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Kinetics of the Absorption of CO; into Mixed Aqueous Loaded Solutions of
Monoethanolamine and Methyldiethanolamine

Naveen Ramachandran, Ahmed Aboudheir, Raphael Idem, and Paitoon Tontiwachwuthikul*

International Test Center for Carbon Dioxide Capture (ITC), Faculty of Engineeringyéssity of Regina,
Saskatchewan, Canada

The kinetics of absorption of COn loaded mixed methyldiethanolamine (MDEA) and monoethanolamine
(MEA) solutions was investigated in a laboratory laminar jet apparatus. The experiments were conducted
over the temperature range of 29833 K, MDEA/MEA wt ratio of 27/03, 25/05 and 23/07, total amine
concentration of 30 wt %, and G@bading from 0.005 to 0.15 (mol of GJ(mol of total amine). Physical
properties such as density, viscosity, diffusivity, and solubility of the system were calculated from published
data and/or models. Reaction mechanisms, namely, zwitterion and termolecular, were used to interpret the
kinetic data. It was observed that the zwitterion mechanism in its original form could not predict the individual
kinetic rate constants. Equally, the termolecular mechanism with water in the apparent reaction rate term also
did not yield any reasonable results. A modified termolecular mechanism, which included the contribution of
hydroxide ions, was able to predict the kinetics of a,d@ded mixed alkanolamine solution satisfactorily

with MDEA not participating with MEA in the kinetics. Individual reaction rate constants were predicted
based on the modified termolecular mechanism.

1. Introduction kinetics of the reactive absorption of Gto a mixed amine
solution at low and moderate GQoadings have not been
The absorption of acid gases into alkanolamines is of reported except for the work of Glasscock et‘afersteeg and
significant industrial importance. This technique is applied Van Swaaiﬁ Rangwala et afand Hagewiesche etéVersteeg
during natural gas sweetening to meet pipeline standards as welpnd van Swaaf, in their work, carried out a study of GO
as in the removal of carbon dioxide (gfrom power plant  apsorption into various mixed alkanolamines including MEA
and other industrial plant flue gases for environmental reasons.MDEA, MEA—MDEA, DIPA—MDEA, and MEA-DEA—
Alkanolamines, such as primary, secondary, and tertiary amineSMDEA. The experiments were carried out in a stirred vessel.
as exemplified, respectively, by monoethanolamine (MEA), On the other hand, Glasscock and RocHeitwestigated the
diethanolamine (DEA), and methyldiethanolamine (MDEA), absorption/desorption of aqueous MDEA/MEA and MDEA/
have been used in the industry for a number of years for pEA solutions with a gas-stirred cell reactor, whereas Rangwala
industrial absorptioA.Aqueous primary and secondary amines et al® measured the absorption of @@to aqueous blends of
when reacted with carbon dioxide form carbamates. Since high MDEA and MEA solutions in a stirred cell absorber. In contrast,
heat of abSOfptiOﬂ is associated with carbamate formation Hagewiesche et dlhave reported the absorption of @mto
reaction, solvent regeneration costs are high when primary oraqueous blends of MDEA and MEA solutions in a laminar jet
secondary amines are used exclusively. Another disadvantageypparatus at low contact times. However, the experiments were
is the capacity for absorption of GOwhereby two moles of  performed only at 313 K. Rinker et &imeasured the rate of
primary amines or secondary amines can only absorb up to onegpsorption of CQinto an aqueous solution of MDEA and DEA
mole of CG. As such, their loadings are limited to 0.5 (mol of  in a laminar jet absorber and a stirred cell absorber, whereas
CQy)/(mol of amine). The advantage of MDEA, on the other Xjao et al® studied the kinetics of absorption of GGnto
hand, is that it not only has a low heat of regeneration, and aqueous blends of MDEA and 2-amino-2-methyl-1-propanol
hence, a low heat duty is required during regeneration, but also(AMP) solutions in a laboratory wetted-wall column. Horng and
it has a maximum loading capacity of 1.0 (mol of &@mol Li0 explored the kinetics of absorption of G@to aqueous
of amine). In addition, it is less corrosive than MEA. However, plends of triethanolamine (TEA) and MEA solutions in a
pure aqueous MDEA (a tertiary amine) does not react with CO |aboratory wetted-wall column, while Zhang et‘ameasured
direCt'y because it lacks the-NH bond reqUiI'Ed to form the the absorption rates (and, thUS, the kinetics) otm aqueous
carbamate ion with COInstead, an aqueous solution of MDEA  plends of MDEA and DEA solutions in a laboratory disk
will promote the hydrolysis of C@to form a bicarbonate and  column. Also, Liao and %2 measured the absorption rates of
a protonated amine. Chakravarty and Phdkeave demon-  CO, into aqueous blends of MDEA and MEA solutions in a
strated that the addition of a primary or Secondary amine to the |ab0|’a’[0ry disk column. A summary of work done by various
tertiary amine can enhance absorption of,@@hout changing  researchers on the kinetics of €@ mixed amines is given in
the stripping characteristics. Modeling and simulation of an Tgple 1.
absorption column for the absorption of €ito an amine blend Table 1 shows that all the experimental data were obtained
requires information on the kinetics of the process. Critchfield gjther at a single temperatdré or at two or three tempera-
and Rochelléhave studied the absorption of ¢dto aqueous tures*9.12 This does not enable the evaluation of the kinetic
solutions of MDEA-MEA in a stirred-cell absorber. The  |ate constant over a wide temperature range (e.g+398 K,
in which a typical industrial absorber is operated) outside the
* To whom correspondence may be addressed. E-mail: paitoon@ range in which data was obtained. Also, the experiments were
uregina.ca. Fax: (306) 585-4855. not performed for more than three concentrations of the mixed

10.1021/ie0505716 CCC: $33.50 © 2006 American Chemical Society
Published on Web 01/20/2006



Ind. Eng. Chem. Res., Vol. 45, No. 8, 200@609

Table 1. Compilation of Kinetics of CO, in Mixed Amine System

experimental calculation
mixed amine solution composition (mol/L) tempQ technique method reference
MDEA + MEA 1.34+ 0.65 25 stirred cell numerical model Glasscock €t al.
MDEA + DEA 0.59-1.85+ 0.10-0.57 25,40 stirred cell numerical model Glasscock ét al.
MDEA + MEA 2.43+0.25 40 laminar jet absorber numerical model Hagewiesche’et al.
2.30—0.50
2.174+0.75
AMP + MEA 15+0.1,0.2,0.3,and 0.4 30, 35, 40 wetted-wall column simplified model Xiao%t al.
1.7+0.1,0.2,0.3,and 0.4
TEA + MEA 0.5+0.1,0.2,0.3,0.4,and 0.5 30, 35, 40 wetted-wall column simplified model Horng ahd Li
1.0+ 0.1,0.2,0.3,0.4,and 0.5
MDEA + MEA 1.0+0.1,0.2,0.3,0.4,and 0.5 30, 35, 40 wetted-wall column simplified model Liao dAd Li
1.5+ 0.1,0.2,0.3,0.4,and 0.5
MDEA + DEA 2.8+0.2 60 disk column simplified model Zhang et'al.
24+0.6
2.7+0.3 40, 50, 60, 70
amine solution systems except in two ca¥&2.Finally, with that MDEA does not react directly with GOlnstead, tertiary
the exception of the work of Glasscock and Rochtltae amines act as bases, which catalyze the hydration of' €¢&-22

above-cited studies did not take into consideration the effect of =

CO; loading. This last issue was the reason that, even for a lonization of water

single amine system (G©MEA), Littel et al 16 questioned the K, B N

data reported by Savage and Kifpecause they did not H,O-—OH +H 1)

consider CQ loading effects on the physical properties and o ] o )
kinetics of the system. It is well-known that a laminar jet Dissociation of dissolved carbon dioxide through carbonic

absorber is one of the most accurate pieces of equipment that acid
can be used to study gas absorption rété$Aboudheir et al* Kok , B N
designed and used a laminar jet absorber to obtain accurate CO,+ H,0 HCO; +H 2)

kinetic data for the absorption of GOnto CO, loaded, _ o )

concentrated MEA solutions. On the basis of the limitation Dissociation of bicarbonate

highlighted in the studies summarized in Table 1, we decided Ky ” N

to evaluate the kinetics of the absorption of £i®to a CQ HCO, —CGO;” +H (3)
loaded MEA-MDEA blend using a laminar jet absorber within

the temperature range of 29833 K. This evaluation was done ~ Formation of bicarbonate

under conditions where interfacial turbulence was absent.  Kyky B
CO,+ OH ——HCO;, 4)

2. Theor . . . .
Y Reaction of CQwith tertiary amine

The mechanisms for the reaction between,@®d primary Keks
5

and tertiary amines are presented, and a vapguid equilib- CO, + RRCHN + H,0 —— RRCH,NH" + HCO,” (5)
rium (VLE) model to predict the bulk concentrations of all
chemical species is developed. The zwitterion mechanism and RRCHN + H+& RRCI—gNHJr 6)

the termolecular mechanism by Crooks and Donnélame
adopted to predict the kinetics.

_ . _ _ _ Reaction of CQwith primary amine
2.1. Chemical Reactions.A generic chemical reaction

between C@and primary amines such as aqueous MEA or a Kzkk_7 _

tertiary amine such as MDEA has been illustrated by Blauwhoff RNH, + CO, H" + RNHCOO @)
et al.18 Versteeg and van Swaaf Littel et al. 16 and Liao and Kkek

Li.12 Briefly, this mechanism involves the reaction of MEA RNH, + H" RNH," (8)
(RNH,) with CO, to produce a carbamate (RNEOO) by the Kokok

deprotonation of the zwitterion by the base. Any base present RNHCOO + H,0O Sk RNH, + HCO, 9)

in the solution may contribute to the deprotonation reaction.

The contribution of each base to the overall reaction rate dependsyhere K; is the equilibrium constanty is the forward rate

on both its concentration and its strength. Here, R refers to CH coefficient, andk_; is the backward rate coefficient for the

CH2OH. Although the contributions to the deprotonation of reactioni. The carbamate-to-bicarbonate reversion (reaction 9)

zwitterion in agueous solutions of mixed alkanolamine can come is neglected while calculating the bulk concentrations of the

from MDEA, MEA, OH~, or H0,!? the contributions are  species because of the low reaction rates and short contact times,

mainly from MDEA and MEA. Itis only to a lesser extent that  typical of the laminar jet absorber. Also, it has been found that

they do come from OH and HO.’ this reaction (eq 9) does not have a noticeable effect on the
According to Rinker et af,Hagewiesche et al.and Versteeg vapor-liquid-equilibrium (VLE) model and the overall reaction

et al.2% eqs 19 show the reaction scheme for the reaction of of CO, in mixed alkanolamine systenis.

CO, with primary and tertiary amines when G@& absorbed 2.2. Vapor—Liquid-Equilibrium (VLE) Model. A computer
into and reacts with an aqueous MDEMEA solution. thermodynamic model was developed based on reactiofs 1
Specifically, the mechanism for the reaction between @ to estimate the liquid bulk concentration of all chemical species.

a tertiary amine as represented by reactions 5 and 6 indicatesThe input data of the model included the initial concentration
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of the mixed MEA and MDEA solution ((MEA]and [MDEA],, 2.3. Kinetics. The reactions between G@nd MEA solution
respectively), initial C@loading of the mixed amine solution  have been described in the literature by two mechanisms,
(o), the equilibrium constants of the reactions, and the solubility namely, zwitterion and termolecular mechanisms, and the
of CO; into the mixed MEA and MDEA solution as a function  reaction of CQ and MDEA solution has been explained based
of both amine concentration and temperature. All the chemical on the base-catalyzed hydration of £0

reactions were assumed to be at equilibrium, while the 2.3.1. Zwitterion Mechanism. The zwitterion mechanism
concentration of water was assumed to remain constant becauseonsists of the reaction of GQuith primary amines such as
its concentration was much larger than the concentrations of MEA to form a zwitterion intermediate (RNFICOQO") followed

all other chemical species. The concentrations for the remainingby the deprotonation of the zwitterion by a base to form a
eleven chemical species shown in the above chemical reac-carbamate (RNHCOQ, where R is CHCH,OH 12.18.19.30Any
tions were calculated by solving the mass balance equationsbase in the reaction will contribute to the deprotonation of the
shown in egs 1619 and the Henry’s law correlation given in  zwitterion. The contribution of each base to the reaction rate

eq 20:
MEA balance:

[RNH,] + [RNH3+] + [RNHCOO'] = [MEA], (10)
MDEA balance:

[RRCH,N] + [RRCH,NH'] = [MDEA],  (11)

Carbon balance:

[CO,] + [HCO, ] +[CO.2 ] + [RNHCOO ] =
(IMDEA] , + [MEA] o (12)

Charge balance:
[RNH,'] + [RRCH,NH'] + [H*] = [RNHCOO | +
[HCO, ] + 2[CO] +[OHT] (13)

Independent equilibrium constants:
K, =[OH][H] (14)
Ky = [CO,” ][H/[HCO, ] (15)
Ks = [RRCH,NH][HCO, J/[CO,[RRCH.N] (16)
Kg = [RRCH;NH]/[RRCH,N][H '] (17)
K, = [HT][RNHCOO J/[RNH,][CO,] (18)
Kg = [RNH, J/[RNH,][H ] (19)

Henry’s law relationship:
Peo, = HE[CO,] (20)

As mentioned earlier, althougky is an independent equi-

depends on both its concentration and its strength as a base.
The main contributions for the deprotonation of zwitterion in
an agueous solution of primary and tertiary amine are from
the amines (MEA and MDEA), hydroxide (OhH, and wa-
ter.8,12,18,19

The zwitterion mechanism, which consists of the formation
of a zwitterion complexollowed by the deprotonation of the
zwitterion by a basé?3%can be represented as eqs 21 and 22,
whereas the overall carbamate formation reaction is as repre-
sented earlier in eq 7.

k2 _
CO, + RNH, <~ RNH," COO (21)

RNH," COO +B {:b, RNHCOO +BH" (22)

where B corresponds to any species in the solution that can act
as a base to abstract the proton from the zwitterion and, in the
case of a loaded mixed amine solution, such species are JRNH
[H20], [OHT], [RsN], [HCO37], and [CQ27]. On the other hand,
Donaldson and Nguyefi,Versteeg and vanSwaaf Littel et

al. 632 and Hagewiesche et &have shown that, for MDEA
and CQ, the base-catalyzed hydration of €0y the tertiary
amines is the most widely accepted rate mechanism. As
mentioned earlier, these authors also observed that a tertiary
amine does not directly react with GOnstead, it acts as a
base to catalyze the hydration of €dDn the basis of this
observation, the overall reaction rate of £6to a mixed amine
system can be expressed according to Liao aA#lds

Fov=Trco, mea T Fco,-mpea T Fco,-on- T Feo,Ho  (23)

where the terms on the right-hand side are the reaction rates of
CO, with MDEA, MEA, hydroxyl ion, and water. Owing to
the insignificant contribution of the reaction of G@ith water,
i.e.,rco,—H,0 IN €q 23, this term can be neglected, as suggested
by Blauwhoff et al'®

The reaction of C@with hydroxyl ion is taken to result in

librium constant, it is not included while solving the system of the formation of a bicarbonate:

equations because of the negligible rate of the carbamate
reversion to bicarbonate reaction at lower LJ@adings. The

values of the solubility (in terms of Henry’s law constaldg)

and the equilibrium constants are required in order to solve these

CO, + OH < HCO;~ (24)

This reaction is fast and can enhance mass transfer even when

nonlinear algebraic equations for the bulk concentrations of the the concentration of the hydroxyl ion is low. The forward

species. The solubility of CQinto the mixed amine solution
was calculated using the; analogy. Details of the calculation
are based on the work of Wang ef&The equilibrium constants

Ki, Kz, Ks, K7, andKg developed by various researchérgé

reaction has been described by Pinset é¢ ak

rco,-on-= K*on- [CO,J[OH ] (25)

and expressed as a function of temperature were used in this log,(k* 5., /m*kmol ' s™!) = 13.635— 2895/T(K)  (26)

work for the calculations. The 11 nonlinear algebraic equations,
egs 106-20, were solved for the 11 unknowns of the bulk

concentrations and equilibrium partial pressures.

2.3.2. Reaction Rate Dependence on MEACarbamate
formation occurs when C{eacts with primary and secondary
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amines as in eq 7. The zwitterion mechanism is generally o

accepted as the reaction mechanism for carbamate formation R c”

in aqueous alkanolamine solutidh®as well as in some organic | / I

and viscous solutioff+35 As described by reactions 21 and 22, R _\N; 0
|

the steps involve the formation of zwitterion and subsequent

removal of proton by a base B (i.e., base catalysis). Danckierts B: —H

reintroduced the mechanism originally proposed by Caflow Figure 1. Single-step, termolecular reaction mechanism for the formation
. . . : . of carbamaté®

to derive the reaction rate equation for £&bsorption into

amines. The general rate of reaction of Ofith a primary 2.3.4. Overall Reaction Rate for CQ with MEA + MDEA
amine solution such as MEA by the zwitterion mechanism can + H,0. Substituting the zwitterion mechanism for GEMEA,
be given by-1820 i.e., eq 29, and C@-MDEA, i.e., eq 30, in eq 23,
k., S k_[BH y| Tov= Kn[CO,l
[COJIRNH,] —; —[RNHCOO ] = Ky yeA[CO,JIMEAY/
2,MEA Z k,[B] ' K
Feo, = 1 K 14 _ -1
K + E kHzo[Hzo] + Kon- [OH ] + KygalMEA] + kypea[MDEA]
oMEA K k,[B] ~
2men ). @7) ko uoealCOIMDEA] + Ky, — [COJJIOH ] (31)
For the system under consideration (i.e., MEA with £;Ghe and the apparent reaction rate constégy, is defined as
second term in the numerator is usually considered to be _
negligible under low loading absorption conditions, and hence, Kapp = Kov ~ Ko [OH ] (32)

the rate of reaction can be given by ke = ky e [MEAY/
pp— "2,MEAI

[CO,IMEA] 14 ko
I'co,~amine ™ 1 = (28) Ky, oH;0] + Koy [OH ] + Kyga[MEA] + kyoea[MDEA]
+ = Ky vousMDEA] (33
k2,MEA k2,MEA z kb[B]) 2,MDEA[ ] ( )

Though HCQ@?~ and CQ?™ are among the bases contributing
The zwitterion mechanism can cover shifting reaction orders 0 the zwitterion mechanism, the contributions of these species
in which the overall reaction order changes between 2 and 3,10 the zwitterion deprotonation is considered neglighds, was

for the reaction of C@with primary and secondary amines mentioned earlier, because of the short contact time in the
The zwitterion mechanism is applied in this study to the reaction !arr:lr:jardjgt. tlk—:enmte, the terms |n\{oIV|ng thes3% species are not
between C@and MEA for CQ absorption into MEA+ MDEA Inciuded in the rate expression given in €q 3.

HO. Sice h bases e 22 could be MEA, MDEA, OH LIS PETeSig o examine tuo asymptac Stuatons of e
or H,O, the forward reaction rate for GOMEA, i.e., eq 28, ' g:

can be expanded to eq 29 second term in the denominator of eq 33«gl. This results in
xp q 2% a simple second-order kinetics, and the zwitterion formation
reaction is rate limiting. (2) The second term in the denominator

lco,~mea = {[COIIMEA] }{ (1kz,pea + of eq 33 is> 1. This results in the expression in eq 34. Here,
K . J(k H.Ol + k TOH1+ the zwitterion deprotonation is the rate-determining step, and
i Z‘MEAkHZO[ ©] 2meakor | ] the overall reaction order is 3.

I(Z,MEAkMEA[I\/lEA] + k2,MEAkMDEA[I\/|DEA]))} (29)
kapp= (kHzo[Hzo] + Kon- [OH ] + kyea[MEA] +
2.3_.3. React|o_n Ratfe Dependence_ on MDEAFor the Kupea[MDEA]IMEA] + K, \ioea[MDEA] (34)

reaction of CQ with tertiary alkanolamines (), Donaldson
and Nguyef proposed the mechanism as given by eq 30. This In the transition region between the two asymptotic cases, the
mechanism implies that tertiary amines cannot react directly overall reaction order changes between 2 and 3. The zwitterion
with CO,. In most of the literature on Cfkinetics with aqueous ~ mechanism covers these shifting reaction orders between 2 and
tertiary amine solutions, it is assumed that the reaction of CO 3.
with MDEA is a pseudo-first-order reaction with respect to,CO 2.3.5. Termolecular Mechanism.The termolecular mech-

as follows?8:3536 anism assumes that the reaction takes place in a single step,
where the initial product is not a zwitterion but a loosely bound
Feo,-MpEA = ko mpeal COLIIMDEA] (30) encounter complex, as shown in Figure 1. The complex breaks

up to form reactant molecules, while a small fraction reacts with
a second molecule of amine, or a water molecule, to give ionic
The kinetics study based on the pseudo-first-order reaction products. Crooks and Donnell&rmand Versteeg et &P.presented
assumption means that, since MDEA is in a large excess, therethe forward reaction rate for this mechanism by eq 35:
is no concentration gradient of MDEA in the liquid reactant,
and therefore, the interface conditions can be represented by Feo, = (Ky,0lH20] + kyea[MEADIMEA][CO 5] (35)
bulk conditions. The reaction rate equation, i.e., eq 30, is used
in this study to represent the reaction kinetics of ;G@th The rate of reaction expression using the termolecular
MDEA in the MEA + MDEA + H,0 system. mechanism for the reaction of MEA/MDEA with GQOis
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presented by eq 36 based on an analogy of the reported
termolecular mechanism of single amine by Crooks and
Donnellant®

o, = (K olH,0] + kyeaMEA] +
kvpea[MDEA])[MEA][CO ;] (36) Soap film meter

Constant
head
system I ------ l
Water jacket ! : i
5 b
u—a—*—'\/\/\ Ly !
L1

Gas purge
4

On the basis of this, the termolecular apparent rate constant for s

the mixed alkanolamine will result in an expression similar to 4" =

the one in eq 34.
2.3.6. Methodology to Determine KineticsThe experimen- ‘ b eica

tal rate of absorption of C€nto a mixed amine system can be i ﬁ

Constant level

alloon

obtained by using the laminar jet apparatus. Given the data for '5_'d ----- -
physical absorption at a short contact time as well as an initial | S A ey
gas-free liquid, the specific absorption rate and liquid mass ' — = 7
transfer for physical absorption, based on Higbie’'s penetration [ f 1 '
theOI’y, is given by Jet chn:nherinsided 1 [ | A N S—
water jacket Y Y
Na = 2(0y/7) (pu/H) (37) &
0 Gas feed Exit Liquid Liquid feed
k, =2 Dl/ﬂr (38) Figure 2. Schematic drawing of laminar jet apparatus.
. . . 5 .
wherer is the contact time (as given hy= 7d4/4Q, whered of COs, Pco, and the Henry's law constantico, in the

and| are the diameter and length of the laminar jet, respectively,
and Q is the volumetric flow rate)k? is the physical mass
transfer coefficientpa is the partial pressure of GOH is the
Henry's law constanD; is the diffusivity, and the enhancement
factor, E, of CO;, is determined by

solution. The Henry’s law constant is obtained from the Wang
et al?® model, whilekappis calculated fronk,, by eq 32. The
values of the experimentkl,,values are fitted to the zwitterion
mechanism rate expression or the termolecular mechanism rate
expression to obtain the individual rate constarksyea,

(39) (ko meaKH,0)/K-1, (ko meaKor)/K-1, (Ko meaKviea)/K-1, (KomeakviDEA)/

— 0, *]
E = NA/(TCO,T ~ [CO,ly) k-1, andkzmpea in the expression dkapp given by eq 33.

[CO.*] and [CO,]p are concentrations of Clat the interface

and in the liquid bulk, andNa is the average rate of absorption 3. Experimental Apparatus and Procedure

per unit area. The conditions for the absorption of,G@&as

selected in such a way as to ensure that absorption occurs in The schematic of the laminar jet apparatus used for the

the fast pseudo-first-order regime which is given by measurements of the experimental absorption rates is presented
in Figure 2. A detailed description of the laminar jet absorber
3<Ha<E (40) and its operation can be seen in Aboudheir & & brief, for

each test run, the absorbing liquid was prepared and degassed

by spraying it into a vacuum. A jet of the liquid issuing from

\/kOT a circular nozzle flowed intact downward through an atmosphere
V- Co, of the gas to be absorbed and was collected in a capillary

where the Hatta numbéia is

Ha k. (41) receiver. The nozzle, a circular hole in a 0-80.005 mm thick
stainless steel sheet, was 0.63 mm in inside diameter. The
The specific rate of mass transfer of €18 given by receiver was a capillary hole drilled in an acrylic rod. The length
and the diameter of the hole were 2.0 and 0.1 cm, respectively.
[CO4liy/koDco, A two-dimensional traveling microscope was used to measure
Ny =———F——— (42) the jet length and the jet diameter to within one-thousandth of
tanh(/k,Peo,/k) a millimeter. The actual flow rate of liquid was determined by

» weighing the liquid discharged in a timed interval during each
ForHa > 3, tanhHa approaches 1; thus, the specific rate of eyperiment. A volumetric technique was used to measure the
mass transfer of C£becomes absorption rates of gas into liquid. The flow meter (digital soap-
film meter) used to measure the absorption rate was designed
N. = [COZ]-\/koT — pC_Oz[(\/koT)] (43) to measure flows from 0.1 to 50 éfmin with an accuracy of
A Iy TovECo, Heo, Vo CO; +3% of the readings. The temperatures of the liquid entering
and leaving the jet chamber, of the gas entering the jet chamber,

Heo 2 and of the gas entering the gas-flow meter were measured. The
Ky = NA2 : 1 (44) temperatures of the liquid and the gas entering the jet chamber
pcoz2 Dco2 were controlled to withint0.3°C. This was achieved by having

two separate heating/cooling circulator units, one for controlling
The specific absorption of GQN,) into MEA + MDEA + the gas-stream temperature and the other for controlling the
H,O can be measured for various systems at different temper-liquid-stream temperature. The absorption experiments at pre-
atures and C@oadings. Thek,, is calculated by eq 44, knowing  determined operating conditions were repeated several times,
the diffusivity of CG in the solutionDco,, the partial pressure  and an average was taken for the absorption data.
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Table 2. Diffusivity of CO, in Water at 298 K and Atmospheric 18000 -
Pressure 16000 - o333 increasing CO, loading
‘— a
D, cn¥/s reference 14000 - X323
A313
1.95x 10°° Al-Ghawas et af® 12000 4 %303 8
1.96x 10°° Perry and Greef 210000 4 X
1.94x 10°5 Tamimi et al?! P ©29% 0 x
1.96x 1075 Aboudheir et aP® & 8000 1
1.93x 1075 this work 6000 - - A
X
. . 4000 ,_,-/a—x—"r’/
4. Results and Discussion M
2000 - o
Kohl and Neilsehhave reported that the latest trends on gas 0 , , , ,
treating are based on mixed amine systems where the properties 0.1 02 0.3 04 0.5
of one of the amines help to compensate for the undesirable [MEA], mol/L

effects of the second amine. For example, the addition of a small g e 3. Apparent rate constant for the reaction of Oith 27 wt %

amount of a primary amine, i.e., MEA, to a tertiary amine, i.e., MDEA-3 wt % MEA solution as a function of free MEA concentration.
MDEA, enhances the rate of absorption of Jérgely without Solid lines are predicted by eq 46.
changing the stripping characteristics. Also, one of the main

objectives of this work is to minimize the heat duties of the 250001 ioreasizz COn loads o
stripping section. These are the reasons that the composition 0333 et T, e

range of the mixture was selected from an MDEA/MEA weight 20000 - X 323

ratio of 27/03 to 23/07, over a concentration range for MDEA A313

of 2.316-1.996 kmol/n? and for MEA of 0.496-1.147 kmol/ 15000 - * 303

m3, to study the kinetics of the absorption of gidto MDEA—
MEA solutions at temperatures ranging from 298 to 333 K. To
check the validity of the laminar jet absorber, the diffusion
coefficient of the absorption of CQOnto water at 298 K using

A
this apparatus was determined. The total absorption into the jet 5000 M

o 298

Kapp,1/s

10000 -

for a case where there is diffusion without chemical reaction

can be calculated theoretically as in eq'a%’ 0 : : : : : : ‘
02 0.3 0.4 0.5 0.6 0.7 0.8 0.9
R, =4C.+v/DLh (45) [MEA], mol/L
Figure 4. Apparent rate constant for the reaction of O@ith 25 wt %
where Ry is the total rate of absorption of ga€g* is the MDEA—5 wt % MEA solution as a function of free MEA concentration.
equilibrium concentration of gas at the interfad®,is the Solid lines are predicted by eq 46.

diffusivity of gas in the liquid,L is the liquid flow rate, andh 35000

is the jet length. A plot ofRs against (h)Y2 at various flow o )

rates and jet lengths gives a straight line through the origin with 30000 { 0333 et €02 loading

a slope equal to@DY2 The average experimental value found X323

for the diffusion coefficient of C@in water at 298 K and 25000 ~ a313

atmospheric pressure was 1.9310°° cné/s. This value is 2 50000 X303 /-

calculated from the slope of the experimental data whichis 5.79 ¢ 0298

x 1077 and the solubility of water at 298 K and by substituting 15000 -

into eq 45. The experimental diffusivity values obtained by this A

work shows good agreement with those available in the 10000 1 - A

literature, as shown in Table 2. 5000 4 A 5
The experiments to determine kinetics were performed for 5 5 °

the MDEA/MEA concentrations of 27/03, 25/05, and 23/07 (all 0 , : ;

in weight %). Various absorption rates were obtained at different 0.3 0.5 0.7 0.9 1.1

contact times by changing the jet length and/or the liquid flow [MEA], mol/L

rates. Since the Cﬂoading of the solution is also ConSidered, Figure 5. Apparent rate constant for the reaction of Of@ith 23 wt %

a vapor-liquid-equilibrium model was used for species con- MDEA—7 wt % MEA solution as a function of free MEA concentration.
centration prediction instead of directly using the molarities of Solid lines are predicted by eq 46.

the mixed amines, as was done by Liao anddThe specific

rate of absorption of CO(Na) in a mixed amine solution was  alkanolamines, the bicarbonate formation reaction contributes
measured by the laminar jet apparatus. From eq 44, the overallsignificantly to the absorption rates and the overall reaction rate
rate constantk,y, for the reaction was calculated by knowing constant® Hence, to obtain the apparent rate constapt, the

the partial pressure of GOthe Henry’s law constant, and the  contribution of bicarbonate formation reaction is deducted from
diffusivity of CO, in MEA + MDEA + H,O. The partial the overall rate of reaction. Figures-8 illustrate temperature
pressure of C@was calculated by subtracting the vapor pressure dependence of the apparent reaction rate for all the five
from the total pressure, which is recorded for each run. Solubility temperatures studied. Tlg,pvs concentration curves for GO
and diffusivity were determined by the empirical correlations absorption in MEA is not linear but follows an exponential trend,
of Wang et a3 and Li and Lai*! respectively. The formation ~ which is typical of temperature dependence following the
of the bicarbonate by the reaction of €@ith the hydroxyl Arrhenius law. Similar trends were observed by Liao ant¥ Li
ion, OH™ (see eq 4), is considered in the overall rate expression for unloaded mixtures of MDEA and MEA at various concen-
given by eq 23, since even at low concentrations of the trations at three different temperatures. Also, it was observed
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that kapp decreased with increasing Gading in the liquid we observed that the inclusion of,® for regression yielded
(Figures 3-5). This can be explained by the decrease in free meaningless results. A possible reason is that the deprotonation
MEA with an increase in the CQoading in the solution. This reaction of the zwitterion by water is a very slow reaction. Thus,
free MEA concentration is obtained by loading the MEA with given the short contact time of the absorption experiments in a
CO,. Reactions 21 and 22 describe the formation and depro- laminar jet absorber, a slow reaction is not expected to have an

tonation of the zwitterio?-35
The experimentakapp at each temperature were fitted to the
Zwitterion mechanism rate expression given in eq 33 using a

effect in the overall reaction rafé Aboudheir et al* observed
that HO contributed to the overall reaction rate using a laminar
jet apparatus because the system investigated was aqueous

nonlinear regression procedure to obtain individual reaction rate monoethanolamine, which reacts extremely quickly with,CO

constantz vea, K0, Kon, kvea, andkwpea. The nonlinear
regression procedure was based on the modified Leverburg
Marquardt algorithm. The subroutine DBCLSF documented in
the IMSL MATH/library (Visual Numerics, Iné% was used
to obtain the fitting parameters (individual rate constants). This

as compared to the slow-reacting mixed amine system, MEA
MDEA. Instead of HO, OH ions were observed to contribute

to the apparent reaction rate for ¢@aded mixed aqueous
MEA and MDEA blends, because the mixed alkanolamine
solution used were loaded. For loaded solutions, the free amine

algorithm has proven to be efficient and has been adopted byavailable is very small. Also, when the partial pressure o CO

Aboudheir et ak* in a previous study. No meaningful values
were obtained for any of the five parametkssea, Ko, Kon,
kmea, andkypea. It was, thus, concluded that the Zwitterion
mechanism was not applicable for the loaded mixed amine
system under investigation. Although Liao ané?dould predict
the kinetics of absorption of COn agueous MDEA-MEA by

the Zwitterion mechanism, the mixed amine solutions used in
their study were not loaded. In addition, the equipment for their
experiment was the wetted-wall column, which could provide
a sufficiently long contact time for a slow-reacting system such
as the MDEA-MEA blend.

The termolecular mechanism was used to fit the experimental
apparent rate constants,, . A multiple linear regression was
used to fit eq 34 and to determine individual rate constagts
kvea, kow-, and kypea at each temperature. The subroutine
called RLSE documented in the IMSL STAT/library (Visual
Numerics, Inc®®) was used to obtain the optimum fitting
parameters. This routine was also successfully utilized by
Aboudheir et al* for a single aqueous primary amine, MEA.
In eq 34, water is an integral part of the reaction rate. However,
no meaningful results were obtained when all the contributing
bases (which included water) were included. Hence, it was

concluded that the termolecular mechanism as proposed byg

Crooks and Donnelldhcould not adequately predict the kinetics
of the CQ loaded mixed aqueous MDEAMEA solution. Littel

et all® have observed that the kinetics of €@ blends of
secondary and tertiary amine cannot be understood in terms o

the termolecular mechanism. This scenario is contrary to what

was observed by Crooks and Donnelfaand Aboudheir et &

for a single alkanolamine system. When all the experimental
apparent reaction-rate constankspf average Were fitted to the
termolecular expression, eq 34, by a multiple linear regression
procedure, only two parametekgy- andkuea, were found to

fit the experimental data fde,, For the MDEA-MEA system
under investigation, if KO was left out in eq 34, eq 46 was
obtained.

Kapp= (Ko~ [OH ] + kyea[MEA]DIMEA] +
Ko mpealMDEA] (46)

This is the modified termolecular mechanism, which is subse-
quently used for all discussions and for predictkag,

The multiple linear regression routine RLSE was used to fit
eq 46. Equation 46 is identical to the second case of the
zwitterion mechanism, when deprotonation of the zwitterion is
rate determining. Previous research&t&32observed that kO
contributed to the deprotonation of the zwitterion, while Crooks
and Donnellart? and Aboudheir et al* also observed thatJ®
contributed to the termolecular mechanism as well. However,

is low (at low loading), the hydroxide (OH concentration at

the interface increases, hence yielding the observation that OH
influences the apparent reaction rate and is, thus, present in the
apparent rate constant equation in eq 46. The studies conducted
by Liao and L2 were on unloaded solutions. Possibly, that
could explain why they did not consider it necessary to include
OH~ ions in obtaining the predictekl,, This is in contrast
with the work of Blauwhoff et all® who have reported that the
data on the C@absorption in single alkanolamines have a
significant dependence on OH hence, the latter authors
incorporated hydroxide ions in the reaction mechanism.

In this study, when MDEA was included in the termolecular
mechanism term (refer to eq 34) for the multiple linear
regressions, the results were meaningless. Hence, MDEA was
excluded from the mechanism term in this work. The exclusion
of MDEA is supported by the fact that the contribution of
MDEA to the termolecular mechanism in mixed alkanolamine
system is still highly debatable. Littel et ¥l.reported that
MDEA has a measurable contribution to the deprotonation of
zwitterion (since the deprotonation of zwitterion is similar to
the termolecular mechanism) for G@bsorption into aqueous
lends of DEA and MDEA. On the contrary, Rinker et®al.
bserved that, when the rates of absorption were predicted by
excluding the contribution of MDEA to the zwitterion ion
deprotonation, there was good agreement between the predicted

fand experimental absorption rates. This suggests that MDEA

does not significantly contribute to the deprotonation of zwit-
terion. Littel et al*® have used a reactor, which operates under
transient conditions and over much longer contact times that
may facilitate the deprotonation reaction by MDEA, whereas
the laminar jet operates at very short contact times. Since the
experimental conditions used in this work were identical (i.e.,
the laminar jet) to those for the work by Rinker et fathe
exclusion of MDEA in the deprotonation reaction in our work
was considered justifiable. This is also supported by Glasscock
et al.# who have demonstrated that MDEA does not participate
in the MEA reaction rate in an agueous blend of the MDEA
MEA system. The multiple linear regression based on the
modified termolecular mechanism was performed at each
temperature (298333 K) for all concentrations of the amine
under consideration (27 wt % MDEA/03 wt % MEA, 25 wt %
MDEA/05 wt % MEA, and 23 wt % MDEA/07 wt % MEA).
The results obtained are given in Table 3. The average absolute
deviation (AAD) between the experiments and fitted model for
each temperature are shown, which indicates that all experi-
mental kinetics data of this work are fitted with an AAD% of
19% by the rate constants reported in Table 3. The AAD% for
the current study is comparable with thel6% reported for

the loaded MEA system by Aboudheir et?al.
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Table 3. Fitted Values of Kinetics Constants of CQ Absorption into apparent rate constant. The reaction-rate model developed could
Aqueous MDEA—MEA Solution Based on the Deprotonation of predict the kinetics of the CQoaded MDEA-MEA system.
Zwitterion Mechanism

temperature, K 298 303 313 323 333 Acknowledgment
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