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CHAPTER IV 

Investigation on Viscous Synergism and Antagonism Prevailing 

in Binary Mixtures of Cyclohexylamine with Isomeric Butanols 

by Volumetric, Viscometric, Refractive Index and Ultrasonic 

Speed Measurements 

Densities, p, viscosities, TJ, speeds of sound, u, and refractive indices, no, 

were measured for the binary systems of cyclohexylamine with 1-butanol, 2-

butanol, isobutanol and t-butanol at 298.15 K over the entire composition 

range. From the experimental results, the excess volume, VE, the deviations in 

viscosity, LlTJ, and synergic index (Is) are derived by the equation developed by 

Kalentunc-Gencer, Peleg and Howell, respectively. Excess isentropic 

compressibility, Ks£, and deviation in refractive indices, Llno, were· also 

calculated. The above functions show deviations from the additivity law, which 

depend on the nature of the carbon chain of the alcohols. 

Keywords: Density; Viscosity; Speed of Sound; Refractive Index; 

Cyclohexylamine; Butanol. 

4.1. Introduction: 

Many engineering problems require quantitative data on the viscosity and 

density of liquid mixtures. The thermodynamic and transport properties of 

liquid and liquid mixtures have been used to understand the molecular 

interactions between the components of the mixture and also for engineering 

applications concerning heat transfer, mass transfer, and fluid flow. During the 

last few years the thermodynamic properties of binary mixtures of alcohols 

with different solvents have been studied extensively. H Binary systems of 

cyclohexylamine with alcohols are interesting from the viewpoint - the type of 

interaction between the components of the mixture. The mixtures included 
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cyclohexylamine as a common component and four isomeric alcohols as 

uncommon components. The four isoalcohols were 1-butanol, 2-butanol, 

isobutanol and t-butanol. The tendency of cyclohexylamine to form hydrogen 

bonds with alcohols via the participation of the amine group i.e. -NHz 

functionality and oxygen of the -OH functionality have attracted the attention of 

many experimental investigations on amine + alcohol binary mixtures dealing 

with the measurements especially of the excess properties. These studies show 

that the properties vary with the lengthening of the carbon chain length and 

branching of alcohols for amine + alcohol mixtures. Cyclohexylamine is a strong 

base which is completely miscible with water and common organic solvents. 

The compound is widely employed in the industrial processing of 

pharmaceuticals, plastics, paper, rubber, insecticides, textiles, dyestuff, 

petroleum and some synthetic sweeteners. Butanol sees use as a solvent for a 

wide variety of Ghemical and textile processes, in organic synthesis and as a 

chemical intermediate. It is also used as a paint thinner and a solvent in other 

coating applications where it is used as a relatively slow evaporating latent 

solvent in lacquers and ambient-cured enamels. 2-butanol occurs naturally as a 

product of fermentation of carbohydrates. It is also used for the production of 

fruit essences, as a flavouring in food, and as a solvent Isobutanol is used as 

insecticides for agric, garden and health service use, miscellaneous paint

related products, other art materials inclay, water & tempera colours, finger 

paint, and other automotive chemicals. Being relatively hydrophobic 

cosolvents, t-butanol is attractive compound in the study of hydration 

phenomena and may serve as models for more complicated aqueous systems 

like surfactants, emulsions, biopolymers and petroleum streams. Other uses of 

these compounds are as surfactants, additives in detergents, and agriculture 

products. 5 In the hope of obtaining an overall picture of these binary solutions 

we have studied the whole composition range. The most important use of this 

kind·of compound is for removal of sour gases from natural gas and as an 

extension of the work we have measured the densities and viscosities for the 

same isomers over the entire range of composition at 298.15 K. 
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Thermodynamic and transport properties of binary liquid mixtures 

containing protic, aprotic, and associated liquids have been studied. The 

calculated excess quantities from such data have been interpreted in terms of 

the differences in the size of molecules and the strength of specific and 

nonspecific interactions taking place between components of the mixtures. 

Alkanols exist in associated form. When alkanols are mixed with 

cyclohexylamine, mixing properties with varying intermolecular interactions 

may be generated. To investigate this effect, in the present investigation, the 

density (p), viscosity (IJ), speed of sound, (u), and refractive index, (no), of the 

binary mixtures have been studied. The measured experimental values of the 

speed of sound along with those of density are used to calculate the isentropic 

compressibility, Ks•, which provides useful information about the interactions 

that .take place between the components of the mixture. Also, from the 

experimental values deviations in relative viscosity, (LIIJ), and refractive indices, 

(Llno), have been estimated. Such results should give some insight into the 

interactions among the -OH and -NHz groups. 

In addition, the rheological and molecular behaviour of a formulation can 

influence aspects such as, patient acceptability, since it has been well 

demonstrated that viscosity and density both influence the absorption rate of 

such products in the body. 6• 7 The present study investigates and quantifies 

viscous synergy and volume contraction in binary mixtures of cyclohexylamine 

and isomeric butanols and their relation to concentration. 

4.2. Experimental Section: 

4.2.1. Method: 

Densities (p) were measured with an Ostwald-Sprengel-type pycnometer 

having a bulb volume of about 25 cm3 and an internal diameter of the capillary 

of about 0.1 em. The pycnometer was calibrated at 298.15 K with doubly 

distilled water and benzene. The pycnometer with experimental liquid was 

equilibrated in a glass-walled thermostated water bath maintained at 0.01 K of 

the desired temperature. The pycnometer was then removed from the 
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thermostat, properly dried, and weighed in an electronic balance with a 

precision of (0.01 mg). Adequate precautions were taken to avoid evaporation 

losses during the time of measurements. An average of triplicate measurements 

was taken into account. The density values were reproducible to ± 3x10·4 g·cm· 

3. The viscosity was measured by means of a suspended Ubbelohde-type 

viscometer, calibrated at 298.15 K with doubly distilled water and purified 

methanol. A thoroughly cleaned and perfectly dried viscometer filled with the 

experimental liquid was placed vertically in the glass-walled thermostat 

maintained to(± 0.01) K After attainment of thermal equilibrium, efflux times 

of flow were recorded with a stopwatch correct to (0.1) s. At least three 

repetitions of each data reproducible to (0.1) s were taken to ·average the flow 

times. The accuracy of the viscosity measurements, based on our work on 

several pure liquids, was (0.003) mPa·s. The details of the methods and 

measurement techniques have been described elsewhere. B·10 The mixtures 

were prepared by mixing known volumes of pure liquids in air-tight stoppered 

bottles. The weights were taken on a Mettler electronic analytical balance (AG 

285, Switzerland) accurate to 0.0002 g. The ultrasonic speeds (u) were 

determined using a single crystal variable path ultrasonic interferometer 

(Mittal Enterprises, New Delhi) working at 2 MHz u which was calibrated and 

the temperature stability was maintained within (± 0.01) K by circulating 

thermostatic water around the cell with a circulating pump. The uncertainties 

in the liquid composition of sound measurements were estimated to be 0.2 ms· 

1. The refractive indices of pure liquids and their binary mixtures were 

measured by using a thermostated Abbe refractometer. The refractometer was 

calibrated by measuring the refractive indices of triply distilled water and 

toluene at desired temperatures. The values of refractive index were obtained 

using sodium D light. The uncertainty of refractive index measurements was 

within (0.0002). The reliability of experimental measurements of nD was 

ascertained by comparing the experimental data of pure liquids with the 

corresponding values available in the literature at 298.15 K 
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4.2.2. Source and purity of samples: 

The monoalkanols; 1-butanol, 2-butanol, isobutanol and t-butanol with 

richness values of over 98% by volume (Merck, India) were purified by the 

methods as described in other papers. 12. 13 The solvents finally obtained after 

purification was 99.9% pure. Cyclohexylamine with richness values of over 

99% by volume was obtained from Thomas Baker Chemicals Limited and used 

without further purification. The purity of the liquids was checked by 

measuring their densities, viscosities and refractive indices at 298.15 K which 

was quite in agreement with the literature values. 

4.3. Results and Discussion: 

The comparison of the experimentally determined densities, viscosities 

and speeds of sound at 298.15 K of the pure components, along with their 

literature values, 14-23 are presented in Table 1, the experimental values of 

densities (p) and the excess molar volumes, VE, of the binary mixtures of 

cyclohexylamine (A), and monoalkanols (B), i.e., 1-butanol, 2-butanol, 

isobutanol, and t-butanol, have been presented along with the mole fractions of 

· (A) and (B) in Table 2. The excess molar volumes, VE, are calculated from 

density of these solvent mixtures according to the following equation: 24 

n 

VE = l:xMi(ll p-I/ p;) .......... (1) 
j=l 

where Xi. M;, p; and p are the mole fraction, molar mass of the jth component, 

density of the jth component and density of the solution mixture respectively. 

Viscous synergy is the term used in application to the interaction between 

the components of a system that causes the total viscosity of the system to be 

greater than the sum of the viscosities of each component considered 

separately. In contraposition to viscous synergy, viscous antagonism is defined 

as the interaction between the components of a system causing the net 

viscosity of the latter to be Jess than the sum of the viscosities of each 
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component considered separately. 16 Accordingly, when l]exp > l]eale, viscous 

synergy exists, while, when l]eale > qexp, the system is said to exhibit viscous 

antagonism. If the total viscosity of the system is equal to the sum of the 

viscosities of each component considered separately, the system is said to lack 

interaction. 25, 26 This procedure is used when Newtonian fluids are involved, 

since in non-Newtonian systems shear rate must be taken into account, and 

other synergy indices are defined in consequence. 27 The viscosity in the 

absence of interaction, TJeale, is defined by the simple mixing rule: 

n 

l]co!e = I XO]i .......... (2) 
i=l 

where x;, TJ; are respectively the mole fraction and viscosity of component i. 

The method used to analyze volume contraction and expansion is similar 

to that applied to viscosity, i.e., the density of the mixture is determined 

experimentally, pexp, and a calculation is made for Peale based on the following 

expression: 

n 

peale= LXipl 
i=l 

.......... (3) 

where x;, p;, are, respectively the mole fraction and density of component i. 

Viscosity deviation, (LITJ), values presented in Table 3 for clear comparison 

among the alcohols that appears to be different properties with mole fraction of 

A. The method most widely used to analyze the synergic behaviour of the 

ternary liquid mixtures used here is that developed by Kalentunc-Gencer and 

Peleg 28 allowing quantification of the synergy and interactions taking place in 

the mixtures involving variable proportions of the constituent components. 

Quantitatively, as per the absolute reaction rates theory, 29 the deviations of 

viscosities from-the ideal mixture values can be calculated as: 

n 

Aq = l]exp- LX11]i ......... (4) 
1=1 
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where qexp is the viscosity of the mixture and x;, 1]1 are, respectively the mole 

fraction and viscosity of component i. 

In order to secure more comparable viscous synergy results, the so called 

synergic interaction index introduced by Howell 30 is taken into account: 

Is = ( llexp - 17calc) I 17calc = LJ 17 I llcalc .......... (5) 

Table 3 also gives the data for the Is of the mixtures against XA. The 

negative value of Is gives antagonic interaction index (/A). 

Isentropic compressibilities, Ks and excess isentropic compressibilities, 

KsE are calculated from pexp and speeds of sound, u, using the following 

equations: 31-33 

Ks= 11 (u2 p) ---······· (6) 

KsE =Ks-f.xKs,; 
"' 

····--···· (7) 

where x;, Ks,; are the mole fraction and isentropic compressibility of component 

i respectively. The experimental values of u, Ks and KsE are compiled in Table 4 

along with XA and results have been depicted graphically in Figure 3. 

Table 5, represents the Llnv along with Llnvcalc and Llnvexp values for the 

four binary mixtures under examination. The deviations in refractive index 

from the mole fraction average (Linv) are given by: 

" l!.nv=nv- Ixmv,; _____ , ___ (8) 

i=l 

where no, is the refractive index of the mixture and x;, nv,; are the mole fraction 

and refractive index of component i, respectively. Figure 4, shows the results of 

Llnv for the four mixtures at 298.15 K. 

Again, the VE, Llq, KsE and Llnv values can be fitted to Redlich-Kister 

equation 34 to derive the binary coefficient, Ak: 
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m k 

Y;t =X~LA•(x•-Xi) .......... (9) 
k=l 

where y9z refers to an excess property for each i-j binary pair, and x;is the mole 

fraction of the jth component, and Ak represents the coefficients. 

The standard deviation for all the semiempirical models or equations 

used was calculated using the relation: 

[ ]

112 

u= ~(Y.!.-Yc!SI(n-m) .......... (10) 

where n is the number of experimental points and m is the number of 

adjustable parameters. 

The results in Table 2 and the curves in Figure 1 show that the excess 

volume is negative over the whole range of composition in the four mixtures. 

The VE values fall in the order: 

t-butanol > 2-butanol > isobutanol > 1-butanol 

The more negative value found for 1-butanol and to those of all the other 

butanol isomers may be attributed to their more spherical shape. This spherical . 

shape makes it difficult to form hydrogen bond between themselves, so that 

hydrogen bonding is mainly established with smaller molecules having -OH 

group at the terminal carbon atom. Comparing the VE data obtained in this 

experiment with the corresponding values obtained in a work for benzylamine 

+ the pentanol isomers, the same trend was observed. 35 The negative values of 

excess molar volume, VE suggest specific interactions 36-39 between the mixing 

components in the mixtures while its positive values suggest dominance of 

dispersion forces between them. The negative VE values indicate the specific 

interactions such as intermolecular hydrogen bonding between the mixing 

components and also the interstitial accommodation of the mixing components 

because of the difference in molar volumes. Several effects may contribute to 

the value of VE and three different effects may be considered as being important 

- (a) disruption of liquid order on mixing and unfavourable interactions 



Investigation on Viscous Synergism ...... Index and Ultrasonic Speed Measurements 147 

between unlike molecules producing a positive contribution to VI', (b) 

differences in molecular volumes and free volumes 40 between liquid 

components and (c) the possible association due to hydrogen bond interactions 

between the unlike molecules. The actual volume change would, therefore, 

depends on the relative strength of these effects. Thus negative values of VE 

may be attributed to the presence of strong intermolecular hydrogen bond 

interactions between the cyclohexylamine and the isomeric butanols. 

The minimum VE values for all the mixtures appear near the 

equimolecular composition. The diagrams in which the excess volumes for the 

binary systems (Figure 1) are represented have the same shape. Knowing that 

excess volume is the result of several effects - chemical, structural and physical, 

our present investigation may be discussed in terms of specific interaction 

between constituent molecules and structural effects that would lead to the 

subsequent formation of bonds between -OH and -NHz groups that will yield a 

greater packing and therefore a negative excess volume for the mixture alkanol 

+ cyclohexylamine. Mixing alcohols with cyclohexylamine has the consequence 

that hydrogen bondings of the self-association of alcohols are broken and new 

hydrogen bonds ( -HO- -H-N-) with cyclohexylamine are generated. Since the 

bonding ( -HO--H-N-) is stronger than ( -HO--HO-) and has a more negative 

excess volume, the resulting excess volume reflects this balance leading to a 

negative contribution. The excess molar volume depends also on the degree of 

cross-association between the alcohol and the cyclohexylamine. 

The values in Table 3 are graphically represented in Figures 2(a), 2(b) 

and 2(c). 

In Figure Z(a) the viscosity is seen to increase in case of the system 

cyclohexylamine + 1-butanol and cyclohexylamine + isobutanol non-linearly for 

the entire composition range, and from Table 3 it is observed that where TJexp > 

TJcalc for the binary mixtures, synergy prevails as mentioned earlier reaching 

maximum values (saturation point) at different concentrations in each case and 

thereafter decreases. Further, it has been also observed that antagonism comes 

into play for the system cyclohexylamine + t-butanol and TJexp < TJcalc· T]exp have 

lower values than TJcalc but higher for the last four composition range for the 
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system cyclohexylamine + 2-butanol. This may be attributed to the known 

phenomenon of solvation, as a consequence of the hydrogen bonds formed 

between the molecules of the components of the mixture-producing an 

increasing in size of the resulting molecular package, which legally implies rise 

in viscosity. In case of isomers, the H-bonds in tertiary is weakest than in 

secondary which is weaker than primary alkanols, i.e., the monoalkanols with -

OH group at terminal position other than primary C-atom,4ttracts more unlike 

molecules. This type of characteristic behaviour is a manifestation of strong 

specific interaction 18 between the unlike molecules predominated by H

bonding interaction. Similar results were reported in earlier papers. 16 

A perusal of Table 3 shows that the values of viscosity deviation, L117, are 

positive over the entire composition range for the system cyclohexylamine + 1-

butanol and isobutanol except one composition. Whereas L117 values are 

negative over the entire composition range for the system cyclohexylamine + t

butanol but in case of 2-butanol after attaning a minima shows to obtain 

positive viscosity deviation, L117. The estimated uncertainty for viscosity 

deviation, L117, is (0.004 mPa·s). The negative values imply the presence of 

dispersion forces between the mixing components in these mixtures, while 

positive values may be attributed to the presence of specific interactions 41 

between them. The plots of viscosity deviation, L117, versus mole fraction, XA, for 

the different binary mixtures have been presented in Figure 2(b). The decrease 

of mixture viscosities indicates the weakening of self-association of alkanols in 

presence of cyclohexylamine. According to Fort and Moore 41 excess viscosities 

are negative in mixtures of components having unequal size and in which 

dispersion forces are present As expected, the values of L117 become more 

negative as the chain length of the alkanols 42 and branching in chain length of 

the concerned molecule increases and one shifts from primary to secondary 

alcohols. This suggests that the strength of interaction in the mixtures is in the 

order: 

t-butanol < 2-butanol < isobutanol < 1-butanol 

indicating same result as obtained in case of excess molar volume. 
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In Figure 2(c) the synergic index values for the ternary mixtures are 

presented in the following trend: 

t-butanol < 2-butanol < isobutanol < 1-butanol 

Here steric effect becomes the deciding factor. Due to large and complex 

size of the tertiary and secondary alkanols compared to the primary ones, 

cyclohexylamine molecules cannot easily disrupt the molecular package formed 

between like molecules. Thus, the mutual attraction remains lower for the 3°

and 2°-isomers. The explanation of this behaviour is based on the known 

phenomenon of molecular dissociation, as a consequence of weakening the H

bond formed between the molecules producing a decrease in size of the 

molecular package which logically implies the decrease in Is. Thus, the 

molecular package decreases gradually with the branching of alcohols which 

implies a decrease in Is. 

Figure 3 shows that KsE values are negative for all the mixtures, and fall in---·-

the order: 

t-butanol > 2-butanol > isobutanol >1-butanol 

It is interesting to note that the trend observed is just the reverse of that 

obtained for Is values for the mixtures. This trend is justified by the presence of 

weak interaction or structure disruptive effects between the mixing liquids for 

the binary mixtures of· isomeric butanols and by the presence of strong · 

hydrogen bond interactions between the mixing liquids for the binary mixtures. 

As stated earlier alkanols in pure state remains in associate form. These 

structures can .thus resist the structure disruptions in the presence of 

cyclohexylamine and this effect probably increases with the branching in the 

alkanols. The largest negative value is observed for the system cyclohexylamine 

with 1-butanol and the minimum for the studied binary systems remains at XA = 
0.4277. The KsE values may be attributed to (i) an increase in free spaces in 

mixtures compared to those in pure components due to the depolymerization 

of alcohol aggregates with the addition of cyclohexylamine and (ii) a decrease 

in free spaces as a result of hydrogen-bonding interactions of the type (-HO----

---H-N-) between unlike molecules and interstitial accommodation of 

cyclohexylamine in hydrogen bonded aggregates of alcohols. The former factor 
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leads to positive J&3 values, and the latter effect contributes to negative values 

of [(S3. The actual deviation in isentropic compressibility would be the resultant 

of the later effect The algebraic values of J&3 at equimolar mixtures fall in the 

order. 

t-butanol ::> 2-butanol > isobutanol > 1-butanol 

These observations are further supported by VE (Figure 1) and tl71 (Figure 

2(b)) values. 

The tlno values, which increase as the branching increases, are negative 

for all of the systems over the entire range of composition. The values of tlno 

follow the order: 

t-butanol > 2-butanol > isobutanol > 1-butanol 

Figure 4 represents variation of deviation in refractive index Llno, against 

mole fraction (xA) of cyclohexylamine at 298.15 K tlno values are negative for 

the whole range of composition and for all the considered binary systems. The 

negative values of this property through the Maxwell equation show that the 

mixture has a permittivity at the Na D-line wavelength smaller than that in the 

ideal case. This behaviour could be explained by considering that when the 

packing effect decreases (VE > 0), the number of dipoles per unit volume 

diminishes and therefore no also becomes smaller, originating negative tlno. It 

would imply the influence of VE in the polarization mechanisms at high 

frequency, just as seems to be reflected in the results obtained by the 

theoretical models for the prediction of no, 43 which improve when the real 

volume is considered (VE if: 0). 

The values of coefficients Ak.. were determined by a multiple-regression 

analysis based on the least-squares method and were summarized along with 

their standard deviations between the experimental and fitted values of the 

respective functions in Table 6. The small cr values for excess or deviation 

properties indicated that the fits are good and in the present study, VE, tl71, [(S3 

and tlno are quite systematic and function of the composition of the binary 

mixtures. 
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4.4. Conclusion: 

In summary, cydohexylamine + isomeric butanol systems are 

characterized by the presence of strong hydrogen bond interaction between the 

mixing liquids and the strength of interaction follows the order: 

cydohexylamine + t-butanol < cyclohexylamine +2-butanol < cydohexylamine 

+ isobutanol < cydohexylamine +1-butanol; also steric and other effects play a 

pivotal role in this regard. On the contrary, alkanol + amine systems are 

characterized by the presence of hydrogen bond interaction in the studied 

binary systems. The reason is probably due to presence of strong hydrogen 

bond interaction in these molecules by the interaction of the alcoholic oxygen 

and hydrogen of -NHz group in the cydohexylamine molecule. The 

monoalkanols with th.e hydroxyl group positioned at the first carbon atom 

accept more cydohexylamine than those with the hydroxyl group at secondary 

or tertiary alcohols and their Is, values are, therefore, considerably higher. 
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Table 1. Physical properties of pure components at 298.15 K 

p x10-3 f p x 10·3f 
IJ /(mPa·s)IJ /(mPa·s) ufm·s·1 ufm·s-1 no no 

Solvents (kg·m-3) (Kg-m-3) 
Exp. Ut Exp. Lit Exp. Lit Exp. Lit 

cyclohexylamine 0.8628 0.866814 1.7727 1.753014 1416.36 1416.414 1.4565 
1-butanol 0.8051 0.8059 22 2.5749 2.5420 10 1240.00 1240.00 23 1.3971 1.3975 19 
2-butanol 0.8022 0.8024 22 2.9924 2.857118 1210.45 1210.43 21 1.3951 1.3950 20 
isobutanol 0.7974 0.7980 22 3.4298 3.4350 1o 1187.09 1185.63 17 1.3939 1.393711 
t-butanol 0.7782 0.7648 22 4.4449 4.3719 1s 1116.09 1.3852 1.3826 19 

Table 2. Experimental values of density, px10-3 /(kg·m-3), excess molar volume, 

j1E x106 /(m3·mol-1) for the binary mixtures under investigation at 298.15 K 

0 
0.0767 
0.1574 
0.2426 
0.3325 
0.4277 
0.5285 
0.6355 
0.7493 
0.8706 

1 

0 
0.0767 
0.1574 
0.2426 
0.3325 
0.4277 
0.5285 
0.6355 
0.7493 
0.8706 

1 

0 
0.0767 
0.1574 
0.2426 
0.3325 

xo p x10·3 /fkg·m·3) VEx106f(m3·moJ-1) 
cyclohexylamine(A)+ 1-butanol(B) 
1 0.8061 0 

0.9233 0.8144 -0.3412 
0.8426 0.8236 -0.7851 
0.7574 0.8317 -1.1008 
0.6675 0.8391 -1.3342 
0.5723 0.8453 -1.4225 
0.4715 0.8504 -1.3726 
0.3645 0.8543 -1.1641 
0.2507 0.8572 -0;8115 
0.1294 0.8598 -0.3939 

0 0.8628 0 
cyclohexylamine(A)+2-butanoi(B) 
1 0.8022 0 

0.9233 0.8101 -0.2584 
0.8426 0.8181 -0.5245 
0.7574 0.8258 -0.7504 
0.6675 0.8333 -0.9487 
0.5723 0.8400 -1.0450 
0.4715 0.8455 -0.9880 
0.3645 0.8502 -0.8188 
0.2507 0.8539 -0.5047 
0.1294 0.8583 -0.2568 

0 OB~8 0 
cyclohexylamine(A)+isobutanol(B) 

1 0.7974 0 
0.9233 0.8059 -0.2827 
0.8426 0.8147 -0.5949 
0.7574 0.8240 -0.9595 
0.6675 0.8322 -1.1892 
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0.4277 0.5723 0.8395 -1.3032 
0.5285 0.4715 0.8455 -1.2502 
0.6355 0.3645 0.8504 -1.0464 
0.7493 0.2507 0.8549 -0.7714 
0.8706 0.1294 0.8584 -0.3418 

1 0 0.8628 0 
cyclohexylamine(A)+t-butanol(B) 

0 1 0.7782 0 
0.0767 0.9233 0.7876 -0.2077 
0.1574 0.8426 0.7970 -0.3993 
0.2426 0.7574 0.8069 -0.6339 
0.3325 0.6675 0.8166 -0.8272 
0.4277 0.5723 0.8254 -0.8893 
0.5285 0.4715 0.8333 -0.8188 
0.6355 0.3645 0.8406 -0.6479 
0.7493 0.2507 0.8476 -0.4105 
0.8706 0.1294 0.8548 -0.1678 

1 0 0.8628 0 

Table 3. Calculated, TJcalc f(mPa·s), and experimental, TJexp /(mPa·s), values of 

viscosity, deviation in viscosity LITJ /(mPa·s) along with synergic index, Is, for the 

binary mixtures under investigation at 298.15 K 

XA XB !)calc [(mPa·s) !l~l(mPa·s) LI!J[(mPa·s) Is 
cyclohexylamine(A)+ 1~butanol(B) 

0 1 2.5749 2.5749 0 0 
0.0767 0.9233 2.5134 2.5577 0.0443 0.0176 
0.1574 0.8426 2.4486 2.5551 0.1065 0.0435 
0.2426 0.7574 2.3803 2.5642 0.1839 0.0773 
0.3325 0.6675 2.3082 2.5736 0.2654 0.1150 
0.4277 0.5723 2.2318 2.5494 0.3176 0.1423 
0.5285 0.4-715 2.1509 2.4811 0.3302 0.1535 
0.6355 0.3645 2.0651 2.3794 0.3143 0.1522 
0.7493 0.2507 1.9738 2.2482 0.2744 0.1390 
0.8706 0.1294 1.8765 2.0617 0.1852 0.0987 

1 0 1.7727 1.7727 0 0 
cyclohexylamine(A)+2-butanol(B) 

0 1 2.9924 2.9924 0 0 
0.0767 0.9233 2.8988 2.8039 -0.0949 -0.0327 
0.1574 0.8426 2.8004 2.6191 -0.1813 -0.0647 
0.2426 0.7574 2.6965 2.4718 -0.2247 -0.0833 
0.3325 0.6675 2.5868 2.3694 -0.2174 -0.0840 
0.4277 0.5723 2.4707 2.3025 -0.1682 -0.0681 
0.5285 0.4715 2.3478 2.2499 -0.0979 -0.0417 
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0.6355 0.3645 2.2173 2.2243 0.0070 0.0032 
0.7493 0.2507 2.0785 2.1480 0.0695 0.0334 
0.8706 0.1294 1.9305 2.0022 0.0717 0.0371 

1 0 1.7727 1.7727 0 0 
cyclohexylamine(A)+isobutanol(B) 

0 1 3.4298 3.4298 0 0 
0.0767 0.9233 3.3027 3.2736 -0.0291 -0.0088 
0.1574 0.8426 3.1690 3.1827 0.0137 0.0043 
0.2426 0.7574 3.0278 3.1254 0.0976 0.0322 
0.3325 0.6675 2.8788 3.0672 0.1884 0.0654 
0.4277 0.5723 2.7211 2.9756 0.2545 0.0935 
0.5285 0.4715 2.5540 2.8595 0.3055 0.1196 
0.6355 0.3645 2.3767 2.6813 0.3046 0.1282 
0.7493 0;2507 2.1881 2.4473 0.2592 0.1185 
0.8706 0.1294 1.9871 2.165 0.1779 0.0895 

1 0 1.7727 1.7727 0 0 
cyclohexylamine(A)+t-butanol(B) 

0 1 4.4449 4.4449 0 0 
0.0767 0.9233 4.2399 4.0394 -0.2005 -0.0473 
0.1574 0.8426 4.0243 3.7217 -0.3026 -0.0752 
0.2426 0.7574 3.7966 3.4437 -0.3529 -0.0930 
0.3325 0.6675 3.5564 3.2026 -0.3538 -0.0995 
0.4277 0.5723 3.302 2.9739 -0.3281 -0.0994 
0.5285 0.4715 3.0326 2.7489 -0.2837 -0.0936 
0.6355 0.3645 2.7467 2.5193 -0.2274 -0.0828 
0.7493 0.2507 2.4426 2.3092 -0.1334 -0.0546 
0.8706 0.1294 2.1185 2.1060 -0.0125 -0.0059 

1 0 1.7727 1.7727 0 0 

Table 4. Experimental values of ultrasonic speed, u/m·s·l; isentropic 

compressibility, Ksx1012j(Pa·1) and deviation in isentropic compressibility, KsE 

x1012j(Pa·l) of binary mixtures at 298.15 K 

XA u/m·s·1 &x1012/[Pa·1) KsEx1012f(Pa·l) 

0 
0.0767 
0.1574 
0.2426 
0.3325 
0.4277 
0.5285 
0.6355 
0.7493 

cyclohexylamine(A)+ 1-butanol(B) 
1240.0 
1254.7 
1277.7 
1299.7 
1323.7 
1345.8 
1365.5 
1379.0 
1388.8 

806.80 
779.98 
743.75 
711.78 
680.15 
653.17 
630.66 
615.55 
604.84 

0 
-0.9 
-2.7 
-4.0 
-5.1 
-5.6 
-5.5 
-4.6 
-3.1 
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Oo8706 1398o8 594.42 -1.3 
1 141604 577072 0 

cvclohexylamine(A)+2-butanol(B) 
0 121005 850072 0 

Oo0767 122504 822o06 -008 
Oo1574 124500 788o60 -1.9 
Oo2426 126507 755o90 -209 
Oo3325 128807 722o60 -308 
Oo4277 131208 690o75 -403 
0.5285 133105 667012 -400 
Oo6355 1350A 644o99 -303 
Oo7493 137002 623o77 -203 
Oo8706 1390.5 602o59 -101 

1 141604 577072 0 
cyclohexylamine(A)+isobutanol(B) 

0 118701 889o92 0 
Oo0767 120307 856o41 -100 
Oo1574 122507 817002 -204 
002426 124808 778o19 -306 
Oo3325 127208 741.74 -405 
Oo4277 129807 706026 -500 
Oo5285 1321.8 676o95 -4o8 
Oo6355 134206 652o35 -309 
Oo7493 1364.3 628o44 -208 
Oo8706 138801 604o60 -1.4 

1 141604 577072 0 
cyclohexylamine(A)+t-butanoi(B) 

0 111601 1031058 0 
Oo0767 113208 989o44 -008 
Oo1574 115201 945o28 -105 
Oo2426 117502 897034 -205 
Oo3325 1200o9 849o14 -302 
Oo4277 122806 802063 -305 
0.5285 125702 . 759o26 -303 
Oo6355 128709 717021 -206 
Oo7493 1323.4 673o64 -1.8 
008706 1363o8 628o98 -008 

1 141604 577072 0 
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Table 5. Experimental and calculated values of refractive index, no, and 

deviation in refractive index Llno of binary mixtures at 298.15 K 

XA XB noextl nocalc Llno 
cyclohexylamine(A)+ 1-butanol(B) 

0 1 1.3971 1.3971 0 
0.0767 0.9233 1.3992 1.4017 -0.0024 
0.1574 0.8426 1.3999 1.4064 -0.0065 
0.2426 0.7574 1.4000 1.4115 -0.0115 
0.3325 0.6675 1.4005 1.4169 -0.0164 
0.4277 0.5723 1.4042 1.4225 -0.0183 
0.5285 0.4715 1.4105 1.4285 -0.0180 
0.6355 0.3645 1.4191 1.4348 -0.0157 
0.7493 0.2507 1.4312 1.4416 -0.0104 
0.8706 0.1294 1.4451 1.4488 -0.0037 

1 0 1.4565 1.4565 0 
cyclohexylamine(A)+2-butanol(B) 

0 1 1.3951 1.3951 0 
0.0767 0.9233 1.3989 1.3998 -0.0009 
0.1574 0.8426 1.4011 1.4048 -0.0037 
0.2426 0.'7574 1.4032 1.4100 -0.0068 
0.3325 0.6675 1.4049 1.4156 -0.0106 
0.4277 0.5723 1.4088 1.4214 -0.0126 
0.5285 0.4715 1.4158 1.4275 -0.0117 
0.6355 0.3645 1.4254 1.4341 -0.0087 
0.7493 0.2507 1.4365 1.4411 -0.0046 
0.8706 0.1294 1.4472 1.4486 -0.0014 

1 0 1.4565 1.4565 0 
cyclohexylamine(A)+isobutanol(B) 

0 1 1.3939 1.3939 0 
0.0767 0.9233 1.3972 1.3987 -0.0015 
0.1574 0.8426 1.3995 1.4038 -0.0043 
0.2426 0.7574 1.4009 1.4091 -0.0082 
0.3325 0.6675 1.4028 1.4148 -0.0119 
0.4277 0.5723 1.4060 1.4207 -0.0147 
0.5285 0.4715 1.4126 1.4270 -0.0144 
0.6355 0.3645 1.4220 1.4337 -0.0117 
0.7493 0.2507 1.4333 1.4408 -0.0075 
0.8706 0.1294 1.4460 1.4484 -0.0024 

1 0 1.4565 1.4565 0 
. cyclohexylamine(A)+t-butanol(B) 

0 1 1.3852 1.3852 0 
0.0767 0.9233 1.3901 1.3907 -0.0006 
0.1574 0.8426 1.3932 1.3964 -0.0032 
0.2426 0.7574 1.3972 1.4025 -0.0053 
0.3325 0.6675 1.4016 1.4089 -0.0073 
0.4277 0.5723 1.4079 1.4157 -0.0078 
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0.5285 
0.6355 
0.7493 
0.8706 

1 

0.4715 
0.3645 
0.2507 
0.1294 

0 

1.4161 
1.4255 
1.4356 
1.4459 
1.4565 

1.4229 
1.4305 
1.4386 
1.4473 
1.4565 

-0.0068 
-0.0050 
-0.0030 
-0.0014 

0 

Table 6. Correlation coefficients of viscosity, density, speed of sound and 

refractive index of the binary mixtures at 298.15 K 

VEx106f(m3·moi-t) 

cyclohexylamine cyclohexylamine cyclohexylamine cyclohexylamine 
(A)+1-butanol(B) (A)+2-butanol(B) (A)+isobutanol(B) (A)+t-butanol(B) 

Ao -5.6454 -4.1118 -5.0932 -3.4000 
At 0.4498 1.4281 1.8980 1.9397 
Az -2.9509 3.4263 1.2903 1.5877 
A3 -2.7363 0.5136 -4.3926 -3.1240 
A4 2.9966 -2.7391 2.2929 3.9854 
As -2.1320 4.6146 2.4063 
A6 -5.2370 

CJ 0.0288 0.0129 0.0150 0.0014 
.17] /(mPa·s) 

cyclohexylamine cyclohexylamine cyclohexylamine cyclohexylamine 
(A)+1-butanol(B) (A)+2-butanol(B) (A)+isobutanol(B) (A)+t-butanol(B) 

Ao 1.3226 -0.4581 1.1740 -1.1878 
At 0.1050 1.7380 0.6430 0.8786 
Az -0.3622 0.1764 -0.7724 -0.9036 
A3 1.6278 -0.6904 0.8137 1.1396 
A4 0.2014 2.3104 
As -1.2550 0.2282 
A6 -1.7517 

CJ 0.0015 0.0053 0.0041 0.0017 
KsEx 10t2/(Pa·l) 

cyclohexylamine cyclohexylamine cyclohexylamine cyclohexylamine 
(A)+ 1-butanol(B) (A)+2-butanol(B) (A)+isobutanol(B) [A)+t-butanol[B) 

Ao -22.4903 -16.5361 -19.4956 -13.5190 
At 5.5854 5.8001 6.8588 5.6187 
Az 17.7912 9.2690 8.9161 7.8033 
A3 1.8980 -6.3863 -7.2164 -4.9994 
A4 -32.0063 
As -6.4066 
A6 44.4602 

CJ 0.0657 0.0637 0.0562 0.0806 
L1no 

cyclohexylamine cyclohexylamine cyclohexylamine cyclohexylamine 
(A)+ 1-butanol[B) (A)+2-butanol(B) [A)+isobutanol[B) [A)+t-butanol(B) 
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Ao -0.0750 -0.0491 -0.0585 -0.0289 
At 0.0092 0.0235 0.0065 0.0231 
Az 0.0646 0.0802 0.0625 0.0239 
A3 -0.0315 -0.0345 
A4 -0.0409 
As 
AG 
0" 0.0004 0.0002 0.0003 0.0002 
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Figure 1. Variation of excess molar volumes, Vl'x106/(m3·mol-1) against mole 

fraction (xA) of cyclohexylamine at 298.15 K with t-butanol (•), 2-butanol (+), 

isobutanol (.A.), !-butanol(-). 
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Figure Z(a). Experimental, TJexp /( mPa·s ), ( -) and calculated, TJcalc /( mPa·s ), (-

-) viscosity against mole fraction (xA) of cyclohexylamine at 298.15 K with t

butanol (•), 2-butanol (+), isobutanol (.A), !-butanol(-). 
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Figure 2(b). Variation of deviation in viscosity LlTJ/(mPa·s) against mole 

fraction (xA) of cyclohexylamine at 298.15 K. with t-butanol (•), 2-butanol (+), 

isobutanol (.a.), 1-butanol (-). 
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Figure 2(c). Synergic index values (Is) against mole fraction (XA) of 

cyclohexylamine at 298.15 K with t-butanol (•), 2-butanol (+), isobutanol (.A.), 

1-butanol (-). 
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Figure 3. Variation of deviation in isentropic compressibility Kif x 1012 /(Pa-1) 

against mole fraction (xA) of cyclohexylamine at 298.15 K with t-butanol (•), 2-

butanol (+), isobutanol (.6.), 1-butanol (-). 
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Figure 4. Variation of deviation in refractive index Llno against mole fraction 

(xA) of cyclohexylamine at 298.15 K with t-butanol (•), 2-butanol (+), 

isobutanol (.6.), 1-butanol (-). 
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