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Viscosity of Nonelectrolyte Liquid Mixtures. III. 
Binary Mixtures of Methyl Methacrylate with 
Hydrocarbons, Haloalkanes, and Alkylamines 
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Measurements of the viscosity q and the density p are reported for 14 binary 
mixtures of methyl methacrylate (MMA) with hydrocarbons, haloalkanes, and 
alkylamines at 303.15 K. The viscosity data have been correlated with equations 
of Grunberg and Nissan, of McAIlister, and of Auslaender. Furthermore, excess 
viscosity ,:1 In q and excess Gibbs energy of activation .JG *~" of viscous flow have 
been calculated and have been used to predict molecular interactions occurring 
in present binary mixtures. The results show the existence of specific interactions 
in MMA + aromatic hydrocarbons, MMA + haloalkanes, and MMA + primary 
amines. 
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cyclohexane; density; Gibbs energy of activation; haloalkanes; n-hexane; 
molecular interactions; viscosity. 

!. I N T R O D U C T I O N  

Polymerizat ion of methyl methacrylate (MMA )  leads to an impor tant  
synthetic polymer which is an excellent substitute for glass, besides having 
many other applications [-1-3]. This monomer  has also been widely used 
for grafting onto wool, silk, and nylon fiber I-4-6]. The product ion  of 
methyl acrylate esters of higher alcohols by an ester interchange reaction 
between M M A  and the alcohol is usually carried out in other solvents 
[7, 8]. Therefore, the knowledge of thermodynamic,  acoustic, and trans- 
port properties of the mixtures of M M A  in different types of solvents is 
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useful in the design of an efficient industrial process and for the solution of 
many problems concerning heat transfer and fluid flow. Such work is 
equally informative in gaining insight into the structural changes associated 
with the liquids. It also reveals information about the molecular packing, 
molecular motion, and various types of molecular interactions as related 
to size, shape, and chemical nature of the component molecules [9-16].  
Looking into these aspects, we considered it fruitful to undertake measure- 
ments of viscosity, density, speed of sound, and isentropic compressibility 
of monomer MMA in a variety of polar and nonpolar solvents. In this 
paper, we report densities and viscosities at 303.15 K of MMA solutions in 
14 solvents of different types and polarities. 

2. EXPERIMENTS 

The methods and techniques used to determine the viscosity ~1 and the 
density p have been described in previous publications [10, I1, 17]. 
Measurements of the kinematic viscosity tl/p were made with a modified 
Ubbelohde suspended-level viscometer [18]. The viscometer was designed 
so as to reduce surface tension effects to negligible values [19]. Four or 
five sets of readings of flow time were taken for each pure liquid or liquid 
mixture at 303.15 K. The arithmetic mean was taken for the purpose of 
calculations. The viscometer had been calibrated with doubly distilled 
water, benzene, and cyclohexane [20]. The densities ,o of pure com- 
ponenets and the mixtures at 303.15 K required for converting kinematic 
viscosities into absolute viscosities were measured with an Anton Paar 
Densimeter (Model DMA 60/602). The temperature was kept constant to 
within +0.02 K. The errors in ~I and p are estimated as 0.002 mPa s and 
0.02 kg m 3 respectively. 

MMA (BDH, AR) was vigorously shaken several times with a 25% 
alkali solution. It was washed with distilled water to remove alkali and 
distilled under reduced pressure in a stream of N2 [20]. n-Hexane 
(C6Hj4) from Fluka AG Puris and cyclohexane (C6Hj2), l-chiorohexane 
(C6HI3C1), and l-bromohexane (C6Hj3Br) from Merck, AR, were dried 
over a 4A-type molecular sieve (Fluka) and then fractionally distilled. Ben- 
zene (C6H6), toluene (C6HsCH3} , and chlorobenzene (C6H5C1) from 
BDH, AR, were treated with H,SO4 till free of thiophene [20]. Then they 
were washed, dried, and distilled fractionally, n-Propylamine (C3HTNH2), 
n-butylamine (C4HgNH2), and tri-n-butylamine [ (C4Hg)3N] from Fluka 
AG Puris were stored over sodium and fractionally distilled [20, 21]. 
Carbon tetrachloride (CCi4) from BDH, AR, was fractionally distilled over 
P_,Os. Chloroform (CHCI3} from BDH, AR, was shaken with H_,SO4 to 
remove ethanol, then washed with dilute N a O H  and ice water. It was dried 
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Table I. Comparison of Physical Properties of Pure Liquids 
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Density (kg.m ~ Refractive index 

Temp. 

Liquid I K ) cxpt. Lit. Expt. Lit. 

MMA 303.15 931.71 931.74 [20] 1.4096 1.4094 [20] 
C,,H~4 298.15 655.16 654.84 [20] 1.3727 1.3723 [20] 
C6H~_, 298.15 773.90 773.87 [20] 1.4242 1.4235 [20] 

773.87 [22] 
C6H,, 298.15 873.61 873.60 [20] 1.4971 1.4979 [20] 

873.64 [22] 
C~,H~CH~ 303.15 856.99 857.54 [20] 1.4910 1.4913 [20] 
C, HsCI 303.15 1094.69  1095.50 [20] 1.5221 1.5190 [20] 
CCI4 303.15 1574.82  1574.80 [20] 1.4541 1.4546 [20] 
CHCI~ 303.15 1470.61 1470.60 [20] 1.4410 1.4400 [20] 
C2H4CI 2 303.15 1238.02 1238.31 [20] 1.4399 1.4394 [20] 
C2H_,CI4 303.15 1578.09 1578.60 [20] 1.4880 1.4881 [20] 

1578.52 [14] 
C~,H~CI 298.15 878.18 878.50 [25] 1.4205 1.4199 [25] 
C~,Ht~Br 298.15 1174.20  1174.40 [25] 1.4485 1.4478 [25] 
C3HvNH, 298.15 712.44 712.10 [20] 1.3853 1.3851 [20] 
C4H.~NH_, 298.15 733.23 733.10 [21 ] 1.3997 1.3987 [20] 
(C4H,,hN 298.15 774.23 773.78 [21 ] 1.4267 1.4265 [23] 

774.30 [20] 1.4268 [24] 
774.60 [24] 

over anhydrous  K2CO3 and fract ionally distilled. 1 ,2-dichloroethane 
1C2H4C121 from Sisco, India,  was treated first with dilute N a O H  and 
then with disti l led water.  It was dr ied over anhydrous  CaCI_~ and distil led 
over P2Os.  l , l , 2 ,2 -Te t rach lo roe thane  (C2H2C!4) from Riede l -AG was 
repeatedly shaken with a K 2 C O s  solution. It was dr ied over anhydrous  
K_~CO3, followed by fract ional  dis t i l la t ion [ 14]. 

The puri t ies of the liquid samples  were checked by gas - l iqu id  
c h r o m a t o g r a p h y  and by measur ing  the densi ty and the refractive index 11o. 
The measured  values of p and n o were found to be in good  agreement  with 
reliable l i terature  values [14, 20-25]  as shown in Table  I. 

3. R E S U L T S  

The exper imenta l  results ob ta ined  for p and ~1 for the 14 b inary  
mixtures of M M A  with C6HI4,  C6Ht2,  C6H6,  C 6 H s C H 3 ,  C~HsC1, CC14, 
CHCI3,  C2H4C12, C2H2Ci4,  C6HI3CI,  C6HI3Br,  C.~H7NH2, C4HgNH_~, 
and (C4Hg)3N over the entire range of mole fractions at 303.15 K are 
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presented in Tables II to V. The viscosities ~l in Tables I1 to V are repre- 
sented by a polynomial, 

q 

'I = ~ A,.x", (I) 
i = O  

The coefficients .4, obtained from a least-squares fit are given in Table VI, 
together with the standard deviations ~. No  published work on viscosity 
measurments was found for the present systems with which to compare our 
results. 

Figures I and 2 show the dependence of)l  on .v). the mole fraction of 
MMA for all binary mixtures. Figures I and 2 reveal that the values of )I 
increase with increases in the mole fraction of MMA for the three mixtures 
M M A + C ( , H t 4 ,  M M A + C 3 H T N H , ,  and M M A + C 4 H , ~ N H : ,  while 
they decrease for the mixtures M M A + C ( , H , 2 ,  M M A + C 6 H ~ , ,  M M A +  
C6HsCI, M M A + C C I 4 ,  M M A + C . , H 4 C I  2, MMA+C_,H_,CI4,  M M A +  
C(,H~3CI, and MMA + (C4H,)3N.  The mixture MMA +C~,H~CH 3 shows 
almost no variation in viscosity with x, .  Of the remaining two mixtures, 

Table It .  D e n s i l y ,  Viscosity, Excess Viscosity. and Excess Gibbs Energy of 
Activation for MMA +Saturated Hydrocarbons at 303 .15  K 

P q AG *~ 

.x'~ ( k g - m  ~} ( m P a  .s}  d In q [J . m o l  l)  

MMA + C , , H ~  

0 . 0 0 0 0  650 .53  0 . 2 8 8 9  - -  - -  

0 . 1 0 2 9  6 7 2 . 8 6  0 . 2 9 6 2  - 0 . 0 3 4 2  - 75 

0 . 2 0 7 7  6 9 6 . 6 7  0 . 3 0 6 9  - 0 . 0 5 9 5  - 130 

0 . 4 0 0 5  745 .10  0 . 3 3 3 8  - 0 . 0 8 6 5  - 191 

0 . 5 0 5 2  773 .52  0 .3523  - 0 . 0 9 2 9  - 2 0 6  

0 . 6 0 4 6  802 .05  0 . 3 7 5 8  - 0 . 0 8 5 6  - 189 

0 . 7 0 5 6  8 3 2 . 6 6  0 . 4 9 3 4  - 0 . 0 7 2 9  - 160 

1 .(X)00 931.71  0 . 5 1 4 2  - -  

MMA +Ct, H~: 

0 . 0 0 0 0  769 .12  0.821 I 

0 . 1 1 7 8  783.71 0 .6811 - 0 . 1 3 1 8  - 3 1 8  

0 .2021 795 .33  0 . 6 2 5 4  - 0 . 1 7 7 7  - 4 2 8  

0 .3973  824 .62  0 . 5 4 7 4  - 0 . 2 1 9 5  - 528  

0 . 4 9 8 4  840 .99  0 .5261 - 0 . 2 1 1 9  - 509  

0 . 5 9 6 3  857.51 0 . 5 1 8 8  - O. 1800  - 43  I 

0 . 8 0 4 0  894 .64  0 .5141  - O. 1002 - 239  

0 . 9 0 1 9  9 1 3 . 0 0  0 . 5 0 9 9  - 0 . 0 5 2 7  - 126 

1 .0000 931.71  0 . 5 1 4 2  
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o n l y  M M A  + C H C 1 3  e x h i b i t s  a m a x i m a  a r o u n d  .,,-~ = 0.4. T h o u g h  t h e r e  a r e  

n o  m i n i m a  o r  m a x i m a  for  t he  m i x t u r e  M M A  + C ~ , H ~ s B r ,  t h e r e  is a d i p  in 

the  g r a p h  at  a l o w  m o l e  f r a c t o n  o f  M M A .  T h e  s e c t i o n  b e t w e e n  0.45 a n d  1.0 

s h o w s  a s l igh t  p o s i t i v e  d e v i a t i o n .  

F i g u r e s  I a n d  2 a l s o  revea l  t h a t  l a rge  a n d  n e g a t i v e  d e v i a t i o n s  f r o m  

l inea r  d e p e n d e n c e  o n  .~'~ a r e  o b s e r v e d  for  M M A + C , H ~ _ ,  a n d  M M A +  

Ct, H14, wh i l e  s m a l l  a n d  n e g a t i v e  d e v i a t i o n s  a r e  o b s e r v e d  for  M M A +  

Table II1. Density, Viscosity. Excess Viscosity. and Excess Gibbs Energy of 
Activation for MMA + Aromatic Hydrocarbons at 303.15 K 

P q JG *'~ 
.x t (kg .m 1) ImPa . s )  . t l n q  (J .mol  ii 

MMA + C,, H,, 

0.0000 868.20 0.562 I 
O. 1019 874.60 0.5507 - 0.0114 - 22 
0.1980 881.21 0.5430 - 0.0169 - 32 
0.4005 894.49 0.5273 - 0.0282 - 56 
0.4996 900.51 0.5220 - 0.0295 - 58 
0.5998 906.66 0.5190 - 0.1)264 - 51 
0.8001 919.22 /).5141 -0.0180 - 3 5  
0.8960 926.00 0.5142 - 0.0092 - 19 
1.0000 931.71 0.5142 - -  - -  

MMA +C~H~CH~ 

0.00/)0 856.99 0.5219 
0.1041 864.83 I).5201 - 0.0019 - 6 
/).2049 872.39 0.5187 - 0.0031 - 8 
0.4069 887.52 0.5163 - 0.0047 - 12 
0.5046 894.82 0.5155 - I).0048 - 14 
0.6068 902.44 0.5148 - 0.0047 - 12 
0.7980 916.68 0.5141 -0.0032 - 8  
0.8960 923.97 0.5141 - I).0017 - 4 
1.0000 931.71 0.5142 

MMA +C~ H~CI 

0.0000 1094.69 0.7134 
0.0990 1078.22 0.6943 I).01)53 14 
1}. 1971 1061.81 0.6738 0.0074 18 
0.3987 1028.43 0.6345 0.0133 33 
I).4982 1012.10 0.6147 0.1)142 35 
0.6984 979.62 0.5743 0.0118 37 
0.7989 963.42 0.5538 0.0083 2 I 
I).8987 947.70 0.5349 0.0061 17 
1.0000 931.71 0.5142 - -  --  
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Table IV. 
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Densi ty ,  Viscosi ty,  Excess Viscosi ty.  a n d  Excess G i b b s  Ene rgy  o f  

Act iva t ion  for M M A  + C h l o r o a l k a n e s  at 303.15 K 

/' ~1 ,3 G* t: 

x ,  ( k g - m  ~1 ( m P a . s )  J In~l ( J . m o l  ' )  

M M A  + CCI~ 

0 .0000 1574.82 0.8442 - -  

0 .0997 1501.21 0.7954 - 0 . 0 1 0 1  - 1 9  

0.1978 1433.49 0.7530 - 0 . 0 1 6 3  - 3 2  

0.4056 1294.15 0.6767 - 0 . 0 2 0 1  - 38 

0.5067 -_~9 ~aA 0.6410 - 0 . 0 2 4 1  - 4 9  

0.5941 1174.65 0.6167 - 0 . 0 1 9 5  - 39 

0.7976 1050.45 0.5599 - 0 . 0 1 5 2  - 32 

0.8944 994.76 0.5360 - 0 . 0 1 0 9  - 28 

1.0000 931.71 0.5142 - -  - -  

M M A  + C H C I s  

0.0000 1470.61 0.5246 - -  - -  

0.0522 1433.50 0.5364 0.0234 65 

0.1301 1380.11 0.5505 0.0508 143 

0.3102 1266.68 0.5767 0.1009 282 

0.4132 1206.83 0.5808 0.1100 310 

0.5161 1150.60 0.5747 0.1015 290 

0.7435 1040.20 0.5589 0.0782 222 

0.8591 989.30 0.5420 0.0498 141 

1.0000 931.71 0.5142 - -  - -  

M M A  + C : H 4 C I  : 

0 .0000 1238.02 0.7307 - -  - -  

0.1012 1196.07 0.6868 - 0 . 0 2 6 4  - 52 

0.1978 1158.04 0.6544 - 0 . 0 4 0 8  - 76 

0.3975 1090.32 0.6068 - 0 . 0 4 6 1  - 89 

0.4985 1059.52 0.5867 - 0 . 0 4 4 3  - 76 

0.6234 1024.12 0.5632 - 0 . 0 4 1 3  - 73 

0.8713 960.79 0.5284 - 0 . 0 1 8 0  - 31 

1.0000 931.71 0.5142 

M M A  + C 2 H : C I a  

0.0000 1578.09 1.5209 - -  - -  

0.0942 1517.32 1.4217 0.0347 86 

0.1967 1451.08 1.3168 0.0692 172 

0.2785 1398.83 1.2353 0 .0940 233 

0.4978 1258.29 0.9971 0 .1176 289 

0 .5980 1192.99 0.8879 0.1103 272 

0.7131 1117.59 0.7662 0.0877 217 

0.9050 992.59 0.5902 0.0348 68 

1.0000 931.71 0.5142 - -  - -  
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Table IV. (Continued) 
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P q dG *t" 

.v I (kg-m ~) (mPa.s) .Jlnq (J.mol i) 

MMA +C6HI~CI 

0.0000 868.76 0.6544 

0.1343 874.22 0.6215 - 0 . 0 1 9 2  - 36 

0.1947 877.03 0.6053 -0 .0311  - 6 1  

0.3625 885.17 0.5729 - 0 . 0 4 5 6  - 8 8  

0.4962 892.19 0.5511 - 0 . 0 5 2 2  - 102 

0.6029 899.64 0.5375 - 0 . 0 5 7 5  - 101 

0.8144 914.92 0.5199 - 0 . 0 3 3 7  - 65 

0.8988 922.40 0.5152 -0 .0221  - 4 4  

1.0000 931.71 0.5142 - -  - -  

MMA +C.H~aBr 

0.0000 1162.64 0.9030 - -  - -  

0.1439 1134.19 0.8087 - 0 . 0 2 9 3  - 57 

0.2632 1110.22 0.7611 - 0 . 0 2 2 7  - 32 

0.4885 1061.77 0.6895 0.0054 40 

0.5904 1038.09 0.6665 0.0288 106 

0.6826 1015.81 0.6354 0.0329 114 

0.8513 973.16 0.5709 0.0209 71 

0.9171 955.58 0.5459 0.0131 43 

1.0000 931.71 0.5142 - -  - -  

C~,H6, MMA +CC14, MMA + C_,H4CI_,, M M A + C 6 H j s C I ,  and M M A +  
(C4H,~I3N. For the mixtures M M A + C H C I  3, M M A + C 3 H 7 N H 2 ,  and 
MMA+C.~H,~NH., ,  the deviations are small but positive. The q for 
M M A + C 6 H s C I ,  M M A + C 6 H s C H 3 ,  and MMA+C_,H_,CI4 varies 
almost-linearly with the .v~. For the mixture M M A + C 6 H j 3 B r ,  though 
small, both negative and positive deviations are observed. 

Qunatitatively, the deviations of the viscosities from the ideal mixture 
values can be calculated from the Arrhenius equation, 

A In q = In(,1/,l~)- .v, ln(,l~j'/,l~) (2) 

where r ° h represent the viscosities of pure component i. The values of the 
excess viscosity ~J In ~1, given in Tables II to V, c o l u m n  4, have been fitted 
to a Redlich-Kister [26]  polynomial, 

d l n q = . v l x 2 ~ B i ( I - 2 . v l ) '  i (3) 
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The coefficients B, in Eq. (3), obtained by the method of least squares with 
all points weighted equally, and the standard deviations a are given in 
Table VII. 

The dependence of J In ~1 on the mole fraction .x~ of MMA is shown 
in Figs. 3 and 4. Figures 3 and 4 show that the observed values of zl In q are 
large and negative for MMA + C~,H ~_, and MMA + C6H ~4; comparatively 
small and negative for MMA + C~,H~,, MMA + C~,HsCH3, MMA + C C ]  4, 

MMA + C:H4CI_~, and MMA + C6H L~CI; small and positive for MMA + 
C~,HsCI, MMA+C4H,~NH_,. and MMA+(C.~H,~).~N, and large and 

Table V. Density,  Viscosity, Excess Viscosity, and Excess Gibbs  Energy of 

Act ivat ion for M M A  + Amines  at 303.15 K 

P q J G  *~ 
.x I l k g - m  2) ( m P a . s )  J l n q  ( J - m o l  i) 

M M A  + C~HvNH~ 

0.0000 707.55 0.3468 - -  - -  

0.1506 750.60 0.3820 0.0374 100 

0.3776 807.30 0.4355 0.0790 214 
0.5053 836.28 0.4623 0.0884 238 

0.6058 857.83 0.4809 0.0884 237 
0.8285 901.58 0.5081 0.0556 148 
1.0000 931.71 0.5142 

M M A  + C ~ H , , N H :  

0.0000 729.43 0.4430 - -  - -  
0.1016 750.75 0.4525 0.0061 18 

0.1939 771.11 0.4608 0.0105 27 
0.3316 801.03 0.4724 0.0148 34 

0.4989 835.73 0.4852 0.0166 38 
0.5966 855.15 0.4921 0.0162 37 
0.8001 894.72 0.5045 0.0107 24 

0.9006 913.78 0.5097 0.0060 13 
1.0000 931.71 0.5142 

M M A  + (CaH,~hN 

0.0000 770.45 I. 1553 - -  - -  

0.2100 787.36 0.9849 0.0105 142 
0.3945 805.74 0.8491 0.0114 214 

0.4886 816.88 0.7874 0.0123 235 
0.6041 833.08 0.7144 0.0084 231 
0.7985 870.75 0.6078 0.0041 17 I 
1.0000 931.71 0.5142 - - -  
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Table  VI. Coefficients  .4, of  Eq. [I ) for thc Viscosity of Binary  

Mix tu re s  M M A  ( l ) + C o m p o n c n t  2 at  303.15 K in m P a  .s  
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C o m p o n e n t  2 A z A 2 A 3 ,44 A 5 a 

C6H~4 0.2909 - 0 . 0 0 4 3  0.2272 - -  - -  0 .0020 

C , ,H  t2 0 .8200 - 1.4239 0.2642 - 2.3228 0.7991 0.0038 

C~, H t, 0.5618 - 0 . 1 1 0 4  0.0637 - -  - -  0.0008 

C , , H ~ C H ~  0.5205 - 0 . 0 0 7 7  - -  - -  0.0011 

C ~ H s C I  0 .7136 - 0 . 1 9 9 4  - -  - -  - -  0 .0004 

CCI4 0.8418 - 0 . 4 6 3 8  0.1369 - -  - -  0.0019 

C H C I  3 0.5237 0.2651 - 0 . 3 4 9 2  0.0749 - -  0.0022 
C_, H 4 C I ,  0 .7289 - 0 . 4 3 2 2  0.3577 - 0 . 1 4 1 5  - -  0 .0024 

CzH,CI  4 1.5181 - 0 . 9 5 2 1  - 0 . 3 4 8 2  0 .2956 - -  0.0034 
C~,HI~CI 0.6548 - 0 . 2 7 5 6  0.1346 - -  - -  0 .0008 

C , , H t a B r  0 .9030 - 0 . 8 3 5 7  1.5018 - 1.6736 0.6181 0.0026 

C ~ H v N H ,  0.3436 0.2974 - 0 . 1 2 4 1  - 0 . 1 2 0 3  - -  0 .0004 

C ~ H ,~ N H z 0.4428 0 .0984 - 0 .0269 - -  - -  0.0002 

[C~H,~I~N 1.1556 - 0 . 8 6 3 1  0.2216 - -  - -  0.0007 

E 
K "  

0.9- 

0.7- ~ 

0.6- 2 

0.5- 

0,~- 

0.3 

0.2- 
0.0 ~, 

; ~ ~ * I ~ i " ' r 0 ! '  5 , , ~ , I i , I '""w i ] ,  

xt 

Fig.  I.  D e p e n d e n c e  of  viscosi ty q a t  303.15 K 

o n  mole  f rac t ion  x~ of  M M A  for  b i n a r y  mix tu res  

of  M M A  wi th  C~H~.I (C)), C~,HI_, ( ~ ) ,  C~,H~, 

( O ) ,  C 6 H s C H 3  [ ~ ) ,  CoH~CI  ( + ) ,  C~HI3C1 
( A ) ,  a n d  C 6 H I ~ B r  ( I l l .  Solid line represents  

Eq. 11). 
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o.0 05, 1.0 
Xl 

Fig. 2. Dependence of viscosity tl at 303.15 K 
on mole fraction .v~ of M M A  for binary mixtures  

of M M A  with CCI .~{L) .  CHCI~ ( ) ,C,H.~CI.,  
(O) ,  CzH,CI .~( r  1), C ~ H T N H , ( ~ ' I ,  C4H,~NH,  

( • ), and (C.~H,~HN ( • 1. Solid line represents  

Eq. (1). 

Table  VII. Coefficients B, of Eq. (3) for Excess Viscosity of Binary 

Mixtures  M M A  I I ) +  C o m p o n e n t  2 at 303.15 K 

C o m p o n e n t  2 B~ B, B.~ a 

C,H~4 - 0 . 3 6 2 5  - 0 . 0 1 6 2  0.0146 0.0016 
C,,H ~, -0 .8271 - 0 . 4 1 8 4  -0 .1671  0.0039 

C,H, ,  - 0 . 1 1 2 5  - 0 . 0 0 8 9  - -  0.0012 

C ~ H s C H  ~ - 0 . 0 1 9 4  - -  - -  0.0001 
C ,  H s CI 0.0560 - 0.0040 - -  0.0008 

CC14 - 0 . 0 8 5 4  - 0.0011 - 0 . 0 4 2 7  0.0017 
CHCI  ~ 0.4337 0.0406 - -  0.0040 
C,_H~CIz - 0 . 1 8 0 4  - 0 . 0 7 8 0  -0 .0741  0.0018 

C ,  H., CI.~ 0.4663 0.0112 - 0 . 0 9 2 7  0.0023 
C,,H ~aCI - 0 . 2 0 7 2  - 0 . 0 3 6 4  - -  0.0014 
C , , H ~ B r  0.0562 - 0 . 2 8 9 0  - 0 . 1 7 7 7  0.0043 

C ~ H ~ N H :  0.3497 - 0 . 0 7 3 2  - -  0.0012 

C4 H ,, N H ,  0.0670 - -  - -  0.0001 
( C4 H ,~ ) 3 N 0.0449 0.0320 - -  0.0008 
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Fig. 4. Dependence of excess viscosity _1 In q 
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at 303.15 K. Symbols as in the legend to Fig. 2. 
Solid line represents Eq. ~31. 
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positive for MMA+CHCI.~,  M M A + C , H 2 C I 4 ,  and MMA+C.~HTNH~. 
For MMA+C~,H~.aBr both positive and negative J ln~l are observed-- 
negative when .x t < 0.3, positive otherwise. 

4. CORRELATING EQUATIONS 

There are currently increasing demands for the accuracy of predicting 
liquid-mixture viscosity for industrial applications. Therefore, it is desirable 
to have equations that are predictive in nature. The viscosities of liquid 
mixtures in terms of pure-component data have been correlated by many 
investigators [27-29]. In this work, the Grunberg-Nissan [32], McAllister 
[30]: and Auslaender [31] equations have been employed to correlate the 
present viscosity results. 

The Grunberg-Nissan equation [32] 

In ~I =-xl In ~l ° + .v2 In i1~ + .x't .x, G l, (4) 

gave the best overall fit among the 25 single-parameter equations tested for 
representing the viscosities of a large number of binary systems [27]. 

We analyze Eq. (4) in two ways: (i) by calculating G~2 for each of the 
binary mixtures at each individual composition and (ii) by calculating one 
optimum value of Gj,_ for each binary mixtures using all the experimental 
points. 

The McAllister equation [31] based on Eyring's theory of absolute 
reaction rates and three-body interaction model is 

"~ vcl 3.x'~ _lnZi2+3xl .x51nZ21+.x21nv 2 In v = .x ~ I n  + .x~ ~ ..~ o 

-ln(.xt  + x,M,_/M~)+ 3x~x~_ln(~+ M,_/3Mi) 

+ -.xt x:, ln(~ + 2M,_/'3M~) + x 3 In(M,/M~) (5) 

where Zt :  and Z:~ are interaction parameters and Mi and v~, ~ are the 
molecular mass and kinematic viscosity of pure component i. 

A three-parameter equation, due to Auslaender [32], has the form 

.xt(x I + BI2x:)(~ I - ¢~) + A2t(B21 .v t + x2)(t 1 - i1 °) = 0 16) 

where B~2, B2~, and A2j are the parameters representing binary interactions. 
The results of the three correlating equations, Eqs. (4)-(6), are 

compiled in Table VIII. In Table VIII, the second column provides Gt: of 
Eq. (4) and the fourth and fifth columns list Z~: and Z2t of Eq. (5), while 
the seventh to ninth columns present the values of B~,, B,~, and A:t of 
Eq. (6). The values of the different parameters listed in Table Vlll were 
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Table VIII. Least-Squares Parameters of Eqs. {4) to 16) with Percentage Standard 
Deviations a{% ) for MMA (l}-t-Component2 Mixtures at 303.15K 

639 

Component2 G., a(%) ZI, Z21 a(%) BI., .4_,, B, 1 a(%) 

C~,H,4 -0.357 0.95 0.476 0.406 0 . 7 1  . . . .  
C,,H~, -0.866 3.10 0.597 0.564 0.67 1.004 0.196 -0.484 0.38 
Ct, H~, -0.110 0.16 0.564 0.591 0.14 -0.164 -0.031 -5.289 1.04 
C6H~CI 0.056 0.07 0.594 0.656 0.66 0.161 -0.164 -6.157 0.06 
C~,H~CH) -0.020 0.01 0.566 0.585 0 .01  -2.151 -0.899 -0.272 0.01 
CCI4 -0.106 0.39 0.520 0.515 0.40 -0.222 -0.135 -4.656 0.77 
CHCI~ 0.451 1.05 0.538 0.503 0.60 - 19.294 0.568 38.277 0.79 
C,H4CI_, -0.209 0.68 0.552 0.537 0.35 -0.285 -0.131 -3.646 0.91 
C,_H,CI4 0.431 0.59 0.742 0.897 0.54 -0.463 -0.412 -2.062 1.52 
Ct, H~CI -0.202 0.33 0.573 0.649 0.30 0.619 0.363 0.456 0.46 
C~,HI~Br 0.034 2.52 0.678 0.619 0.91 0.369 0.076 13.970 0.50 
C~H,NH2 0.360 0.89 0.603 0.545 0.57 I.II9 0.857 0.062 0.54 
C4H,~NH., 0.067 0.01 0.574 0.596 0.06 1.128 0.954 0.625 0.01 
[C4H,D~N 0.044 0.33 0.851 1.149 0.20 0.304 0.246 2.711 0.13 

o b t a i n e d  f rom the  e x p e r i m e n t a l  v iscos i ty  d a t a  wi th  the  m e t h o d  of. leas t  

squa re s ,  a s s i g n i n g  e q u a l  w e i gh t s  to  each  po in t .  

T h e  c a l c u l a t e d  va lues  of  G~, in Eq. (4)  as a f u n c t i o n  of  c o m p o s i t i o n  x~ 

for e a c h  of  the  m i x t u r e s  a re  p l o t t e d  in Figs. 5 a n d  6. In gene ra l .  Gj2 var ies  

wi th  the  c o m p o s i t i o n  for m o s t  of  the  mix tu res .  
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Fig. 6. Variation of Grunbcrg-Nissan param- 
eter G~_, of Eq.(4) with mole fraction .~h of 
MMA in binary mixtures at 303.15 K. Symbols 
as in the legend to Fig. 2. 

Furthermore, the correlating ability of each of the equations, Eqs. (4) 
to (6), is tested by calculating the standard percentage deviations a(% ) 
between the experimental and the calculated viscosity as 

t' :] ,7, 
where n represents the number of data points and k the number of numeri- 
cal coefficients in respective equations. The values of the standard percent- 
age deviations for each of the equations are also given in Table VIII. The 
values of a are in the range from 0.01 to 1.05% for Eq. (4J for the present 
mixtures except for MMA +C(,H~_, and M M A + C 6 H ~ B r .  For the latter 
mixtures, the values of a are quite large, i.e., 2.51 and 3.10%, respectively. 
The a values are from 0.01 to 0.91% for Eq. (5) and from 0.01 to 1.52% 
for Eq.(6}. The average values of a for Eqs. (4), (5), and (6) are 
0.79 + 0.93, 0.44 + 0.27, and 0.55 + 0.45. From this study, it can be said that 
the correlating ability decreases in the order McAllister > Auslaender > 
Grunberg-Nissan. 
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5. ACTIVATION ENERGY OF VISCOUS FLOW 

On the basis of the theory of absolute reaction rates, the excess Gibbs 
energy of activation /JG *~: of viscous flow may be calculated from [33] 

AG*'C/RT= [ln(,ll-7,1 ° V~) -  .v. ln(,l~ I/'(~/q~ 1/'~)] (8) 

where q and V are the viscosity and molar volume of the mixture, and q(i ) 
and l,'(i ) are the viscosity and molar volume of the pure component i, 
respectively. These results are also included in the last column in Tables II 
to V. The estimated accuracy of ,JG .1' is about 20J mol ~. A polynomial 
of the type given in Eq. (3) was fitted to the AG*E/RT results of each 
mixture. The values of coefficients B, and the standard deviations a are 
presented in Table IX. The plots of the results of zJG *E for a few systems 
and their representation by Eq. 13) are shown in Fig. 7. 

Like zl In q, the values of AG *t: are large and negative for MMA + 
C~,H~, and M M A + C 6 H t 4 ;  small and negative for M M A + C 6 H 6 ,  
MMA+Cc,  H~CH3, M M A + C C L ,  MMA+C_,H4CI_,, and M M A +  
C ¢ , H ) 3 C 1 ;  small and positive for MMA + C¢,H~CI, and MMA + 
C4H,~NH_,; and large and positive for MMA + CHCI3, MMA + C,H_,CI4, 
MMA+C3HTNH_, ,  and MMA+IC4H,))3N.  For the mixture M M A +  
C(,Ht3Br both small negative and small positive values of AG *~: are 
observed. 

Table IX.  Coef f i c i en t  B, o f  Eq.  13) o f  B i n a r y  M i x t u r e s  

M M A  11) + C o m p o n e n t  2 for  ,JG*I'/RT 

C o m p o n e n t  2 B~ B: B~ B~ a 

C , H  )4 - 0 . 3 1 7 8  - 0 . 0 1 5 0  0.0190 - -  0 .0017 

C ,  H 1.' - 0 .7872 - 0.4043 - 0 .1627 - -  0 .0038 

C ,  H ~ - 0 .0874 0.0044 - -  - 0 .0010 
- -  - -  0 .0003 C ( , H ~ C H  ~ - 0 . 0 2 0 5  - -  

C , , H  sCI  0.0572 0 .0064 - - 0.0011 

CCI4  0.0660 0.0151 - 0 .0478 - -  0 .002 I 

C H C I ~  0.4857 0.0398 - -  0 .0038 

C., H ~ C I ,  - 0 . 1 2 3 8  - 0 . 0 6 9 0  - 0 . 0 7 1 1  - -  0 .0019 

C z H ,  C14 0 .4559 0 .0080 0.0802 - 0 .0025 

C~,H~3CI - 0 . 1 5 9 9  - 0 . 0 3 2 4  - -  - -  0 .0014 

C ¢ , H I ~ B r  0.1007 - 0 . 2 4 1 3  - 0 . 1 4 5 5  0 .1099 0.0053 

C ~ H v N H  2 0.3722 - 0 . 0 7 5 7  - -  - -  0 .0018 

C 4 H , ~ N H ,  0.0635 - 0 . 0 0 1 0  - -  - -  0 .0008 

( C 4 H , ) H N  0.3748 - 0 . 0 6 9 5  - -  0 .0013 
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Fig. 7. Dependence of excess Gibbs energy of 
activation J G  *+: of viscous flow on mole fraction 
x~ of MMA in binary mixtures at 303.15 K. 
Symbols as in the legend to Fig. 2. Solid line 
represents Eq. (3). 

6. MOLECULAR INTERACTIONS 

6.1. MMA + Saturated Hydrocarbons 

The large and negative values of 3 In q, AG *t~, and G~_, for MMA + 
C6H 12 and MMA + C6H 14 are due to disruption of the local dipolar order 
in MMA by the addition of either C6H~_, o r  C 6 H I 4  molecules. The 
relatively larger negative values of AG *~: for the cyclohexane mixture than 
for the n-hexane mixture further indicate that cyclohexane is a better order 
breaker than n-hexane [34]. 

6.2. MMA + Aromatic Hydrocarbons 

When cyciohexane is replaced by aromatic hydrocarbon liquids 
such as C6H6, CgHsCH3, and C6H5C1, the large and negative values 
of zl In ~1, 6G'E,  and G12 reduce to either small and negative or small and 
positive values. This suggests the balance of opposite forces in the 
M M A + a r o m a t i c  hydrocarbon mixtures. The dispersion interactions are 
counterbalanced by the specific interactions between the MMA and the 
aromatic hydrocarbons. The results for excess volumes of these mixtures 
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[40] also support this observation. Similar, specific interactions were 
observed for alkyl acetate + aromatic hydrocarbons [ 10, 35]. 

6.3. M M A  + Haloalkanes 

The small and negative values of d In ~1 and A G  *~ for MMA +CC14, 
MMA + C_,H4C12, and MMA +C6Ht.aCI and large and positive values of 
MMA+CHC13 and MMA+C2H_,CI4 can be attributed to the specific 
interactions between the unlike components. 

The specific interactions of MMA with either CC14, C6HI3CI, or 
C6H~3Br can be visualized as an electron donor and acceptor type. The 
MMA molecules act as the lone pair electron donor and the haloaikane as 
the acceptor. In the case of MMA + CHCI3, the large and positive values 
of A G  *e lFig. 7) can be explained by considering H-bond formation 
between M M A + C H C I  3. The present results for MMA+CzH4CI_,  and 
MMA + C2H2C14 (Fig. 7) can be explained in a similar manner; but apart 
from H-bonding, the O . . . C I  interaction in the latter two mixtures is not 
less significant. Similar results were obtained for acetone mixtures with 
tetrachloroethylene, methylene chloride, and 1,2-dichloroethane by Nath 
and Dixit [36]. 

6.4. M M A  + Alkylamines 

The positive values of 3 In t l and A G  *r, whether small or large, for all 
three present mixtures of MMA with alkylamines are definitely due to the 
specific interactions between unlike pairs. In the case of MMA + C3H7NH2 
and MMA+C4HgNH_,  mixtures, the specific interactions may involve 
H-bond formation between oxygen of MMA and H_ of primary amines. 
However, in the case of MMA + (C4Hg)3N, the large and positive values 
of A G  *L (Fig. 7) may be due partly to the large size difference between the 
two components of the mixture in addition to the dipole-dipole inter- 
actions [21, 37-39]. 

7. CONCLUSIONS 

From the present study, it can be concluded that specific inter- 
actions exist in MMA + aromatic hydrocarbons, MMA + haloalkanes, and 
MMA + primary amines mixtures, whereas the addition of the saturated 
hydrocarbons cyclohexane and hexane to MMA disrupts the dipolar 
association present in the MMA molecules. 
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