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Abstract

In this paper substance transfer phenomena in the multistage reactive system were investigated.
Substance transfer between liquid and gas phases in a distillation packed column with reaction
esterification was examined. Efficiency of substance transfer were examined by HTU-Height of transfer
units and volumetric substance transfer coefficients. The esterification reaction of the ethanol and
acetic acid was examined. Based on derived mathematical model the total height of transfer units and
individual height of transfer units for the liquid and gas phases were determined. The investigation was
performed by computer simulation and experiments. Several correlation models for HTU/NTU and
substance transfer coefficients were studied. The correlations for component transfer were derived in
quaternary systems ethanol-ethyl acetate-acetic acid -water.

Keywords: Height of transfer units; substance transfer coefficient; multistage reactive system; distillation,
correlation.

1. Introduction

Distillation has been studied as a mass transfer phenomena where diffusion occurs through
the liquid- vapor interface. A different approach to the modeling of packed columns, particularly
applicable to multicomponent distillation, was developed and applied in full-scale tests in
papers [*¢1, They put forward the concept of mass transfer section and defined vaporization
efficiencies to compensate for the deviation of each section from an ideal stage.

Ruckenstein ! solved the transport equations in the liquid phase without using the two-
film model. This was a simultaneous treatment of heat and mass transfer, but confined to
the liquid phase. Dutkai-Rukenstein ¥ abandoned the idea of thermal distillation and modeled
the packed column using only overall mass transfer coefficients. The overall mass transfer
efficiency was investigated by Savkovic-Stevanovic et.al.l®],

Industrial separation processes involving acetic acid continue to be of considerable interest.
Mass transfer between the liquid and vapor phase of the systems with association in a
distillation column was studied [*°1, The effects of association on the HTU in laboratory and
pilot-plant packed distillation columns are investigated in the paper Savkovic-Stevanovic ',

In this paper the substance transfer coefficients and height of transfer units are determined,
using effective diffusion coefficients and chemical reaction rate. Method for substance
transfer coefficients determination was derived by fitting working curve and vapor-liquid
equilibrium curve to the experimental data.

2. Mass transfer phenomena in a distillation column with reaction esterification

Let assume, in a reactive distillation packed column concentration gradient is changed
only in z direction elements Az,, Az,, Azs, ..., Az, counting from the top to the bottom.
Phase equilibrium between vapour and liquid phases for component i, at the same point is,



T. Mosorinc, J. Savkovic-Stevanovic, M. lvanovic-Knezevic, 279
S. Pejanovic, M. Perunicic, N. Boskovic-Vragolovic/Petroleum & Coal 54(3) 278-286, 2012

fV=E f' (1)
where E; vaporization efficiency at the point. Analogously, for any section Az; will be:
fif =E;fy (2)

where E;j; so called vaporization efficiency for any element Az; = For equilibrium conditions
when vapor and liquid phases pressure and temperatures are equal then,

Yii :EjixjiVji(fj\i//fjiL) (3)
If the both vapor and liquid phases can be considered as ideal solution, then can be
denoted with K = f /fj.

Material balance for steady state conditions:
Material balance for the vapor phase of the element Az; is,

Zj4 M
Gi+1_GJ+J‘ZA > Nydz+r, =0 (4)
J i-1
and for the liquid phase,
Zi4 M
Lia—L=[" D Ndz+r, =0 (5)
J i-1

Energy balance for steady state conditions:
Energy balance for the vapor phase of the element Az;is,

Zj:lM Zj4
GyiH iy =G H + [ Y Nidz+(AH), 1, - [ Qedz =0 6)
i i

Energy balance for the liquid phase which including liquid phase, liquid film, interphase
and vapour film and reaction heat of the element Az; is,

Zj:lM Zjn
Ljflhjfl—l_jhj—jzj leNidz+(AH)rrj+Lj Q.dz =0 7)

3. Chemical reaction rate

For esterification reaction general kinetic model 2231 js:

k
CH3;COOH + C;HsOH< CH3;COOC;Hs + H.0 (8)
v
(A) (B) (©) (D)

The reaction can be resulted in the following equivalent form:
V,o(A)+Vg(B)+Vv:(C)+Vv,(D)=0, where v, =-1vy =-Lv. =+1 v, =+1.

dc, dc .
o= gt~ (KeCaCe +KiCcCo) (9)
dc dc .
d_tczd_fz(keCACB _kreCCCD) (10)
Then, the reaction rate is given by eq.(11)
r =k,C,Cs —K,.CcCp (11)

where k, =58.7E —03exp(-17.46/T) ; k', = 22.1E —03exp(-16.53/T); k. =k, —k._

Specific reaction constants for esterification and reesterification, vapor -liquid equilibrium
data and activity coefficients have taken from paper *3*°1, In this paper method for substance
transfer coefficients in a reactive distillation column was developed. In previously papers
effects of reaction yields and kinetics ethyl-acetate formation were investigated [*31,
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4. Mass transfer rate
Mass transfer rate between vapor and liquid phase can be defined as follow:
dNi: Gdyi:LdXi (12)
dN; =kga(y; - y;,)Sdz = k_a(x;, —x;)Sdz (13)

Since, inter phase y, and X, uncertain for given location it is more convention to use
over all component transfer coefficient as following:

dN =kgca(y—y )Sdz =k a(x” —x)Sdz (14)

and combining egs.(13)-(14) is obtained:

[o-of'— ¥ & (15)
0 " KogaS(Y; - Y, ) o koaS(x —x)

By integration between top and bottom of the column can determine total column height Z.
_ G j‘yD dy L J‘XD dX
KogaS
Integral in eq.(16) defines NTU —Number of Transfer Unit and Z/NTU is equal HTU-
Height of Transfer Unit.

Relationships between overall and individual height of transfer unit are given by egs.(17)-
(18),

(16)

oy — yi* - Koras 7 Xi* — X

(HTU)oe = (HTU), +%(HTU)L (17)

L
(HTU), = (HTU)L+E(HTU)G (18)

where mG/L and L/mG (m=K) are absorption and desorbtion factors.
Relationship between overall and individual substance transfer coefficients are given by
eqgs.(19)- (20).
1 1 m
kOG kG kL
1 1 1
—=—
Koo k. mkg

(20)

5. Experimental

The experimental setup has shown in Fig.1. The experimental data were obtained in a
ordinary glass "Normag” distillation column with a packing height of 1000 mm and a diameter
of 33 mm. The average diameter of packing particle Amberlite-120 was 0.81 mm. The bed
void fraction was 0.6, and the specific surface of packing 7.056 mm?/ mm?®.

The batch distillation unit is controlled by the acquisition block. “Normatron” was connected for
reflux flow rate control over microprocessor. Sensor for pressure drop and temperature sensors
Pt-100 were used.

The experiments were carried out by batchwise distillation operation and were semi-
continuous in adiabatic conditions. The compositions of the distillate and the bottom product
were determined by Gas Chromatograph.

The esterification reaction was carried out at the atmospheric pressure. Holdup on each
stage was 1 mole, for total condenser and reboiler 2 moles. The distillation was performed at
different flow rates through the column. The hydrodynamic characteristics with a cationic
ion exchanger were determined as shown in Fig.2 . The optimal flow rate through the column
was examined.
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6. Correlation models

Height of transfer units were correlated by Sherwood-Holloway and Zuiderweg correlation
models egs.(21)-(24)*6-181 [22] gybstance transfer coefficients were modelled by Sherwood-
Holloway and Onda-Takeuchi-Okumoto correlation models [*9-211 221,

The original correlation models was modified for chemical reaction rate by Savkovic-
Stevanovic-Mosorinac eqs.(21)-(27).

Height of transfer unit:
Sherwood-Holloway:

(HTU)L = Bl(ll kr)(l—/:uL)&25 SCE'S (21)
(HTU), =B,/ kr)(GO'31 / L°'33) (22)
Zuiderweg:
(HTU)L =C1(1/kr)W 0.27dp0.33DE0.5g—0.17 (23)
(HTU), =C,(1/k,)Re,™* Sc2w % (24)

For substance transfer coefficient:
Sherwood-Holloway:

(k a)k, /D, :%(ﬂL)l—n Sc)*® (25)
L

where a=35 /V (1-¢).

Onda-Takeuchi and Okumoto:

(kik /e )(pou 9)7° =Cy(Llayu ) (1 1 pD)**(a,D,)* (26)
(kek @, DRsT/p)=C,(G/aue)"" (1s | psDs)™"* (a,D,) *" (28)

Fr=_L%,/p.qg,
'Re= L/iau,

Diffusion coefficients were calculated according to equations Fuller et al.[*®!, Lusis Ratsliff 24,
Leffer-Cullinan ?°21, Kooijman H.A, R.Taylor 2”1 and Savkovic-Stevanovic 221,

An algorithm was derived according to Egs.(13)- (20). Program module was developed in
Fortran programming language using numerical integration method **l. For parameters
determination in correlation models based on least squares method an algorithm was derived
and corresponding program modules [*°1,

Where: We = L*/ p, ca,

s

137N
12 A/D
ExTn i RECORDER | iy TiPLEXER MICROCOMPUTER
_FEED B N
| - D/A [
Qs |DRS-154

Fig.1 Experimental set-up
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The parameters values in correlation models for HTU are given in Table 1. The parameters
for substance transfer coefficient correlations are given in Table 2.

Table 1. The parameters values for the examined correlations for HTU

Correlation Gas phase Liquid phase

Sherwood -Holloway B1=9.906E01 B2=2.297

Zuiderweg C1=2.297 C2=2.721E03

Table 2. Parameters values for substance transfer coefficients for the examined correlations
Correlation Gas phase Liquid phase

Sherwood -Holloway - B=2.0548E-10
Onda-Takeuchi-Okumoto C3=5.742E03 C;=1.464E013

7. Results and discussion

The obtained results are presented in Figs.2-10. The pressure drop vs. vapor velocity has
shown in Fig.2. The optimal flow rate for the examined column was w=1.8m/s. The
experimental data were given under total reflux (R =®).

The obtained results for HTU and mass transfer coefficients for variety flow rate through
the column are given in Fig.3- Fig.10. Fig.3 shows the experimental values for overall HTU
for ethyl- acetate in the both liquid and gas phases vs. liquid flow rate.

7000 /
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= 4000 )

< /

= 3000 o

2000 /
/ /
1000 A 4
Qo8 ol 0.4 02 o224 03 04
We, mus
Fig.2 Pressure drop vs. vapor velocity (R =)
Experimental values Experimental values
Series1-(HTU)OL Series2-(HTU)OG Series1-(HTU)OL Series2-(HTU)OG
5.00E+00 5.00E+00
A00E+00 T—F —————>5—— >~ A00E+00 - -
G 3.00E+00 —o— Seriesi] 5 3.00E+00 —+— Series]]
% 2.00E+00 —=— Series2| E 2.00E+00 s Series2
1.00E+00 1.00E+00
0.00E+00 . . . . . 0.00E+00 . . . . .
1 2 3 4 5 6 1 2 3 4 5 6
Liquid flow rate, mole/s x E- 02 Liquid flow rate, mole/s x E- 02

Fig.3 Overall HTU for ethyl acetate in the Fig.4 Overall HTU for ethyl alcohol in the
liquid and the gas phase vs. liquid flow rate liquid phase and the gas phase vs. liquid
flow rate
Fig.4 shows the experimental values HTU for ethanol in the both liquid and gas phase as
a function of liquid flow rate.
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In Fig.5 has shown ethyl-acetate transfer coefficients for the both liquid and gas phase
in a function of liquid flow rate. Fig.6 shows overall values for ethanol transfer coefficients
from experiments.

Experimental values Experimental values
Series -kOLa Series2-kOGa Series -kOLa Series2-kOGa
2 3 1.00E-03 = 5.00E-04 /
2 % 8.00E-04 / z % 4,00E-04 /
g9 6.00E-04 —o— Series]] = 5 30004 —e— Series1
g ;— 4.00E-04 / —a— Series2 g : 2.00E-04 / —=m— Series2
L <
E 8 200E04 / T 8 100E04 //
0.00E+00 W 0.00E+00 -/'/.\.—’_.’4
1 2 3 4 5 6 1 2 3 4 5 6
Liquid flow rate,mole/s x E - 02 Liquid flow rate,mole/s x E - 02
Fig. 5 Overall ethyl-acetate transfer Fig.6 Overall ethyl alcohol transfer
coefficients vs. liquid flow rate coefficients vs. liquid flow rate

In Fig.7 has shown calculated values for individual (HTU)., and (HTU)g according to
Sherwood-Holloway correlation. Fig.8 shows the comparative values for ethyl-acetate
transfer coefficients k. according to Sherwood-Holloway and Onda,Takeuchi and Okumoto
correlations.

Calculated values Calculated values
Series1-(HTU)L Series2-(HTU)G Series1- Sherwood-Holloway
Series2-Onda-Takeuchi-Ckumoto
4.00E+00
3.50E+00 /‘/,/e/* 2y 8.00E-04
3.00E+00
s = 8 e

5 2B0E+00 Seriest 5 & 600E04 :

E 2.00E+00 % . ® B —e— Series1
1L50E+00 —=— Series2 % E A0E0 /'/ s Series2
1.00E+00 =T 200E04
5.00E-01 +—=— £ 3 7.,‘42—0—4—0
0.00E+00 u 0.00E+00 : : : : :

1 2 3 4 5 6 1 2 3 4 5 6
Liquid flow rate, mole/s x E- 02 Liquid flow rate,mole/s x E- 02

Fig.7 (HTU)_ and (HTU)g for ethyl-acetate by Fig.8 Ethyl-acetate liquid phase transfer

Sherwood-Holloway correlation coefficient k vs. liquid flow rate calculated
by Onda-Takeuchi-Okumoto and Sherwood-
Holloway correlations

Fig.8 shows better sensitivity Onda-Takeuchi and Okumoto correlation than Sherwood-
Holloway for varies liquid flow rate through the column. Fig.9 has shown HTU values for
ethyl-acetate calculated according to Zuiderweg correlation.

Calculated values HTU)OL
Series1-(HTU)L Series2-(HTU)G Series1-experimental Series2-Zuidrweg
Series3-Sherwood-Holloway
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S 3.00E+00 / —e— Seriesl)| S 4.00E+00 A —e— Series]]|
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Liquid flow rate, mole/s x E- 02 Liquid flow rate, mole/s

Fig.9 (HTU). and (HTU)g for ethyl-acetate Fig.10 The experimental and calculated
calculated according to Zuiderweg values for (HTU)OL for ethyl-acetate
correlation vs. liquid flow rate
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Comparison these values with those from Fig.7 obtained by Sherwood-Holloway
correlation shows similarity. Zuiderweg correlation model gives better sensitivity with flow
rate chaining.

Comparison calculated values for (HTU)OL with those experimental has shown in Fig.10.
Fig.10 shows better fitting Sherwood Holloway correlation than Zuiderweg correlation to the
experimental data.

8. Conclusion

The substance transfer coefficients and height of transfer units are examined, using effective
diffusion coefficients and specific chemical constant. The substance transfer coefficients
determination method was derived by fitting working curve and vapor-liquid equilibrium
curve to the experimental data.

Efficiency of the substance transfer by HTU/NTU methods for quaternary systems were
investigated. The overall, individual and component transfer coefficients were determined.

Scherwood-Holloway and Zuiderweg correlation models for HTU/NTU and Scherwood-
Holloway and Onda-Takeuchi-Okumoto models for substance transfer coefficients were
studied.

The obtained results show good agreement between simulated and experimental data.
The obtained results in this paper can be applied in others multistage, multiphase and multi-
component separation domain.

Notation

A interfacial surface per unit volume, cm?/cm?

at total surface area of packing per unit volume, cm?/cm?
B,,B-> constants

C,Cy,C,,  constants

C3IC4

D fluid diffusivity, cm?/s

dc column diameter, cm

Dy, Dg diffusivity of the liquid and gas phase, respectively, cm?/s
D, diameter of packing, cm

E vaporization efficiency

F fugacity

G gas flow rate, mole/s

g gravitational acceleration, cm/s?

H enthalpy of the liquid phase, J/mole

H enthalpy of the vapour phase, J/mole

HTU Height of transfer unit, cm
(HTU)_, height of transfer unit over the liquid and gas phase, respectively, cm

K equilibrium constant

k. specific chemical reaction constant, | mol™? s (=ke-k're)

Ke esterification constant, | mol? s

K're reesterification constant, | mol™* st

k. kg, individual transfer coefficient for the liquid and the gas phase, respectively,
mol/cm?® s

kos, koL, overall substance transfer coefficient, mol/cm? s

L liquid flow rate, mol/s

M total number of component

N total number of molecules

N constant

NTU Number of transfer unit

Q heat

R reflux ratio

Rg gas constant

Re Reynolds number (= pd W/ z)
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Schmidt number (= u/rD)
Sherwood number (=kd,/D)

reaction rate, mol/s
radial column surface, cm?

packing surface, cm?

temperature, K

vapor composition
equilibrium composition
liquid phase composition
volume,cm?

gas phase velocity, cm/s
column height, cm

Greek symbols

4 — fluid viscosity, Pas

p -density, g/cm?
o —surfacetension, N /m

¢ —bedvoid fraction

Subscript

A acetic acid G gel

C ethanol L liquid

B ethyl-acetate oG overall liquid phase

D water oL overall gas phase

G gas P packing

References

[1] Holland C.D.,Mahon K.S., Chem.Eng.Sci.25(1970) p.431.

[2] Bassyoni A.A., McDaniel R., Holland C.D.,Chem.Eng.Sci. 25(1970) p.437.

[3] Holland C.D.,Hutton A.E., Pendon C.P., Chem.Eng.Sci. 26 (1971) p.172.

[4] McDaniel R.,Basyoni A.A.,Holland C.D.,Chem.Eng.Sci. 25 (1970) p.633.

[5] McDaniel R.,Holland C.D., Chem.Eng.Sci.25(1970)p.1283.

[6] Rubac R.E., McDaniel R., Holland C.D., Chem.Eng.Sci. 25(1970)p.1383.

[7] Rukenstein E.,AIChE J, 16 (1970) p.144.

[8] Dutkai E.,Rukenstein E., Chemie et Industrie —~Genie Chimique 104(1971) p.351.

[9] Savkovic-Stevanovic J., Simonovic D., Popovic G.:Untersuhung der empirischen
gleishungen zur bestimmung des HETP wertes einer distillation fullkorper kollone,
Chem.- Eng.-Tech.49, (1977) p.825.

[10] Savkovic-Stevanovic J.,HETP in packed distillation column with associated systems,
Chem -Ing.-Techn.57(1985) p.368.

[11] Savkovic-Stevanovic J.,Modelling of the mass transfer phenomena of the associated
systems in packed distillation column, Chem.Eng.Technol.15(1992)p.435-443.

[12] Savkovic-Stevanovic J.,M.Misic-Vukovic,G.Boncic-Caricic,B.Trisovic, Distillation with
esterification reaction in a column packed by ion-exchangers, 3@ World Congress of
Chemical Engineering,Vol.Il, Tokyo, Japan, Sept.20-25 (1968)p.672-675.

[13] Savkovic-Stevanovicl.,M.Misic-Vukovic,G.Boncic-Caricic,B.Trisovic,S.Jezdic, Reaction
distillation with ion exchangers, Sep.Sci.Technol. 27(1992) p.613-630.

[14] Ivanovic-Knezevic M., Master Thesis, Faculty of Technology and Metallurgy,
University of Belgrade, 2007.

[15] Mosorinac T., Master Thesis, Faculty of Technology and Metallurgy, University of
Belgrade,2008.

[16] Sherwood T.K., Holloway, F.Al., Trans.Am.Inst.Chem. Eng. 36(1940) p.21.

[17] Zuiderweg,F.].,Die Berechnung des Wirkungsgrades von Fullkopersaulen fur



[18]
[19]
[20]

[21]
[22]
[23]
[24]
[25]
[26]

[27]
[28]

T. Mosorinc, J. Savkovic-Stevanovic, M. lvanovic-Knezevic, 286
S. Pejanovic, M. Perunicic, N. Boskovic-Vragolovic/Petroleum & Coal 54(3) 278-286, 2012

Distillation, Absorption and Abreiten, Technishe Hogeschool Delft, Niederlande,1978.
Cornell D., Knapp H.,Close J.R.,Fair J.R., Chem.Eng.Prog. 56, No.8(1960) p.48.

Onda K,Takeuchi H.,Okumoto,Y., J.Chem.Eng.Japan,1(1968)p.56.
Savkovic-Stevanovic J., M.Ivanovi¢-Knezevi¢, Mass transfer coefficients modelling in
multiphase, multicomponent and multistage distillation with reaction esterification,
CHISA2008- 17" International Congress on Chemical and Process Engineering, CD-
ROM, p.101, C.2,pages 8, 27 -31 Aug.,Prague, 2008.

Ivanovic¢ -Knezevi¢ M.,Substance transfer modelling in multistage, multicomponent
reactive distillation, Comput. Ecol. Eng.,4 (2008)p.40-46.

T.N.Mosorinac, J.Djurovic, B.Savkovic-Stevanovic, Material transfer efficiency in

the multistage packed distillation columns, Petroleum and Coal, 53 (3), 194-205,
2011.

Fuller E.N., P.D.Schetter, ]J.C.Giddings, Ind.Eng.Chem.58,(1966) p.19.

Lusis M.A., G.A.Ratcliff , Can. J. Chem. Eng. 46 (1968) 385.

Leffler J., H.T Cullinan, Variation of liquid diffusion coefficients with composition-
Binary systems, Ind. Eng.Chem. Fundamentals, 9(1970)p.83-88.

Leffler J., H.T.Cullinan, Variation of liquid diffusion coefficients with composition-
Dilute ternary systems, Ind. Eng.Chem. Fundamentals, 9(1970)p.88-93.

Kooijman H.A, R.Taylor, Ind.Eng. Chem. Res.(1991) p.1217-1222.
Savkovic-Stevanovic J.,Substance transfer at the azeotrope formation and
extraction, Chem.Ecol.Eng.2 (2)(2007)p.26-35.



	MODELLING OF THE SUBSTANCE TRANSFER IN THE GAS-LIQUID SYSTEMWITH CHEMICAL REACTION
	Abstract
	1. Introduction
	2. Mass transfer phenomena in a distillation column with reaction esterification
	3. Chemical reaction rate
	4. Mass transfer rate
	5. Experimental
	6. Correlation models
	7. Results and discussion
	8. Conclusion
	References

