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      In the current study, ternary phase equilibria of (water + n-butyric acid + 2-methylcyclohexanol) were considered. Experimental tie-line 
data were measured at T = 298.2, 308.5, and 318.2 K and 102.1 kPa. Type I LLE behavior was observed for the studied mixtures. Karl-
Fischer and acid-base titrations were applied to analyze separated phases. The Hand and Othmer-Tobias equations were used to test the 
validity of obtained tie-line data. The regression coefficients of both equations were bigger than 0.99. Calculated separation factors (14.6 to 
32.6) and distribution coefficients (1.5 to 4.8) proved that the studied solvent is very efficient for extraction of n-butyric acid from water. 
Thermodynamic modeling was performed by NRTL equation and root mean square deviations (3.54 to 4.11%) were calculated to 
investigate the quality of modeling. 
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INTRODUCTION 
 
      The successful purification of fatty acids from water is 
of economic connotation in the pharmaceutical industry and 
fermentation processes. Several solvents in different classes 
have been examined and applied to progress the recovery of 
fatty acids from aqueous mixtures [1-15]. 
      Liquid-liquid equilibrium (LLE) investigations have 
been executed for the mixtures including n-butyric acid 
(nBA) in a lot of organic solvents to develop the database 
for the separation and purification of the acid from water 
mixtures. Researchers have been interested in alcohols, 
esters, ketones, and hydrocarbons [16-43]. Between the 
studied solvents, alcohols have been excellent extractants 
for the recovery of nBA from water [16, 18, 20, 25, 36-38, 
40]. Right-chain alcohols have received much attention in 
the extraction of fatty acids, but cyclic alcohols have been 
less taken into account. One cyclic alcohol with low vapor 
pressure is 2-methtylcyclohexanol  which  has  been  used to  
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separate some fatty acids from the aqueous medium [44-46]. 
In this work, 2-methtylcyclohexanol, the mixture of cis and 
trans (2MCH), was selected as an extractant to recover nBA 
from its aqueous solution. Tie-line data of the (water + nBA 
+ 2MCH) ternary system were measured at different 
temperatures. The alcohol (2MCH) was investigated as a 
potentially proper solvent due to its possible ability for the 
removal of the acid because of suitable functional group, 
high boiling point (165-166 °C), and other positive 
parameters. 
      To choose a suitable solvent for the separation process 
using liquid-liquid extraction, 13 parameters must be 
inspected: separation factor (1), distribution coefficient (2), 
insolubility of solvent in raffinate (3), recoverability (4), 
density (5), interfacial tension (6), chemical reactivity (7), 
viscosity (8), vapor pressure (9), freezing point (10) non-
toxicity (11), non-flammability (12) and low cost (13) [47]. 
By using 2MCH, 9 parameters (3-11) are satisfactorily 
good. Parameters 1 and 2 must be determined 
experimentally and according to this study, these two 
parameters  are also proper. 2MCH is not a low-cost solvent  
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but, it is recoverable because of chemical stability and the 
problem of cost could be neglected. As a result, 2MCH 
could be considered a very good solvent. 
      In the present research, experimental tie-line data were 
obtained at three different temperatures and in a wide range 
of biphasic region. The Hand [48] and Othmer-Tobias [49] 
empirical equations attested that the experimental data are 
reliable. The measured tie-line data of the ternary mixtures 
of the studied system were also regressed by the NRTL 
thermodynamic model of Renon and Prausnitz [50], and the 
values of the binary interaction parameters were optimized. 
Distribution coefficients and separation factors of the 
investigated system were afterward calculated by measured 
data to explore the efficiency of 2MCH for recovery of 
nBA. 
      Obtained experimental data and binary interaction 
parameters in this study have not been published until now 
and the valuable reported data could improve the literature 
database for the butyric acid purification process.  
 
EXPERIMENTAL 
 
      2-Methylcycloheanol and n-butyric acid were purchased 
from Merck. Bidistilled water was prepared in the lab. All 
materials were applied without any more purification. 
Information of used materials along with the refractive 
indices are inserted in Table 1. 
      The temperature of the solutions was controlled using a 
Testo (Model: 108-2) digital thermometer with an accuracy 
of ±0.1 K and all weightings were performed by an 
electronic balance (KIA220) with an accuracy of ±0.1 mg. 
Tie-line data of the ternary system (water + nBA + 2MCH) 
were obtained at 298.2, 308.2, and 318.2 K and atmospheric 
pressure (average of recorded pressures  during  the  days of 
 
 
 
 
 
 
 
 
 
 

 
 
experiments was 102.1 kPa).  
      Mixtures with known masses of water, nBA, and 2MCH 
were prepared in a water-jacketed glass cell with a volume 
of 50 ml. Each mixture was stirred for 2 h and after 2 h of 
relaxing, samples were taken from upper and lower (organic 
and aqueous) phases for analysis. The acid mass fraction in 
the organic phase was measured at different times and after 
2 h of mixing and relaxing, no changes were observed in 
nBA mass fraction. This set of experiments was done before 
the main experiments to determine the proper equilibrium 
time. Each sample was titrated by Karl-Fischer (KF) and 
NaOH 0.1 M solutions. Acid-base titrations obtained mass 
fractions of nBA in aqueous ( aqw2

), and organic ( orgw2
) 

phases while KF titrations obtained mass fractions of water 
in water ( aqw1 ) and solvent ( orgw1 ) layers. The mass fractions 
of 2MCH in lower ( aqw3

) and upper ( orgw3
) layers were 

obtained by mass balance equation ( 1321  www ). All 

experiments were done three times and averages were 
recorded. The standard uncertainty of all measurements was 
lower than ± 0.008. 
 
RESULTS AND DISCUSSION 
 
Tie-line Data Treatments 
      Measured Tie-line data for the studied ternary system 
(water + nBA + 2MCH) are inserted in Table 2. Distribution 
coefficients of water (

aq

org

w
w

D
1

1
1  ) and nBA (

aq

org

w
wD

2

2
2  ) and 

separation factors (
1

2

D
DS  ) calculated from experimental 

tie-lines are also given in the table.  
      As can be seen from the data of the table, mass fractions 
water in the organic phase are between 8.2% at 298.2 K to 
15.7% at 318.2 K. Little amounts of water in  the organic of  
 
 
 
 
 
 
 
 
 

Table 1. Source, Purity, and Refractive Indices of the Used Materials 
 
Component Acronym CAS Purity (mass percent) Source/Purity 

analysis method 
Refractive 
index ( 20

Dn ) 

2-Methylcycloheanol (mixture 
of cis and trans isomers) 

2MCH 583-59-5 > 99.0 Merck/GC 1.333 

n-Butyric acid nBA 107-92-6 > 98.0 Merck/GC 1.399 
Water - 7732-18-5 > 99.5 - 1.461 
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phase causes better purification of nBA. One important 
parameter to justify the efficiency of liquid-liquid extraction 
is the amount of water transferring to the solvent phase. 
This amount affects to separation factor and the greater 
value of separation factor shows the better purification 
process. Mass fractions of acid in the organic phase are also 
larger than that of the aqueous phase and this causes saving 
in solvent consumption. Obtained data are also drawn in 
Fig. 1. The figure shows that the biphasic region is wide 
enough for an applied separation and the slop of tie-lines is 
suitable for efficient extraction. In addition, the temperature 
effect is obvious in the figure. The heterogeneous area gets 
smaller at higher temperatures and the slopes of tie-lines 
change but the effect is very tiny.  
      Distribution coefficients and separation factors  reported  
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Fig. 1. Phase diagram of measured tie-line data of ternary 
          system  (water  +  n-butyric  acid +  2-methylcylo-           
          hexanol)  at  (●)  298.2  K, (■)  308.2 K, and  (▲)  

             318.2 K. 

   Table 2. Measured Tie-line Data of  the Ternary System (Water + n-Butyric acid + 2-Methylcylohexanol) at 298.2, 
                   308.2 and 308.2 K and Atmospheric Pressure 
 

aqw1  aqw2  aqw3  orgw1  orgw2  orgw3  D1 D2 S 
T = 298.2 K 
0.953 0.031 0.016 0.082 0.087 0.831 0.086 2.81 32.6 
0.934 0.049 0.017 0.096 0.196 0.708 0.103 4.00 38.9 
0.917 0.066 0.017 0.112 0.302 0.586 0.122 4.58 37.5 
0.899 0.083 0.018 0.125 0.385 0.490 0.139 4.64 33.4 
0.874 0.107 0.019 0.136 0.501 0.363 0.156 4.68 30.1 
0.851 0.128 0.021 0.145 0.612 0.243 0.170 4.78 28.1 
T = 308.2 K 
0.936 0.042 0.022 0.087 0.083 0.830 0.093 1.98 21.3 
0.918 0.058 0.024 0.099 0.189 0.712 0.108 3.26 30.2 
0.896 0.079 0.025 0.119 0.296 0.585 0.133 3.75 28.2 
0.879 0.094 0.027 0.131 0.381 0.488 0.149 4.05 27.2 
0.850 0.120 0.030 0.143 0.497 0.360 0.168 4.14 24.6 
0.826 0.142 0.032 0.149 0.607 0.244 0.180 4.27 23.7 
T = 318.2 K 
0.920 0.051 0.029 0.094 0.076 0.830 0.102 1.49 14.6 
0.899 0.069 0.032 0.104 0.181 0.715 0.116 2.62 22.7 
0.876 0.090 0.034 0.128 0.289 0.583 0.146 3.21 22.0 
0.863 0.102 0.035 0.135 0.374 0.491 0.156 3.67 23.4 
0.829 0.133 0.038 0.152 0.490 0.358 0.183 3.68 20.1 
0.805 0.154 0.041 0.157 0.598 0.245 0.195 3.88 19.9 

   Estimated standard uncertainties: Measured  mass fractions, temperature and  pressure: u(w) = 0.008, u(T) = 0.1 K  
   and u(P) = 0.5 kPa. 
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in Table 1 are plotted in Figs. 2a and 2b versus the mass 
fraction of nBA in the organic phase. As can be seen from 
Fig. 2a, distribution coefficients are very large and the 
values show that 2MCH has a large capacity for removal of 
nBA from water, but increasing of temperature decreases 
the ability of the solvent for extraction of nBA. Separation 
factors are important parameters in separation processes and 
the values must be larger than 1 to have a successful 
separation. Separation factors (Fig. 2b) at 298.2 K are larger 
than the values of other temperatures. This results that 
temperature increase is not a positive function for extraction 
of nBA from water using 2MCH. Every 10 °C increase in 
temperature lessens the efficiency of the solvent 16% in 
distribution coefficients and 22% in separation factors on 
average. Increasing nBA in initial feed compositions raises 
the distribution coefficients but the separation factors go 
through a maximum of 0.20 to 0.18 of  w23 in the studied 
temperature range. 
The Hand [48] and the Othmer-Tobias [49] equations are 
comprehensively used by researchers to investigate the 
quality of measured tie-lines. The equations are as follow: 
 
Hand Eq. 
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The parameters A, B, A' and B' are numerical constants and 
type of system, degree of immiscibility and equilibrium 
compositions affect the parameters. The plots of Hand and 
Othmer-Tobias equations are shown in Figs. 3a and 3b. 
Linear regressions data of the plots are summarized in  
Table 3. R square values are very close to 1 and this proves 
the quality of measured tie-lines. 
      For comparison of obtained experimental tie-lines in this 
study with literature data, Table 4 was prepared. In the 
table, experimental distribution coefficients of C1-C5 right-
chain carboxylic acids and separation factors were 
compared. Data of formic, acetic, propionic, and pentanoic 
acids ternary systems were taken from reference #45. As 
can be seen from the table, butyric acid distribution 
coefficients and separation factors are close to propionic 
acid data and  consistent  with  other  ternary  systems.  The 
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Fig. 2. Plots   of   (a)   distribution   coefficients  and  (b)  
           separation factors for the ternary system (water +  
           nBA + 2MCH) at  (●) 298.2 K, (■) 308.2 K  and  

               (▲) 318.2 K. 
 
 
ability of the solvent increases with increasing the number 
of carbons.  
 
Thermodynamic Modeling 
In this study, thermodynamic modeling of tie-line data was 
performed using NRTL equation: 
 

NRTL Eq. 
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Fig. 3. The    plots   of   (a)   Hand   and  (b)  Othmer-Tobias  
          equations: (●) 298.2 K, (■) 308.2 K and (▲) 318.2 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
where i, xi are the activity coefficient and mole fraction of 
component i and ij is the interaction energy between 
molecules i and j.  )exp( ijijijG  is a function of ij and 

the parameter ij is a non-randomness value between 0 and 
1 and usually is set to 0.3. In this research, the values 0.1, 
0.2, 0.3, and 0.47 were tested for alpha value and best 
results were obtained when 0.3 had been selected as an 
alpha value. The binary NRTL parameters ij and ij are 
adjustable and must be optimized for each ternary system. 
The primary rule is that (ixi)I = (ixi)IJ which states that ixi 
of two phases in equilibrium must be equal to each other.     
      Matlab software was employed to optimize parameters. 
After running the software, the range of parameters 
optimization was set between -1 to 1, -2 to 2, -3 to 3, -4 to 4, 
-5 to 5, and -6 to 6 and RMSD values were calculated to 
justify the best results. The optimized binary parameters for 
the ternary system (water + nBA + 2MCH) are inserted in 
Table 5. As can be seen from the table, binary parameters 
change with temperature increasing. The parameters 12, 13, 
and 31 decrease with increasing the temperature and the rest 
have reverse behavior.  
      To investigate the effect of temperature on binary 
interaction parameters, the values were plotted against 
temperature in Fig. 4. The figure can clearly show that          
the temperature  has  a  slight  effect  on  binary  interaction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Results of Linear Regressions of the Hand and Othmer-Tibias Equations 
 

Hand parameters Othmer-Tobias parameters Temperature  
A B R2 A' B' R2 

298.2 K -2.300 0.494 0.995 4.708 2.106 0.995 
308.2 K -2.135 0.432 0.995 4.717 2.345 0.997 
318.2 K -1.997 0.387 0.994 4.773 2.603 0.997 

 
Table 4. Distribution  Coefficients  and  Separation  Factors  of  the  Ternary  Systems  (Water  + Formic,  Acetic, Propionic,   
                Butyric, or Pentanoic Acid + 2-Methylcyclohexanol) at 298.2 K for nBa and 293.2 K for the Rest of Ternary Systems 
 
D2 S D2 S D2 S D2 S D2 S 
Formic               Acid Acetic          Acid Propionic    Acid Butyric        Acid Pentanoic    Acid 
0.66 7.6 1.06 12.8 2.88 35.8 2.81 32.6 13.39 185.9 
0.69 6.2 1.27 10.9 3.29 34.2 4.00 38.9 15.56 181.2 
0.73 5.4 1.44 9.8 3.53 32.8 4.58 37.5 17.20 170.5 
0.79 4.5 1.59 7.0 3.95 31.2 4.64 33.4 18.70 154.4 
0.84 2.9 1.64 5.6 4.12 24.9 4.68 30.1 20.30 146.4 
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Fig. 4. The plot of  binary interaction parameters versus  
            temperature (K): () 12, (●) 21, (□) 13, (■) 31, 

               (∆) 23 and (▲)32. 
 
parameters and this behavior can prove the consistency of 
obtained binary parameters because each optimization 
process was done separately and binary data are close to 
each other in different temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table 5. Optimized NRTL ( = 0.3) Binary Parameters (ij)  
                for  the  System (Water + nBA + 2MCH) at 298.2,  
                308.2 and 318.2 K 
 

Component i Component j 298.2 
K 

308.2 
K 

318.2 
K 

Water (1) nBA (2) 2.89 2.73 2.72 
nBA (2) Water (1) 0.16 0.20 0.20 
Water (1) 2MCH (3) 5.42 5.16 4.98 
2MCH (3) Water (1) 0.94 0.85 0.70 
nBA (2) 2MCH (3) -1.37 -1.23 -1.07 
2MCH (3) nBA (2) 5.02 5.34 5.31 

 
 
The quality of modeling can be tested by calculation of root 
mean square deviation (RMSD): 

      100
)(

%
2




 
N

ww
RMSD NRTLex                                  (2) 

where N is the number of experimental data. Tie-line data 
obtained from NRTL modeling along with the RMSD 
values are inserted in  Table 6.  Small  RMSD  values  prove 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 6. Correlated Tie-line Data Obtained from NRTL Modeling ( = 0.3) of Experimental Data of the System (Water +  
                 nBA + 2MCH) at 298.2, 308.2, and 318.2 K 
 

T (K) aqw1  aqw2  aqw3  orgw1  orgw2  orgw3  %RMSD 
0.953 0.031 0.016 0.081 0.087 0.832 
0.934 0.048 0.017 0.101 0.200 0.699 
0.915 0.067 0.018 0.109 0.287 0.604 
0.896 0.085 0.018 0.114 0.354 0.532 
0.870 0.112 0.018 0.120 0.437 0.442 

 
 
298.2 

0.847 0.135 0.018 0.126 0.498 0.376 

 
 

3.54 

        
0.936 0.041 0.024 0.085 0.083 0.832 
0.916 0.059 0.025 0.105 0.188 0.708 
0.893 0.081 0.026 0.113 0.279 0.608 
0.874 0.099 0.027 0.117 0.339 0.544 
0.845 0.128 0.027 0.123 0.420 0.457 

 
 
308.2 

0.821 0.152 0.027 0.128 0.479 0.393 

 
 

4.11 

        
0.919 0.050 0.031 0.090 0.075 0.835 
0.898 0.069 0.034 0.112 0.184 0.704 
0.874 0.091 0.035 0.122 0.276 0.602 
0.857 0.108 0.035 0.125 0.332 0.542 
0.825 0.140 0.035 0.130 0.422 0.448 

 
 
318.2 

0.803 0.163 0.034 0.134 0.478 0.387 

 
 

3.87 
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Fig. 5. The plot of differences between experimental and  

               predicted data at 298.2 K. 
 
 
the nearness of experimental and correlated data and the 
quality of modeling. 
      To show the differences between experimental and 
correlated tie-lines, a graph was prepared using data at 
298.2 K. Figure 5 can demonstrate that the predictions in 
the aqueous phase and lower acid concentrations have better 
quality than that of the organic phase and higher 
concentrations of nBA. 
 
CONCLUSIONS 
 
      Experimental LLE data for the (water + butyric acid + 
2MCH) ternary system were measured at T = 298.2, 308.2 
and 318.2 K. The R square values of Othmer-Tobias and 
Hand plots were larger than 0.99 and this showed that 
obtained data have a high degree of quality. Separation 
factors and distribution coefficients were calculated using 
tie-line data and the values were larger than 1.5 for D2 and 
20 for S and the values show that 2MCH is a very good 
solvent for the extraction of nBA from water. Temperature 
increasing decreased the ability of solvent for separation of 
acid from water. Both the distribution coefficients and 
separation factors were decreased in higher temperatures. 
NRTL modeling of tie-line data were finally performed and 
correlated data was obtained very close to experimental tie-
lines (%RMSD < 4.11). 
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