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Abstract Speeds of sound have been measured for binary mixtures of dipropylenc glycol mononielhyl ether with mellianol I piopanol, 
Ppcntanol, and l-heptanol, as a function of composition, at 298 15 K The values have been combined with those of densities d e n v e d  lioin l seess 
invMar volumes to obtain cslimalcs of the product K, ^ of the molar volumes and isentropic compressibility and excess tpiantiu k \ „ I he K[ 
values arc negative over the entire range of composition for all mixtures fhc magnitude o f „ increases with the number ol carbon aloms in the 
« - a k o h o l  The deviation of the speeds of sound from their values in an ideal mixture were also evaluated for all measured mole f ia c in M is  Tlu se 
v a lu e s  arc ccimpared with the mixing function ("hi calculated in the paper The behaviour of u'\ Ar, and with composilion m id  the nimihei ol 
c .irh o ri atoms in the alcohol molecule is discussed
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I. In t r o d u c t io n

I d  an ea rlie r  p a p e r  [ 1 ], w e  h av e  re p o r te d  th e  re su lts  o f  o u r 

m easurem ents o f  th e  e x c e s s  m o la r  v o lu m e s  o f  d ip ro p y lc n e  

2lycol m o n o m e th y l e th e r  w ith  n -a lc o h o l a t 2 9 8 .1 5  K. T h e se  

icsults su g g e s te d  s tru c tu ra l c h a n g e s  o f  d ip ro p y le n e  g lyco l 

Dionomethyl e th e r  b y  a lc o h o l m o le c u le s . S in ce  th e  stu d y  o f  

ulirasonic s p e e d  a n d  is e n tro p ic  c o m p re s s ib il i ty  in b in a ry  

liquid m ix tu re s  a rc  o f  c o n s id e ra b le  in te re s t [ 2 - 5 ]  in a sse ss in g  

the nature o f  m o le c u la r  in te ra c t io n s  a n d  in v e s tig a tin g  th e  

physico-chem ical b e h a v io u r  o f  l iq u id  sy s tem s , w e th o u g h t 

worthwhile to  p e r fo rm  m e a s u re m e n ts  o f  th e  sp e e d  o f  so u n d  

tor these m ix tu re s  in  o rd e r  to  e v a lu a te  v a r io u s  th e rm o d y n a m ic  

properties a n d  fu n c tio n s  th a t  g iv e  a  b e tte r  u n d e rs ta n d in g  o f  

the m o lecu la r in te ra c t io n s  e x is tin g  b e tw e e n  a lk o x y c th a n o l 

ihid a lk an o ls. H e n c e , w e  re p o r t  h e re  m e a s u re d  v a lu es  o f  

speeds o f  so u n d  in (d ip ro p y le n e  g ly c o l m o n o m e th y l e th e r  ̂

nicthanol, 1 -p ro p an o l, l-p e n ta n o l , a n d  l-h e p ta n o l)  a t 2 9 8 .1 5  K 

‘̂ nd a tm o sp h e ric  p re s su re . T h e  is e n tro p ic  c o m p re ss ib il it ie s  

t̂ or all m ix tu re s  w e re  e s t im a te d  b y  c o m b in in g  th e  d en sitie s  

derived from  e x c e s s  m o la r  v o lu m e s  [ 1 ] a n d  th e  sp e e d s  o f  

sound. T h e  m o la r  v o lu m e  w e re  m u ltip lie d  b y  th e  isen tro p ic
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co m p re ss ib ilitie s  to  o b ta in  e s tim a te s  o f  W e hav e  a lso  

c a lc u la ted  th e  d ev ia tio n s  u’̂  o f  th e  sp eed s  o f  so u n d  from  

th o se  in th e  ideal m ix tu re  to g e th e r w ith  th e  m ix in g  

fu n c tio n  Su and  the  ex cess  m o la r q u an titie s

2. E x p e r im e n ta l

D ip ro p y len c  g lyco l m o n o m eth y l e th e r (M cick -S ch iich arc lt. 

F R G , G C , m ass frac tio n  > 9 5 )  w as used  w ith o u t fu rth e r 

p u rific a tio n . S p e c tro sc o p ic  g rad e  a lco h o ls  w ere  d ried  and 

frac tio n a lly  d is tilled  as  d e sc r ib ed  e lsew h ere  | 6 ] A ll sam p les  

w ere  k ep t in tig h tly  sea led  b o ttle s  to m in im ize  the  ab so rp tio n  

o f  a tm o sp h e ric  m o is tu re  and CO^. and  d ried  o v e r 0 4 nm  

m o le c u la r  s ie v e s  to  r e d u c e  w a te r  c o n te n t .  P r io r  to  

m easu rem en ts , all liq u id s  w ere  p a rtia lly  d eg assed  at low  

p re ssu re . T h e  p u ritie s  o f  th e  liqu ids w ere  ch eck ed  by 
m easu rin g  th e ir d en sitie s  w ith  a b ic a p illa iy  p y c n o m e te r o f  

ab o u t 10 cm^  ̂ cap ac ity . T h e  m easu rem en ts  at 2 9 8  15 i  0.01 

K hav e  an estim a ted  re p ro d u c ib ility  o f  0 3 kg rn \  T he  

v a lu e s  o b ta in e d  fo r d e n s itie s  w ere  c o m p a re d  w ith  th e  

lite ra tu re  d a ta  [6 -1 4 ]  in T a b le  1. A lso  g iven  in T a b le  1 arc 

o u r m easu red  o r lite ra tu re  v a lu es  o f  th o se  q u a n titie s  w hich  

are  req u ired  in the  es tim a tio n  o l Av.m.
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Tabic I. Observed and literaliirc values of dcnsilics ip"), isobant thermal expansivities (Op), molar isobaric heat capacities (C* J ,  uliutson,̂  
speeds (*/). and the product K\ « of the molar volume and iscniropic compressibility of pure liquid components at 298 15 K

Component

(kg m 

obs

l3ipropylcne glycol 952 7
monomethyl ether

Melhnaol

I-Propanol

I -fVnlanol

I-I Icplanol

786 4 786 54 [6J
786 8̂ [71 
786 61 [81

799 4 799 50 17]
799 35 [9]

«;,(KK ‘)

0 242"

I 201 [91

I 003 19]

819:

811 10 |81

819 50 1131 0 845''

'],m (J u* (m s ') K \ m (mm  ̂mi
mol ')

obs III.
MPa 1)

294 6'’ 1303 1 618.14

81 21 |71 1100 6 1101 80 [8] 
1102 (10|

1049 78

144 10 (71 12 04 6 1205 17 [8] 862.09

208 4 (I2| 1273 9 1275 18 |81 759 72

271 7" 132 7 692 49
8189 1141

"estimated using group additivity, '’calculated from our measured densities

m ix tu re s  w e re  p re p a re d  by m ass at ro o m  te m p e ra tu re  w ith  

a p re c is io n  o f  f 0 .0 5  m g. C o rre c tio n s  w ere  m ad e  for buoyancy . 

I l ic  c o m p o s it io n  o f  each  m ix tu re  w as o b ta in e d  w ith  an 
a c c u ra c y  o f  1  ̂ 1 0  fro m  th e  m e a su re d  a p p a re n t m asses  o f  
th e  c o m p o n e n ts . A ll m o la r  q u a n titie s  w ere  b ased  u p o n  th e  

lU P A C  tab le  o f  a to m ic  w e ig h ts  [15].

T h e  sp e e d s  o f  so u n d  in b o th  th e  p u re  liq u id s  and  th e ir 

m ix tu re s  w e re  m e a su re d  at 4 M H z  u sin g  N U S O N IC  (M ap co , 
M o d e l, 6 0 8 0  C o n c e n tra tio n  A n a ly z e r)  v e lo c im e tc r  b a sed  on 

s in g -a ro u n d  te c h n iq u e  [16 ] w ith  a s in g le  tra n sd u c e r  cell. T he  

u ltra so n ic  sp e e d s  a t 2 9 8 .1 5  K arc  d ire c tly  o b ta in e d  from  the 

a v e ra g e  ro u n d  tr ip  p e r io d  o f  th e  u ltra so n ic  w av e  in a fixed  
p a th  len g th  b e tw e e n  th e  p ie z o e le c tr ic  tra n sd u c e r  and  re flec to r. 

T h e  m a x im a l e r ro r  o f  th e  sp e e d  m e a su re d  re la tiv e  to  w a te r 
(1 4 9 6 .6 8 7  m  s  ̂ a t 2 9 8 .1 5  K ) [17 ] is e s tim a te d  to  be less th an  

0 . 2  m  s ' .  F u r th e r  d e ta i ls  c o n c e rn in g  th is  a p p a ra tu s , 

e x p e rim e n ta l se t-u p  an d  o p e ra tio n a l p ro c e d u re s  h av e  been  

d e sc r ib e d  in o u r  p re v io u s  w o rk  [1 8 ,1 9 ] . A th e rm o sta tic a lly  

c o n tro lle d , w ell s t ir re d  w a te r  b a th  w h o se  te m p e ra tu re  w as 

c o n tro lle d  to  lO .O l  K , w as  u se d  fo r all m e asu rem en ts .

3 . R e s u lt s  a n d  d is c u s s io n

T a b le  2 g iv e s  th e  e x p e rim e n ta l re su lts  o f  .speed o f  so u n d  at 

2 9 8 .15 K  o f  a ll th e  b in a ry  m ix tu re s  a t v a rio u s  m o le  frac tio n s . 

A lso  lis te d  th e re  a rc  d e v ia t io n s  o f  th e  u ltra so n ic  sp eed  

fro m  th e  v a lu e s  c a lc u la te d  fo r  id ea l m ix tu re s , th e  p ro d u c t 

Ky,„ o f  th e  m o la r  v o lu m e  a n d  th e  ise n tro p ic  c o m p re ss ib il ity , 

an d  th e ir  c o r re s p o n d in g  e x c e ss  m o la r  q u a n tity  K[̂ p,.

T h e  K\ an d  m h a v e  b een  c a lc u la te d  fro m  th e  re la tio n  :

(1 )

(2 )

w h e re  p  is th e  d e n s ity  an d  M  ̂ lLx,M* is th e  m o la r  m a ss  o f  

th e  m ix tu re .

Table 2. Ultrasonic .speeds w, dcviiUions u‘* from ullra.sonic speed m an 
ideal mixture, the product AJ, of the molar volume and i.scnlrnpi' 
compressibility, and the corresponding excess quanlity K \ f o r  lunmi 
mixtures at 298 15 K

T u
(ms ') (ms ')  (mm^niol 'MPa ') (mm''mol ' V

.vClUlCXCll,), 1:011+  (l -  a)CI1iOM
0 on 13 1101 9 1 ()<) 42 77 - 0 09
0 0024 1103 3 2 30 42 75 0 19
0 0037 1104 6 3 38 42 76 0
0 0057 1106 2 4 63 42 79 -0 40
0 0072 1107 6 5 77 42 80 0 49
0 0092 1109 3 7 11 42 83 -0 61
0 0117 11112 8 55 42 88 -0 74
0 0219 1119 1 14 47 43 08 -1 27
0 0356 1129 3 21 79 43 37 - 1 9̂
0 0522 1141 2 29 93 43 74 ^268
0 0749 11.560 39 23 44 35 3..57
0 0992 1169 9 46 92 45 13 -4 3.S
0 1327 1186 1 54.25 46 38 -5 17
0 1723 1203 5 60 99 47 93 -5 99
0.1992 1213 2 63 46 49.11 -6 37
0 2482 1229.4 66.69 51 32 -6 94
0 2873 1240 0 67 22 53 21 -721
0 3246 1248 7 66 59 55 10 -7 34
0 3509 1254 1 65.59 56 47 ' -7 38
03910 1261 4 63 44 58 63 -7 35
0 4378 12^8 8 60 27 61 20 -721
0 4792 1274 2 56 72 63.56 -6  98
0 5303 1280 0 51 99 66 53 -6 61
0 5716 1284 5 48 37 68 93 -6  29
0 6069 1287 5 44 71 71.05 -5 94
0 6336 1289 4 41.72 72 69 -5 63
0 6540 I29I.0 39 68 73 93 -541
0 6796 1292 5 36 71 75 53 -5.08
0 7414 1294 2 28 10 79 60 -4 04
0 7754 1295 6 24 09 81 78 -3 52
0 8071 1297 1 20.71 83 78 -3.06
0 8406 1298 3 1991 85.94 -2 54
0 8762 1299.6 13.08 88 21 -1 99
0 8959 1300 2 1091 89.48 -\6 ]_
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u
(ms ')

M'"
(m s*)

K:.n,
(mm^mol 'MPa ')

K'<n,
(mm^mol 'MPa ')

,)‘ni)o 
0 0507 
f)0(OI 
(10717 
(! 0S40 
I)
(I 0070

i; 0007 
I) (lO l  ̂

0 ()0?O
(I ( l in o

0 ()05> 
(MIO'77 
Ii Olio 
(,. i)>M
0 0 ^so 
0 0105 
0 00*17 
M O S lO  

(lOOHO  

0 I 750 
(I ! M)7 
!' 10S(i  

!i Mo 
0 7704 
) 7. ^^ 

M 105 1

9 0  6 6

9 1  6M

9 2  9 7  

9 3 . 7 7

9 4  3 3

9 5  IK  

9 5  7 0  

9 5  9 7

,xUM0(CH2).il20H + (1 - x)C i H7 0 I1

1 3 0 1  4 9  3 9

1 3 0 1  6 7 . 5 2

1 3 0 2 . 0 5 2 7

1 3 0 2  3 3  9 4

1 3 0 2  5 3  0 2

1 3 0 2  8 1 . 6 2

1 3 0 2  9 0  7 0

1 3 0 3  0 0 . 2 8

1 2 0 4  7

1 2 0 4  9

1 2 0 5  2

1206 1
1 2 0 6  9

1 2 0 7  1 

1 2 0 R  I 

1 2 1 2  I 

1 2 1 4 2  

1 2 1 6 3  

1 2 1 9  5 

1 2 2 2  7 

1 2 2 5  7 

1 2 3 0  3 

1 7 3 5  K 

1 2 4 2  5 

12 19 4 

1 2 5 2  3 

1260 0 
1 2 6 S  7

O i l  

0  3 2

0  6 3

1 5 5

2  3 6

2  5 8

3  3 1  

7  6 1  

9  6 3  

I I  5 7  

1 4  2 5  

1 7  1 2  

1 9  5 0  

2 2  9 3  

2 6  5 0  

3 0  2 3  

3 3  4 6

3 3  1 4

3 4  5 4  

3 4  7 2

6 4  8 3  

6 4  8 4  

6 4  8 6  

6 4  8 1  

6 4  7 9  

6 4  8 6

6 4  9 2

6 5  2 3  

6 5  4 0  

6 5  6 3

6 5  9 3

66 31
6 6  6 7

6 7  2 3

6 8  0 5

6 9  1 3

7 0  2 8  

7 I 5 0

7 3  3 7

7 4  9 5

- 1  4 4  

I 1 6  

- 0  8 2  

- 0  6 1  

- 0  4 7  

- 0  2 6  

-0 11 
- 0  0 4

-0  01 
- 0  0 4  

- 0  0 7

0  17  

- 0  2 6  

- 0  2 9  

-0 41
0 88 

- 1.11
1 3 5  

- I  6 7  -2 02 
- 2  31  

- 2  7 4  

- 3 2 1  

- 3  7 2  

- 4  18  

- 4  21  

- 4  4 8

4  5 8

II M71 1 2 7 0  5 3 3  7 7 7 6  6 1 - 4  5 3

ij 1 2 7 3  9 3 2  6 1 7 7  9 1 - 4  4 3

II “̂ 736 1 2 7 6  8 3  1 2 3 7 9  15 - 4  2 9

II 1 2 7 9  9 3 0  11 8 0  3 0 - 4  IK

" MSS') 1 2 8 2  0 2 8 . 6 7 8 1  3 2 - 4 0 1

') 1 2 8 4  4 2 9  6 9 8 2 . 5 8 - 3  7 8

Ki SM . 1 2 8 7  9 2 3  1 7 8 4  6 3 - 3  3 3

' i ' M K , 1 2 9 0  7 2 0  0 8 8 6  3 5 - 2  9 2

0 ;s(M 1 2 9 3  3 1 6  7 1 8 8  11 2  4 6

') S 2M , 1 2 9 6  0 1 3  9 2 8 9  6 9 - 2  0 7
11 ssg.; 1 2 9 7  3 11 13 9 0  9 6 1 6 7

II S‘) 2 0 1 2 9 X 6 8 4 7 9 2  1 8 - 1  2 8

1 2 9 9  7 6  2 3 9 3 . 2 1 - 0 . 9 5

(l^Mvl7 1 3 0 0  5 5 2 2 9 3  7 4 - 0  7 9

0 ‘)3M) 1 3 0 1  3 4  5 5 9 4  1 5 - 0  6 9

nos 73 1 3 0 1  5 3  5 0 9 4  5 7 - 0  5 3

1 3 0 2  0 2  11 9 5 . 1 7 - 0  3 2

(U )SS7 1 3 0 2  5 0  7 5 9 5  7 6 - 0  1 2

1 3 0 2  6 0  1 6 9 5  9 9 - 0  0 3

‘t 9 9 8 8 1 3 0 2  8 0 , 1 5 9 6  1 5 - 0 . 0 2

AC l l , [ 0 ( C H 2 ) ] i ] 2 0 H  +  (1 - x ) C , n , i O i ^
9fi()|2 1 2 7 4  2 0  0 4 8 2 . 5 5 - 0  0 1

''0(177 1 2 7 4  2 0  0 6 8 2  5 7 - 0  0 1
0 00(11 1 2 7 4  2 0  2 9 8 2 . 6 2 - 0 , 0 4

9 0077 1 2 7 4  5 0  6 9 8 2  6 0 - 0  0 9

9(1(107 1 2 7 4  7 1 , 0 2 8 2  6 1 - 0  13
9 0 U 5 1 2 7 5  0 1 6 3 8 2 . 6 5 - 0  2 1
>io?o« 1 2 7 5  5 2  8 7 8 2  7 7 - 0 . 3 6

" l l t l X 1 2 7 6  2 4  4 1 8 2  9 2 - 0 . 4 6
II II SS! 1 2 7 6  7 5 7 6 8 3  11 - 0  7 4
fHI7t() 1 2 7 7  2 6  9 9 8 3 . 2 9 - 0 . 8 9

o m p r e s s i b i l i t i e s  o f  m i x t u r e s e t c

0  0 9 2 1 1 2 7 7  8 8  3 5 8 3 . 5 1 - 1  0 7
0  1 2 9 0 1 2 7 8  8 1 0  6 2 8 3  9 7 - 1  3 7
0  1 7 4 5 1 2 7 9  7 1 2 6 1 8 4  6 0 - 1  6 4
0  2 2 2 3 1 2 8 1  7 15 2 4 8 5  14 - 1  9 9
0  2 7 3 4 1 2 8 3  4 1 7  0 8 8 5  7 8 - 2  2 5
0  3 0 3 7 1 2 8 4  I 17  6 3 8 6  2 1 - 2  3 3
0  3 4 4 8 1 2 8 5  4 18  4 5 8 6  7 5 2  4 5
0  4 0 4 3 1 2 8 7  1 18  9 6 8 7  5 6 - 2  5 4
0  4 4 7 2 1 2 8 8  4 1 9  0 7 8 8  14 - 2  5 7
0  4 9 6 5 1 2 8 9  6 1 8  S 7 8 8  8 6 - 2  51
0  5 3 9 6 1 2 9 0  4 1 7  6 3 8 9 . 5 2 - 2  3 9
0  5 7 5 0 1 2 9 1  8 17  4 3 8 9  9 6 - 2  3 7
0  6 1 3 8 1 2 9 3  1 1 6 8 1 9 0  4 8 - 2  3 0
0  6 5 6 2 1 2 9 4  4 15 7 2 9 1  0 7 - 2  1 7
0  7 0 2 8 1 2 9 5  6 14 2 9 9 1  7 5 - 1 , 9 7
0  7 4 5 4 1 2 9 6  8 1 2  81 9 2  3 6 - 1  7 8
0  7 8 6 3 1 2 9 7  9 11 1 9 9 2 , 9 6 - 1  5 6
0  8 2 7 3 1 2 9 9  2 9  6 2 9 3  5 3 - 1  3 4
0  8 5 4 9 1 3 0 0  0 8 4 1 9 3  9 2 1 1 8
0  8 8 3 9 1 3 0 0  6 6  8 3 9 4  3 7 - 0  9 6
0  9 0 6 2 1 3 0 1  2 5 71 9 4  7 0 - 0  8 0
0  9 2 4 4 1 3 0 1  4 4  4 8 9 5  0 0 - 0  3 6
0  9 4 2 6 1 3 0 1  7 3  3 3 9 5  2 9 - 0  4 7
0 9 6 1 8 1 3 0 2  0 2  0 7 9 5  6 1 - 0  2 9
0  9 7 8 0 1 3 0 2  3 1 0 4 9 5  8 7 - 0  15
0  9 8 9 4 1 3 0 2  6 0  3 5 9 6  0 5 ■0 0 5
0  9 9 7 0 1 3 0 2  6 0  2 5 9 6  18 - 0  0 4

A C l h l C X C I  l 2 ) , ] 2 0 H  +  (1 -  A ) C '7 t  11 , O I  1

0  0 0 I I 1 3 2 7  5 0  0 9 9 7  4 0 0 0 1
0  0 0 3  1 1 3 2 7  3 - 0  0 9 9 7  4 2 0  0 2

0  0 0 6 4 1 3 2 7  1 0  0 3 9 7  4 2 0  0 1

0  0 0 9 0 1 3 2 7  0 0  18 9 7 , 4 3 ’ 0  0 1

0  0 1 3 0 1 3 2 6  8 0  ^ 6 9 7  4 3 -  0  0 4

0  0 2 2 9 1 3 2 6  4 0  9 0 9 7  4 3 - 0  11

0  0 3 4 8 1 3 2 6  0 1 6 1 9 7  4 2 - 0  1 9

0  0 4 5 2 1 3 2 5  4 1 9 6 9 7  4 5 - 0  2 3

0  0 5 9 6 1 3 2 4  8 2  6 5 9 7  4 6 -  0  3 2

0  0 8 0 3 1 3 2 3  H 3  4 3 9 7  4 8 - 0  4 2

0  1 0 1 4 1 3 2 2  7 4  0 8 9 7  5 2 - 0  4 9

0  1 2 7 4 1 3 2 1  3 4  7 4 9 7 , 5 7 - 0  5 7

0  1 6 1 2 1 2 1 9 7 5 6 4 9 7  6 1 - 0  6 9

0 , 1 9 6 2 1 2 1 8 2 6  5 5 9 7  6 4 - 0  81

0  2 3 5 1 1 2 1 6 9 7  7 0 9 7  6 1 - 0  9 6

0  2 6 9 9 1 2 1 6 0 8 8 1 9 7  5 6 - M l

0  3 0 2 9 1 2 1 4  1 8  6 4 9 7  6 7 - 1  0 8

0  3 3 5 5 1 3 1 2 7 8  7 9 9 7  7 0 - 1  0 9
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0  3 7 3 7  

0  4 1 5 9  

0  4 7 6 3  

0 . 5 3 2 2  

0  5 8 3 9  

0  6 4 0 2  

0 6 8 1 9  

0 7 1 6 8  

0  7 7 0 6  

0  8 2 3 8  

0  8 7 7 5  

0  9 1 9 3  

0  9 3 3 6  

0  9 4 8 4  

0  9 6 9 6  

0  9 8 5 7  

0  9 9 4 2

1 3 1 1  9  

1 3 1 1  4  

1 3 1 0  I 

1 3 0 8  6  

1 3 0 7  6  

1 3 0 7  0  

1 3 0 6  0  

1 3 0 5  5 

1 3 0 5  2  

1 3 0 5  0  

1 3 0 4  9  

1 3 0 4  4

1 3 0 4  8

1 3 0 5  C 

1 3 0 4  1 

1 3 0 3  6  

1 3 0 3  2

9  6 2

1 0  6 9

11 1 9  

1 0 9 2  

1 0  6 9  

1 0  5 4  

9 6 1  

8  9 9  

5 21  

7 18  

5 8 8  

4  1 6  

4  14  

3  8 5  

2  1 9  

1 0 7  

0  3 4

9 7  6 3  

9 7  4 9  

9 7  3 9  

9 7  3 4  

9 7  2 5  

9 7  0 8  

9 7  0 4  

9 6 . 9 6  

9 6  7 7  

9 6  5 8  

9 6  3 8  

9 6  2 9  

9 6  17  

9 6  0 8  

9 6 . 1 3  

9 6  14  

9 6  17

--1 20 
- 1  3 6  

- 1 . 4 3  

- 1  3 9  

- 1 . 3 7  

- 1  3 6  

-  1 . 2 3  

- 1 . 1 6  

- 1  0 3  

- 0 . 9 4  

• 0  7 7  

- 0  5 4  

- 0  5 5  

- 0  5 2  

- 0  2 9  

- 0  14  

- 0  0 4
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(3)
T h e  e x c e s s  q u a n ti tie s  w e re  c a lc u la te d  from  :

= K  -  A'"' »

w h e re  K'^„ [2 0 , 2 1  ] is

« ' i ,  = 5 ] c ; , )  

- ( ^ ; . 7 C . ) } ] -  (4 )

w h e re , / I * , is p ro d u c t o f  th e  m o la r  v o lu m e  and  th e  iso b aric  

e x p a n s iv ity , , is th e  iso b a ric  m o la r h ea t cap ac ity , and  Â *., 

is th e  p ro d u c t o f  th e  m o la r  v o lu m e  V* an d  th e  isen tro p ic  

c o m p re s s ib il i ty  v* ,. T h e  p  o f  th e  m ix tu re  at the  a p p ro p r ia te  

m o le  fra c tio n s  u se d  in th e  u ltra so n ic  sp e e d  m easu rem en ts , 

w e re  o b ta in e d  fro m  m o la r  v o lu m e s  o f  p u re  c o m p o n e n ts  and  

e x c e ss  m o la r  v o lu m e s  fro m  th e  c u b ic -sp lin e  in te rp o la tio n  
re p o r te d  in R e f  11 ].

T h e  d e v ia t io n s  o f  th e  u ltra so n ic  sp e e d s  from  th e ir  v a lu es 

in an  id e a l m ix tu re  w e re  c a lc u la te d  from  [4 ,2 1 ] :

~ u - 1/'^,

w h e re  u'‘‘ =  ( ^  • ,

A lso , th e  m ix in g  fu n c tio n  (5w is d e f in e d  by

Su = u - ' ^ x ,u ;  , (7)

T h e  v a lu e s  o f  u \̂ an d  Su w ere  fitted  fo r each  m ix tu re  

by  an  e q u a tio n  o f  th e  ty p e  :

F(x) = jc(l - x ) ^ a , { 2 x -  D ' . (8 )
1=0

V a lu e s  o f  c o e ff ic ie n ts  a„ c a lc u la te d  by  th e  m e th o d  o f  least 

sq u a re s  w ith  a ll p o in ts  w e ig h te d  e q u a lly , an d  th e ir  s ta n d a rd  

d e v ia t io n s  <j a re  su m m a riz e d  in T a b le  3. E x p e rim e n ta l 

re su lts  fo r  a n d  û  ̂ a re  p lo t te d  a g a in s t x in  F ig u re s  1 

an d  2 .

Table 3. Parameters ol'cq (8) and standard deviations a

Figure I. Values of at 298.15 K for j:CHi[0 (CTl2)3|20H + (| ~x) 
|OII, methanol (o), 1-propanol (A), 1-pcntanol (H); 1-heplanol

(5)
(6 )

£

Figure 2. Values of of the speeds of sound from their id e a l  v a lu e s  lu 

298 15 K for :eCH3|0 (CH2)jj20H + (I -  je)C„H2„ . |OH, methanol (o), 
I-propanol (A); 1-pentanol (□), l-hcptanol (x)

Fix) ^0 fli «2 «4

jfCH3[0(CH2)3]20H + (1 - jc)CH30H
Su/(m s ') 301 64 -171 10 66.25 -78.72 69 56 041

»'^/(m s ') 221 82 -177 65 88 96 -119 74 103 05 0.44

A^^/(mm^ moP' MPa ') -27 64 13.62 -3.43 8 59 -8 57_ 0 04

jtCH3[0 (CH2)3]20H + (1 -;r)C 3H70H
<5w/(m s ') 84 39 -31 15 21.14 -17 96 0 35

M /̂(m s"') 128 42 -66 69 41 90 -27.79 0.36

mol ' MPa ') -17 54 6 44 -3.61 2.79 0.04

jtCH3[0(CHi)jl20H + (l -x)CjH,,OH

Su/{m s"') 4 86 1 02 9 40 -8 63 0 23

M̂ V(m s~') 74 21 -17.87 11.55 -3 98 0.23

Aji„/(mm^ mol”' MPa ') -10 04 1.87 -1.30 0 42 0.03

xCH3(0 (CH2)jj20H + (1 -Jt)C7HisOH

Su/im s ') -24 66 7 73 -3.35 3.42 15.40 0 26

M̂ /̂(m s ') 44.11 1 44 -9.79 12.04 32 65 0.30

Af JCmm^moP' MPa-') -5 59 -0,37 - 1.20 -1 77 -4.14 0.04
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W e h a v e  a tte m p te d  to  e x p la in  th e  p h y s ic o -c h e m ic a l 

behaviour o f  th e  m ix tu re s  in  o rd e r  to  e x p lo re  th e  s tren g th  

and n a tu re  o f  th e  in te ra c t io n s  b e tw e e n  th e  c o m p o n e n ts  by  

deriving v a r io u s  th e r m o d y n a m ic  p a ra m e te r s  fro m  th e  

ultrasonic sp e e d  a n d  d e n s i ty  d a ta . V a r io u s  p a ra m e te rs  such  

as in te rm o le c u la r  f re e  le n g th  L/^[23], v an  d e r  W a a l’s co n s ta n t 

h. m o le c u la r  ra d iu s  r  [2 3 ] , g e o m e tr ic a l v o lu m e  B, m o la r  

surface a re a  Y, a v a ila b le  v o lu m e  Va [2 2 ] , m o la r  so u n d  

velocity R [2 4 ] , c o ll is io n  fa c to r  S [2 5 ] , sp e c if ic  a co u stic  

impedance Z  [2 6 ] , r e la tiv e  a s s o c ia tio n  [2 7 ] , an d  m o le c u la r  

association [2 8 ]  h a v e  b e e n  c a lc u la te d  u s in g  th e  fo llo w in g  

relations :

L f = K l ( u p ' / ^ ) ,  (9)

h = ( M /p )-{R T lp u ^ ) j [ l  +  ( Mu^/3RT)f^ - 1 | _

r = (3h/l6nN f^,

B = (4l3)jTr^N ,

K =  (3 6 ;rV B 2 ) i/3 , 

= ^ F (1 - m/ woo),

R= Mu y ^ / p ,

S =  u V /u „B ,

Z = U p ,

“  (Pmix/p)(^/^mix ) s 

M a =[(«n..x/2^,M|f - l],

( 10)

( 11)

( 12)

(13)
(14)

(15)
(16)
(17)
(1 8 )

(1 9 )

(20)

0 9(

016

<

■” i * * ' * * * * * * *  '*t
La**** * * * * * 11*"̂

n n o D O D  n n a i i r i O b o n i i n

0 61 . ,

0 m 1__—

Fipurc 3. Lf, and Ma for xCH3[0 (CH2)3]20H + (1 - jc)C„Il2;,^,OM, 
methanol (o), 1-propanol (A), 1-pcntanol (□), 1-heptanol (x).

2B

( ttUtD*! , □ o  o n o 

ft 6 a ® ^

■ x, n* O "d " “ * ® *P 
A A “  O '

-p 1600
E

\  1200

BOOU^'

"p 1200 -

where Lf \s th e  fre e  le n g th  o f  id e a l m ix in g , K is a  te m p e ra tu re  

dependent c o n s ta n t ( -  (9 3 .8 7 5  4  0 . 3 7 5 T ) x l 0  8) [22 ], 

IS th e  v o lu m e  a t a b s o lu te  z e ro , is tak en  as 1600 

m  s T h e se  p a ra m e te r s  a re  lis te d  in  T a b le  4  fo r th e  p u re  

com ponents. T h e  v a r ia tio n  o f  Lf, Ra, Z, R, an d  Ma fo r 

m ixtures w ith  m o le  f r a c tio n  o f  jc a re  g ra p h ic a lly  sh o w n  in 

Figures 3 a n d  4 .

1000

BOO

a a »
. D “

02 0 U 06 0 8

Figure 4. Z, R and for jrCH3[0 (CH2)3]2OH + (I -x)CnH2fl+iOH, 
methanol (o), 1-propanol (A), l-pentanol (□), 1-hcptanol (x)

fable 4. Values of the derived parameters of the pure components at 298 15 K

"̂fimponenl 6 x 10* r

nm

B X 10* 

m’ m o l'

S /?X 10’

m’ mol ' (m s"')''’

I'aX 10*

m’ mol''

Lf
A

I'oX 10<'
m’ mol"'

Y
A

Zx 10-’ 

kg m"’ s"'

I '̂propylenc glycol 148 05 0 245 37 08 3 42 1699 28 86 0 512 126 69 45 31 1241

monomethyl ether

Methanol 36 86 0 154 9 2 1 3 04 421 12 71 0667 28 03 17.91 865

'■IVopanol 69 69 0 191 17 57 3 22 800 18.58 0 605 56.59 27 54 962

l-Penlanol 102.09 0.216 25.41 3 4 1 1178 22.15 0 568 86.53 35 22 1033

|;;ficptanol 133.20 0.236 33.15 3.52 1545 23 93 0 542 116.69 42 05 1087
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It is o b se rv e d  from  F ig u res 3 6  and  T ab le  2 that ?/,

R. an d  in c rea se  w ith  m o le  frac tio n  o f  v, w h ile  K, ,„ and

uoo

1300 -

1200

1 1 0 0

1000

1300

Er, 1100

, M.ltl ii'J

j -
0 7 0 G

K irillS . I \pciimcnloI and c.ilciilatal iilirasonn. speeds u, ooo, i/fn
i / N < < i n  • • •  x('II,|0(('II.)d:01M  (1 \ )C’J  1 > 1 1

(a)methanol aml(b) l-projianol

1500

non

1300

1700

lono b ...................... .. t ■ • • •••••>

Figure 6 . l ApcrntierUal and calciilated ultrasonic speeds w, ooo, Men —, 
Mj — . mn i/hLi • • •  tor jrah I()(C ll2)3l:OIl (1 - .YjCJt:,,, |011, 
(a) I -penlanoland(h) I-heptanol

A /d ec rease . I'hc d e c re a se  in an d  L /w ith .v  in th e  p re se n t 

in v e s tig a tio n s , in d ic a te s  s ig n if ic a n t in te ra c t io n  b e tw e e n  

d ip r o p y le n e  g ly c o l  m o n o m e th y l  e th e r  a n d  m e th a n o l  

m o lecu le s . T h e  a d d itio n  o f  d ip ro p y le n e  g ly co l m o n o m eth y l 

e th e r  to  a lk an o l te n d s  to  cau se  b re a k in g  o f  se lf-a s so c ia te d  

filkanol m c le c u le s  w ith  a c o n se q u e n t in c re a se  in u an d  Lf. 
i lo w c v e r ,  b e c a u se  o f  s im u lta n e o u s  fo m ia lio n  o f  s tro n g  

h y d ro g e n  b o n d s  b e tw e e n  th e  u n lik e  m o le c u le s , th e re  is a 

c o m p e n sa tin g  e ffe c t re su ltin g  in an  o v e ra ll d e c re a se  in /f ,  

an d  Lf o r  in c re a se  in u w ith  .v.

In th e  p re se n t in v es tig a tio n , re la tiv e  a s s o c ia tio n  /? , is 

fo u n d  to  in c re a se  w ith  m o le  frac tio n  o f  d ip ro p y le n e  glycol 

m o n o m elh y l e th e r  (F ig u re  3 ) fo r a ll th e  m ix tu re s . R elalivelv 

h ig h e r  v a lu es  o f  Ra fo r d ip ro p y le n e  g ly c o l m onom ethyl 

e th e r -m e th a n o l sy s tem s , s ig n ifie s  th a t u n lik e  in te rac tio n s  arc 

re la tiv e ly  s tro n g  c o m p a re d  to  like in te ra c tio n s ; th e  form er 

ten d s  to  in c rease  w h ile  th e  la tte r  c a u se s  a d e c re a s e  in A’ j 

S im ila rly , F ig u re  3 sh o w s the  la rg e  d e v ia tio n s  in foi 

d ip ro p y le n e  g ly co l m o n o m eth y l e th e r  -i- m e th a n o l system 

an d  th e se  d e v ia tio n s  d e c re a se  w ith  in c rea se  in th e  chain 

len g th  o f  th e  a lk an o l. T h u s , it c o n c lu d e d  th a t th e  non-ideality  

o f  the sy s tem s v a rie s  m the o rd e r  m e th an o l '  1-p ro p an o l

1 -p cn tan o l '• l-h ep tan o l A sh a rp  in c rea se  in Z and  R with 

.V (F ig u re  4 )  su g g e s ts  s tro n g  in te ra c t io n  b e tw e e n  the 

d ip r o p y ic n e  g ly c o l  m o n o m e th y l  e th e r  a n d  m e th a n n l 

m o le c u le s .

F o r all the  m ix tu re s  s tu d ied , A '/,,, is n e g a tiv e  o v e r the
\

w h o le  m o le  frac tio n  ran g e  and  sh o w s a m in im u m  m thv 

seq u e n c e  : m e th an o l • I-p ro p a n o l > 1 -p en tan o l ' l-h ep tan o l, 

w h ile  in the sam e se q u e n c e , the m in im u m  is sh if te d  to  lower 

v a lu es o f  V, T h is  b e h a v io u r m ay  be c o m p a re d  w ith  the  A/,,, 

re su lts  fo r d ic th y le n e  g ly co l m o n o m eth y l |2 9 ]  e th e r  the 

m a g n itu d e  o f  A / ,„ d e c re a se s  from  m e th a n o l to  1 -p ropanol 

w ith  th e  re p la c e m e n t o f  ethy l by  p ro p y l g ro u p s  at th e  m iddle 

o f  d ic th y len e  g ly co l m o n o m elh y l e th e r  an d  then  the  trend is 
rev e rse  T h e  o v e ra ll b e h a v io u r  o f  K [,,, is s im ila r  to  that ol 

bu t w ith  an o p p o s ite  v a ria tio n  w ith  th e  n u m b e r o f  carbon 

a to m s in the a lco h o l m o lecu le . H o w ev e r, th e  b e h a v io u r ol 

AV,„ is in c o n s is te n t w ith  Tj, fo r 1 -p c n ta n o l an d  l-h ep tan o l 

[1 |.  A lso , the  b e h a v io u r  o f  ex c e ss  m o la r v o lu m e  seem s to 

b e  c o n s is te n t w ith  a m in im u m  v a lu e  o f  A / a n d  a m axim um  

v a lu e  fo r w ith  m e th a n o l an d  1-p ro p a n o l T h is  is norm al 

b e c a u se  u is g en e ra lly  h ig h e r w h en  th e  s tru c tu re  h as high 

rig id ity . N e g a tiv e  v a lu e s  o f  A7;^ m ean  th a t th e  s tru c tu re  is 

less c o m p re ss ib le  th an  th e  c o rre sp o n d in g  id ea l m ixture, 

su g g e s tin g  th a t th e re  m ay  b e  s tro n g  in tc rm o le c u la r  hydrogen  

b o n d in g  w ith  m e th an o l an d  I-p ro p a n o l. A s th e  e th e r  is added 

to  a lco h o l, th e re b y  c a u s in g  a b re a k d o w n  o f  se lf-asso c ia ted  

e th e r, o r b o th  an d  h en ce  c o n tr ib u te  to  a d e n se r  p a c k in g  ol 

th e  m o le c u le s  th ro u g h  h y d ro g e n  b o n d in g , the  sp e e d  o f  sound 

in c rea se s  and  d e c re a se s . H o w ev e r, Vl] is p o sitiv e  for 

1 -p e n ta n o l an d  l-h e p ta n o l , a lth o u g h  A/^,, is n e g a tiv e  and 

is lik ew ise  p o sitiv e  from  m eth an o l to  l-h e p ta n o l, indicating 

th a t w h en  th e  m ix tu re  is c re a te d  " e x c e ss  free  volum es" 

d e c re a se s  an d  is h ig h e r  in  m ix tu re s  c o n ta in in g  d ip ropy lenc  

g ly co l m o n o m eth y l e th e r  w ith  m e th an o l. T h e  e ffe c t is that 

w ith  in c rea s in g  th e  « -a lk y l ch a in  en d  len g th , in terstitial 

a c c o m m o d a tio n  b e c o m e  less im p o rta n t, an d  th e  m olecules 

o f  th e  tw o  c o m p o n e n ts  c a n n o t be  e a s i ly  acco m m o d ated
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lliis a d d itio n a l r ig id ity  is a g o o d  rea so n  fo r th e  p o sitiv e  

lilies o f  u‘\  A s su g g e s te d  e a r lie r , th e  v o lu m e b eh av io u r 

d ip ro p y le n e  g ly co l m o n o m e lh y l e th e r  + n -a lco h o l is th e  

I-suit o f  s e v e ra l o p p o s in g  e f fe c ts ;  th e  p re s e n t re su lts  

tor an d  su p p o r t th is  su g g e s tio n  F ina lly , from

! i.jLiie 7, a s im ila r  b u t o p p o s ite  v a ria tio n  o f  A./,,, and  u''" 
v\ith ihc  n -a lk y l ch a in  en d  leng th  o f  a lco h o l has been 

'(Hind, w h ils t Su d e c re a s e s  rcgu la» ly  w ith  n A g ain , it is 

iiucicsting  to  n o te  th a t b o th  Su and  can  be co rre la te d  w ell 

\Mlh the Ki,„.

\

\ \
\

u. ^

r

u

I IIIT 7. n( K[ • u’\  A. /'•f/

> iljO tf 11^),1:011 M l -  v)C J l i„ ,  ,O li

:il 2 4 X  15  K  n  l or

I o r c o m p a r iso n , w e h a v e  c a lc u la te d  the  th eo re tica l 

v.ilucs o f  u ltra so n ic  sp e e d s  from  th e  fo llo w in g  em p irica l

oiliiations :

( o llis io n  F a c to r  'fh e o ry  [2 3 ] ;

 ̂ (I +(l-.v)Z?,}/r], (21)

f r e e  le n g th  th e o i^  [2 2 ] :

</Hi - (2 2 )

-lunjie e q u a tio n  |3 0 ]  :

Hj -{(xiW,//7,) + (!-.v )W :/P ’ }/

[{xA f, + ( l - x ) M , } ' ' "

X { ( x A / j + ( I - x ) A / i , (2 3 )

N o m o to  e q u a tio n  [311 :

-t-CI -  a' ) / ? 2  } /{ -v F i 4 (1  ~ .v ) r 2 }] . (2 4 )

•he c o m p u te d  z/c it . * 0  ^rid zzm v a lu es  a re  show n  in

' igiircs 5  an d  6  fo r c o m p a r iso n  w ith  e x p e rim e n ta l v a lu es for

all the  m ix tu res . I hc  resu lts  c lea rly  in d ica te  th a t th e  s im p le  

M om oto  ex p ress io n  and  co llis io n  fac to r theo ry  p red ic t th e  

ex p e rim en ta l d a ta  e \ t r c m c l \  w ell lo r all the m ix tu re s  ex cep t 

w ith  1-p ro p an o l w here .is  the .lunjie ex p re ss io n  sIiovnn the  

m ax im u m  d ev ia tio n  and the free len g th  ih e o iy  g iv es th e  

g rea te s t d ev ia tio n s  fo r all th e  p resen t b inaiy  m ix tu res
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