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Methyl vinyl ether, propyl vinyl ether, isopropyl vinyl ether, butyl vinyl ether “12]1L isobutyl vinyl ether 5-2] alkyl
vinyl ethert= 318} 31 oJofakQ]ellA] Gullo} FMIFHAE de] AMEHTh T £9 alkyl vinyl ether= 142k A3l
oAy Hxlel] et Yael AR oA JAvlg] AT, 34 9 MY HAsE 93t alkyl vinyl ether
Ao EFEAGL 53] LH7F B Qlal, propyl vinyl ether(PVE)] gk 25887} B4 Hlo|el= A9 47l vt
Sltt. webA 1 A5= {PVE + ethanol + benzene} 2Md%7] 333.15 KolA 7199535 headspace gas chromatography
(HSGC)E °]43to] Z7d3131 3L Wilson, NRTL 2 UNIQUAC el “J8A1 AL B3 A eAIE Hdehe E3EA
O 24 {PVE + ethanol}, {ethanol + benzene} “12]1 {PVE + benzene} Aol thdt ¥}JH-v|(vE) 2 & A AR)E
303.15 Kol Stk 49 o) A8A E£8E4S Redlich-Kister TF41S o]-g3o] mi/i4=E oAz on,
o]& ©]g-3lo] Radojkovit 2 02 AMJEA] Z3HEHS 53

Abstract — Alkyl vinyl ethers such as methyl vinyl ether, propyl vinyl ether, isopropyl vinyl ether, butyl vinyl ether
and isobutyl vinyl ether are usually used as industrial solvents and chemical intermediates in the chemical or pharma-
ceutical industry. Recently, they are popularly used as raw materials for polymer electrolyte membrane fuel cells and as
cellulose dyeing assistants. However, very few investigations about process design and operation data were reported for
alkyl vinyl ether compounds and there are no data for propyl vinyl ether(PVE) systems as far as we know. In this work,
the isothermal VLE data are reported at 333.15 K for the ternary systems of {PVE + ethanol + benzene} by using head-
space gas chromatography(HSGC) and these VLE data were correlated using Wilson, NRTL and UNIQUAC equations.
The excess volumes(VZ) and deviations in molar refractivity(AR) data are also reported for the sub binary systems {PVE
+ ethanol}, {ethanol + benzene} and {PVE + benzene} at 303.15 K. These data were correlated with Redlich-Kister
equation. In addition, isoclines of ¥ and DR for ternary system {PVE + ethanol + benzene} were also calculated from

Radojkovi¢ equation.
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QU EREAL QA =8] DR Bl 3 QLA propyl vinyl
ether(PVE)°ll et %883} B4 do]El= Park Fo) Hatsh 25
A star= A FolE 4= 3ItH1,2]. Alkyl vinyl ether®] &3}
ZJollA, 4% crude polymeri= A52 ©Z benzene, etherol] &
F=3L alcohol?} 3| o]Z=w, PVES] 7-¢-, o] #gellA 1] ®F
5% PVES} benzene, alcohol®] &3-E 25 2] A9 F A
Sl

waba] B 104 Alkyl vinyl ether 2] PVE £3H=-2] A7)
29l E/4A2] U3O 2 (PVE + ethanol + benzene} A4Jw7 2]
333.15 Ks}2] 7|44 @3} o2 £}=A 024 (PVE +
ethanol}, {ethanol + benzene} “12]1 {PVE + benzene} el tlgt 3}<]
2] 9 g \AE 303.15 Kl S7gskelt. 574 719053
t|o]El= Wilson[3], NRTL[4] 2 UNIQUAC[5] 2lell AAA B
gkom o]dEA 9] 7] EFHEASS Redlich-Kister[6] TFH]S- o]
43lo] e Bkt) BlEo], 7} o] RA19] Redlich-Kister TF
2] w745 o] 8319 Radojkovie[7] 2] S ZFE] {PVE +
ethanol + benzene} AJEA12] T R3] e} ZHE AAE 53t
Art.
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Ao ARE-% PVE, ethanol 18] 17 benzenes 55 AldrichA 2]
AlFE AJoFO 2 A, GC A A T B 99.9 wtk o1de] = E B
ovg guE A AHgEitt. T E5Ee] HiE Bl ¥
(water contents)> Karl Fischer titrator 2}78-2 53 &1} om,
T s 2HE ghE skl Edu njugke e
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{PVE + Ethanol + Benzene} tVd A0l thgt 333.15 K 5&
7]-433% 74 ARg-gH HSGCE Hewlett-PackardAFe] HP 19395A
headspace sampler(HSS)@} HP 6890N gas chromatography (G.C.)g %1
Asto] ARSIt o] 7] E SR A =R HSSO
HHE71E 9o, Bl Tt 7PIAIRS] /w2 eletro-pneumatic
sampling system®]] 2J8l] A5 0 2 2HF =, transfer lineS F3l A=
ntEE R o) FE L, Z/Jo] A E = X|o|t HSSH el
298.15 KoM 423.15 K7HA] £ 0.1 K& w2 L1525 F4A]7)
= gzt 23] Qlal, -2 P LR AR E 24719
glass vials 788 = glow, o] A& Ak As o= th
= ARE FASESE AFF 22 7o) 7hsd R|o|tt AET =

Thermal Conductivity Detectors AHE-3F311, 14O 2F HP-
5(30m x 0.32 mm x 0.25 mm) capillary columns ©]-8-5}3It}. &
A FFekE 7280 22 Youngrin Autochro-wim 2000 7=}
3t PCE o] 83150tk A A 84 + 1x107 g0] =S 1ol
+ micro balance(A&D Company, HA-202M)E- A[E-510] #| %3}
Sith. AE70lA Ate Z2F A 93 Ee doehE] dAlg2
< o]g3te] 7]-M8Y S Axksh=tl AR-Eth HSSE o8-
b 52 7]-Hg o AAeE S-S ofu] Hand nfkel gk
11,12].

Ao ZH O HJie] ALkE et =589l o] &
S0l W72 digital vibrating tube densimeter(Anton Paar,
DMA 50005 AHE-3l3.0m, A9 SH A= + 5x10° gem™
ojtt, st A& =792 digital precision refractometer(KEM,
model RA-520N, Kyoto, Japan)= =731 ©.H, ©] refractometer?]
S92 2R 1320014 1.40 HlelA + 5x107°0] 12, 1.4014 1.58
e FAEME £1x107%]t}. Densimeterel] 23 WES7 9
refractometerel] 28t S H& S4 7FEHY 557 HE
T 2EEE oSS HuSPo R AES 94 calibrations
O 2 T 7HA reference AR 5718} £ XsT71E AA
of YJgEo] Q= UE Es = EoA SAst] dEAIR +
S RE S5 Ft}. Densimeterd] 739 Al3H &3 A5
318 FAPIR 71327} Y714 QR =0]81o] U-tubeel] A-9-1L,
AR} A RS 557 Zfole] 3l WEE SAsIeit 7Y
¥ 9 245 AARe] AAFE S5 o] e nke} gk
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HSGCE ©]&3l 333.15 KollX] Z7¢ {PVE + Ethanol + Benzene}
AAJEA T2 7]-49E tlo]ElE Table 28} Fig. 101 ZF2F LER]]
2Act. Headspace w21l o]t 7]-W 3y AL, 7173322 7
AR AR s AR A, RS 2] A CIA
HJo]| o] 2= Eot 3ksl 7} AJR-0] ok8- 118 5l]

Ry = 2 e Ageljolt ¢
o Ale) sEo] A jtol7] el o7 1A e Als o8-l

5 Wilson, NRTL
Z18]31 UNIQUACS] Al 7HA] A& o]83f0] AikAlA Hojrt. B
2lof o] st A gkt ko] 7143588 2] FuHARE oF 1.5%
yielo] A= A=t AalE FolA {PVE + Ethanol +
Benzene} S ATHAI7]:=d] 31o] NRTLA O 28t A7k 1.40%
o] AAE M FL AvE Kt Table 30l 7t GF 229

Table 1. Purities, densities, refractive indices and Antoine constants of pure components

Chemical GC Analysis at298.15 K at298.15K Antoine constants
(Wt%) Present Study ~ Literature Value®  Present Study Literature Value A B C
PVE >99.9 0.76268 - 1.39787 - 6.68791 1011.39 200.983
Ethanol >99.9 0.78534 0.78500 1.35933 1.35924 % 8.11220 1592.86 226.184
Benzene >99.9 0.87361 0.87370 1.49784 1.49729 ¢ 6.87987 1196.76 219.161

“reference 8. "Reference 9. “Reference 10.
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Table 2. Isothermal VLE for the ternary system {PVE (1) + ethanol (2) + benzene (3)} at 333.15 K

P../kPa Xy X2 Y1 Y2 P /kPa X1 X2 Y1 Y2
68.96 0.4001 0.0596 0.4304 0.1973 7725 0.2503 0.2496 0.2842 0.3145
7638 0.7007 0.0297 0.7130 0.0921 73.55 0.2002 0.1997 0.2230 0.3059
79.45 0.7997 0.0198 0.8057 0.0600 69.87 0.1500 0.1490 0.1701 0.2724
79.39 0.4005 0.1791 0.4192 0.2834 65.95 0.1002 0.1012 0.1184 0.2445
81.39 0.4997 0.1503 0.4985 0.2553 75.60 0.3496 0.1513 0.3675 0.2664
83.12 0.6003 0.1201 0.5827 0.2205 71.24 0.2800 0.1204 0.3063 0.2319
84.57 0.6995 0.0905 0.6680 0.1842 67.09 0.2104 0.0900 0.2382 0.2166
86.17 0.9009 0.0287 0.8665 0.0834 57.96 0.0690 0.0288 0.0895 0.1119
86.44 0.4000 0.3001 0.4363 0.3320 65.47 0.3597 0.0408 0.4054 0.1239
88.89 0.5004 0.2492 0.5149 0.3038 70.57 0.0297 0.6999 0.0716 0.5249
90.60 0.5999 0.1998 0.5906 0.2726 66.65 0.0199 0.8002 0.0561 0.6168
91.35 0.7003 0.1494 0.6669 0.2310 78.63 0.1476 0.5013 0.2246 0.4240
91.18 0.7997 0.1008 0.7323 0.2083 77.30 0.1202 0.5998 0.2086 0.4651
95.67 0.5000 0.3487 0.5433 0.3398 75.36 0.0905 0.7003 0.1898 0.5187
97.40 0.5991 0.2805 0.6045 0.3078 61.76 0.0297 0.9006 0.1171 0.7108
97.65 0.6996 0.2106 0.6729 0.2613 85.17 0.2998 0.4004 0.3746 0.3721
92.59 0.8999 0.0698 0.8414 0.1378 85.23 0.2499 0.4997 0.3553 0.4043
104.28 0.6000 0.3604 0.6261 0.3433 83.91 0.1999 0.6003 0.3322 0.4439
103.59 0.6995 0.2699 0.6870 0.2906 80.72 0.1502 0.7000 0.3064 0.4905
73.89 0.0592 0.5406 0.1041 0.4615 74.64 0.0999 0.8007 0.2598 0.5711
73.27 0.0501 0.4509 0.0796 0.4314 93.11 0.4200 0.3996 0.4907 0.3589
72.34 0.0399 0.3587 0.0500 0.4124 9291 0.3495 0.4999 0.4725 0.3869
71.01 0.0297 0.2691 0.0363 0.3645 91.03 0.2803 0.5997 0.4416 0.4282
68.76 0.0201 0.1806 0.0245 03163 86.74 0.2096 0.6998 0.4079 0.4739
79.02 0.1802 0.4195 0.2261 0.4210 66.77 0.0697 0.9000 0.2572 0.6720
76.22 0.1494 0.3500 0.1811 0.3880 102.55 0.5389 0.4010 0.6089 0.3423
73.70 0.1198 0.2800 0.1407 03577 101.89 0.4497 0.5000 0.5738 0.3802
71.06 0.0899 0.2099 0.1058 0.3290 99.07 0.3592 0.6003 0.5385 0.4180
62.47 0.0304 0.0705 0.0385 0.2137 93.57 0.2698 0.6996 0.4959 0.4653
81.37 0.2992 0.3018 0.3336 0.3485

Table 3. Correlated GE model parameters for the sub-binary systems
and standard deviations of the ternary system {PVE (1) +
ethanol (2) + benzene (3)} at 333.15 K

Gmodel A, (J/mol)  A; (J/mol) a Ay

Wilson
1+2 637.42 4121.16
2+3 5071.12 725.71 0.0145
1+3 -33.55 —144.57

NRTL
1+2 1952.59 1774.99 0.1751
2+3 1767.53 3366.41 0.4556 0.0140
1+3 —-116.88 -408.53 0.2000

UNIQUAC
1+2 2878.20 —646.32
2+3 —-1188.53 4365.17 0.0176

0.0 0.2 0.4 0.6 0.8 10 1+3 -186.17 149.26
X V;
Fig. 1. VLE for the ternary system {PVE(1) + ethanol(2) + benzene(3)} AY oan = M )
at 333.15 K; @, liquid phase; O, vapor phase. Dashed lines 3

were calculated from NRTL equation. )

oV RA TR (V) e A
w7} o] B HE] AAARE Aazkale] 7AFRA] HaHA) 3kE el UE]E’ 2L o] < =
ORI T SR BUTA SRS g, g e A 0 olgslel Analsir.
AIAEFATE. Fig. 1914 A o= vebd 212 GF 29 5 NRTL

K

Aol g AATE LheRa R0l GE 2 Aol B2 gk XM
2 DDBI§IS] 452 o #3191t} Table 20141 2327 S e ) @
o) Qe 71 BAXAT GF A2 s AL A noT
Nt A1S) BREA By = T AE OLBEH] AN 21 0] Aol x, M, p, LRI p, & 2, BAE, £
ek, o W elw BRES WS ekt ey, S48 B
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Table 4. Densities, excess molar volumes, refractive indices and deviations
in molar refractivity for the binary systems of PVE (1), ethanol
(2) and benzene (3) at 303.15 K

X plgrem)  VE/(cm3mol™) n, AR/(cm>mol™)
{PVE (1) + ethanol (2)}
0.0000 0.78100 0.0000 1.35723 0.0000
0.0495 0.77913 —-0.0218 1.35827 —0.8321
0.0993 0.77735 —0.0389 1.35997 -1.4929
0.2003 0.77398 —-0.0570 1.36349 —2.4388
0.3003 0.77100 —0.0621 1.36689 —2.9536
0.4004 0.76828 —0.0533 1.37006 -3.1376
0.5005 0.76594 —0.0474 1.37302 -3.0565
0.6008 0.76379 —-0.0313 1.37595 —2.7431
0.7012 0.76192 —0.0202 1.37916 22174
0.8009 0.76028 —-0.0120 1.38171 -1.5710
0.8997 0.75884 —0.0068 1.38393 —0.8133
0.9501 0.75815 —0.0030 1.38456 —0.4164
1.0000 0.75751 0.0000 1.38514 0.0000
{Ethanol (2) + benzene (3)}
0.0000 0.86839 0.0000 1.49455 0.0000
0.0493 0.86494 0.0590 1.49165 —0.1530
0.0995 0.86168 0.0815 1.48679 —0.3941
0.1994 0.85514 0.0959 1.47425 —-0.9397
0.3005 0.84820 0.0928 1.46215 —-1.3374
0.4011 0.84106 0.0614 1.44955 —-1.6260
0.4995 0.83349 0.0289 1.43785 —1.7258
0.6001 0.82515 —0.0095 1.42464 —-1.7133
0.7001 0.81577 —0.0204 1.40925 -1.5938
0.7998 0.80559 —-0.0359 1.39231 —-1.3215
0.9006 0.79401 —-0.0335 1.37396 —-0.8325
0.9505 0.78774 —0.0242 1.36580 —0.4455
1.0000 0.78100 0.0000 1.35723 0.0000
{PVE (1) + benzene (3)}
0.0000 0.86839 0.0000 1.49455 0.0000
0.0497 0.86167 —-0.0172 1.48800 0.0093
0.1004 0.85500 —0.0346 1.48149 0.0205
0.1993 0.84246 —-0.0677 1.46917 0.0351
0.2996 0.83032 —0.0978 1.45730 0.0502
0.4000 0.81867 —0.1195 1.44596 0.0666
0.4991 0.80763 —-0.1321 1.43513 0.0747
0.6008 0.79680 —0.1419 1.42461 0.0858
0.6998 0.78665 —0.1429 1.41438 0.0746
0.8005 0.77671 —-0.1325 1.40443 0.0643
0.9009 0.76710 —0.1034 1.39465 0.0283
0.9499 0.76239 —0.0641 1.38997 0.0162
1.0000 0.75751 0.0000 1.38514 0.0000

sHAle] 333.15 Kelx]2] &

& 71 303.15 KoK Q =] 9 =EEEAt 59

A7IA g, npy mp, TET VE ERE & o) RRE, &
$e) 208, SR 208 100 R B9S2
7} vepaicy.

Adde] o3l Fek Ul FEEZTE AitEe oA B
B3] W 248 A= 4 (7)Y Redlich-Kister THH [6]01 23]
1 ATTAE LolH Skt Redlich-Kister TFEHA ] wlj /i <S==37)
oA 67N7HA] AFBAIA, 7HE T2 4TS H]l alE gt
o] 7} 53] A7kl *]‘%0}"3‘:}

V,E2 or AR/cm’ -mol ™ = X1X22 Ax fxz)F1 @)

i—1
o1& A VE 181 AR thEt A 7e} Redlich-Kister 40215
o]t Akt BFHA (6, )= T 2 (8)= ol &3 74]*}?1‘:}
2172
Z((V or AR)car— (V or AR)exp);

o, /em’-mol ' = | 4 ~ (®)

o714 N& alfd E3719] A7 dlolEle] 4, 18]l ne Redlich-
Kister TF2] 2] mf7f=2] sFo] 2z o7]A= 471 €t

{PVE + ethanol}, {PVE + benzene} 1] 1. {Ethanol + benzene}
oAl thal 303.15 KoM S48 e} VA, =883 ARS
Table 4] Z¥7F LERSITE. PVES] V24 x,0] S7H5 U
= Fadhs S BSIYk {PVE + ethanol}¥} {PVE + benzene}
E3H719) 7%, PVES} ethanol®] 733t FAI ol 7191810 Tpo)BiL
= A w5 HYelA oA o mNE S xS Kt Wbl
{Ethanol + benzene} < 7|= sine curve®} o] oF2] AxL=E AJ&}
sto] o] HAE K=, o] ofke Chen?t Tu[9]ell J3H
Qe AT} o), N T B Aoleld] 54 At A7 Ay
2o FolA|i @Al HIEE Aow waec) 248 Al 7
132719 VE= Fig. 201 $A] =18 EE 242 Redlich-Kister

P2 o % Ayte Wi AR AL Aakelt). Redlich-

3
o5
¢

v}
OI
1

02 T T T T

VE/em’mol!

-0.2 1 L 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 2. VE(cm>mol™) for three binary systems at 303.15 K; @, {PVE
(1) + ethanol (2)}; ¥, {Ethanol (2) + benzene (3)}; (1, {PVE (1)
+ benzene (3)}; Solid curves were calculated from Redlich-
Kister polynomial.
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Fig. 3. AR (cm>mol™) for three binary systems at 303.15 K; @, {PVE
(1) + ethanol (2)}; ¥, {Ethanol (2) + benzene (3)}; (1, {PVE (1)
+ benzene (3)}; Solid curves were calculated from Redlich-

Kister polynomial.

Kister2}- 4711¢] mi7ii=5 2h= 25 AR-8lgl on, Adae vl
g5 o]-8-810] AARKRE Aok AHUI 1% ol o] Fodakz

2 A8

T oAl th 2

dEe SAsislen, ol iE At
F o3 o B RE Q] =4E HXR= {PVE + benzene} <3 &

Al

Elﬂ AelM 591 gha Boltk =& At ] 749 vz

ﬂllﬁl

é 1

Zk= Redlich-Kister TFHA&
ovi, 71 2o Fig. 39 1% HolElS) B EAISHAT Table s
= 7}7be] o] R E@7)o) thalo] Aehel Redlich-Kister vl

= olgste] 1 S

39

Fob, AAFT 9 SEE HAE eIt 72 o)/ d7 Aol sl
7R AT ER Axke #HRael Sd4E HAE 4 (9)9
J%7 {PVE + ethanol + benzene}
°] VE} ARS Ak = 9lom, o1& Fig. 4¢} sell VERIITE.

Radojkovic[7] 2]l thelsha, 4l

V123 V12+V23*+V13*

AR,; = AR 5.+ ARy + AR 54

M

_Of

o

T o T e

o lo Ulo
32 r&

.

)

PIE VEARY A= 2F 74 oA VEgre =z & 5
{Ethanol + benzene}7|¢] A A& A|9]star A% L
‘Li}ﬂ LFERk e, ARS] o=

22 HAATE {PVE + benzene} A2

A= AAAQ] A
ZAollA ko] Ax;

0.0

0.0 0.1 0.2 0.3

0.4 0.5 0.6

*7

Fig. 4. Lines of constant VZ (cm>mol™) for the ternary system {PVE

(1) + ethanol (2) + benzene (3)} at 303.15 K.

Fig. 5. Lines of constant AR (cm>mol™) for the ternary system {PVE

(1) + ethanol (2) + benzene (3)} at 303.15 K.

4. 4 E

. =

A4 WO E HSGCE ©]&43t AHd#A {PVE + Ethanol +

Benzene}2] ‘& 7]-918 %S 333.15 KellAl S43131

©m, Wilson,

NRTL, UNIQUAC & G 22| 0 & 23315 dolm gk, Bk
Y= 5O Z {PVE + ethanol}, {ethanol + benzene} 12|

Table 5. Fitted Redlich-Kister parameters and standard deviations for VX and AR for binary mixtures of PVE (1), ethanol (2) and benzene

(3) at 303.15 K

Systems A, A, A, A, o, (cm>mol™)
m+Q) —-0.1786 0.2461 -0.1078 -0.0309 0.0015
VE ) +(3) 0.1101 ~0.6259 02617 02918 0.0056
1) +03) ~0.5246 ~0.1965 ~0.3429 ~0.4289 0.0028
0+ 12,2004 42015 T1.0323 0.7796 0.0098
AR 2)+@3) —6.9655 -0.9157 0.0688 -3.1950 0.0209
(1) +(3) 03108 0.1919 ~0.0374 ~0.1694 0.0029
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{PVE + benzene}A|2] o)Al thall 303.15 Kol W9} VE,
FEE 183 ARS 212} A3} {PVE + ethanol}¥} {PVE
+ benzene} 21 -, VE= A FEE oA o)A o 7 HE]
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A; : Adjustable parameter for the Redlich—Kister equation
Ay, Aj;  Parameter used in Wilson, NRTL and UNIQUAC equations
M, : Molar mass of the pure component i(g mol™")
n : Number of parameters A;
N : Number of experimental data points
vE : Excess molar volume(cm® mol™)
X; : Liquid phase mole fraction of the component i
i : Vapor phase mole fraction of the component i
Jzloja EX}
i : Activity coefficient of the component i
P; : Density of the pure component i(g cm™)
P : Density of the mixture(g cm™)
c : Standard deviation
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