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Advanced Separation Operations 4B #2435k

Monday 10:45-12:15 Class room ###&ZE:5S6-S637 or S4-3F D computer room

Lecturer: Prof. ITO Akira S1 421 aito@chemeng.titech.ac.jp Ext. 2151 $8%: {#¥HR FE (LFIFEXR)
Text: Materials distributed on the lecture ##E PERFERHERIZLD

Reference: Henry, Seader, Roper: Separation Process Principles, 3" Ed., Wiley (2011)

Evaluation: Reports at each lecture only F#EEHE: BEIDEELR—MI&Dd REHBREIHVEEA
Schedule E&FE:

M 10/9(Tue) 1. Introduction, Distillation(1), Vapor-liquid equilibrium %88 (1) =& T BH% R

10/15 2. Distillation(2), Binary distillation tower &2 (2) 25 RAKBE

10/22 . Absorption(1) U
10/29 . Absorption(2) B%4%
11/5 . Extraction 3t

Excel sheet template file folders, “aso_* *” are:
1. [Explorer]

. Chromatography 70<k 2. “¥¥nest2.g.gsic.titech.ac.jp¥home0”

3. “usr2/ito-a-ac/”

11/19
11/26

. Crystallization& Evaporation & 72&%

3
4
5

11/12 6. Adsorption &7&E
7
8
9

12/3 . Humidity conditioning &2

12/10  10. Drying ¥21%

12/17  11. Membrane separation (1) &4 &(1)
17 12. Membrane separation (2) R4 &#(2)
1/17(Thu) 13. Membrane separation (3) &% &#(3)
1/21 14. Heat transfer {53t

1/28 15. Process control JETEH 7Ot LA

Separation operation means the unit operation using mass transfer. It includes the typical unit operations,
distillation, absorption, extraction, and the special or new separation processes, membrane separation and adsorption.
The lectures will show the basic models and related equilibrium relations on over 13 unit operations. Each lectute is
constructed with the basic idea and the model calculation for a separation process. In the model calculations, Excel
sheet will be used.

Introduction to separation operations

There are many separation operations. The reason why these separation operations are different in process and
equipment is in the difference of phase equilibrium on which it is based. For example, distillation is based on the
vapor-liquid equilibrium. Extraction is based on the liquid-liquid equilibrium. The figure shows various type of phase
equilibrium and the connected unit operation with it.
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Species to be separated makes phases

AHEBMBS (A)I1ZL5H248 BB (A B)IZk524H
(AT AKE BT SEEE
Vapor pressure Solubility Vapor-liquid equilibrium
)
= y %S (A, B) Vapor

- o
u #(A, B) Liquid
Separation process
(pEToeR) [ %% A

Evaporation Crystallization Distillation
Species to be separated is distributed between phases
S EEB RIS (A) D 21BE D 7 Ee

(FFE) BINF 0% & 1 mETE
Vapor-liquid equilibrium  Adsorption equilibrium Liquid-liquid equilibrium (ternary)

®RAE(C)

N Adsorption c _
(HEES Dtx)-u)}u)z - . xtraction
i Absorption Drying

2. Distillation %2

2. 1 Binary vapor-liquid equilibrium 292 R KRR FEHE 7 (®F) Total pressure
2 B SRR G TR Ry DB N33 % x LT 5, 2

DIRE DML X, KEE x 2B Bt 25k 5 I,

T t (B9 2 R S R

T =7Px+y,PL-x) (1)

y ESHEOERRESEILDE)
Vapor phase composition
t CREGHER))
X (BRHEOEHBRESEILDE)
MM Liguid phase composition
A (L4 XA, 1((1-X) Agy))? gt (L (1-X) Agy (XA,))? 212 O REETESE
7/1 :10 2 2 21 , YZ :10 1 1 2 . TT R T

Binary vapor-liquid equilibrium
(2.2), (2.3)

B, B,

Pl*:e[Ai”Clj, Pz*ze[Az”Czj (2.4), (2.5)
R ML 72D, T 2T, activity coefficient Jif #4245 v 13 van Laar 3, 4543 @ vapor pressure #fii% 57
J£ P*i% Antoine X ToHh H b L7, (RTFT 1 MRS, 2 A @ihaiksr,) R(2.1) DAL DA ZELH
DETHY, T XV RSO AR Y = 7, P Xy P X+7,P, l-X)} kv bnzd, =0
£ D RARABIRN O & S DI HFERUT Excel DT — )L —IHERE TN LD,

KT RAOFF ITHTo TIEE OM B TR g 085 B TER]TiE sy, ZOXRMK
R OLDITITIEBERBEEZERANTILERNDHDL, ZOTDITE N FERZELEICELDOE &
RE RPN RBINTWD, WLONEEH Tk 52, 22 TiE® o van Laar X 2% 5%, 20
T2 FMmD2ODNRTA=Z AL, A ICKVIERREBHE R TED,

A N log+, = Ay 2
L+ (A T Ay ) (X 1%,)} L+ (A T AL) (X, 1x1)}

s}

logy, = (1.1)

[ RE 1.1)7F & 4% 2K 0T 2A—FH 7 <dist19.xIs>(exercise on<dist9_temp.xls>)
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EH S KFACANT, KT T —F (X, y, T) 5K D116 AR y,,7, 7, ZOF D
van Laar &% A,, A Rk o X,
(i)l B 1.6 D<distl2.xls>> — kT, B4 11, 12 2R D AT A—ZLELT, LI FICERE X by %

KD, (K 1.21) 7 —=ZmbROONITE &L E y,y, (v = ;?/' ) & van Laar L&Dk £ % K,L
i Xi

WZHEY, M16ICFDEE2FE M A E 35, YA NN— 2D M16 25 /METAI11:12 %2k DAL Tvan

Laar EE NS bND5, ZHICEAIE BB EHFEET — 20 AKX 1.19 IT7- T,

A EoDEF 8 | M [ 0 | 9 [ K | L | M |
1| AntoineTE%  A12 07183

2 | ok 421 04123

3 A = =

. 5 [F10°GEIE1/(1+A 10151 /(1-A10)/8162)D) |

5_5’5?; =G [z107(gms201-+(1-a10E1B2/ 210/ 5181)°2) |

JL

T % yiFFEr1 w2 ¥ lcale v 2cals ¥ b

& | TSI EL[kRa] =E10-110 .-":H-|0_d10I
2 o - F

10| 0019 46 | 089 | 4707 1007-0017T -0017

1] 00066 527 102 824 102 003 000

12| 02608 183 116 189 115 -006 002

13| 05079 122 150 124 148 -002 | 002

14| 07472 104 197 104 195 | 000

15| 08043 101 230 101 230 | 000

15 | 1 =SUMSEK10K15) 0.005] 00012

]

18

1.1 van Laar /37 A—F HEE <dist19.xls>

(Bl 2.3] <L V-7 — & OFBEE(Wilson /3T A — &) <dist3.xIs>
Estimate Wilson parameters from equilibrium data for ethanol/water system. [X| 2.4 ## AB,C 3| C/R9T =% /) — /)L
— K F DRI AT — 2 (101 kPa) 7> & T BAREIZ BE % Wilson 235 A —# %3k X,
MO/ 2 FIEOMBETH D, x,yt OF —% L iEEFRE%E F, GFlIkD 5, Wilson = :
Ay _ Ay
X+A,1-%x) (@-X)+A,X
Ap _ Ay
X+A,1-x) (@-X)+A,X

Iny, =—In(x+ A, L—Xx))+ 1L—x)( ) (2.6)

Iny, =—In((L—x) + A, X) — X(

)(2.7)

DT A =2 Ny, Ay DIROEE HEH2 ([2EF <, HIFNZK(2.6), @.DITE Dy DEtHEZRD L, J, KFIIZ
Ex DT —HEEDOEREEZED, L20 TEOEZE2FEMOGHEEZETET 5, VILIA—THKMEIL L21, BE
Bl3f/ME, ZTESEDRIVICHIH2 & LTETT 5, K HI:H2 @ Wilson $RE0IZ L 0 IH &R FHEE S
7~



Advanced Separation Operations B2 E4i/ 2012 p.

A | B | & | B | E | F | @& H | [ 4 [ K | L
= e e o
= 1652.05/ (GE+231.480 : —iFa- =
3 | Ta/ - kR RETE =(Fa-He) = (G6-15)
4
5 |x ¥ Th['C] P*1 Etm T2 v 1cals 7 2cale_JRE l?i% /
6 | 0019 017 955 1449 545_3“&%3 0_995?5} 477 10012 g -0.008
7| 0.0721 0.3891 e T T ——— 48836 | 26498 1.0161 0.0357~0.027
@ | 0.0066 04375 867 0 .9;1::316— , | hozte7laizhe 10287 o108 -0n
9 | 01238 04704 g3 [169746706+227.0N |y hscas | 2 gR{=EXP-THLN( -
10| 01661 05089 841 9515 4]=760+B6/D6/ A6 [p932 | 2/434 A6+ FHEH AGI- AG* (-
11 | 0.2337 05445 827 9017 mre——preerr—r—ranoo ¢ o $HE2 (0 -
'z | 02608 0668 523 8870 A=lOOXCI-BEMEG/0-A6) ool agie HE2 AGI S HET/ (A6+S
13| 03273 05826 815 8608 [CSo 1.2 HET*{0-AGND
14 | 0.3965 06122 807 8344 14 LNEBE+SHET #11 - 1.44 re=—TrrTm AL e ke
15 | D079 06664 798 8065 |pen, ¢_ 1.2666 | 1.4576 -0.04 0.048
16| 06108 0.6500 707 8024 |aov e seagsfHET ¢ 1_:|:SLIMSQ(K6:K2IZI) In_nagA_I
17 05732 0.8841 793 7800 | aen apen - 1170 10800 —00T 4.05=J21+K21
18| 06763 07386 7874 TI2E | pevgepeowagm) 1|=sumsails: J20)
19 | 07472 09816 Y841 V626 1.08 T T o
20 | 09943 08943 7815 7548 3205 100694 230633 1.0085 23795 -0
21 0.035
22
23 1 ;
24 | i c o 71

0s "

25 o =] C-|I A T2
& @ ° 4 b - - --71lcak
27 L =]
5 0.6 @ & _ ‘}0  2oale
28 - & d Y
1 04 o o,
30 | 2 r T
L o]
az | 0.2 g 1 Temo oo
3
1 D i L i L D L ! ! !
2 | i 0o 04 0a 0e 1 a 0.2 0.4 0.6 08 1
36
a7 s x

2.4 Wilson /X7 A — X OHEH <dist3.xls>

[5178 2.1] Boiling point estimation 2 %5 A FAHR D #h s G F <dist1.xIs>
x=0.1 @ ethanol/water mixture =% / —/L / KIEAIE D KEZIE F TOMSERD X, 22 T2 ZDF%D
Antoine 7£%% ¥(C5:D7), van Laar EE%(C9:D9)? % <9,
RO (C2) & H5E DAL x (C4)H B ALy DKL Z 'L CLLDILIZFHE L, X(21)D5kzE (HiL)-(f
) &v)Cl2 ik 5, Y—I->d—ILP—o T, HRXAHtIILICCl2, BEMEIC0, EibkSEDtILIC
C2(IRE) 24T L THEITT D, C2IT@bsit, CL3IZARGHMA Y B’EFHND,

A | E | C | D | E | F |
t |RE (K1 359.6 359.6
3 YR VE, 022 rfaliti |
4 | iR BN 0.1 0.9~ |=EXPICE-CA/G2+CT70.001 |
5 |Antoine TEETA 23.8047 231964
5 B 2803.98 6.44
A ~41.68 7 —46.13 o000/ 0 + GaxGa/ 0 -G4/ D8 ) |
& |mEEPr  [kPal 1387 .
8 |VanLaalFEEIA12,A21 0.7202 ,~0.4104 |=107D8/ 0+ -G4j*D9/G4/G32) |
10 FER{FEMY .23 1.03
1 |SESRE 7 PexlkPal 44.75 psgs T ZCI1oE—
i%E_/f}E%; Q.0ooo =C10+CE+C4
13 |Z SRy 0,
. =C11/G11+0110] [=611+D11-C1 |

2.2 Boiling point estimation 2 &5y R &R AR5 <distl.xls>
[#7E 2.2] x-y diagram 2 A% 57 5% O =R P X <dist2.xls>
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WAL X ORI OWTHRFHEZ B 200, xy BB LA - hadhiio 727 7 28517,
2312 E BT o7 Excel > — hDO—f%& 77, EOBIED L 912 Excel THAGHHEZ I 729 1T1X
(TbBLIFFE IR ELMITIT) T —7 OFITERENMLETH D, ZHUTK L<dist2.xls>TIEh sl
ZEEEET 720D T HRE L, 15 TORHE X 125 % 3 SOIRETRQE)IC LV EKELFHET S, (22,
26,30 1T) RN\T IO DEKED B RKQETOIRE (W) ZHiET2@1IT)E WD HiETH S, MR
213 Lagrange ORI AZ W2, EHICZ DT —27 32— FTIRY Z Mnb 72 D 2 flisy R 9% 3R L T,
R DK DL D K H1s L,

A | E | C | o | E | F | G | H |
0 [2EERERR | TR -k [~] ! 2
& |{EHaphmiy TA ] .
R =N i I
4 |van Laar EHN oz |
5 | E 0.7202
5 | a21 0.4104 | g |
7 |Antaine EEImmHe) y
8 | a1 904404 | To4 |
5 El 1564.3
10| 1 22265 | 02 | e
11 | a2 796681
12 | B2 166821 © e ' '
i oo o0g u] 0z 04 w 06 0.2 1 a oz Di, 1:"rl:I.E 0.s 1
14 |
15 | HEHELES x 0.001 0.05 0.1 0.2 0.3 0.4 0.5
16 | EEkPal 101.3 101.3 101.3 101.3 101.3 101.3 101.3
17| EERH 5.33 4.07 3.23 2.24 1.72 1.42 1.24
18 | EEREY2 1.00 1.01 1.03 1.08 1.18 1.32 1.47
19 = -
B DH 1518:3 =B20+B17*E16+B21+B18+(1-B15) | 1518:3 1518:3 1518:3
BT | gD 442 442 44 2 442 442 442 442
22 | ERE) 447 IRET RS EEY 4.0 g9.2 az27 955
23 t2 ga.2 T T 9.2 |42 g4z |02
24 | p*1 153.1 153.1 163 1 1631 1631 1531 163.1
26 | p*2 7.9 7.9 =B1 9% (B16-B26M (B16- 7.9 7.9
26 T2 68.6 95.1 1|B30)/ (B22-B26)/ (B22- 140.9 145.2
27 | t3 100.0 100 1| B30+ B2 3% (B 6- B22 1 (B G- 100.0 100.0
22 | Pl 225.1 A 4 B30}/ (B26-B22)/ (B26- 225.7 2281
20 | g2 101.3 01.3 e e i 101.3 101.3
a0 | T s 102.4 142.7 1 Be 3/ (B30 B22)/ (B30~ B26) 208.3 214.5
31| #aalic] 9497 906 805 79.7

2.3 x-y diagram  x-y B0 & iR - FAAHIER <dist2.xls>

2. 2 simple distillation B &2
The simple distillation is a problem of differential equation. HLZ&E X A F /LN OIRIE D> & [8143 2B Hk % 15
LEETH D, Z OEFITFIRE X O IR E 3 H & ICHEWE

9%, Mool E 25, ¢
AT LNIZ liquid amount % & Lo, concentration fHR X @ 2 AR I
WattiAz, BHEAEZBIR 9, (K 25) BEFOAFLOHkE \
L, ZDO#k% x, vapor composition XAKSMKkE y &35, Wb y o
B dL 2R AENT L, WD dx B L7 LT 5 &, WEIK P é

%,
Lx = (L —dL)(x —dx) + ydL

(2.8)

L2, 2IROWMpEHZEM LTRSS LA LD, X 25 B3
dL  dx
— = (2.9)
L y-x



Advanced Separation Operations 7 Bfi&{E45i/ 2012p. 6

Z AU distillate ratio #FHI%E - B=1—-(L/L,) # M EXHmx D L,
dx__y-x
g 1-B
R0, yExoBFR (y= (X)) BBERTHIE, BICBET D x OFMY TR L 2D,

[ 2.4] HARE O ZRE Hhifk<dist4 xls>(exercise on<dist4_temp.xIs> and report it)
T X0=0.5 DUV Yy — ML VIR EARRE LA ORB IR EZMT, 20RO x-y BRI,

(2.10)

y=f(X)=———— (a=226) (2.11)

TREDLET D,

26 IR LTzy— My T sy — ) Th b, IV BS Iy e, K (2.10), ZFikL,
W% B12 \ICRET 5, MK, ZAiE% BT:BY TIRE LT, MEVIUVI TN 2 FTT 5, x DD
5yD ), X=X, —A-B)X)B)EFNHRD, 7T 7D X5 7 AL MERAHT 5,

A | E | c I | E | F |
1 |wamEnE | 1] TR
FrE = o= 276
i_ u.s0 I0-352058ﬂ:—((FE*BE!G+(F2—1)*E=3))—BS)/(1—P.3) |
=
5 |WrsAigst— | -4.00E-01
5 [$F52%B12/0+(§F2-1%B12) |
7 EREmE <l 0
N ) 0.5 Ruriga-Kutta
8 |EElAEL S 0.01
10 5t E#ESR
Lﬁ X ¥ X
12 | oo0 [ o500 —smERE | 0693
13 | 0.01 0.493 0.602 0.592“\
14 | 0z N 496 0 G310 0632
15 10 =dpfrz-0-
16 | A1 3ME121/ 813
17 os LNit=35)
12 | A 0.688
LERE Y SRR 0.687
20 | 0.686
21 | —ﬁ\\\\ 0686
ez | | ™ . 0.685
23 | 0.684
ea| | 0Fp T T 0.683
es | || L XD 0.682
z6 | | B0 0.681
27 oo o1 0z |8 0z 0.4 08 0620

2.6 HZAKE <distd.xls>

[#7E 2.4b] 3 Ry % 0D BHiZK B <dist25.x1s>

Simulate a simple distillation of Hexane (1) 30mol%, Heptane (2)
30mol%, Octane (3) 40 mol%. ~3# (1) 30mol%, ~7 % >~ (2) 30
mol%, 72 % >~(3) 40 mol%® 3 53k 100 mol & HAE T %,
distillate ¥4 i & D (219" % distillate fraction 484 HIRHLAL Xoi
& still fraction Z87RIARAR xg DA LZ R L, T ORIZERAAIRIK
ELTHD ZENTE, F7 X QEMED~FY (1), ~TH B,
(2), A2 2 (3)P relative volatility fHx[ R LT @ 13=5.4, a2=23, B,
a3=10 Th D, > T, BIRUGHAL Xpi (2 P12 78 KUK y; 13 2A B,
TOLHIZERED,
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yi — 0LiSXBi ' (I Zl, 2’ 3)

Qy3Xgy T O3 Xp, + Oy Xps
SEFRIE & TR RIS IIT DB OB 0 b B i 8 D & A5 D&%y D By, By, B3 IZBH3 5 LA
TOESEMY FREARELND, (0 NBXPHEETHB,)

dB Oy, X a.,B

L=y = 2 == 2 , (B,(0) =30)
dD OlygX) + Olpg Xy + OlggXy 03B, + 03B, + 0B,

dB oL, X a..B

L=y, =— 22 == 22 , (B,(0) =30)
dD OlygX) + OlpgXy + Olgg Xy 03B, + a,B, +04,B,

dB Ol 22 X o...B

—2 =y, =— 23 =-— B3 , (B;(0) = 40)
dD Olyg Xy + OlysXy + Olog Xy 0,58, + a,,B, + o3;B;

ThvaE UEB Sy FRERAEE Y — ML Y D [0, 100/ TR T 5, KtlE o Excel »— h<chap7_1_3_ {3
8 1.xIs>IZB\\ T, /L B5:DS I B A L, &L B12:D12 #IHfER L OB X% 2% E LT, RZ v
7V v LTHENT 52 & TB O HE D ICHT 2E(B SO D, BRI xei & 8 HIHLR xpi 12U
v ons,

B; (Byi —By)

Bl + Bz + Ba o= (Bl(o) - Bl) + (Bz(o) - Bz) + (83(0) - Ba)

Xgi

A | E | C | =} E | F | G |
oy R s 3 EH
D= Bl= B2= B3= 213= 5.4
98.91  B.321E-08 0.00747799 1.0845425 0.23= 2.3
Bl'= B2'= B3'= 0.33= 1
A E—| -4.08E-07 " <] _55E—02%_984389“‘I:_G4*DS,'(GQ*BS+GS*OS+G4*D3) |

&5 E Rit=la, 0 [z-Gaxca/GasEa+GIFGI+ G4+ D2} |

I:Fﬁ“illﬁtb] gg R“”ng'lb'(”“a' [--G2*E3/(GZ*Ba+GA*C3+G4*D3) |
E =l T E|E [=] 2FE

SEESR
D

=]

E1 B2 B3 B =B1
0.0 | 0.0 20.0 40.0 |—#nEam 100.0
5.0 271 287 |z 951
9.4 242 274 35 201
1489 21.8 26.0 376 85.2
198
248
297
347
396
44.6
43.5
54.5
59.4
64.4
63.4
7245
76.0
791
818
24.3
866 _ s NN
98.8 0 10 20 30 40 50 60 70 80 80 100
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[Report 1] :Complete the "dist4_e_temp.xIs" sheet and print out 1st page. .
[LAR— b 1] @ "dist3_tempxIs"Z 52 L, 1X— T ZFIl L CHEH,



