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Abstract: Problem statement: Despite intensive research efforts on Cansfer, mathematical
models that describe the dependence of the tCanhsfer rate on the pH and the degree of rate
enhancement due to GGhemical reactions remain unavailalAgproach: Such models are essential
for assessing and accurately describing the pregrethe CQ transfer proces®esults: In this study,

an alternative view of CQOtransfer with chemical reactions was used to agvsimple mathematical
models to describe the pH dependence and degreahaincement of the GQransfer rate. In the
alternative view, the driving force for G@ransfer was described in terms of the differerioethe

concentrations of the various carbonic specieshe tulk liquid (i.e.,ACm(HZCO.K),, AC, heor) and

AC, o ) in time (i.e., between time, t, and the time wiegnilibrium is achievedgg) rather than in

terms of the concentrations gradients across thedlifilm. Using the concentration differences in
time, simple mathematical models describing the gg#pendence of the GQransfer rate and the
contributions of the various carbonic species wridite were formulated. Furthermore, the degree of
CO, transfer rate enhancement due to,@€actions in water was considered proportionahéosum

of the rates ofHCO; and COZ™ transfer.Conclusion/Recommendations. The mathematical models

were tested using data from batch and continuas-fCO, transfer experiments, and the results
revealed that the mathematical models explaine@xtperimental data in an excellent manner.

Key words: CO, transfer, transfer rate, mathematical models, ppeddant transfer rate,
contributions of carbonic species to the transige,renhancement of G@ansfer

INTRODUCTION removal) of HCO; and CO; . As such, the main

o . .Objective of the study was to develop simple
~ Carbon dioxide exchange across the gas/liquidnathematical models to describe the dependendeeof t
interface is related to numerous_na}tural and. e:legetb CO, transfer rate on the pH and the degree of rate
processes and as such, the topic is of multidi®@pt  cnhancement due to chemical reactions.
interest in the scientific community!. The theory and In the current theory, the GQransfer rate is
mathematics describing GQransfer have generally mathematically described through comparing the
evolved in agreement with earlier concepts deswibi (g|ative rates of CQdiffusion and chemical reactions
the process in natural and englne_ered syéféPhSThe across the Liquid Layer (LL) with thickness equal t
currer_1t cQ .tfa”_Sfer theory relies on Steady-State6LL, with the rate of C@transfer being controlled by
chemical equilibrium models to describe the impafct the slower of the two processes. For example
CGO, transfer on the pH of aqueous solutions. Howeverg narso! and Stumm and MorgHH described the ’

the dependence of the g@ansfer rate on the pH and : : L
the variations of pH during GQransfer are typically concentration gradien\C) across the liquid layer that

ignored. Furthermore, there are no mathematicatirives CQ flux (F:BAC, where D is the diffusion
models that explicitty and accurately describe the L

dependence of the GOtransfer rate on the pH. coefficient) based on which of the two processes is
Similarly, there are no mathematical models to desc ~ faster, as follows:

the degree of enhancement of the,@@nsfer rate as a

function of pH due to chemical reactions involving* In the case where diffusion of GQhrough the
hydration (de-hydration) of CO and acid-base liquid layer is slow compared to the rates of
ionization reactions leading to the formation (or  reactions (i.e., diffusion controlled transfer)eth
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HCO; and CO;~ form within the liquid layer and

common factor that applies to both @nd G gq may

thus concentration gradients develop for each of!ot P& appropriate. As such, the model is not bléta
the carbonic species within the layer. In this casefor use except in the special and unlikely casetirch

AC is that for total carbonic species with the
contributions of HCO; and CO? enhancing the

overall CQ transfer rate, as in Eq. 1:

E

F=Fo, * Fico + R

)

In the case where GQliffusion through the liquid
film is fast compared to the rates of chemical
reactions (i.e., chemically controlled transfehert
HCO; and CO; are not formed or consumed

the pH does not change or is not allowed to chaluge
to CO, transfer.

In this study, an alternative view of G@ansfer
with chemical reactions was used to facilitate the
development of simple mathematical models to
describe the pH dependence and degree of enhancemen
of the CQ transfer rate. The alternative view was based
on describing C@transfer rate in terms of the ultimate
driving force represented by the difference in time
between the concentration of aqueous, @Othe bulk
liquid at any time (t) and the ultimate concentratbf

within the diffusion zone due to chemical reactionsaqueous C@at the time of equilibrium ). Using the

and the diffusion of C@® alone accounts for
transport with the concentration gradieiC,
being that in C@alone

In the chemically controlled transfer process,
equilibrium is not achieved within the LL during €O
transfer, but beyond in the bulk liquid. In thefdsion
controlled CQ transfer process, chemical equilibrium
may or may not develop within the LL, dependington
rates of chemical reactions compared to slow ddfudf

mathematical description of the ultimate drivingcie,

as described in the following sections, the degke
CO, transfer rate enhancement was estimated based on
the contributions of the various carbonic speciethe
transfer rate, which were considered proportiomal t
their concentration gradients in time. The develepm

of the mathematical models is described in detaithe
following section.

Theoretical considerations: Stumm and Morgdif!

chemical reactions are assumed to be instantaneows;counted for the enhancement of the, @@nsfer rate

which is unlikely, then equilibrium is achieved
everywhere within the LL. Stumm and Mor§&hand
Morel and Hering" suggested that enhancement of,CO
transfer is not considered significant except iakihe
waters or very quiescent water bodies.

Livansky*? studied the rate of absorption of
carbon dioxide as a function of pH in different feu$
and concluded that the absorption rate increasedlifo
buffers tested with increasing pH. Howe and Lalkfer
presented a mathematical model, Eq. 2, to desthibe
relationship between the G@ansfer rate and pH over
a wide range of pH, as in Eq. 2:
e=0,Ka (Cg=GC) (2)
Where:

Cr
the bulk liquid

Creq = The equilibrium concentration in the bulk

liquid as determined by Henry's law

[H,CO5 J/[CA], which is pH dependent

Mass transfer coefficient

Og
K,a

Howe and Lawlét® described the model in Eq. 2
as being suitable for use whether the pH changestor
as a result of pH transfer. However, due to thengha
in pH as a result of COtransfer, the use afy as a
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through expressing the concentration gradient in
aqueous C@ alone (chemically controlled transfer
without enhancement) or in the total carbonic sgeci
(diffusion controlled transfer with rate enhancethen
In the case where diffusion is fast compared to

chemical reactionsiHCO; and COZ are not formed (or

consumed to release @Onor chemical equilibrium
among the carbonic species is achieved within then_
this case, formation (or consumption) &fCO; and

COi” and establishment of chemical equilibrium

require more time than available within the LL. As
such, rapid diffusion results in excess or deficiem

CO, concentration in the bulk liquid that is not in
equilibrium with the other carbonic species but
requires additional time or space to achieve

= The concentration of total carbonic species in€quilibrium. Current theory however does not actoun

for the extra time or space needed to achieve ata@mi
equilibrium in the bulk liquid. In fact, chemical
reactions work on bringing the carbonic species in
chemical equilibrium with each other, whether such
reactions take place in the traditionally defineld dr
in the bulk liquid and as such the influence of
chemical reactions on the transfer rate cannot be
separated from the mass transfer process.

In the case where diffusion is slow compared & th
rates of chemical reactions;iCO; and COZ” form
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within the LL. Slow diffusion may also allow enough species concentrations and the pH with time leatting
time for chemical equilibrium to be establishedhiit  equilibrium as described by Henry's law.

the LL. Theoretically, if the chemical reactions ree

considered to be instantaneous, which is unlikislgn Mathematical considerations: According to the two
chemical equilibrium among the carbonic species idilms gas transfer theory, GAlux in the liquid and gas
achieved everywhere within the LL and the bulkfilms is driven by the corresponding concentration

liquid. gradients, as expressed in Eqg. 3 and 4:
The target of both diffusion and chemical reaction
is to achieve equilibrium between the concentratioh R = K (H,CO,,, — H,CC,, ) 3)
CGO, in the gas and bulk liquid and also chemical
equilibrium among the various carbonic species 4CO F, =K (CO,, - CO, ) 4

H,CO; HCO; and COZ"). When equilibrium is
disturbed, both processes proceed to reestabligwa Where:
state of equilibrium in which net diffusion ceasesen  Fi.
equilibrium among the carbonic species isFeL

Flux across the liquid layer
Flux across the gas layer

reestablished. As such, the ultimate driving fofee  H,CO,,, = Concentration of aqueous €0n the
CO, transfer must be the concentration difference liquid at the gas/liquid interface
between two equilibrium states separated by the tim ,CO,, = Concentration of aqueous €@ the bulk

required to reestablish equilibrium in terms offlfon
and chemical reactions. Using the ultimate drivimge
accounts for the time required to establish chelmica COsz6.1nt
equilibrium among the carbonic species.

Using H,CO, to represent aqueous &Owhich

liquid at time t

= Concentration of gaseous ¢ the gas
phase at the interface

COx¢ = Concentration of gaseous €@ the bulk

as phase
includes both dissolved GCand HCO;, the ultimate K. and K, = %iqu?d and gas phase transfer
driving force can be mathematically described as th coefficients, respectively
difference in time between the concentratiorHg€O;, in
the bulk liquid at any time, dH,CO;],, and the ultimate Equating flux across the liquid film with flux

) . ) o across the gas film (Eq. 5), then substitutingG@sg it
concentration ofH,CO; at the time of equilibrium, or  and CQg from Henry's law (Eq. 6 and 7) into Eq. 5 and
[H.CO%],, - Mathematically, the ultimate driving force solving for CQy results in Eqg. 8. Substituting from

Eqg. 8 into Eq. 3 results in Eq. 9-11:
can be described a&C,, = [H2C03](‘Eq) —[H2C03](t). The

current CQ transfer theory is based on describing theK,(H,COj,, — H,CO,,)= K (CO,s— CO ) (5)
driving force using the concentration gradient jrace

(i.e., across the liquid layer with thickness eqoad, | ). CO,; = H, HZCOS(W (6)
The ultimate concentration difference in time

(Acm = [HZCO; ](tEq) - [H 2Cd3](‘)) can be considered Cas-liquid interfacs Gras-liquid interface
equivalent to the ultimate concentration gradiargpace ] Het £C 145y = Acmn:[Hzcoglku‘[H20031x=suléu

across the liquid layer, or
ACy ) =[H,CO,],.o—[HLO;],;, - The equivalency
between the concentration difference in time aratsp
assumes that  [H,CO;l,.,=[HLOY, , and

[H,COl,s, =[HLCO],. A view of the ultimate
concentration difference in time and space is ptesein ~ Fig. 1: A simplified view of CQ transfer with the

!

«
= [H5C05]

tgg) 273

Fig. 1. The equivalency between the driving forcérme concentration gradient across the LL (i.e.,
and space provides important insight into the msgjof gradient in space) is equivalent to the
diffusion and reaction across the LL. For examfie, concentration difference in the bulk liquid in
equivalent concentration profiles for the varioasbonic time (i.e., between any time during €ansfer
species and the pH across the LL at any time can be and the time when equilibrium as defined by
considered equivalent to the variations of the aaid Henry's law is achieved)

728



Am. J. Engg. & Applied i, 2 (4): 726-734, 2009

COZG Int — H H C()Z%Int (7)
KH,CO;y, + H,K H CO.
H.CO; = = 3K +H Kg k) (8)
| n'tg
HnK |
LL K +Hg K ( ZCO3(IEQ H2CQ(1)) (9)

FL =K, (Hch;(tEq) -H, CQ(t) ) (10)
H K K

K o=—09 L (11)
K, +H,K,

Where:

Hzco;(tﬂ) = Concentration of aqueous ¢ the bulk

liquid at the time when equilibrium
according to Henry's law is achieved
Henry's law constant

Hn

The gas transfer rate ) rcan be obtained by
multiplying the flux in Eq. 10 by the specific sace
area (a) of contact between the gas and liquidgshas
the interface, as in Eq. 12:

e = KLa(HZCO;(tEq)

- H, Cox(‘) ) (12)

Using molar concentrations, the transfer ratelEan
expressed as in Eq. 13:
. =Ka ( [H,cO),,

- [HZCds](t)) (13)

Where:

[TCly = The concentration of total carbonic species
in the bulk liquid at any time

[TCl.,) = The equilibrium concentration in the bulk

liquid as determined by Henry's law

a = The different ¢) values represent the
relative abundance of the carbonate species
in solution as defined in Table 1, with
[H'[HCO:]/[H £O7J =k, and

[H'[CO1AHCO;] =k,

Practical considerations: In practical CQ absorption

and desorption applications, the £®ansfer rate is
assessed through measuring the concentration of the
total carbonic species TC in the agqueous phaséeor t
concentration of C@in the gas phase, or both. In such
applications, it is convenient to express the fiemste
using the concentration of the total carbonic spgcas
presented in Eq. 17, below:

r.=K,a [TCl,,,~[TCl ) (17)

(Apparem)(

where, KaapparenyiS apparent mass transfer coefficient.

By comparing Eg. 14 and 17, the relationship
between K&pappareny and Ka can be expressed as in
Eqg. 18:

K La(Apparent) O(IEQ)[TC] (teq ) UAQ[TC] (t) (18)
Ka [TCl,, ~[TCl,
Transfer rate enhancement due to chemical

reactions. Equation 14 and 17, expressed in terms of

Noting that the pH in the bulk liquid changes as athe concentration gradient in total carbonic specie

result of mass transfer from gHto pH, , and with

(teq)

chemical equilibrium established among the carbonic

species in the bulk liquid, the transfer rate in E8 can

be expressed in terms of the total and other cigbon

account for enhanced GQransfer, with its various
components, as follows:

=lco, Tlhco tleq (19)

species according to their relative abundance, as

follows:

r.=K,a (ao(lEq)[TC]([Eq) 0y, [TC] m) (14)
HCO;, a ,[HCO,

o= KLa ( tgq)[ ] _ o(t)[ 3](0) (15)
Uteq) RET

a,, [CO% o, . [CO¥
o= KLa ( ([Eq)[ 3 ](‘Eq) _ o(t)[ 3 ](t)) (16)
cxz(x)

2(tgq)

As such, the contributions of the various carbonic
species to the overall transfer rate can be exptess
terms of their relative abundance as follows:

H ,CO;, =K a ( 0(1EQ)GO(IEQ)[TC](IE.1) —GO(I)G 0(1)[TC] (1)) (20)
oo =Ki@ (0 @oTCly ~Gu@efTCl)  (21)
e =K@ (GZ(tEq)ao(tEq)[TC](tEq) 0 o[ TC] (t)) (22)
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Table 1: Relative abundance of carbonic speciagytime and at the time when equilibrium accordmgienry's law is achieved

Values at pkj Values atpH(tEq)
= -1

ao(l) - [Hfrccoz](t) =1+ |f1 + k1k22 Uo(,gﬂ) - [Hfrccog](lgq) =1+ 1(1 + k+1k22

[TCl,, W], [HT [TCl. M, W,

+ -1 _ + -t
_ [HCO;](U B [H lt) k2 _ [HC03](1EQ) _ [H ](1Eq) k,

S = = T Uy = =1+ te

[TCl, ko [H], [TCl,.., ke [H]

+ +7? - . H* H* 2 -

dz(‘) :[Cog_](t) =1+ I:H :.(t) +|:H :I([) az([ ):[CO3 ](lEq) - 1+|: jl(lEq) +|: ](tgq)

[TClg Ky kk, = [TCl,, k, kik,

Based on the above equations, ,C@®ansfer fl
without enhancement can be representedr by, , as :
. vz Purmps
expressed in Eq. 20. The Enhancement Factor (&) th
can be defined as in Eq. 23, below:
082m
rHc:o3 + rCOs
EF (%)= x 10C (23)
|’C
MATERIALSAND METHODS
Stripping |—\‘ fiH B

Experimental evaluation: Because the behavior of GO o — Sodium carbonate Buffer solution

solution

absorption and desorption is well known and predie,
a detailed CQ@ experimental program was not deemedFig. 2: Schematic of the continuous-flow counter-

necessary. Instead, available experimental dataumbed current CQ desorption column
under the conditions described below, were used to
clarify various aspects and applications of thete RESULTS

Two sets of batch experiments were conducted at
different initial pH values in a 15 cm diameted0 cm
height cylinder filled with five liters carbonatelation.
In the first set, a phosphate buffer (0.05 M) wddeal  reduces to the form expressed in Eq. 24. Assuntiag t
to reduce pH increase due to £@moval. In the the pH remains unchanged in the RDffered solution,
second set, no phosphate buffer was added. Thal init then K aappareny femains constant and the integrated
total inorganic carbon in each solution was degigiee  form of Eq. 24 is expressed in Eq. 25:
be approximately 100 mg 't During each experiment,

Helium was bubbled at the bottom of the cylinder fo 9[TCl, _

With the desorption gas Gdree and with
[TC],,, =0, the general transfer rate presented in Eq. 17

30 min and the total inorganic carbon concentragiod d K Buoparenl TCl = =0 oy K @ [TCLy (24)
pH were measured with time.

The continuous-flow, packed column experiments!NTCl: =IN[TC] s =K @ papparenf (25)
were conducted in a 15 cm diameted 00 cm height
cylinder (Fig. 2) filled with plastic media to amta of Based on Eq. 25, the  Kappaemy Values were

82 cm. The experiments were conducted using &etermined from the slopes of the lines of bestit
solution containing 0.05 M phosphate pumped seglgrat €xpressing the linear relationships between In[TC]
from the solution containing the inorganic carbesat Vversus time for each of the desorption experiments
The liquid stream was introduced at the top of theconducted at different initial pH values. The rielaship
column. Air was introduced at the bottom of thebetween the resulting appareny Values and removals
column. The experiments were conducted at differenachieved are presented in Fig. 3. The results redttie
initial pH values and the pH and inorganic carbonexpected relationship between dgppareny and Ka as
concentration in samples collected from the columrpredicted from Eq. 18 and expressed in Eq. 26:
influent and effluent were measured over a peribd o
time until steady-state removal results were agthin LBapparen) = & oaK 1@ (26)
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0.03% 1 7000000 The CQ removal results obtained using the
03 50.00000 3 continuous flow system exhibited the same trendbas
T oo 5 snom | results obtained using the batch system. The, CO
% - ‘—g +0.00000 4 reaction rate equation that describes the remdvay
% oos C— from any section of the counter-current desorption
¥ 5 column is expressed in Eq. 31, with:
:32‘ 0.01 4 L 20.00000 4
0.005 { T Model wonoon | g pede
1 1 buff; —
B o POt B Mo POmier dt = Adh/ Q (30)
0+ L 0.00000 -+ t
2 i 4 5 6 7 8 9 203 4 5 6 7 &8 9
e o Where:
. .. A = Column cross sectional area
Fig. 3: Dependence of the mass transfer coefficient, _ SO
L = Volumetric liquid flow rate

(K &nppareny @nd [TC] removal on the pH in the

batch experiments dh = Section thickness along the column height:

The theoretical pH change due to L£desorption _AKa dh= dITCln) (31)
can be estimated using the alkalinity Eq. 27. Bqoat7 Q (Go(qu,h)[TC] (gt~ Qo nf TC] (t,m)
is expressed in terms of the relevant abundandbeof
negatively charged carbonate species (i.e., usiggand A steady-state, the concentrations in the liquid a

0y and the negatively charged phosphates speaes (i. gas phases do not vary with time at any point atbeg
using e, =[H JDO;](O/[TP], Uy :[HPOi‘](t)/[TP] column but with height. As such, Eq. 31 becomes:

and a,.,,=[PO} ],/[TP], with [TP] being the total

phosphates concentration). In Eq. 27, theflk and
[TP] do not change due to G@esorption but the pH
does. In this case, the pH change due tg @&Moval

reached a maximum of approximately 0.3 units: ~ As the concentration of GOin the gas phase
increases as the gas travels up the column, the

equilibrium concentration at any height can be diesd

K, .
AK i :W'*(Gm) +20,,)[TC], using Henry's law asCO,q, = Ha, o[TCl - A
® (27) ) ’

_ A K La dh= d[TC](h)

(32)
Q (O‘o(tgq,h)[TC] (team o TCI (h))

value for a, [TC]  in Eg. 32 can be determined

® from a mass balance on the bottom section of the

column  Q;(CO,5,~ CO,e(m )= Q ([TChy~ [TClemmuent)
Without the phosphate buffer, the pH was allowed o e o i o -

to increase more freely as a result of G&@moval using With - COy) = Ha ok M TCliey - The result is the
the batch system. In this case, bothapaeny and — general mass transfer rate expression, Eq. 33.ndiagu
[TC]y in Eq. 24 change with time as €@ removed, that the pH does not significantly change as alresu
but the initial alkalinity (Eg. 28) does not change CO,removal, the integrated from of Eq. 33 is presgénte
Solving Eq. 28 for [TC}, then substituting into Eq. 24 in Eq. 34:

results in the C@ removal rate (Eq. 29). Using

numerical integration, the model parameters (i.e., AK La(Apparent)dh

+(Agpy + 20,5+ 30 3P(t))[TP]_[ H+]

Kiaappareny and final pk,y) were determined and Q.
compared with the measured values, as shown ir8Fig. d[TC,. 1 (33)
The pH change due to GOdesorption reached =—7-gg 1q = co
approximately 0.45 units: (T‘”“))[Tc] ™ _(E[TC] Cituent +%)
AK g = (o +20, )ITC], -[H7] (28)  Where:
[H ]m Qg = Volumetric gas flow rate
CO,ny = Initial concentration of CO in the
+ _ + 2 desorption gas
H AlK o —k,, +H
dTCly _ 4 [ ]“) wa =Ko 4] ]“) (29) cO = Concentration of CQin the desorption
L™ (Apparent) + 2G(h)
t [H ]m (O3 * 205y

gas at height h
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0.06 110
n H —g%j{ 100
005 . 20 0.9 —HCO, 507
— 5= n 70 COy g 80:
'E 0.04 " . £ 60 = 690'7_ 2 ZE
S - =B 05 i - § 509
3 003 g Iy g 40
& 540 031 & 30
g B o3l / T
w4 014 \ 014 \ 104
sor — Modsl 20 u DOjbuffer Iy o7
m PObuffer 104 01 — 01 -10
2 4 & 8 10 2 4 & 8 10 2 4 6 8 10
0.00 —— T T 0 . . . . r T Initial pH Initial pH Initial pH
2 3 4 5 & 7 8 9 2 3 4 5 6 7 3 8
(a) (b) (©)
pH pH
) ~ Fig. 5: Contributions of the various carbonate $gec
Fig. 4: Dependence of the mass transfer cogfﬁuent to total CQ transfer rate (a) with
(K aapparent) @nd [TC] removal on the pH in the comparison of the transfer rate with and
buffered column desorption experiments without chemical enhancement (b) and degree
of enhancement (c)
[TCln = Total carbonates concentration at height h e , - ,
[TClemmuent = Total carbonates concentration in the 7 .. ;T romoe ]
final effluent TE 11E03 6 TE G004
. . ] 4
R = H.Qo/Q. is the desorption factor PRLas R .
h = Column height: £ 7oeos |47 8 somas
| SOED4 3 # 20204
& 30204 o T B e
KLa E 1.0E-D4 3 1 é 0.0E+I0
QR ' ppng HEOL . E o10E04
[ L 5
- Ah(l—ao(h)R)Ln (34) o 1m0 o~ 80808 Time(vih 1g3sg
1-a R 1 CQ S i?igj S 60E-08 Totd 10367
h G(I T T
[RO()][TC](Inﬂuem) _[R[TC] Effluent _H("l)] j 33;:32 - j 40B0E 1 ] ISR [ 10388 =
n E soeos 4 E om0 [HEO:) 10385 ™
1-a,,.,R 1 CQ, B 30E06 2 [0
(h) G(In) IS IS
- [TC](Efﬂuem) - 7[TC] Effluent : i) LOE-06 i) pUERE 103
R R H, L'g -1 OE-06 [€0:"] 34 “g.z.uF,us ’/,pl:l/' 10383
& -30E08 I
& e 33 T d40B08 10362
0 1] 120 130 a L] 1.2El 120
The data in Fig. 4 represent a direct applicatibn Tane fovin) Time (e

Eq. 34, with the results providing good represémtat o ) .
of the expected relationships for & and [TC] Fig. 6: Contributions of the various carbonate &eto
removals. the total CQ transfer rate at four different initial

pH values (based on the batch experimental

DISCUSS| ON results without the phosphate buffer)

are presented. In Fig. 6, four examples showing the
The enhancement of the g@ansfer rate due to ariations of the contributions of the carbonic cipe
chemical reactions is contributed BYCO; and CO;",  to the transfer rate together with the increasthénpH
with the transfer rate ofi,co, alone representing the during 180 min of C® desorption at four different

case without enhancement. To illustrate thelNitidl pH values are presented. The data in Fign8 6
contributions of HCO; and COZ, the transfer rate show that the transfer rate declines as the pHeasms

, , ) with enhancement occurring in the range of-pkpH<
models u.sed in the analysis of the batch experlzmhentpkl+2 due to the contribution ofCO;. At pH = pk,
results without phosphate buffer and withC], , =0 . .

o = the rate components contributed byCO, and HCO;
are used. For example, the contributions of théouar b L with h ting f imatel
carbonic species to the G@emoval rate, according to ecome equal, with each accounting for approximate

Eq. 35-37 which are based on Eq. 20-22, are depiote 50 percent of the total rate. In the pH range betwgk
Fig. 5 and 6. In Fig. 5, the contributions of tharipus ~ 2nd Pk, the rate component contributed BCO; has

carbonic species to the total €@ansfer rate and the the largest value. Above pH = pkthe transfer rate
degree of chemical enhancement, according t@&qg. becomes negligible but dominated B2 contribution.
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on describing C@ transfer in terms of the ultimate
driving  force, AC, =[H,CQO;] ,~[HLCO:]y,, or

AC, =g [TCl.,, ~0ou[TCl,- The use of the

ultimate driving force concept allowed describirge t
pH dependence of the transfer rate and the dedree o
rate enhancement due to chemical reactions using
simple and straight forward mathematical models.
Furthermore, the use of the ultimate driving force
allowed estimating the contribution of each of the
carbonic species to the total transfer rate acogrth
their relative abundance. The approach presented in
this study simplifies the analysis of gas transféth
chemical reactions and can easily be extended to
describe the transfer of other gases that undergo
similar reactions leading to ultimate equilibriumthe

Fig. 7: Distribution of the carbonic species and gH
as time progresses during €@moval (based
on the batch experimental results without the
phosphate buffer) 1.

These results clearly suggest that the contribatioh

the various carbonic species to the transfer rate a
consistent with their relative abundance in thekbul 2.
liquid.

Nco, = Qoig MoK 1@ [TCliey, (35)

3.
Teos = Ny @ oK @ [TCly (36)
Tecr = Dapie) oK1 [TClirgy (37) 4

The variations of the concentrations of the caibon
species and pH corresponding to the four examples
presented in Fig. 6 are depicted in Fig. 7. As th
transfer rate is assumed to be first order, achgevi
equilibrium as described by Henry's law requires
infinite time. The results in Fig. 7 show 180 minGD,
removal, however because the transfer rate is agsum
to be first order, achieving equilibrium as desedtby
Henry's law requires infinite time. As such, the
equivalence between time and space, as shown il Fig
can be viewed at any time (t) as follows: x = 0 at
t,, = and x=3, at time = t. The concentration Vs

time profiles shown in Fig. 7 can thus be thougha®
concentration Vs distance profiles within the lidjui
layer at time =t.

6.

CONCLUSION 8.

The alternative view of CO transfer with
chemical reactions presented in this study wasdase
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aqueous phase.
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