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Comparative Study on the Estimation of CQO, absorption Equilibrium in
Methanol using PC-SAFT equation of state and Two-model approach.
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Abstract The thermodynamic models, PC-SAFT (Perturbed-Chain Statistical Associated Fluid Theory) state equation
and the Two-model approach liquid activity coefficient model NRTL (Non Random Two Liquid) + Henry +
Peng-Robinson, for modeling the Rectisol process using methanol aqueous solution as the CO, removal solvent were
compared. In addition, to determine the new binary interaction parameters of the PC-SAFT state equations and the
Henry's constant of the two-model approach, absorption equilibrium experiments between carbon dioxide and methanol
at 273.25K and 262.35K were carried out and regression analysis was performed. The accuracy of the newly determined
parameters was verified through the regression results of the experimental data. These model equations and validated
parameters were used to model the carbon dioxide removal process.In the case of using the two-model approach, the
methanol solvent flow rate required to remove 99.00% of CO, was estimated to be approximately 43.72% higher, the
cooling water consumption in the distillation tower was 39.22% higher,and the steam consumption was 43.09% higher
than that using PC-SAFT EOS. In conclusion, the Rectisol process operating under high pressure was designed to be
larger than that using the PC-SAFT state equation when modeled using the liquid activity coefficient model equation
with Henry's relation. For this reason, if the quantity of low-solubility gas components dissolved in a liquid at a constant
temperature is proportional to the partial pressure of the gas phase, the carbon dioxide with high solubility in methanol
does not predict the absorption characteristics between methanol and carbon dioxide.
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Fig. 3. Conceptual diagram of Two-model approach
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Table 1. Feed information

Component kmol/hr Mole%
CH, 0.92 1.15
CO, 11.14 13.96
H, 35.26 44.20
COo 3231 40.50
H0 0.15 0.19
Total flow(kmol/hr) 79.78 100.00
Temperature (K) 303.15
Pressure (kPa) 6,000.00
3
10
E4
1
9
3
ES 11
Tl : CO, absorber T2 : CO;, stripper
T3 : MeOH purification column E6 . propane refrigerator
1 : CO; mixture feed 2 : MeOH ag. solvent
3 : treat gas 4 : CO; rich solvent
7 1 CO, gas 11 . waste water
10 : high purity MeOH aq. solvent 14 : make-up

Fig. 5. A schematic diagram for the CO, removal
process using aqueous methanol solution
(Rectisol™ process).
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Table 2. PC-SAFT model pure parameters in Aspen
Plus version 8.8
Comp. € o m GA’Bf kA'B/
CH4 150.0300 | 3.7039 1.0000 - -
CO, 152.1010 | 2.5637 2.5692 - -
H, 12.5276 2.9729 | 0.8285 - -
CO 93.0380 3.2829 1.2751 - -
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Table 3. Binary interaction parameter ki for PC-SAFT
equation of state model

Com. | Com |, b, ¢ | ref
This
CO, MEOH 0.00000 0.00989 0.00413
Study
Co MEOH 0.00000 -0.02655 -0.02142 [32]
H, MEOH -1.58047 0.37000 0.00000 [33]
CH,4 CO, 0.06500 0.00000 0.00000 [34]
CH4 MEOH 0.04094 -0.03682 0.00000 [35]
CO, H,0 0.09365 -0.18361 0.00000 [36]
MEOH H,0 0.00513 -0.15198 0.00000 [37,38]
CH4 H,O 0.30366 -0.49743 0.00000 [39-41]
CO H,0 0.17356 -0.47734 0.00000 [42]
H, H,0 -0.02328 -1.05169 0.00000 [42,43]
O Exp.data(262.35K,This Study, 2017)
1000 F —— Est.Resultusing PC-SAFT in Aspen Plus
— 3000 |
o
@ 2000 |
a
1000 |
0 L L L L
0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of CO,
Fig. 10. Binary isothermal P-x experimental data for

carbon dioxide-methanol and its prediction
with PC-SAFT EOS.
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R PN T R
B %% PC-SAFT ‘o7
FslR o™, Fig. 100
oA gk CO8t MIEhE-9] px
AR zfol& Al A

1>

2.3.2 Two—model approach4}
“Two-model approach"4]-& th&-2] 2](22)¢} o] 1
ERd 4= 9l

O TPy, )y = TP ), @2)
el tfEir= Aol Hlo]d S HASE
NRTL(Non Random Two Liquid) A &5 =4 24

24415 AHESRAATE Thee] 2(23)dlAFE 2257t
Zle]l NRTL 9] 2Hgx7 e sie 4
4%t (25)°] YERd a5, b, 1213 o, 3 NRTL 23
2o] o] A At wizfgolth. Table 40le
Aspen Plus version 8.8°] W=l & &3} veke
AJE7ke] NRTL o424 a2t vi/iiaE Uepdl

>~ o
7 AN

Atk
ET Gz, oy e ( ;xm,jG’kj o3
Iny, = =
EGkr‘Lk j EG;(,IKLT} Xk:G’C”wk )
b;;
7= a;+ T (24)
Gy = exp(= o) (25)

Table 4. NRTL binary interaction parameters for each
binary pair used in Aspen Plus version 8.8

bi]'

b

172.9871
-617.2687

ref.
Ji

MeOH | H.0 0.3000 |built in
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23 CHy, CO, Hy L
B ool Fopsi

ANE Ao,

b;
InH, , =g 4+Z—"ZfJr(:i,AlnT+diYAT (26)
H26)NA L5 Te] 99 Kol o oA 4=

Henry 4+(H, )& AXst7] 48 Al5Eelth Table 5
o= 7tz £430)# &ulia)el thalA Aspen Plus
version 8.8° W= o] & Henry H4E3 4299
A xe] 7]-8 3 AFdolHE 34 MEA
4745 Henry A5 18|31 3|70 tiide] € 3

A UERSITH

Table 5. Henry constants

Solute | Solvent
) (A) a; 4 b4 Ga | dia ref.
This
CO, MEOH 16.354 | -6010.636 1.907 0.000
Study
CO, H,0 159.865 | -8741.550 | -21.669 | 0.001 | built in

co MEOH 3.520 1144.400 0.000 | 0.000 [32]

-8296.750 | -23.337 | 0.000

co H0 171.775 built in

H, MEOH | -62.687 | 1867.400 | 12.643 | -0.027 [33]

H, H0 180.066 | -6993.510 | -26.312 | 0.015 | built in

CH,4 MEOH | -73.681 | 1140.200 | 15.189 | -0.032 [35]

-9111.670 | -25.038 | 0.000

CHy H0 183.781 built in

g, 71 FIE AREE 9JEiA
PR(Peng-Robinson) Bl -4 4] 8- AL8-3} 9 TH45]. & o
Tl A AR PR AEIUIA A Y] g Ae 1(27)01] AR

B 4(29)71K0] eR)git,

_ RT ao
“v=b  v(v+b)—blv—b) @7
270
a=0.45724 E‘ (28)
RT,
b=0.07780—" 29

c

st 2(27)914 o alpha function & ZH4 TFdE

2o 0 3719 2 Sla w9 gtk of
& ot FLE(T)Y AAAK W) F5E &
A

a=[1+m(1—/T,)] (30)

m = 0.37464 +1.54336w — 0.26992w* 31

s {wg e goleh, e sk
o] olyl v} gREo] telA A gl A
QT B AN oleld WS neksly] 99 2z
o] RS A th2A A o)elE= Twu et al[46]
7} A9tk alpha functions ARE-3FFoM, 2(32)el U
ERARITE A(32)01A L, M3 N& AEule}h 43 gt
02 FFARY 250 w2 FU|de F s 9
g Alegoln 7.2 $HiH2Eo|th Table 69+ &

TolA AMEE FQ AEE th3l4 Aspen Plus

version 8.8 W0} = alpha function ko] A4
Q1 L, M3} Nk JeERdiich
a=TM"Vexp|L(1— 1)] (32)

Table 6. The coefficients for the new alpha function in
equation (32)

Component L M N

CHy 0.091144 0.912458 2429057

H; 0.171034 1.114346 1.248003

co 0.074582 0.872156 2263470

o, 0.025396 0.921479 6.955069

H,0 0.384637 0.869994 1963720

MeOH 2.059525 -0.326599 1.599745
g, PR AEHEAA A EdtEel dig size
parameter(b,,;, )¢} energy parameter(a,,;, )T 21(33)°l
AEE A@S7HA S 22 TR F(mixing rule)S &

a Axrar,

Uiz EZmzmjaij (33)
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by = S G4y AT W] gaAE ol ATE B3l 2745 9
THS). wWEbA £ AgelA e ol g ulgol disliAe= 1t
%= Ve (1) O e aista = madge) Mnas 2 nze) o
235yl e k= 7 SRl energy & A tﬁﬁﬁi 5\_7}]3}_}1%} B Table 89
I A oo Rectisol® F49] X CO, F5H7} CO; stripper L
parameterd] tiet 7]ShE grom AASTH A D gm vjee gu) Al @ YA 205S 3
Galoh woluks AT AN Adl JIARA FEL  Laa gergon,
4 w7 4(binary interaction parameters, k;.)7F =%
Ht} PC-SAFTAE A A 7} vl R &2 k.3 &% 2.41 CO, S4Et
of e o] AEAY V|- FEH AF dolyE # F Fig. 591 T4 %] 2ahd COE £33 Table 19]
AP EE FAEAS Bl A Ak ABe)dlE YEIAmo. D)E ST SR F9a vk
2w g Ao ko #AAE JERIATh o7 il =29 WEAL]2(C3 Ref, E6)ol 2lFIA %7‘
A 2% TY @9 Kot} A F E55 AN mo. 2 FYA F4E ANE
qE WEeLe grj= e ¥3E COE *dﬁﬂ.xﬂ,zi
kY Fato] whabi(no. 4% FEUCE AT et
Ry R T = G0 g gole] i 4eg Fuol AT 99.00 wive
o= AAsiglon, 8o gEEEs Z2R WE AL
Table 7003 2 Ao FAHRAE 98] 249 PR °lES ol8dh= A2z 7Hddte] 263.15K(-100)= 2
AR kgt 920 el 1 guEas stk el FEEHI0n) el £ e AR
= wee oF2l =l 200kPac] YL 5,800kPa® AA3IA oM, &
e OB LAY B g HAE 6
“oz ARt TS F55HC] internal type

Table 7. Binary interaction parameter ki for Peng-
Robinson equation of state model

comnp e kR R | e
N, CH4 0.03110 - - built in
N, CO, -0.01700 - - built in
N, H> 0.10300 - - built in
N, CcO 0.03070 - - built in
N, MEOH -0.21410 - - built in
CH4 CO, 0.09190 - - built in
CH4 H, 0.01560 - - built in
CHy CcO 0.03000 - - built in
CO; H,O 0.12000 - - built in
CO, MEOH 0.02300 - - built in
H, CO, -0.16220 - - built in
H» CcO 0.09190 - - built in
co CO, -0.04097 - - [47]
H,O MEOH -0.07780 - - built in

2.4 ZHOAL =2

CO,E AIA3H= Rectisol® 4ol gk FARAL 2
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Table 8. Design conditions for Rectisol”

process
Column CO, absorber CO; stripper MG%OH 'solvent
purification col.
Theoretical stage number 6 12 13
. feed gas : 1
Feed stage location (stage) solvent - 6 4 5
Solvent feeding temperature to absorber (K) 263.15
Column top pressure (kPa) 5,800.00 1,220.00 140.00
Column bottom pressure (kPa) 5,810.00 1,230.00 150.00
Target CO; removal ratio (%) 99.00" >99.99"
Target methanol purity in top product (wt%) 99.90
Condenser type none partial-vapor sub-cooled
Reflux ratio manipulated manipulated
Condenser pressure (kPa) 1,200.00 120.00
Reflux drum temperature (K) 318.15 318.15
Cooling water supply (K) 303.15 303.15
Cooling water return (K) 313.15 313.15
Reboiler type none kettle type kettle type
Steam condition (K) 473.15K saturated 473.15K saturated
Structured packing Structured packing Structured packing
Internal type (sulzer, 500Y) (sulzer, 500Y) (sulzer, 500Y)
Height equivalent to a theoretical plate (mm) 350.00 300.00 300.00
a: (amount of removed CO»/amount of CO; in feed gas at CO, absorber) x 100%
b: (amount of removed CO»/amount of CO, in feed gas at CO, stripper) x 100%
455 2E(steam) RACZE 473.15K saturated W] A HFEO] Rt}
seam©® AL B, A FAve A R ATolAE v S PATe] F olRusE
heat dutyS #HA3pA7]= 8 FUTGoR Ailen 57|19k AMV|E EFete] 13dew AASL, *
internal type<> CO, £ H% U3 typeo = AXst  A¢H2 3719 s 9] 918 Adro ot =2
Ak 1.2 bar® ZAASAT. £33 F57] type> S50l
o] F0] A= sub-cooled type 2= 3} 2™, reboiler type
2.4.3 HIEZ Soi HFE 2 kettle type &2 3}y 183 W2k 2w AE
B 2A3) o] gl Eo] Ealyo] g AL (steam) 271 Z12]3L internal type> CO; strippers} &
L Re §ulel £RE A48 5 QRS dass B 98 2o a9
S Boste vigke &) AAIRK(T3)o] ZashA €k
& AgolM= Sl BAEE Afo]=s} o |A] ARGS 2.5 3F2A 23t
23} 371918k0] CO, stripper SHEOIA b= AE 254 = mEazio) ZH@AF Z
H(no. 89) T F 10.00% S HEE Sv)] HAgo= Fig. 113} 12001 217} Rectisol® 343} Z29 WE
FYAZI= Aoz sl 18 AeE & A4 Abo] 22 Aspen Plus version 8.8 0% HA}SH 3H S 1}
Al E FYEE 45 Fo dgE 482 99.99%  guyiglel. 28]l Table 99]= PC-SAFT =923}
ol & dHHno. 10)2 - FH =5 SO™M, ° Two-model approach?] S o] &3te] FARALE Saet
T o (no. 9)% 80.00% H:= 34 HEF S0t Ans Aulsle] eIt Table 95 B PC-SAFT
e 7R Asmo. 1) Tl EFEC AW T malao apgste] FARALE FE A9 F5gA
o GEUE ORE BE g o] WHES 2SS = dzde 99.00% 355t e 2o Suiesg
th. o]l Atolub o] YWHES make-up Z2EY %S 227.47 kmol/holH, CO, @A} WS Luj A
(o. 12)& &3 &4 T & vee d& B & AgolA rawE= 289 3L 717} 617.73 kg/hrsd
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Table 9. Rectisol®” process simulation results for each column using PC-SAFT model and Two-model

approach(TMA)
Column CO; absorber CO; stripper MeOH purifi. col.
Thermal Dynamics PC-SAFT TMA PC-SAFT TMA PC-SAFT TMA
Solvent feeding rate to absorber (kmol/hr) 227.47 404.17 - - - -
CO; removal efficiency (%) 99.00 99.00 >99.99 >99.99 - -
Reflux ratio - - 0.38 0.38 0.88 0.77
Reflux molar rate (kmole/hr) - - 6.25 8.46 19.67 30.58
Feed stage location 1.00/6.00 1.00/6.00 4.00 4.00 5.00 5.00
Condenser duty (X 106kcal/hr) - - -0.0619 -0.0870 -0.3755 -0.6326
Cooling water consumption (kg/hr) - - 6,217.40 8,742.47 37,726.30 | 63,551.40
Reflux drum temperature (K) - - 318.15 318.15 318.15 318.15
Reboiler duty (x10%kcal/hr) - - 0.2860 0.5469 0.3226 0.5231
Column bottom temperature (K) 276.26 278.81 417.58 419.04 382.10 383.11
Reboiler return temperature (K) - - 417.73 419.15 388.25 387.60
Steam consumption (kg/hr) ) (473.15K saturated) - - 617.74 1,181.28 696.74 1,128.40
i Top 280.00 320.00
(gzll;;:“hfe‘ﬁ;e;ir gré‘é‘;{)) . 480.00 $5000 | | 8000 | 74000

E]

gl

-

696.77 kg/hro|Qt}. 18] F5%, CO, @&, "
= &1 ZAIEE internal packing®] Hth 2732 242
480.00, 590.00, 580.00 mm ©]31t}.

SkA, Two-model approach?]S o]-838}] FHRALE
a3 A FEelME d=diH] 99.00% 357511
e dash fuedF3-2 404.17 kmol/hol™, CO;,
SARI vehE & AAFNA LovE 2EY F%
2 7+7} 1,181.28 kg/hre}k 1,128.40 kg/hrol AT}, 18] 1L

e, co, 2%, uwe g G internal

packing®] o} 274 z}7+ 550.00, 820.00, 740.00
mm ©]Ath
i | .
@ é’il 7i<£ il & {T—o
o i 8‘; ’Q’* ]
@ -£& ® P

Fig. 11. A schematic diagram for the Rectisol® process
using Aspen Plus.
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Fig. 12. A schematic diagram for refrigeration cycle
using propane as a refrigerant using Aspen
Plus.
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Table 10. Compared energy consumption result using PC-SAFT model and Two-model approach

Ttem PC-SAFT EOS Two-model approach
1. Total solvent circulation rate (kg/hr)
CO, removal efficiency(%) 99.00 99.00
Solvent feeding rate to absorber (kmol/hr) 227.47 404.17
2. Energy consumption at refrigeration cycle
C3 Ref. heat duty (x 10° kcal/hr) -0.1993 -0.3796
Total refrigerant circulation rate (kg/hr) 3,980.51 7,695.11
Compressor power consumption, (n=0.7) (kW) 187.60 359.93
Cooling water consumption (kg/hr) 36,228.00 69,230.52
3.Total cooling energy
Total condenser duty (x 106kcal/hr) -0.4374 -0.7196
Total cooling water consumption (kg/hr) 43,943.70 72,293.87
4. Total reboiling energy
Total reboiler duty (x 10° kcal/hr) 0.6086 1.0700
Total steam consumption (kg/hr) ) (473.15K saturated) 1,314.48 2,309.68
5. Internal size
Total packing bed volume (m’) 3.0961 5.0574
Fig. 135-E] Fig. 167}X]0l= o2 ek F4F Axo] 9 Fig 138 S8 & &= & AL g 2dd 593
A% A7) A padeldlellsl T REA B sl COE A F Bag dEE gulsl e
AHAE v sty YERISIT) of 7)o YERd px A Two-model approach?]& AR8-3}= 797} PC-SAFT
dolg e 242(Meres 2t 724w 8)Ss o= o A AS AR A9l visiA o BA At
Aol A 717de] s (P) Wstel uhe} vigegoel]  Flojth
HolE JhAAd R HEFRAY(x) WEE YERT &3k Fig. 175 B Two-model approach?] 9] 7
Fig. 13& B PC-SAFT “Jel7dal 7149 &g 719 F/0AIEl A5 A4S Peng-Robinson 73874
watel] uel UE-golel A €Ol 200 WAkl W Ao AgSEoL, F2YRE o] Fue Pt
@ APAHE T o3 AT B & Aok £ AT & dFe Rohe AL @ S Aok
WA F8 SRS ARESA d
% ool el ol AHolEE 3 dl3sh AL o g,
——— Est.Result NRTL-Henry-PR in A P
% P gJ\D},. ) esultusing II enry n spen us
I 7+ Two-model approach?]S A-8-314 262.35K 000 ¥ /
—_ /
A e] dek&T CO 7ol px AZdlole Fi4y 1 Fy /
= /
SH-Zol A AgldlolE ok ol AotE HofET o2 2 2000 | /
w /
@ ol BB Ul NRTLEDAS] AT 5 /
[= 9 /
Henry TAAE o] &3] HlgkEe] gk CO9 |lEE oo b
AXFBH=E, Henry BANS] 2% Q4d LxA o
91 S5 Sl 6 v dlel A S A
o2 AXMEERE Fig. 133} Zo] e AAHES "0 b2 04 b6 ve 1.0
HAF7] wiitoelth v, AF Ayt AE 7]/l A9 Mole fraction of CO,
CO; #to] 71 28t uslo| A & ol sly] Fig. 13. Binary isothermal P-x experimental data for
WA LEA FEE Roly, 23 COE 2% 262.35K carbon dioxide-methanol and its prediction
ALl s T i .
- with  PC-SAFT EOS and Two-model
oA 3,000.00 kPao]uje] o]&4He S Zt=t). whebA
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approach equation.
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14. Binary isothermal P-x experimental data for
carbon methane-methanol and its prediction
with  PC-SAFT EOS and Two-model
approach equation.
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15. Binary isothermal P-x experimental data for
mono dioxide-methanol and its prediction
with  PC-SAFT EOS and Two-model
approach equation.
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PC-SAFT EOS and Two-model approach
equation.
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Fig. 17. Binary isothermal P-x-y experimental data for
methane-carbon dioxide and its prediction
with PC-SAFT EOS and Two-model approach
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