IF (0.00 AND 0.00)=0.00 THEN Cutput =H
(4) IF (Error=N) AND (ErrorRate=7) THEN OQutput =C
IF (036 AND 0.35)=0.35 THEN QOuiput =C
(5) IF (Error=27Z) AND (ErrorRate=7) THEN Qutput =NC
IF (0.62 AND 0.35)=0.35 THEN OQutput =NC
(6) IF (Error=P) AND (ErrorRate=7) THEN Quiput =H
IF (0.0 AND 0.35)=0.00 THEN Output =H
(7) IF (Error=N) AND (ErrorRate=P) THEN Output =C

IF (036 AND 0.64)=0.36 THEN QOutput =C
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(8) I¥ {(Error=27Z) AND (ErrorRate=P) THEN Output =C
IF (062 AND 0.64)=0.62  THEN Output =C
(9) IF  (Error=P) AND (ErrorRate=P) THEN Quiput =H
IF (0.00 AND 0.64)=0.00 THEN Output =H
91071 Error = -0.67 09I 0d Loz BrrorRate = 1.67 sasruaraidiod/undi finalddu THEN
A ar =3 J le T 1 s
Faffedu)siemiyareangde 4, 5, 7 uae 8 gmlsziium lusunoudell mszduauih
=y di o 1 ar T s ~ ’ @
au1FnoiniFeu lvdunaludau IF snfluduenidudsiemiyaeziiylsvesssduanu
) T o ~ o W R =3 [y
luan@nedrals TasladFuaunfavesominaszgadanen (clipped) n3agnilfuving
(scaled) munafizduaniiumndnvesdiu@onlvduna ¥ Tues Kwaaalugli 2.8

= 3/ 1 o ¢ o = o Id o ¥ a 9 1 3
paInnmisdaseailanduamndnuesdandsionryassii iimamsguidedeyaundiu ud

1
= =1

as ar » o T ar o o
Bnsaana1uiluiinTmazdedmsunisaiaa saulddenisi I 1¥dssunanalu
¥

Funeuae 1UBndw 3114 2.9 nunfvuszniedimsdaseataz B malsvume

3) N1357UN4 (aggregation) HAIINNYA1E gnilsziiunnd) nghidna lumify

o ¥ o @ & o ar a oo =Y 1 or
gudvzgnimdaeiu lnsnissunaanivesfaiduauBnadmnisilszdium niaven
A W n’: 3} & o {I =1 o T ar o Vo
n30suvia) Nanuadideiuiluaa@oadmivadasdauds emina misaungaz1Fan
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pszfgtion 31U0 2.10 uaasnssungdanannnizuuaugueu v infaMuAanaIn

MY -0.67 BarusalFed Lagdnsn sl asnulasiininAanaiamiiy +1.67 941
d L [ r

wadee luduaoude lilvziwansrung il hlulauihiddaudoadioiue 14 ums

Uszuranass i

» ¥ 5
4) MiMAASH (defuzzification) 1ATUADULTANIIUTITUND LI AId1g Tuszuy
3 ] A L = ] =] o [ ar 1 s 9)
Wualad inezdiusuna nganeg nisemya uandmiuynszuuaveus YAz
1 H -~ [ ] 1 .7 o 1 or :5 1
goinlaaldeglugiiiamsoldanldvsugu mdygransidu smdggruniugu 1aq Fam
T H I 1 = n A I le ar Qy) 1
maril lannsaduaited1d maeatadduiidleae luszuHedmniu Faiud
9 Fd 4 v W . a = =1 A n’:
gamonnemynvesszuvszdouiluarfann (crisp value) MaiadadRetuasutums
’ Y 1 o A a = A nyal el aa &4 A
wlasmnnramsswng egluzilvesmdanu Fimsmadasdiudnarowny Fiuiamily
flonlFnuiued1aumsna1wia3Tn19agudnag (centroid or center of gravity, COG) fi1 COG

o . v o dw A
voafwaa A Tugaq [a, b] annsan lannanuduiussagunisi 2.13

[, #aG0xdx

COG ==,
[ rayex

(2.13)
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N4) IF (Bror = N) AND (EorRate=2) . . ", THEN' i
0.62 7 C
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C
H
0.62 061 NC
+ + T —
-0.67 +1.67
MaTmAanae °C dannmsnlaountas % 1Y
flIATINAANTIA (/1)
NQ 8) IF (Brror=Z) AND (BrrorRaie =P) - THEN  owm=C.

3U% 2.8 myeyp UYL

21



FEAURN UL
FLAUANIIL

Humusn
//
Pueau®n

.
r

Y

b

L=

L5 e

c
- C NC 0.62

2 0.35 0.35 0.36

=

NN\

nf 4 ngy 5 ng 7 ng 8 HaTIUNg

9

311 2.10 HAN1339IUNE V09 Error = -0.67°C 1A% ErrorRate = +1.67°C
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(2.14)

=y o = = ' o o -:?
WOITMUD M YAV ITTUUAIUANEMMATTUIR 2.11 A1 COG musod s Idae

(—100-83.33—66.67-50-33.33)x 0.62 +(—16.67+0+16.67 +33.33)x 0.35

0.62+0.62+0.62+0.62+0.62+0.35+0.35+0.35+0.35

=-43.33

Auomyad ldnamaiiailsdmiiy -43.33 wWedfidud IWanuminehszuudeadiamioai

g o o sl o
AMMTUTTZAY 43.33 nleslHua (8]
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intepruprt 1
Interrupt
Interrupt 5

Inwerrupt 4
Interrupt 3
interrupt 2

use

LCSP for
ATmega2b60
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o A 1 ar ¢ A o oA 1 ‘ =
©MYAYRLIZVY Aoszeznanlassmsazaisiiadie Jiumfey uusdad

iyaeeniiy LDBase (Large Drop Base), MDBase (Mideam Drop Base), SDBase (Small Drop

Base), NoDrop, SDAcid (Small Drop Acid), MDAcid (Mideam Drop Acid) 1182 LDAcid (Large

i
Drop Acid) fueunluaag -30 Jurd 81 30 Judl Taseenuun 1Al

LDBase
MDBase
SDBase
NoDrop
SDAcid
MDAcid
LDAcid

neraalugili 3.21

Mruamtmes
fvuamiimes
MuuamIiaes
Mruamimes
MruamIines
Muuamaiiines

MHUAN T IRDT

[-30 -30
[-25 -11.76
[-11.76  -4.882
[-5 0
[3.83 7.66
[7.66 15.32
[15.32 27

25 -11.76]
-11.76 -5.882]
-4.882 -2.941]
0 5 ]
7.66  15.32]
1532 27 1
27 30 1



53

FIS Varables ' Mombership function plots ! =1t | 181

-

LDBaso MDBase SDBasdoDrep SDAcid  MDAdd LDAcid
230 .

M@ﬁ e

= 0.5
Error+pH

4]

34 Bt -0 ] 143 jras] a0

31 3.21 wniyalSinamsazmodmsulfuaiies

M3 3.11 Feyauaamstiuaiiies lasfilenSuduwiniy 7.06 15t ¢

Mty | MmN | Aueninavedszey | mnteraIn MANY
aseil | fideams | s nalasuas WHEIHEIN | Aewaa

@unan | @Euna2) Bt angesazaw | uesebus)

1 6 7.06 25.1 6.67 11.67

2 6 6.67 18.6 6.33 5.5

3 6 633 11.7 6.21 3.5

4 6 6.21 9.41 6.16 2.67

5 6 6.16 8.24 6.11 1.833

6 6 6.11 6.75 6.06 1.0
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3.4.2 M3vanUUAIN LN BuVUT 2
1) Myl

o = o 9 o d; ]
MimsesnuuusunauazioByavesszu lesld Tlsunsummudmiiotiolums

o é =y = os or {
Annauuuilad Faldeendunavesszuudl 2 &2 uazienivg 1 & muglii 322
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]

Rules
MeasuraipH

(mamdani)

XX o

Etiot1pH

{ = o
31 3.22 mIeanuIIBuRALEZIO W YA

d w o civ = f=1 L) ] :;’ é A 7 @ [ Y [ = |
‘]N11—!11".)‘1]E]u'ﬂﬁU’]UleNﬂ']’OUWﬂlﬂ'luu "]NﬂJ'E)uT!ﬂ 2 ﬂ’Jllﬂl.!.ﬂ DHUAAVNATNLIO T TU
ml sl ardarnoonily HAcid (HMigh Acid), LAcid (Low Acid), Neutral, LBase (Low Base), l1ag

¥
HBase (High Acid) Tveuwaegluaia 5 e 81 9 fiew Taoldesmuuiimesgrumiudai

HAcid muuawisiiees  [5 5 6 6.5]
LAcid fwuamiiiwmes 6 65 65 71
Neutral  Swuawisiiwes [67 7 7 73]
LBase Muuawmsdimes [7 75 75 8 |
HBase MWMUAMIIIWOS  [7.5 8 9 9 1.

Fanaaslugn 3.23

FIS variablos : __ Mombership functlon plots °'=:‘ vonls: . 181
| Hack Lackd  Neural  LBase HDase
M}-NuleDrop
Ermr+pH
lv o A o
11t 3.23 SunpvessfierFuiiumgnifios
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1 = ] 1 d I .
TudmvesdunaiHaavvosfsINEusas Lt Hlafiansonilu NI (Nagetive Low), NS

(Negative Small), ZE (Zero), PS (Positive Small) ez PL (Positive Low) Hvuouvalugia -2 §

to% 14 2 fitey TavlRoonuuundunananieedl

NL fwmuawisdiwed [2 2 -1 -0.5]
NS dwmuamnidiwes  [1 05 05 0 ]
Z  fmuawniiwes 0.5 0 0 0.5]
PS  Hmuaminilwes; [0 05 05 1]
PL  fmuawiniiess 05 1 2 2 ]
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HAcid | LDAcid]l | SDAcidl | NoDropl
LAcid LDAcidl | SDAcidl | NoDropl | SDBascq | LDBasel
Neutral | LDAcid | SDAcid | NoDropl | SDBase | LDBasel
LBase SDAcid | SDAcid | NoDrop | MDBase | LDBase
HBase NoDrop | MDBase | LDBase
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4) MRS

lMWAaaITLY Avszsznanldovaisararstiliefile s umfies uyeed
1¥no8ntl U LDBase (Large Drop Base), MDBase (Mideam Drop Base), SDBase (Small Drop
Base), NoDrop, SDAcid (Small Drop Acid), MDAcid (Mideam Drop Acid), LDAcid (Large Drop
Acid), LDAcidl (Large Drop Acid 1), SDAcid (Small Drop Acid 1), NoDropl, SDBasel (Small
Drop Basel) 1o 2 LDBasel (Large Drop Basel) Hupuivnoglusae -90 Jur# 89 60 Tunfi
ifesnnmanlduunlasveamsazarsninnanahliunsa uagnare hlifuna Sedes

¥
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1 o d i = T r y LY
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LDBase fmuawsiiwes - [30 30 25 -11.76]
MDBase  fimuamidiimes  [25  -11.76 -11.76 -5.882]
SDBase fuamsdimes  [-11.76 -4.882 -4.882 -2.941]
NoDrop fmuamaiimes [ 0 0 5 1
SDAcid fmuanisiimes  [3.83  7.66 766 1532]
MDAcid  fmuawiiilmes  [7.66 1532 1532 27 ]
LDAcid  fmuawisiilwed  [1532 27 27 30 ]

»
Fal

1 ci o & A t ] ci =2 o

ﬁ’luﬂﬁﬂﬁlﬁlﬂuﬂ”ﬁﬂBﬂUJJTJ!.'E)'ITIﬂﬂlﬂﬂl“ﬂllﬂﬂﬁﬂﬂ'\‘wm‘ﬂﬂ’lwI.‘E]‘]J' 7036 adU
LDAcidl  fmusawisiinos [[90  -90 -83.33 -40]
SDAcidl  fmuawisiines [-83.33 -41.67 -41.67 -1 ]

NoDropl  fyuawiniiwmes 10 o0 0 101
SDBasel MuUANIT NN [2 15 15 30]
LDBasel  mvuawisimes 25 50 60  60]
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NaDrap
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LDAcid1
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1 6 7.08 47.59 6.22 3.667
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3 6 6.13 15.86 6.07 1.167
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3.4.3 F0ENIMIMIUIN
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2) M3dsziiiuanguosiad (Fuzzy rule evaluation) TnofanFuamndnve sy
AALON (clipped) N309NTUVUIA (scaled) MumasrszAUaMUTHaFavesdudonly

aunaly 6 dwaalugii 3.3000) uae 3.30()
g} 9) IF (Measuret+pH is Neutral) and (Error+pH is NL) then {NumOfDorp is LDAcid)

Neutral NL

W I \

0.7

7.2
ANl MANUHANE IATIOY

SDAcid LDAcid

0.3333

AND /

¢ o o d
SIRHEAT AR

g} 10) IF (Measure+pH is Neutral) and (Error+pH is NS) then (NumOfDorp is SDAcid)

Neutral NS
l— 1 .
0.6
03333
Ll
1.2 0.7
Miie¥gIY ATANUHANA IANBYS

SDAcid LDAcid

|_anp [>

¢ o o <
nlodiudoming

71 3.30 mseyuufaFuuuuuuaii (n)
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g} 14) IF (Measure+pH is Neutral) and (Error+pH is NS) then (NumOfDorp is SDAcid)

l LBase NL
1 ]
04 04
o o N
7.2 . -0.7
UVTGLT RO AAIIAANIATIeY
SDAcid LDAcid

¢ o I3 L
nledsudiomya

Ng 15) IF (Measure +tpH is Neutral) and (Errort+pH is NS) then (NumOfDorp is SDAcid)

LBase : NS

0.6

0.4

1.2 0.7

Mg ANNUAINA1ATDY

SDAcid LDAcid

dd & ¢
IGHEAT LR

UM 330 nveypnuilyFuuumuuarii (v)
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3) N39IUNG (aggregation) HAIWINNYANY gmsziinad? ngidina laimdy
gudzgnimndeiuTaens sounadwivesilsddumnniidunmsdsziium (Tae3ims

s A as u’: v (Y ~ as ] o '3
dngeaniomadivving) dommtdreiudluaadordmiundazdunlsemine Taoms

saungozlddnszdgiioug 1Adegid 3.31

311 331 msilssdiumilaiduanFndvitdavon

; NP Ve iye =7, : :
HMIMAAYS (defozzification) Fa1435M19Ag1I029 (centroid 150 center of

gravity, COG) @311 lannaunmsi 3.1

b -
€06 = Zxeata®F 60

a4 (x)

fnsaneiyavesszunl fusifeylugii 3.32 annsogdoyaldvinarnad

¥
=

3.14 uazinaa lads

MINN 3.14 AT HUEAIATINITAININN COG

X 15362 7.66 | 10958 | 13.256 | 19.212 | 22.91 | 24.606 | 27.304 30

Y 0.4 04 04 0.4 |[0.3333]0.3333 | 0.3333 | 0.3333 | 0.3333

3.362+7.66+10.958 +13.256)x 0.4)+((19.212+22.91+24.606 + 27.304 + 60) x 0.3333)
0.44+0.4+0.4+0.4+0.3333+0.3333+0.3333+ 0.3333+ 0.3333

COG = «

COG =17.2154
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RCI Labscan

RCi Labscan Limlited

Bufter Solution pH 4.0 (Red)

GNID1?

Appearance Clear, red solution

pH et 26°C pH4.00 3 0.02

Tracesble lo NIST

Deviations of pH (ApH) ol varkous temperatures ©

ApH
5'C -0.01°
10°c -0.01
15°C -00
20°C -0
25'C +0
a0'c +0.01
a°c 1002
40'C +0,02

50°C +0.03
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Buffer pH 10.0 colour coded blue SAFETY DATA SHEET

H360 - May damage fertility or the unbom child

Precautionary Statements

P201 - Obtain spadial instructions befors use

P202 - Do not handle untl al safely precautions have been read and undersiood
P264 - Wash face, hands and any exposed skin thoroughly after handling

P280 - Wear oye protection/ face protection

P302 + P352 - IF ON SKIN: Wash wilh plenty of soap and waler

P305 + P351 + P338 - IF IN EYES: Rinse cautiously with water for several minutes, Remove contact lensss, if presenl and
easy to do. Continue rinsing

P30B + P313 - IF exposed or concemed; Get medical advical attention

P332 + P313 - If skint Imltation occurs: Get medical advice! attention

P362 - Take off contaminated clothing and wash belore reuss

P403 - Store in a well-venlitated place

P501 - Disposs of conlenis/ contairier 1o an approved waste disposal plant

GCther information
No lnformation available

Borales, telra, sodium saits, detahydrela 1303-98-4 <10
Sodium hydroxide 1310-73-2 <1
C.). Add blue 9, disodium salt 3844-45-9 <0.0005

Section 4 - First Aid Measui‘es

Inhalation Move 1o fresh alr. Gel medical altanlion Immedlately if symploms occur.

Ingestion Clean mourth with water and drink afterwards plenty of water, Gel madical attention If
symploms occur.

8kin Contact Wash off Immediately with plenty of water for at least 15 minules. Get medical attentfon
Immedately if symptoms occur.

Eys Conlact Rinsa Immedlately with planty of water, also under the éyslids, for atleast 15 minutes,
Obtain madical attention.

Protectlon of Fitst-alders No special precautions required.

Firsl Ald Facllitles Eyewash, safaely showsr and washroom.,

Moat Important symptoms/effecta  Nons reasonably foresesable.

Notes to Physlclan Trsal symptomatically.
Section 5 - Fire Fighting Measures
Sultable Extingulshing Media

Use extinguishing measures that are appropriate 1o local clrcumstances and Ihe surrounding environment.

Extingulshing madia which must not be usod for safoty reasons
No information available.

Specific Hazards Arlsing from the Chemlcal
Thermal decomposition can lead 1o release of initating gases and vapors.
Spoctal protective equipment and precautions for fire fighters
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Technical Specification o)

EAGLE files: _arduino-mega2560-reference-design.zip Schematic: arduing-mega2560-schematic. pdf

- Summary

Microcontroller ATmega2560

Operaling Voltage BV

tnput Voltage (recommended) 7-12V

Input Voltage (limits) 6-20V

Digital I/O Pins 54 (of which 14 provide PWi output)
Analog Input Pins 16

DC Current per I/O Pin 40 mA

DC Current for 3.3V Pin 50 mA

Flash Memory 256 KB of which 8 KB used by bootioader
SRAM 8 KB

EEPROM 4 KB

Clock Speed 16 MHz

the board

WM AD E. 1D 6 e
eLadab sl abrl N

Bt RifEs 4% :

fo CORMUNICATION =

S RPRTIES \q £ s |°“-,

ARDUIND
ANALOC IH

239373205 225

analog pins

80
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The Theory of pH Measurement

pH measurement has a wide variety of industrial
applications In virlually every induslry. These range
from water conditioning to spedific process related
maasurements to waste treatment.

WHAT IS pH?

pH is a measure of the acidity or alkalinity of a water
solution. The acidity or alkalinity of a water solution is
determined by the relative number of hydrogen ions
(H*) or hydroxyl lons (OH') present. Acidic solutions
have a higher relative number of hydrogen fons, while
alkaline (also called basic) solutions have a highar
relative number of hydroxyl ions. Acids are substances
which either dissoclate (splil apart) to release hydrogen
lons or react with waler to form hydrogen ions. Bases
are subslances thal dissociate to release hydroxyl
ions or react with water to form hydraxyl ions.

In water solutions, tha product of the molar concentra-
lions? of hydrogen and hydroxyl ions is equal lo a
dissociation conslant (K,)}. Knowing tha value of the
constant and the concentration of hydrogen ions
makes it possible to calculate the concentration of
hydrovl fons, and vice versa. AL 25°C, the value of K,
I5 10 (see Figure 1).

Acids: HA =2 H' + A
acid  hydrogenion anion
Bases: MOH =2 OH + M*
base hydrogenion cation

(H') x (OH) = K, = 104 (25°C)

FIGURE 1. Acids and Basas

The concentration of hydrogen and hydroxy} ions can

‘hbta‘mnhﬁonlsammmdnnmmdammmm
of Jons in a solution,

ROSEMOUNT'
Analytical

T T T T T TR

Hydrogen lon Concentration (MolefLtter}

FIGURE 2. pH Values of Aclds and Bases

vary over 15 orders ol magnitude in walsr solutions,
Even common household items can refect this wide
variation {Figure 2).

pH is strictly defined as the negative logarithm of the
hydrogen fon activity (a,):

pH = -logw ay

The hydragen fon activity is defined as the molar
conceniration of hydrogen ions mulliplied by an aclivity
coelficient, which lakes Into account the Interaction of
hydrogen lons with other chemical spacies in the solution,
In practice, pH is often assumed lo be the negative
legarithm of the hydrogen lon concentration;

pH =-logya [H*]

In this form, the usefulness of pH as a convenient
shorihand for expressing hydrogen ion concentration
can be seen on pags 2, Figure 3:

Al 25°C, a neuiral solution has a pH of 7.0, while soly-
tions with pH < 7 are acidic and solutions with pH > 7

&

EMERSON.

Process Management



pH {H*] {OH )
4} 1.0 - .00000000000001
1 0.1 0000000000001
2 0.01 000000000001
ACIDIC 3 (001 00000000001
4 0.0001 0000000001
5 0.00001 GO000000
6 0.000001 00000001
Noutral 7 0.0000001 0000001
8 0.00000001 000001
] 0.000000001 00001
10 0.0000000001 R )
Basic 11 0.00000000001 .o
12 0.000000000001 o™
13 0.0000000000001 0.1
14 0.0000G0G0000001 1.0

ION CONCENTRATION, MOLIL
FIGURE 3. lon Concentration, MOL/L

are alkaline. The normal overall pH rangs is 0 1o 14
pH, allhough solutions containing non-watsr solvents
can have pH values oulside this range.

THE MEASUREMENT OF pH

pH measurement [s based on the use of a pH sensi-
tive electrode {usually glass), a reference electrode,
and a lemperature element to provide a temperature
signal to the pH analyzer.

The pH electrode uses a specially formutated, pH sensfiive
glass in contact with the solution, which develops a
potential (voltage) proportional to tha pH of the
solution. The reference eleclrode is designed to
maintaln a constant potential at any given lemperalure,
and serves (0 complate the pH measuring circuit within
the solution. It provides a known reference potential
for the pH elactrode. The difference in the potentials of
the pH and reference electrodes provides a millivolt
slgnal proportional to pH.

Most pH sensors are designed to produce a 0 mV
signal at 7.0 pH, wilh a (theoretically Ideal) slope
{sensilivity) of -59.16 mV / pH at 25°C.
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pH and reference electrode combination exhibits an
isopotential point, which is a pH and millivoit potential
atwhich the potantial is constant with temperature
changes. The isopotential point is most fraquently
designed lo be al 7.0 pH and 0 mV. Using the isopo-
tential point with a thecretical knowledge of electrode
behavior makes it possible to compensate (correct)
the pH measurement al any temparature 10 a reference
temperature {usually 25°C), using a temperature signal
from the terperature elament. This makes the pH
measurement Independent of changes in the elec-
trodes’ outpul with temperature.

pH MEASUREMENT IN PROCESS SOLUTIONS
The potenlial effects of process solutions on pH sensors
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wil require a more detailed [ook at the construction of
pH and reference electrodes. Bul first, some basic
properiies of tha pH of water solutions need to be
examined.

pH IN AQUEOQUS SOLUTIONS

Practical pH Measurement Range

Allhough the range of pH measurements Is defined 1o
be 0 to 14 pH, solutions with pH values near the
extremas of this range are often belter measured
using conductivity.

At pH values below 1.0 pH, the glass pH electrode
can be subject 1o acid errors, and the sensor can be



subject to chemical attack. Solutions with a pH in this
range have an acid concentration al, or approaching the
parceni by weight range, which will have conductivity
fikely lo be large in comparison to olher electrolytes in
the solution. A toroidal conductivity measurement, wilh
a read-out in percent acid, can often be successfully
applied in these cases and will be a far more accurate
measurement of acid concentration than pH.

In the case of high pH, the reason for switching to a
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conductivity measurement Is more compelling: highly
alkallne solutions quickly destroy glass pH electrodes.
i ihe nominal pH is expected to be above 13 pH, a
conductivity measurement should be considered.

Solution pH Changes with Temperatura
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The pH of a solution can change with temperature,
dus lo the effecl of temperature on tha dissocialion of
weak ackls and bases, and the dissoclation of water
Itself. Infact, any solution with a pH of 7 or above will
have some degree of lemperature dependence. How
much this will affact the measurement will depend
upon the compositlon of the solution and how high the
nominal process temperature is above 25°C., This
behavior is frequently the explanation for discrepancies
between laboratory and online pH measurements.

Modern pH analyzers ailow their temparalure compen-
sation routines to be modified to take Into account
solution pH changes with temperalure as well as
changes in the millivoll output of the slecirodes.
Simply entering the temparature coefficient of the
solution (pH change per degree C) into the analyzer
does this. While the temperature coefficient can bs
calculated for simple cases, it is often necessary to
measura it In the laboratory by noting the pH at various
temperatures. If tha composition of a process
changes, the temperalure coéfficient can also changs;

lherefore, the final product compositicn should ba
used for determining the solulion coefficlent,

Processes with Mixed Solvents

The conventional pH analyzer and sensor are
designed to measure the pH in waler solutions, When
a nom-water solvent Is present In appreciable quantities,
the pH reading will be shifled from the expected valus
by effects of the non-watar solvent on the pH and
reference eleclrodes, and effects on the aclivity of
hydrogen ion itself. Since pH sansor componenls are
designed for use in waler, the non-waler solvent may
attack seals and O-rings.

There are a few mixed solvent cases that can be
considered:

{1} A solvent thal is miscible with (mixes wilh) water
may cause a shift In the pH reading, but if the solvent's
concentration Is above 15% by welght, it may dry the
pH eleckode, requlring periodic rewetting of the sensor
by water.

(2) A solvent that Is non-miscible with water will lixely
nol have an appreciable concentration of hydrogen
ions; most will be In the water phase, (tis better lo
make [he measurement in a place in the process
where the water and sofvenl phases separale and
keep the pH sensor in the water phass.

(3) Completely non-waler process measurements may
only be possible with pariodic rewetiing of the pH
sensor with water, and may also require a speclally
deslgned reference electrode,

. Inall of the above cases, pH measurement of lhe

mixed solvent sofution should be studied in the labora-
tory before going on-line, and the study should include
prolonged sxposure of the pH sensor to the process
sample,

PROCESS EFFECTS ON THE GLASS pH
ELECTRODE

A glass pH eleclrode consists of an Inert glass fube
with a pH sensitive glass tip, elther hemispherical
(bulb) or flatin shape, blown onto it. The tip contains a
fill solution with a known pH, and it Is the influenca of
thls solution on the inside of the glass tip versus the
influence of the process solution on the ouiside that
glves rise fo its millivalt potential. ideally, the pH elec-
trode will have a slope (responsa) of -59.16 mVipH,
butIn practice, a new electrode may only have a slope
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of -57 to -58 mVipH, As the elecirode ages, its slope
decreases.

Temperature Effects

In addition to changing millivolt output of the pH electrode,
elevated temperatures accelerate the aging of the
eleclrods. Extramely high or low lemperatures can
alternatively boil the fill solulion or freeze it, causing
the electrode tip to break or crack. Elevated tempera-
tures can also aifect the interior and exterlor of the pH
alactrode differently, giving rise to asymmetry poten-
tial, which shifis the zero point of the pH elecirode and
changes its temperature behavior, which leads to
temparature compensalion emmors,

Sodium Error

More comectly called alkall ion arror, sodium fon arror
oceurs at high pH, whers hydrogen ion concentration
Is very low in comparison to sodium ion concentration.
The sodium lon concentration can be so high relative
1o hydrogen lon contration that the elecirods begins to
respond to the sodium ion. This resulls in a reading
that is lower than the actual pH. Depending on the pH
glass fermulation, this can oceur as low as 10 pH.
Where accurate high pH readings are required, lhe
upper pH limit of he pH eleclrods should be checked
and a specially fomulated, high pH electrode used if
nacessary. Compared Lo sodium, fithium lons will
preduce a larger error, while the effect of polassium
ions Is negligible.

Components Attacking pH Electrodes
Caustic

As noted earlier, high concentrations of hydroxyl lons
shorlen the lifs of pH electrodes. Solutions, that reach
a pH in excess of 14 pH (equivalent to 4% causlic
soda} can desltroy a pH slectrode in a maller of hours.
There is nothing that can be done to prevent thls,
short of simply avoiding pH measuremenis in these
solutions and using conductivity instead.

Hydrofluoric Acid

Hydrofluoric acid (HF) also dissolves pH glass, but
there are pH glass formulations designed 1o resist
destruction by HF, which when used within their limits
can give salisfactory elecirode Jife.

It is imponiant to nole that, white only hydrofiuoric acid
{HF) attacks glass and not fluoride ion (F-), hydroftuo-
7ic acid Is a weak acid. Therefore, a solullon can con-
tain a relatively high concentralion of fluoride lon at a
high pH and do no damage lo the electrode. But if the
pH of the solulion decreases, the luoride fon will com-
bine with hydrogen lon to form HF, which will damage
the electrode. So, il Is important to look at the
extremes of lhe pH measurement (aven in process
upset condillons) and the total concentralion of

85

fiuoride in the solution to delermine what the maximum
concentration of HF will be.

PROCESS EFFECTS ON REFERENCE
ELECTRODES

The common reference electrode used in pH mea-
surements conslsts of a silver wire coated wilb silver
chleride in a fill solution of polassium chloride. The
purpose of the potassium chloride is to maintain a
reproducible concenlration of silver ions in the Ffill
solution, which in tum, resulls in a reproducible potential
(volage) on the silver-sitver chloride wire. For the ref-
erence electrode to maintaln a reproducible polential,
the Ml solulion must remain relatively uncontaminated
by cerlain components In the process solulion,

At the same tima, tha reference eleclrode must be in
electrical contact with lhe pH eleclroda through the
process solulion. A porous liguid junction of ceramic,
wood, or plashic, which allows ions to pass belwaen
the fill solution and the process, lypically doas this.
This passage of lons between the reference slectrode
and the process Is necessary lo malntain electrical
contacl, but also creates tha polential for contamination
of the reference fill solution by components In the
process solulion,

Reference Poisoning

REFERENCE
ELECTRODE
COMPONENTS
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o Elezlrotyte A - KCVA QR

The mechanlsm of reference poisoning Is a conversion
of he reference from a sliver-sitver chloride based
elactrode (o an electrode based on a different silver
compound, The fons, which typically cause this form
less soluble salt with silver than does chloride. These
ions Include bromide, iedide, and sulfide ions. When
these lons enler the fill solufion, hey form insoluble
precipitates with the silver fons in the fil solution. But
there is no Inflial effect on the potential of the reference,
bscause the silver jons lost lo precipitation are replen-
ished by sliver ions dissolving off the silver chloride
coating of the sfver wire. L Is not untll the sitver chloride
coating is completely lost that a large change in the
potential (and temperature behavior) of the reference
occurs. At this point, the reference electrode must be
replaced.



Poisoning can also occur by reducing agent (bisulfite)
or complexing agenls (ammonia), which reduce lhe
concenlration of siver fon in the fill solution by reducing
it to sfiver metal or complexing it. .

To counter Ihis effect, multiple junction reference elec-
trodes are used, which consist of two or more liquid
junctions and fill solutions to slow the progress of the
poisoning ions. Gelling of the reference fill solution is
also used to prevent the transport of polsoning lons by
convection.

)

"‘-
Liquid Jungtions

A new approach Is tha use of a referenca with a long
tortuous path to the silver-silver chtoride wire, along
with gelling of the fill solation.

Plugging of the Liquid Junction

To maintain electrical contact between the reference
electrode and the pH eleclrods, there must bs a rela-
tively free diffusion of ions batween the reference fill
solution and the process solution. In some cases,
large concentrations of an lon that forms an insoluble
precipitale with sfiver ion {most nolably sulfide ion) will
precipilate withln the liquid junclion and plug 1. Metal
fons that form Insoluble salts with chioride fon (typically
the heavy melals: silver, lead, and mercury) will also
precipitate in the liquid junction.

When the liquid junction is closed to migration, the pH
reading will drift aimlassly.

To counter these effects, mulliple Junction reference
staclrodes have been used with the outermost fill solu-
fion containing polassium nitrate, rather than polassium
chloride. This lowers the concentration of chloride
avallable for precipitation by heavy metals, as well as
lowers the concentration of free silver lon, which can
precipitate with sulfide.

Liquid Junction Potential

Potassium chloride Is chosen for the fill solution not-
only for its ability 10 solubilize silver lon, but also
because It Is equilransferent. Equitransferent means
that the positive polassium lon and the negative chloride
ion diffuse through a water solution at nearly the same
rate. When diffusing through the liquid Junction of a
reference eleclrode, both the posilive and negative
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lons tend to move logether and maintaln a net zero
charge at all poinls within the liquid Junction.

Howaver, not all solutions are equitransfarent, and
when the process solution is not, a liquid Junction
potential can result. When a positive ion diffuses
through the llquid junclion faster than a negative lon,
or vice versa, a charge Imbalance will result, This
gives rise to an opposing potenlial, which is liquid
junclion potential. The magnitude of this potential
depends upon the composition and concentrations in
the process solution and the design of the liquid junction.

This potential gels added to the potentals of the pH
and reference slectrodes and causes an offset 1o the
pH measurement of typically a few tenths of a pH.
This phenomenon normally takes 15 to 20 minutes to
develop after the pH sensor is put on line. pH buffer
solutions, used to calibrale pH measurements, are by
and large equitransferent, so retuming a freshly
buffer-calibrated pH sensor 1o a buffer solution from
the process will show an offset In the buffer until the
liquid junctien polential subsides.

The remedy for liquid junction potential is lo standardize
Ihe pH measurement afier the sensor has been pul
on-line and has slabilized,

LIQUID JUNCTION POTENTIAL
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pH SENSOR COATING AND CLEANING

Undlssolved solids and liquids in a process can coat a
pH sensor, drastically increasing its rasponse time or
even plugging 1he liquid junction of the reference elac-
Irode. Dapending upon rate of fouding, the sensor can
either be cleaned manually or on-line,

Manually cleaning the sensor should be done with the
mildest effective cleaning solullon possible, Alkaline
deposils can be removed with weak acld solutions
{6% HCi or vinegar), while acid deposits may be
removed with mild caustic (1% caustic soda). Organic
daposits (oll and grease) can often be removad with a
detergent solution, but a more tenaclous coaling may
require the use of a solvent. The solvent used should
be carefully chosen to avoid attack ori lhe sensor's
O-rings and seals. '

Inall cases, the exposure to the cleaning solution
should be minimized to limit the amount of cleaning



solution entering the liquid junclion. Clearing solution
that enters tha liquid junction can create 4 liquid Junction
potantial, which will persist until the dleaning solution
components diffuse out of the liquid junction,

Online cleaning reduces mainlenance in processes
that quickly foul the sersor. Ullrasonic cleaning was
the first approach to on-line cleaning, but was ineffective
on soft or gelatinous coating, and only marginally
effective with hard crystalling coalings, which it was
designed to address. It has, for the most part, been
abandoned as a cleaning method.

One of the most fruitfut methods for on-line cleaning
has been the jet spray cleansr. This method directs a
spray of water or cleaning solution at the facas of the
PH sensor at timed Intervals or based on a high refer-
ence impedance alarm (see Reference Electrode
Impedance [next paga}).

A new liquid junction design, the hydrolysis refarence
Junction {TUpH™), has proved effective in avolding the
effects of severe coating. The TUpH junction uses
oxtramely small pores, difficull to penetrate by most
parliculates and suspensions, over a relalivaly wide
area. Use of lhis junction can drastically reduce the
required frequency of manual cleaning and, in most
cases, eliminales the nead for on-line cleaning.

CALIBRATION
Buffer Calibratlon
Buffers are standard solutions fomiulated to maintain

a known pH in spile of small amounts of contamination.

Buffer calibrations uss two buffer solutions, usuaily at
least 3 pH units apart, which allows the pH analyzer to
calculate a new slope and zero value fo be used for
deriving pH from the millivolt and temperature signals.

The slope and zsro value derived from a buffer
calibration provide an indication of the condition of the
glass electrode from the magnitude of its slope, while
the zero value gives an indication of reference polsoning
or asymmelry potential. Overall, the buffsr calibration
can demonstrata how well the pH sensor responds to
pH.

Buftfer Calibration Errors

Buffer solutions have a stated pH value at 25°C, but
when that value is 7 pH or above, the actual pH of the
buffer will change with temperature. The values of the
buffer solution at lemperatures other than 25°C are
usually listed on the bottle. The pH value a the cali-
bration temperature should be used or arvors in the
slope and zero values, calculated by the calibration,
will result. An aiternative Is to use the “buffer recognl-
tion” feature on modem pH analyzers, which aulomati-
cally conects the buffer value used by the analyzer for
the température.

*TUpH is & redemark of Rosemount Anatytical.

Another type of calibration eror can be caused by
buffer calibrations done in haste, which may nol allow
the pH sensor fo fully respond o the buffer solution.
This will cause errors, especlally In the case of a warm -
PH sensor not being glven enough time to cool down

to the lemperature of the buffer solution. Current pH
analyzers have a “buffer stabillzation” feature, which
prevents the analyzes from accepting a buffer pH
reading that has not reached a prescribed level of
stabilization.

Grab Sample Standardization of pH

Standardization Is a simple zero adjustment of a pH
analyzer to match the reading of a sample of the pro-
cess solution made using a laboralory or porlable pH
analyzer. It is most useful for zerolng out a liquld junc-
tion potential, but some caution should be used when
using the zero adjustment. A simpla standardization
does not demonsirale Ihat the pH sensor is respond-
ing fo pH, as does a buffer calibration. In some cases,
a broken pH elsciroda can result in a befievable pH
reading, which can then be slandardized to a grab
sample valua,

A sample can be prone to contamination from the
sample container or aven exposure to air; high purity
waler Is a prime example. A reaction occuring In the
sample may not have reached completion when the
sample was taken, but will have completed by the time
it roaches the lab. Discrepancles between the labora-
lory measurement and an on-line measurement at an
elevated temperature may ba due to lhe solution pH
being temperalura dependent; adjusting the analyzer's
tsmperature compensation {not a zero adjusiment) is
the proper course of action. Flnally, it must be remem-
bered thal the laboratory or portable analyzer used lo
adjust the on-line measuremant is not a pimary pH
standard, as is a buffer solution, and while it is almost
always assumed that the laboratory is right, this Is not
always the case.

pH Diagnostics

The mos! stralghtforward way fo validate the accuracy
of a pH analyzer and sensor is by a buffer calibration.
This is not possible during on-line operation, and, in
general, the only clue to an on-line problem is a pH
reading that Is clearly impossible, given what Is known
about the process.

Over the years, cn-line pH dlagnostics came Into use
wilh the advent of the microprocessor driven analyz-

ors. But these early diagnostics were restricted to the
pH analyzer only. They provided self-checking of the

analyzer and detection of elactrode and tamperature

sensor inputs that were oul of range due 1o shorts or

open cireuits, -



pH Sensor Impedance Diagnostics

The pH sensor Is the most maintenance intensive par
of the pH measurement, and with he widespread use
of disposable pH sensors, it is likely to fail after 6 1o 12
months of use, or even sooner in savere applications.
Failures can accur slowdy, such as the gradual loss of
pH electrode slope or poisoning of the referenca elecirode.
Or they can oceur suddenly or catastrophically, as in
the case of pH electrode breakage or coating and
plugging of a reference alaclrode. In either case, failure
might go undetected until the next routine buffer
calibration. The purpose of impadance diagnostics is
to detect these problems in real time,

Glass pH Efectrode Impedance

Glass pH elecirode impedance is in the range of 10's
lo 100's of megOhms and Is strongly temperature
dependent. A crack or break in the glass electrode
creales a short, which resulls in an impedance of 1
megOhm or less. Detecling broken or cracked pH
electrodes requires impedance measurement circuitry
with lemperature compensation and the simple setting
of a low impeadance alarm.

Reference Electrode Impedance

The overall impedance of a reference electiode is a
sum of the resistancaes of Its components with the
largest being the liquid junction. This is due to (he
limited volume of current carrying elecirolyte within the
liquid junction. Coating or blockage of the liquld junction
further increases the impedance of the liquid junction,
Detection of coating or blockage involves setting a
high reference impedance alarm.

SUMMARY

pH measurements are based on 1he response of a pH
sensor to the logarithmic concentration of hydrogen
ions in solution and are a measure of the acidity or
alkalinity of a solution. There are a numbar of faclors
thal should be considered for on-line pH measurements.
These invalve the temperature behavior of the solution
pH, the composltion of the process solution, and the
potential for fouling of lhe sensor by undissolved
material in the pracess. Contemporary pH analyzers
offer lhe user calibration routines to improve the accu-
racy of calibrations, as well as diagnostics lo dalect
pH sensor failure on-line.
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Emerson's Asset Management Seiulions software is an excellent tool for tracking changes in the condition of the
pH sensor. The Windows-based software can continuously display live values of sensor dlagnostic variables
when used with a compatible HART device. For more information, see Application Data Sheet 43-017.
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INSTRUMENTATION

Model 54e pH
Microprocessor Analyzer

* NEMA 4X (IP65) wealherproof,
corrosion-resislant enclosure,

« Comprehensive pH glass and
reference diagnostics.

* Fully descriptive dlagnostic messages.

* Two independent oulpuls.

+ Back-lit dot-malrix display.

« HART and AMS aware.

* Oplional TPC relays and PID cutrent outpuls.

Mode! 5031 pHIORP
Smart Two-Wire Transmitter
* Hand-held infrared remote control

link Lo activate all the transmitter
functions.

+ Large cuslom LCD display.

+ NEMA 4X (IP85) waatherproof, corrosion-resistanl
enclosure.

* Comprehensive pH gtass and refarence diagnostics.

* Non-volalile EEPROM memory to hold data in event of
power failure.

* Compalible with FOQUNDATION fieldbus and HART
comrunication prolocol and AMS software.

Emerson Process Management
2400 Baranca Parkway

Indne, CA G2606 USA

Tel: {949} 757-8500

Fax: (849) 474-7250

hitp:ifwwrw raiome com
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Model 396P pH/ORP
TUpH Sensor

* Polypropylene reference Junction
and helical pathway mean
longer sensor life In process
solutions containing heavy
solids.

+ Disposabla, one-piece construction is convenlent and
economical where minimal troubleshooling and mainte-
nance downlime are of prime impoftance.

* Versalile. Can be used In numarous loop configurations
with all Rosemount Analytical and olher manufaclwrers’
Instruments,

Model 396R Retractable
pH/ORP TUpH Sensor
* Rugged tilanlum and

polypropylene construction for
maximum chemlcal resistance. «

* Longer sensor life and reduced malnlenance.
* Retractable version for greater Insertion depths.

&

EMERSON.

© Rosemount Analytical inc. 2010
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