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Abstract—Carbon dioxide was absorbed into agueous polyacrylamide (PAA) solution containing methyl-diethano-
lamine (MDEA) in aflat-stirred vessel to investigate the effect of non-Newtonian rheologica behavior of PAA on the
rate of chemica absorption of CO,, where the reaction between CO, and MDEA was assumed to be a first-order reac-
tion with respect to the molar concentration of CO, and MDEA, respectively. The liquid-side mass transfer coefficient
(k.), which was obtained from the dimensionless empirical equation containing the viscoelasticity properties of a non-
Newtonian liquid, was used to estimate the enhancement factor due to chemical reaction. PAA with elastic property
of non-Newtonian liquid made the rate of chemical absorption of CO, accelerate compared with a Newtonian liquid.
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INTRODUCTION

Gasliquid mass trandfer in non-Newtonian liquid is an impor-
tant example of gas absorption in pseudopladtic flow of indudrid
processes such as fermentation broth, durry, and fluidized bed. The
volumetric liquid-phase mass transfer coefficient (k@) in gas-dis-
persed systems condsts of the mass trandfer coefficient (k) and the
ecific gasliquid interfacid area (8). The former could be corre-
lated with Reynolds and Schmidt numbersinduding liquid viscos-
ity. It islikely that the latter varies not only with Newtonian liquid
properties such as surface tension but dso with some non-Newto-
nian and/or viscod adtic fluid properties

The use of only the gpparent viscosity of non-Newtonian fluids
was not sufficient to obtain a unified corrdation for k avadues. Due
to the complexities of gas absorption in non-Newtonian media, the
corrdations obtained by these sudies were limited to just afew kinds
of non-Newtonian fluids such as carbopol, carboxymethylcdlulose
(CMC), palyacrylae (PA), polyethylene oxide (PEO), palyacryla
mide (PAA), and polyisobutylene (PIB) solutions. If acongderable
reduction of k.a is due to the viscodadticity of the aqueous solu-
tion, then the extent to which datafor the viscod agtic solution such
as PAA deviate from those for the indagtic solution such as CMC
should correlae with some messure of the solution’s dadticity. One
of the dimensionless numbers, which relate the dadic propertiesto
the process parameters, is the Deborah number (De) defined asthe
ratio of the materid’s characteridic raxation time to the charac-
terigtic flow time. Unified correlations have been proposed for k. a
in Newtonian as well as non-Newtonian solutions by introducing a
dimendonlessterm such as (1+n1De"Z)rb, which areliged in Table 1.

There is little information about the effect of dadtic properties
on chemicd absorption of gasin a non-Newtonian liquid. Park et
d. [2004] presented the effect of dadticity of polyisobutylene (PIB)
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in the benzene solution of polybutene (PB) and PIB on chemica
absorption of CO, in w/o emulson composad of aqueous dkaline
solution as digpersad phase and benzene solution of PB and PIB as
continuous phase in an agitation vessd. They showed that PIB ac-
cderated the absorption rate of CO.,. It isworthwhile to investigate
the effect of non-Newtonian rheologicd behavior on the rate of chem-
ical absorption of a gas, where a reection between CO, and reec-
tant occursin the agueous phase.

Inthis study, the chemica absorption mechaniam of CO, intoan
agueous PAA solution with MDEA is presented, and the measured
absorption rates of CO, are compared with those obtained from the
mode basad on the penetration theory with chemicd reaction. The
volumetric mass trandfer coefficient obtained from the empiricd
formulais used to esimate the enhancement factor dueto chemicd
reaction.

THEORY

The problem to be conddered is that a gaseous species A (CO,)
dissolvesinto the liquid phase and then reects irreversibly with spe-
ciesB according to

A+vB—P (@)

The stoichiometric coefficient (v) in Eq. (1) for MDEA was ob-
tained from the reference [Ko and Li, 2000] and itsvaue was 1.

Species B is a nonvalatile solute, which has been dissolved into
the liquid phase prior to its introduction into the gas absorber. It is
assumed that gas phase resstance to absorption is negligible by us-
ing pure species A, and thus the concentration of species A a the
gasliquid corresponds to equilibrium with the partid pressure of
species A inthe bulk gas phese.

The chemicd reaction of Eq. (1) is assumed to be second-order
asfollows

1,=k,C.Cs @
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Table 1. Coefficients of dimensionless Deborah number, (1+nlDe"2)n3 for gasliquid masstransfer correation

Investigator n, n, n, Polymer Contactor

Yagi and Yoshida, 1975 2 0.5 -0.67 CMC, PA Agitated vessel
Ranade and Ulbrecht, 1978 100 1 -0.67 CMC, PAA Stirred tank
Nakanoh and Yoshida, 1980 0.13 0.55 -1 CMC, PA Bubble column
Park et al., 2003a 100 1 -0.42 PB, PIB Agitated vessel
Park et al., 2003b 2461.3 1 -0.274 PB, PIB Agitated vessel

Under the assumptions mentioned above, the conservation egua:

tions of speciesA and B are given as
8°C, _aC
DAO_Zzé =Eé +k,C.Cs 3
9°Cy _0C,
Ds az;‘ :ﬁ? +Vk,CaCs )

Boundary and initid conditionsto beimposed are

2=0, t>0; C,=C,;, 0Cs =0 ®
0z

z2>0,1=0; C,=0, C;=Cg, (6)

Z=00,1>0; C, =0, Cy =Cg, ™

Egs (3)~(7) are put into the dimengionlessform asfallows

d’a_oda

o 06" ®

3’0 _ ab

P =r Y +vrgab ©)

x =0, 6>0; a=1, %‘—; =0 (10)

x>0, 6=0; a=0, b=1 (1)

x=w, 8>0; a=0, b=1 (12
where a=CA/CA,-, b:CB/CBO, X=ZA/ kZCBo/DAy 9:k2C50t1 r:DA/DBa
0= Cu/Cs,

Themoalar flux of CO,with chemica reaction & any contact time,
tisdefined as

oC,

Na="Dx 0z

13

z=0

The mean molar flux of CO, during contact time, t iswritten as
N =1 Nyl (14)
A t 0 A’

The mean molar flux without chemica reaction based on the pene-
tration mode during contact time has been derived as follows [Hig-
bie 1935]:

RC =2C, /% (15

From comparison of the penetration modd with the film modd,
the rlation between t and k,_ is derived asfollows[Higbie, 1935]:
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k =2 E (16)

The enhancement factor () here defined as the ratio of malar flux
with chemical reaction to that without chemical reaction, N/N,, is
described by using Eq. (14) and Eq. (15) asfollows

—__TT 00a
= 4H, oajx=od9 (17)

where H, =./Dk,Ceo/k,
The absorption rate of CO, (R,) is expressed from Sdefined in Eq.
(17) esfollows:

R.=BR.=LkacCy (18)

where R,, isthe absorption rate multiplied the mean molar flux (N,)
by the contact area of gas and liquid. The vdue of Bin Eq. (18) is
esimated from Eq. (17) by using a numerical solution with FEM-
LAB a the contact time of 4D,/7k; caculated from Eq. (16).

EXPERIMENTAL

1. Chemicals

All chemicds in this Sudy were reagent grade, and used with-
out further purification. Purity of both CO, and N, was more than
99.9%. The polymers used in this sudy were polyacrylamide (PAA)
with the mean molecular weight of 10000 (by Aldrich chemica
company, U.SA.). MDEA (Aldrich, U.SA.) was used as reagent
grade without purification.
2. Rate of Absorption

Absorption experiments were carried out in an agitated vessd con-
gructed of glass 0.102m indde diameter and 0.157 m in height.
Four equaly spaced verticd baffles, each one-tenth the vessd diam-
eter in width, were attached to the internd wal of the vessdl. The
liquid phase was agitated with an agitator driven by a 1/4 Hp vari-
able spesd motor without agitation in gas phase because of pure CO,
gas. A draight impeller with 0.034, 0.05, and 0.07 min length and
0.011 m in width was used as the liquid phase agitator, and located
at the middle position of theliquid phase. The gasand liquid in the
vessel were agitated in the range of 50 to 400 rpm. The absorption
rate of CO, was measured in the agueous solution of PAA of 0-100
kg/m? and MDEA of 0-2 kmol/m® under the experimenta condi-
tions such as an impeller speed of 50-400 rpm a 101.3x10° N/m?
and 25 °C following the procedure reported dsewhere [Park et dl.,

20034].

PHYSICOCHEMICAL AND RHEOLOGICAL
PROPERTIES
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Table 2. The physicochemical and rheological properties of CO, and PAA aqueous solution

PAA Viscosity Diffusivity Solubility Density Rheological properties

(kg/m?®) (NS/m?) x 10° (m?/s)x10° (kmol/m?) (kg/m?) n K x10° b Ax10°
0 1 1.970 0.039 1000 1.0 1.0 - -
0.1 1.002 1.9694 0.039 1000 0.99 1.07 0.43 27.3
05 1.004 1.9688 0.039 1003 0.94 1.25 0.38 285
1 1.011 1.9666 0.038 1005 0.92 1.34 0.25 30.9
5 0.172 1.9486 0.038 1008 0.89 1.71 0.18 465
10 2.155 1.7463 0.036 1010 0.86 371 0.13 57.6
50 2811 1.6750 0.036 1016 0.78 6.16 0.11 188.2
100 3451 1.6219 0.035 1032 0.76 7.15 0.1 294.8

1. Solubility of CO, in Aqueous PAA Solution

The pressure measuring method in this study involved meesur-
ing the pressure difference of CO, between before and after equi-
librium between gas and liquid phase, amilar to the procedure re-
ported elsawhere [Kennard and Meiser, 1984] to get the solubility
(Cy) of CO, in the aqueous solutions of PAA at 25°C and 0.101
MPa. The experimenta procedure duplicated that as reported in
published research [Park et al., 20033] in detail. The solubility (Cy)
of CO, in aqueous MDEA [Ko and Li, 2000] solution was esti-
meted asfollows

C.=1/[2824900Exp(~2119/T)/101.3]

2. Dendty and Apparent Viscosity of Aqueous PAA Solution
The density of the aqueous solution of PAA wasmessured & 25°C
within 0.1 kg/m?® by weighing with a pycnometer (Fisher Scientific
Co., USA) and was found to be identica within experimentd ac-
curecy to the dendty of water. The apparent viscosity of agueous
solution of PAA was measured at 25 °C with Brookfield viscome-
ter. (Brookfield Eng. Lab. Inc, USA).
3. Reaction Rate Congtant
In the reaction of CO, with MDEA [Ko and Li, 2000], the reac-
tion rate congtant (k,) was estimated asfollows:

k,=4.01x 10°Exp(~5400/T)

4, Diffusivities of CO, and MDEA
The diffusivity (Dawpes) Of CO, in aqueous MDEA [Ko and Li,
2000] solution was edtimated asfollows:

Davper=2.35%10°° Exp(-2119/T)

The diffusivity (Dgyes) Of MDEA in agueous MDEA solution
was obtained from the assumption thet the ratio of Dgypea 0 Davoea
was equd to thertio in water [Nijing et d., 1959]. The diffusivity
of CO, and MDEA in water at 25 °C were taken as 1.97x10°° mi/s
[Danckwerts and Sharma, 1966] and 8.1x107° mf/s [Ko and Li,
2000], respectively.

Thediffusvity of asdlute of asmal sze such as CO,, O, or CH,
in a polymer solution depends on the viscosty of the solution and
the molecular weight of the polymer. The diffusvity (D,) of CO,
and that (D) of MDEA in the agueous PAA solution were obtained
from the fallowing equations suggested by Lohse et d. [1981], which
were modified from the Stoke-Eingtein equation, and corrdlated with
the molecular weight of the polymer in the solution, respectively.

D/Davoea =(uv/u):“ o
De/Dampen =(Hw/ 1) o

The vaues of solubility and diffusvity of CO,, density and appar-
ent viscodty of agueous PAA solution are givenin Table 2.
5. Rheological Properties of Aqueous PAA Solution

We assume that apower-law modd, which has been widely used
for shear-dependent viscosty, can represent the non-Newtonian flow

behavior of agueous PAA solutions.
=Ky" (19
=Ky (20
N=Ay" )

wheren, K, b, and A are materid parameters depending on temper-
aure

These parameters were obtained from the dependence of 7 and
N, ony.

To obsarvethe dependence of Tand N, on y; Tand N, of theague-
ous PAA solution were measured according to the change of y by

10!

symbol| PAA(kg/m’)
0
1

10
100

100 5

<onop

Shear stress (N/cmz)

104 . . .
10! 10° 10! 10? 10°

Shear rate (s'l)

Fig. 1. Shear sressof PAA agueous solution asa function of shear
rate
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Fig. 2. Normal dressdifference of PAA agueous solution asa func-
tion of shear rate.

the pardld disk type rheometer (Ares, Rheometrics U.SA.) of the
diameter of 0.05m and the gap of 0.001 m.

Fg. 1 showsthetypicd logarithmic plot of shear Sressvs. shear
ratefor the agueous PAA solutionsin the range of 0-100 kg/m®. The
best graight-line fit was determined by the least-squares method
with the plotsin Fig. 1. From the intercept and dope of theline, the
vaues of K and n were evauated. Also, Fg. 2 shows the logarith-
mic plot of primary normd gress difference vs. shear rate for the
same solution in Fg. 1. Asshown in Fg. 2, the plots are linear, and
the values of A and b were evauated from the intercept and dope
of the draight line. The parameters, K, n, A and b in the agueous
olution of various concentration of PAA are given in Teble2. As
shown in Table 2, the values of b and A increased with increasng
the concentration of PAA, which meansthet PAA has an dadtic be-
havior.

One of the parameters used frequently to represent the charac-
teridics of viscodadtidity is known as the materid’s characteridtic re-
laxation time of the liquid defined as

N
A=— 2
uy @
Using Eq. (20) and Eq. (21), A isrearranged as
_A b-n-1
A=Y 23

One of dimensionless numbers, which relete the dadtic properties
with the process parameters, is Deborah number (De) defined as
ratio of the materid’s characteridtic rddaxaion time to the charac-
teridic flow time. The characteridtic flow timeis meesured againg a
characteridic process time, which is rdated to the reciprocd of the
impeller speed in case of dirred tanks, and Deisderived asfollows

N (24
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symbol N

kax 10° (1/s)

PAA (kg/m’)
Fig. 3. Effect of PAA concentration on k a of CO, at d=0.034 m.

The shear rate () in Eq. (24) is obtained in case of agjtation of liguid
inacylindricd vessd asfollows[Metzner and Otter, 1957]:

y=4iNin (29
RESULTSAND DISCUSSION

1 Empirical Corrdation of Liquid-Sde Mass Trander Coef-
ficdent of CO,

To observe the effect of the concentration of PAA with the im-
peller speed and Sze as parameters on the volumetric masstrandfer
coefficient (k a), the measured k ain the aqueous solution of PAA
concantration in the range of 0.1-100 kg/m?® was plotted againg PAA
concentration in Fig. 3. As shown in Fig. 3, k a increases with the
increase of the spead of theimpdler and decreases with theincresse
of PAA concentretion.

In andlyzing the relaionship between k a and the experimentd
variables such asthe PAA concentration and the speed and size of
the impeler, the following influences may be considered: diffusv-
ity, viscosity, and rheological properties of the liquid phase.

Itiscugomary to expressthe influence of viscosity upon the mass
trandfer coefficient in terms of Schmidt number defined as (/pED,,
in which the viscostty isrdated to the diffuson codffident. Asshown
in Table 2, the diffusivity of CO, in the agqueous PAA solution does
not vary sgnificantly from that in water, and thus the use of adi-
mengonless Schmidt number is not warranted. Insteed, the ratio of
viscogty of PAA solution to thet of water [Sanddll and Patd, 1970]
was used to corrdate with k, a, because the viscogity in the agitated
vesse depends on the peed of impeller and the rheologica prop-
ertiesasshown in Eq. (20) through Eq. (25).

To corrdae k awith the experimentd variables such asthe PAA
concentrations and the speed and size of the impdler, the dimen-
sonless groups such as Sherwood number (Sh) and Reynolds num-
ber (Re) are used, and they are defined asfollows, respectively:
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104 p

; symbol | impeller
O 0.034m
A 0.05m

[m] 0.07m

10° |

Sh

102 |

10'f

100 . el n ek n ek
102 10° 104 10°

Re

Fig. 4. Shvs Rein water at variousimpeller sze.

Sh=k adf D, (26)
Re=dNo/y @)
Fg. 4 shows logarithmic plots of Sh againg Rein case of water
as absorbent of CO,. As shown in Fig. 4, the plots are linear, and
the dope and intercept from the raight line of the plots by aleest-

qquares method were obtained, which were used to get an empiri-
cd equation between Sh and Re asfallows:

Sh=0082 Re" 28)

10¢ p

F | symbol|  impeller
e} 0.034m
whk| 2 0.05m
E | O 0.07m E

| A

Sh

: AP
» 0%
O
100 | O
I — Caculated line from Eq. (28)
104 — — ——
10? 10° 104 10°

Re

Fig. 5. Dimendonless corrdation of volumetric mass trandfer co-
effident of CO, in PAA agueous solution at variousimpd-
ler size.

105

i symbol | impeller

O 0.034m
100k A 0.05m
3 O 0.07m

Sh (W, ) *®(1+54.7 De)**

— Caculated line from Eq. (28)

100 MR | . M| . MR
102 10° 104 10%

Re

Fig. 6. Dimensonless corrdation of volumetric mass trandfer co-
effidient of CO, in PAA aqueous solution with corrected spe-
cafic viscosity and Deborah number at variousimpeler sze.

The cdculated vaues of Sh from Eq. (28) approached to the mea
ured Sh very well with a sandard deviation (SD) of 0.81% and a
mean deviation (MD) of 6.37%.

Fg. 5 shows logarithmic plots of Sh againgt Re for the aqueous
PAA solutions, and the solid line in Fig. 5 presents the Sh cdeu-
lated from Eq. (28). As shown in Fg. 5, the plots were scattered
from the graight line with SD of 33.75% and MD of 56.93%. This
may be dueto non-Newtonian behavior of the agquecus PAA solution.

The new terms corrected with viscosity and De was used to lessen
the deviaion of the plots for the PAA solution from the plots for
water ssshownin Fig. 4. A Smplemultiple regression exercise was
used for the plots of Sh combined with (u/p,) *(1+c,De)® against
Re which gave the vdues of ¢, ¢, and ¢; are 0.68, 54.7, and —0.45,
respectively, with SD of 8.07% and MD of 22.49% as shown in
Hg. 6.

Using atotd of 105 data points, a multiple regresson andyss
came up with acorrelation asfollows

k ac/D,=0082(cNolp) () “(1+54.7De) (29)
2. Effect of Rheological Properties on the Rate of Chemical
Absorption

To observe the effect of rheologica properties of aqueous PAA
solution on the rate of chemicd absorption, the absorption rate of
CO, into aqueous PAA solution with MDEA was meesured accord-
ing to change of MDEA concentretion in the range of 0-2kmol/
m?. Fg. 7 and 8 show the typicd plots of the absorption rate of CO,
againg the concentration of MDEA a PAA concentration of 1 and
100 kg/m?®, respectively, under the experimenta conditions of the
agitation speed of 50 rpm with the impeller Sze of 0.034m. The
triangle and cirdein Fig. 7 and 8 represent the measured vaues of
absorption rate of CO, in water with MDEA and agueous PAA so-
[ution with MDEA, repectively.

Thethreelinesin bath the figures represent the estimated absorp-
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R, x10° (kmol/s)

Viscoelasitic Liquid

Cg, (kmol/m3)

Fig. 7. Effect of Cz, on R, at agueous solution of PAA of 1kg/m?
(d=0.034 m, N=50rpm).

10

R, x10° (kmol/s)

0.0 0.5 1.0 1.5 2.0

Cheo (kmol/mB)

Fig. 8. Effect of C;, on R, at agueous solution of PAA of 100 kg/
m?® (d=0.034 m, N=50rpm).

tion rate of CO, according to the kind of the absorbents, i.e, ka
The vaue of k a used to get the solid line, dashed line, and dotted
line comes from Eq. (29), Eg. (29) without De, and Eq. (28), repec-
tively. The vaue of k ain the sdlid line is affected by both of vis-
codty and dadticity, that in the dashed line by viscosity of agueous
PAA solution, and that in the dotted line by viscogty of water. As
shown in Fgs. 7 and 8, R, increases with increesing MDEA cor-
centration, and R, inthe solid lineis smdler than thet in the dashed
linein Fg. 7; on the other hand, R, of the solid lineis larger than
that in the dashed line in Fg. 8. From comparison of R, of Fg. 7
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with that of Fig. 8, the effect of the dadticity of the aqueous solution
with PAA of 100 kg/m® on R, is stronger then that of 1 kg/n®, on
the other hand, the effect of the viscosity of that of Lkg/m’on R, is
stronger than that of 100 kg/m?®.

CONCLUSIONS

Rates of the chemica absorption of CO, in the agueous solution
of PAA a 0.1-100 kg/m* with MDEA a 0-2 kmol/m® were mea:
aured in a fla-dirred vessd to determine the influence of the rheo-
logica properties of PAA on the absorption rate under the experi-
menta conditions such asthe impdler size of 0.034, 0.05 and 0.07
m and the agjitation speed of 0-400 rpm a 25°C and 0.101 MPa.
The eadtic property such as Deborah number of the aqueous PAA
solution was congdered to obtain an empiricd correlation of the
volumetric mass trandfer coefficient in the norn-Newtonian liquid,
which is used to estimate the enhancement factor for the chemicd
absorption. There is a concentration range of PAA which makes
the masstrandfer coefficient and absorption rate increase due to the
comparison of the relative magnitude of viscodty and dadticity of
the agueous PAA solution.
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NOMENCLATURE

C, :concentration of CO, [kmol/m?]

C; :concentration of MDEA [kmol/m?]

d : diameter of impeller [m]

k  :reaction rate constant [m*/kgmol -5

k.a :volumetric masstransfer coefficient of liquid side [1/9]
N :speedof impeller [1/9]

N, :primary normal stress difference [N/n]

t (time[g]

T :temperaure[K]

z : coordinatein film thickness direction in benzene phase [m]

Greek Letters

y  :shearrate[l/d]

Y viscosity of liquid [Ng/m?]
W, :viscosity of water [Ns/m]
p  :densty of liquid [kg/m7

T :shear sress[N/m]

Subscripts

A :CO,

B :MDEA

[ : gasliquid interface
o] : bulk body
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