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Abstract — Liquid-liquid equilibrium data for the quaternary system water +tetrahydrofuran + butyl acetate + isoamyl
alcohol mixture were measured at 298.15 K and atmospheric pressure. Binodal curves, tie-lines, distribution, and selec-
tivity for the quaternary system have been determined in order to investigate the effect of using binary solvents, butyl
acetate and isoamyl alcohol, on extracting tetrahydrofuran from aqueous solution. In addition, these experimental tie-line
data were also compared with the values predicted by the UNIFAC model. For the quaternary system, an average root-
mean-square deviation for the system in 75/25, 50/50, and 25/75 mass ratios as mixed solvents are(3.35, 5.21 and 5.65) %,

respectively.
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1 atm 298.15 Kol|A] 43°F Water+Tetrahydrofuran+Butyl Acetate+Isoamyl Alcohol A9] §-<#53] 633

©mn], DECHEMA®IA] “g2] &t ti34]Q] A5 &el] At £3% oF 40

BREAAL o 2E 0] B2, S8 Azl oI5 ek fol &
Aol #2) St go] eI TR EPEE Bl 25
Fo= Felshs 99 214 ool £ F& §hE AHgSto]
BUEE Zhe 2R S Feshs 492 vhEsn 7] 4
BB WA P FFENE FEENEA AT

‘—‘ S

NG S Lehfi= 222 © 2= NRTL(nonrandom two-liquid),
UNIQUAC(universal quasi chemical)?] 5] 71¢ @g] AFgE1] o]
RS ARG 79 2] Yol st sletue|go] AEddE
] Qo B, Folz] Alel] tgt -ogE /<] gt o SFo]
7¥Fssiths g3lo] qlvk. 2ot AAl g ellx] B Thssh v
N MFZA O] T g vt E Q8= tHdEAlel gt
BE A5 T & 3¢ oled REAE A8-87] 218
A AR AFEE Bl F st sEtvEl g Felloft st wjebA
Z8ule] Aol qlofx B A3 Al eabE Fojof sith= of
Hes AYar glom olgjdk EAIE sk f3 myow
Fredenslund 5 [17]°] “$83A12] 73/3w5°] XYL & 571
Ao)8) e g PAS 1213 UNIQUAC FE-e: 71320 2 UNIFAC
(Universal Quasichemical Functional Group Activity Coefficients) 5
DL ARSI, ol % o2} kgl J) 54, RT3
TH18,19].

Tetrahydrofuran(THF)i= 81818 elx] thost ool AMRE] = 8-
st 24o|t}, o & S, A ABAES $18F Y1891 Polytetrame-
thylene Ether Glycol(PTMEG)2] A4k, A €|, vl RES-8-al, A
ok, AT Fof 55 = T Utk ¥ A7IM= 1,4-Butandiol =
HE THFE Aakslo] PIMEGE 843 5 A As AAtshe 3
g Zoll A= =water+ THF 2/32AIZ5E THFE S84 °= &
27| 91t of - sgdof thgh Zloft}. Able] s)4re} A8 A
oA e fxALg-2] SHlA frelsh F7H] R0 FAE EFE

WS o §3t] THFE: 2efsh/] S1a 4 o-o)5-212 M5l
1718F, 298.15 Ko 2152 F9) ol 34 ol oo Y 23S
Faleict. o] Hlo]ElE UNIFAC Wi o zie] Ak B3 24
o} ulaste] 4397 BP29e) el th e AEshas
Ssick. ek WA D AEEE Tajo] 2t A9l v Hel%

d= Hlasigitt.
2.4 o

2-1. ARER| R A2t

298.15 Kel|A] water(1)+THF(2)+butyl acetate(3)+isoamyl alcohol(4)
#3EA | e Gal= =4S Fal7] flste] AP+ Haddad$}
Edmister[20]2] cloud-point titratorg -5-831] A&51310H Lees
[2110] AR AP o] £0.1 KO P89 vl = e
ZolA B AP UE B8 S8AA TS G503, A4
59 AeHdE 71s] f18te] Hamewol 0.01 mL Plo]AZFS
AREBIGITE A 55 =& 22k T § AHESIleH THFS) 7t &
WSS SEAIYRS T2 ARSI

2-2. Bz IMe| 55

YIEAL Sl 2 259 o] A o) YabAA 2 =
FAIZ YERE 2 AgeA] A 47 A1E Treybal 5 [22]°] &
& 495 T T Type 200 aidshz A=A, 2709 =
AE E3hetar gk webA 343 S8l= A4S S & =%
4|2 butyl acetate, isoamyl alcohols 75 : 25, 50 : 503} 25 : 75
o] FHEE E3lalo] B E AREShE 3dEAS EEls =
A S} Fdsl AAlEgI.

2-3. LHSM (Tie-line)2| =4

-84 (Tie-lineys 5743171 918 EA == =3 8l 50 : 50
o] TR E FAIGE oA THFS 555 5% (H 2= S7HA A
Azt on, 2] EIAR F G223 UiollA 2443t ol
28t EEAIZTE FH AL FEE 72 S AFHE Gas
Chromatograph(HP5890 seriesI)ell 2J3l] 24 573519131 TCD A=
71, 150 mesh®] Porapac-QE X138t 1/8 in. 2H|Q1E S ZHS AL
L3130 o]l ARE-3F Gas Chromatograph 78 %712 U =
T8} A&7 251= 22 473.15 K, column head pressurei= 35 psi,
2B 2% 403.15~473.15 KO 2 70 K/min®] &%= 2 784S 3}
o, #9714 He(Gas flow rate : 30 mL/min)y= ARE-8}5I T

o

M

IS AP RREA R YR Zloloh A1 dHlolH
% THFE 33314 %+ butyl acetate(3)-water(1)-isoamyl alcohol(4)
AR FEEGAE 28 S8R 39w Type 28] FElE o
ERAL 92 & & olth. olofl sl 7} 3/dwA1e] S8l 44, )
54 (Tie-liney& Fig. 201l VFEFAIL, 71 AL Table 1, 20 2}z 1}
ERASITE Table 3 Fig. 1] VFERH AFZRERA3EA| 2] 4405A]) 831
T 30 diste] ZFAdate] 2498 XA 0= veRd Zlo)al, Fig. 3
= E8 & 5 9= kel Zolwater(1)+THF(2)+butyl acetate(3)

Fig. 1. Phase equilibrium of water (1) + THF (2) + butyl acetate
(3) + isoamyl alcohol (4) mixture at 298.15 K. R;, R,, and
R; denote quaternary sectional planes; O, wy/w, (100/0); @,
V:JZ}/I‘T)‘I) )(75/25); O, wy/w, (50/50); B, wsy/w, (25/75); 2, walw,
( .
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Fig. 2. Binodal curves and tie-lines of three ternary mixtures mak-
ing up water (1) + THF (2) + butyl acetate (3), water (1) + THF
(2) + isoamyl alcohol (4), and water (1) + butyl acetate (3) +
isoamyl alcohol (4) at 298.15 K, respectively.

+isoamyl alcohol(4) 4/33-Alel tha}o]
7FEeE 27 Ee9eel S7H
acetatesr AHE-SR= 347 3l

= A BRE 2 4 At

utyl acetate®] H71g0] 3
= — {L:‘{[:?l' butyl
ko) 24 eloded oo

3-2. A Y DEAM| 25 ChSM(tie-line) SH A1}

298.15 KollA Addof] 2]3t th-3-4(Tie-line) 7822} UNIFAC
ndao 2 YE At ES v wske] Table 40 YeER| AT
Table 42] th-&-4 (Tie-line) BIOEl= 450l tist A-NHE 24
S veEhllE 202 3RAI9 o] e Awe o3 1 5
& vERd 4 glo P R A RERREAIE ARESEe] IAA 0= UEL
Ylofo spA]ut ARl el o8l 7 4d5A19] HRR S vl
@ 79 o34 (Tie-line)o] - H3deh Fejz AHem o] A4 ]
Hw7} B7FsslE R 4duAel tisiae dutez 343
o] s Ul MEleg Folo] FEgo] Ao
ZEAS vttt & AFeM S -84 (Tie-line) Hlo1E ZH-E

THFe ot 7} 7F o 2 2] Fall e 2 Me =g 3510 Fig. 49} 50

=

=2 B3
AU

KeR=PS]

o

. HLE%
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Table 2. Tie-Line Data for the Ternary Systems at 298.15 K; Water (1)+
THF (2)+Butyl acetate (3), Water (1)+THF (2)+Isoamyl
alcohol (4), and Water (1)+Butyl acetate (3)+Isoamyl alcohol (4)

Water (1)+THF (2)+Butyl acetate (3)

t°C Organic layer (w;") Aqueous layer (w,)
100w; 100w} 100w] 100w
25 1.42 15.70 96.00 3.87
2.12 29.46 93.30 6.57
2.85 41.60 89.89 9.97
3.76 52.07 85.03 14.82
5.15 61.09 79.95 19.89
7.42 67.96 72.38 2743
11.47 72.46 63.25 36.24
Water (1)+THF (2)+Isoamyl alcohol (4)
t°C Organic layer (w;") Aqueous layer (w,)
100w 100w} 100w] 100w
25 12.07 14.83 95.40 2.32
14.28 26.90 91.44 5.89
16.81 37.21 87.02 10.26
19.44 45.19 82.36 14.89
23.58 50.90 76.13 21.10
Water (1)+Butyl acetate (3)+Isoamyl alcohol (4)
t°C Organic layer (w;") Aqueous layer (w,)
100w 100w} 100w] 100w}
25 0.97 81.15 98.46 0.23
1.73 65.26 96.63 0.16
241 52.73 95.61 0.14
94.81 0.10 4.64 30.74
Ehfiglom o]E Fall 8ol FEA S Hlwsiitt
=74 -84 (Tie-line) 2273 2] 48] £ Othmer-Tobias[23]9}

Hand[24] 21l 9J8) 91 slg1 o, ol =23kl Fig. 6,79 1}
ERISIT}. A8/ Al9== butyl acetate+isoamyl acetate <3311 &
75/25, 50/50, 25/75 W& ARE-8t 739-ol T3l 0.9980, 0.9924, 0.9889
(Othmer-Tobias2]), 0.9915, 0.9857, 0.9882(Hand?))© = 2}7} LE}
st

Table 5= & A3 2] UNIFAC E2e] ARE-% group volume, surface
area, interaction parameters WERH Zo]t}[25]. A3 ¢k¥} UNIFAC

Table 1. Binodal Curve Data for the Ternary Systems at 298.15 K; Water (1)+THF (2)+Butyl acetate (3), Water (1)+THF (2)+Isoamyl alcohol (4),

and Water (1)+Butyl acetate (3)+Isoamyl alcohol (4)

Water (1)+THF (2)+Butyl acetate (3)

Water (1)+THF (2)+Isoamyl alcohol (4)

Water (1)+Butyl acetate (3)+Isoamyl alcohol (4)

e 100 w, 100 w, 100 w, 100 w, 100 w, 100 w;
25 0.65 0.00 9.68 0.00 0.00 99.35
635 67.65 11.14 11.32 1.05 79.73
12.85 72.82 13.52 24.69 137 67.09
19.72 71.03 16.61 36.74 2.02 56.73
2271 69.43 18.63 42.84 3.07 4435
37.05 59.19 21.96 50.04 4.10 33.85
4532 5247 27.45 51.41 6.53 15.85
52.25 46.21 34.81 49.67 9.68 0.00
59.70 39.42 4247 45.46
72.14 27.54 53.81 3839
81.27 18.58 70.09 26.48
90.11 9.76 82.17 15.22
99.89 0.00 97.58 0.00
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1 atm 298.15 Kol|A] 43°F Water+Tetrahydrofuran+Butyl Acetate+Isoamyl Alcohol A9] §-<#53] 635

Table 3. Binodal Curve Data for Water (1)+THF (2)+Butyl acetate (3)+Isoamyl alcohol (4) Quaternary System at 298.15 K

w3/ wy=75/25

w3/ w,=50/50

Wa /W, =25/75

ve 100w, 100w, 100w, 100w, 100w, 100w5 100w, 100w, 100w5

25 2.11 0.00 73.42 3.18 0.00 48.41 5.76 0.00 23.56
10.66 5743 23.93 11.29 48.39 20.16 7.89 13.54 19.64
14.72 66.74 13.90 17.49 61.88 1031 11.11 3333 13.89
16.59 67.37 12.03 20.06 62.57 8.69 13.93 46.95 9.78
18.64 67.09 10.71 24.52 60.95 7.27 17.21 53.22 7.39
21.90 65.70 9.30 31.71 57.41 5.44 20.23 56.31 5.87
26.32 63.16 7.89 40.15 51.26 430 23.98 57.01 4.75
32.70 58.86 6.33 50.74 43.25 3.01 30.46 53.57 3.99
42.70 51.24 4.55 59.88 35.93 2.10 40.83 47.89 2.82
60.75 36.45 2.10 75.29 2253 1.09 59.32 35.17 1.38
77.26 2135 1.04 83.87 14.28 0.93 78.55 19.31 0.54
99.46 0.00 0.41 99.28 0.00 0.36 97.76 0.00 0.56

w Table 4. Calculated and Experimental Tie-Line Compositions for Water

2

3+4
Fig. 3. The effect of mixing ratio on binodal curves of water (1) +
THF (2) + butyl acetate (3) + isoamyl alcohol (4) mixture for

the quaternary system at 298.15 K; @, w,/w, (100/0); (],
wy/w, (75/25); A, wiiw, (50/50); V, wy/w, (25/75); B, w,/
w, (0/100)

sdlo] ot of & 3k}2e] HAE YER:= RMSD(Root Mean Square
Deviationy= 33570l thallA= 2] (1), 435700 tlaies A =
T3t

N 32 exp cal 12

RMSD; =| 3 3 3 (X37() ;7)) o | M
i=1j=1k=
N 4 2 ex cal 172

RMSD4:[ T 3 (XPG) - X)) /SN} @
i=1j=1k=1

8] Ao oJsha 347 H-AFPGA T Type 15 |5+ water(1)
+THF(2)+butyl acetate(3), water(1)+THF(2)+isoamyl alcohol(3)94 zr
Alell thall 1.25%, 3.76%2] B2} YEFE L, Type 22 0] butyl
acetate(3)+isoamyl alcohol(4)+water(1)71 = 3.39%% YEFSETE
water(1)+THF(2)+butyl acetate(3)+isoamyl alcohol(4) 4’37 tff
M= B3Rl Bl 75/25, 50750, 25/7590 whEk 335, 5.21, 5.65%
o] AxP} e b= 21 & it

33, 24 2 MeE
NNFE TN b FRF A §rie] Heo A, 315

O

(1)+THF (2)+Butyl acetate (3)+Isoamyl alcohol (4) Quaternary
System at 298.15 K

Organic layer (w,") Aqueous layer (w;)
100w, 100w;  100w; 100w, 100w,  100w;

wy/w,=75/25

Exp. 4.19 15.09 60.70 96.11 1.67 0.38
Calc. 4.69 19.34 62.54 97.69 0.94 0.15
Exp. 5.13 27.73 50.29 94.51 3.60 0.25
Calc. 5.06 34.59 49.59 96.75 2.07 0.10
Exp. 6.12 40.06 40.31 92.74 5.75 0.12
Calc. 5.50 46.89 39.07 95.70 3.33 0.05
Exp. 7.46 50.71 31.37 90.78 7.97 0.12
Calc. 6.03 56.90 30.36 94.56 4.65 0.05
Exp. 9.26 59.01 23.80 88.86 10.08 0.12
Calc. 6.68 65.11 23.04 93.39 5.93 0.05
Exp. 12.12 65.25 16.99 87.25 12.09 0.00
Calc. 7.48 71.88 16.82 92.37 7.17 0.00

w;/w,=50/50

Exp. 7.72 15.35 38.49 92.80 2.61 0.30
Calc. 8.16 20.00 43.60 96.33 1.25 0.10
Exp. 8.57 28.20 31.59 90.38 5.52 0.30
Calc. 7.93 35.46 34.28 95.14 2.66 0.10
Exp. 10.15 39.29 25.20 88.25 8.38 0.12
Calc. 8.02 47.72 26.69 94.05 4.09 0.05
Exp. 11.65 48.55 19.83 86.14 11.03 0.12
Calc. 8.33 57.48 20.52 92.97 5.46 0.05
Exp. 1391 56.16 14.91 84.36 13.41 0.11
Calc. 8.77 65.40 15.44 92.05 6.70 0.05
Exp. 17.49 61.53 10.44 82.96 15.42 0.00
Calc. 9.35 71.81 11.20 91.30 7.78 0.00

w3/ w,=25/75

Exp. 10.11 14.16 19.06 90.58 3.41 0.12
Calc. 13.11 20.26 22.65 94.37 1.88 0.05
Exp. 11.70 26.88 15.50 88.21 6.51 0.12
Calc. 12.37 35.75 17.53 93.04 3.64 0.05
Exp. 13.50 37.04 12.35 86.51 9.12 0.12
Calc. 12.02 47.78 13.50 92.05 5.16 0.05
Exp. 15.68 47.07 9.37 85.26 11.30 0.00
Calc. 1191 57.26 10.26 91.33 6.44 0.00
Exp. 18.61 53.72 6.98 84.15 13.14 0.00
Calc. 11.93 64.87 7.67 90.72 7.52 0.00
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Fig. 4. Distribution of THF mass fraction between aqueous and
organic layer for the quaternary system water (1) + THF (2)
+ butyl acetate (3) + isoamyl alcohol (4) mixture at 298.15 K;
@, wy/w, (100/0); C1, wy/w, (75125); A, wy/w, (50/50); V7, wsy/
w, (25/75); B, wy/w, (0/100).

1.0

038

0.6

0.4

Wzll/(wzll+wlll)

0.2

0.0 1 1 L L
0.0 0.2 0.4 0.6 0.8 1.0

wy'l(w,'+w,")

Fig. 5. Selectivity of THF mass fraction between aqueous and
organic layer for the quaternary system water (1) + THF (2)
+ butyl acetate (3) + isoamyl alcohol (4) mixture at 298.15 K;
@, wy/w, (100/0); O, wy/w, (75/25); A, wyiw, (50/50); V
wsiw, (25/75); B, wy/w, (0/100).

1.0
®

?::: 05} '
s
Z
:E i L
$ 00
=3
=
&=
2 -05

-1.0 s

1.6 1.2 -0.8 -0.4

log{(100-w,") / w,'}

Fig. 6. Othmer-Tobias plots of water (1) + THF (2) + butyl acetate
(3) + isoamyl alcohol (4) mixture at 298.15 K; W, wy/w, (75/
25); @, wy/w, (50/50); A, wi/w, (25/75).

1.0
0.5} me
o
:{ 0.0 %
2
g(\I
% -0.5
2
-1.0 |
1.5 . . . . .

=21 -18 15 -12 -09 -06 -0.3
log(w,'/w,")

Fig. 7. Hand plots of water (1) + THF (2) + butyl acetate (3) +
isoamyl alcohol (4) mixture at 298.15 K; W, wy/w, (75/25);
@, wy/w, (50/50); A, wyiw, (25/75).

p=22 (3)
W,
| W)

S “)

W+ W)

2 A¥ollM Fig. 4%} 504 Xz bke}l 720] water(1)+THF(2)+butyl
acetate(3)+isoamyl alcohol(4) 4’3 Ao =7} JtfH o 2

Table 5. The UNIFAC Group Volume (R;), Surface Area (Q,) and Interaction Parameters (a,,,)
CH; CH, CH OH H,0 CH;COO FCH,O R, Qy

CH; 0.00 0.00 0.00 644.60 1300.00 972.40 662.10 0.9011 0.8480

CH, 0.00 0.00 0.00 644.60 1300.00 972.40 662.10 0.6744 0.5400

CH 0.00 0.00 0.00 644.60 1300.00 972.40 662.10 0.4469 0.2280

OH 32820 32820 32820 0.00 28.73 195.60 262.50 1.0000 1.2000

H,0 342.40 342.40 342.40 —-122.40 0.00 —6.32 64.42 0.9200 1.4000
CH;COO -320.10 -320.10 —-320.10 180.60 385.90 0.00 —-235.70 1.9031 1.7280
FCH,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.9138 1.1000
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< isoamyl alcohol®ll butyl acetateS &3} 739 butyl acetate]
S o
=

ANl niglstol FE4%0] e
.4 E

298.15 Kel|A] water(1)+THF(2)+butyl acetate(3)+isoamyl alcohol(4)
YIEAN T G2l =403 the-Ad (Tie-line)ys 7513121 UNIFAC
w07 Alkel -84 (Tie-line) #k2H2] RMSDE Alitsioict.
AgeA A78E 33w N-NFFA FType 1= ©1F water(1)+
THF(2)+butyl acetate(3), water(1)+THF(2)+isoamyl alcohol(3)2] Z+
Alell i3l 1.25%, 3.76%2] BAPF YR, Type 25 ©]5 butyl
acetate(3)+isoamyl alcohol(4)y+water(1 A= 3.39%% LFERIT}. water(1)
+THF(2)+butyl acetate(3)+isoamyl alcohol(4)%. 27 E 44F-Al]
tielirdis S8l ulE 75725, 50/50, 25/7591 Wk 3.35%, 5.21%,
5.65%2] HA} Uep k= 2le & 5 ST 437 A1l thali +
vl A=} MBI =7 AR A © 2 U2 isoamyl alcohol®l] butyl acetate
£ A7) whe} FQiekel vl 4 o2 FEA o] T st
isoamyl alcohol¥=5 AME-8k= 73-¢-ol] RIeiA = FZ a7} vil-9- &

R i

T T 20108hd % Foltih STl ol 3

E[glom, ofe] ZAF=R Y

—_—
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