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Abstract

The influence of calcium nitrate on the process of carbon dioxide absorption in aqueous monoethanolamine (MEA) solution has been
considered. The experimental data obtained under typical conditions used for the industrial precipitation of calcium carbonate has been used
to determine the speciation in solution and the supersaturation profile in the bulk liquid by means of a specially developed algorithm as well as
the kinetic regime of the absorption process in a pure aqueous solution and in the presence of calcium spe€iesmiquilibrium and
kinetic data from the literature. As expected, in pure MEA solution carbon dioxide reacts with MEA yielding ethanolammonium carbamate,
whereas in the presence of calcium nitrate the process shifts towardss&m@@air formation, resulting in a continuous increase of the
supersaturation generated during the “induction period” of calcium carbonate precipitation. The proposed reaction mechanism is supported
also by the precipitate morphology determined by SEM analysis. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction The reverse inter-reaction (2), being slower, dictates the
overall reaction rate (1). The overall reaction (1) can there-
Alkanolamine solutions are frequently used for the re- fore be considered as an irreversible second-order reaction,
moval of acid gases (carbon dioxide) from industrial and nat- i.e. a first-order reaction with regard to both £&nd amine,
ural gas streams. Simultaneous absorption and the reactiongith the stoichiometric factor of 2, an equilibrium constant
between C@ and alkanolamine solutions have been studied of the order of magnitude 2@m?mol~* [8], and E; =
extensively [1,2]. Versteeg et al. [3] provided an overview 41.2kJmoi™ [4]. The effect of the reaction of CQwith the
of some research work on this topic. hydroxide ion is mainly negligible. Hikita et al. [8] stated
In agueous solutions, GQeacts with monoethanolamine that the correction of the rate constant for the overall reac-
(MEA) (RNH>) yielding ethanolammonium carbamate ac- tion (1), due to the effect of the reaction with the hydroxide
cording to the following overall reaction [4]: ion, does not exceed 4% [2,4,9,10].
_ + _ In highly carbonated solutions with a carbonation ratio
COzg + 2RNFzq) = RNHa@g ™ + RNHCOQag @ greatergthgn 0.45 mol G@mol MEA, carbamate hydrolysis
The zwitterion reaction mechanism, originally proposed by reaction is usually assumed. The summary hydrolysis reac-
Caplow [5] is generally accepted as the reaction mechanismtion can be shown as [11]:

[6,7]:
_ R _
COxag + RNHz() = RN*H2CO0ag ™ ) RNHCOQag ™~ + H20() = HCOgzag ™~ + RNHy() (4)
RN*H2CO0 g~ + RNHy) The_3reactioon equilibrium cons;ant (42) amounts to 0.025 mol
. 4 3 dm— at 20°C and 0.1 moldm* at 50°C [11].
= RNHzag " + RNHCOQag) @) The influence of calcium species on the aforementioned

e process has not been previously studied and is the objective
* Corresponding author. Tek:385-21-385-633; faxi}385-21-384-964.
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Germany. ethanolamine process is used for obtaining high-purity
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Nomenclature

A
Car

[s]

=

Debye—Hiickel constant (1)

total calcium concentration (molmd)

total CQ dissolved (mol m3)

diameter of impeller (m)

diffusivity (m?s—1)

enhancement factor, defined by Eq. (14)
activation energy (J molt K1)
enhancement factor, defined by Eq. (16)
ionic strength (mol m3)

liquid-phase mass transfer coefficient
(ms™?)

rate constant for reaction between £0
and amine molecules (hmol~1s1)
chemical equilibrium constant defined in
Table 1 (molnT3)

ion pair formation constant (fmol—1)
chemical equilibrium constant defined in
Table 1 (n¥ mol~?)

ion pair formation constant (fimol—1)
chemical equilibrium constant defined in
Table 1 (n¥ mol™1)

solubility product of vaterite

(molP m~6)

ionic product of water (mdlm=5)

first ionization constant of carbonic acid
(molm~3)

second ionization constant of carbonic
acid (mol n13)

diameter of vessel (m)

parameter defined by Eq. (15)

speed of impeller (3')

average rate of absorption, defined by
Eq. (14) (molnm?s1)

Reynolds number, defined by Eqg. (13)
total amine concentration (molTA)
concentration of componest(mol m—3)
supersaturation defined by Eq. (12), (1)
Schmidt number, defined by Eq. (13)
Sherwood number, defined by Eqg. (13)
Celsius temperaturé C) or reaction

time (s)

temperature (K)

rate of reaction (s?)

charge number of ions (1), or stoichiometr
coefficient (1)

Greek letters

DT AR
-

reaction degree at time(1)
activity coefficient (1)
conductivity (S nT?)
viscosity of liquid (Pas)
density of liquid (kg n3)

ic

precipitated calcium carbonate (PCC) of various crystal
modifications, sizes and particle morphologies. The process
is based on selective separation of the calcium component
from a relatively impure source of calcium oxide in a so-
lution of monoethanolammonium nitrate at controlled pH.
Calcium carbonate obtained by carbonation of a solution
thus prepared meets very high-purity criteria set for its ap-
plication in the pharmaceutical, food-processing, cosmetics
industry, etc. [12].

A study of such a semi-batch process, representing a
complex heterogeneous reaction system with three phases
involved—Iiquid, gaseous and solid—is of importance both
from a theoretical and from an applied point of view. De-
termination of the process mechanism and kinetics, and the
process conditions which would yield a product of desired
properties, as well as quantifying their interdependencies, is
of extreme importance, as it makes it possible to control,
and thereby to manage, the process at optimal conditions.

The carbonation process, being the most important part
of the ethanolamine process, results in precipitation, i.e. in
formation of sparingly soluble calcium carbonate, induced
by liquid-phase chemical reaction. The properties of the
resulting product particles are determined by the process
variables and their formation kinetics. The process involves
gas—liquid mass transfer and chemical reaction, which pro-
ceed and generate the driving force for the crystallization,
i.e. supersaturation, which is the fundamental parameter
used in crystallization studies. Nucleation, subsequent crys-
tal growth and different secondary processes (e.g. agglomer-
ation, disruption, ageing, etc.) then follow at rates dependent
on the level of supersaturation obtained. Although each of
these basic processes has been studied in detail individually,
the phenomenon of their combined activity has not been
sufficiently researched because of its complexity.

In a previous work [13], special attention was therefore
given to the aspect of crystal formation, especially focusing
on morphological development during the process of car-
bonation. The present work aims to shed light on the speci-
ation in solution and gas-liquid mass transfer phenomena.

2. Theory

2.1. Speciation and supersaturation

The experimentally obtained data is used to determine
the changes in the concentration, or activities of the species
present in the bulk solution and resulting supersaturation
during the gas-liquid reactive precipitation of calcium
carbonate at 30C. It is assumed that the liquid is well
mixed, so that, it is uniform in composition, apart from
the concentration gradients in the diffusion film close to
the surface. The following species are taken into account:
C&*, OH™, NO3~, RNHp, RNHz*, CaHCQ™*, HCO;™,
C032~, RNHCOO", CaCQ? H*, COyaq and CaOH.
COyag has been defined as 6O+ H,CO3° and pH =
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Table 1
Equilibrium constants used in the computations
Species Equilibrium constant (303 K) Correction Source
H* K
CaOH* | = [i""#] =19.2579 = [14]
[Ca?t][OH™] V2
CaCQy° K
cacQ® )= [2""70‘”] = 18675533 2 [15]
[Ca™*][CO3%"] 12
+
CaHCQ* K = w = 136590 LSS [15]
[Ca**][HCO3"] ¥2
RNH3*][OH™ .
RNHz+ b= % =3322x107° Kpy? [1,16]; estimated
- [H*][HCO;] , )
HC =-—————"- =46975x 10 K 15
O3 [CO] X 11 [15]
_ [H*][COs*] 11
CO32 Ky=——"—"— =51540x 10 K 15
Os 2 [HCOs | x 272 [15]
CaCQ(V) (vaterite) Ksy = [Ca2t][CO32~] = 1.1058x 1078 Ksvyd [15]
OH—, HF Kw =[HT][OH™] =145x 10714 Kwy? [17]
+
RNHCOO™ | = [RNHCOO IRNHS™] _ ) agay KLy? [8,11]; estimated

[RNH2]2[CO3]

—log([H*]y1). Equilibrium constants, used in calculations,
are shown in Table 1 where [] denotes molar concentration
of species, ang the activity coefficient of monovaleny ()
and divalent ¢2) ions (a = y[c]).

Additional equations necessary for the calculation are de-
fined as follows.

Overall charge balance equation:

2[C&*] + [RNH3t] 4 [CaHCO; ] 4 [CaOH] + [H ]
=[NO37] 4+ [OH™] + [HCO3™] + 2[COs%7]

+[RNHCOO ] (5)

Overall mass balance equation for the total,G3solved
(CO21):

COzr=[HCO3 7] +[CO3* "] + [CaCQ°] + [CaHCQs ']
+[RNHCOO | + [CO2(ag] + [CaCO3(V)] (6)

Overall mass balance equation for the measured total Ca

concentration (Cg), assuming MEA does not form com-

plexes with Ca [18] and CaCV) = (Car)o — (Car);:
Car=[Ca’"] + [CaCQ;"] + [CaHCG:*] + [CaOH'] (7)

Overall mass balance equation for the total MEA
(RNHzT):

RNHz1 = [RNH2] + [RNH3™] + [RNHCOO ]

Davies equation [19]:
9
1+ VT ) ©

8
lon activity coefficients are approximated based on the
1
logy, = —AZ (L — 031
where y, is the activity coefficient for ion with charge
andA the Debye—Huickel constant obtained by means of the

interpolation formula [20]:

A = 0.492+ 0.00063 -+ 0.00000542 (10)

wheret is the temperature (ifC).

The correction for the activity coefficient of the particular
ionic species is neglected because of other uncertainties,
which might introduce greater errors. This is probably a
sufficiently close approximation for present purposes.

The ionic strength of the solution is obtained by means
of the expression

I =2[C&"] + J[OH7] + 1[NO37] + [RNH3*]
+i[caHCO; ] + L[HCO;7] + 2[CO5% ]

+3[RNHCOO | + 3[CaOH"] + 3[H] (11)

The supersaturation is finally obtained by inserting the data
in the following equation:

-

The system of equations is solved by means of a specially
developedorTrAN 90 program, which can be described by
the following algorithm.

[Ca**][COs? 1v5

Ksy (12)

Algorithm

Part |

1. Initialization of equilibrium constants.

2. Initialization of the ionic strength.

3. Correction of the equilibrium constants for ionic
strength.

4. Minimize the difference between experimental and
estimated total Cg¥, given the experimental values
of pH, MEA, total CGQr, nitrate and calcium con-
centrations (see Part II).
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5. Updating of the ionic strength. where Sh = k_L/Dco,, Re = d’Np/u and Sc =
6. If the ionic strength difference is larger than a preset n/pDco,.

value, go back to Step 3. The kinetic regime of the absorption into agitated liquid,
7. Else, end of the calculation. where the gas was blown through the liquid as a stream of

bubbles, is estimated using an approximate set of solutions
relating to the film model [23]. The second-order reaction
of CO, into pure MEA solution is treated as though it was

Part Il
The monovariable minimization is performed based on
the Golden Section method within a specified interval.

The objective function to be minimized is calculated as |rrev_erS|bIe:
follows: R _o_ VM(E; — E)/(E; — 1) (14)
1. For a given value of C&yg). kL[COy] tanh/M(E; — E)/(E; — 1)
2. Calculation of the various concentrations(HDH™, where
RNHo, etc., see Egs. (5)—(8)). Deo ko IMEA
3. Calculation of a new value of total G@ M = % (15)
4. Calculation of the objective function, i.e. relative er- k¢
ror between the experimental total gfconcentra- Dwvea[MEA]
tion and the value estimated at Step 4 of Part I. Ei=1+ Doy [CO2] (16)

5. If the objective function is larger than a preset value,
the Golden Section algorithm selects a new value for whereE is the enhancement factor, i.e. the factor by which

COzag and goes back to Step 2. the rate of absorption is increased by the reactionE&nte
6. Else, the minimization is stopped and the program enhancement factor corresponding to instantaneous reaction,
goes back to Step 5 of Part I. R the average rate of absorption over contact timée

Further details on the Golden Section method can be number of moles of re_actant rgacting with eagh mole OE_'CO
found in Ref. [21]. [COy] the concentration of dissolved Gt interface in
equilibrium with gas at interface, [MEA] the concentration
of MEA in the bulk of liquid andk, the second-order rate
constant for reaction of COwith MEA.

o ) The reaction rate is expressed as a differential change
Gas-liquid mass transfer phenomena determine the suyo ;.

persaturation generated by chemical reaction and its spatial

distribution in the liquid-phase. It is therefore essential to v = <d_“> (17)
predict its effect on the gas-liquid precipitation system dr /;

studied. In order to define the kinetic regime of the ab- . . :

) s : " which represents a function of reaction degeag; and
sorption process under the specified operating condltlons,timet
the data on solubility and diffusivity in the aqueous MEA '
solution used, are needed. The physicochemical quantities
are calculated applying the 90 analogy” as summarized
by Versteeg et al. [3], and are presented in Table 2.

The mass transfer coefficiet at the gas—liquid interface

2.2. Gas-liquid mass transfer phenomena

3. Experimental set-up

is determined by the correlation [22]: The abso_rp_tlon of garbon dlox_lde by aqueous MEA So-
13 lution containing calcium nitrate is of major industrial im-

Sh= 0.322R&"sc” (13) portance, particularly in connection with the manufacture

Table 2

Calculated values of physicochemical constants at 303K used in the computations

Parameter Value Source

p (kgm=3) 997.78 Present work applying 290 analogy”

u (Pas) 0.92410°3 Present work applying “BO analogy”

Dco, (m?s71) 1.943<107° Present work applying “DD analogy”

Dyea (M?s™1) 1.122¢<10°° Present work applying “BO analogy”

mco, 0.728 Present work applying 4D analogy”

k. (ms™h 4.5x10°° Present work using Eq. (13)

ko (m®mol-1s71) 10.2 [11]

VM 99 Present work using Eq. (15)

E; 32 Present work using Eqg. (16)

E 27 Present work, estimated

R (molm2s71) 0.0114 Present work using Eq. (14)
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Fig. 1. Absorption of CQ in a pu

of PCC. Therefore, the precipitation experiments were con-
ducted under typical conditions used for the production of
calcium carbonate. The carbonation (32.2%,G@®air) of
freshly prepared calcium nitrate and MEA solutiGis =
0.5mol dn3; cpno, = cvea = 1 moldmi3) was carried
outin a1 dni L-S—G reactor made of stainless steel atG0
The reactor was fitted with four vertical baffle plates and
a six-blade turbine type impeller ensuring complete mix-
ing. Freshly prepared solution reacted with the gas mixture,
which was introduced from the bottom of the reactor. The
mean pH and electrical conductivity of the solution were
continuously recorded. CQOconcentration at the contactor
outlet was monitored by gas chromatography (Catharome-
ter, Delsi Instruments Di7000). For liquid- and solid-phase
analyses, the slurry was withdrawn from the precipitator
by syringe, and immediately filtered through u& Sarto-
rius cellulose nitrate membranes with the help of syringe
holders. The known amount of filtrate was diluted with a
precise volume of dilute hydrochloric acid to prevent fur-
ther precipitation and analyzed for total calcium by atomic
absorption (Varian SpectrAA-20). The precipitate crystals
were observed by scanning electron microscopy (SEM). The
experimental set-up and procedure were identical to those
described in detail previously [13].

4. Results and discussion

re aqueous solution of MEA.

experimental conditions in a pure 1 M aqueous solution of
MEA are shown in Fig. 1. The calculated concentration pro-
files for our system are shown in Fig. 2. Although, some
of the parameters used for solving the relevant equilibrium
equations had to be estimated, especi#llyand K, the
calculated liquid compositions are probably sufficiently ac-
curate to explain the experimental observations. This exper-
iment is in agreement with theoretical predictions and with
literature data [2—11].

The estimated values of the kinetic parameters presented
in Table 2 indicate that the absorption takes place under con-
ditions where the reactant is depleted near the surface, but
the reaction is not fast enough to be treated as instantaneous.

1,0E+00
9,0E-01 |
8,0E-01 |
7,0E-01 -
6,0E-01
5,0E-01
4,0E-01
8 3,0E-01
S 2,0E-01 -
o

1,0E-01

0,0E+00

entration, mol/dm?3

RNHCOO

40 60 80
Time, min

100

2,5E-03

dm?

In order to analyze and to predict the overall process of the 3
gas-liquid precipitation of calcium carbonate, a comparison &
between the carbonation of a pure MEA solution (control |
experiment) and a solution containing calcium species has
been carried out.

ion

trati

Concen

4.1. Carbonation of a pure MEA solution

Time courses of different measured parameters during
the process of C@absorption obtained under the specified

2,0E-03
1,5E-03
1,0E-03
5,0E-04

0,0E+00 -

CO,

40 60
Time, min

Fig. 2. Concentration profiles in the liquid.

100
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Moreover, the absorption is almost entirely diffusion con- 60
trolled. Therefore, the description of the phenomenon taking 55 [Pl B re—C 5
place is very complex, due to the nonlinearity of the expres- £
sions for the reaction kinetics and will be not considered in 8 50
this work. E 45
Z
3 40
4.2. Carbonation in the presence of calcium nitrate g 35 |
c
S 30 -
For the CQ-MEA-Ca(NQ), system, the C® absorp- ©
tion, i.e. precipitation of PCC, takes place in a solution of %
calcium nitrate and MEA, prepared by dissolving CaO in an 20
equimolar solution of nitric acid and MEA. Preparation of 0 5 10 15 20 25 30 35 40 45 50 55 60
the solution can be shown by the following reactions: Time, min
RNHz() + Hag ™ 4+ NOsgag ™
_ 35 0,6
= RNH3@ag ™ + NOsag (18) A e B ;_:4C/IAV
30 1 L 05
2RNHgag " + 2NOzag ™ + CaQy 2 % YR
= Ca(aq)er + 2RNHy(y 4+ 2NOgag~ + H20() (19) 5 20 | —=—CO02 (outlet) o3 3 g
g —e—Ca U % £
The solution prepared is thus characterized by the highionic & b +—co [ 02 ?: 8
strength of the solution (0.5 moldmC&*, 1 moldnt3 © 0 | ’
NOz~) and a high pH (pH 11.4-12.2) due to hydrolysis of 5 | [ 0,1
MEA:
0 4 =21 o
RNHz() + H200) = RNHg@ag ™ + OH(ag ™ (20)

0 5 10 15 20 25 30 35 40 45 50 55 60
During the carbonation process, concentrations of individ- Time, min

ual species, especially €aand OH" ions, change, and
therefore the process was traced by measuring different pa-

i X L 1,0 13,0
rameters: Ca concentration, electric conductivity (hereafter, A B /./"";'fz‘—'
conductivity), CQ concentration in the outgoing gas and o8 I > e ™ 12,0
pH. The characteristic changes in parameters monitored are ’ s 10
shown for the case of carbonation in the presence of cal- —a—aca
cium nitrate at 30C in Fig. 3. The time course of the liquid 5 *, 06 —e—pH 100
compositions and supersaturation are shown in Fig. 4. § s 0.0 5
According to the changes in the above parameters, the 04 1 '
curves can be divided into three areas, A—C, as shown in 1 80
Fig. 3. Analysis of parameters measured during the process, 02 \-.-. 7,0
and comparison of the results with the data obtained for
chemical absorption of C£in a pure aqueous solution of 0,0 = 6,0

0 5 10 15 20 25 30 35 40 45 50 55 60
Time, min

MEA, suggest the following process mechanism.

Area Ais characterized by a constant observed rate of
absorption of C@ (Fig. 5) and constant concentration of Fig. 3. Typical time course of the process of carbonation.
Ca (xca = 0), which indicates the “induction period” of
calcium carbonate precipitation. The solution displayed no

turbidity in this area. The low concentration of g@ the HCO3ag ™~ + OHag~ = COzag®™ + H20q) (23)
outgoing gas, i.e. the increase in the total Qissolved in o o 0
the solution(aco,), a drop in the pH value, and a slight Caag”" +CO3ag” = Callyag (24)

increase in conductivity, can be mainly attributed to chemical
absorption of C@ and to the reaction of CaG®ion pair
formation:

where CaC@ denotes an ion pair being produced by the
action of Coulombic forces only. This is unambiguous evi-
dence that in the presence of calcium nitrate, carbon diox-
COzg = COzag (21) ide will be progressively converted to the above-mentioned
ion pair and elucidates on the reason for an “induction
COyag + OH@g ™ = HCO3(ag (22) period” for calcium carbonate precipitation. This obviously
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1,00
0,90
0,80
0,70
0,60 -
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0,40
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0,00

CaCO4(V)

Concentration, mol/dm?3
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0,05 1

0,04

0,03 1

0,02 -

Concentration, mol/dm3
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0,00 -

Time, min

60,0

50,0

40,0

30,0 -

20,0 1

Supersaturation,-

10,0

0,0 - - ’ *
0 10 20 30 40 50 60
Time, min

Fig. 4. Liquid compositions and the supersaturation profile for the process of carbonation.

enables the process of precipitation to be conducted in such A gradual decrease in the Ca concentration, in pH and
a manner that the concentrations of constituent species reaclktonductivity, with further increase in the G@oncentration
critical supersaturation (Fig. 4), resulting in a short single in the solution in the first part of th&rea B and an abrupt
burst of nuclei. Such initially formed, tiny dispersed solids change in the Ca concentration with a negligible increase in
coagulate into larger sponge-like vaterite spheres (Fig. 6),the CQ concentration in the second part of the Area B, are
demonstrating the aggregation mechanism of particle growthascribed to the increasing effect of the calcium carbonate
[13,25]. precipitation reaction (25) and the contributions of different
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0,35
0,30
0,25

0,20

v, 1/s

0,15

Rcoz, mol/(m3s)

0,10
0,05

0,00

0 10 20 30 40 50 60
Time, min

Fig. 5. Observed absorption rate of €@nd rate of precipitation process vs. time.

[ x2500 10pm r

n S LW r T £
Smm x20000 r d 4 .00KV

¥
Smm

Fig. 6. Scanning electron micrographs of the vaterite spheres obtained by the process of carbonation.

secondary reactions with water, e.g. (26) or hydrolysis of in conductivity is the cause of the asymmetry of thet
carbamate (4): curves.

oy o The reaction mechanism assumed indicates extreme com-
Caag” + CO3aq” = CaClyy (25) plexity of the carbonation process. The process includes

_ gaseous, liquid and solid phases. The gaseous reactant ab-
COzag +H201) = HCOsag ™~ + Haag ™ (26) sorbs in the solution in which, after a series of chemical
In the second part of Area B, the precipitation takes place reactiorjs, .spari'ngly soluble sqlt precipitates, governed by
at the maximum rate (Fig. 5) leading to the occurrence of crystallization kinetics (nucleation, crystal growth rate and
agglomeration, which soon stops [13]. This suggests that S¢° ndary processc_as).. The process can be shown by the fol-
the agglomeration is due to a low electric repulsion force, lowing overall reaction:
which in the case of high electric charge on the crystal sur- 20
face, prevents the crystals from aggregating. A drop in the COzg) + 2RNHaq) + Caag ™" + H200)
conductivity/Ca concentration to the lowest value, denotes = 2RNHzag* + CaCQys (27)
the end of precipitation and corresponds to the equivalent
point of calcium carbonate.
The increase in conductivity, and a slight drop in the pH 5. Conclusions

value in the initial part oArea C are caused mainly by the
formation of HCQ~ and CQaq. The composition of the The influence of calcium species on the reaction between
final solution, especially after GGstripping, correspondsto  CO, and MEA in the gas—liquid reactive precipitation of cal-
the initial “equimolar” solution of ethanolammonium nitrate cium carbonate has been investigated. Analysis of parame-
of higher conductivity €70 mS cnt1). This suddenincrease  ters measured during the process, and comparison of results
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with data obtained for chemical absorption of £i@ a pure [7] R.J. Littel, G.F. Versteeg, W.P.M. van Swaaij, Kinetics of £@ith
aqueous solution of MEA, where GQeacts with MEA primary and secondary amines in aqueous solutions. Il. Influence of
yielding ethanolammonium carbamate, indicate a very com- temperature on zwitterion formation and deprotonation rates, Chem.

Eng. Sci. 47 (1992) 2037-2045.

plex meChamsm fC?I‘ the procgss' In the. pr‘?sence of calcium [8] H. Hikita, A. Asai, H. Ishikawa, M. Honda, The kinetics of reactions
species, the reaction of GQvith hydroxide ions becomes of carbon dioxide with monoethanolamine, diethanolamine and
significant, and the process shifts toward Ca€®n pair triethanolamine by rapid mixing method, Chem. Eng. J. 13 (1977)
formation, influencing the C®absorption directly. 7-12.

The induction period of calcium carbonate precipitation, [9] B.R.W. Pinsent, L. Pearson, F.J.W. Roughton, The kinetics of

ked b tant ob d rat iod of ab tion of combination of carbon dioxide with ammonia, Trans. Faraday Soc.
marked Dy a constant observed rate period or absorpti 52 (1956) 1594—1508.

CO, and an increase in supersaturation, can be ascribed tq10] G.F. Versteeg, J.AM. Kuipers, F.P.H. van Beckum, W.P.M. van
the chemical absorption of GQi.e. to chemical speciation Swaaij, Mass transfer with complex reversible chemical reactions.
of complexes. I. Single reversible chemical reaction, Chem. Eng. Sci. 44 (1989)

The preliminary calculations of gas—liquid mass transfer ___ 2295-2310. . o
henomena indicate that absorption under specified ex eI,_[11] P.V. Danckwerts, M.M. Sharma, The absorption of carbon dioxide
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