
SSRG International Journal of Applied Chemistry                                                               Volume 9 Issue 3, 14-19, Sep-Dec 2022 

ISSN: 2393 – 9133 / https://doi.org/10.14445/23939133/IJAC-V9I3P103                                                © 2022 Seventh Sense Research Group® 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 

 
Original Article 

Extension of Hand Correlation Model to Obtain on 

Quarternary System (MTBE-hydroqinone-phenol-water) 
 

Mervat. A. Ahmed1, Mawa.G. Diab2, M. Elamin3 

 

1,2,3Chemical Engineering Department, University of Science and Technology, Khartoum, Sudan 

 
Received: 27 October 2022              Revised: 04 December 2022             Accepted: 15 December 2022              Published: 31 December 2022 

 

Abstract - The precise liquid-liquid equilibrium data are necessary to design extraction processes. The triangular diagram in 

which each apex represents a pure component illustrates the ternary system's mutual solubility curve and tie line. This requires 

that sufficient equilibrium data be available with difficulty that these data cannot be inserted in the computer;  Several models 

have been devised for the correlation of equilibrium data. In general, there are two main approaches; one of them uses the  

activity with a model for the activity coefficient, such as the Non-Random Two liquid equation[NTRL]; the other correlates tie 

line data with equations such as that of Hand, Othmer-Tobias and Ishida correlations. In this study, Equilibrium data for the 

quaternary system (MTBE-hydroqinone-phenol-water) were obtained from the literature. Then an extension of hand was 

correlated for this quaternary system. And the results were good and gave a correlation coefficient near unity. It recommended 

that the same calculations have to be carried out by hand model obtained with the comparison of the results for the quaternary 

systems. 
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1. Introduction 
To determine equilibrium data for any mixtures, 

experimental methods are used; unfortunately, good 

experimental data are not easily obtained because they 

require appreciable experimental skill and experience[2]. 

Further, the possible number of fluid mixtures in 

technological processes is incredibly large, and it is 

unreasonable to expect that experimental equilibrium data 

will ever be available.[9], 

As a result, The required data are often not at hand but 

must be estimated using suitable models whose parameters 

are obtained from the reduction and correlation of limited 

experimental data to make the best possible interpolation and 

extrapolation[23]. Also, an extraction calculation involving 

more than three components can't be made graphically but 

must be done by numerical solution equations representing 

the phase equilibrium and material balance[1]. These 

calculations are best conducted with computer aid methods. 

They may be advantageous for the design of ternary and 

quaternary, and multicomponent extraction systems, 

particularly when the number of stages is large[16].[8] 

2. Literature Review 
Unfortunately, good experimental data are not easily 

obtained because they require appreciable experimental skill, 

experience and patience. Further, the possible number of 

fluid mixtures in technological processes is huge, and it is 

unreasonable to expect that experimental equilibrium data 

will ever be available for a significant fraction of this 

number. As a result, required data are often not at hand but 

must be estimated using suitable models whose parameters 

are obtained from the reduction and correlation of limited 

experimental data to make the best possible interpolation and 

extrapolation[10].  

Liquid-liquid equilibriums are of interest in extraction 

operations. Unlike distillation processes which depend on the 

variation of vapor pressure with temperature, liquid-liquid 

extraction separations depend on the non-ideal behavior of 

the distribution of the component between the two liquid 

phases[22].[23]. The design of extraction equipment depends 

upon knowledge of the solubility of a solute between two 

solvents that are not completely miscible with each other[20]. 

The simplest separation by extraction involves two 

substances and a solvent–ternary system[11].[25]. The graphical 

methods are still used to represent equilibrium data and 

perform extraction calculations for ternary systems; however, 

these methods are tedious and can't be used directly in cases 

requiring computer analysis[17].[19]. Further, quaternary higher 

multicomponent mixtures are often encountered in liquid-

liquid extraction processes. But there is no compact graphical 

representation of their phase equilibrium[13]. Extraction 

calculation involving more than three components can't be 

made graphically but must be done by numerical solution of 

equations representing the phase equilibrium and material 

balance. These calculations are best conducted with 
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computer aid methods. Once such programs have been 

developed, they also may be advantageous for designing 

ternary extraction equipment, particularly when the number 

of stages is large[14].[15]. 

       

Hence, methods for predicting and correlating liquid-

liquid equilibrium have been developed. Basically, there are 

two approaches to correlation data. One of them uses 

equality of activity with a model for the activity coefficient; 

the other correlates data with empirical equations[21]. 

 

2.1. Tie Line Correlation for Ternary Systems 

        In the case of many systems described in the literature, 

only a few tie lines have been experimentally determined. 

Direct interpolation  of such data may lead to highly 

inaccurate results [3] .several tie line correlations in equation 

form have been proposed [5](identified with these subscripts): 

 

     C                solute C in carrier phase A. 

     AA             carrier A in carrier phase A. 

     SA              solvent S in carrier phase A. 

     CS                solute C in solvent phase S. 

     AS                 carrier Ain solvent phase S. 

     SS                solvent S in solvent phase S. 

 

2.2. Bachman's Correlation 

 After the study of plots of Brancker, Hunter and Nash, 

Bachman [4] found that the equilibria in the type I system 

could be described by the expression: 

 

𝑋𝑆𝑆 = 𝑎 + 𝑏 (
𝑋𝑆𝑆
𝑋𝐴𝐴

) 

 

 Where a and b are constant, this indicates that plotting 

XSS  against 
𝑋𝑆𝑆

𝑋𝐴𝐴
 on arithmetic coordinates should provide a 

straight line. 

 

2.3. Othmer and Tobias' Correlation 

       Othmer and Tobias [5] have found that a plot of 

conjugate values of 
1−𝑋𝐴𝐴

𝑋𝐴𝐴
against 

1−𝑋𝑆𝑆

𝑋𝑆𝑆
 on logarithmic 

coordinates produced straight lines useful for interpolation 

and extrapolation: 

1 − 𝑥𝑆𝑆
𝑥𝑆𝑆

= 𝑘 (
1 − 𝑥𝐴𝐴
𝑥𝐴𝐴

)
𝑛

 

Where k, n are constants. 

 

 These methods suffer from the fact that the 

concentration of the distributed component (C) is not 

indicated in the coordinates. 

 

2.4. Ishida's Correlation 

 Ishida's equation [5] for the correlation of tie-line data: 
𝑥𝐶𝑆 ∗ 𝑥𝑆𝐴
𝑥𝐶𝐴 ∗ 𝑥𝑠𝑠

= 𝑘 (
𝑥𝐴𝑆 ∗ 𝑥𝑆𝐴
𝑥𝐴𝐴 ∗ 𝑥𝑆𝑆

)
𝑛

 

Where k and n are constants, this equation should plot 

linearly on logarithmic coordinates. 

 

2.5. Hand's Correlation 

    Hand showed that a logarithmic plot of xCA/xAA against 

xCS/xSS (which includes the concentration of the distributed 

component (C) in the coordinates) generally gives a 

rectilinear plot. Hand's equation for the correlation of tie line 

data is: 
𝑥𝐶𝑆
𝑥𝑆𝑆

= 𝑘 (
𝑥𝐶𝐴
𝑥𝐴𝐴

)
𝑛

 

Where k,n are constants. 

      

 The advantage of using these models is that they are 

comparatively easy and can be fed to the computer for the 

necessary design data, such as the number of theoretical 

stages and stage-to-stage calculations.[7],[8] 

 

3. Material and Methods 
3.1. Selection of  the Quaternary System 

The equilibrium data for the quaternary system (2-

methoxy-2methylpropane-phenol-hydoqinone) obtained 

from PAPER(Yun Chen, Yong Lei, Xiuxi, measurement of 

liquid-liquid equilibrium for the system (2-Methyoxy-2-

methylpropane + Phenol+ Hydrqinone + water), Beijin,2013. 

Because of its industrial importance, this system was chosen; 

in cooling the crude gas in coal pressurized gasification, a 

large amount of wastewater was produced. It usually 

contains phenolic compounds, carbon dioxide, hydrogen 

sulfide, ammonia fatty acid, and so forth; these wastewaters 

are often characterized by a deep red color, foul odor, and pH 

8-10 [6] 

 

For the design of industrial units for the phenol 

extraction process, reliable phase equilibrium data are 

essential. The LLE data indicate removing phenol and 

hydroquinone by extraction with MTBE from wastewater is 

feasible. 

 

              Water(4)+ 

(hydroquinone(3),phenol(2))                           MTBE+ 

phenol, hydroquinone 

  

               MTBE(1) water 

 

 

 
Fig. 1 The extraction process for the studying quaternary system 

 

All correlation models are applicable in just ternary 

system, so the development of the hand model is done to 

make it applicable to quaternary systems as follow: 

 

3.2. Hand for the Ternary System 

𝑙𝑛 (
𝑤2

𝑤1
)
𝑜

= 𝑎1 + 𝑏1 𝑙𝑛 (
𝑤2

𝑤4
)
𝑤

 

 

L-L 

extraction 

 

 

 

 

 

 



Mervat. A.Ahmed et al. / IJAC, 9(3), 14-19, 2022 

 

16 

3.2.1. Improved hand for the quaternary system 

𝑙𝑛 (
𝑤2 + 𝑤3

𝑤1
)
𝑜

= 𝑎1 + 𝑏1 𝑙𝑛 (
𝑤2 + 𝑤3

𝑤4
)
𝑤

 

 

Or it can be written as follow: 

(
𝑤2 + 𝑤3

𝑤1
)
𝑜

= 𝑘 ((
𝑤2 +𝑤3

𝑤4
)
𝑤

)
𝑛

 

w1---------mass fraction for MTBE 

w2---------mass fraction for hydroqinone 

w3---------mass fraction for phenol 

w4---------mass fraction for water  

O----------- organic phase 

w-----------aqueous phase 

So We can said Y=K*Xn, which is a straight-line equation. 

Where: 

         Y=
𝑤2+𝑤3

𝑤1
   ,X=

𝑤2+𝑤3

𝑤4
 

 

4. Result 
Table 1. Equilibrium data for the quaternary system( 2-methoxy-2methylpropane(1)-phenol(2)-hydoqinone(3)-water(4)) 

Organic phase Aqueous phase 

w1 w2 w3 w4 w1 w2 w3 w4 

   M1=0.242     

0.896335 0.066504 0.008936 0.028225 0.016447 0.001196 0.001554 0.980803 

0.93067 0.03665 0.005857 0.026823 0.017502 0.000665 0.001154 0.980679 

0.942965 0.028057 0.004436 0.024542 0.018101 0.000517 0.000949 0.980433 

0.949529 0.022904 0.003765 0.023802 0.018365 0.000472 0.000761 0.980402 

0.96143 0.016237 0.002527 0.019806 0.019389 0.000316 0.000597 0.979698 

0.96309 0.016036 0.002279 0.018595 0.020318 0.000275 0.000433 0.978974 

0.972862 0.009473 0.001489 0.016176 0.022066 0.000182 0.000304 0.977448 

0.979512 0.004577 0.000724 0.015187 0.024031 0.000097 0.000139 0.975733 

   M2=0.495     

0.91956 0.03451 0.016678 0.029216 0.017002 0.000653 0.003908 0.978437 

0.952676 0.014731 0.007312 0.02528 0.019826 0.00026 0.001742 0.977817 

0.960384 0.0119 0.005946 0.02177 0.021955 0.000206 0.00133 0.976509 

0.966989 0.008178 0.004635 0.020198 0.022895 0.000168 0.001041 0.975896 

0.97418 0.005757 0.002716 0.017348 0.023552 0.000103 0.000569 0.975775 

0.977744 0.004501 0.001166 0.016589 0.025289 0.000073 0.000246 0.974393 

   M2=0.495     

0.91956 0.03451 0.016678 0.029216 0.017002 0.000653 0.003908 0.978437 

0.952676 0.014731 0.007312 0.02528 0.019826 0.00026 0.001742 0.977817 

0.960384 0.0119 0.005946 0.02177 0.021955 0.000206 0.00133 0.976509 

0.966989 0.008178 0.004635 0.020198 0.022895 0.000168 0.001041 0.975896 

   M3=0.748     

0.935374 0.01451 0.023207 0.026909 0.016111 0.000292 0.005776 0.977821 

0.953069 0.009445 0.016327 0.021159 0.017799 0.000196 0.004202 0.977803 

0.964609 0.005508 0.009055 0.021159 0.019911 0.000117 0.002372 0.977601 

0.969247 0.004062 0.007183 0.019509 0.020992 0.000092 0.001915 0.977002 

0.973896 0.002899 0.005989 0.017216 0.021673 0.000065 0.001369 0.976892 

0.978482 0.001915 0.003622 0.015981 0.023108 0.00005 0.00104 0.975802 

0.980452 0.001475 0.003011 0.015062 0.02396 0.000045 0.000651 0.975344 

 
M denotes the content(mass fraction) of hydroquinone in hydroquinone mixtures. 

 

Obtained from the literature [DECHEMA-Chemistry  Data series; V5 liquid-liquid equilibrium data collection]. 
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Table 2. Comparison between ycalculated and yexperimental for the quarternary system  by Hand 

Ycal xcal yexp Error 

0.08416496 0.00280383 0.07313369 0.01103127 

0.04567355 0.00185484 0.0468657 -0.0011922 

0.03445833 0.00149526 0.03715857 -0.0027002 

0.02808656 0.00125765 0.03084002 -0.0027535 

0.01951676 0.00093192 0.02233112 -0.0028144 

0.01901691 0.00072321 0.01699476 0.00202215 

0.01126779 0.00049721 0.01135184 -8.405E-05 

0.00541188 0.00024187 0.00522404 0.00018784 

 M1=0.495   

0.05566575 0.00466152 0.40737444 -0.4073744 

0.02313798 0.00204742 0.19197811 -0.1919781 

0.01858215 0.00157295 0.15908896 -0.159089 

0.01325041 0.00123886 0.11906258 -0.1190626 

0.00869757 0.00068868 0.08300206 -0.0830021 

0.005796 0.00032738 0.05861726 -0.0586173 

 M3=0.748   

0.04032291 0.00620563 0.03698199 0.00334092 

0.02704106 0.00449784 0.02694291 9.8157E-05 

0.01509731 0.00254603 0.01539069 -0.0002934 

0.01160179 0.00205424 0.01246058 -0.0008588 

0.00912623 0.00146792 0.00895208 0.00017415 

0.00565877 0.00111703 0.00684202 -0.0011833 

0.00457544 0.00071359 0.00440235 0.00017309 

0.00264807 0.00038863 0.00242096 0.00022711 
 

 
Fig. 2 Hand extension for quaternary system At M1= 0.242 
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Fig. 3 Extension of hand for quaternary system At M1=0.495 

 

 
Fig. 4 Extension of Hand for quaternary system At M1=0.748 

 
Table 3. Summary of Hand correlation and Regression factor for the quaternary  systems 

M Equation Regression factor R2 

M1 Y=41.01X1.077 0.986 

M2 Y=4.84X0.975 0.975 

M3 Y=5.49X0.984 0.989 

 

5. Discussions 
      A suitable extension of Hand correlation models was 

made for the quaternary system( 2-methoxy-

2methylpropane(1)-phenol(2)-hydoqinone(3)-water(4)), and 

it is seen that the values of the obtained correlation 

coefficient were all close to unity. 

6. Conclusion 
The improved hand model done here is applicable for 

quarternary systems and was given good results when it was 

applied to the system(MTBE-hydroqinone-phenol-water). 
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7. Recommendations 
• The development hand's equation is helpful in the 

correlation of the quarternary system, which was not 

available in the past. 

• The other model can be developed in the same way of 

hand. 

• The developed hand's correlation models can be more 

developed to applicable for multicomponent systems. 

 

References
[1] R.C. Reid, J.M. Prausnitz, and  T.K. Sherwood, "The Properties of Gases and Liquids, 4th Edition, Mcgraw-Hill, New York, 1987. 

[2] D. Othmer, and P.Tobias, "Liquid-Liquid Extraction Data-the Line Correlation," Industrial & Engineering Chemistry Research, vol. 34, 

no. 6, pp. 693-696, 1942. Crossref, https://doi.org/10.1021/ie50390a600 

[3] D.B Hand, "Dineric Distribution," The Journal of Physical Chemistry, vol. 34, no. 9, pp. 1961-2000, 1930. Crossref, 

https://doi.org/10.1021/j150315a009  

[4] Ronald W. Rousseau, Handbook of Separation Process Technology, Wiley-Inter Science, 1987. 

[5] N.A. Hussein, Liquid-Liquid Equilibria for Computer-Aided Design, Msc Thesis,   University of Khartoum, Khartoum, Sudan, 2016. 

[6] I.H. Alamin, G. A. Gasmelseed, and M.A Ahmed, "Experimental Liquid-Liquid Equilibrium Data for the Ternary Systems: 

(Chloroform-Acetic Acid- Water) and (Water-Acetic Acid-Ethyl Acetate) and Its Reliability," International Journal of Engineering 

Science and Innovative Technology (IJESIT), vol. 3, no. 5, pp. 28-33, 2014. 

[7] J. Chem. Eng. Data 2013, 58, 10, 2793–2798 

[8] Kiyoharu Ishida, “Correlation for Ternary Liquid Equilibria,” The Journal of Chemical & Engineering Data, vol. 6, no. 4, pp. 489-49, 

1961. Crossref, https://doi.org/10.1021/je60011a003 

[9] J.M Pprausnitz, "Computer Calculation for Multi Component Vapor-Liquid and Liquid-Liquid Equilibria," Prentice-Hall, Englewood 

Cliff, NJ, 1980. 

[10] N.A. Hussen,  Liquid-Liquid Equilibria for Computer Aided Design, Ph.D. Thesis, University of Khartoum, Khartoum, Sudan, 2019. 

[11] Charles Donald Holland, Fundamental and Modeling of Separation Process, Prentice-Hall, Englewood Cliff, NJ, 1975. 

[12] S. Sami, "The Behavior of Magnetized PV-Th Integrated Organic Rankine Cycle ORC With Cooling Capabilities," SSRG International 

Journal of Thermal Engineering, vol. 8, no. 1, pp. 1-12, 2022. Crossref, https://doi.org/10.14445/23950250/IJTE-V8I1P101 

[13] J.M. Sorensen et al., "Liquid-Liquid Data Collection," DECHMA Chemistry Data Series, Frankfort, Germany, vol. 5, 1980. 

[14] Nicholas P. Cheremisinoff, Handbook of Chemical Processing Equipment, Butterworth-Heinmann, 2017. 

[15] L.V. Mokrushina, "Thermodynamics of Phase and Reaction Equilbria- Cass Notes," S.T. Petersburg State University, Russia, 2002. 

[16] Shixaliyev Karam Sefi, and Abdullaueva Irada, "The Study of the Generalized Temperature Dependence of the Physical Properties of 

High-Strength Polyethylene by the Method of Given Parameters," SSRG International Journal of Chemical Engineering Research, vol. 

9,  no. 2, pp. 7-12, 2022. Crossref, https://doi.org/10.14445/23945370/IJCER-V9I2P102 

[17] Fexraddin Yusubov, Rena Mamedova, and Sevinj Ibadova, "Determination of Optimum Conditions for Membrane Synthesis Using 

Crown Ethers," SSRG International Journal of Chemical Engineering Research, vol. 9,  no. 2, pp. 1-6, 2022. Crossref, 

https://doi.org/10.14445/23945370/IJCER-V9I2P101. 

[18] N. Bhojak et al., "Green Chemical Preparation and Biological Evolution of Biodiesel From Industrial Waste Oil Using Ceramic-Based 

Novel Catalysts," SSRG International Journal of Chemical Engineering Research, vol. 8,  no. 2, pp. 1-9, 2021. Crossref, 

https://doi.org/10.14445/23945370/IJCER-V8I2P101 

[19] John E. Edward, "Process Modeling- Selection of Thermodynamics Methods," P & I Design Ltd, pp. 1-38, 2008.  

[20] Johansson T B, Kelly H, Reddy A K N, and Williams R H, "Renewable Energy: Sources for Fuels and Electricity," United States, p. 

1071, 1993.  

[21] Narayan C M, "Proceeding on Recent Trends in Automotive Fuels, Nagpur, India, 2002. 

[22] S.N.Naik et al., "Production of First and Second Generation Biofuels: A Comprehensive Review," Renewable and Sustainable Energy 

Reviews, vol.14, no. 2, pp. 578-597, 2010. Crossref, https://doi.org/10.1016/j.rser.2009.10.003 

[23] Schmalzried H, “Solid State Reactions,” Second Edition, Weinheim, Germany, 1981. 

[24] V.Y. Sonawane, "Physico–Chemical and Metallic Characterization of Industrial Effluent and Nearby Well Water in Pen Region," Asian 

Journal of Chemistry, vol. 15, no. 3&4, pp. 1883-1886, 2003. 

[25] I. Bachman, "Tie Lines in Ternary Liquid System," Industrial & Engineering Chemistry Analytical Edition, vol. 12, no. 1, pp. 38-39, 

1940. Crossref, https://doi.org/10.1021/ac50141a013 

 

 

  
 

 

https://doi.org/10.1021/ie50390a600
https://doi.org/10.1021/je60011a003
https://doi.org/10.14445/23950250/IJTE-V8I1P101
https://doi.org/10.14445/23945370/IJCER-V9I2P102
https://doi.org/10.14445/23945370/IJCER-V9I2P101
https://doi.org/10.14445/23945370/IJCER-V8I2P101
https://doi.org/10.1016/j.rser.2009.10.003

