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'I. INTRODUCTION
v_The'kinetics_of'the combination of carbon dioxide and
hydroxyl fon 1s of considerable industrial interest. The
‘reactionjis'second-ordef 1n the'forward‘difectiOn

K :

0, + OH ~—  HCOZ
and'the‘fate'is given by:
Rate ( g mole/l s, ) = - af 2) = K (002)(0H‘)
N : | - Taw :

where K‘is the"second;ofdef rate constant for‘OH;, (/e mole s L(COE
and (OH ) are the’ concentrations of CO2 and OH™ at any stage
of the reaction resgectively, g mole[@ '

The data &f the kinetic constant K in Various temperatures'
and salt solutions are Very'nseful in the calcoiations for
designing the process‘of using hydroxide solutions to remove
: carb'on dioxide from ga's mixtur_es. The calculation of the
actual rate‘of the reaction between carbon dioxide and hydroxyl
1on_intsa1t_solutions is vefy complicated‘because of the effect
of lonic strength and the nature of . salts.'.A discussion on the
theoretical approach to the calculation will be given in the
1next section. | | R .

_ The value.of‘Kshas been neasured by somefworkers.v'Except
‘the_data reported by Pinsent (26) and Nijéing (24), few data
- are useful for 1ndustr1a1 applicaiions. The kinetic‘constant'
- K 1s strongly affected by the ion,c strength and the nature

of the ions present and, therefore, its value cannot be
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Vaccurately predicted for the salt solutions in which it has

not been mCasured.- A review of the methods which have been

’ used for measuring the kinetic constant will be given in a'
:later section. The results obtained by various methods will'

H'“be compared and the best method for measuring K 1n the salt

solutions will be discussed.‘,'iﬁ

¥
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II. THEORETICAL BACKGROUND
1. Kinetics 1n unbuffered solutions
When carbon dioxide reacted with ‘hydroxyl ion in excess _-:

concentratlon of hydroxide, .the reaction can be_expressed anlv

w

':“coé'f‘OH' K HCO3 '. o (;)

~

HCO§ +IVO.H_ : : : CO;;) + Hao : | . (2)

and théioVer;all reaction is.-

Co, *+ 20H™ ~cog

FH0 3)

Reaction (2) can be considered,as,instantaneous and the
rate for the over-all reaction is determined.by reaction (1).
Solution of the differe1tial rate equation gives the

following expression from which K may be obtained

log b—gy = b-2a Kt + log b | : (Ll_)
a-y 2.303 a s
where:aa.z thevinitial concentration-of’CO2,.g mole/s
b = the initial concentration of OH™, & mole&
_ y t the concentration of carbonate formed at time ¢,
L & mole/s o _
K = the kinetic constant of the reaction (l),tf/ g mole;

sec.
- The concentration of hydroxide at any stage can be deter:”

mined fron thermal (26), pH (39) znd 002(24) measurements.l |

The concentration of carbonate y can be calculated from the

measured bydroxide:concentration.
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2, “Kineties.infbuffered solutions
In the carbonate-bicarbonate buffer solutions, hydroxide

concentration at any stage in the reaction'depends on the

buffer ratio, the bdffer;Ka and various activity coefficients,”

v Itvis.usually calculated by,the_equation:'

(o) = Ju (50 ()
Ka (HCO3) - -
where . - :
R k= @H*2c0 : C . (HY) (c0l) o THY fool (6)
a e R 2
| ?aHCO§ ,' B '(gcog) f_ | fHCO§
o 2’ éoH;'* S (T

Ky 5diSsociation constant of HCO3
! ¥, a
: “coZ

3 ’

'respectively, expressed as the_ﬁroduct of the molar

concentration, 1.e. (xh), (CO§), (Hcog) and the

.activitydeoefficdent{‘f *) fco§"fHCO§'

K, ="dissociation constant of water

a
the solut -on and the nature of the 1ons present Thus the

K .uhd Kw at any tenperature depend on ionic strength of

concentra ion of. hydroxide will also depend on the 1onic strength

and the species of the ions._r

o Nasanen (23) measured K,,,/'Ka at 25°C in solutions of. NaCl

- . . . o
QHCQg are the activity of H, CO3= and HCOg
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KCl ( I<2 g 1on/ ) and expressed the relation of log K,/X,

and I éé: | | |
Clog Kw_ - - 3.677 - 1.01%1 - pr (8)
- Kg . wJT :

wherefj»“, 1 ; ionic strength, g ion/1liter, as defined in

eq. (19) _ )
for KCl:et= 1,49, R= 0.061
NaClit= 1.27, f= 0.125

From this'eQuatioh, 1t.éan be seen that in potassium solutions.
 Ku/Ka 1s higher than that in sodium solutions. '
| So‘far, there 1s practically no information aboutvthe »}:”.
conCehﬁration of hydroxylsion in conceﬁtraﬁed'carbénate-
vbiéafﬁonate'solutions ( I>:1‘g ion/p). Because ofvthé dn-
certainty df.hydroxidé concentratiéhfin bufférs, the integrated
form of the sedqnd order rate law will be a complex expression
'which requires an elabofate 1on1c_strehgthvcofrection.
3. v.The effect of temperature on the kinetic constant
- Tﬁe variat1Qn of rate constant with temperature can be
: repreéented by the eQuatibn: o | _ |
(F ) 1 . cC : (9)

the reactioh rate constant

[
(8]
3]

A
]

. where

‘the absolute temperature

‘the gas'¢onstantlin_calofies~

= Activation energy, calories

1"

‘a -£iv:n-e: >t
1

the constant of integratibn'f_



-6~

Accordlng to Eq. (9),'a plot of log K against 1/T should

be a straight line with a slope expreSDed by Equatlon 10:
R - E, o _ '
| slope i‘_*‘?gﬁ;jy—- L (10)

4;. The effect of ionic strength on the kinetic constant

A.general theory of the 1nfluence of ionic strength on
the rste]of‘reactions'between:ions was glven by Brgnsted (4),
. Bjerrun (2),'Christiansen (6) and‘seatehard (34) for the |
_'1nf1uence of the. 1onic strength on the rate. vConsider:é ’

P

' reaction of the general type,

A+ B ' 5 AB/ o .ﬁ; Products i(ll)
From,trsnsitibn-state_theqry; tne rate of the reaction‘is
giventbi; | _ | -
- K K T (ABf) | T 12
where k Boltzmann s constant'J

h: Planck's constant

T: Temperature_

(ABf), (A) and (B) Concentrations of AB?, A and B
respectively, in moles/liter

If A;and-B are ions, the equilibrium constant 1s given by

| K7 - 2ap7 : (AB#') fap? | (13) |
O EE (B frp

B R




. g,

T,

_7_'

Substituting egn. (14) to eqn. (12) ylelds -

. Ky =k K~ ta fp _ £, o . ;
I + = K *apAlB o (15)
- Thp © TaB | |

where K, 1s the reaction constant at 1hf1n1te7di1utidn} -
Taking logarithms,
log Ki = log Kq + lOé.'fg 0 (16)
o | £pp? |
. According to the Debye-Huckel theory, the'act101ty
coefficient of an ion 1is related to its valency Z and .the
ionic strength according to the equation:
log £ = - Q22[T S - (17)
The coefficient Q in this expression 1is glven by

o= N2 &3 (ep)tl | “ - (185
2,303 (exT) 3/2(1000)¥2

" where - N: Avegadro constant
- e: electric charge of the ion
€: Dielcﬁric}constant
k: Botzmann's constant.
_ - T: Temperature o . _
and the fonic strength is defined, following G. N. Lewis, by
the equetien:.. | | | | I

fisez
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hydroxide, the influence of the cation on the activity

coefficlent is in the order of K >Na» Li. This phenomenon - 'E
was'explained by Robinson and Harned (30) They 1htroduced,
the idea of "localized hydrolysis" to account for the effect:
In the hydration shell around a cation the water molecules ;
must be highly polarized with the positive chargcs directed !

away from the cation:

'_ Na+cdooooccoooo OH- ....-..a....H

It 1is possible that the bound hydrogen ion can exert | - .J
: sufficient force on a comparatively small ion like the - !
hydroxyl to lead to a»short—life binding:

Na ...o.a.ooc.o OH_ 00.0;.0600 H+ .'........‘ OH—

with the formation of a kind of ion-pailr but differing in

that ‘the water molecule acts as 1ntermediary} The smaller

the cation the more ‘polarized will be the solvent molecules

so that the effect would decrease from lithium to potassium.

As~such_interaction would lead to reduced activity coefficients,
it would_explain why lithium hydroxide has a low, and potassium
hydroride a high, activity coefficient. |

The effects of chlorldes and sulfates on the actlvity
-'coefficients of sodium and potassium hydroxide were measured
by somelworkers. The data are shown in‘Table 15. From the
'table:, wevcan.see'that the activity coefficients of hydrorides

in chloride solutions are higher than those in sulfate solutions.. o
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(11) The influence of 1onic strenath on the activjty
coefficient of carbon dioxlde (i.e. eqn. 22)
‘The 2alt effect on the activ’ty coefficlent of coz'has

been QiSCuseedjby many authors, but 1t is etill not pessible
to makefreliable estimates of its maghitude. Table (16) H
‘shows>tﬁe by value used 1in eqn. (é2) to express the salt
' effectleh the acﬁivity coefficlent of CO, for various salts
as calculated from the data obtained by Marham and Kobe (22).
From the table, 1t shows that the order of the effect of
cations is'in the reveree order_df ion size. IncreaSing the
concentration of lithium salt increases the COp acﬁivity
coefficient more than sodium salt. This was discessed by

Long andecDevit (2l), The basic QSSumption is that the
ihteractione which occur between aeidic and baslc nonelectrelytes
and water molecule are greatly affedted by the orientation of
’the wdter_molecules 1n'the hydration spherevof an 1ob. With
cations the surrouhding.Water moleculeS”will beﬁoriehted with
theif protons outward and there will be a repulsion wilth an
acldic nonelectrolytes. From this plcture, ene would expect
for CO2,“Nh1Ch is an acidlc nonelectrblyte, its activity will
be increased in the reverse order of the molecular weightq of =
the salts in solution, 1. e._Li)Na > K. |

, From the discussion shown above, the effect of some- salts_
- on the activity coefflclents of carbon dioxide and hydroxide,
are showr in Tables (14), (15) and (16) However, it is still

not poss:ble to calculate the Value of b in the equation:
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_ the chemical reéction is tﬁe elimination or separatioh of
diffusion effects from kinetic effects. The expefimental
'mefhodé-used for_méosuring the kinetic constant. of the
reaction between carbon dioxide and hydroxide‘have followed
two gpproaohés, One approach is to determine the over-all
réactioh rate in a.flow or batch.process; and then correct
‘this vaiuevfor the efféét of diffusion, such as manometric
méthodi'Tﬁe othef approach is.to design the experiment so
‘that thé influence of diffusion is negligible, such as
contihuoué flow method and isoﬁopé exohange method. bAmong
these methods, the results obtained’by Pinsent (26) using
continuoosvfiow method are the best and will be discussed
first;- The other methods will also be described and the
results are compared Qith Pinsent's data.
1,': Continuous flow method | |

The continuous flow method was devised by Hartridge and
Roﬁgbton (15) for measuring the velocity of rapid chemical
reactlions. It can be applied to the studles of those reactions
whose half periods range from 10 sec. or more, down to 0,001
séc. AThe principle of their method waé that the two react .ng
solutions were mixed and then passed down an observatioﬁ»tabe;
At varlous cross sections of the tube the composition of foe
.streaming fluid was determined by optical, thefmal electrical

'chemical or other methods of analysis applicable to rapidly

moving fluids. -From the composition at each cross section and

.tbe corresponding reaction time, the velocity of the reaction
. could be followed. The maln disadvantage'of this method 1is
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the need for large quantity of reavents._

(1) Thermometric,_Pinsent (26)

In tois WOrk, thermocouples were used ror'measuring the
vextent ofdthe reaction by measuring_temperature'rise of the
mixedﬁficWing fluid due to the evolution of the heat of
'reaction. Various salts were added to study the effect of
ionic strenvth |

'The_results are shown in Table 2. "They covered a
temperature range from 0°C to 40°C, Fig. (1), and studied the
effects of NaCl, KCl, NapyCO3, NaNO3 and NapSO, on the kinebic
‘constant; Fig; lot,iThis work ie so Weli estéblished_tnat'the
resultslhave been used as a reference in many other kinetic
studies using the'thermal flow method (31). |

(11) Conductivity, Saal (36) |

dindthie work, the replacement rate Of‘nydrOXide by
carbonéte was determined by measuring the conductivity
cnéngee;'ePairs'of'platinumvwires were'sealed'et intervalsb
'Ainto.the obsertationvtube; The data obtained were used to
calculate the velocities of the reaction. The resdltsvare
shown in Table 3. The corrected value'of kinetic constant
at inf‘in*te dilution is plotted in F‘igure 1. It is in
.agreemen1 wlth Pinsent's data. |

(iii) Photo- electric, Brinkman (3)

The carbon dioxide was mixed in a rapid flow apparatus

with NaOH solution.’ The pH changes were followed phcto-

_electficellylby use ofVO.Oi per cent_tropaeolin as indicator, -
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This indicator, giving'a'suitable colorﬂchange from yeilow
to:red,vwas added in equal amounts to both reacting solutions.
Onevsolution'would'thue be yellow in color and the.other r.d.
Tnevtwo solutions Were'alloweo‘to mix in the mixing chamber
and flowed down to-the_observatiOn tube.} Tne mixing chamber'
and obeeftation tube were mounted in a vertical carriage, |
wnich.cOUId-be moved up and down, SO that'varioua parts of"
the observation tube coulad bevbrought into the patn of tne

" beam of 1light illumlnating the photoelectric cell. A
,calibration curve was, obtained by running through the‘

~ observation tubeta series of buffer solutions of known PH,

containing the same:COncentrationvof indicator. Then the pH

of the moving mixed fluid at various points in the observation

tube could be ‘obtained. From the pPH of the solution the
values of (C0,), (HpC03) and (HCO3) could be calculated.
The results are shown in Table 4 and are plotted in Figure 1.
The data obtained in this work are somehow much lower than
the others. o -
2. Carbamino quenching method |

| Thevcarbamino qunching method was used by Faurholt in
1924 (il). He established the rate laws for the reactions of
carbon dioxide with hydroxide ion and carbon dioxide with.'
water}.-The apparatus_ne osed was very simple, containing
;only_a fiask and a separation funnsl, yet he was able to
;obtain avresultvwhiCh compared favorably wilth other works,
The principle of his method was that alkyl amines react

oextremely rapidly with unhydrated 002 to form carbamates
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. o S .
G0z +2 RNH 5, (RpNCOZ)(NHoRp)  (25)

| Experimentally, carbon dioxide solution was mixed with a
carbbnateQbicarbonate buffer of known pH in a flask. The
carbon dioxide reacted with hydroxyl ion to form bicarbonate
ion. 'After the desiréd.reaction'time'had elapsed, a large
excess of h-M amine was added. Unreactéd CO, combined with.
the amine to form carbamates. BaCly was then added to
pfééipitéte cafbonaté, froh.which the COo» which had not
reacted'wifh hydroxyliion could be detérmined. When the
solution was heated, carbémate gradually changed to carbonates
and précipitéted as the barium salts. The concentration of
reacted'coé could thus be determined. The chief sources of
error ip the carbamino quenching method lay in the mixing which
he acqomplished merely bj pouring the contents of one flaék
into. another with shaking. The data are shown in Table 5 and
‘are plotted in Fig. 2 to compare with Pinsent's data. Faurholt
did bot pay éfféntion to fhe ionic strength effect. The data
reported are not at zero ionic strength but rather at the
experimertal conditions shown in Table 5. Singe there_-is.no~
sufficiert data to predict the relation between ionic strength
'and kinetic constant the points on Fig. 2 are not at 1nfinite
dilution.- ‘ ' ‘

3. Boat method or manometric method.
| ) The boat method was first introduced by Brinkman, Margaria
and Roughton (3) for studying the reaction of CO, and hydroxide.

It is of a manometric type; the absorption of COQ from a gas
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The results are shown in Table 8. They estimated that at

0°C, the reaction constént-shogld'be correctéd by 5-T%, but

at 10°C,.the corrected constaﬁt is not accﬁrate to beﬁter

than ¥ 15% and they concluded that the maﬁqmetric méthod is

hot sqitablé for studying rapid reactions-at higher'temperatures.
Meda (26) followed Pinserit's method but used veronal

buffer at pH 8.6 to 8.7 instead of pH 10. The reaction’

veioéity was. reduced by a factor of ten. Thus he was able

to measure the reaction constant at higher temperature. The

results agree satisfactorily with those obtained by the

tﬂermél'fiow method. They ére shown ianable 9 and Fig. 3;

4, Stopped flow method‘ ’ | '
The na jor disadvantagé,of the continuous flcw method is

the large expenditure of reagents. The stopped flow method

was introduced by Roughton.(32); This method has recently

been vefy-widély used in biochemical.studiés owing to the

strict'economy with‘reagents. The baéiC'idea of this method

1s that the two reacting solutlons are mixed together Just

before tiey enter a cell which has observation ports or other

vsensors;' Flow 1s theh mechanically stopped and measurements

may bé méde with a minimum of turbulence; The traﬁsient of

the currunﬁ or voltage of the detectdf system as a function

of time 1s recorded for analysis. Thg apparatus is now ;

availablé'commercially. Measurement techniques include

absorption spectroscopy in visible or near ultraviolet regions,

Calorimezry, PH, polarograbhy, électrbn paramagnetic resonance.

The ‘detalls can be found in Schechter's paper (38).

o
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VSirs (39) applied the stopped flow method to qtudy the
reaction 002 + OH~ ——————~e HCO3 ‘The two reacting solutions
were fed from two stainless steel vessels, via three-way taps,
to two glass'syringes. The taps were thenvorientated so that
~when]the‘twovsyringes were driven up together by a sliding
platform,ithevreactants were driven into. the mixing chamber
and obServation.tube.' The mixing chamber was based on a
: syStem‘of symmetrical tangentialvjets, which fed into an
observation tubel The measurement wa's done by two screwed,

_ stainless steellelectrodes located in the observation tube
" on either side of the,tube at a certain distence from tne.
mixing'chamber; The measured conductivity change was used
to calculate the extent of the reaction. In another setup,
he used Tropaeolin 0 to follow the. hjdrogen ion change
optically as Saal (36) did. |

_ The results obtained for both the conductivity and - pnoto—
electric technique were significantly lower than the values
‘obtained thermally. He then traced the discrepancy to the
‘dissolved gas in the solution. He fOund formation of 002-
gas bubbles during turbulent flow. The pressure changes and
turbulence of the mixing and flow of solutions gave rise %o
small gas bubbles via minute gas tuclei. ‘These bubbles caused
a decrease 1in conductivity and light absorption. He then
néde‘a_new set of observations using only one quarter'or less -
7 saturated COé es the reagent solution. The date_arehshown in
Table lO and the corrected value et infinite dilution are' :
plotted in Fig. 4, They are in eJcellent agreement with those
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" obtained by the thermal f1ow method.
5. Laminar jets absorption

In h's study of_the kinetics of the absorption of COo by

caustic solutions, Nijsing (24) measuredzthe'kinetic constant
for high.oH“ concentrations; His;theoretical'apprOach |
involved the assumption that at sufficiently high (OH")/(CO,)
ratios'and sufficlently small contact times between gas and
'liquid,dtne reaetionrtaking plaoe in the liquid between'__CO.2

and OH" may be regarded as a.pseUdolfirst—order reaction,

The kinetic constant of COp + OH” ——» HCO3 can be obtained

from measurements_of the total absorption_rate,of COp as a '

function of jet length.

Exberimentally, the rate of absorption was obtainedbfrom'

- the rate of decrease of the gas volume in the absorber at

constant temperature and pressure. ~This was obtained by
'measuring the velocity of displacement of a soap film in a
calibrated tube. A 1inear relation between the rate of

absofptiOn and thevjet length was observed.

_,+m=.7tdc*[DK(OH') Z 'f (26

where
4’m: the rate of absorption, in mass.per
unit time o :
d: the diameter of the jet,

c*:the equilibrium concentration of €O, _
- at the gas-liquid interface, in mass
per unit volume. _ o

D: the diffusivity of 002 in the 1iquid
phase. -
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K: the kinetic constant
£: the Jet length

When <Pm is plotted avainst‘e, a “traight line is obtained'

slope =yt d c* [ DK (OHT) (21
c* was calculated using the formula: -
log & = -k I 28
log ox s o _( )
W
where:  c*: the solubility of the COp in water

I: ionic strength

k_: constant depending on the type of the
solution .

D was'est*mated by correctinv for the viscosity of the.
_ solution accordinn to the equation

D/UO -85 = constant, at constant (29)
temperature:

hK can be calculated'by using Eqn.,(27)' The results obtained
together with the estimated c* and D are shown in Table 11. |
" The kinetic constant data in KOH NaOH and LiOH solutions are
plotted against ionic strength in Fig,.(g).' It shows that’
KOH has more effect on the kinetic constant thanlNaQH and-
h'NaOH'than'LiOH. The value at zero ionic strength obtained_ _h-
is lower than Pinsent's datum. (see Fig. 5) | | |

o The results of ‘this method are believed to be less'

_ acCurate.than the results of the other methods because 1t
1s 1npossible to,measure c* and D. Those.two values were
obtained.merely by estimation. This work 1s valuable in'
‘that he cetermined the influences of ionic strength and

"types of ions on K.
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6. Isotope Exchange Method:

The isotope exchange method provides an advantage in
’avoidino uhe correction for mass transfer effects experienced
in the. manometric methods. |

(i) Radioactive 002

1. Radioactive CO, was used to. determine the kinetic reaction'

rate constants by Himmelblau and Babb (16). The essence of
the procednre_is;to operate.the_COEQNaHCO35Na2003—H20 system

A at chemical equilibrium'but at isotopic disequilibrium. With
amples taken from a closed vessel at periodic intervals after
initially inJecting tracer in the form of NaHC*O3, it is
possible to follow the rates. of reaction by analysis of the .
percentage of tracer in the solution in the form of clto,.

They‘meashred the rates of these two reactions

H + HC*03~ ——=—= H,0 + CO, -~ (30)
R . o |
~ Heog v = OH™ + CO, | - (31)

—

Tnen,‘bydvarying the (002)/(HCO3) ratio in the solutions, theyv
were able to separate the effect of reaction. (30) from the
supposed effect of reaction (31).

| The results shown in. Table 1 obtained by this method are
about 503130 times as fast (depending on the temperature) as
‘other,reported values. The discrepancy'is'too large to be
} explained”by ionic strength or spacific lon effects. Danckwerts
and Melkersson ( 8) treateddthe thermodynamic coefficlents

differently and obtained a set of corrected values shown 1n

-
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Table'1§v The results still show a 1arge discrepancy'when;
comparedewith'other values,‘ Another reactlion path was

suggested to explain,the.fesults r8).

A

T T —— TN
. . *
CO_ * OH™ ——— HCO§
. 2 e ——
+ CO
o +C A
s COQ+'

€0, * O™~ HCOj o . (32)”_
. ~—— _ .

A species written as CO OH™ was assumed to exist and it
was assumed that this species can react with 002 with the
‘exchange of the OH™ group (reaction B) and that this process
is;much'fastef than reaction A. This reaction path would only
‘be observable by the isotoplc labelling technigue.

2. Goodridge and Taylor (13) also used the fad_ioé-c’tivé

tracer nethod fdf'investigatiné the mecnanism'of gas absorption.
It was done by introducing a small amount of fadioactive solute

| gas into the system., The use of_small amounts of solute gas

'has an:acvantage oVer the‘use’of large amounts'of solute gas
used by ‘cther methods. »Tne concentrationlof absorbent}molecules
P even ‘at kigh dilutions remains sensibly constant this way.
Experimentally, the rate of absorption was measured continuouSly |
by circu‘ating the gas phase containing the radioactive:solute
tvcluo thxough a scintillation head where C1402 could be counted .

Under the experimental conditions, the concentration of hydroxylv
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ions remained constant and the reaction of CO, and OH-
became pseudo first-order. The. kinetic constant was obtained
| by negleCting the ionic strength eifect. It is impossible ”
to apply this method for the- study of the effect of ionic
strength. The value obtained at infinite diluted are plotted
in Fig. 6, 1t agrees with Pinsent's line. ' '

(11) Oxygen - 18: |

Poulton and Baldwin (27) used the 018 exchange method
~ The reaction kinetics were studied by dissolving sodium
'carbonate and bicarbonate in a"weighed'amonnt of oxygen-18
enrichedawater. 'At variods intervals'aliquots‘of the |
solution were ‘taken for iSotopicvanalysis of'the carbonate-.
'bicarbonate.,fThe‘results'are shown in Table 12. It was
| f»'ound_lt‘hat ‘the kinetic constant decreased with increasing
1onic strength; This phenomenOn can not be'expiained; " Thelr
datumﬁat'the-loweSt ionic strength measUred, hoWever, was
" in agreement with other reports (Fig. 6)
»7. Steady State Method : '

Koefoed and Engel (19) studied the reaction between
COQ and OH™ under conditions of enforced stationarity. To
perform ‘the measurement, a solution of sodium_carbonate'is'
kept saturated with carbon dioxide. When the pH of ‘the
solutionnhas attained 1ts'equilibrium value, strong acid or |
base is‘snppiied at a constant raje.  After a few minutes_ |
the'pﬁ 1s again Stationary. The dependence of the change '

- of pH on the rate of strong acld or base addition is
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_ anélySed’acbcrdihg to the over-all réacfiohrméchanism.i It

is quité'complicated andvW1ll not be éhoﬁn'here;,.The'resQits

. are shown in Table 13. The vé1ue_shown»in Fig. 7 was obtained.
at'ionic.strehgth}= 0.75; 'Thére;is insufficient data to

‘obtain the reaction constant at zero buffer'concéntration.‘
'However, the estimated value, using the value of log K/I'= 0.26,
is ﬁighef fhan the ofher values shown. ‘Thevdiscrepancy might
be caused‘by’the high COE_pressﬁfe used. Also, the changes

in bicafbonaté,ion'concentration, due to the addition of'the
strong écid or base used, may have been-highef tﬁah they.héd'.

assumed,
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IV. INTERPRETATION OF THE EXPERIMENTAL DATA

1. The effect of temperature on the kinetic constant of

the reaction COp *+ OH SN HCOg

The data reported for the kineti¢ éonstant_at zero

',1oniététréngth are plotted against the 1nVefse‘of the

temperature in Fig. 8. The straight line shown was suggested

by»Piﬁsgnt (26)..‘It can be written asé_
| log ko = 13.635 - _2;2_9_2
The enérgy of activation wgs.cglculéted:
a

E = 13,250 cal

l The results obtained by using other methods are in
'excelienﬁ agreement with this line except for those data

obtained by Brinkman, et al (3) and Himmelblau (16).

2. ‘The effect of lonic strength on the kinetic constant

of the reaction COp * OH™ ——— s HCOJ
(1) .thuffered solutions | |

The effect of ionic strength on the kinetic constant
is expfessed as: '

log Ky = log K +bI . o (zw)

.wheré K1 and K, are the kinetic constant in salt solutions

and infinite dilution respectively. If log K; is plotted

against o, a straight should be obtalned with a slope equal

to b.

(33)




._29;,

The data obtained by NiJsing (24) in KOH NaOH and
LiOH solutions as shown in Table ll and Fig. 9 coincide with
this approach. However, the date obtained by Pinsent (26)
as shown 1n Fig. 10 do not coincide with eq. (24).

In order %o investigate alternate methods of correlation,
the data of'PinSent and of Nijsing were corrected to a common
temperature, 25 C assuming the temperature effect to be the
same as that shown in Fig. 8 for dilute solutions._ It was
found that the data could be brought closer together by
plotting KI v. s. the product of the ionic strength and the
_mean acUivity coefficient of the salt as shown in Figures 11
and 12.- The activity chfficients of these salts are given
in Table l7;' From Fig. ll and Figt 12, we can conclude that
fOr'the reaction between carbon dioxide and hydroxyl ion in
salt solutions, a plot of log KI against I x f for the salts
_ with a common cation will lie on a single curve and the
corresponding plot for the salts with a common anion will
result in a family of'curves; The latter curves fall in the
same order as the order of the sizes of the-respective |
cations, i.e. K>Na)>Li. According to .the "localized
hydrolysis" described previously; this 1s the same order as
the infltence of the cations on the activity coefficients o
'fof the hsdroxyl ion.

Fig 13 and Fig. 14 are the plots of log K against

I .
I x f x s Where a 1is the radius of the respective cation
‘as tabul(ted below* |

* From V. M, Goldshmidt, Chem. Ber, 60, 1263 (1927).
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B o + 4 +
_ion ) K Na I1

.Radius;jxngstrom 1.33 E 0.98 0.78

This‘method‘appears to bring the date into a single.curve
which should be useful for prediction of ionic strengthv
effects. Furuher study. of this method on additional system
may be desirable.
,(2) Buffer solutions:

-.In_bicarbonate—carbonate mixtures. the salt effects. on

thefrate:of the'reaction between CO, and OH™ are more

'complieated. The concentration of.hydroxide depends on the

ratio of carbonate and bicarbonate:

(oH™) = Ky | (co%) . (9)
Ky (Hco§)l B
where . R
1 Ky = ayt B on” ()
o ag* 2aco3 - (10)
& - ~ 8HCo3 | |

Ka and Kw vary markedly with the Lonic strength and composition

' of the solution. Fig. 15 shows the value of Kw/Ka as a

function of ionic strength in KC1 and NaCl solutions. Roberts
(29) combined the values of Kw/Ka with the value of Ky at 20°C
given‘by Pinsent (26) in KC1 and NaCl solutions as shown in o
Figure 16. The‘two_straiéhtllings;onrﬁigure‘lﬁvare.the values
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reported by Nijsing (24) in €O /HCO3 buffers »o.f_ ionic
strengbhs 1.2-2.1 g ion/l. It shows that the rate in
potassigﬁ‘solution is higher. - - i | |
Thefe do nOt.appear to bé:sufficiént_data available
to péfmit a general'correlation_for.the prediction of Ky
in buffered solutions. The curves of Figures 15 and i6v
sUggeSt that ﬁbebintroduction’of activity coefficients as
in thénbase of the noh—buffefed soluinn may be worthy of

future study.
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. V. EXPERIME NTAL STUDIES ON THE THERMAL FLOW METHOD

1. Theory B

' The-*ontinuous flow method drvised by Hartridge and
Roughton in 1924 (14) was used for many studies of rapid
reactions}in the liquid phase. _A review of this method was
written in detail by Roughton (35). The principle of the
_ﬁethod5Was that two reagent solutione were placed in
sepafate'containers and'driven thence continuously into a
 speclal mixing chamber where they were rapidly mixed. The
emerging mixed fluid‘passed‘down an observation Eube of

uniform'bOre,'at various cross sections of which the

composition of the streaming fluid was determined by optical,

thermal electrical chemical or other methods of analysis
applicable tO'the'rapidiy‘mOVing flnids;.'Those properties
indicaﬁed'the'progrese'of'the reaction.. Since only the
optical'and thermal'measurements'are‘nsefdl for a generalv
purpose:apparatus where the reagent soiutions'COntain a
bufferfor-other foreign electrolyte, thermal flow method
was chosen for the purpose of our studies.

If d is the distance in cm between the mixing chamber
‘and tne;cross section under examination, and a-is the
averageilinear veloclity 1ﬁvgm per'second of‘thejstreaming
vfluid then the average time for'vhicn the reaction hael‘
proceeded before reaching the pla:e of observation is »
simply-d/u seconds. The value of u is given by V/A where

V is the average'voiume_velocity of the streaming fluid as
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measured:in cm3/sec and A is the cross-sectional area of
the observation tube.. From obaervations at several cross
'sections the usual type of concentration time curve could}
readily be plotted.

The reaction under study was:

v

CoO + OH™ | . HCO- 1)
- 3 (1)

- - ) ’ , oy + . '
HCO3v OH : , co3 - H,0 (2)

h 2

At excese concentrations of OH™, 1f we assume that all'the
bicaroonate is transformed to carbonate.

In reactions (1) and (2), there is an:evolution_of an
.'apprec1ab1e ahount of heat. If the total heat evoluted is
known; the corresponding temperature changes can aceordinglyv
be used to foliow quantitatively the progress‘of the reaotion.
Thermistors were inserted into the.observation tube in'order
to deternine the temperature offthevstreaming flﬁid at
various distances from the mixing chamber. | |
2. Ap?aratus | ’

The main elements of the apparatusvare'shown,in Fig. (17).
It consisted of two_feed tanks, rotameters;_pumps, mixing
,chamber,,obserVation.tube'and temperaturevneaeoring device.

(a) Reavent containere' .

The reagent containers are mgde of two stalnless steel

.tanks_of capacity 35 liters. They are capable of standing up

. to U4 atmospheres pressure. The temperature of the reagent is

maintained by the constant temperature water coil which goes



-34-

into each tank. The"solntions'afevcontinually stirred-with
motdr—driven stirfer. ‘The constant temperature water bath
is'controiied to'i[O.OSOC. 'The_tcmpereture'of the reagent
in the tank is then controlled to * 0.0029C.
' (b)’Mixing;chambef'and observation-tube

' Two types of mixing chambers have been constructed and
tested. One 1s simply a 1/ inch stainless s‘ceel tee. The
two reacting fluids come in from two stems and the obber |
stem connected to a 1/4 in 0. D., 0.196 in I.D., stainless
steel ﬁubing used as'ﬁhe observation'tube} 'At'O.7 GPM from
'eéChetank mixing was'bnlj 75% compiete at the last measurlng
point which was corresponding to 7.5 msec after mix1n | Tne'
half time of the reaction under study.is from 1 msec to 2 |
f msec; ﬁhis_mixing chamber is not suitable for the purpose.

'The'bther'mixér‘is constructed.ofepiexiglas. The general -

cons#fnctionvisi556Wn in Fig.18), in Whien'a_mixing chamber
Wiﬁh lﬁ‘jetsnis {1lustrated. The jets and the observation
tuberare drilled out from 1 in. diameter SOlid plexiglas
eylinder. The jetssare i mm in diameter and_are eonstructed
In a way that they deliver the fluids tangentlally rather
than fadially and thus impart a rotary motion to the fluid
in the mixer. The fluld from one of the feed tanks flowed
:'1nto a ring which had. seven inlet: going into every other
one of the fourteen Jets, the othar fluld flowed intq the
vremaining seven jets, Thus the‘tWO reagents were mixed in-

theimixing_chamber ef'o;OS cm3 in vbiume.and_then_flowed .
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down to"enfobsePVatioh tube of uniform bore 5 mm in diameter
and 8 om 1n length., The end of the tube'»mae connected to a
control valve wuich maintained a back pressure to‘preuent}the
bubblefformatiou.from'the'flowihg fluid. - The valve wae
conneeted'to'% 0. D. nylon tube which weht'aownlto the draih.__
The mixjng chamber and the observation tube were immersed in
an oil bath» The temperature of the bath was- controlled to
* 0.005°C by a YST Model 72 proportional controller.'

(c) Temperature measuring device

The differential measurements of the temperature of the:
.reacting solution were made by employing thermistors. A
thermistor is 1in essence a plece ofvsemiconductor material
_attached to two electrical leads. The chief characteristic
of semiconductors is their lerge negative coefficient of
resistance chahge with'temperature. Anreview of theory and
applications:of thermistorstWas written by Boucher (5). So
far és;Wenknow, the'thermistors'haVe not been used for the
_ purpoeelof'Studying tuevreaction.of carbon dioxlde and
hydrokiav. Giladi et al, (17) applied the thermistors to
the measurement of temperature for some reactions having
half per:.od of 0. 05 second. The measuring devices_necesséry
for satiisfactory performance are muco‘simpler 1nﬁusing
vthermistors than usihg.thermocouples in'some-caSes.A

The thermistors used in our study were YSI Precision
Thermiétar Probe Part 44105 which had a resistance of
3.KILvatl25°C,vsensitivity of lOOﬂ/DC at'30§C,fuTHe
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refetencé’thérmistor'were located at the inlet of KOH
solutioﬁxénd the othef eight thermistorsvwere located at
thexdtherJinlét of the mixing chamber, the center of the
mixingFChamber and at SOme_différént plaées'along the
observafién tube. Each lead from the thermistor was
ibSertgd'inva 1/8'inch Stainless'éteel.tube which was then
seéled‘W1th'ep§xy'resin cemeht.v Swagelék fitﬁihgs'Were |
used to insert the therhistors'to the wall of the observation
tube. The outpﬁt from'the,thermistors was recorded using -
a'recérder designgd By'meter.shpp, LRL, It can mea$ure
the temperature differences to'thdusandths'of'one degree
Gentigfade. The}ciréuit diagram is shown 1n‘Fig. (18).
The’bééié idea for the designh of this meter 1is thaﬁ
the.reéistance of a thermistor is a fﬁnction df”thé amblent
tempefature}énd thé variation of,resisﬁéﬁée"ban be measured
very‘aécurately by Wheétsténe‘s bridgé'withran>émplifier. |

An idealized Wheatstone's bridge is shown as follows:

Battery . 3 _
THl 5“;%2 R2

In the figure, R3 = R4, TH1 and TH2 are two identical

R thefmistOré with resistances Rl and R2 respectively. if.

the.ambient temperature of TH1 and TH2 aré the same, then
Rl = R2 and the potential differerce betweenvpdintlD and
3poiﬁt:év15'zer6.‘ On thérother_hand, if there is a slight
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temperature difference between THI and TH2, then Rl 7 R2
and thére wlll be a small'potentiai‘aifference Vpp Pbetween
the points D and B. Although Vpp is small when the |
_temperatufé‘difference ié'small, VDB can be amplified by an
eléctfical amblifier and then fed_into an indicator for |
clear reéc_iing’. There are nine thermistors totally, the
temperature of the eight thermistors will be COmpared to
the'same reference temperafuré TH1.

A1l the connecting lines in the systemIWere 1 0. D.
Nylon'tubing.and the flow rate was measured by Brooks Model'
11124 size A, full view rotameter with 1;4 GPM max.

3. Expérimental procedure |

-(a)'Théfmistor response time measurement

Time conétant of each thermistor was measured as'follows:
One.béaker was maintained at 30°C and the other at 30.1°cC.
At first, both referencé.and the thermisfor undef'investigatidn
were put in the 30°C beaker. Wnen the differential reading
was stable, the thermistor was taken out and immersed
immediaﬁely into the other beaker at 30.1°C;‘vThe temperature_
reading ras recorded éontinuously and a curve'of differential
temperatare'versus'time was,obtained.;»The time COﬁstaht was

gglculgtad uging the ?ollowing equation from Ref, (36):

6 e 1 _wnPr2t /m2 |
ST =1-2 5 D eknnesr (7)
To _ 7% n=|) n2 )

where Tﬁ 1s the temperature reading at time t, T 1s the

final'ﬁemperature reading and K = _%%.- kK is the time constant -



_33_

of»the thefmistor, p the density of the teflon covering the
thermiéfor tib; and cp the heat capacity of the teflon.r is -
the thickness of the teflon. | | |

From the data, K can be calculated and by the relation
K = k/pcp, k 1s'¢btained for each thermistor. The time
cohstabt feported by the manufacturer for this type of
ﬁhermiétér is 2.5 sec. Theimeasured time cdnstantsvwere
from 2.4 to 6 sec. Thermistors were then inserted along -
the observation tube&inbthe ﬁraer of inéreaSing time constants.

(b) Mixing test

'Thé mixing efficiencyVQf the mixing chamber was tested
by]miking potassium'hydroxide wlth hydrochloric acid. The
reaction is an instanﬁanucﬁs reactioh andishould complete at
the same time when they are mixed; :Thé heat of neutralizat;onﬂ
at 3ooc'1s,;13,36oica;/mole (26). When 0.01282M HCL was mixed
with 0.01755M KOH total temperature rise should be 0.166°C,
| the ﬁehperaturé fise measufed wés'0.165§C aiong the observatibn
tube’and 0.148°C in the mixing chamber, The hixing efficlency
was thus concluded about 90% in muxing chamber and 1007 complete
before reaching the first measurirg point along the tube at
' the velocity tested. | » ' |

~(e) Thermistor response test

When 0.04226M KOH was mixed with O. 0145hM HC1, concenﬁratéd
HCl‘was injected into the observacion tube at the point before.
the‘meaéurihg tﬁermistor and after the mixing chamber at the

rate Qf 0.08 ml/sec. The calculased temperature rise due to
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the injebtion of conec. HCl was 0.0577°C and the value

measured was 0.049°C. The response of the thermistor was

fairly saiisfactory.

(d) Experimental procedure

(1)

(11)

(111)

(1v)

Before each.rﬁn, thérmistéfs were calibrated
With biank’ekperiment; Distilled'Water wés'
charged into both tanks, allowed to attain
temperature equilibrium with constant |
vtémﬁeraﬁure water bath, pumped through the
observation tube at the desiredlflow rate,

recorded each feéding.

The carbon dioxide solution was'prepared by

bubbling carbon dioxide'at different pressures
éccording_fb'the desired concentrations into
distilléd'water contained in one of the féed
tank. B | | |

The potassium hydroxide solution of the

‘desired concentration, determined by titration

to the neutral point with hydrochloric acid,

was charged to another tank.

After temperature equilibrium was attained,
the tanks were pressurlzed by nitrogenQ Then
both solutions were pumped to the'mixing'

chamber. Steady differential temperature

readings from the reference thermistor and all -

the other thermistors were attained on thé'

recorder.
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(v) The extentrof the reaction was calculated
from the heat of reaction~snd the measured
tempereture rise ai each point,

(vi) Total concentratlon of"COé and'OH"in runnings
| ;‘were determined by titration with HCI.
(e) Example of calculation of data’ |
V'Psrtial pressure in COQ feed tank.vPcé2 = 3.94'psi.
Concentration of CO, dissolved in water calculated from
Henry's-law: o - |
- - Pco,

Xcoo -
H

2

Where X002 is the mole fraction of CO2 in the liquid

phase _ ,
PCOp 1is thevnartial preQSure in atm in-gas phase
H 1s Henry's conStant at 30°C is 1.86 i 103 for
COQ. (Perry S Handbook 14 4) |

(co ) ; 0.008M

therefore the concentration of CO2 at ‘reactin nozzle:

(CO2)t=O: 0.004M

The initial concentration ofvbotassiumihydroxide:
(OH™ )t o= 0.01045 M _
-The concentrations of both r=agenu were checked by

titrating ‘the running
(00)1u0 %

a 0.004465 M

b 1( OH~ ).t;o 0.01099 : M
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The data obtained after calibrated with blank are shown
in the following according to their position along the
observation tube: | J ' | »

Referenced— |  0.019°C  0.0319C . 0.0340C
| B R

| | I

0,00 —f-

The time elapsed when the.reacting so1ution reached each
: therMisﬁor was calculated from the flow rate measured by:

'flbwmeter:

msec)

- 1.0307 2.2467 '3.0606 (a11 in
| | B
| I |

 0.5251 -
- I

The concentration of CO§ at each cross section was

y calculated from thé corrésponding temperature change by

AT = AHY . where p is ‘the density and
C, x 103 Cp the specific heat of the

fp vl | |

_ solution . .

AH = 21,200 cal (26)

f;_msec 'y . 1o P2V
e ' A=y
0 SR 0. . 0.39100
0.5251 © 0.0005714 0.40300
1.0307 '0.0009948"0.41100
2.2476 0.0014762 0.42900

3.0606 0.0016190 0.43500
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-After appljing the least squa"es method, a stralght 1ine ol'
--‘log E“EZ versus t was drawn and the slope was determlned | o
;lt 1:-gho"n 1n Fig (20) The slepe was o 0141 msee 1 in S
['this case, from eqn. (8); ',dv | sjd.ftj N o 'ﬁ;i;v i
bPa K. .

2,303

'fslopelx12‘3o3z'
R -

:,.slopeh

'.K".', .

= 0.0141 x . _..2, 303 103
R o) 01099 - 0.00BHE5x2 ;
= 'l5,800 (l/g mole, sec )

4, * Results ff;,i,-
f . A series of" experiments have been done by varying
Thydroxide concentrations.‘ The results are shoun in the

l;following 'x:_,;___ _VA _d.:_. | ”‘, o M“_'_"U o _

:-_aofologé’{'"'0.664465*‘f':l“o;ollfh 15,800 {

,0.01269 - o.oo39667' ~ 0.013° 18,600

. 0.01556  0.003300 . 0.016 21,000 -

:*o,o178é_ ‘”_o.oosllo ' 0.0178 17,800
'so;oisoag:_ 0.000437 0,018 24,700 o

©0.01807  -0.00k953 0.018 18,800

© o.01957 - 0;605197-,f-}ffo 0196+ .14,ooofl,ff

@ N o U w ol

"5T¢;o#18é;'Q_;}o;oo4766‘f'fj:.0 042 hf 9,936vi?;?f;?éfi
e e ,4a5.' 1.v. d'd .;"?a (KCI&MA;.:EItAséﬂki;iofl
l ' féflr?”°4¢13?5*: l,ﬂ°;6¢é959 ;ff7“!o,ooé' 3o 0214 20, 100
10 0.01046 00090 0.0336 0.0M1 16,600
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The'date 0btained'had a 1arge‘disoreoancy, for the concemtration.
of potaséium hydroxiderranging from 0.01M to 0.02M,‘the kinetie
coﬁstanfé“Obtained were ranging from 14;000 to 24,700. For'the
.vfour'runs,‘Ruh'H;'S;'6; 7, the concentration of OH“‘was about the
same but the values of K varied from run‘to run, The_effeot of
ionicistrength was_tesﬁed-by addimg potassium chloride at the
Same'éoncentration;to both carbon dioxide ahd hydroxide solutions.
,Tﬁe results shown in Run 9 and Run 10 indicated that the dis-
orepency was too large to be accounted for the effect or_iomic
strehgtﬁ; The heat of dilotion'of'KOH Solution has been
measured'and the effect was foumd to,be small, Taking the
.data‘of'firSt seven runs, the kinetio constamt at zero ionic
'strength was obtained by extrapolating the Straight line of

log Ky versus I to ‘I = 0. The Ko obtained was 16,920 compared

to 12, uoo at 30°C reported by Pinsent (26)

'15.”' Dissusion | -

'-The use of the present apparetus for the purbose of
measuring the kinetic constant of the'reactiom of oarbon
dioxide-and-potassium hydroxide has been found to be unsatisfactory.
The data obtailned varied from run to run. The,major_sources of |
the erro' are discuésedvin the following° o

~ (a) The measurement error of the device

The accuracy of the amplifier and the recorder used are
0. 25% of full scale, which from -0.050C to $0.050C 1s 100 uv.
Taking a conservative estimate of the repeatability as + 1 o%,

-then the maximum error was * LﬂV corresponding to ¢ o 001 c
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| The thermistors used had»different temperature
sensitiirities (AR/AT) when nulled at 300C, the differential
varied from 0.0 to O 01°C between 2900 and 310C. »The
,maximum actural temperature change measured in the flow
apparatus was 0.1°C. Therefore, the calculated maximum o
'error from differing sensitivities was O 00050¢C,
| Total maximum error from electronic and thermistor

sensitivity difference was 00120 corresponding to 4-10%
of anticipated readings - (0 02°¢C to O 08°C) | ’

(b) Error due to power dissipation in the}thermistorv

The electric power dissipated in.tne thermistor‘caused
1t to assume a steady state’temperature At.aboye that.of_tne )
adJacent:fluid; ‘The foilowing caiculations‘are?baSed,on'the_'
discuSsion in‘Baker'sebook (1). In“the'present device;.the'
' current flowing-tnrougn the thermistOr'was.25 1 mh, 'the '
‘resistance of the thermistor was 2.417 Kﬂ. at 30°C and 2 407
K0 at 30.1°C. The electric-power dissipation in the
thermistor was o |
| | We = IR = 1, 55x10'6 watts (1)
The error At due to power dissipation was expressed by:

At =g/ UA  in OF ()

',where qe’A was the electric—power dissipation in the sencitive
‘element oer unit of outer-surface'area,,BTU/hr,.ft?. de = We/J
| and Jd = 0 293 W hr/BTU. U.was the thermal:boundary COnductance
_referred to the outer-surface area, BTU/hr ft2 °F and was

calculat=d from:

RV (_l/Ui,’f l/Uw‘fvi/Uo.' ) )
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where Ui}wés,tﬁe.boundary éonductance, referred to the outer-
| | surfacé area,'froﬁ the senSitivé element to the
inner surface of the casing, in this case, the air
~ film between the thermistor tip and the teflon
‘. éover1ng, BTU/hr ftngF.
Uy was the bdﬁndary'conductanée, referred to the out -
5'Sufface.area, of the casing wall which was teflon
"in this case, BIU/hr £t2 OF, | |
' Ug was the boundary cbnductanée-bver the outer-surface
area to those portions of the parent-body material
~-sufficient distant to be dndisturbed in temperaturé
Ey the presence of.the-sensitiveﬂélement,vBTU/hr
After proper values were substitute into eqhs;‘ (2) and (3),
the makimum error A t was calculatéd énd the value was_0,003°C.

o (e) Error due to friction | -

" The thermistors were first calibrated by immersing
'thém in a peaker which was filled wiﬁh oil, the beaker wes
immérséd‘ih an oil bath. The tempe?aturevof the oil bat.a

: w&s'controiled to 3010.00560 and the tempefature of thevoii

in the beaker was controlled to 30 * 0.001°C. The diffe-ential

readings of the thermistors were calibrated to zero refeering ""

to the reference thermistor. When the thermistors were
'1n3erted into the observation tube in the way described before
and the distilled water at 30°C was pumped through, the

differential readings of the thermistors changed from zero |
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to.positivefreadings ranging f{rom 0.02‘to 0.04°C., The change
was'belieﬁed to bevcaused'by’the pressure drop in the o
obseruation tube. The pressure drop between the inlet of
‘the mixing'chamber and the downstream of.the tube was 15 psi
at:the-flow rate.used. .If thetpressure drop occurred between
the reference thermistor and'the measuring thermistor, the-
calculated temperature rise due to friction was 0.0250¢, |
| The'thermistors were»therefore calibrated again with.

constant temperature Water"flowing throughi Since the
calibration and actual experiment were carried out in two
.separate‘runs the experimental conditions might have changed.
v Experimentallw the stability of two blank experiments was
* 0.001°C.. o | |

(d) Error due to the bubble formation

The carbon dioxide solution was prepared by bubbling
vCOQ and N2 gas mixture into distilled water at about 27 psi
The back pressure maintained at the downstream of the
observation tube-was 24.7 psi. The temperature drop due
to the bubble formation was calcu;ated and the valuevwas
0. OO2°C Experimentally, no bubble formation was observed.

| One other source of error might come from lead |

conductance, however because of lzck of some information on
_the surface conditions of the leads, a significant value can
not be obtained

Among'the errorsadiscusseduabOVe, some would_cause a
positive error on the differentia reading and.some would“i

-eause avnegative readin they might cancel out one another.gf"
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The measure errors discussed above are summarized in
the following table:

Sources of error . A Te (measure error)

i+

(a) Amplifier and recorder L 0.0015°C
(b) Thermistors |

1. Self heatincr due to power'

dissipation * 0.00300C
f:2. Differing sensitivities for
 total differential reading |
0.1°¢ o + 0.00050C
3. Zero tolerance | * 0.0020°C
. = ATe = % 0.0060°C

vin the experiment given as an example for'the calculation
.of datél for the measuring range'of 0.012°C to 0.040C, the
measure‘error of 0. OO6°C correspondetto SOvto 15% errore For
the anticipated reading in most experiments (0.02°C to 0.08°cC), -
a maximum measure error of 0,006°C corresponds to an error of
30 to‘8% For our purpose of studying-the salt effect on the
- kinetlc constant of the reaction of carbon dioxide and pot assium
hydroxide, the error that can be tolerated can not be more
than ¥ 0.002°C, the measuring device is concluded to be un-
satisfactory. . . ,
Beforeifurther reseerch is done;ethe data“obtained-by

Pinseht,526) as shown in Fig. 8 can be'hsed for'estihatingf

',the value of kinetic constant at infinite dilution between

0°C and Lo°c, Figs. 13 and 14 can be used for estimating the

effect of* the salts not measured.
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) Table 1. Values reported for rate constant of the réaction1002+ OH~ K | ,HCO§
| N B Kox 10-3 (£/g mole sec.)

1. - Continuous Flow retnod.

Thermometric, Plnsent .(26)° 11.095 '2.55
Conductivity, Saal (36) : : 2.733 .
- Photoelectric, Brinkman (3) 1.28 2.75
2.  Carbamino Quenching Method . o ‘
3 Manometric, Faurholt (11) - . 0.93% o - 4,675*
'3,  Boat Method o = L |
"~ Manometric, Brinkman (3) : - 0.84*x . : S 2.1%
Manometric, Klese (19) o 1,19 o :
Manometric, Pinsent (25) - 1.05% 0 2.3% - : | o
».  Manometric, Meda (25) : o o 5.5 8,5 11.6
4, Stopped Flow Method | B - : _ - 3 | E o ' 
- Photoelectric, Sirs (39) 0.536*  3.05*% 5.27*% 8.5% . 13.0%
- Conductometric, Sirs (39) . 0.993*%  2.60* 5.00% : 3
_ 5. Laminar Jets Absorption - S : _
- Volumetric, Nijsing (24) T o 47 6.7
6. Isotope Exchange Method = ..
. Radioactive CO,, Himmelblau (3) 144 241 27T
_ Corrected, Danckwerts (8) - 79 154 171
- Radioactive CO,, Goodrige (13) - ; . »g.i .
Wit

Oxygen-18, Poulton (29)-

7. Steady State Method . |
"~ pH measurement, Koeffoed (20) 5.5

‘,*: .The data'shown are ndtfat zero buffer solution but at low ionic strength.

_09C__ 109C . 200C __ 259C 30°¢C

5.9 24

"ITIA

SIDIANTILY

s
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Table 2 Pinsent, Pearson and Roughton (26)

Temp;,Oc' ".Kd’ (£/g mole, séc;)‘
o 1,095 |

10 2,550

20 5,900

30 12,400

o 24,000

‘Temp. = 20°C

(KC1) - | (KOH) I (g mole/yp) KI<(£/g moie, sec.)
10 0.0208 = 1.02 9,800 o
2.0 ~ 0.0134 - 2,00 13,700

3.0 ‘ 0.0196 3.02 18,200
‘_'>V  (NaOH) 1 )

,é.b © . 0.0244 2.02 13,700

- (Nayco5)  (NaOH) B
.099 ’ 6,280

0.0247 0.0246 0
0.122 0.0244 0.360 . 6,800
0.241 0.0233 0.746 7,800
0.457 . 0.0288 1.394 , 10,500
(NaNog)  (NaOH) |
'2.35 0.0203 = 2.37 11,100
3.60 ~0.207 3.62 12,400
(NayS0y) * (NaOH) | -
0.5 0.269 1.53 ‘ 8,700
| 1.0 - 0.0203 3.02 10, 800
' Table 3 Saal (36) o S
temp.::_13.7oc I (g mole/ﬁ) Ki (£/g mole;‘sec)”
| 0.0115 3,790
0.013 3,800
0.0215 3,600

Avg.0.0153 - 3,700
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Tablevuf Brinkman, Margaria and Roughton (3)

Nt

Temp. -"': (HaOH)» o (002) | I (g mole/I)AKI (¢/¢ mole;séc.
15.59¢  0.0423 0.0173 ©  0.0423 2,000
18.0°C  0.062" 0.045"  0.062° = 2,300

Table 5 (Faurholt (11)

Temp. . | (HCOS)/(Cog) : : I (g lee/i) (1/g mole,sec
0°c - 0.04/0.06 0.22 | 906 |
— - 0.02/0.03 - 0.11 959

‘ , 7 S ‘ _ ' ' AVg932

18°c  0.04/0.06 0.22 4,000

Table- 6 Brinkman, Margaria and Roughton (3)

Temp. "_ _(NaHCO3) : "(Na2003) : I (g mole/1) K (1/g mole; sec
0.5°C ~ 0.036 ' 0.067  0.237 L 780 |
0.5°cC 0.073 0.034 0.175 . 890

B ' - S ;Avg.840

- 16°C 0.036 0.067 0.237 1,660

18°¢c . o - 1,800

‘Table 7 Kiese and'Hastings (19)

Temp, . Buffer pH Ky (1/g mole,sec.)
5%¢c - Pyrophosphate 8.1 2,950
o ' | 8.55 2,900
T 9.0 * 2,850
Borate . 9.0 2,850
Carbonate 10.1 1,840

~ Table 8: Pinsent and Roughton (25)

| Temp.': | .(HCOE)/(CO§j pH Ko (1/g mole, sec. )
0°c - 3 10.18 - 1,040 R
S i 10,06 1,060
5 9.97 1,050
’ Avg 1,050

10°c 3 to 5°  10.04 to 9.94 2, 300 f 15%




-55-

Table 9 Meda (4)

Temp. = ~ (NaOH) I (g mole/1) K; (/s mole,sec. )
200 3.9x10"0_  3.9x107® 5,500 '
250( L.B1x10-6 L.81x10-6 8,500

300c 5.96x105 5.96x10-6 11,600

Table 10 Sirs (39)  ,

Photoelectric A

Temp., °C,  (NaOH) I (g mole/1) Ky (1/g mole, sec.)

3.3 0.0166 0.02 975 |
11 0.0218 . 0.02 3,310
11.0 0.0163 0.02 27110
16.3 0.0166 0.02 11570
16.6 0.0201 - 0.02 4,380
20.7 0.0109 - 0.01 5,590
22.0 0.0163 0.02 5,580
27.0 -  0.0201 0.02 10,150
30.0 0.0109 0.01 - 13,000
~ Conductively | |
2.7 0.0127 0.0127 1,260
0.4 0.0130 0.0130 - 2,690
11.6 - 0.0127 - 0.0127 3,350
16.9 0.0127 0.0127 . 3.870
0.0129 5,000

20.0 0.0129

Table 11 Nijsing, Hendriksz and Kramers (24)

Temp. = 20°C (NaOH) I (g mole/1) Ki(1/g mole, D c*
_ _ sec. : :
: -0 4,700 ' -
0.46 0.46 5,450 - - 1,55 2.91
1.05 - 1.05 - 6,200 1.41 2.38 °
2.07 2.07 9,000 - 1.1k 1.68
C(KOH) T - Kp |
0.44 0.44 . 5,800 1.61 3.04
0.89 0.89 7,000 ©1.85  2.70
3.14 3.14 17, 300 1.23  1.55
 (L1OH) I ‘ KI |
- 0.51 0.51 5,350 1.56  2.94

.02 1.02 . 5,800  ‘1.h1 2.54
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Table 12 . Poulton and Baldwin (27) -

Temp. = 25°C  In the solution I - Ky (1/g mole, sec.)
of NaCl 4 o '
carbonate 0.5 8,400
buffer 1.5 8,000 , : y
o | 2.5 4,800 - .

Table 13 Koefoed and Engel (20) | |
Temp. = 0°C (NaHCOB) (NacC1) Ir(gimole/l) K1 (1/g mole,sec.)

0.25 - 0.50  0.75 . 5,450
0.50 0.25  0.75 5,460

0.75 0 , 0.75 5,470

Table 14 ActiVity coefficient of hydroxides (31)

Temp. = 25°C - (mole/l) koH  fNaom. flioH
0.1 0.798 0.766 0.760
0.2 0.760 0.727 0.702
0.3 0.742 0.708 0.665
0.4 0.734 0.697 0.638
0.5 0.732 0.690 - 0.617
0.6 0.733 0.685 . 0.599
0.7 - 0.736 0.681 0.585
- 0.8 0.742 . 0,679 0.573
0.9 0.749  0.678 0.563
- 1.0 -~ 0.756 0.678 0.554
S 1.2 - 0.776 0.681 ~ 0.542
1.4 0.800 - 0.686 0.532
1.6 0.827 0.692 0.525
1.8 0.856 0.700 0.518
2.0 0.888 0.709 0.513
2.5 0.974 0.743 . 0.503
3.0 1.081 0.784 0.494
3.5 1.215 0.835 0,487
4.0 1.352 0.903 0.481
4.5 1.530 0.985
5.0 S 1.720 - 1.077
5.5 1.950 1.181
6.0 2.200 1.299
Table 15 Salt effects on the activitj coefficients of hydroxides(l‘f
1. The effect of chloride ' ' : u
Temp.= 250C, (NaOH) = 0.1 mole/liter; (KOH) = 0.1 mole/liter
(N331), moles/liter fNaOH. (KOH), moles/liter fKoH
0.000 0.775 0.0000 . 0.789
0.204 - ~0.700  0.2022 - 0.706 .
- 0.5019 . 0.660 0.506 - 0.666
1.024 - 0.636 1.009 . 0.643
2.011 0.620 2.005 - 0.645

3.099 : 0.6305 '3.025 ~ 0.669




2. The effect of sulfates

- -57-

Temp. =.250C, (NaOH) = 0.1 mole/liter; (KOH) = 0.1 mole/liter

(Na2.804), mole/liter

0.0

0.0312

0.0625
0.125
0.250C
0.500
1.000
1.50
2,0
2.5

faoH

0.767
0.713

(KnS04 ) ,moles/1iter

0.0

0.680 .

0.650
0.602

O 5!:7

0.505
0.491
0.495
0.501

0.0039 -
0.0078 °

- 0.0156

0.0312
0.0625
0.125
0.25
0.5

0.625

fxou

0.783

0.778
0.764
0.753

0.735
0.701

0.673
0.627

. 0.578
YO.565

Table 16 Efxect of some salts on the activity coefficlent of

, (22)

log fg = bp I

Salt B by, 0.2°C

MgSO0, 0.341
NagSOy

Mg (NO3), 0.175

NaCl 0.132

NaNQélvzf 0.107

KC1 0.085

0;059

bB, 250¢

0.285

0.322
.0.123-
0.105
0.067

0.064

L 0.027

bp, L40°C

0.269
- 0.280
0.109

0.099

0.066

-0.022
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Table 17 Actlvity coefficients of some SaltS at 25°¢C (3l)

M (moles/liter) , fNaCl R ; fNaNO3 , fNaaSuL+
0.1 0.778 - 0.770 ©  0.762 0.445
0.2 0.735  0.718 - 0.703 0.365
0.3 0.710 - 0.688 . 0.666 0.320
0.4 0.693 = 0.666 0.638 0.289

- 0.5 0.681 0.649 - .0.617 0.266
0.6 - 0.673  0.637 - 0,599 0.248
0.7 0.667 . 0.626 0.583 0.233
0.8 0. 662 0.618 0.570 0.221
0.9 0.659 0.610 = 0.558 0,210
1.0 . 0.657 0.604 0.548 0.201
1.2 - 0.654 0.593 0.530 10,186
1.4 - 0,655 0,586 - 0.514 0.1746
1.6 0.657 . 0.580 0.501 0.1654

1.8 0,662 0.576 - 0.489 0.1580
2.0 0.668 0.573  0.478 0.152
2.5 0.688 0.569 0.455 0.1418

3.0 0.714 0.569 - 0.437 - 0.1365
3.5 - 0.T46 0.572 = 0.422 0.1345
h,0 0.783 0.577 - 0.408 0.1354
4.5 - 0.826 - 0.583 . 0.396 v
5.0 0.874 - 0.386
2.5 0.928 - - 0.378

.0

0.986 0.371
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FIG.3. BOAT METHOD

W PINSENT (25) ;0 MEDA (26)

177X 103, 1/°K

VBRINKMAN_(s) A KIESE,US){

3.2

- XBL712-2834
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FIG 17 FLOW DIAGRAM OF EXPERIMENTAL APPARATUS A
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LEGAL NOTICE

This report was prepared as an-account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or.
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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