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DISSOCIATION and WATER protolysis. pH exponent of hydrogen ion [H3O*]=10"H,

Brensted high rate water protolysis 1923 is thousand times faster. Therefore rapid reaction deprotonation
protonation H20+H20® H3O*+HO-" is at equilibrium state, while other reactions mach slower continues as
non-equilibrium state reactions. Protolysis high rate equilibrium state of deprotonation support the water
concentration value [H20]=55.3 M as reactants H.O+H20O < and homeostasis established attractor value
pH=7,36 support the protolysis as negligible product amount <& H3O*+HO- hydroxonium ion and hydroxide ion
concentrations [HzO *]=10-"3 M so [HO]=10-664 M.

High rate protolysis weak acid H20 cleaves the proton H* protonate second H20 molecule, which turns to
strong acid H3O*, and remains OH—. Protolysis is thermodynamic correct is mol fractions equilibrium constant:

ﬁg} H K =3.26+10"° ¥ o H™ 10T

=0 _+ o0, - Keq= ————— =3.261018
. +. ~3.068+10% H H. + . [H,0}[H,0]

neutr

Dissociated concentrations of water ions are smaller [HzO*]=[OH-]=10"" M than H20 concentration 55.3 M,
which is in large excess at T=298.15 K. What can be calculate as 1 liter mass m=996.68 g divided by
water molar mass Mn20=18 g/mol. Two molecule collisions for second order reaction exponent square power
is concentration factorial : [H20] [H20]=[H20]2=3065.96 M2; [H20]="" / Mz0= 97 18 =553 M0l /|
Two times the water concentration exponent 2 with Keq*[H20]2 we have got the classic water constant Kw:

Kw = [H3O*]¢[OH"] = 55,372%¢3.26108= 1014 = 0.00000000000001

This last equation has usual application: pKw= -logKw=14=pH+pOH for pH and pOH balance in constant .
It means, that in pure water, as well as in all water solutions the product of H3O* and OH— concentrations is
constant and it is 10-14. This means, that none of these two concentrations can be changed alone. If, for example,
an acid is added and [H30O"] increased, [OH-] must decrease to maintain the product of concentrations constant
[H30*]*[OH] = Kw = 10%4= 10—PKW and pKw=14=pH+pOH .

It also means that in pure water or any other neutral environment, which is equal acidic and equal basic, both

concentrations of [H*] and [OH-] are equal and each of them can be calculated as 14 = pH + pOH:
mol mol

[H30+]=[OH‘]=.,/K_w:1/10—14 =107 | (M)=0.0000001 | (M)

Water protolysis increases free energy content for products HsO*+OH— from zero 0 to GHzo+on=99.8 K/mol :
H20+H20<=>H30*+0H —; Keq=[H30 *]*[OH]/[H20]%=3.26°1018; AGeq=-R*T*In(Keq)=99.8 ¥/mol.
AGH30++0H-=-ReTeln(KHz0++0H-)=-8,3144*298,15*In(3,26+10"(-18))/1000=99.8 ¥/mol .

GH3o++0H-=AGH30++0H-+AG 2H20=-R e TeIn(KH30++0H-)+2%0=99.8 kK)/imq . [1.8.14]
Note: Water concentration is used classically constant [H20]=55,3 M. Therefore classic
acid constant Ka is water concentration factorial with thermodynamic acid constant Ka=Ka_n20*[H20]:

Ka=Ka_H20*[HZO]:1 / (Kb_Hzo*[HzO]):1 / Kp;

Deprotonated acid aH create H20 protonated base create
hydroxonium HzO* and turns to _ [br]-HOT _[aHHoHn]  acid aH* and hydroxide OH-
a_H20— [a.H] [H O] y b_H20— [b] ) [H O] .
base: aH + H20% HsO*+ b- 2 2 ion: b + H.O & bH*+ OH-.

If acid aH is weak deprotonate acid-base b- is strong ; If base b is strong protonate base-acid bH* is weak.
Water is protolytic acid H20 which cleaves the proton H* protonate second H20 molecule, which is the base.
So in protolytic reaction forms the strong base hydroxide OH— ions and strong acid hydroxonium HsO* ions.

Water weak acid and weak base but OH— strong base neutralizes with HzO* strong acid forming practically non
dissociated water molecules. Therefore protolysis equilibrium constant is small positive number Keq=3.26+10-18.
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Scale of pH with the corresponding values of pOH and [H*] in acidic and basic medium

pH 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

pOH 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

[H] 1 0.1 102 103 10410 10 107 | 108 10° 1010 101t 10121013 1014
acidic slightly acidic neutral slightly basic alkaline

pH of human blood is 7.36 - slightly basic, because it must have a reserve of alkalinity to fight the acidic
products of metabolism.
Values 0 and 14 at the ends of pH scale mean:

pH = 0 means a 1 molar solution of H* ions (1 molar strong univalent acid),

pH = 14 means, that pOH =14 - pH =0 - it is a 1 molar solution of a strong

univalent base.
pH of some well-known liquids is given in figure 4.2.
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Fig.4.2. pH values of some well-known liquids
| Biological medium pH Biological medium name pH |
plasma of blood 7.4 Urine  4.80+6.85
extract of blood 7.35+7.45 Juice from surrounding of Skin tissues  6.20+7.50
Skin surface antibacterial defense pH 55
Saliva 6.35+6.85 Gland juice behind of stomach  7.80+8.00
poor gastric liquor 0.90+1.50 Lemon juice 2.3
pH of stomach 1.20+3.00 Tomatoes juice 4.3

Water protolysis and neutralization inverse attractors of reaction:

2



1t reaction equilibrium H2O + H20 + AHionisation + AGionisation <=> OH ~ + H30O*

18 *
P . O’\BHK-326-1i)Ov:H;O _ .0 3 OH 1[0
eql=

K =3.06810" H H. + [H,0HH,0]

Hess Free energy change for 1%t reaction - protolysis is positive, unfavored, endoergic and

=3.26°1018

non spontaneous: AGprotoIysisHess:AHprotolysisHeSS'TASprotolysisHess=101,9 Ky mol.
AGeq1= -Re Te In(Keq1)= -8.3144*298.15*In(3.26*1018)=99.8 X/,

Hess Free energy change AGhess IS greater, but minimizes reaching

equilibrium mixture 99,8 “/mo= | AGeqt | < | AGhess1 | =101,9 /o :

H AGin=99,8 kJ/moI
l

- . ']
Water protolysis increases free energy content for water 2 H>O from AB 50% CtD

zero 0 to 99.8 K/ma for protolysis products, what have lost in neutralization. reactants H2O+H20 _
products H3O*+OH-
2"d reaction equilibrium OH + H30* <=> H,0 + H20 + AHneutratisation + AGreutralisation

Keq =3.068¢ 1017 [H.O}[H.0]

_ . }
. +t«@ © : H— o = + . +. Kego= m] =3.068+10%7

Hess Free energy change for 2" reaction is negatlve, favored, exoergic, and spontaneous:

AGneutraIizationHess:AHneutralizationHess'TASneutralizationHess: '1019 I(‘]/mol ,

AGeqz = - Re Te In(Keg) = -8.3144*298.15*In(3.068*10'7)= -99.8 K/imal, A A
Hess Free energy change AGress, IS greater, but minimizes reaching ""16'1'9' “/;JI
mixture of compounds Keq1=3.261018; Keq2=3.068+107 at equilibrium.

99.8 I(J/mol = | AGeql | < | AGHessl | =101.9 I(J/mol .

AGmin: '99|8 kJ/mol \Ef
All reactions trend to Prigogine attractor minimum of free energy change A+B  50% C+D
reactants H3O*+OH-

AGuin=AGeq at equilibrium mixture with reverse reactions inverse products H20+H20
1
— 1 _ [HolHo _ 1
constants 3.260108= PH 1HOT = == = HOHAOL - = gy
TH,OFR,0] Keqz [OHTHOT  3068*10'7

In 1977 declared Ilya Prigogine attractors claim perfect order trends of Universe for each
process to energy change minimum in mixture of reacting compounds. 15" page
Multiply with water constant concentration square Keqi*[H20]2 =3.26210718*55 332=10"1=Kyy ,

one calculates water ions factorial constant Ky = [HsO*][OH-] =104,
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Solubility products as strong and weak electrolytes THERMODYNAMICS

6™ page :
Solubility 36 9/100g H20, demsity 1.203 9/mt, Cnaci= 5.4434 ™ol ; w%=26.47%);

The ionic crystalline solubility and dissociation of electrolyte solution in water (4.1)

crystalline Na*Cl- AH® = -411.12 W/moi;  AS°=72 I/(mol k)

H2O AH’ = -286 K3/ mol; AS°=69.956 J/(mol K) AG = -286 K/mol

Na*aqua AH® =-240.1  K/mor; AS°=59 I (mol k) [Na(H20)s]* evident as aqua

Claqua AH® =-167.2  K/mor; AS°=56.5  Y(moi k) [CI(H20)6] evident as aqua .

1) the separation crystalline sodium chloride Na*Cl- into hexagonal hexagonal
positive cations Na* and into negative Cl- anions, ~ H—Qz, H T — Q ]

2) When tetramers (H20)4 dismissed the hydration with six H "ﬂ—o/ H

water molecules coordinated ions [Na(H20)s]* , [CI(H20)s]. O:\Eﬁ\]‘!)r Sy H H H-Ony

Crystalline sodium chloride disolutes in water: H/ p: aB<—:0 | + |O cl” 'O

a H .
Na+C|_+3(H20)4:>[6HZO:=>DNa+]aqua+[C|_<:6H20]aqua o \|-L HO—H H
Overall dissociation process free energy change AG is: I|i H/ 'O\H L %' _

AGHess=AHHess—TASHess; exoergic AGHess = 3.82 - 298.15¢43.5/1000 =-9.15 K/mo negative and
dissipative dissociation of ionic crystalline is a spontaneous process as water soluble.
Heat accumulates in productes endothermic AHHesssum= -240.1-167.2+411.12= +3.82 K/mo with cooling effect.
ASdispers:'AHHess/T:-1000°3.82/298.15: -12.812 ‘]/(mol K) , AShydratation = +59+56.5-(72) = +43.5 J/(mol K) .
Total entropy change in dissipative dissociation of ionic crystalline sodium chloride Na*Cl- into ions Na* + Cl-:
AStotaleSdispers +AShydratation= -12.812 + 43.5= +30.688 J/(mol K)
The overall AH change in sum is endothermic: AHHessum=AH=AHsepaation4 Apfhydration=3 82 kifyq,
where AHseParation>( s positive heat, that supplied for separation of positive and negative ions from each other.
Added heat energy AHseraration > ( s positive value, but AH"dration the hydration process evolved heat
exothermic AHWdration<Q has negative value.
Salt reaction with water is endothermic AH=3.82 K/mol as salt mixed with melting ice decrees temperature up
to -12° C. Freezing suggests positive summary value +3.82 K/mo =AH=AHSseparation4 A fhydration
Hess value AGressSAH-TASHess is negative because enthalpy change is small [AH| < |TASHess|,
Ksp=[Na*aq]*[Claq])/[NaCl]= =4,0952*4,0952/1,3482=12,44
Cosm=[Na*]+[CI]+[NaCl]=i*Cm=(1+ a(m-1))*Cm=(1+a(2-1))*0,15385=0,305 M. Dissociation degree alpha is
fraction e =(0,305/0,15385-1)=0,98245 ar [NaCl]= Cm -Cm*a=0,15385-0,15385*0,98245=0,0027 M.
Physiology 0,9% solubility product Ko e%=[Na*aq]*[Cl-aq]/[NaClaq]=0,151*0,151/0,0027=8,462=10097;
is favored AGo9%= -ReTeIn(Ko%)=-8,3144+298,15+In(8,4616)=-5,294 K/mo1, Solubility A
product has less favored AGsp=-ReTeIn(Ksp)=-8,3144298,15°In(12,44)=-6,25 K/mol. G -9,15 Yoy
Endothermic, exoergic crystalin Na*Cl-s solubility Hess free energy change is negative | """ 7
AGhess=-9,15 W/mol , but minimizes AGmin =AGo,9%= -8, 4 K/mol in mixture reaching
equilibrium Kog%=[Na*ag]*[Cl~aq]/[NaCl]=0,1512*0,1512/0,0027=8,462
with products [NaClag]= 0,0027 M [Na*aqua]=[Cl-agua]= 0,151 M.
Dissociation degree a.=4,0952/5,4434=75,2 % Crystalic Na*Cl- reactant compound AGue 6255
Ksp=[Na*aq]*[Cl-aq)/[NaClaq]= 4,0952*4,0952/1,3482=12,44. Le Chatelier principle is | ACmu=-5294 o
Prigogine attractor for Free energy change minimum AGmin reaching at equilibrium A 50% B+C

mixture. Free energy change minimum reaching establishes equilibrium. Na*Cl-aq reactants
10t page products Natag+Claq

Strong electrolytes are water soluble salts, water soluble bases and strong acids with AG<0 and Keq >>1 ;
Weak electrolytes with positive AG>0 and 0 < Keq < 1 endoergic are water insoluble salts and bases.
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Sodium acetate CHsCOONas 2 Na*auatCH3COO%q Solubility product Thermodynamics
CH3COONas+8H20=>[6H20:=>Na*]ag +[2H20=>"00CCHzaq]

Solubility 50,4 9/100g H20, density 1,26 9/mt, CcHscoona= 5,1493 M/, ; w%= 36,1 %
Litre solution mas with density 1,26 9/mc IS Msolution = 1260 9/L.

What times 150,4 g included 1260 grams solution 1260/150,4= 8,7766............ times .
Sodium acetate mas in litre mcHscoona =8,7766*50,4 g/100g =442,34.......... 9/L..
Molar mas calculates as sum of atomic mases: McHzcooNa=Mna+McHacoo=23+24+32+3= 82 9/mol .

Salt number of mols in one litre is mas of salt over it’s molar mas:
NcH3cooNa= McH3cooNa / McHacoona= 442,34 / 82=5,1493 M/, ; CcHacoona = 5,1493 mol/, ;

Water mu2o0=ms-mcHacoona =1260-442,34= 817,76 g; NH20= MH20 / Mn20 817,76/18=45,431 moli..

Mas fraction in perocents : mcHscoona/Msk=442,34 /1260*100% =w%= 36,1;

Complete dissociation in ideal solution coordinate 6 H20 , 2 H20 sodium ions and acetate ions

crystalline CHsCOONas 2 Na*+CH3COO- solie, poore compound mol fraction is one [CH3COONa]solid
= | and solubility producét constant: Ksp= Keq =[Na*]*[CH3COO]=5,1493*5,1493= 26,515 is ions factorial
reaching Prigogine attractor at equilibrium free emergy change minimum negative::

Thermodynamic favored solubilty product constant: for favored equilibrium:

AGmin:AGeq:-R'T'ln(Keq) :-8,3144-298,15-In(26,515): -8,125 K/mol,

Saturated solution water coordination resorces 8 are indispensible: nc= nu20 /8=45,431/8=5,6789.......... moli.
_hexagonal B .
/ oS H‘C/H
o O. + \l‘L /l—L J‘L -/ ~H
CH3COONaaqua + 2(H20)4 \F\' Tetra mere => H/ /EI aB<=—:0 + :O\H O-—-C + Q + AG,
; “ - cl):HRO W - \é)
H— H-() ------- H—()-H : L H H
© P © L "Lli/ Ho_ L ~g
CRC 2010 reactant => products
Substance AHOHess,kJ/molASOHess,‘]/mOI/KAGOHess,k‘]/mol CH3COONas => Na+aqua+CH3COO'aqua +Q +AG;
Na.+aqua '240,1 59 B 1 AHHess: ZAHOprOdUCtS' ZAHOReactants;
CH3COO'aq -486 85,3 -247.83 2. ASHess: EASoproducts- ZASOReactants;?).AGHess:AHHess-T°ASHess
CH3COO'aq -486,836 -822,3 -241,663 2. ASdispersedz-AHHess/T:].?,3/298,15:58,02448 ........... J/moI/K;
CH3COONas -708,8 123,0- -607,7- AStotaI:ASHess+ASdispersed=58,02448+21,3:79,32448 ........... J/moI/K;

1. AHHess=AH°H3ccoo-+AHna-AH Haccoo Na=-486-240,1-(-708,8)= -17,3 X/mo eksotermiska...................

AGHess=AHHess-T*ASHess=-17,3-298.15*0,0213=-23,65........ K mot; T*AStota=79,32448298,15=23,65............ K mol;
Exothermic and exoergic CH3COONas solubility product Hess free energy change AGHess g A
G 2865

negative -23,65 K/mor , but minimizes up to AGmin = AGeq =-8,125 K/mor in mixture reaching }-=----------
solubility product Ksp= Keg= [Na*]*[CH3C OO aqua] =5,1493*5,1493= 26,515 .

Le Chatelier principle is Prigogine attractor for Free energy change minimum AGnmin
reaching at equilibrium.
Free energy change minimum reaching establishes equilibrium.

reactant crystalline CHsCOONas_a  5a0p  B+C
and products_ Na*ag+CH3C OO0 4

AGmin: -8,125 kJ/mm '
1 s

13" page
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37% HCl acid density 1,18 g/mL HCI 2 H*+Cl yua protolysis- dissociation thermodynamics

AthdratationHCI:AHOHCIaqua-AH°HCIgas:-167,2-(-92,31): -74,89........... K/mol Xothermic....................

CRC 2010 Reaction is exothermic , athermic, endothermic,exoergic, endoergic!  ?HClgas=>HClaquatAG+Q);
Substance AHOH,kJ/molASOH,J/moI/KAGOH,k‘]/mol AGH:AGOHCIaqua-AGoHCIgas:-131,2-(-95,3): -35,9 ............. I(‘]/mol
Na+Cl{ -411,12 | 72,00 - 1. AHres= ZAH products- ZAH ®reactans; EXOEFGIC.....vvvvveninee.
Na+aqua -240,10 59,00 - AthdratationHCFAHoHCIaqua-AHOHCIgas=-167,2-(-92,31): -74,89........ Kol
Cl-aqua| -167,2 56,50 |-183,955 AGcl-=AHH—T*ASH=-167,08-298,15*0,0566=-183,955 X/moi;

H204q -285,85 69,956 |-237,191 AStotaIZASH+ASdispersed=251,182-130,4:120,78 ------- J/moI/K;
HsO* | -285,81 -3,854 | -213,275 ASHess=AS°Hclagqua-AS°Hclgas=56,5-186,902=-130,402........ I moliK;
HClgs| -92,31 | 186,902 -95,3 ASdispersed= - AHness/ T =74,89 /298,15=251,182........ I molik;

HClaqua| -167,2 56,5 -131,2 3. AGries= AHpess=T*AShess =-74,89-298,15*-0,130=-36,01.......K/mol
Bound energy TeAStotar=120,78 Y/K/mo1#298,15 K=36,01.......</mo1;eX0€ergic....................
37%, 1,180 g/mL, 436,6 9/36,45=11,978 M/, , 1180-436,6=743,4;743,4/18=41,3 ™/, 41,3-0,25236=41,048 ml/_

HCI+H20=>H30"(aq)*Cl aqua +Q +AG; HCI=>H*+Cl aqua; [H30*]?+[H20]*Kais*[H30O*]-Kais*[H20]*11,978=0

AHutess=AH H30+AHci--AHHclag-AH °H20= -285,81-167,08-(-167,2-285,85)=0,16........ K/mol; athermic...............
2. ASdispersed: - AHHess/ T= -0,16 /298,15: -0,537 ............ J/moI/K
ASHess=AS°H3o + AS°cl--AS°Hcl -AS°H20=-3,854+56,60-(69,96+56,5)= 52,64-126,46=-73,714......... ok
AStota=ASHesstASdispersed= -0,537-73,714=-74,251........ I molik;
AGHess=AHHess—T*ASHess=0,16-298.15*-0,073714=22,1378............... K/mot eNdOErgiC.......ccvvveviirnen.
TeAStotar=-74,251 I/K/mo1+298,15 K=-22,14......K/ma;
MH20=1180-436,6=743,4 g; NH20=743,4/18=41,3 M/, , First solution:
[H20]=41,3-[H30*ag]= 41,3-0,25235= 41,047664 ™°!/.> Crci =[HClaqua] +[CI-]=11,978 M ;
[HClagua]=(11,978-[CI-])=(11,978-0,25235)= 11,725664 ™!/, ;
[H20]=41,3-0,2578=41,0422 M/, [HClagua] [H20]*Kdis=[H3O*aq]*[Cl-aqual;
As equal [Claqua]= [H3O%aq] and replased [Cl-aqua] With [H3O*aq] square equation is solved as: ax?+bx+c=0 .

(11,978-[CI7]) [H20]*Kdis=[H3O*]*[Cl-aqua]; (11,978-[H30*]) [H20]*Kis=[H3O*]* [H3O*];

[H30O*]?+[H20]*Kais* [H30O*]-Kais*[H20]* 11,978=0
4;+MJ

Square equation ax?+bx+c=0 solves real root of two mathematic x= [ P

Clag]=[H3O%ag]= -K g0l +V(K g [H,01)2 -4*%K g [H,01¥11,978 =0,25235............. M
2
[Clrag]= [H30O]= [1,323*104 *41,04765+ /(1,323*10% * 41,04765)% — 4* ~1,323*10% * 41,04765*11,978} =0,25235......... M

2
Dissociation degree 6=0,021=Cdis’/Cm=0,25236/11,978; Cm=Clis*+Cnedis=0,25236 + 11,725664=11,978 ml/;

Equilibrium constant E:f&q [[CH'O]]q =Keq=(0,2523*0,2523)/(41,0476*11,725664)=1,323*10;
aqua’ )
AGeg=-ReTeIn(Keq) =-8,3144+298,15+In(0,0001323)=22,138 X/mol,
Unfavored protolysis Hess law positive 22,14 K/moi, but minimized reaching equilibrium 22,138 %/mo .
Hydro chloric concentration is CHcl =[HClaqua]+[C1]=0,1 M ; [H20]=53,23-[H30*aq]=53,33-0,1=53,23 mol/,

[Clag]= [HsO*]= [— 7,681*1074 %532 + /(7,681%104 *53,2)2 — 4+ _7,681*10~4 *53,2%0,1 =0,04729.......... M

2

Equilibrium constant M0 bwa o Jaan i, —(0,04720%0,04729)/(53,2%0,05271)=7,681*10%
[H Cl ]aqua' [HZO]

[HsO*]=0,04729.......... M =10-PH=10-1325; pH= -log[H3O*ag] = -l0g0,04729=1,325............... :
Dissociation degree: a= Cudis/ Cm =0,04729/0,1=0,473 , 0%=47,3......... %
AGHess=22,14............ K/mol endoergic.............. Prigogine minimum AGeqo,1Hc1=17,8........... K3/ mol,
11" page:
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Ammonium chloride NH4Cle => NHs*@g)+ Claqua €lectrolyte thermodynamic solubility in water
Data from tables: solubility 39,5 9/1004 H20, density 1,3536 9/mL, weak acid NH4* pKa=9,25 protolysis
NH3 (aqy+H20=>NH4*+OH- strong protolytic base pKr=4,74 > 9,25=pKa weak NH4*+H20=>NH3 (aq)+H3O" ;

Liter solution mass with density 1,3536 9/mL is Msolution = 1353,6 ............ 9/L.
What times 139,5 g include 1353,6 grams solution 1353,6/139,5= 9,7032............ times
Amonium chloride mas in litre mnnaci = 9,7032 *39,5 g/100g = 383,2764.......... 9/L..
Molar mas is sum of atomic mases: MnHaci=MnHa+Mci=16+24+35,5= 75,5........... 9/mol .

Salt number of mols in litre is salt mas over it’s molar mas:
NNHaci= MHacl / Mnnaci= 383,2764 / 75,5=5,07651 mol/; : Cnnaci= 5,07651......... mol/ -
Water mnrz2o=ms-mnnaci = 1353,6-383,2764=970,32 g nH20= MH20 / MH20 =970,32/18=53,907......... moli.
Mas fratio in percents is mas of salt over solution mas :
MnHac/My=383,2764/1353,6*100% =w%=28,32........... %;

Thermodynamic favored complete dissolution reaction by Hes law and solubility constant .

o kJ o J o kJ
Substance |AH Helss, /mo| AS He:s, Imoll | AG H(e)ss, m reactants NH4C|(s) +Q = NH4+(aq)+ C|'aqua +AG roducts;
Cl-agqua -167,2 56,50 -183,955 | AGcl-=AHH-T*ASH=-167,08-298,15*0,0566=-183,955 %/mol;
NH4+(aq) -132,5 113,4 - 2. ASHess= ZASoproducts- ZASOReactants;
NH4CI(S) -314,4 94,6- -202,97 CRC 2010 3. AGHess: AHHess-T'ASHess

1. AHHess=AH°NHa+AHcl-AH NHacis= -132,5-167,2-(-314,4)=-299,7+314,4=14,7....... kK)/mol endothermic.........
2. ASdispersed:-AHHess/T:-14,7/298,152-49,3 ........ ‘]/moI/K;

2. ASHess=AS°NH4+AS°cl-AS°NHaci= 113,4 +56,50-(94,6): 169,9-94,6=75,3.......... I molik

3. AStotal= ASHess+ ASdispersed=-49,3+75,3= 26........ Imolik;

AGHess=AHHess- T*ASHess=14,7-298,15*0,0753=-7,75.......... I(‘]/mol; exoergic ..............................

TeAStota=26 J/K/mol‘298,15 K=7,75........ kJ/mol;

NHY Jci™
[NH:lagua' [O1 Jaqua =KspHess =eXP(-AGhess/R/T)=exp(7,75/8,3144/298,15)=22,8.......
[NH4C|]aqua

Thermodynamic favored Hess solubility product in water .
Complete dissociation solubility product constant
Kdisz[N H4+aq]*[C|'aqua]: 5,07651*5,07651:25,771 ..........
Amonium chloride KspHess=22,8 non dissociated concentration is calculated in expression :
[N H4C|aqua]: [N H4+aq]*[C|'aqua]/ KspHess:25,77l/22,8: 1,13....... mol/_ y
including equal dissociated ions concentration in subtraction solubility concentration minus non dissociated
salt concentration: [NH4*(@ag)]=[Cl-aqua]= 5,07651-1,13=3,97651 .......... molf,

Favored solubility product constant: Keq= [NH; Jaqua[C1 Jaqua =3,97651*3,97651/1,13= 13,9935...........
[NH,CI Jagua
AGeq=-ReTeIn(Keq)=-8,3144+298,15¢In(13,9935)= -6, 541 .......... Kmo1, Endothermic and g A
G

exoergic NH4Cls) dissociation Hess free energiy change AGdisHess=-7,75 ....... K/mol Negative, |-==-5--q:--
but minimized reaching AGmin=AGeq= -6, 541......... K/mor equilibrium mixture

Keq= [NHZ]aqua'[Cr]aqua =13,9935
[NH4C| ]aqua
reactant non dissociated ammonium chloride NH4Claqua_

AGmin: -6,541 k‘]/mm !
| L'

A 50% B+C
_ S o and products NHas*agua + Cl-aqua
Le Chatelier principle is Prigogine attractor for Free energy change minimum AGmin
reaching at equilibrium. Free energy change minimum reaching establishes equilibrium. 13 page
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In human organism weak electrolytes are carbonic acids, amino acids, protonate amines:
If AG is positive, e is taken into a negative power e-edative in calculation of Kais, therefore Kais much smaller
then 1 (0 < Kuis << 1) and never reach the zero 0. In this case the acids are weak in human body.
Carboxylic acid - COOH dissociation-protolysis thermodynamics

CRC 2010
Viela AH, K mol | AS°h, Y molik [AG®Hess,¥/mo Reactants => products
H3O* -285.81 -3.854 -213,275 CH3COOH+H20+AG & H30*+CH3COO +Q
H3sCCOO- -486 85.3 85.3 1. AHHess—= AHOproducts - AH reactants
CH3;COO~, | -486,836 -822,3 -241,663 2. ASHess= AS°®products - AS®reactants
H2:0 -285.85 69.9565 69.9565 3.AGHess=AHHess- T*ASHess
H20 -286,65 | -453,188 | -151,549 Biochemical Thermodynamic 2006 Alberty
HsC-COOH| -484,09 159,83 -531,743 Masachusetts Technology Institute
1. AH=AH®H3ccoo- + AH®H30 = AHCPH20 = AHCHICCOOH Sriitiiiiicceie ettt sttt st beeeneas K mot;
........................ =-486-285,81-(-285,85-484,09) =-771,81+769,94= -1,87 K/mo exothermic............cccccevevervrrnennnn.
2. ASdisperse= - AHr T =1,87/298,15= 6,272011 .....ccoirriiiiie ettt sare e s eaee e aae e (ol K).....
2. ASr=AS°H3CC00- FASHI0-AS CH20-ASTHICCOOH Sreiiiiurieeitrieiitreeeitteeesteeessteeesibeeesibeeesbeeessbeesssbeesesbeesreeeans I molik...
......... =85,3-3,854-(69,9565+159,83)= 81,446-229,7865= -148,3405..........cccvevververrerererresresresnnn  mol/K;
3. AStota= ASr+ ASdisperse: -148,3405+6,272011= -142,0685.........ooeeiiiiiie e ‘]/(mol K)eus
AGr = AHr — T*AS; =-1,87+298,15*0,1483405 = 42,3577 ....ccvvvveeecrreeeenne. K/mot endoergic..................
3. T'AStotaI:'142,0685‘]/K/mol°298,15 K= '42,3577 .................................................................................... I(‘]/mol;
bound TASn« accumulated energy AGreverseHess <—Q= 1,87......... K)/mol..non spontaneous AGr= 42,4 ¥/mal............

Equilibrium reached by free energy minimum at compounds mixture ratio in expression:

[H*][cH,coo]
[H,0][CH,COOH] o s
AGeq = -ReTeln(Keq)= - 8,3144+298,15:In(10°497) = 37,085 “/mol, A 5 G A
Endothermic and endoergic acetic acid protolytic reaction Hess free energy IRTER R
change AGprotolyseHess =42,36 “/mor positive, but minimizes up to
AGmin=AGeq=37,085 ¥/mai reaching equilibrium mixture : |
[H*][cH,co0]

Thermodynamic unfavored equilibrium constant Keq= =1,76*105/55,3 =10-6497

= =1(0-6.497
4= [H,0MCH,C00H] g 10 T A= 37,085
_ A+B  50% C+D
reactants mixture_cH;COOH+H-,0
products_ H30*+CHsCOO-
o N H*][cH,co0~ :
Dissociation constant of acetic acid Ka=Knsccoon=Keq[H20]= [ Hek.cool =10-6497*55 3=10476; is

[CH,COOH] qis
thermodynamic constsnt Keq multiplication with water constant concentration [H20]= 55,3 M make Ka=10-476.
Le Chatelier principle is Prigogine attractor for Free energy change minimum AGmin reaching at equilibrium.
Free energy change minimum reaching establishes equilibrium.
[H30*]=[CHsCO0]=C*a=0,2*0,00931=10%"3 M =1,862*103 M;  0=10273/0,2=0,00931 ; 14t page:
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Ammonia water and ammonium ion NH4*@ag) +H20+AG+Q => NH3 (aqy+ H3O* protolysis Thermodynamics
NH3 (aqy+H20=>NH4*+OH- strong protolytic base pKr=4,74 > 9,25=pKa weak NHs*+H20=>NH3 (aq)+H3O" ;

1. Hydration; NH3gastAG =>NHsaq +Q);
AHhydrationHess=AH°NH3aqua-AH°NH3gas =-l32,5608-(-45,94): -86,6 kJ/mol;
AGHydrationHess:AGoNH3aqua-AG°NH3gas:91,1056-(-16,4)2107,5 I(‘]/mol;
ASHydrationHess=AS°NH3aqua-AS°NH3gas=-739,2922-192,77: -932,0622 ........... ‘]/moI/K;

AGHess=AHHess- T*ASHess =-86,6-298,15*-0,9320622 =191,3.............. kJ/mol; T AGmin=107,5 "ol
Keqi=exp(-AGress/R/T)=exp(-107500/8,3144/298,15)=10-18:83; A 50% B
Ammonia NHasaq protonation reaction with water reactant NHagas
2. Keg2; Ammonia water NHszaq+ H20 +Q=> NH4%ag+ OH- +AG products NHazq

AHHess=AH°NH4++AH°0H-AH°NH3-AH °H20=-132.5608-230.015-(-132.5-285.85)=55.8 K/mol endothermic
Viela AHOH,kJ/moIASOH,J/moI/KAGOH,kJ/moI 1.AHHessZZAHOproducts-ZAHoreactants;3.AGHess: AHHess-T*ASHess

HsO*| -285.81 -3.854 -213.275 |[CRC 2010; 2. ASHess= ZASoproducts- 2 AS reactants

H>O | -285.85 | 69.9565 | -237.191 ASdispersed=-AHH/T=-55.77/298.15*1000=-187 Y/(mol k) ;
H2O | -286.65 | -453.188 | -151.549 ASHess=AS°NH4+ +AS°0H-AS°NH3-ASH20=771.8 Y/molK;
NH4*| -132.5 113.4 -79.3 =113,4-10,9-(-739,2922+69,9565)=771,8 Y/molik;

NH3aq -132.5608(-739.2922 | 91.1056 BioTherm2006; AStotai=ASH+ ASdispersed:-187+771,8:584,8 ‘]/(mol K),
NHasgas| -45.94 192.77 -16.4 AGHess=AHHess-T*ASHess=55,77-298,15*0,7718=-174,3 K/mai .
OH- |-230.015 | -10.539 -157.2 TeAStota=0,5848%298,15=174,4 W/mo1.; bound energy;

AGmin=AG°NH4++AG°0H-AG°NH3-AG°H20=-79,3-157,2-(91,1056-237,191)=-90.4146 X/mol exoergic.
Keqz=exp(-AGmin/R/T)=exp(90414,6/8.3144/298.15)=10184; favored reaction strong base.

Hesss change negative AGHess=-329.4 K/mor minimized at equilibrium mixture AGmin=-90,4 X/mol;

3. Kegs; protolysis NH4*ag+H20+AG+Q=>NHzaqt+H30*; NHs*= H* + NH3aqua ; pKa=9,25;

1. AHH=AH°nH3+AHH30-AH °NH4+-AHH20=-132,5-285,81-(-132,5608-286,65)=0,901......... K)/mol athermic......
2.ASdispersed=- AHH/T=-0,901/298.15= -3,02........ I (mol K); AGHess=AG°NH3+AG°H30-AG°NH4+-AG°H20=108,7 K/mol
2. ASHess=AS°NH3+AS°H30-AS  NH4+-AS H20=-739,2922-3,854-(113,4-453,188)= -403 4........... Imolik

AGHess = AHHess — T*ASHess =0,9008-298,15*-0,4033582 =121,2.......... K/mol .endoergic................

AStota= ASHess+ASdispersed=-3,021-403,358:-406,4 ....... J/(mol K) T'AStotaI=-406,4*298,15:-121,2 ......... I(‘]/mol ;

- . + NH . + .
[OH Tagua [NH; ]agua =101584 strong base; .Keqsz= M ]:1,013*10'11 weak acid;
[N H3]aqua. [H2O] [N H4]aqua'[H ZO]
-18

Thermodynamic constant: Kega=[H20]*Kh2o/Knraon=[H20] % =55,3%1,831*1013=1,013*101;

Keq2 =

Acid constant Ka= [H][[NN+]]Q = [H2O]*Keqs=55,3*1,014*10-11=5,61176*10-10=10925=10PKa ; pK,=9,25;
4 |aqua
AGeq3=-ReTeIn(Keqz)=-8,3144+298,15°In(1,014*10-11)=62,76 */mo1, Endothermic and
exoergic NHa*aq protolysis Hess free energy change AGprotolysisHess3=121,2 K/mor is positive,
but minimized to AGeq3=62,76 X/mol reaching equilibrium mixture

G

G

_ [NH;]aqua[H30"] _ i
Kegs= 28218 1=1 013*10°1L,
B INH aquerlH,0] O 0 7628 o
Endothermic and exoergic NHsaq and H20 ionization free energy change AGprotolysisHess NAI\—|+I? -5+(|)—(|%OC+D
negative -174,3 “/mol but minimized to AGeqz =AGmin=-90.4 /ol reactants_ ICI Ha‘;a +|2_|30+
reached strong base equilibrium mixture Keqz=103084; proc:jucts
Le Chatelier principle is Prigogine attractor for Free energy change minimum AGmin reaching at equilibrium.

Free energy change minimum reaching establishes equilibrium.
[OH]=[NH4*]=C*0:=0,001*0,1259=10"39 M=1,259*10* M; a=10-3%/0,001=0,1259 ; 16" page
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CRC 2010 ; BioThermodynamic2006

Dihydrogen phosphate H2POuaq protolysis thermodynamic

H2PO4 ag+H20+AG+Q=> HPO4% aq+H30* CRC2020;pH=7,36;

Substance | AH®r,K/mot | AS®r, Y moiik |AG®r , ¥mol] 1.AHHess=AH products-AH °reactants;2.ASHess=AS °products-AS °reactants
HsO* -285.81 -3.854 -213,275 ICRC 2010; 3.AGHess=AHHess~ T*ASHess
H.O -285.85 69.9565 | -237,191 |=-1057,143-213,275-(-1137,3-151,549)= 18,43 K/mo
H20 -286,65 | -453,188 | -151,549 |BioTherm2006;AGH=AG Hpo42-+AG°H30-AG°H2p04- -AG°H20=
H3POu@q | -1271,7 150,8 -1123,6 =-1089,28-213,275-(-1137,3-237,191)= 71,936 K/mol
H2PO4 (agq)| -1302,6 925 -1137,3 | AHH=AH Hpo42-+AHH30-AH H2r04- -AHH20=10,5 K/mol endot
HPO42 (aq)| -1292,14 -33,47 -1089,28 |=-1292,14-285,81-(-1302,6-285,85)=10,5 X/mo
HPO4?" (aq) [-1298,89 -810,792 | -1057,143 |2.ASdisperse=-AHH/T=-10,52/298,15=-35,3%/(moi k);
PO (aq) —1277,4 —220,5 -1018,7 |3. AStota=ASH+ASdisperse= -199,784-35,3=-234,984 ‘]/(mol K),

2. ASH=AS°HpP042-+AS°H30-AS°H2P04- ~AS°H20=-33,47-3,854-(92,5+69,96)=-199,784 I/moI/k;

AGH=AHH-T*ASH=10,5-298,15*-0,199784=70,0 X/mol; =4,55-298,15*-0,454=140 X/mo endoergic...

3. T*AStotar=-234,984 I/moik *298,15 K= -70,0....</mo bound TASn accumulated energy.non spontaneous
Equilibrium reached by free energy minimum at compounds mixture ratio in expression of Prigogine attractor

[H 042']aqua'[H3O+] -

[H 270y Jaqua [H 20]
AGegz=-ReTeIn(Keg2)=-8,3144+298,15+In(1,143*10-%)=51,04 </mor;

Dihydrogenphosphate H2POuzag wegk acid pKa=7,199 unfavored H2PO4 +H2O=>HPOs> +H30*,

equilibrium mixture: Keg2= K Hzpo4-/[H20]=10-7199/55,3457339=1,143*10-%; pKa2=7,199

2- . +
Koz (H00 JaauaTHaO'] _pyy o i = 55,3%1,144%10°9 =10719=10-0Ka: pK,=7,199:
[H,70, laqua ‘

HPOs? +H20=>P04% ag+H30*=Keqz= K npos2-/[H20]= 10-12:35/55,3457339=8,07*10-1%; pKas=12,35

AGH=AG°p043+AG°H30-AG°HpPo42- ~-AG°H20=94,5 K/mo1;=-1018,7-213,275-(-1089,28-237,191)= 94,5 K/mal;
AGeqa=-ReTeIn(Keqs)=-8,3144298,15+In(8,07*10-15)=80,44 X/mol,

H3PO4 agtH20=>H2P Oy aq+H30%; Keqi= K Hapos/[H20]= 10-2147975/55,3457339=7,113*103; pKa1=2,148

AGH=AG® H2p04-+AG°H30-AG® H3ro4 -AG°H20=58,24 K/mo1;=-1089,28-213,275-(-1123,6-237,191)= 58,24 K/ma;
AGeqi=-ReTeIn(Keq1)=-8,3144298,15+In(0,0001285)= 22,21 “/mo;

Endothermic and endoergic HPO4?, H2PO4, H3PO4 protolytic reaction free energy change

AGprotolyse positive 94,5 and 70,0 and 58,24 K/mor , but minimizes up to

AGmin = AGeq = 80,44 and 51,04 and 22,21 X/moi reaching equilibrium
HPO42-ag+H20=>P043-ag+H30"; H2POs+H20=>HPO4sZ+H30*;

H3POu4ag+H20=>H2PO4 agtH30*; pKa3=12,35, pKa2=7,199, pKa1=2,148
[H2 Oy ]aqua'[H3O+]
[H 3P0, Jaqua® [H ZO]
AGegz=-ReTeIn(Keq3)=-8,3144+298,15+In(7,113*10-3)=80,44 K/mol,
[ 043— ]aqua'[H3O+]
[H 042_]aqua'[H ZO]
Le Chatelier principle is Prigogine attractor for Free energy change minimum AGmin reaching at equilibrium.

T AGmin=51,04 Y/
L' 1

A+B 50% C+D

H2PO4 agtH20

reactants products
HPO4% aq t H3O*.

= Keqi= K napos/[H20] = 10-2148/55,3=0,0001285;

= Kegs= K npos2-/[H20]= 10-12:35/55,3=8,07*10-15;

Free energy change minimum reaching establishes equilibrium.

17" page
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Enzyme CA Carbonic Anhydrase COzaqua+2H20 protolysis 2H,0/“ACO,/H3O*+HCOs thermodynamics

CO214as N0 act H20 just water soluble. Solubility in water CO21gas +AG <=> CO2aquat+Q exoothermic.................

Substance | AH Hess,X/mol | AS®Hess, /molik | AG®Hess,K/mol AHH=AH’co2aq-AH°co2gas=-413.7976+393,509=-20,3 Kol
HsO* -285,81 -3,854  |-213,274599 | ASHess=AS°cozaqua-AS°co2gas=117,57-213,74=-96,17 Ymolik;
OH- -230,015 -10,9 -157,2 =117,57+69,9565-(213,74+69,9565)= -96,17....... ¥moiik
HCOz -689,93 98,324 | -586,93988 | AGH=AHH-T*ASH=-20,3+298,15*0,09617=8,385 k/mo;
HCO3z | -692,4948 | -494,768 | -544,9688 |AGsp=AG°co2aq-AG°cozgas=-385,98+394,359=8,379 K/mol
H20 -285,85 69,9565 -237,191  |Ksp=EXP(-AG./RIT)=EXP(-8379/8,3144/298,15)=0,034045
H20 -286,65 -453,188 -151,549 X% aqua _ [CO, aqual _

COzaqua | -413,7976 | 1175704 | -385,98 |K#=0.0341= [c5" ] = [CO, gas] [n 0] 100% Mol fraction

CO27gas | -393,509 213,74 -394,359 | [CO2gas]=1; [CO2aqua]=Ksp[H20]=0,034*55,346=1,88 M

Air 0,04% [CO2gas]=0,0004; [CO2aqua]=Ksp*[CO27gas] *[H20]=0,034045*0,0004*55,3457339=0,000754 M;
Hydrolysis reaction COzaquat2H20+AG+Q =CA> H3O*+HCO3 and acid/base equilibrium

AHH=AH’H30+AHHc03-2AH H20-AH co2=-285.81-689.93-(2*-285.85-413.7976)=9.7576.......... K/ mol;

2. ASHess=AS°H30+AS Hc03-2AS°H20-AS c02=-3,854+98,324-(2*69,9565+117,5704)=-163.0134.......... Imolik;
AStota= ASHesst ASdispersed= -32.727 -163.0134 = -195.169........ I molik;
3. AGHess=AHHess— T*ASHess=+9.7576+298.15%0.1630134=58.19............ K3 fmol;
TeAStotar=-195.74047298,15 K=-58.19........... Kl/mot1; bound TASn« accumulated free energy endoergic...........
3. AGHess=AG°H30+AG°Hcos -2AG°H20-AG°co2=-213,2746-544,9688-(2*-237,191-385,98)=102 K/mol;

Thermodynamic unfavored [HCOg]agua.[H507] =Keq= KHcos / [H20]%= 10-7:0512 / 55,32 =2,906*10-11

[C O3] aqua’[H20]
AGeq = -ReTeln(Keq)=-8,3144+298,15+In(2,906*10-11)=60 k/mol,

Endoergic CO2gas solubility and COzaq protolysis Hess free energy change positive
AGhydratation=10,77.K/mol and AGprotolysis 102 K/mor , but minimizes reaching mixture

solubility AGmin=AGsp=8,379 K/mo and protolysis AGmin=AGeq = 60 K/mol
Multiplication with water constant concentration [H20]?2 = 55,32 Mol/};3; | W

A G 102 kJlmol G A

Keq= [HCO3]aqua:[H307] =2,91*1011; Kca=Keg*[H20]%= [HCO; Jaqua-[H30] =10-7.0512 ey

[C O] aqua [H20]? [C O] aqua & AGz 8379 ¥l |

Value pKca=7,0512 is frendly to physiologic pH=7,36 . Le Chatelier principle is A+2B 50% C+D
Prigogine attractor for Free energy change minimum AGmin reaching at equilibrium.  COzaqua+2H20

Free energy change minimum reaching establishes equilibrium. reactants produkti

Reaction with hydroxide anion COzagua+ OH+AG+Q <=> HCOs' is slow. HCOs+Hs0O*
AHuess=AHHco3-AH co2-AHon=-689,93-(-413,7976-230,015)=-46,1174.......... K/ mot;
exothermic..........c.cccceevee
ASdispersed=-AHHess/T=46,1174 /298,15:154,68 J/moI/K; AStotaI:ASHess+ASdispersed=154,68-8,3464:146,3336 J/moI/K;
2. ASHess=AS°Hc03-AS°co2-AS°0on=98,324-(117,5704-10,9)= -8,3464............ I molik
3. AGHess=AHHess- T*ASHess=-46,1174-298,15*-0,0083464=-43,63........ K3/ mol;
TeAStota=146,33367298,15 K=43,63........... K/mo1; bound TASn«_accumulated free energy endoergic...........

3. AGHess=AG°Hco3-AG°co2-AG°on=-544,9688-(-385,98-157,2)=-1,7888 K/mo1; pH=7,36
Koress=EXP(-AGr /R/T)= EXP(1788,8/8,3144/298,15)= EXP(0,7216)=2,058; pH=7,36; pOH=6,64
[HCO;] [HCO; ]
[C 02] aqua’ [oH] [C 02] aqua

[HCO3]=Keg[OHT*[CO2aqua] =2,042105*0,00075125=0,0015341 M;
Sum is [COzaqua]+[HC O3] =0,00075125+0,0015341=0,0022854 M 4t 45t 46t pages:
Note: pH=7,36 is Prigogine attractor to what tend organisms in homeostasis.

KegoH= =Kea/KH20=8914110,43 ; Keqon[OH]=8914110,43*10-664= =2,042105;

11
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Sodium hydroxide solubility reaction with water NaOH+6 H,O <=>[Na<=(:OHy)¢]* + OH" +Q+AG;

100 9/100g Solubility in 200 g water solution of density 1,5217 9/ ; w%=50 %
Mnaon=Na+O+H=23+16+1=40 .9 mo1; NNaoH=Mnaor/Mnaon=760,85/40=19,02 mol;

NH20=M H20/MH20=760,85/18=42,27 mol; nc=42,27/9=4,697 M; Double water mols number are enough for sodium
ions coordination . Hydroxide ions repuls from water molecules stai alone.

Substance AH®H, 01| ASCH, motik | AGOH, % mol
NaOHaq | -44,51 |[solution- -
NaOH.H>O -21,41 | solution -
NaOHiattic - lattice -887
NaOHcryst | -425,8 64,4 -379,7
H20 -285.85 | 69,9565 |-237,191
H20 -286,65 [-453,188|-151,549
H3:O* |-285,81| -3,854 -
Na+aqua |-240,10| 59,00 | -261,9
OH- }-230.00 | -10,539 | -157,2

AHues=AH°Na+AH°0H-AHNaoH-2*AH H20=527 ,4 K/mol;

=-240,1-230-(-425,8-2*285.85)=527,4 K/mol;

ASdispersed=-AHH/T:-527,4/298,15: -1768,908 J/(mol K)
ASH=AS°Na+AS on-AS NaoH-2*AH20=59-10.539-64,4-2%69,9565=-155,852 Y/moi/k;
AStota= ASriesst ASdispersed=-155,852-1768,908=-1924,76 I/moik
AGries=AHuiess- T*AS1e=527,4-298,15*-0,155852=573,86 7 K/mol ;
TeAStotai=-1,92476*298,15= -573,867 X/mol bound free energy
AG=AG°Nat+AG°0oH-AG°NaoH=467,9 K/mol. €x0ergic.

=-261,9-157,2-(-887)=467,9 K/mol

Non dissociated hydroxide neutral molecules not forming:

I) Crystalline Na*OH- sodium hydroxide complete dissociates into ions coordinates two water H20 w%=50 %.
2Na*OH+(H20)4=>2[2H20:=>Na*]aqua +20H-; solubility constant is ions factorial at equilibrium:
Crystal sodium hydroxide dissociation solubility product: Na*OH-+2H20=>[1.0469H20:=>Na*]agua +OH";
AGHess:AGONa+AG°OH-AGONaOH-Z*AGOHZO:-26l,9-157,2-(-379,7-2*237,191):435 I(‘]/mol;
Total concentration neotar =[H20]+[[2H20:=>Na*]aqua] +[OH]=4,23+19,02+19,02=42.27 M,
Solubility product in mol fractions Ksp=[Na*aqua] *[OHJaqua/[Na*OH]/nkepa™?=19,02*19,02/1/42,277°=0,2025.

AGmin=AGsp=-ReTeIn(Ksp)=-8,3144*298,15*In(0,2025)=3,959 /ol .

Solubility 100 9/1004 solution density 1,5217 9/mc ; w%=50 %; One liter solution contain

N NaoH = MNaoH/Mnaon = 760,85/40 = 19,02 mol; nH2o0 = M Hz20/MH20 = 760,85/18 = 42,27 mol;
Two 2 water molecules coordinates linear at Na* ions, but OH-ions repel water.
Hess change positive AGHess=AGNaoH+AG(H20)4/2+2* AG[H20:=>Na+1=887+45-800=132 X/mol endoergic, but
minimized in mixture reached solubility equilibrium: AGeq=AGsp=-8,3144+298,15+In(0,2025)=3,959 ¥/mol.

Solubility equilibrium is Prigogine attractor free energy change minimum AGmin .
At free energy change minimum reaching establishes crystalline sodium hydroxide

Na*OH- solubility equilibrium .

1. lons lattice destruction: NaOH=>Na*+OH- energy: AGnaoH=887 X/mol .

2. Tetra mer destruction: (H20)s=>4H20 energy AG(H20)4=90 ¥/mo1. W%=50 %
3.a Two H20 coordination in cation energy 2*AGiH20:=>Na+]=2*-400=-800 K/mo:
AGHess=AGNaOHTAG(H20)4/2+2* AG[H20:=>Na+]=887+45-800=132 k¥/mo.

Ac 129,y GH
AG>OI Hess

J,AGmin,:3-96 K ol
. A 50% B+C
products Na*+OH-

Na+OH_Cryst:

Notice: Strong electrolytes are soluble exoergic with negative AGsp<0 and greater one Ksp>>1 ;

Weak electrolytes with positive AGsp>0 and 0 < Ksp < 1 are water insoluble endoergic.

At 0% < w% < 27 % NaOHcryst solution density 1,301 9/mL 2Na*OH-+3(H20)4=>2[6H20:=>Na*]aquat2OH";
3.b Six H20 molecules coordinate symetrical around cation 6* AGiH20:=>Na+]=6*-400=-2400 K/mol :
AGreactions=AGNaoH+3/2* AG(H20)4+6* AG[H20:=>Na+]=887+270/2-2400= -1378 X/l

_hexagonal

e Density (g/mL)

Coordination
1,5 I i -
14 1 Coordination e _
T N ks e N linear H
1:? /// /O.\i Na+ :Q
1 ond | H H
0 10 20 30 40 % 50
w
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CALCULATION OF pH IN SOLUTIONS OF ACIDS AND BASES

In this chapter the formulae for pH calculation will be derived for the 4 most important cases in nature:
weak and strong acid and base. pH IN A SOLUTION OF STRONG ACID.
In a solution of strong acid the concentration of HsO* ions can be calculated as [H*] = zCauis,
where z is the number of H* ions in one molecule of acid, Cais is the concentration of dissociated molecules.
As Cuis = a. *Cwm, the concentration of H* ions is [H*] = Cwmea ¢z or, Cmez = Cn, [H*] = Cnea
Taking logarithm from both sides and changing signs we obtain: pH =-log [H*] = -logCwmea. z.

pH in hydroxide solutions , strong base solution pH =14 - pOH =14 + logCwm * a *z

In hydroxide solutions [OH-] expression has the same form, as [H*] expression for strong acid:
[OH ]=z+Cudis =a*zeCm=0aCn. pOH expression as -log[OH], give for us: pOH =-logCwm ¢a *z=-l0gCn ea.
Classic WEAK ACID constant Ka Ostwald’s dilution law
Two different characteristics for the protolysis of weak acids - the classic constant Ka and the dissociation
degree a: a=ndjs/ntotal=Cdis/Ctotal.; HB+H20=H30*+B" ; Ka=[H30*]*|B-]/[HB] (4.2).
For calculations of protolytic products concentrations @ is much more convenient, than Ka, because product

concentrations can always be found as a product from the total acid+base concentration C=[B-]+[HB]. Clearly a
Is not a constant value at: if the lower is the concentration of solution, the more easily protons escape from base
and the lower is the probability to form back the acid. So, the lower is concentration C, the greater is @.
Dissociation constant, as all equilibrium constants, is not dependent on concentrations, as one value of
dissociation constant at given temperature join Ka and a, expressing the protolysis products concentrations Cadis
and insert the results into (4.2). Both products are equal and they are at the same dissociated amount
concentration. Total concentration acid+base C =[HB]+a C of protolysis products [H3O*]=[B-]=Cudis=a C.
Concentration of non-dissociated molecules is equal to the difference between total the concentration of

electrolyte and the concentration of dissociated molecules: [HB]=C - Cais=C-a. C
a’C? _a’C
C-aC 1-a
Expression (4.4) in its present form allows the calculation of Ka, when @ is known. The opposite case -
calculation of a from known Ka is more common, therefore let us express a through Ka.
(3). As we are dealing with a weak electrolyte, a. = 0 and (1- a)=1 at the same time, therefore Ka = a2C

/K
and, solving it for a, we have a = Ta (4.4a)

In (4.4a) it is seen mathematically, that the dilution is decrease the concentration of solution. Calculating the
concentration of ions, we get: [H3O*] = [B]=Cais= . C =C+,[K,/C=,/K, ¢C

Weak acid hydrogen ions, hydroxonium concentration is: [HsO*]= /K, ¢ C =10°H Molarity.

Inserting all these results into (4.2) we have: Ka =

Ostwald’s dilution law (4.4)

Weak acids high rate protolysis created attractor pH=7,36 keep irreversible Homeostasis. They are CA
Carbonic Anhydrase bicarbonate acid form COzaqua , Carbonic acids, amino acids, protonate amines, phospates:

+ . 2=
Phosphates: H2P Q4 +H204> HzO*+HP 042 Ka= [H]H-of] Ka=6,3*10% M =10719 M

[H,~ 0;]
H*]- g - 5 M =10-4.76
Acetic acid: CHsCOOH+H20€ HaO*+CHaCOO~ Ka= LT HEHCOOT Ko=1,738*10° M =107 M
[CH3COO|_r|u]ndis
*1n-18
. NH TH* Ka=[H2012328710 ~ = 10925 |y
Protonate amonia: NHs*+H204 HzO*+NHsaqua ;| Ka= %ﬁ:,ﬁ]“ﬂ +=[H0] 178%10°°
4 Jagua

[1]
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In protein molecule work parallel protolytic equilibria. The average parallel equilibria pKa constant value
one calculates adding given N-terminus pKa-nns+ value, adding C-terminus pKa-coon™ value and summing amino
acids said chains XpKargroup Values in total sum dividing with total count number NpKa of functional groups :

pPKa=IEP=(ZpKargroup* pKanterminust pKacterminus)/NpKa , where pKa average
is protein isoelectric point IEP as medium pH value having zero net charge of whole molekcule.
Amino acids AA have two types functional groups the carboxyl and the amino:

Amino acid AA carboxylic group protolytic pair acid a(HsCCOOH) and conjugated base-salt b(H3CCOQ")

AA-COOH < AA-COO + H* pKaaacooH< 4,5;
acid a « baseb + H*}  attractor pH=7.36 in interval from 4.5 < 7.36 < 9,04
AA-NH3* & AA-NH2 +H*, pKaaanHz+> 9.04
Protolytic pair acid a(AA-NHz*) protonated N and conjugated deprotonated N base b AA-NH2 14t page:
[AA-co0™1-[H'] [AA-NH].[H*]
Kacoow= 77 =10PKka; =10Pka;

[ AA-COOH ] 1ondis Kanis:= [AA-N H+]protonated !

Like hemoglobin Hb proteins are long chain polypeptides of amino acids with four type protolytlc acid groups:

Amino Acid pKacoon pKantz+ pKargroup -COO- deprotonated carboxyl negatlve anion salt groups,
Isoleucine 2.36 9.68 protonated positive charged ammonium groups -NHs*,
Valine 2.32 9.62 neutral phenolic acid —OH and -SH neutral sulfhydryl groups.
Leucine 2.36 9.60

In physiologic medium pH=7,36 +0.01

Ehesrg:zznme igg 1961238 8.18 Carbonic acid groups deprotonated negative charged -COO- and
M)gthionine 2.28 9 '21 ' amino groups R-NHs* protonated positive charged.
Alanine 2'34 9.69 Table given maximal pKa-coon™ value smaller about 7,36:
proline 1'99 16 96 _ pKa-coon=4.25<7,36 and

Glycine 2:34 9.60 given smallest pKa-nnH3+ value grater about 7,36 < 9,04 = pKa-NH3+

Threonine 511 0.62 20 amino acids have four protolytic pKa equilibria in 47 groups:

Serine 221 9.15 1. R-COOH &R-COO- +H*, 22 groups of 47
Tryptophan  2.38 9.39 2. R-NHs* & R-NH: + H* 22+1 group of 47
Tyrosine 2.20 9.11 10.07 3. Tyrosine-phenol-OH< Tyrosine-phenolate-O- +H* one group,
Histidine 1.82 9.17 6.00 4. Cysteine-SH < Cysteine- + H* one group .

Aspartate 1.88 9.60 3.65
Glutamate 2.19 9.67 4.25
Asparagine  2.02 8.80

NpKa number of parallel protolytic equilibria average pKa value is
calculated as pKa=(Z pKar groupt pKa-nH3++ pKa-coor)/NpKa

Glutamine 2.17 9.13 In Ostwald’s dilution law calculates one the pH of solution at
Lysine 2.18 8.95  10.53 : it o= PKa —logC _
Arginine 217 9.04 1248 concentration C logarithm: pH S
Histidine pKanns+=6 do not have on protolysis influence at physiologic pH=7,36 .

If strong acid solution add to hemoglobin Hb like protein solution, than
hydrogen H;O* ions react with deprotonated amino group and /N H + H;O* /N H; + H,0O

deprotonated carboxylate anion negative charged group. \C +

oo + H;0 + H,0.

Strong acid H;O* converts to water, neutralised H,O . ’ \COOH ’
If strong base add to protein solution, than hydroxyl OH- ions react PN HY  +OH ANH, + H.O
with weak acids ammonium group and carboxyl group. R 3 +OH R\C _ +HO
Strong base OH- converts to water, neutralised H,O. “COOH 00

Molecules with multiple acid groups exist certain number n of parallel equilibria. Using mean value of
PKmean =(pK1+pKa2+...4+pKn)/n is possible to calculate water medium pH value for molecule concentration C .

PK mean —10gC

pH= and determination of molecule isoelectric point value pl=pKmean.

For example: Average constant pKmean for glycine solution pH with concentration C=0,100 mol/L!
K -1
p meanz ogC_597 +l:3,485!

Glycine average value pKmean=(2,34+9,6+0)/2=5,97 and pH=
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Total concentration of multiple ions - ionic strength por |
CRC biochemistry Standard conditions since 2003 1=0,25 M, 0,1 M and pH=7,36

Many of the strong electrolytes (all water soluble salts, for instance) exist in an ionic crystalline already
before dissolution. When they are dissolved in water, no dissociation is required - just ions are transferred from
the crystalline into solution. From these considerations it is clear, that a = 1 in the solutions of strong
electrolytes.

Crystalline Na*Cl+ 12H20 1 =>Na* + 6H20+CI™+ 6H20

However, if a is measured experimentally (from the measurements of freezing point depression, boiling point
raise, osmotic pressure or electrical conductivity of solution), the measured values of a are smaller than 1 - they
often are around o = 0.8-0.9. As the true dissociation degree for the strong electrolytes is 1. a conclusion has to
be done, that only a part of ions is active, or, in other words, only a part (0.8-0.9) of ions express themselves in
the properties of solution.

The reason of this is easily understood, if one considers the measurements of electrical conductivity. When
electrodes are immersed into solution and a potential difference between them exists, positive ions should move
towards the negative electrode and vice versa. Any positive ion is surrounded by negative ions, that make a ionic
atmosphere around it. Forces of the electrical attraction from the side of ionic atmosphere work against motion of
the ion towards the electrode, therefore the motion of ion in the electrical field is slower, than it could be, if ion
was alone and the result of the conductivity measurement is lowered. For this reason, value of a, that is
calculated from conductivity measurements, is lower than 1.

It is easy to understand, that, the more dense is the ionic atmosphere, the smaller will be the measured a,
which will be further called imaginary a (as the real a is equal to 1).

Na*Cl-+12H,0=>[Na*6H20]aqua+(Cl+6H:0)

G
H
H
\E[&\:lf , ' H- OHH [ R —
\ HWDH H
0 H
'LH/ \I-L }b

Fig.4.1. lonic atmosphere around ions.
The active concentration or activity of solute can be calculated from the total concentration of solute as

a ="YC, where Y is the activity coefficient, 0 <y < 1.

Values of the activity coefficients can be calculated precisely from the expressions of Debye - Hiickels' theory
of strong electrolytes, but, as these expressions are very complicated, a more common case is to find of activity
coefficients in tables.

As it can be understood from the previous material, the activity coefficient must be dependent on the density

of ionic atmosphere - the more dense is the ionic atmosphere, the lower must be the activity coefficient. To
characterize the density of ionic atmosphere a parameter, called ionic strength p of solution is invented:

n=1/2X Cizi?,
where Ci and zi are the concentration and charge half sum 1/2 X of each ion respectively.
Values of the activity coefficients are given in chemical tables for each given value of ionic strength.
Activity coefficient of a given ion depends on its charge, too. From fig.4.1 it is easy to understand, that the
greater is the charge of anion, the more it will be attracted by ionic atmosphere. For example, ina 0.01 M

solution of Na2SO: activity coefficients are Yna+ = 0.85 for Na* ion and Yso42- = 0.45 for SO+ ion.
2¢0.01 M + 0.01 M=0.03 Molarity is total concentration of ions for [Na2SO4] = 0.01 M.
Na:SO4=> 2 Na* + SO4?" and [Na+*]=2+0.01 M= 0.02 M, [SO+*] = 0.01 M.
Electrolyte Na2SOa ionic strength as total multiple ions concentration is:
= 15(12+0.02+22+0.01)= = %2(1+0.02+4+0.01)= % (0.02+0.04) = % (0.06) = 0.03 Molarity
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THEORY OF pH INDICATORS

Indicators are compounds, which change their color according to the concentration of H* ions in the solution.
All the pH indicators themselves are weak acids or weak bases, the molecular form of which has a different color
from the ionic form. Let us discuss indicator theory for a case, when the indicator is a weak acid (all conclusions
will be the same in the opposite case, too pOH value). If we assign a symbol HInd to indicator, its dissociation
process will be expressed by equilibrium, for example, to methyl orange:

Hind 2 HY + Ind”
red yellow
Let us take as an example, that the molecular form of the indicator methyl orange has a color red, but the
ionic form is yellow.

If the indicator is added to an acidic solution, the H™ ions of that solution will be involved in the equilibrium
of indicator’s dissociation and they will shift the equilibrium to the left. For this reason, the color of the
molecular form will prevail and we shall see the solution in red color.

If the same indicator will be added to a basic solution, the OH- ions from the solution will react with H* ions
from indicators equilibrium, the concentration of H* will decrease and this will shift the equilibrium to the right.
As a result, the ionic form of indicator will prevail in solution and we shall see the solution yellow.

The reason of color change is now clear, but it is necessary to know, at what value of pH each particular
indicator will change its color. To find the pH interval of color change, we have to write an equation of

equilibrium constant for indicator’s dissociation and solve that equation against [H*]:
+

Expressing the concentration of hydrogen ions from the previous equation, we get:
+ [HInd]
[H ]=K
Ind [IndD]
and pH is obtained taking log from both sides of the equation using minus sign:

+ [HInd] HInd
H=0Olog[H ] =0logK =log Kynq Ulo
p g[H | gKind —u g King Ulog —u
Taking into account, that -logK=pK and changing sign of the second part of the equation, pH becomes:
|IndD|

pH =pKjpq +log [HInd]
If the concentrations of both forms of indicator in the solution are equal, then
pH = pKind + logl = pKind + 0 = pKind

The pH value, which is equal to pKing of indicator is called the color change point of the indicator, as at this
pH both forms are in equal amounts, but shifting pH to any side will cause domination of one form.

Visually indicator solution at pH = pKind has an intermediate color (in our example - orange color).

The properties of the human eye are such, that it is possible to indicate visually the domination of one form, if
its concentration is 10 times greater, than the concentration of the other form.

Thus, we will see the color of ionic form yellow, if the ratio

and the color of molecular form red, if
Inserting the values 10 and 1/10 into the equation of pH we get the color change interval of the indicator:
pPH = pKind 1
(aslog 10 =1 and log 1/10 = -1)

This means, that, using only one indicator, we can only say, whether pH is greater than pKina + 1 (indicator
will have the color of ionic form then) or it is below pKind - 1 (indicator will have the color of molecular form
then). Inside of the interval the indicator has an intermediate color and it is impossible to detect visually the
dominance of any form.
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CHOICE OF INDICATORS FOR ACID-BASE TITRATION

(see next chapter about hydrolysis if these questions are not clear)
At acid-base titration pH indicators are used to indicate the endpoint of titration. If a strong acid is titrated by
a strong base (or vice versa), for example HCl is titrated by NaOH: HCI + NaOH => NaCl + H20

At the endpoint of titration only NaCl and water are present in the solution. As NaCl is a salt of a strong acid
and a strong base, it is not hydrolyzed and the solution is neutral, i.e. its pH = 7. For this case of titration an
indicator with pKind value close to 7 will be required.

When a weak acid is titrated by a strong base, for example, acetic acid pKcrscoorn=4,76 is titrated by NaOH:
CH3COOH + NaOH => CH3COONa + H20

As sodium acetate is a salt of a weak acid, the anion CH3sCOO- is a rather strong base, therefore it is
hydrolyzed as pKcHscoon =4,76:
CH3sCOO + H.0 € CH3COOH +OH-

As OH" ions are formed in this equilibrium, the environment is basic and an indicator, having pKind value
greater than 7 approximately 10 is required, because pOHnydrolyze=(14 - 4,76-10gCchscoona)/2=4, if
Cchscoona = 0,056 M . When a weak base is titrated with a strong acid, e.g. NHzs is titrated by HCI:

NHs + HCI => NH4Cl

Weak acid NH4* react with base H20 forming NHs ammonia and hydrogen ion HzO*

NHs*+H20=>NH3s+H30* . Ammonium chloride water soluble forming up to 4,92 ™M/, ions NH4*
concentration and due to H3O* ions salt solution is strong acid with pH <, 7. (as is hydrolysed):

NHs* + H20 => NH3 + H;0O*

H* ions are a product of this equilibrium, therefore the environment is acidic and an indicator, having pKind

below 7 approximately 4 is required, because according Ostwald dilution law
pHhydrolyze=(9,25+10gCns)/2=4, if Cyna= 0,056 M.

VIII. HYDROLYSIS OF SALTS
Sam salt and water can be considered to be produced in a reaction between an acid and a base. As both of
these two compounds can be strong or weak, there are 4 groups of salts:

1) SALT OF A STRONG ACID AND A STRONG BASE.
Salts of this group are not hydrolyzed, because anion of a strong acid is very weak base and metal ion of a
strong base is a very weak acid.

Thus, for instance, Na2SOu is not hydrolyzed, as SO4%" ion is a very weak base and Na* ion is a very weak acid.

2) SALT OF A WEAK ACID AND A STRONG BASE.

Let us take Na2COz as example. In this case Na* ion is not hydrolyzed, as it is a very weak acid, but CO3z*
ion (as an anion of a weak acid) is a rather strong base and therefore it reacts with water. The hydrolysis of
COs* ion occurs in 2 stages: stage I: CO3> +H20 € HCOs +OH"

As OH- ions are products of this equilibrium reaction, the environment in a solution of a salt of weak acid and
strong base is basic, hence, its pH > 7. stage Il: HCOs + H.O 2 H2CO3 +OH"

Bicarbonate weak can be hydrolyzed further just with strong acid, as it can accept one more H* ion, therefore
stage Il does not take a place with water: stage Il no reaction: HCO3z™ + H20 = H2CO3 +OH"

The second stage of hydrolysis, however, occurs to a very small extent. This can be explained by the
following: HCOs" ion, which is the product of the first stage of hydrolysis, is the initial compound for the second
stage. This means, that, when the 2nd stage begins, there are already OH" ions from the 1st stage in the solution.
If we consider the influence of the extra OH™ ions (from stage 1) to the equilibrium of stage Il, it is clear, that
they shift the equilibrium to the left.

Thus, the 2nd stage of hydrolysis is oppressed by the 1st stage. For this reason, if we have to write the
hydrolysis reaction in molecular form, we have to write it according to 1st stage:

Na2COs+ H20 € NaHCOs +NaOH

For this group of salts, the hydrolysis will be increased by adding acid to solution (consider the influence of
H* on the equilibrium) and oppressed by adding base.
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3) SALT OF A STRONG ACID AND A WEAK BASE, FOR EXAMPLE ZnCl..
In this case the anion is not hydrolyzed, as it comes from a strong acid and, hence, is a very weak base. The
cation comes from a weak base and therefore it is a rather strong acid. It reacts with water (in this case, as Zn?*
is a bivalent ion, the hydrolysis reaction will again occur in 2 stages): stage I: Zn?*+ H.O € ZnOH* + H*

As hydrogen ions are formed, the reaction of a solution of a salt of a strong acid and a weak base will be
acidic, pH < 7. stage II: ZnOH* ion can react with another molecule of water: ZnOH*+H20 € Zn(OH)+H*

Here the 2nd stage of hydrolysis is oppressed by hydrogen ions from stage I, as they are already present in the
solution when stage Il begins. Thus, the molecular equation again has to be written for stage I:
ZnCl2+H20 € ZnOHCI + HCI

SPECIAL PROPERTIES OF SALTS WITH TRIVALENT METAL IONS

If the metal ion comes from a very weak trivalent base (for example, Bi*, Cr3+, Sh3+, Fe3*), their hydrolysis
really occurs up to the stage Il (all together three stages could be possible in this case).

Bi**+ H,O € BIiOH?* + H* ; BiIOH** +H0 € Bi(OH)2* + H*
and a molecule of H20 is extracted from the product of stage II: Bi(OH) 2* => BiO* + H20.

The molecular form of the reaction has a form: BiClz+ H.O € BiOCI + HCI
The ions BiO*, CrO*, ShO* and FeO™ are called bismuthyl-, chromyl-, antimonyl- and ferryl-ions respectively.
4) salt of a weak acid and weak base, for example CHsCOONH4 or (CH3COO)2Zn.

In this case both ions are hydrolyzed, because the anion of a weak acid is a strong base and the metal ion of a
weak base is a rather strong acid. For instance, for ammonium acetate we have to write hydrolysis equilibriums
for both ions: CH3COO- + H:.O0 € CH3COOH +OH-; NH4* + H2O € NHsOH + H*

In this case hydrolysis occurs to a great extent, because H* and OH- ions, that are formed at the same time,
combine together to form water: H* + OH- => H20

As the concentration of a product of reaction drops down in both equilibriums, both equilibriums are shifted
to the right.

To consider pH of the solution, one has to compare the strengths of acid and base, that have formed the salt.
For example, for ammonium acetate, strength of acetic acid is equal to strength of ammonium hydroxide
(KcHscoon = KNH4OH =1.8x10%)

For this reason both acetate and ammonium ions are hydrolyzed to the same extent and the solution should be
neutral, pH = 7.

For zinc acetate the situation is different:

Zn(OH)2 is much weaker as a base, than acetic acid as an acid. For this reason, zinc ion is more hydrolyzed,
than acetate ion and the solution must be acidic (pH < 7).

As it was shown a little before, a salt of a weak acid and a weak base is hydrolyzed to a great extent. If it
happens so, that the salt is composed from a weak acid and a weak base and the final products of hydrolysis are
gaseous, then the salt is completely decomposed by water. Such cases are: Al2S3, CrzSs, Al2(COz3)s, Cr2(COz3)s3
and Fez(CO3)s,

Al2S3 + 6H20 => 2AI(OH)3 + 3H2S1

Cr2Ss + 6H20 => 2Cr(OH)s + 3H2S1
Cr2(C0Oz3)3 + 3H20 => 2Cr(OH)3 + 3CO21.

Fe2(COs)3 + 3H20 => 2Fe(OH)3 + 3CO21.
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