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Abstract — When multiple reactions of quaternary mixtures take place in a reactive distillation column, the behavior of
composition trajectory is analyzed by a visual-aided method. By adding additional vectors of multiple reactions and
visualizing them in composition space, the composition of each component and extent of each reaction on an arbitrary
stage can be easily estimated in terms of the composition trajectory and reaction cascade difference points. Moreover, for
a given operating conditions, the number of total stages and position of optimum reaction zone can be determined by the
visual-aided method. In this study, ethylene glycol synthesis with a side reaction is taken as an example and analyzed by
the proposed graphical method. Through this method, the quaternary reactive distillation with multiple reactions can be
analyzed without numerous experiments and simulations.
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Fig. 1. Schematic of single-feed reactive distillation.
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Fig. 2. Visualization of rectifying section of reactive distillation.
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Fig. 3. Visualization of stripping section of reactive distillation.

()

D (xp)
D (xp)

Fen)rs

B (xp)

Fig. 4. Material balance of rectifying section including feed stage
(a) and stripping section including feed stage (b).

23, YISERE BIEHINS 1S

WSS it Sl WG] ik 4%, el el
T FRAEs ARel] flsto] ARtel 3 v g 54
FA A& A9 o5 AZERRITE Fig. 4()0lM BRek o o2
ES 2AFA] A v 2t

Fzp+ Vi ¥ = LxeH (D=3 yve rGr, )8k s a7

o] AolA fiz 5 W vlgth A (17) 7Pl vehid,
TR @} 112 71A] Bty )S Sl 24
O ()} AR HERRE AT @ o
o whaE & = Atk o] AL x8 & (D= Ve, r6r, ) : L
URESHAL Zy,, & Vg F2 2SI web Sl Wass o

WTES °l

gato] 4] (INZHE FrE0] 74 B8 (y, )& AN 5 Slek

Korean Chem. Eng. Res., Vol. 52, No. 6, December, 2014

oLk

x44 = [0,0,1]

%(ﬂﬂ’?

=[0,1,0]

5R1o = [1'0'_1] R

Fig. 5. Visualization of feed stage and rectifying section of reactive
distillation.

SellA S0 oo}t mE A= A (9) (10)2] HESo] §
ghof| A doufar FExAdo] Al A29] EgtEo|H, ¥ AR 3
= BHo| st 2% ), Flg 59 Fej Az} st

e SRl FE SHASS Akl A, s o ©

& BP9 BAA 48 Flg AR 3 01 Az,
Fzp+Lp Xe = Vy+(B=Y yve, rGr. )0k s (18)

2 (18y& RVl e, 35324 (27 £190] A =2

o Ly z
Vs
Yf \ %aq = [0,0,1]
Bi= Z URi,TfR n
NI
7 Xp
t1
' 4)"0‘01‘7
8r,= [11,0]
= xp = [0,1,0]
8ry = [10, —1] e

Fig. 6. Visualization of feed stage and stripping section of reactive
distillation.



JoA ke

B(xe) HE A 190] 714 BE-E(y ) 315 tekgAte]
B (S p N A7} 3N WS 5 AT Ol y Smet &

(B v r&rme 1)t V2 WS 2%, & Ly F2 UEh,
wpEb] Fo7 AFEEZHE 192 4 -L—"g(xf 1)__ A 4=
am.
= Soj 4] (9)34 (10)g] HRSo] HRSZ=EElof| 4] Joji} T
*Ol A1} A29) oI, ¥ S Bk Bado] A3g)
A49] E359 W), Fig. 69] FE|= A178lec).

3. ofE=EIE

AL Z(EO)2} = (W)= E] =2 Z(EGy st
2 TRl o] oA tlaEARl Whgo o]= ofefje}
2.

C,H,O(Ethylene oxide) + H,O(Water) — C,H4O,(Ethylene glycol)

19)

ojuf, oA =)} S| =] whg-0 7 Hedil=

Y Z(DEG)= AAsh= - Hkso] WAskaL wha-22 ofelje} Zt.
C,H,O(Ethylene oxide) + C,H;O,(Ethylene glycol)

— C4H,,O5(Diethylene glycol) (20)

pH=102] AV 5ol x| 5= HEE-0] £z 212 T3} 2TH20-22].

g = Keagoay 21
k,=1.9214x 10" exp(-9359.8/T)h ', T(K) 22)
B RES] S5 A Bl A8 TR 2rh[20-22]

Ipec = Kr8podge (23)
k,=2.8428 x 10" exp(-9359.8/T)h ', T(K) (24)

Z'
A

[
6H, Table 13} 22 ST T2, AALFY, S5, 72
271 SpollA] $FHIg) L
7,8, 95} 2ol AlZkarsic,
Fig. 10914 2} Case59] 453 cFsbgatol o) 91405 x,,

Table 1. Operating conditions of case 1, 2, and 3

Case 1 Case 2 Case 3

Total stage (including total reboiler) 6
Geed stage 3
Feed 100 kmol/hr (saturated liquid)
Feed composition Xz, 0.250

Xy 0.750
Distillate 50 kmol/hr
Distillat‘e. Xy 0.99<
composition
Reflux ratio 2 10 10
Liquid holdup in reactive stage 2.5 m’
Reactive stage 3 3 2

5732] AlZts) 717

xpee = [0,0,1] X2

Y3 £ = [0,0,0]

0= 2= [0.10]

é\m},o]

amé.f:ﬁ;t,e}.é... o

snm = [10 =1}

Xp = Xg
X2 '3
Y3
xpee = [0,0,1] . [0,0,0]
£ = [0,0,
x Xs,
y24
Ye
xSy1=[0.10]

Srgg S [H10}

Srpee = (L0}

Fig. 8. Composition trajectory of case 2 in Table 1.

X3

Xp = Xg
Xpge = [0,0.1] X2 .
Ya
Xgg = [0,0,0]
Y20 x;
Xs
*p=y1=[0,1,0]

Xea = \
=[0,1, 0]

ynz—fsks Vs *2

S S T1L0)-..

5,,m [10;-1

y

o0
-

Ry Orppe’ T 1T Bl IEAISISATE. Case 17} Case 25 BlaL
= ], Case 28] A7 thgHkeale]50] Case 101 vl 5= Rt

O] HESALTA (Bg, ol 7VP/Hra & <7 Sl ol & &l Enl ol

7P elddEeEZe] e Sk HelddEe 2] A=

Korean Chem. Eng. Res., Vol. 52, No. 6, December, 2014

12 o[N olo



718 s

6RDEG

8rR:r=100
= 0" Rrr=10

61R.rr=200

6‘1‘ Rcasel <
| |

w ORge

Fig. 10. Multiple reaction difference points of rectifying section with
various operating conditions.

e

e o 5 Sl SEAINE 11 oo i Ze} dshs B 2de] A
23 o sRtollA Blsl] SleiaE w2
?:L—% o538 4= Ut} HE3F Case 29} Case 35 B33l o,
se 32] A tREHk-s10)30] Case 201 Bl 5= WE-2] WH-SA}
°ﬂ TR e & 7 Qltk. wEbA] o] 25 vk vhe AF-
AASH= Z10] a5 well ARIsk= Bl vla) olddlEelEZe] A
S FRska toduEe)Z3e] S AANA S G 5

= Es WS § sHelA e Sisl 2
& 371 E dobry] 918l Case 3¢h TUE ZdolA vhash 2
off Th= A7 TRk AR SIS xp, Sy Spyy T O1F
9] Fig. 107} o] YeRflet. 70171 57 gkl ut

T TRs Rk Ao o) - HkE-0] nhgAjolel|a] ol
d Fom A Bk 53] 100 o] @]l

Xé% thERkgatol o] 8y, oF W7E o= 24 (Wog, )l
O wof LT%—%E 4l cloleaelze) A4S 4

5T PATATE A5 5 A8 X 5 ek

AT 718 WY 2ol ddnkgRks mEshs v
= Hh-SE dllof| 4] TRt
) KN

-
A 232 59 21 el o

1
S 1% 59 s o1 B3l ok 0 sl
T AT WY W w3 e] NS AT 5 AU
A=

Korean Chem. Eng. Res., Vol. 52, No. 6, December, 2014

0
BL

H

oLk

2] WS Haskel] f1%k vks &e 9|9t T e B ke &
28] g ZEEE &7 fIgh BFH1E 8 B Atk

& Aol AR RS Sl R = olgEEE A
i o UellA dofuks theket 495
= —‘:vmo}oi olE Azt 4= Qltk. 53] ks 5 s
o] W-gF el 9 Edahs A5 7 ] oA EEo] BE
S 06391 50 Q7] el oS *‘71] HheAte 1S At
il ol Btk Qe TRAE d5S 7FsA gt ol
—8—" Az 2709 SNk ARkt 17e] BN &
2 ukSo] S Aol dojubz 4857 T4l (Cumene)®] 34+
o} wpeba] EESo] AFE o]t shte] HI|EE kS-S ¥
3 kel AlZtElell S-S FaL o] Fold Aot

‘é[‘

€

hun
[e]

g

gul

T

T
= oo o

(o]
22
Li
=l

¢

1

18
]

o o
X0, 1=J &) —1>

m\u

)

e

U?‘J
ok

z Al

o g= xEelo] Aglel Al vt
K21 Zese] A glo] ofsl) s
4 AIE 7 RO w AR,

Nomenclatures
a : Activity
B : Molar flow rate of a bottom (kmol/h)
Ci, : Molar concentration of component i at stage n (mol/m?)
Cp,p : Normalized product coefficient vector for reaction i
Cr.z : Normalized reactant coefficient vector for reaction i
D : Molar flow rate of a distillate (kmol/h)
F : Molar flow rate of a feed (kmol/h)
f : Feed stage
H,, : Liquid holdup of stage n
I : Number of isomolar reaction
k, : Reaction rate constant
L, : Molar flow rate of a liquid leaving stage » (kmol/h)
NI : Number of non-isomolar reaction
I; : Rate of reaction for reaction i (kmol/L/h)
v, : Molar flow rate of a vapor leaving stage » (kmol/h)
Vi, : Reaction stoichiometric coefficient vector for reaction i
VR.T : Sum of stoichiometric coefficients for reaction i
VR.t : Sum of stoichiometric coefficients of reactants or products

for reaction 1

vr : Sum of reaction stoichiometric coefficients

Xp : Molar composition vector of a distillate

X, : Molar composition vector of a liquid leaving stage n
A : Molar composition vector of a vapor leaving stage »
Zrp : Molar composition vector of a feed

Greek Letters

g, : Reaction difference vector for reaction i
. : Multiple reaction cascade difference vector for rectifying
section
R+l : Multiple reaction cascade difference vector for stripping
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section
&rR,--" : Accumulated molar reaction extent for reaction i at
rectifying section (kmol/h)
&SRi.mH : Accumulated molar reaction extent for reaction i at
stripping section (kmol/h)
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