
 

Measurements of Association and Partition Equilibria of n-Alkylbenzenes with Fulvic 
Acid, Humic Acid, Sodium Dodecylbenzenesulfonate, n-Dodecane, and 1-Octanol in 
Aqueous Media by Headspace Gas Chromatography 

 by 
 

Mahmoud  Eljack 
A Dissertation 

Submitted to the 
Graduate Faculty 

of 
George Mason University 
in Partial Fulfillment of 

The Requirements for the Degree 
of 

Doctor of Philosophy 
Chemistry 

 
Committee: 
 
  Dr. Abul Hussam,                                 

Dissertation director 

  Dr. Shahamat U. Khan,                           
Committee Member 

  Dr. Paul Cooper,                                        
Committee Member 

  Dr. Robert Honeychuck,                
Committee Member 

  Dr. Richard Diecchio, Interim Associate 
Dean for Student and Academic Affairs, 
College of Science 

  Dr. Peggy Agouris, Interim Dean, College 
of Science 

Date:   Fall Semester 2013  
George Mason University 
Fairfax, VA 



 

Measurements of Association and partition Equilibria of n-Alkylbenzenes with Fulvic 
Acid, Humic Acid, Sodium Dodecylbenzenesulfonate, n-Dodecane, and 1-Octanol in 
Aqueous Media by Headspace Gas Chromatography 

A Dissertation submitted in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy at George Mason University 

by 

Mahmoud  Eljack 
Master of Science 

George Mason University, 2011 

Director: Abul Hussam, Professor 
Department of Chemistry 

Fall Semester 2013 
George Mason University 

Fairfax, VA 



ii 
 

 
THIS WORK IS LICENSED UNDER A CREATIVE COMMONS  

ATTRIBUTION-NODERIVS 3.0 UNPORTED LICENSE. 

 

http://creativecommons.org/licenses/by-nd/3.0/�
http://creativecommons.org/licenses/by-nd/3.0/�


iii 
 

DEDICATION 

This work is dedicated to my grandfather Alshareef Alnoor Alshreef , mother,  Zakia 
Alshareef Alnoor , and father, Daffalah Eljack Almansouri.  

 

إلي حبًا وطاعة وبراأهدي هذه الرسالة   

االمين أمي ذكية الشريف النور الشريف محمد  

 والدي دفع اهللا الجاك المنصوري

الشريف محمد األمين الشريف الخاتم جدي الشريف النور  

 

 

UThere is no god but He: that is the witness of Allah His angels and those endued with 
knowledge, standing firm on justice. There is no god but He, the Exalted in Power, the 
WiseU.   

(The holy Quran 3:18) 



iv 
 

ACKNOWLEDGEMENTS 

I would like to gratefully and sincerely thank Professor Abul Hussam for his guidance, 
understanding, patience, and most importantly, his friendship during my graduate studies 
at George Mason University.  My sincere and true thanks to my dissertation committee 
members; Dr. Shahamat U. Khan, Professor Robert Honeychuck, and Professor Paul 
Cooper for their guidance and support throughout this work. Also, I would like to thank 
the Chemistry and Biochemistry Department for being a nice family and home.  Finally, 
and most importantly, I would like to thank my fiancée Diala for her tolerance of my 
busy schedule, encouragement, and support.                  

 



v 
 

TABLE OF CONTENTS 

Page 
List of Tables ................................................................................................................... viii 
List of Figures .................................................................................................................... xi 
List of Equations .............................................................................................................. xiv 

Abstract ............................................................................................................................ xvi 
INTRODUCTION............................................................................................................... 19 

1.1. Introduction ........................................................................................................ 19 

1.2. Humic substances and their importance in nature:  A Literature survey ........... 19 

1.3. Properties of humic and fulvic acids .................................................................. 22 

1.4. Origin of humic and fulvic acids ........................................................................ 25 

1.5. Motivation and statement of the problem .......................................................... 26 

THEORTICAL SECTION ................................................................................................... 29 

2.1. Introduction ........................................................................................................ 29 

2.2. Theory of vapor-liquid equilibria and HSGC .................................................... 29 

2.3. A General theory of association equilibria and HSGC ...................................... 32 

EXPERIMENTAL SECTION .............................................................................................. 41 

3.1. Introduction ........................................................................................................ 41 

3.2. Apparatus ........................................................................................................... 41 

3.3. A general protocol for HSGC measurement ...................................................... 44 

3.4. Chemicals ........................................................................................................... 47 

3.5. B-BB stock solution ........................................................................................... 48 

3.6. Surfactant and humic substances stock solution ................................................ 50 

3.7. HSGC sampling procedure ................................................................................ 51 

3.8. Gas chromatography–mass spectrometry  procedure......................................... 52 

STUDY OF ASSOCIATION OF ALKYLBENZENES WITH SDBS, FULVIC ACID, AND 
HUMIC ACID ..................................................................................................................... 53 

4.1. Surfactant sodium dodecylbenzene sulphonate- n-alkylbenzenes  system ........ 53 



vi 
 

4.1.1. Solute-SDBS association constant, K11 ...................................................... 55 

4.1.2. Critical micelle concentration (cmc) ........................................................... 58 

4.1.3. Solute-micelle association constant, Kn1..................................................... 60 

4.1.4. Solute- micelles partition coefficient, Kx .................................................... 61 

4.1.5. Intra-micellar activity coefficient ............................................................... 63 

4.1.6. Transfer free energies of functional groups ................................................ 64 

4.2. Fulvic acid- n-alkylbenzene system ................................................................... 65 

4.2.1. Solute-fulvic acid association constant, K11 ............................................... 67 

4.2.2. Critical fulvic acid aggregation concentration (cfc) ................................... 70 

4.2.3. Solute-aggregation association constant, Kn1 ............................................. 71 

4.2.4. Solute-aggregate partition coefficient, Kx ................................................... 72 

4.2.5. Intra-aggregate activity coefficient ............................................................. 75 

4.2.6. Transfer free energies of functional groups ................................................ 77 

4.3. Humic acid-n- alkylbenzene system .................................................................. 78 

4.3.1. Solute-humic acid association constant, K11 ............................................... 80 

4.3.2. Critical humic acid aggregation concentration (chc) .................................. 82 

4.3.3. Solute-aggregation association constant, Kn1 ............................................. 83 

4.3.4. Solute-aggregate partition coefficient, Kx ................................................... 85 

4.3.5. Intra-aggregate activity coefficient of n-alkylbenzene in HA .................... 87 

4.3.6. Transfer free energies of functional groups ................................................ 89 

4.4. Effect of pH on the association of n-alkylbenzenes with FA ............................. 90 

4.4.1. Solute-fulvic acid association constant, K11: Effect of pH ......................... 92 

4.4.2. Critical fulvic acid aggregation concentration (cfc): Effect of pH ............. 93 

4.4.3. Solute-aggregation association constant, Kn1, at different pH .................... 94 

4.4.4. Effect of pH on solute-aggregate partition coefficient, Kx ......................... 95 

4.4.5. Effect of pH on intra-aggregate activity coefficient ................................... 97 

4.4.6. Effect of pH on the transfer free energies of functional groups ................. 98 

4.4.7. pH profile during addition of FA ................................................................ 99 

4.5. Effect of temperature on the association of n-alkylbenzenes with FA ............ 101 

4.5.1. Solute-fulvic acid association constant and thermodynamic parameters:  
Effect of temperature on K11 ................................................................................... 103 

4.5.2. Critical fulvic acid aggregation concentration (cfc): Effect of temperature
 105 



vii 
 

4.5.3. Effect of temperature on solute-aggregation association constant, Kn1 .... 106 

4.5.4. Effect of temperature on solute-aggregate partition coefficient, Kx ......... 107 

4.5.5. Effect of temperature on intra-aggregate activity coefficient ................... 108 

4.5.6. Effect of temperature on the transfer free energies of functional groups . 110 

APPLICATION OF AQUEOUS SDBS, HA, AND FA TO SOLUBILIZE AND EXTRACT 
PETROLUEM HYDROCARBONS .................................................................................... 111 

5.1. Introduction ...................................................................................................... 111 

5.2. Results and Discussion ..................................................................................... 112 

5.3. Solubilization and extraction of gasoline hydrocarbons with aqueous FA ...... 121 

STUDIES OF LIQUID-LIQUID EXTRACTION BY HSGC ................................................ 124 

6.1. Principle of liquid-liquid extraction (LLE) ...................................................... 124 

6.2. Theory of liquid-liquid extraction (LLE) with HSGC ..................................... 125 

6.3. Results and discussion ...................................................................................... 130 

6.3.1. Liquid-liquid extraction, LLE with n-Dodecane (S) –water (W) system . 130 

6.3.2. Liquid-liquid extraction, LLE with 1-Octanol (S) –water (W) system .... 136 

CONCLUSION AND FUTURE OUTLOOK ....................................................................... 142 

APPENDIX ...................................................................................................................... 148 

REFERENCES ................................................................................................................. 152 

 



viii 
 

LIST OF TABLES 

Table Page 
Table 1. Analytical Characteristics of a Haploboroll humic acid and a Spodosol  fulvic 
acid 61.   ............................................................................................................................... 26
Table 2. Preparation of alkylbenzenes stock standard along with their densities. The 
activity coefficients are calculated from UNIFAC by using the mole fractions in the 
mixture.   ............................................................................................................................. 49
Table 3.  Preparation of dilute solution of alkylbenzenes in water. The table shows mole 
fractions of alkylbenzenes present in the water.   ............................................................... 50
Table 4. Table shows peak area ratio for the addition of SDBS in aqueous solution of n-
alkylbenzenes at 25.00 C. Given the A0 one can calculate Ai for each entry.   ................... 55
Table 5. Values of K11 from linear least-squares regression of A0/Ai  vs. [SDBS]t in the 
pre-micellar region at 25.00C .   .......................................................................................... 58
Table 6. Values of Kn1 from linear least-squares regression of A0/Ai vs. [SDBS]t in the 
post-micellar region at 25.0 0C.   ........................................................................................ 61
Table 7. Table shows peak area ratio for the addition of FA in aqueous solution of n-
alkylbenzenes at pH 5.5 and 25.00 C. Given the A0 one can calculate Ai for each entry.   67
Table 8. Values of K11 from linear least-squares regression of A0/ Ai vs.  [FA]t in the pre-
aggregation   region at 25.00 C.  Literature K11 for SDS-solutes are listed in the last 
column.  .............................................................................................................................. 69
Table 9. Values of Kn1 from linear least-squares regression of A0/ Ai vs.  [FA]t in the 
post-aggregation region  at  25.0 oC.  ................................................................................. 72
Table 10. Partition coefficients of n-alkylbenzenes in FA compared to other surfactants at 
25.00 C.  .............................................................................................................................. 74
Table 11. Activity coefficients of n-alkylbenzenes in FA compared to synthetic 
surfactants at 25.00 C. The molar volumes, mL/mol, are shown in parenthesis.   .............. 76
Table 12. Thermodynamic transfer free energy of  n-alkylbenzenes in various surfactants 
at 25.00 C.   .......................................................................................................................... 78
Table 13. Table shows peak area ratio for the addition of HA in aqueous solution of n-
alkylbenzenes at pH 7.5 and  25.00 C. Given the A0 one can calculate Ai for each entry.   79
Table 14. Values of K11 from linear least-squares regression of A0/ Ai vs.  [HA]t in the 
pre-aggregation region at pH 7.5 and 25.00 C.  Literature K11 for SDS-solute, our FA-, 
and SDBS-solute values are listed in the table. The values for FA, SDBS, and SDS are 
converted to L/g from L/mol described earlier.   ................................................................ 81
Table 15. Values of Kn1 from linear least-squares regression of A0/ Ai vs.  [HA]t in the 
post-aggregation region at pH 7.5 and 25.00 C. The aggregation number n is also shown 



ix 
 

for the surfactants. The values for FA, SDBS, and SDS are converted to L/g from L/mol.
........................................................................................................................................... 84 
Table 16. Partition coefficients of n-alkylbenzenes in HA compared to other surfactants 
at 25.00 C.   .......................................................................................................................... 86
Table 17. Activity  coefficient of humic acid compared to other surfactants at pH 7.5 and 
25.00 C.  .............................................................................................................................. 88
Table 18. Thermodynamic transfer free energy of  n-alkylbenzenes in various surfactants 
at pH 7.50 and  25.0 0 C.   ................................................................................................... 90
Table 19. Table shows peak area ratio for the addition of FA in aqueous solution of n-
alkylbenzenes at 25.00 C and pH 7.6. Given the A0 one can calculate Ai for each entry.   91
Table 20. Values of K11 from linear least-squares regression of A0/ Ai vs.  [FA]t in the 
pre-aggregation region at 25.0 0 C and three different pH values.   .................................... 93
Table 21. Values of Kn1 from linear least-squares regression of A0/ Ai vs.  [FA]t in the 
post-aggregation region at 25.0 0 C and  different pH values.   .......................................... 94
Table 22.  Partition coefficients of n-alkylbenzenes in FA at 25.00 C and different pH 
values.   ............................................................................................................................... 96
Table 23. Intra-aggregate activity coefficients of n-alkylbenzene in FA at 25.00 C and 
different pH values.   ........................................................................................................... 98
Table 24. Thermodynamic transfer energy of alkylbenzenes 25.0 0C and different pH 
values.   ............................................................................................................................... 99
Table 25. Table shows peak area ratio for the addition of FA in aqueous solution of n-
alkylbenzenes at pH 5.5 and 30.00 C. Given the A0 one can calculate Ai for each entry.

 ......................................................................................................................................... 102
Table 26. Table shows peak area ratio for the addition of FA in aqueous solution of n-
alkylbenzenes at pH 5.5 and 40.00 C. Given the A0 one can calculate Ai for each entry.

 ......................................................................................................................................... 103
Table 27. The solute-FA association constant, K11 and the thermodynamic parameters for 
n-alkylbenzenes-FA system at pH 5.5 and different temperatures. a   .............................. 105
Table 28. Values of Kn1 from linear least-squares regression of A0/ Ai vs.  [FA]t in the 
post-aggregation region at pH 5.5 and different temperatures.   ...................................... 106
Table 29. Partition coefficients of n-alkylbenzenes in FA at pH 5.5 and different 
temperatures.   ................................................................................................................... 107
Table 30. Intra-aggregate activity coefficients of n-alkylbenzene at pH 5.5 and different 
temperatures.   ................................................................................................................... 109
Table 31. Thermodynamic transfer free energy of  n-alkylbenzenes at pH 5.5 and 
different temperatures.   .................................................................................................... 110
Table 32. Removal efficiency extracted from the sand after sand washing with HA, FA, 
SDBS and water at different pH and at ambient conditions.   .......................................... 115
Table 33. Table shows peak area ratio for the addition of n-dodecane in aqueous solution 
of n-alkylbenzenes at 25.00 C. The n-dodecane peak area is also shown. Given the A0 one 
can calculate Ai for each entry.   ....................................................................................... 131
Table 34. Values of K11 from linear least-squares regression of A0/Ai vs. [n-dodecane]t in 
the pre-phase separation  at 25.0 0C.   ............................................................................... 133
Table 35. Partitioning of n-alkylbenzenes in n-dodecane / water at 25.00 C.   ................. 135



x 
 

Table 36. Infinite Dilution Activity Coefficients of n-alkylbenzenes in n-dodecane at 
25.00 C. UNIFAC activity coefficient  calculator by Bruce Choy & Danny Reible, 
University of Sydney, Australia.   ..................................................................................... 136
Table 37. Table shows peak area ratio for the addition of 1-octanol  in aqueous solution 
of n-alkylbenzenes at 25.00 C. The 1-octanol peak area is also shown. Given the A0 one 
can calculate Ai for each entry.   ....................................................................................... 138
Table 38. Values of K11 from linear least-squares regression of A0/Ai vs. [1-octanol]t in 
the pre-aggregation region at 25.0 0C.   ............................................................................ 139
Table 39. Partition coefficient for n-alkylbenzene in 1-octanol/ water system  at 25.0 0C.

 ......................................................................................................................................... 140
Table 40. Infinite Dilution Activity Coefficients in 1-octanol at 25.00 C.   ...................... 141
Table 41. Analysis of crude oil from Fula field, Sudan using wellhead sampling   ......... 148

 



xi 
 

LIST OF FIGURES 

Figure Page 
Figure 1. Structures of   Fulvic acid  (a) Buffle’s model 58,  (b) Khan and Schnitzer’s 
model 59 , and humic acid (c) Schulten and Schnitzer’s model 60.  .................................... 24
Figure 2. Sketch showing the solute (n-butylbenzene) in vapor / liquid equilibrium in a 
thermostated sample cell. The partial pressure shown is due to the distribution of the 
solute in vapor phase, which is sampled and measured by the headspace GC as peak area, 
Ai, proportional to Pi.   ........................................................................................................ 31
Figure 3. Schematic depiction of association and partitioning process of n-butylbenzene 
in water- FA aggregate pseudo-phase and its distribution during vapor/ liquid 
equilibrium. This representation is also true for any hydrophobic solute.   ........................ 34
Figure 4. Block diagram of the headspace gas chromatograph. PC, personal computer; IC, 
interface controller; WB, water bath; GC, gas chromatograph; I, integrator; MS, magnetic 
stirrer; C, cell; AB, autoburet; HVB, heated valve box (thermostated to 165 0C); CT, cold 
trap; VP, vacuum pump; L, sampling loop; V1, six-port gas sampling valve; V2 and V3 
sample selection valves.   .................................................................................................... 43
Figure 5. Photograph shows the experimental setup of the HSGC. The valves are inside 
the valve box insulated with fiberglass and aluminum foil. The thermostated sample cell 
is placed on the magnetic stirrer and the autosyringe next to it.   ....................................... 45
Figure 6 a. Diagram shows valve positioning, internal plumbing connections and the 
valve sequence: SEQ1: sample is isolated, the sample and the ballast are under vacuum, 
and the He is flowing through the sampling valve; SEQ2: the sample cell is opened; the 
headspace vapor fills the sampling loop and the ballast for 10s. Another 10s was allowed 
for the vapor to equilibrate inside the tubing and then injected into the GC in SEQ3: the 
sample cell is disconnected and the injection valve is turned on for 100s for flash transfer 
of samples into the GC. The two GC integrator are activated at the same time.   .............. 46
Figure 7. Structure of  (a). Sodium dodecyl sulfate (SDS), and (b). Sodium 
dodecylbenzene sulfonates (SDBS).   ................................................................................. 54
Figure 8. Proposed low energy interactions between benzene rings of SDBS and n-
butylbenzene.   .................................................................................................................... 57
Figure 9.  (a) Peak area ratio A0/ Ai vs.  [SDBS]t  for alkylbenzenes(benzene, toluene, 
ethylbenzene, n-propylbenzene and n-butylbenzene) at 25.00 C.  (b) Figure shows the 
intersection of two lines outlined in the theory section. Typical experimental errors are 
shown for ethylbenzene and the straight line. The error bars indicate larger error at lower 
vapor phase concentration.  ................................................................................................ 57
Figure 10. Sketch shows the water surface is covered by SDBS surfactants at low 
concentration of SDBS. As the concentration of SDBS starts to increase, the surfactant 



xii 
 

aggregates into micelles. The partitioning of n-butylbenzene in SDBS micelles 
(pseudophase) is shown. ................................................................................................... 59 
Figure 11. Effect of total SDBS concentration on water-micelles partition coefficient of 
n-alkylbenzenes at 25.00 C.   ............................................................................................... 62
Figure 12. Effect of total SDBS concentration on intra-micellar activity coefficients of n-
alkylbenzenes at 25.00 C.   .................................................................................................. 64
Figure 13. Changes in peak areas as the concentration of FA increases at 25.00 C.   ........ 66
Figure 14. (a) Peak area ratio A0/ Ai vs.  [FA]t  for n-alkylbenzenes 25.00 C.  (b) Figure 
shows the intersection of two lines outlined in the theory section. Typical experimental 
errors are shown for ethylbenzene and the straight line. The error bars indicate larger 
error at lower vapor phase concentration.   ......................................................................... 69
Figure 15. Effect of total FA concentration on water-aggregate pseudophase partition 
coefficient of n-alkylbenzene at 25.00 C.   .......................................................................... 74
Figure 16. Effect of total FA concentration on intra-aggregate activity coefficients of n-
alkylbenzene at 25.00 C.  .................................................................................................... 77
Figure 17. (a) Peak area ratio A0/ Ai vs.  [HA]t  for n-alkylbenzenes at 25.00 C.  (b) 
Figure shows the intersection of two lines outlined in the theory section. Typical 
experimental errors are shown for benzene and the straight line. The error bars indicate 
larger error at lower vapor phase concentration.   .............................................................. 81
Figure 18. Effect of total HA concentration on water-aggregate pseudo-phase partition 
coefficient of  n- alkylbenzene at pH 7.5 and 25.00  C.   .................................................... 86
Figure 19. Effect of total HA concentration on intra-aggregate activity coefficients of n-
alkylbenzene at pH 7.5 and 25.00 C.   ................................................................................. 89
Figure 20.  Peak area ratio A0/ Ai vs.  [FA]t  for n-alkylbenzenes at 25.00 C  and pH  (a) 
5.5  (b) 7.6.   ........................................................................................................................ 93
Figure 21. Proposed microenvironment of n-alkylbenzenes in the pseudo-phase of FA 
aggregate.  It shows the inner core is of aromatic nature and the outer layer H-bonded 
carboxylic groups.   ............................................................................................................. 96
Figure 22. Effect of total FA concentration on water-aggregate pseudo-phase partition 
coefficient of n-alkylbenzene at 25.00 C and pH (a) 5.5 and (b) 7.6.   ............................... 97
Figure 23. Effect of total FA concentration on intra-aggregate activity coefficients of n-
alkylbenzene at 25.00 C and pH (a) 5.5 and (b) 7.6.   ......................................................... 98
Figure 24. Figures show pH change during addition of  FA stock solution at 25.00 C and  
initial pH of (a) 2.35  and (b) 11.92.   ............................................................................... 101
Figure 25.  Peak area ratio Ao/Ai vs. [FA]t  for n-alkylbenzenes at pH 5.5 and  ( a) 30.0 C 
and (b)  40.0 C.   ............................................................................................................... 104
Figure 26. Effect of total FA concentration on water-aggregate pseudo-phase partition 
coefficient of n-alkylbenzenes at pH 5.5 and (a) 30.00 C (b) 40.00 C.   ............................ 108
Figure 27. Effect of total FA concentration on intra-aggregate activity coefficients of n-
alkylbenzene at  pH 5.5 and (a) 30.00 C and (b) 40.00 C.   ................................................ 109
Figure 28. GC–MS of  diesel fuel extracted from contaminated sand.  Top: total ion 
chromatogram of diesel fuel and mass spectrum of hexadecane, m/e 226 (bottom).  It 
shows the peaks caused by n-alkanes consecutively marked as 1-12 for C10 - C22 with 
carbon increments.  (a) the control without FA and  (b) after washing with FA at pH 11.9. 



xiii 
 

The typical peak area was about 15 times smaller than the control showing extraction 
capability of FA. ............................................................................................................. 112 
Figure 29. Percent retention of diesel hydrocarbons using fulvic acid at different pH and 
22.00 C.  ............................................................................................................................ 115
Figure 30. Removal efficiency of diesel hydrocarbons using humic acid at different pH 
values and 22.00 C.  .......................................................................................................... 116
Figure 31. Removal efficiency of diesel hydrocarbons using fulvic acid, humic acid, 
SDBS and water at 22.00 C.   ............................................................................................ 117
Figure 32. Picture shows water (control) did not solubilize the crude oil, SDBS showed 
some solubility, FA and the mixture (FA/HA) show moderate solubility, and HA showed 
the highest solubility. Clearly, crude oil is very stable and hard to solubilize using high 
concentration of conventional surfactants.   ..................................................................... 119
Figure 33. Picture shows FA color change with changing pH. The color becomes darker 
with decreasing pH.   ........................................................................................................ 120
Figure 34. Changes in the UV-VIS spectra of aqueous FA solutions in the pH interval 2.4 
- 11.92.  The samples were darker at lower pH and lighter in color at higher pH correlates 
with relative magnitude of the absorbance.   .................................................................... 121
Figure 35.  A typical HSGC experiment run shows peaks for gasoline ( Shell 87) in (a) 
absence and in (b) presence of 13.9 µM FA. HSGC was recorded for 24 addition of 0.534 
µM FA each.   ................................................................................................................... 123
Figure 36.  A plot of percent solblization of (a)  o-xylene, p-xylene, isopropylbenzene, 
and p-ethyltoluene and (b) B, T, and EB in  FA and. About 35-60% of the compounds are 
extracted in FA as 1:1 or n:1 complex at 25.00C.   ........................................................... 123
Figure 37. Peak area ratio as a function of n-dodecane/water phase ratio at 25.00 C.   .... 133
Figure 38. Peak area ratio as a function of 1-octanol /water phase ratio at 25.00 C.   ...... 139
Figure 39.  Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, 
MALDI-TOF-MS. The following spectra are taken for HA sample used in this work   .. 149

 



xiv 
 

LIST OF EQUATIONS 

Equation Page 
µi,L = µi,G                                                                     1  ................................................ 30
µi,L = µ0

i,L + RTln (γi,L χi,L )                                           2   ............................................... 30
µi,G = µ0

i,G + RTln (γi,G χi,G )                                            3   ................................................ 30
µ0

i,G = µ0
i,L                                                                       4   ................................................ 31

γi,G χi,G = γi,L γi,L                                                            5   ................................................ 31
γ∞

i,L =  (pi/ p0) (1/ χi,L)                                                   6   ................................................ 31
Ai =   R* pi                                                                    7   ................................................ 32
A0 =   R* p0                                                                   8   ............................................... 32
γ∞

I,L = (Ai /A0) (1/ χi,L)                                                   9   ............................................... 32
FA + B ↔ FA-B            K11= [FA-B] / [FA] [B]         10   .............................................. 33
FAn + B ↔ FAn-B         Kn1= [FAn-B] / [FAn][B]          11   .............................................. 33
FAn = [FAt-cfc] / n                                                       12   .............................................. 33
Bt = [B] + K11[FA][B] + (Kn1/n) [FAt-cfc][B]                13   .............................................. 34
Ai = Ri [B]g                                                                14   .............................................. 35
Kw = [B]/[B]g                                                            15   .............................................. 35
[B] = (Kw /Ri)Ai                                                            16   .............................................. 35
A0/Ai = 1+ K11[FA] + (Kn1/n)[FAt-cfc]                        17   .............................................. 36
Fw = Ai / A0                                                                   18   .............................................. 37
Fm = 1- Fw                                                                     19   .............................................. 37
Χw = Fwt/ 55.555                                                           20   ............................................. 37
Χm = Fmt/ [(FAt- cfc) + Fmt]                                          21   ............................................. 38
Kx = χm /χw  =  55.555Fm/ [Fw (FAt- cfc)]                       22  ............................................. 38
Kc = Kx (Mw /Mm)                                                          23   ............................................. 38
χm γm  = χw γw                                                                 24   ............................................. 39
γm = γw / Kx                                                                    25   ............................................. 39
(nw + nv )0 = nw + ns + nv                                                26   ........................................... 126
Kwv  = (nw / nv )0 =  nw / nv                                              27   ........................................... 126
( nv0/nv) + Kwv = 1 + Kwv + ns/nv                                    28   ........................................... 126
A0 / Ai  = (1  + ns / nv )                                                    29   ........................................... 126
ns/nv= Cs*Vs/Cv*Vv = Ksv(Vs/Vv)                                     30   .......................................... 127
A0

 / Ai  = (1 + Ksv (Vs / Vv ))                                          31   .......................................... 127
A0/Ai  = 1+Ksw (Vs/Vw)                                                  32   .......................................... 127
S + B → SB            K11=[SB]/ ([S]*[B])                      33   .......................................... 127
Kwv = (B/ Bv)0 =  B/ Bv                                                   34   .......................................... 127
Bo = B + SB                                                                   35   .......................................... 128



xv 
 

Bvo*Kwv =(Kwv + K11*S*Kwv)Bv                                     36   ......................................... 128
A0/Ai = 1 + S K11                                                            37   .......................................... 128
Xs γs = Xw γw                                                                  38   .......................................... 129
γs = γw / Kx                                                                      39  .......................................... 129

 

 



xvi 
 

ABSTRACT 

MEASUREMENTS OF ASSOCIATION AND PARTITION EQULIBRIA OF N-
ALKYLBENZENES WITH FULVIC ACID, HUMIC ACID, SODIUM 
DODECYLBENZENESULFONATE, N-DODECANE, AND 1-OCTANOL IN 
AQUEOUS MEDIA BY HEADSPACE GAS CHROMATOGRAPHY 

Mahmoud  Eljack, PhD 

George Mason University, 2013 

Dissertation Director: Dr. Abul Hussam 

 

Natural organic matter (NOM) such as humic acids (HA), fulvic acids (FA), and 

humin in soils and sediments plays an important role in partitioning, binding, and 

transport of organics and metal ions in nature. We have developed an equilibrium 

headspace gas chromatographic (HSGC) technique and the theory to study the 

association and partitioning of n-alkylbenzenes (benzene, toluene, ethylbenzene, n-

propylbenzene, and n-butylbenzene) with aqueous FA, HA, and sodium 

dodecylbenzenesulfonate (SDBS). The alkylbenzenes were chosen because they are the 

major constituents of gasoline and also toxic to human health and the environment. The 

precise measurement of n-alkylbenzenes in the vapor phase in equilibrium with the liquid 

phase allowed determination of solute - monomer surfactant (S), association constants 

(K11), solute- aggregate, Sn, association constant (Kn1), critical aggregation constants for 
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FA, HA, and SDBS. It also allowed measurements of the mole fraction based partition 

coefficients (Kx), infinite dilution activity coefficients of solute inside the aggregate 

pseudo-phase (γm), and the transfer free energies of alkyl chain –CH2- and benzene from 

aqueous to aggregate pseudo-phase. Theory shows that the parameters can be calculated 

without the concentration of the solute. All measurements were made at infinite dilution 

(<10-6 mole fraction) where solute-solute interactions are nonexistent. Almost no such 

studies could be found in the literature and, therefore, constitute a fundamental 

contribution in this field.  

This study shows that there is strong binding and partitioning of n-alkylbenzenes 

with FA and HA present as single molecule or as aggregates. We show that FA and HA 

forms aggregates containing hydrophobic pseudo-phase at 4- 8 μM concentrations. Both 

K11 and Kn1 values were of the order of at least 105 M-1 and 2-3 orders of magnitude 

higher than that of synthetic surfactants. The pseudo-phase partition coefficient, Kx values 

are also of the order of 107.  The n-alkylbenzenes in FA pseudo-phase shows the lowest 

γm (0.0001) among the three systems studied and one of the lowest known values. Most 

importantly, the transfer free energy of partitioning of a -CH2- group -155 cal/mol 

compared to that of benzene, -9722 cal/mol,  indicates that the aggregate pseudo-phase is 

polarizable benzene-like and less n-alkane aliphatic-like. This is also true for HA and 

SDBS, but not for SDS. The high solubilization efficiencies of FA and HA for 

hydrocarbons was used to extract 30-60% of hydrocarbons from diesel contaminated 

sand. Also, FA was used to study the solubilization efficiency of aromatic hydrocarbons 

from gasoline contaminated water. Finally, the theory of association equilibria was 
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successfully applied to liquid-liquid extraction of n-alkylbenzenes from water into n-

dodecane and 1-octanol. This experiment allowed pre-extraction and post-extraction 

calculation of molecular association constant, K11, and critical phase ratio (cpr) for 

extraction, solute partition coefficient, Kx (organic/ water), and infinite dilution activity 

coefficient of solute in organic phase, γs. 
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INTRODUCTION 

1.1. Introduction 
 

This work involves primarily the study of solubilization and association equilibria 

of hydrocarbons in natural and synthetic surfactants by headspace gas chromatography 

(HSGC). While the synthetic surfactants are well understood and studied by many 

instrumental techniques the natural surfactants such as humic materials are not so at 

concentrations where solute-solute interactions are negligible. The novel methodology, 

HSGC, used in this study were compared and validated with synthetic surfactants. Here, 

we review the nature of humic materials as described in the literature with special 

reference for the study in question. 

1.2. Humic substances and their importance in nature:  A Literature 
survey 

 
Natural organic matter (NOM) in soils and sediments plays an important role in 

transportation of substances between soil and water1. NOM consists of both humic and 

non-humic fractions. The non-humic substances include carbohydrates, proteins, 

peptides, amino acids, low molecular weight organic acids, wax and others.  The humic 

fraction includes humic acids (HA), fulvic acids (FA), and humin which are the major 

fraction of dissolved organic matters (DOMs) in water.  They are natural amphiphilic 

molecules with hydrophilic part composed of ionic and nonionic domains while the 
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hydrophobic part is made of aliphatic and aromatic rings2,3,4,5.  The importance of NOM 

comes from their ability to complex metal ions to form covalent bonds and sociation 

complexes 6  with organic molecules for their transport in the environment. DOMs have 

been used to enhance hydrophobic organic compounds’ (HOCs) solubility in remediation 

of contaminated soils and found to exhibit surfactant properties 7,8.  

These studies are preliminary and there are still some disputes in the literatures in 

their abilities to form micelles 9. It was reported that humic substances form aggregates 

consists of approximately 20 molecules10. A proposed polymer like model of DOMs 

consist of coil at high concentration, high ionic strength, and low acidity, but uncoiled 

taking extended shapes in low ionic strength or basic solutions. But the idea “polymer 

model” has shown to be not true by later studies using nuclear magnetic resonance 

(NMR), electron spin resonance (ESR), and transmission electron microscopy 11, 12, 13, 14. 

HA solutions containing the herbicide atrazine labeled with 19F were studied by Chien et 

al 15  using the paramagnetic relaxation of the 19FNMR signal in which they were able to 

determine the hydrophobic domain of humic substances, and this  finding was in line 

with a proposed micellar structure. Another study by Simpson et al using high-resolution 

magic angle spinning (HR-MAS) NMR solution-state spectra of a soil sample containing 

partial water soluble humic materials confirmed the presence of hydrophobic region12. 

Dissolved organic matter (DOM) studies by transmission electron microscopy revealed 

the formation of 400-800 nm micelle-like colloids 13. Wandruszka et al and Simpson et al 

showed that DOMs form micelle-like clusters connected via H-bonds and hydrophobic 

interactions 14,16. Tradionally, research on DOMs (specifically humic and fulvic acids) 
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were studied for the complexation of Zn2+, Fe2+, Mn2+ , and Cu2+ because they bind to the 

acidic group of the DOM and the speciation of some of the toxic metal species are 

controlled by the presence of DOM in the aquatic environment 17. Also studied were the 

non-polar molecules such as polycyclic aromatic hydrocarbons (PAHs) or 

polychlorinated biphenyls (PCBs) for their solubilization and consequent transport in 

nature 18.  

The presence of dissolved organic matter (DOM) in water, particularly fulvic 

acids (FAs) and humic acids (HAs), increases the solubility 19,20 , bioavailability 21, 22, 

environmental fate and transport process 23,24 of aromatic hydrophobic organic 

compounds by the virtue of non-covalent interactions with these HOCs. These 

noncovalent interactions were shown to be significant as shown by studying the effect of 

DOM on HOC adsorption to activated carbon 25, 26, 27, 28, 29.  Mixing HOC, activated 

carbons and dissolved FA and HA resulted in lowered removal efficiency of HOC by 

activated  carbon due to the competition between activated carbon and HA and FA for 

HOC,s 25, 26, 27, 28, 29. 

There are mixed results regarding the effect of dissolved HA and FA on the 

bioavailability of HOCs. The rate of the bioavailability and biodegradation of 

chlorobenzuron ,diazinon, 30 and benzo[a]- pyrene 31 were slowed by the presence of 

dissolved HA and FA. Also, the same effect or no effect were observed in the 

biodegradation rate of dichloro-diphenyl-trichloroethane, DDT in the presence of HA and 

FA respectively32. On the other hand, great biodegradation of PCB was observed in the 

presence of dissolved soil HA, and the conclusion was that dissolved humic acids 
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increase HOC solubility33. There were many attempts to study the association constants 

of  HOC–DOM interactions , and the results varied and failed to be correlated to Kow and 

the structures of FA and HA 34, 35, 36,37, 38, 39, 40. This is because the mechanism of 

noncovalent interactions between HOC and dissolved DOM is not fully understood. 

Some studies explained this mechanism as sorption, 41 others involving fluorescence 

measurements thought of it as entrapment  of HOC in a pocket formed by HA 42, 43, 44, 45.  

Recent studies using static and time-resolved fluorescence quenching studies 46,47,48, 49, 50, 

51 and NMR 52, 53 proposed that dissolved humic substances, namely FA and HA, form 

micelle- like domains of these monomers connected together via H-bonding, π-π 

interactions and polar-nonplar interactions. 

 The amphiphilicity of humic substances gives them a surface active character 

related to the water solubility enhancement of hydrophobic organic pollutants54. It was 

shown that HSs possess micelle -like aggregates at a specific concentration causing a 

great increase of the water solubility of PAHs 55, 56.  Chiou et al showed the water 

solubility of pesticides has increased by the presence of humic substances, HSs 57. 

 

1.3. Properties of humic and fulvic acids  
 

We focused this work on fulvic acid more than humic acid, because of the lack of 

such studies in the literature for FA. The choice of FA is prompted by its purity and 

proven chemical structure as shown in Figure 1. The structure of fulvic acid (Buffle’s 

model) shown in Figure 1a is the simplest structure of fulvic acid 58. It shows that fulvic 

acid consists of naphthalene rings substituted with carboxyl, hydroxyl, and short aliphatic 
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chains containing alcohol, methyl, carboxyl and carbonyl groups. Figure 1b shows the 

structure of fulvic acids that consists of benzene carboxylic acids and phenolic H- bonded 

together forming a very stable aggregate as proposed by Schnitzer and Khan59. 

The fulvic acids are light yellow to yellow-brown in color.  Fulvic acids contain 

more functional groups of an acidic nature, particularly -COOH than the rest of humic 

substances. The total acidities of fulvic acid in general are 900 - 1400 meq/100g 

depending on the origin, but the one we are using has one of 1030 meq/100g. They are 

that fraction of humic substances that is soluble in water under all pH conditions.  They 

remain in solution after removal of humic acid by acidification. Humic acid is more 

complicated showing different bonding structures and functional groups ranging from 

salicylic, phthalate, to many nitrogen containing groups as proposed by Schulten and 

Schnitzer 60. This model was based on several physical and chemical studies involving 

electron microscopy, X-rays analysis, viscosity measurements.  
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Figure 1. Structures of   Fulvic acid  (a) Buffle’s model 58,  (b) Khan and Schnitzer’s 
model 59 , and humic acid (c) Schulten and Schnitzer’s model 60.   
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1.4. Origin of humic and fulvic acids 
 

The humic acid and fulvic acid chosen for this study were extracted from A 

horizon of Haploboroll and Bh horizon of a Spodosal. Table 1 shows a detailed analysis 

for these humic substances which show that humic acids contain more C, but less O than 

fulvic acids; that both humic acids and fulvic acids might contain N, O, and S and their 

contents of this elements are approximately similar, that total acidity and CO2H content 

of fulvic acids are much higher than those of the humic acids; both contain phenolic -OH, 

total -C=O, and -OCH3  groups, but humic acids lacks alcoholic -OH compared to fulvic 

acids. 

        The E4/E6  ratio of humic acids is almost half as low as that of fulvic acids which 

mean that humic acids are much larger molecular weight than fulvic acids61, 62. The E4/E6 

ratio is an indication of the molecular size 63 and is used also to characterize HA and FA.  

The E4/E6 ratio is an index of light absorption in the visible range.  If  E4/E6 ratio is high 

that means the molecule has a relatively low molecular weight, and if it is low then it has 

a relatively high molecular weight. Fulvic and humic acid have a wide range of molecular 

weights and sizes, ranging from a couple of hundred to as much as several hundred 

thousand atomic mass units. In general, FA are lower molecular weight than HA, and 

soil-derived materials are larger than aquatic materials. For example the molecular 

weights of aquatic fulvic acids range from 200 to 2000 64.   
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Table 1. Analytical Characteristics of a Haploboroll humic acid and a Spodosol  fulvic 
acid 61. 
 

 Humic acid Fulvic acid 
 Elements (g kg-1) 
C 564 509 
H 55 33 
N 41 7 
S 11 3 
O 329 448 
 Functional groups (cmol kg-1) 
Total acidity 660 1240 
COOH 450 910 
Phenolic OH 210 330 
Alcoholic OH 280 360 
Quinonoid C=O 250 60 
Ketonic C=O 190 250 
OCH3 30 10 
E4/E6 4.3 7.1 

 

 

1.5. Motivation and statement of the problem 
 

There are two main underlying questions that this work raises: how efficiently do 

humic substances solubilize various organic pollutants and how differently might they 

contribute to the environment compared to synthetic ones?  To answer these questions 

requires accurate binding and association equilibrium constants between a solute and the 

humic substance in a thermodynamic sense. Very little work has been reported on this 

aspect as described in the above section. The importance of this work lies in the fact that 

natural surfactants generally exhibit greater environmental compatibility, better surface 

activity, lower toxicity, and higher biodegradability than synthetic surfactants. Therefore, 
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natural surfactants have greater advantages for using in the remediation of soils and 

subsurface environments contaminated with alkylbenzenes, PCB, PAH, etc.  

First, we find no studies reported on the association of humics with small 

nonpolar molecules such as n-alkylbenzeness at low concentrations (environmentally 

relevant) to the extent that a meaningful binding and partitioning information could be 

obtained, even though alkylbenzenes are the major constituents of gasoline and also very 

toxic to the environment. Second, we find almost no binding constants for these small 

molecules. Third, there is no reliable aggregation number or critical aggregation 

constants at low DOM concentrations available. These were due to the insensitivity of 

most spectrometric techniques to discern small changes in the signal from the weak 

interactions between molecule and the DOM. It is, therefore, obvious that if one can get 

such information with small n-alkylbenzenes such as molecules with FA over a range of 

FA concentrations, one could test some of the findings in the literature on perceived 

structure and association equilibria. Here, we show that a very precise HSGC technique 

can be used to measure the activity change of alkylbenzene due to its interactions with 

FA. No such studies have been reported in the literature. Change in vapor pressure 

measurements can be used to directly calculate the transfer energies, enthalpies and 

entropies due to molecular association 65, 66, 67. With small volatile molecules containing 

functional groups, one can calculate the transfer free energies of functional groups, which 

can be used to estimate free energies for large organic molecules 68 by the principle of 

linear free energies of functional groups. Here, we plan, for the first time, the use of a 

very precise HSGC technique to measure the activity change due to the interactions of 
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benzene homologs with fulvic and humic acids. The technique was extensively used 

earlier to study solubilization of small molecules in micelles and microemulsions 69, 70, 71. 

We have chosen fulvic over humic acids as the dominant NOM and its availability in 

purest form. These NOMs are extremely well characterized by a host of other techniques 

61. Also, one of the reasons we chose FAs is the fact that FAs have not been studied as 

much as humic acids, particularly, with hydrophobic compounds. Most studies which 

involved FAs were limited to FAs association with cationic species.  
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THEORTICAL SECTION 

 

2.1. Introduction 
 

In this section we discuss the basic principles of vapor-liquid equilibria and the 

application of HSGC to obtain reliable thermodynamic information. The basic principles 

were describe elsewhere 72. However, the HSGC technique we used here is known as the 

equilibrium HSGC, because the gas sampling process does not perturb the vapor-liquid 

equilibria73.  

 

2.2. Theory of vapor-liquid equilibria and HSGC 
 

The basis of HSGC is the sampling of the vapor in equilibrium with liquid in a 

reproducible manner. The presence of solute and its concentration is determined by the 

gas chromatography equipped with a suitable detector such as flame ionization detector 

(FID). The signal from the detector (peak area) allows the determination of several 

physicochemical properties of liquid- vapor phase distribution systems such as activity, 

activity coefficient, and partition coefficient. Here, we describe the basic 

thermodynamics from which such information is obtained. For a solute, i in a vapor-

liquid equilibrium, as shown in Figure 2, the chemical potential of solute, i is given by:  
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         µi,L = µi,G                                    1  

                 µi,L = µ0
i,L + RTln (γi,L χi,L )                                            2                                                          

      µi,G = µ0
i,G + RTln (γi,G χi,G )                                                             3 

                                                     

Where μi  the chemical potential of I in the mixture is,  μ0 is the chemical potential of i 

in the pure state, γi is the activity coefficient, and χi mole fraction in the solution. The 

subscripts G and L represent the vapor, G and liquid, L phases. 
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Figure 2. Sketch showing the solute (n-butylbenzene) in vapor / liquid equilibrium in a 
thermostated sample cell. The partial pressure shown is due to the distribution of the 
solute in vapor phase, which is sampled and measured by the headspace GC as peak area, 
Ai, proportional to Pi.  
 

And for pure phase 

 

                               µ0
i,G = µ0

i,L                                                                                   4                                                              

                         

And that gives 

                              γi,G χi,G = γi,L γi,L                           5 

 

In our work, the solute (benzene, toluene, ethylbenzene, n-propylbenzene, and n-

butylbenzene) is more volatile than  the solvent (water). However, the solution is very 

dilute and the vapor is also very dilute. Therefore, we assume both are ideal dilute 

solutions. Given  χi,G  = pi/ p0, and for a dilute solution  γi,G  = 1, therefore γi,L →γi,L
∞ . So 

equation 5 becomes: 

 

                      γ∞
i,L =  (pi/ p0) (1/ χi,L)                     6 
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It is known that the partial vapor pressure and the corresponding peak area values are 

directly proportional to the concentration, and similarly, the vapor pressure of the pure 

analyte  is related to the corresponding peak area. 

 

                            Ai =   R* pi                                                                   7 

                      A0 =   R* p0                                                       8 

 

R is the calibration or response factor (area/ partial pressure or area/ mols), combining eq. 

6, 7 and 8. 

 

                   γ∞
I,L = (Ai /A0) (1/ χi,L)                                               9 

 

Since we know the exact mole fraction of i in the solvent, we can calculate the 

infinite activity coefficient  γi,L
∞  precisely using HSGC. Later, we show that the 

knowledge of solute concentration is not necessary to obtain any of the thermodynamic 

properties.  

 

2.3. A General theory of association equilibria and HSGC 
 

This general theory applies to any system where volatile hydrocarbon solutes 

solubilize in substance (FA) such as synthetic surfactants and natural surfactants and it is  

based on previous work 71. For the sake of completeness we restate the theory with FA as 
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the DOM which solubilizes n-alkylbenzene as solute.  Experimentally, the solution 

equilibria are established by adding aqueous FA into a very dilute aqueous solution of 

alkylbenzene solute, B, where solute-solute interactions are negligible. The equilibria are: 

  

FA + B ↔ FA-B            K11= [FA-B] / [FA] [B]                                      10    
                                                    

FAn + B ↔ FAn-B         Kn1= [FAn-B] / [FAn][B]                                         11 

                                      FAn = [FAt-cfc] / n                                            12 

 

Where, (FA-B) is the monomeric fulvic acid-solute complex with a binding 

constant K11.  FAn-B is the predominant complex in the post-aggregation region, which is 

present after the aggregation of n FA molecules with a binding constant Kn1. FAt is the 

total concentration of fulvic acid added and cfc is the critical fulvic acid concentration 

(cfc). This process is depicted in Figure 3.  
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Figure 3. Schematic depiction of association and partitioning process of n-butylbenzene 
in water- FA aggregate pseudo-phase and its distribution during vapor/ liquid 
equilibrium. This representation is also true for any hydrophobic solute. 

 

For simplicity we assume that only one type of complex, FA-B, is present in the 

pre-aggregation region. Theoretical studies show that a system containing two FA 

molecules did not form aggregates due to its low concentration 74. We also assume that 

FAn is monodispersed with an aggregation number, n, and the solute, B, is monomeric. 

For a very dilute solution these assumptions are valid. Equation 12 relates to the total 

concentration of the fulvic acid, cfc, and n. Combining equations 10-12, the total 

concentration of solute, Bt is obtained, 

 

          Bt = [B] + K11[FA][B] + (Kn1/n) [FAt-cfc][B]                                       13     
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In equilibrium HSGC, the peak area due to the gas phase hydrocarbon in 

equilibrium with its aqueous phase is measured. The solute peak area, Ai, is proportional 

to the gas-phase concentration of the solute, [B]g, 

 

   Ai = Ri [B]g                                                                    14 

 

Where, Ri is the gas chromatographic response factor of the solute (peak area 

/concentration). The solute concentration in the gas phase is also related to the 

concentration of the free monomeric solute in the aqueous phase, [B] by the distribution 

constant, Kw. 

 

             Kw = [B]/[B]g                                                           15 

 

Combining equations 14 and 15, the free solute concentration can be related to the 

peak area due to the solute by the following equation,  

 

                       [B] = (Kw /Ri)Ai                                                                          16 

 

Assuming a negligible amount of solute partition in the gas phase compared to the 

total concentration of solute and Kw is independent of the presence of FA, equations 13 

and 16 yield 
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             A0/Ai = 1+ K11[FA] + (Kn1/n)[FAt-cfc]                                       17 

 

Where A0  and Ai  are the peak areas due to the solute in the absence and in the 

presence of fulvic acid, respectively. The first two terms of eq 17 shows 1: l interaction 

between the monomer solute and the fulvic acid in the pre-aggregation region. After the 

onset of FA aggregation, if the pre-aggregation complex becomes very weak compared to 

the aggregation-solute complex, the second term can be neglected. Therefore, a plot of 

A0/ Ai  vs. FAt  is linear with a slope of K11 in the pre-aggregation region and yields 

another straight line with a slope of Kn1/n in the post-aggregation region. The intersection 

point of the straight limes corresponds to the cfc. Equation 17 shows that solute 

concentration is not needed to obtain K11, Kn1/n, and cfc. It is applicable to all solutes for 

which A0 and Ai can be reliably measured. However, if a reliable measurement of Ai is 

not possible due to the limited solubility of solute in neat aqueous solution, then the 

experiment can be done with aggregations solubilized in solute of known FAt. In this 

case, a series of Ai values are measured after successive dilution of the solution with the 

solvent, in which case the FA aggregation could dissociate into pre-aggregation region. If 

the solution remains in the postaggregation region throughout the dilution and if Kn1>> 

K11, then eq 17 can be rewritten as: 

 

     1/Ai = [1-(Kn1/n) cfc ]/A0 + (1/A0)(Kn1/ n) FAt                                        17a  
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Equation 17a shows that the plot of 1/Ai vs. FAt  is a straight line with (1/A0) ( Kn / n ) as 

the slope and [l - (Kn1 / n) cfc] /A0 as the intercept. If the cfc is known, then Kn1 / n can be 

calculated from  the ratio of the intercept and the slope. Thus, the value of  A0 can  be 

calculated from the slope. In the case of  FAt >> cfc, eq 17a can be further simplified: 

 

         1/Ai = 1/A0 + (1/A0)(Kn1/ n) FAt                                                 17b  

 

Once Ai  and  A0 are obtained, the fraction of solute in the aqueous phase, Fw and 

in the aggregation pseudo-phase, Fm can also be calculated: 

 

                    Fw = Ai / A0                                                                   18 

                   Fm = 1- Fw                                                                          19 

 

The aggregation pseudo-phase is a domain distinct from the bulk aqueous phase 

in that it consists of hydrocarbon tail form, e.g., synthetic surfactant or hydrophobic force 

induced conformation of fulvic acid containing an aggregation of benzene like 

substituents. In both cases these are hydrophobic in nature, which may contain some 

water.  

Given the total moles of solute, t, the mole fractions of solute in the aqueous and 

aggregation pseudo-phases are respectively.   

 

                         Χw = Fwt/ 55.555                                         20 
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                Χm = Fmt/ [(FAt- cfc) + Fmt]                                                 21 

 

The above equations assume that the total moles of all solutes present are 

extremely small (generally, 6-7 orders of magnitude smaller) compared to that in the bulk 

water or solvent. This condition is easily met by sample preparation and the sensitivity of 

FID detector for hydrocarbons. We calculated that a partial pressure of 3.7 x 10-6 torr for 

benzene is easily measured with the HSGC. This is at least 3 orders of magnitude lower 

than the most sensitive fused quartz pressure transducer 75. If the total concentration of 

solute is negligible in comparison to the aggregations concentration, then the mole 

fraction based solute partition coefficient between aggregations and the aqueous phase is 

given by: 

 

     Kx = χm /χw  =  55.555Fm/ [Fw (FAt- cfc)]                                      22              

 

Kx can be considered as a quantitative measure of solubilization of hydrocarbons 

in presence of NOMs or surfactants. It can be shown that the molar concentration-based 

partition coefficient can be calculated by: 

 

                         Kc = Kx (Mw /Mm)                                                      23 

 

Where Mw  is the molar volume of water and Mm is the molar volume of aggregations.  It 

is clear from eqs 22 and 23 that aggregations- water partition coefficients can be 
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calculated without knowing solute concentration. Given that a pseudo-phase model of 

solute partitioning in the aggregate microenvironment 76 is accepted, then under 

equilibrium condition, the thermodynamic activities of the solute are the same in two 

phases, i.e. 

 

                                       χm γm  = χw γw                                                           24 

 

Where γw is the activity coefficient of solute in the water phase and γm is the 

activity coefficient of solute in the aggregation phase. Based on pure solute as the 

standard state, γm is also known as the intra-aggregation activity coefficient. Combining 

eqs 22 and 24, we get: 

 

                             γm = γw / Kx                                                       25 

 

If the solute concentration is in the Henry's law region, then γw can be replaced by 

its infinite dilution activity coefficient, which can be obtained from the literature, or can 

be measured by the same HSGC technique. Equation 25 shows that measurements of γm 

can be obtained without a standard solute concentration. The excess thermodynamic free 

energy of transfer of solute from aqueous bulk into aggregate domain (hydrophobic or 

hydrophilic) can be computed from ΔGex,t = –RT ln (γm or γx ). The ΔHt  and ΔSt can be 

calculated from the temperature dependence of ΔG. These values will be compared with 

known values from aqueous to hydrocarbon or hydrophobic domains of synthetic 
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surfactants. We should also be able to calculate the contributions of functional groups to 

the free energies by comparing two compounds. 
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EXPERIMENTAL SECTION 

3.1. Introduction 
 

One of the most widely used methods to study solubilization of small molecules 

in micelles is the headspace GC method. The activity change resulting from the 

association between surfactants and these small molecules can be precisely determined if 

the vapor (headspace) phase solute concentration is measured with a GC without 

perturbing the equilibria.  HSGC has been used extensively in the past to measure 

partition coefficients in micellar systems, study various solute-solvent interactions, and 

study solute- surfactant systems 65,66.  It was also used to study the vapor phase of 

alcohols in equilibrium with the aqueous surfactant solution 77. 

3.2. Apparatus 
 

       A custom-made computer-controlled head-space gas chromatograph was used 

to precisely sample the vapor phase which is in equilibrium with the solution phase. A 

block diagram of the HSGC is shown in Figure 4. It is similar to that described 

elsewhere with some modifications 71, 78, 79, 80. In the present apparatus, the heated valve 

box (HVB ) is located on the top of the gas chromatograph injector. The three valves 

(Valco Instruments Co., Houston, TX) in the valve box are V1, a six-port gas sampling 

valve , and V2 and V3, four-port sample selection valves. In Figure 4 the valves are 

shown in a vapor loading position. The location of the valve box, the tubing 
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interconnections between valves, and the location of the gas sampling system are 

optimized to reduce the overall dead volume of the system. For example, the volumes of 

the ballast (B) and the sampling loop (L) are 130 and 57 μL, respectively. The total 

volume of equilibrium vapor drawn into sampling valves and tubing manifolds is about 

200 μL for each measurement, and exactly 57 μL was injected onto a fused silica 

capillary column (HP, cross-linked methylsilicone, 25 m, 0.31 mm id., 0.52 um film) of 

the GC (HP Model 5890). One end of the capillary column was inserted through the 

empty GC injector and directly connected to the gas sampling valve (V1) situated above 

the injector. The vapor transfer line between the sample cell (C) and V2 is a short piece of 

silico-steel tubing (12.0 μL in volume) to reduce vapor retention and adsorption. 
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Figure 4. Block diagram of the headspace gas chromatograph. PC, personal computer; 
IC, interface controller; WB, water bath; GC, gas chromatograph; I, integrator; MS, 
magnetic stirrer; C, cell; AB, autoburet; HVB, heated valve box (thermostated to 165 
0C); CT, cold trap; VP, vacuum pump; L, sampling loop; V1, six-port gas sampling 
valve; V2 and V3 sample selection valves. 

 

Similar fused silica tubing is also used to transfer liquids from the autosyringe (Razel Inc, 

NY). The entire system is controlled by a data-acquisition board (PMD 1208, 

Measurement Computing Inc., USA) and a custom-made control board interfaced to a 

PC). All programs are written in Delphi 6. The computerization allowed a precise control 

of valve actuation, temperature of the water bath (Haake Model A81), activation of the 

auto-syringe, the GC, and the integrator (HP 3392 A) at all times. The most important 

advantage of the HSGC apparatus is that one can measure all the volatile species in a 

single experiment from an extremely dilute vapor due to the very high sensitivity (1 

ng/mL) of the flame ionization detector. Our lowest concentration was about 65 ng 

benzene sampled from the headspace, which is still higher than the detection limit of the 
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FID, 10- 100 pg. The instrument was thoroughly tested for sampling precision and 

accuracy as described elsewhere.71, 73, 78 

 

3.3. A general protocol for HSGC measurement  
 

In the HSGC instrument as shown in Figure 5, the sample was in place and 

equilibrated for 30- 60 min before activating the valve for gas sampling. The computer 

program was started with the following parameters: delay time (5s) was the time before 

the sampling activation takes place, sampling time (10s) was the time for which the 

sample was allowed to fill the sampling loop and the ballast, residence time (10s) was the 

time allowed for the gas sample to equilibrate inside the tube, injection time (100s) was 

the time for which the sampling valve was activated for complete sample injection. These 

parameters and valve sequence are shown in Figure 6 a and b, respectively. A specific 

solute or a solvent can be added for a specific time by activating the autoburet.  The 

general GC gas flow conditions are: Helium: 4- 5 mL/min, helium + auxiliary: 48-49 

mL/min (total flow), hydrogen: 42-43 mL/min, and air: 180 mL/min. The GC temp 

program were 600 for the first two minutes and then increased at 200 C / minute rate   

until reaching 2000 C. The temperatures of the valve box and transfer line were 170 0 and 

165 0 C, respectively. All precautions were taken to prevent solute carryover, leakage, 

interference and other issues. 
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Figure 5. Photograph shows the experimental setup of the HSGC. The valves are inside 
the valve box insulated with fiberglass and aluminum foil. The thermostated sample cell 
is placed on the magnetic stirrer and the autosyringe next to it. 
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Figure 6 a. Diagram shows valve positioning, internal plumbing connections and the 
valve sequence: SEQ1: sample is isolated, the sample and the ballast are under vacuum, 
and the He is flowing through the sampling valve; SEQ2: the sample cell is opened; the 
headspace vapor fills the sampling loop and the ballast for 10s. Another 10s was allowed 
for the vapor to equilibrate inside the tubing and then injected into the GC in SEQ3: the 
sample cell is disconnected and the injection valve is turned on for 100s for flash transfer 
of samples into the GC. The two GC integrator are activated at the same time.  
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(b) 
 
Figure 6 b.  Snapshot of all the parameters used in the computer program.  
 

3.4. Chemicals 
 

A well characterized FA and HA extracted from the Bh horizon of a Spodosol 

was used in this study (a kind gift from Dr. Shahamat Khan of the Chemistry and 

Biochemistry Department of GMU). The material was thoroughly characterized in all its 

aspects over many years and reported elsewhere 81, 82. The compound is probably the 
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purest materials available. Detailed characteristics are listed in Table 1. The Mn (number-

average) molecular weight of the FA is 95181. We used matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) to measure 

the molecular weight of the humic acid used in this work. The HA sample was detected 

by MALD-TOF and show the presence of major species with a molecular weight of 656 

Da. This molecular weight is close to the lower mass limit that MALDI is useful.  There 

are other species as well as shown in the spectra in the appendix. All benzene homolog 

(benzene, toluene, ethyl benzene, n-propylbenzene, and n-butylbenzene) were either 

reagent grade or HPLC grade (Aldrich Chemical Co., Milwaukee, WI), therefore there 

was no need for further purification. Diesel fuel (Aviation kerosene from Prof. George 

Mushrush) was used as received. Sodium dodecylbenzenesulfonate, SDBS (99.0 %), n-

dodecane (99.0%), HCl, and NaOH were received from Aldrich chemical company, 

Milwaukee ( Technical grade). 1-octanol is HPLC grade (Fischer Scientific Company). 

Shell Regular 87 gasoline was obtained from Fairfax, VA Shell gas station. Crude oil was 

obtained from Fula field, Fula, Sudan. 

 

3.5. B-BB stock solution 
 

First a concentrated stock solution of n-alkylbenzenes mixture was prepared with 

a composition as shown in Table 2.  The table also shows their molecular weights, mass, 

mole fractions, activity coefficients, gram fractions and density.                                                                                                
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Table 2. Preparation of alkylbenzenes stock standard along with their densities. The 
activity coefficients are calculated from UNIFAC by using the mole fractions in the 
mixture.      
 

 

Aqueous stock solutions of n-alkylbenzenes were prepared by mixing 10.0 µL of the 

stock above in 1.000 L of water in a volumetric flask and the mixed by vigorous shaking. 

The flask was left upside down for at least 24 hours and then carefully inverted and 

drained from the top to remove any phase separation to maintain aqueous solubility, 

although such phase separation was never observed visually. The solution has an 

approximate mole fraction composition of 6.7 x 10-7 benzene, 6.8 x 10-7 toluene, 5.0 x10-

7 ethylbenzene, 5.5 x10-7 n-probylbenzene, and 4.1 x10-7  n-butylbenzene as shown in 

table 3. 

 

 

 

   

Compound molecular 
weight 

stock, gram 
taken 

moles mole 
fraction 

γ, UNIFAC gram 
fraction 

density, 
g/ml 

Benzene 78.12 3.892 0.0498 0.2379 0.9713 0.1807 0.8740 
Toluene 92 4.666 0.0507 0.2422 0.9895 0.2166 0.8650 
Ethylbenzene 106 3.9782 0.0375 0.1792 0.9999 0.1847 0.8670 
n-Propylbenzene 120.2 4.9012 0.0408 0.1947 0.9928 0.2275 0.8620 
n-Butylbenzene 134.22 4.1039 0.0306 0.1460 0.9762 0.1905 0.8600 
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Table 3.  Preparation of dilute solution of alkylbenzenes in water. The table shows mole 
fractions of alkylbenzenes present in the water. 
    
Solvent: water 1000 mL       
Solute mixture added 0.016 grams    Density, water 1, g/mL 

Standard 
Compound Molecular weight gram fraction grams in solution moles Mole fraction 
Benzene 78.12 0.1807 0.0029 3.70E-05 6.66E-07 
Toluene 92 0.2166 0.0035 3.77E-05 6.78E-07 
Ethylbenzene 106 0.1847 0.0030 2.79E-05 5.02E-07 
n-Propylbenzene 120.2 0.2275 0.0036 3.03E-05 5.45E-07 
n-Butylbenzene 134.22 0.1905 0.0030 2.27E-05 4.09E-07 
Water 18   1000 55.556 0.9999967 

 

3.6. Surfactant and humic substances stock solution 
 

Two natural surfactants namely FA and HA, and one synthetic surfactants, SDBS 

were used in this work and prepared as follows. Tow fulvic acid (1.11 mM) stock 

solutions were prepared by dissolving 0.0053 g of fulvic acid in 50.0 mL deionized-water 

(18 MOhm) in two different flasks. One has a natural  pH of 2.4 and the other has a pH of 

11.9 by adding  0.2 M NaOH (pH meter by Vernier Lab Quest). A humic acid stock 

solution was prepared by dissolving 0.0053 g of humic acid in 50.0 mL (106 mg/L) 

deionized-water and  NaOH  to give 10.77. Half of it was transferred to another flask and 

its pH brought down to 2.1 using 0.7 M HCl. A sodium dodecylbenzenesulfonate, SDBS 

(0.40 M) stock solution was prepared by dissolving 6.97 g of SDBS in 50.0 mL 

deionized-water. Pure n-dodecane and 1-octanol were used as received and without 

further purification.  
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3.7. HSGC sampling procedure 
 

For (FA+ B-BB) study, the aqueous solution of n-alkylbenzene was allowed to 

equilibrate with continuous stirring for at least 40 minutes in a reaction cell held at 25.0 

0C. Then, the gas phase above the solution was analyzed to obtain A0. An autosyringe 

was calibrated and programmed to add 7.5 x 10-3 g of FA in 15 s. This was done 

previously by calculating the average of three 15 -second additions of the FA stock 

solution from the autosyringe under computer control.  After blank runs, 30 FA additions 

were made to vary the concentration of FA. The thermostated (250 C) solution was 

allowed to equilibrate for 45 minutes before each of the 30 vapor sampling by HSGC. A 

typical gas sampling extracted less than 100 picomols (10 ng of toluene) of solute vapor 

(about 10 times the detection limit for FID). The loss of solute due to sampling is less 

than 0.02% of the total moles of solute after 20 sampling. A 1% loss of solute requires at 

least 300 sampling from the vapor phase. Therefore, solute concentration correction due 

to sampling is negligibly small. The FA concentration used here is similar to that of fresh 

water FA range 0.5 - 10 mg/L (= 10.5 µM FA) 61. The pH of the final solution after 

adding 30 uL of pH 2.4 stock was 5.5 ± 0.5. Similarly, the pH of the final solution after 

adding 30 µL of pH 11.9 stock was 7.6 ± 0.4. These values correspond to the entire range 

of FA addition to a cell containing 18.0 mL of alkylbenzene-in-water stock solution. The 

pH showed no systematic trend and therefore no effect from the presence of 

alkylbenzenes in solution. We note the water used was not freed from dissolved 

atmospheric CO2 (g). The same exact procedure was followed for, SDBS + B-BB system,  

n-dodecane + B-BB system, 1-octanol + B-BB system, and HA+ B-BB. The average pH 
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for HA stock solution was 7.5 ± 0.4 over the entire addition range without a systematic 

trend. 

 

3.8. Gas chromatography–mass spectrometry  procedure 
 

To study the applicability of humic substance in enhanced oil recovery, GC/MS 

analysis was carried out on a contaminated sand (Play Sand, Home Depot, hardware 

store). This appears very similar to that of sand from New River, Virginia, USA with a 

diameter range of 200-500 µm. About 3.20 g of the sand was mixed with 1 mL (~0.85 

gm) of neat diesel fuel in 10 different sealed glass bottles (labeled 1-9). The contents of 

the bottle were mixed in a sonicator (Model DA-3A) for three hours and then allowed to 

equilibrate at 22 ºC for 3 days. A 10 mL of deionized-water was added to wash the sand 

in vial 1, 0.4 M SDBS was added to wash the sand in vial 2, 106 mg/L HA of pH 10.8 

and 2.1 were added to wash the sand in vial 3 and 4, respectively. Then 10 mL of 1.11 

mM FA of pH 2.35, 4.30, 10.70 and 11.92 were added to wash the sand in vial 5, 6, 7, 

and 8, respectively. Then vial 9 containing the contaminated sand was left intact. The 

mixtures inside the vials were left for 24 hours in the ambient condition. After decanting 

the washing solution, each sample was shaken vigorously using 5.0 mL each (1:1 - 

dichloromethane and hexane) of the extraction solvent and left to equilibrate for 24 hours. 

One mL of this solution was carefully removed from the top and placed in a 2 mL screw 

top vial with septa and analyzed with a Hewlett Packard GC-MS (GC-HP 5890 + MS- 

HP5971) using a DB-1, fused silica capillary column. 
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STUDY OF ASSOCIATION OF ALKYLBENZENES WITH SDBS, FULVIC 
ACID, AND HUMIC ACID 

 
The following results and discussion sections are arranged in a sequence such that 

we could validate our experimental methodology and theoretical principles for the study 

of association of alkylbenzenes with a known synthetic surfactant SDBS. Though the 

HSGC method was previously validated to study similar solute-surfactant interactions 71. 

The SDBS is chosen because it has a benzene ring which is a probe for polarizability 

interaction while the dodecyl aliphatic chain interacts with similar chain in the FA and 

HA studied here. Once we verified our procedure, we expanded this technique to the 

study natural surfactants FA and HA. This work was applied for the extraction of 

hydrocarbons from gasoline using FA. The theoretical basis of partitioning was also 

applied to the liquid/liquid extraction of n-alkylbenzenes with n-dodecane and 1-octanol 

as co-solvents.  

 

4.1. Surfactant sodium dodecylbenzene sulphonate- n-alkylbenzenes  
system 

 
          Surfactant sodium dodecylbenzenesulphonate, SDBS is a series of organic 

compounds with the formula C18H29SO3Na  as shown in Figure 7. It is a colorless salt 

with useful properties as a surfactant 83. It is an anionic surfactant with properties of 
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detergency, moistening, foaming, emulsivity and dispersity. It can be used directly to 

formulate detergents for household and industrial use. It is widely used in detergent 

industry, oil exploitation, forming agglomerated detergent production, chemical fertilizer, 

cement, industrial cleaning agent and others.  

 

              
 
                                               a                                                                                  b 
 
Figure 7. Structure of  (a). Sodium dodecyl sulfate (SDS), and (b). Sodium 
dodecylbenzene sulfonates (SDBS). 
 

SDBS is similar to SDS, except the presence of the benzene ring in the former as shown 

in Figure 7. This is one of the reasons for the choice of SDBS over SDS to validate our 

methods. SDS is the archetypal and most extensively studied surfactant known with 

published values for binding and partition coefficients 84,85.  In general, all HSGC 

experiments start with a dilute n-alkylbenzene solution in a thermostated sample cell into 

which the surfactant was added in incremental fashion. The GC peak areas obtained from 

sampling of the headspace before and after the surfactant addition, as shown in table 4, 

are the bases of the following calculations. These have been detailed in the theory and 

experimental section. 

 

 



55 
 

Table 4. Table shows peak area ratio for the addition of SDBS in aqueous solution of n-
alkylbenzenes at 25.00 C. Given the A0 one can calculate Ai for each entry.  
 
Run# Moles of SDBS 

added 
SDBS Benzene Toluene Ethyl 

benzene 
n-Propyl 
benzene 

n-Butyl 
benzene 

Pure peak area, A0   

→ 
4555 24067 47878 98089 69511 

SDBS, mM ↓Peak area ratio, A0/Ai 
0.00 0.00E+00 0.00 1.00 1.00 1.00 1.00 1.00 
1.00 9.59E-09 0.60 1.07 1.09 1.11 1.23 1.36 
2.00 1.91E-08 1.20 1.17 1.19 1.27 1.64 1.60 

3.00 2.87E-08 1.79 1.30 1.34 1.43 1.69 1.90 

4.00 3.82E-08 2.39 1.46 1.58 1.64 2.04 2.24 

5.00 4.76E-08 2.98 1.71 2.30 1.87 2.42 3.14 

6.00 5.71E-08 3.57 1.91 2.75 2.40 3.18 4.61 
7.00 6.65E-08 4.16 2.17 3.40 3.40 4.66 6.80 

8.00 7.59E-08 4.74 2.40 4.11 5.03 6.57 8.81 
9.00 8.52E-08 5.33 2.71 4.87 6.21 8.66 11.55 

10.00 9.46E-08 5.91 3.07 5.65 7.72 10.94 13.89 

11.00 1.04E-07 6.49 3.44 6.31 9.37 13.00 16.65 

12.00 1.13E-07 7.07 3.78 7.20 10.71 14.93 18.98 

13.00 1.22E-07 7.65 4.21 8.12 12.64 17.36 21.30 

14.00 1.32E-07 8.23 4.61 9.07 14.20 19.17 23.11 

15.00 1.41E-07 8.80 5.06 10.03 15.75 20.84 25.30 

16.00 1.50E-07 9.38 5.35 10.88 15.46 21.83 25.69 

17.00 1.59E-07 9.95 5.74 12.53 17.33 22.80 27.26 

18.00 1.68E-07 10.52 6.58 14.08 19.11 24.11 28.96 

19.00 1.77E-07 11.08 6.25 15.85 21.30 25.72 30.22 

20.00 1.86E-07 11.65 6.41 17.81 23.54 32.35 30.30 

   

4.1.1. Solute-SDBS association constant, K11     
                                                                                                                                                                    
The monomeric SDBS-solute complex with a binding constant K11 is formed at adding 

SDBS to the aqueous alkylbenzene solutions.  Figure 9 shows the peak area ratios as a 

function of total SDBS, concentrations increases linearly due to the formation of the 1:1 

complex. It clearly shows the pre- and post-aggregation regions by two lines with low 
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and high slopes intersecting at the critical micelles concentration. The post aggregation 

region is more linear than the pre-aggregation region. Table 5 shows the results of the 

linear regression of the data in the pre-micellar region. The calculated K11 values showed 

increased magnitude as the number of methylene group increases in the benzene 

homologues. All members of the homologue show significant interactions between a 

 

monomer solute and a SDBS molecule and the strength of that interaction increases with 

increasing hydrophobicity in the members. The intercepts are all unity (within 

experimental error) as predicted by the theory. Our K11 values for the probes are not 

found in the literature. In absence of published literature on SDBS, we find the best 

surfactant to compare with is SDS, not only because it has the same 12 carbon alkyl 

chain, but also evaluates the effect of the presence of the benzene ring and the 

significance of the π-π interactions Figure 7.  The K11 values for SDS by Hussam et al 71 

are also shown in table 5 and they were much lower than thse of the SDBS. This ring 

plays a role in the interactions between SDBS and benzene homologs. Apparently, it 

brings about additional attractive noncovalent interactions (polarity/ polarizability 

interaction) between the aromatic rings compared to that with an alkyl-alkyl chain in SDS 

resulting in large differences between K11(SDS) and K11(SDBS) for the same molecule. 

Therefore, the attractive force is stronger between solute-SDBS to form a sociation 

complex as depicted in Figure 8. It shows three types of possible noncovalent π-π 

interactions between the benzene ring of SDBS and that of alkylbenzenes- π stacking or 

sandwich, edge-to- face or T-shape, and parallel –displayed interactions.  
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                                       Sandwich                 T- shaped                            Parallel displaced 
 
Figure 8. Proposed low energy interactions between benzene rings of SDBS and n-
butylbenzene.  

  

    
                                                     (a)                                                                                                     (b) 
 
Figure 9.  (a) Peak area ratio A0/ Ai vs.  [SDBS]t  for alkylbenzenes(benzene, toluene, 
ethylbenzene, n-propylbenzene and n-butylbenzene) at 25.00 C.  (b) Figure shows the 
intersection of two lines outlined in the theory section. Typical experimental errors are 
shown for ethylbenzene and the straight line. The error bars indicate larger error at lower 
vapor phase concentration. 
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Table 5. Values of K11 from linear least-squares regression of A0/Ai  vs. [SDBS]t in the 
pre-micellar region at 25.00C . 
 

Solute  KII (M-1) intercept r2 K11
  ref 71 

(SDS-solute) 

Benzene  234  ±90 1.019  ± 0.009 0.9831 2.5 ± 2.6 

Toluene  426 ± 109 0.9884 ± 0.005 0.9987 10 ± 2 

Ethylbenzene  672 ± 151 0.9490  ± 0.014 0.9962 25 ± 3.1 

n-propylbenzene  1184 ± 190 1. 025 ± 0.022 0.9856 54.7a 

n-butylbenzene  1566 ± 221 1.057  ± 0.044 0.9935 124 ± 13.6 
                             a K11 is interpolated from a linear fit of ln K11 vs. # -CH2- (r2 = 0.9846) 

 

4.1.2. Critical micelle concentration (cmc)   
 
SDBS forms micelles starting at some critical concentration when the surface is saturated 

with SDBS monomers. Any excess SDBS added after this concentration goes into the 

formation of micelles as shown in Figure 10. These structured environments are vehicles 

for the solubilization of solutes. The cmc can be found from the point of intersection of 

two straight lines in the pre- and post-micelle regions, as shown in Figure 9. The average 

cmc was found to be 2.98 ± 0.76 mM compared to the literature value of 2.9 mM 86. The 

cmc value obtained for each solute showed no obvious systematic trend, thus eliminating 

the possibility of a solute induced cmc change. This is due to the very low concentration 

of n-alkylbenzenes in the aqueous media as described in the experimental section. The 

cmc of SDBS is lower than that of SDS (8 mM) due to the large size of the SDBS and 

significant steric effect during assembly on the surface and into micelles as shown in 

Figure 10.  
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Figure 10. Sketch shows the water surface is covered by SDBS surfactants at low 
concentration of SDBS. As the concentration of SDBS starts to increase, the surfactant 
aggregates into micelles. The partitioning of n-butylbenzene in SDBS micelles 
(pseudophase) is shown. 
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4.1.3. Solute-micelle association constant, Kn1  
 
If the solute-solute interaction in the water continuous bulk phase is neglected, then K11 

and Kn1 reported here can be regarded as their infinite dilution values. In the post-micelle 

region (Figure 9), the peak area ratio increases significantly as more solute solubilizes in 

the micelles, thus decreasing the concentration of free solute. Table 6 lists values of Kn1 

as obtained from the regression of data in this region. According to equation 17, the 

slope is Kn1/ n and hence Kn1 is obtained by using SDBS’s aggregation number, n = 26 

obtained by light scattering studies 87. Our Kn1 values for the probes are not found in the 

literature. But as a comparison to the values reported for SDS, we find that that SDBS-

micelle Kn1 values are at least one order of magnitude higher than that of SDS-n-

alkylbenzene values. This is due to the presence of the 26 benzene ring in SDBS micelles 

and the strong attractive noncovalent interactions (polarity/polarizability interaction) with 

n-alkylbenzenes. By comparing K11 and Kn1 (association constant per unit of SDBS in 

micelles), we find that the tendency of a single SDBS in the micelles to bind a benzene 

homologue is 6-8 higher than that of an isolated SDBS in the solution. These significant 

differences in the two binding constants show that the solute solubility from the bulk is 

very different than that in the micelles. 
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Table 6. Values of Kn1 from linear least-squares regression of A0/Ai vs. [SDBS]t in the 
post-micellar region at 25.0 0C.   
 

Solute Kn1 (M-1) r2 Lit Kn1 Kn1, M-1  
(SDS) ref 71 

Benzene  15600 ± 251 0.9994 na 1474  ± 11 
Toluene  33800 ± 261 0.9989 na 4171 ± 44 
Ethylbenzene  49400 ± 192 0.9997 na 10197 ± 64 
n-propylbenzene  78000 ± 83 0.9921 na 28302a 
n--butylbenzene  80600 ±137 0.9877 na 76117 ± 100 
    a Kn1 is interpolated from a linear fit of ln Kn1 vs. # -CH2- (r2 = 0.9996) 

 

4.1.4. Solute- micelles partition coefficient, Kx  
 

The partitioning of solute between two phases is of importance for many 

applications. According to equation 22, the mole fraction-based solute partition 

coefficient Kx can be calculated using the cmc value found above. The dependence of Kx 

vs. total [SDBS] concentration is shown in Figure 11. They show significant variation in 

Kx at [SDBS]t, near cmc as ([SDBS]t - cmc) becomes very low. As [SDBS]t, increases, 

the micelles concentration also increases, and Kx values appear to level off to a constant 

value accompanied with decreasing variation. Kx values shown in Figure 11 become 

constant above cmc. 6 mM [SDBS]. These values are 3.81 x104 ± 25 for benzene, 8.67 

x104 ± 69, for toluene, 1.26 x105 ± 96 for ethylbenzene, 1.94 x105  ± 169 for n-

propylbenzene and 2.05 x105 ± 212 for n-butylbenzene. The results show that the 

partition coefficients increase with increasing the hydrophobicity of the solute and 

contribute to a large free energy of transfer of n-alkylbenzenes from bulk water to 

micellar phase.  In comparison, Kx for SDS-benzene, for example, was found to be 1300, 
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71 which is one order of magnitude lower than that of SDBS-benzene and this is explained 

by the environment inside the micelle. It is benzene-like in case of SDBS. 

  The decrease in Kx from lower [SDBS]t to high [SDBS]t and subsequent leveling 

off may be the lack of inclusion of small aggregate complexes in our model in the 

transition region. It could also be due to the increase in packing density of the aggregate 

which could expel some hydrocarbon molecules dissolved in them. This could explain 

the decrease in Kx and increase in inter-aggregate activity coefficient, γm, to a nearly 

constant value, as [SDBS]t increases.  

 

 
Figure 11. Effect of total SDBS concentration on water-micelles partition coefficient of 
n-alkylbenzenes at 25.00 C. 
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4.1.5. Intra-micellar activity coefficient 
 

One of the most important aspects of this work is the estimation of the activity 

coefficient of solutes inside the micelles by using equation 25. It required a reliable 

literature value of the activity coefficient of solute in water, γx, which was also found by 

HSGC technique 88. Figure 12 shows plots of activity coefficients of solute as a function 

of total [SDBS]t concentration. Like Kx, γm also approaches a limiting value at [SDBS] 

higher than 8 mM. γm is indicative of the interaction of solute and the interior 

solvophobic microenvironment of the micelles.   

We also observed that the intra-micellar activity coefficients of n-alkylbenzenes 

are much lower than that in the water, which indicates that they preferred the 

microenvironment over the aqueous bulk. Moreover, it shows that the microenvironment 

of the solubilized species is not affected significantly on increasing the micelles 

concentration beyond a certain level. The average γm values after 8 mM SDBS  for 

benzene, toluene, ethylbenzene, n-probylbenzene and n-butyl-benzene are 0.07 ± 0.04, 

0.11 ± 0.02, 0.26 ± 0.04, 0.71 ± 0.13, and 2.74  ± 0.04, respectively, as compared to that 

of 2480, 9190, 32700, 13600, and  566000 in water. 
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Figure 12. Effect of total SDBS concentration on intra-micellar activity coefficients of n-
alkylbenzenes at 25.00 C. 
 

4.1.6. Transfer free energies of functional groups 
 

It was possible to calculate the free energy of transfer of a methylene unit, -CH2-, 

from aqueous to micelle phase as shown in Figure 10.  Using the linear least squares 

fitting of ln(Kx) vs. n-CH2- in n-alkylbenzene at three different [SDBS]t concentrations at 

4.7, 7.07, and 9.95 mM SDBS yield average slope = 0.3986 ± 0.047, average intercept = 

10.85 ± 0.07, and average r2 = 0.9593. The transfer free energy, ΔGtransfer = -RT 

slopeaverage, calculated from the average slope was -236 ± 12 cal/mol per –CH2-. This 

value is much higher than those of transfer of –CH2 groups of several solute homolog 

series from aqueous to various nonpolar and SDS micellar phases between -550 and -884 
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cal/mol 88. This is indicative of lower affinity (higher free energy) for partitioning of an 

alkyl group in the SDBS micelle compared to those of surfactants containing long alkyl 

chain and no aromatic rings. In contrast, a much lower free energy of transfer of benzene 

-6426 ± 20 cal/mol (ΔGtransfer,benzene = -RT interceptaverage) indicates a substantially higher 

affinity of benzene for SDBS aggregate than SDS. These observations indicate that the 

SDBS micelle is more benzene-like (highly polarizable) with specific affinity for such 

molecules and less alkyl-hydrocarbon like. 

 

4.2. Fulvic acid- n-alkylbenzene system 
 

In this section we describe the association and partitioning of n-alkylbenzenes 

with fulvic acid. We studied the aggregation process using HSGC the same way we 

followed in the case of SDBS. Figure 13 shows typical HSGC of n-alkylbenzenes after 

0th and 20st addition of FA. It shows peaks for all n-alkylbenzenes (B-BB) in absence (a) 

and in presence of 30.7 µM FA (b).                       
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                       (a) 0th addition of FA                                                           b. 20th addition of FA         
                                               
Figure 13. Changes in peak areas as the concentration of FA increases at 25.00 C. 

 
 

Also Figure 13 shows the apparent solubility property of fulvic acid for the 

benzene homolog. It shows the decrease in the peak areas due to the reduction of solute 

concentration in the vapor phase as more solute is solubilized in the FA-aggregate 

pseudo-phase. The data obtained from this experiment is shown in table 7.  
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Table 7. Table shows peak area ratio for the addition of FA in aqueous solution of n-
alkylbenzenes at pH 5.5 and 25.00 C. Given the A0 one can calculate Ai for each entry. 
 
 Run 
# 

Moles of 
FA 

added 
 

Fulvic Benzene Toluene Ethyl 
benzene 

n-Propyl 
benzene 

n-Butyl 
benzene 

Pure peak area, A0   

→ 
4180 20644 41223 86461 71759 

FA, µM ↓Peak area ratio, A0/Ai 
0.00 0.00E+00 0.00 1.00 1.00 1.00 1.00 1.00 
1.00 2.66E-08 1.66 1.04 1.03 1.05 1.06 1.08 
2.00 5.30E-08 3.31 1.16 1.22 1.24 1.31 1.30 

3.00 7.94E-08 4.97 1.24 1.36 1.50 1.75 1.86 
4.00 1.06E-07 6.61 1.36 1.60 1.83 2.23 2.52 

5.00 1.32E-07 8.25 1.49 1.85 2.20 2.85 3.45 

6.00 1.58E-07 9.89 1.70 2.15 2.67 3.69 4.59 
7.00 1.84E-07 11.52 1.89 2.45 3.18 4.58 6.02 

8.00 2.10E-07 13.14 2.10 2.78 3.61 5.42 7.25 
9.00 2.36E-07 14.76 2.41 3.28 4.15 6.27 8.63 

10.00 2.62E-07 16.38 2.69 3.69 4.82 7.23 9.65 

11.00 2.88E-07 17.99 2.99 4.34 5.41 8.18 11.01 

12.00 3.14E-07 19.60 3.43 5.03 6.21 8.93 12.14 

13.00 3.39E-07 21.20 3.79 5.68 7.09 9.85 13.14 

14.00 3.65E-07 22.80 4.25 6.23 7.94 10.85 14.21 

15.00 3.90E-07 24.39 4.69 6.95 8.73 11.95 15.37 

16.00 4.16E-07 25.98 5.14 7.63 9.68 12.88 16.03 

17.00 4.41E-07 27.56 5.65 8.28 10.68 13.85 17.29 

18.00 4.66E-07 29.14 6.01 9.09 11.88 14.97 18.40 

19.00 4.91E-07 30.71 6.60 9.82 12.93 15.95 19.19 

20.00 5.16E-07 32.28 7.08 10.67 13.93 17.40 19.92 

 

4.2.1. Solute-fulvic acid association constant, K11  
 
The addition of FA to a solution containing n-alkylbenzenes as solute reduces the free 

concentration of monomer solute in the aqueous and vapor phase due to binding and 

partitioning of solute in solution. This is observed as a decrease in peak area of the solute 

sampled from the headspace of the sample cell. The peak area ratio (A0/ Ai) vs. total 

fulvic acid concentration ([FA]t) is shown in Figure 14. It clearly shows the pre- and 
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post-aggregation regions. The post aggregation region is more linear than the pre-

aggregation region. The result of the linear regression of the limited data in the pre-

aggregation region is shown in table 8. The calculated K11 value increases as the number 

of methylene group increases in the n-alkylbenzenes. This association is driven partly by 

the hydrophobicity of alkyl chain of n-alkylbenzenes. Since there is no such study to 

compare with these results, we took the literature values with that of sodium 

dodecylsulfate (SDS) monomer. Although FA is not similar to SDS, but it was the most 

thoroughly studied synthetic surfactant known and can be used as a reference for 

hydrocarbon like pseudo-microenvironment. The K11 values for SDBS- and SDS-n-

alkylbenzenes are also listed in table 8. Clearly, the K11 for FA is at least 2 and 4 orders 

of magnitude higher than that for SDBS and SDS respectively. This is due to the small 

size of SDS and SDBS monomer compared to a single FA monomer which has sizeable 

nonpolar hydrophobic aromatic and aliphatic groups. In both SDBS and SDS, the pre-

micellar region of the plot (K11 vs. [SDBS or SDS]) is linear with a sharp break at cmc. In 

FA, however, the pre-aggregation portion shows a gradual increase from the initial 

linearity. This could be an indication of a step-wise aggregation of FA molecules to a 

limiting aggregate structure compared to that for SDS. This transition region could be 

modeled by assuming the presence of higher complexes such as (FA)2- X (X = n-

alkylbenzene).  
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                                                (a)                                                                                  (b) 
 
Figure 14. (a) Peak area ratio A0/ Ai vs.  [FA]t  for n-alkylbenzenes 25.00 C.  (b) Figure 
shows the intersection of two lines outlined in the theory section. Typical experimental 
errors are shown for ethylbenzene and the straight line. The error bars indicate larger 
error at lower vapor phase concentration. 

 

Table 8. Values of K11 from linear least-squares regression of A0/ Ai vs.  [FA]t in the pre-
aggregation   region at 25.00 C.  Literature K11 for SDS-solutes are listed in the last 
column. 
 
Solute K11, ( x 103 )   

M-1  

Intercept r2 K11, M-1 

(SDBS-solute) 

K11, M-1     (SDS-

solute) ref 71 

Benzene  69.5 ± 1.0 0.9631 ± 0.032 0.9793 234  ± 90 2.5 ± 2.6 

Toluene  118.6 ± 1.3 0.9461 ± 0.053 0.9585 426 ± 109 10 ± 2 

Ethylbenzene  171.0 ± 3.1 0.9550 ± 0.088 0.9471 672 ± 151 25 ± 3.1 

n-Propylbenzene  272.1 ± 6.1 0.8512 ± 0.160 0.9345 1184 ± 190 54.7a 

n-Butylbenzene  362.5 ± 14.3 0.8432 ± 0.138 0.9913 1566 ± 221 124 ± 13.6 
 a K11 is interpolated from a linear fit of ln K11 vs. # -CH2- (r2 = 0.9846) 
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4.2.2. Critical fulvic acid aggregation concentration (cfc) 
 

Like most large molecules and surfactants containing hydrophobic moieties, FA 

forms aggregate starting at some critical concentration, cfc. Any excess FA added after 

this concentration results in the formation of more aggregates. The formation of cfc is 

necessary for a significant solubilization, transport, and removal of insoluble organic 

species and binding of metal ions. The cfc was found from the point of intersection of 

two straight lines in the pre- and post-aggregate regions, as shown in Figure 14b. The 

average cfc was found to be 8.87 ± 0.06 μM FA, from the regression slope and intercept 

for all five n-alkylbenzenes. The cfc values of these solute showed no systematic trend 

with respect to alkyl chain length. This eliminates the possibility of a solute induced cfc 

change with increase in alkyl chain length. Apparently, the very low concentration of n-

alkylbenzenes (10-7 mole fraction) used in this study has no influence on the aggregate 

structure. The value obtained in our study is slightly higher than those reported in the 

literature cfc 3.6 μM 90 and 2 – 4 μM 91 using completely different techniques. The later 

study also showed cfc were almost independent of pH 2-11. Although cfc could vary 

depending on the origin and molecular weight of FA, it appears to have the same order of 

magnitude. Similarly, low molecular weight humic acid fractions showed aggregation 

concentration in the range 50-100 mg/L, which is even lower than FA92. In contrast, 

critical micelles concentrations (cmc) for most synthetic surfactants are 2-3 orders of 

magnitude higher. Therefore, FA is a much better solubilizing agent than synthetic 

surfactants. This is also proven by the following measurements.  
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4.2.3. Solute-aggregation association constant, Kn1  
 
Figure 14 shows the peak area ratio increases monotonically as the concentration of FA 

increases post aggregation as more solute binds with the aggregate.  This further 

decreases the concentration of free monomer solute in aqueous phase and in the vapor 

phase. According to equation 17, the slope (Kn1/n) was used to calculate the value of the 

aggregation-solute association constant by using the FA’s aggregation number, n = 20 

obtained from literature static light scattering measurements 10. The Kn1 values, obtained 

from the regression of the data in this region, are shown in table 9. It shows that FA-

aggregate Kn1 values are at least 2 and 3 orders of magnitude higher than that of SDBS- 

and SDS-n-alkylbenzene values, respectively.  This is also consistent with K11 

measurements.  Furthermore, this is also consistent with the observation that small 

surfactant molecules (SDS or Triton-X) cannot break FA aggregates10. By comparing K11 

and Kn1/n (association constant per unit of FA in aggregations), we find that the tendency 

of a single FA in the aggregate pseudo-phase to bind an n-alkylbenzene is 3-5 times 

higher than that of an isolated FA in the solution. These significant differences in the two 

binding constants show that the solute solubility from the bulk is very different in the 

aggregate pseudo-phase due to their structure and the hydrophobicity. Although, there is 

no literature exists to compare with our results, we find that fluorescence polarization 

measurement of Kn1 of perylene with FA at similar concentrations is 1.8 x 106 M-1 

(independent of pH 2-11) 91. This value is one order of magnitude lower than that for n-

butylbenzene, 13.8 x 106 M-1.  The large binding constants confirm the presence of a 

strongly hydrophobic region in the aggregate for n-alkylbenzene like molecules. We note 
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that literature studies on the solubility of PAH and other nonvolatile organics in FA 

solution used organic solvent (glycerol, methanol etc) to make the standards 19, where 

even at low concentrations of the organic solvent can help retain more solutes in the 

aqueous phase and lower Kn1 values 93. This is also true for literature partition coefficient 

values as discussed later.  

       It is estimated that there are 1-9 aggregates per n-alkylbenzene solute molecule; 

therefore, the solute-solute interaction in the aqueous bulk phase and that inside the 

aggregate pseudo-phase can be neglected. Thus, K11, Kn1, and other distribution 

properties reported here can be regarded as their infinite dilution values. 

 

 Table 9. Values of Kn1 from linear least-squares regression of A0/ Ai vs.  [FA]t in the 
post-aggregation region  at  25.0 oC.   
 

Solute Kn1, (x 103)  
M-1 

r2 Kn1, M-1 
(SDBS) 

Kn1, M-1 
(SDS) ref 71 

Benzene  1390 ± 1.2 0.9842 15600 ± 251 1474 ± 11 
Toluene  2372 ± 4.3 0.9887 33800 ± 261 4171± 44 
Ethylbenzene  8910 ± 5.5 0.9820 49400 ± 192 10197± 64 
n-Propylbenzene  11408 ± 7.1 0.9982 78000 ± 83 28302a 
n-Butylbenzene  13812 ± 3.9 0.9972 80600 ±137 76117 ± 100 

          a Kn1 is interpolated from a linear fit of ln Kn1 vs. # -CH2- (r2 = 0.9996) 
 

4.2.4. Solute-aggregate partition coefficient, Kx     
        
The mole fraction partition coefficient, Kx, is a practical parameter and its value indicates 

the partitioning of solute between two immiscible but mutually saturated phases.  Kx can 

be calculated by applying equation 22 and easily converted to molar concentration based 
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Kc by equation 23. While K11 and Kn1 are model dependent, Kx and Kc are not. 

Measurements of these parameters by HSGC do not require solute concentrations for a 

dilute solution. Figure 15 shows the dependency of Kx on the total [FA] concentration. It 

shows, as [FA]t increases the aggregates concentration also increases and Kx values 

appear to level off.   From Figure 15, it is seen that Kx values become constant above ca. 

15 μM [FA]t. The average Kx value after 15 μM FA remains relatively constant within 

6% rsd. The Kx values show that the enhanced solubilization of hydrophobic n-

alkylbenzenes is due to the partitioning of the solutes into the FA aggregate phase by the 

virtue of hydrophobic interaction. Therefore, for homologous series, the more 

hydrophobic the molecule is the higher its partitioning becomes as seen from the trend in 

Kx values moving from the least hydrophobic benzene to the most hydrophobic n-

butylbenzene. This is also consistent with the findings that large humic molecules 

associate with small ones by forming micelle-like aggregates 94, 95.  The partitioning of n-

alkylbenzenes in FA is more favored than that in SDBS and SDS as seen in table 10.   

 The decrease in Kx from lower [FA]t to high [FA]t and subsequent leveling off 

may be the lack of inclusion of small aggregate complexes in our model in the transition 

region. It could also be due to the increase in packing density of the aggregate which 

could expel some hydrocarbon molecules dissolved in them. There exists some evidence 

that a transition of FA molecule from small flexible entity to a globular (even rigid) shape 

is possible as the concentration of FA increases 91. A rigid shape, after losing its 

rotational degrees of freedom due to self-association, can exclude hydrophobic solutes 

and eventually reaches a constant volume. This could explain the decrease in Kx and 
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increase in inter-aggregate activity coefficient, γm, to a nearly constant value, as [FA]t 

increases. Unfortunately, no similar data for the partitioning of n-alkylbenzenes in the 

literature are available for comparison. 

 

Table 10. Partition coefficients of n-alkylbenzenes in FA compared to other surfactants 
at 25.00 C.  
 
Surfactant FA SDBS SDS ref 71 

Solute Kx (x104) Kx (x104) Kx (x104) 
Benzene  134.0 3.81 0.13 
Toluene  2130.0 8.67 0.40 
Ethylbenzene  2830.0 12.6 0.96 
n-Propylbenzene  3730.0 19.4 na 
n-Butylbenzene  4640.0 20.5 na 

 

 

     
Figure 15. Effect of total FA concentration on water-aggregate pseudophase partition 
coefficient of n-alkylbenzene at 25.00 C. 
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4.2.5. Intra-aggregate activity coefficient 
 

As shown earlier that estimation of activity coefficient of n-alkylbenzene solute 

partitioned inside the aggregate is possible by using equation 25 and the literature values 

of the infinite dilution activity coefficient of solute in water 71.  Figure 16 shows the 

intra-aggregate activity coefficients (γm) of n-alkylbenzenes with increasing FA 

concentrations. The data shown here are only for FA concentrations after the cfc. These 

γm values are 2-3 orders of magnitude lower than that of SDS and SDBS micelles.  This 

indicates that there may be strong solvophobic and specific interactions between FA-

aggregate and n-alkylbenzenes. These interactions are stronger for benzene and decrease 

with the length of the side chain. The average γm values after 20.0 μM FA for benzene, 

toluene, and ethylbenzene, n-propylbenzene, and n-butylbenzene are shown in table 11. 

These very low γm values compared to those in aqueous phase  means that the aggregate 

interior is extremely favorable (by 8-10 orders of magnitude) compared to water for 

retaining these solutes and a thermodynamically, non-ideal pseudo-phase 

microenvironment. Also, the γm values obtained here are less than unity and are 2-4 

orders of magnitude lower than pure n-alkylbenzene (unity as the standard state). This 

indicates the added attractions between the inner-core of the aggregate are greater than 

those between identical n-alkylbenzenes in their pure state. The leveling off of γm values 

at higher [FA] concentrations indicates that the microenvironment of the solubilized 

species is not altered significantly on increasing the aggregate concentration beyond a 

certain level. The variation of γm as a function of [FA] simply indicates the changing 

nature of the interior microenvironment of the aggregate. The data also shows benzene 
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has the lowest γm and n-butylbenzene has the highest γm, which indicates the aggregate 

microenvironment is more polarizable benzene-like and less aliphatic-like. 

We estimated that the intra-aggregate volume fraction is 44 times (ratio of molar 

volume of FA/ benzene) lower than the intra-aggregate mole fraction ( the molar volume 

of FA was estimated at 3950 ml/mol in water at pH 6.5 81 and the molar volume of 

micellar SDS  is 250 mL/mol) 82. Consequently, the volume fraction activity coefficients 

are 44 times larger. At these intra-aggregate mole fraction (10-7) and volume fraction (10-

9) there is no significant solute-solute interaction inside the aggregate pseudo-phase. 

Therefore, γm can be regarded as the infinite dilution value for the solute inside the 

aggregate.  

 

Table 11. Activity coefficients of n-alkylbenzenes in FA compared to synthetic 
surfactants at 25.00 C. The molar volumes, mL/mol, are shown in parenthesis.  
 

Surfactant (MV) FA (3950) SDBS (348) SDS(250) ref 71 
Solute γ(x10-4) γ(x10-4) γ(x10-4) 
Benzene  1.83 700 18000 
Toluene  4.29 1100 23100 
Ethylbenzene  11.40 2600 34800 
n-Propylbenzene  36.70 7100 na 
n-Butylbenzene  123.00 27400 74300 
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 Figure 16. Effect of total FA concentration on intra-aggregate activity coefficients of n-
alkylbenzene at 25.00 C. 

 

4.2.6. Transfer free energies of functional groups 
  

To get further insight for the transfer of n-alkylbenzene from water to aggregate 

pseudo-phase, we calculated the transfer free energy of a methylene unit for such a 

process. Using the linear least squares fitting of ln(Kx) vs. n-CH2- in n-alkylbenzene at 

four different [FA]t concentrations at 14.7, 22.8, 26.5, and 30.0 µM FA yield average 

slope = 0.2604 ± 0.011, average intercept = 16.63 ± 0.03, and average r2 = 0.9965. The 

transfer free energy, ΔGtransfer = -RT slopeaverage, calculated from the average slope was -

155 ± 6 cal/mol per –CH2-. This value is much higher than those of transfer of –CH2- 

groups of several solute homolog series from aqueous to various nonpolar and SDS 

micellar phases between -550 and -884 cal/mol 88 and SDBS (table 12). This is indicative 
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of a much lower affinity (higher free energy) for partitioning of an alkyl group in the FA 

aggregate pseudo-phase compared to those of surfactants containing long alkyl chain. In 

contrast, a much lower free energy of transfer of benzene -9722 ± 17 cal/mol (ΔGtransfer, 

benzene = -RT interceptaverage) indicates a substantially higher affinity of benzene for FA 

aggregate. This is also supported by large binding constants and low intra-aggregate 

activity coefficient. These observations indicate that the aggregate environment is more 

benzene-like (highly polarizable) with specific affinity for such molecules and less alkyl-

hydrocarbon like. This is also consistent with various molecular models of FA and 

favorable aromatic ring π- π interactions 96, 97.  

 

  Table 12. Thermodynamic transfer free energy of  n-alkylbenzenes in various 
surfactants at 25.00 C. 
 

Surfactant FA SDBS SDS ref 71 
Transfer free energy of Cal/mol Cal/mol Cal/mol 

-CH2- -155 -236 -580 

 

-9722 -6426 -4150a 

                                     a. from reference (98) 
 

 

4.3. Humic acid-n- alkylbenzene system 
 

In this section, we studied the aggregation process of HA the same way we 

followed in the case of SDBS and FA. Since humic substances (FA and HA) strongly 

affect the bioavailability and  transport of organic substances in sediments, aquifers, and 

soils, we extended this work to cover HA to compare its data to those of FA. Like fulvic 
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acid, the present work shows HA forms aggregates starting at some critical concentration 

called critical humic acid aggregation constant, chc. Since the molecular weight of HA 

acid is not known, the concentration used for the following work is reported in mg/L and 

therefore, the moles cannot be calculated and the data from this experiment are shown in 

Table 13. 

 

Table 13. Table shows peak area ratio for the addition of HA in aqueous solution of n-
alkylbenzenes at pH 7.5 and  25.00 C. Given the A0 one can calculate Ai for each entry. 
 

Run# Humic acid Benzene Toluene Ethylbenzene n-Propylbenzene n-Butylbenzene 
Pure peak 
area, A0   → 

22725 54885 48514 48583 25791 

HA, mg/L ↓Peak area ratio, A0/Ai 
0.00 0.00 1.00 1.00 1.00 1.00 1.00 
1.00 1.61 1.01 1.03 1.04 1.04 1.04 
2.00 3.21 1.02 1.04 1.07 1.08 1.09 

3.00 4.81 1.04 1.10 1.14 1.16 1.15 

4.00 6.41 1.04 1.19 1.30 1.37 1.36 

5.00 8.00 1.05 1.26 1.42 1.57 1.59 

6.00 9.58 1.06 1.34 1.52 1.74 1.81 
7.00 11.16 1.06 1.42 1.63 1.88 2.03 

8.00 12.74 1.06 1.49 1.77 2.05 2.32 
9.00 14.31 1.06 1.57 1.87 2.21 2.58 
10.00 15.87 1.07 1.66 1.98 2.38 2.84 

11.00 17.43 1.07 1.73 2.10 2.57 3.03 

12.00 18.99 1.07 1.82 2.21 2.70 3.22 

13.00 20.54 1.07 1.91 2.34 2.89 3.47 

14.00 22.09 1.08 2.00 2.45 3.10 3.68 

15.00 23.63 1.08 2.09 2.58 3.25 3.85 

16.00 25.17 1.08 2.18 2.69 3.40 4.01 

17.00 26.71 1.08 2.28 2.81 3.54 4.18 

18.00 28.24 1.08 2.38 2.95 3.70 4.33 

19.00 29.76 1.09 2.48 3.10 3.82 4.45 
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4.3.1. Solute-humic acid association constant, K11    
                                                                                                                                                                        

Like the case with FA, the addition of HA to a solution containing  n-

alkylbenzenes as solute reduces the free concentration of monomer solute in the aqueous 

and the vapor phase due to binding and partitioning of solute in solution. The peak area 

ratio (A0/ Ai) vs. total humic acid concentration is shown in Figure 17. It clearly shows 

the pre- and post-aggregation regions. The post aggregation region is more linear than the 

pre-aggregation region. The results of the linear regression of the limited data in the pre-

aggregation region are shown in table 14. The calculated K11 value increases as the 

number of methylene group increases in the benzene homologues with comparable values 

for n-propylbenzene and n-butylbenzene. This association is also driven by hydrophobic 

forces, because the strength of that interaction increases with increasing hydrophobicity 

of the n-alkylbenzenes (length of the side chain). The large K11 values indicate there is 

strong association of n-alkylbenzenes with humic acid. Our results are similar to that of 

pyrene- humic binding constant found to be in  the range of (3.1 – 55.1) x103 L/mg 99  

which are in the same order of magnitude. The K11 values for FA-, SDBS- and SDS-n-

alkylbenzenes are listed in table 14. Clearly, the K11 for HA is at least 2, 3 and 4 orders 

of magnitude higher than those for FA, SDBS, and SDS, respectively. This is due to the 

small size of FA, SDBS and SDS monomer compared to a single HA; the latter has 

sizeable nonpolar hydrophobic aromatic and aliphatic groups, greater phenolic content, 

greater carbon content, and greater molar volume (molecular weight), than the 

corresponding SDBS, SDS or the fulvic acids 100,101. 
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                                              (a)                                                                                                        (b)   
   
 
Figure 17. (a) Peak area ratio A0/ Ai vs.  [HA]t  for n-alkylbenzenes at 25.00 C.  (b) 
Figure shows the intersection of two lines outlined in the theory section. Typical 
experimental errors are shown for benzene and the straight line. The error bars indicate 
larger error at lower vapor phase concentration. 

 

Table 14. Values of K11 from linear least-squares regression of A0/ Ai vs.  [HA]t in the 
pre-aggregation region at pH 7.5 and 25.00 C.  Literature K11 for SDS-solute, our FA-, 
and SDBS-solute values are listed in the table. The values for FA, SDBS, and SDS are 
converted to L/g from L/mol described earlier. 
 
Solute      K11  (  L/g ) Intercept r2 K11, L/g 

(FA-solute)  

K11, L/g 

(SDBS-solute)  

K11, L/g 

(SDS-solute) ref 71  

Benzene  8701 ± 3.0 1.0034 ± 0.032 0.9330 73 0.67 0. 0009 

Toluene  24899 ± 13 0.9933 ± 0.053 0.9592 125 1.22 0.0347 

Ethylbenzene  39963 ± 3.1 0.9863 ± 0.088 0.9584 180 1.93 0.0867 

n-Propylbenzene  70655 ± 6.1 09590 ± 0.160 0.8862 286 3.40 0.1897 

n-Butylbenzene  67657 ± 14.3 0.9628 ± 0.138 0.9085 381 4.50 0.4300 
   a K11 is interpolated from a linear fit of ln K11 vs. # -CH2- (r2 = 0.9846) 
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4.3.2. Critical humic acid aggregation concentration (chc) 
 

Like most surfactants and FA, HA forms aggregate starting at some critical 

concentration. We call it critical humic acid aggregate concentration, chc. Any excess 

HA added after this concentration goes into the formation of more aggregates. The chc 

was found from the point of intersection of two straight lines in the pre- and post-

aggregate regions, as shown in Figure 17b and was found to be 4.81 ± 0.02 mg/L HA. 

The chc values of these solutes showed no systematic trend with respect to alkyl chain 

length. This eliminated the possibility of a solute induced chc change with increase in 

alkyl chain length. Apparently, the very low concentration of n-alkylbenzenes (10-7 mole 

fraction) used in this study has no influence on the aggregate structure. It is reported that 

some critical aggregation concentration of HA occurs at 1.0 mg/L or lower with 

uncertainty in the exact concentration102.  There is a wide range from the literature for chc 

values ranging from 100-1010 mg/L using completely different techniques and different 

solution preparations 103. The diversity in chc values in the literature are also attributed to 

HAs origin or biomass manipulations 104,105. And since chc values are highly affected by 

the origin and other structure related parameters, the adjustment and modification for  

highest potency is possible 104,105. Qudari et al reported that mixing food wastes with 

lignocelluloses wastes  decreased the cmc value by a factor of up to 8.63 105.  It is 

important to note that the chc obtained by our method is clearly discernible as a 

breakpoint in change of concentration solute in the vapor phase. The literature values of 

chc are much higher because the techniques used by others are not sensitive to detect 

small changes in concentrations of solute in liquid or in vapor. It is entirely possible that 
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there may exist more than one chc for HA. The first one is at low concentration with low 

aggregation number and the second one is at much higher concentration with a large 

aggregation number. Such as the chc with a range 100 – 1010 mg/L was reported by 

others 103. Clearly, the huge uncertainties in literature values of chc stem from nature, 

origin, and the chemical composition of humic acid. Apparently, HA is not available as 

pure as FA. 

 

4.3.3. Solute-aggregation association constant, Kn1  
 

The exact nature of humic acid aggregate is not known with a fixed aggregation 

number. However, we have shown that there is a critical concentration of HA where a 

pseudo-phase aggregation can be inferred.  Figure 17 shows the peak area ratio increases 

significantly as the concentration of HA increases and more solute associates with the 

aggregate.  This decreases the concentration of free monomer solute in aqueous phase 

and in the vapor phase. The HS’s aggregation number, n, is assumed to be 20 same as 

that of FA10. If we assume that aggregation number, n, is inversely proportional to the 

molecular weight (~1000 for FA and 3000 for HA), the n for HA would be 6. In absence 

of any information on the aggregation number for HA, this assumption is made for the 

sake of comparison. The Kn1 values, obtained from the regression of the data in this 

region, are shown in table 15 assuming this aggregation number. It shows that HA-

aggregate Kn1 values are at least 3 orders of magnitude higher than that of SDS-n-

alkylbenzene values.  This is also consistent with K11 measurements.  By comparing K11 

and Kn1/n (association constant per unit of HA in aggregations), we find that the tendency 
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of a single HA in the aggregate pseudo-phase to bind an n-alkylbenzene is 5-30 times 

higher than that of an isolated HA in the solution. These significant differences in the two 

binding constants show that the solute solubility from the bulk is very different in the 

aggregate pseudo-phase due to their structure and the hydrophobicity. The large binding 

constants confirm the presence of a strongly hydrophobic region in the aggregate for n-

alkylbenzene like molecules and even more hydrophobic than FA. For HA the number of 

aggregates per n-alkylbenzene could even be less due to its smaller aggregation number. 

Therefore, K11, Kn1, and other distribution properties for HA reported here can be 

regarded as their infinite dilution values. 

 

Table 15. Values of Kn1 from linear least-squares regression of A0/ Ai vs.  [HA]t in the 
post-aggregation region at pH 7.5 and 25.00 C. The aggregation number n is also shown 
for the surfactants. The values for FA, SDBS, and SDS are converted to L/g from L/mol.  
 
Solute Kn1, ( L/g ) 

n= 6 
r2 Kn1, ( L/g) 

(FA)n 
n= 20 

Kn1, ( L/g)  
(SDBS)n 

n= 26 

Kn1, ( L/g) 
    (SDS)n

 ref 71
 

n= 60 
Benzene  15190 ± 1200 0.9842 4781 44.8 5.1 
Toluene  296844 ± 4300 0.9887 7718 97.0 14.5 
Ethylbenzene  433740 ± 5500 0.9820 9585 141.8 35.4 
n-Propylbenzene  593088 ± 7100 0.9982 12044 231.8 98.1 
n-Butylbenzene  659880 ± 3900 0.9972 15870 231.3 264.0 
    a Kn1 is interpolated from a linear fit of ln Kn1 vs. # -CH2- (r2 = 0.9996) 
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4.3.4. Solute-aggregate partition coefficient, Kx     
        

The solute–aggregate partition coefficient is a quantitative measure of 

solubilization of hydrocarbons in presence of HA and indicates the partitioning of solute 

between two immiscible but mutually saturated phases. Figure 18 shows the dependency 

of Kx on the total [HA] concentration. It shows as [HA]t increases, the aggregates 

concentration also increases and Kx values appear to level off at the end. From Figure 18, 

it is seen that Kx values become constant above ca. 12 mg/L [HA]. The average Kx after 

12 mg/L HA is relatively constant within 5% rsd. The values are 2.25 x 105, 29.5 x 105, 

43.0 x 105, 56.4 x 105, and 65.8 x 105 for benzene, toluene, ethylbenzene, n-

propylbenzene, and n-butylbenzene, respectively and these values are two orders of 

magnitude lower than that of FA as shown in table 16. From these results, we conclude 

that pseudo-phase microenvironment of FA is more aromatic from inside and covered 

with –COOH from the outside than that of HA. However, the binding of single n-

alkylbenzene is much higher with HA compared to that of FA due to the larger size of 

HA and the nonpolar-polarizable environment.  

Similar to FA, the Kx values show that the enhanced solubilization of 

hydrophobic n-alkylbenzenes is due to the partitioning of the solutes into the HA 

aggregate phase. Therefore the more hydrophobic the solute molecule is the higher its 

partitioning becomes as seen with the trend in Kx values moving from the least 

hydrophobic benzene to the most hydrophobic n-butylbenzene. This is true for HA, FA, 

SDBS, and SDS. The drop in Kx from lower [HA] to high [HA] and subsequent leveling 
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off may be due to the same reasons explained earlier. There is no similar data for the 

partitioning of n-alkylbenzenes in the literature to compare with. 

 

Table 16. Partition coefficients of n-alkylbenzenes in HA compared to other surfactants 
at 25.00 C. 
 

Surfactant HA FA SDBS SDS ref 71 
Solute Kx (x104) Kx (x104) Kx (x104) Kx (x104) 
Benzene  22.5 1342.0 3.81 0.13 
Toluene  295.0 2130.0 8.67 0.40 
Ethylbenzene  430.0 2830.0 12.6 0.96 
n-Propylbenzene  564.0 3730.0 19.4 na 
n-Butylbenzene  658.0 4640.0 20.5 na 

 

 
 Figure 18. Effect of total HA concentration on water-aggregate pseudo-phase partition 
coefficient of  n- alkylbenzene at pH 7.5 and 25.00  C. 
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4.3.5. Intra-aggregate activity coefficient of n-alkylbenzene in HA 
 

The activity coefficient is a measure of non-ideality or hydrophobicity of a solute 

in a solvent compared to a standard state of pure solute. Therefore, it is a direct measure 

of solute-solvent interactions at infinite dilution. As shown earlier that estimation of 

activity coefficient of n-alkylbenzene solute partitioned inside the aggregates is possible 

by using equation 25 and the literature values of the infinite dilution activity coefficient 

of solute in water.  Figure 18 shows the intra-aggregate activity coefficients (γm) of n-

alkylbenzenes with increasing HA concentrations. The data shown here are only for HA 

concentrations after the cac. As shown in table 17, γm values are 1-2 orders of magnitude 

higher than those of FA and 1-2 orders of magnitude lower than those of SDS micelles 71. 

This could mean there are strong solvophobic (repulsive) and specific interactions 

between HA-aggregate and n-alkylbenzenes. These interactions are stronger for benzene 

and decreases with the length of the side chain as the γm increases. The average γm values 

after 12.5 mg/L HA for benzene, toluene, and ethylbenzene, n-propylbenzene, and n-

butylbenzene are 0.0110, 0.0031, 0.0076, 0.0241, and 0.0861 compared to that of 2480, 

9190, 32700, 136000, and 566000, respectively, in water continuous phase.  

This means the aggregate interior is extremely favorable (by 5-7 orders of 

magnitude) compared to water for housing these solutes. Also, all of the γm values 

obtained here are less than unity and 1-2 orders of magnitude lower than pure alkyl 

benzene (unity as the standard state). This indicates the added attractions between the 

hydrophobic inner core of the aggregate are greater than those between identical n-

alkylbenzenes in their pure state.   
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Similar to FA, the γm values at higher [HA] stabilized and did not change much. 

The variation of γm as a function of [HA] simply indicates the changing nature of the 

interior solvophobic microenvironment of the aggregate. Figure 18 shows benzene has 

the lowest γm and n-butylbenzene has the highest, which indicates the aggregate 

microenvironment is more polarizable benzene like and less aliphatic like.  

 

Table 17. Activity  coefficient of humic acid compared to other surfactants at pH 7.5 and 
25.00 C. 
 
Surfactant HA FA SDBS SDS ref 71 
Solute γ(x10-4) γ(x10-4) γ(x10-4) γ(x10-4) 
Benzene  110  1.83 700 18000 
Toluene  31 4.29 1100 23100 
Ethylbenzene  76 11.40 2600 34800 
n-Propylbenzene  241 36.70 7100 na 
n-Butylbenzene  861 123.00 27400 74300 
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Figure 19. Effect of total HA concentration on intra-aggregate activity coefficients of n-
alkylbenzene at pH 7.5 and 25.00 C. 

 

4.3.6. Transfer free energies of functional groups    
 

The transfer free energy of a methylene and aryl units from aqueous medium to 

HA aggregate were calculated  using the linear least squares fitting of ln (Kx) vs. n-CH2- 

in n-alkylbenzene at three different [HA]t concentrations at 15.9, 20.5, and 25.2 mg/L 

HA. The results are shown in table 18. The value of –CH2- is much higher than those of 

transfer of –CH2- groups of SDS and  SDBS, and slightly lower than that of FA. This is 

indicative of a much lower affinity (higher free energy) for partitioning of an alkyl group 

in the HA aggregate pseudo-phase compared to those of the aforementioned synthetic 

surfactants. Also, the value of free energy of transfer of benzene was higher than that of 

FA and lower than those of SDS and SDBS. And that tells the affinity of aryl group for 
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HA aggregate. These values indicate that the aggregate environment is more benzene-like 

(highly polarizable), with specific affinity for such molecules and less alkyl-hydrocarbon 

like. Humic aggregate environment is less aromatic compared to that of FA. It could be 

due to the larger number of aggregate FA.    

 

Table 18. Thermodynamic transfer free energy of  n-alkylbenzenes in various surfactants 
at pH 7.50 and  25.0 0 C. 
 
Surfactant HA FA SDBS SDS ref 71 
Transfer free energy of cal/mol cal/mol cal/mol cal/mol 

-CH2- -194 -155 -236 -580 
 

 

 
-8013 

 
-9722 

 
-6426 

 
-4150a 

        

4.4. Effect of pH on the association of n-alkylbenzenes with FA 
 

Both FA and HA are molecules containing large numbers of  -COOH and 

phenolic-OH groups as shown in Table 1. It is reported by Chen and Schnitzer 62 humic 

substances are neutral at low pH and charged at higher pH. Therefore, one would expect 

to observe significant change in their structure and conformation when pH is changed, 

particularly when the solution is acidic. In this section, we tested the effect of the pH on 

the association and partitioning of n-alkylbenzenes with fulvic acid. This study compares 

the data for pH 5.5 and pH 7.6. The solutions were freshly prepared to make sure there 

was no change in the pH since no buffer was use. The conditions used for this experiment 
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were similar to that described for FA and the only change was raising the pH to 7.6; the 

data from this experiment are shown in table 19. 

 

Table 19. Table shows peak area ratio for the addition of FA in aqueous solution of n-
alkylbenzenes at 25.00 C and pH 7.6. Given the A0 one can calculate Ai for each entry. 
 
Run# moles of FA 

added 
Fulvic Benzene Toluene Ethyl 

benzene 
n-Propyl 
benzene 

n-Butyl 
benzene 

Pure peak area, A0   

→ 
3347 16405 31277 62555 48492 

FA, uM ↓Peak area ratio, A0/Ai 
0.00 0.00E+00 0.00 1.00 1.00 1.00 1.00 1.00 
1.00 2.66E-08 1.66 1.21 1.38 1.43 1.58 1.65 
2.00 5.30E-08 3.31 1.55 1.90 2.06 2.55 2.93 

3.00 7.94E-08 4.97 1.73 2.51 3.00 4.00 5.02 

4.00 1.06E-07 6.61 2.15 2.94 4.02 6.02 8.22 

5.00 1.32E-07 8.25 2.56 3.83 5.43 8.99 13.25 

6.00 1.58E-07 9.89 3.07 4.83 6.90 12.23 19.03 
7.00 1.84E-07 11.52 3.58 6.14 8.81 15.68 25.26 

8.00 2.10E-07 13.14 4.06 6.67 10.33 18.79 31.31 
9.00 2.36E-07 14.76 4.89 7.90 11.91 21.74 33.96 

10.00 2.62E-07 16.38 5.60 9.40 13.96 24.08 37.22 

11.00 2.88E-07 17.99 5.81 10.03 15.18 27.63 41.09 

12.00 3.14E-07 19.60 6.86 11.95 17.94 29.60 43.49 

13.00 3.39E-07 21.20 7.50 13.74 19.54 31.18 46.23 

14.00 3.65E-07 22.80 8.28 14.86 21.08 33.26 48.01 

15.00 3.90E-07 24.39 9.22 16.84 23.10 35.26 50.72 

16.00 4.16E-07 25.98 9.99 18.05 24.25 38.28 53.64 

17.00 4.41E-07 27.56 10.80 20.71 26.00 39.49 55.48 

18.00 4.66E-07 29.14 11.70 22.41 29.18 42.35 58.28 

19.00 4.91E-07 30.71 12.49 26.63 30.22 44.81 60.84 

20.00 5.16E-07 32.28 19.13 26.50 33.45 46.30 60.62 
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4.4.1. Solute-fulvic acid association constant, K11: Effect of pH   
 

The peak area ratio (A0/ Ai) vs. total fulvic acid concentration at the two different 

pH values are shown in Figure 20. Obviously, the pH adjustment has an insignificant 

effect on cfc value. The results of the linear regression of the limited data in the pre-

aggregation region for the two pH values are shown side by side in table 20. The 

calculated K11 value increases as the number of methylene group increases in the benzene 

homologues and with increasing pH in water. At pH 5.5 (low), most of the functional 

groups namely, -OH and –COOH are neutral 62, and they become ionized at pH 7.6 

(higher pH). When these groups are fully or partly ionized, the electrostatic interaction 

(intramolecular repulsion) among these charged functional groups as well as their 

interactions with the bulk solution affects their conformation and consequently their 

hydrophobic interactions with the solute. It has been reported that increasing pH of FA 

results in more expanded structure of FA molecules, opening more exposed sites for 

interactions 24,81, 106, 107.  
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                               (a)                                                                        (b)      
                                  
Figure 20.  Peak area ratio A0/ Ai vs.  [FA]t  for n-alkylbenzenes at 25.00 C  and pH  (a) 
5.5  (b) 7.6.  

 

Table 20. Values of K11 from linear least-squares regression of A0/ Ai vs.  [FA]t in the 
pre-aggregation region at 25.0 0 C and three different pH values.  
 
 
 

 

 
 

 

4.4.2. Critical fulvic acid aggregation concentration (cfc): Effect of pH 
 

As shown in Figure 20, the cfc decreases slightly with increasing pH of FA. The 

average cfc was found to be 8.87 ± 0.06 and 8.21± 0.05 μM FA at pH 5.5, and 7.6, 

respectively. This decrease in cfc may be due to the fact that the development of charged 
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pH 5.5 7.6 
Solute K11 (103 x M-1) K11 (103 x M-1) 
Benzene  69.5 ± 1.0 186.9 ± 2.5 
Toluene  118.6 ± 1.3 335.9 ± 7.0 
Ethylbenzene  171.0 ± 3.1 317.0 ± 6.5 
n-Propylbenzene  272.1 ± 6.1 947.1 ± 16.3 
n-Butylbenzene  362.5 ± 14.3 1437.1 ±19.7 
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acidic functional groups on FA begins at pH 7.6. Therefore, the resulting electrostatic 

repulsion produces stability for any premature aggregate. 

  

4.4.3. Solute-aggregation association constant, Kn1, at different pH 
 

Figure 20 shows the peak area ratio increases significantly as the concentration of 

FA increases and more solute associates with the aggregate. The Kn1 values for the two 

pH values are summarized in table 21. Similar to K11, Kn1 values increase with increasing 

pH and increase up to one order of magnitude from neutral form to partially charged 

forms of FA. The large binding constants show that the hydrophobic domain in FA 

increase in size with increasing pH. The electrostatic forces between the functional 

groups cause an increase in the size of the aggregate to impart the maximum stability. 

Therefore, the pseudo-phase will be composed of more extended FA monomers and more 

cites for interaction become available.   

 

Table 21. Values of Kn1 from linear least-squares regression of A0/ Ai vs.  [FA]t in the 
post-aggregation region at 25.0 0 C and  different pH values. 
 

pH 5.5 7.6 
Solute Kn1 (103 x M-1) Kn1 (103 x M-1) 
Benzene  1390 ± 1.2 8088  ±8.3 
Toluene  2372 ± 4.3 15614  ± 12.4 
Ethylbenzene  8910 ± 5.5 22184  ± 13.8 
n-Propylbenzene  11408 ± 7.1 32678  ± 16.0 
n-Butylbenzene  13812 ± 3.9 43472 ±18.2 
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4.4.4. Effect of pH on solute-aggregate partition coefficient, Kx   
        

Figure 22a and b show a plot of Kx on the total [FA] concentration. They show, 

as [FA]t increases the aggregates concentration also increase and Kx values appear to 

level off to a constant value at the end. From these Figures, it is seen that Kx values 

become constant above cfc. 15 and 18 μM [FA] at pH 5.5 and 7.6, respectively. The 

average Kx values are summarized in table 22. And as shown, the partition coefficients 

increase considerably with increasing pH. This trend is attributed to the increased size 

and stability of the aggregate as pH increases. From these results we conclude that the 

microenvironment formed by FA consists of a hydrophobic core of aromatic nature and 

hydrophilic outer layer of acidic groups as shown in figure 21.  
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Figure 21. Proposed microenvironment of n-alkylbenzenes in the pseudo-phase of FA 
aggregate.  It shows the inner core is of aromatic nature and the outer layer H-bonded 
carboxylic groups. 
  

 

       

  Table 22.  Partition coefficients of n-alkylbenzenes in FA at 25.00 C and different pH 
values.   
 

pH 5.5 7.6 
Solute Kx (x107) Kx (x107) 
Benzene  1.34 2.83 
Toluene  2.13 5.90 
Ethylbenzene  2.83 7.30 
n-Propylbenzene  3.73 10.97 
n-Butylbenzene  4.64 15.24 
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                                           (a)                                                                                                             (b) 
 
Figure 22. Effect of total FA concentration on water-aggregate pseudo-phase partition 
coefficient of n-alkylbenzene at 25.00 C and pH (a) 5.5 and (b) 7.6. 
 

4.4.5. Effect of pH on intra-aggregate activity coefficient 
 

  Although n-alkylbenzenes are neutral species, there is no direct effect of pH on 

them. However, pH could change the hydrophobicity of the humic materials and change 

their conformation and even cause precipitation at lower pH. Consequently, the binding 

and partitioning of the solute can change. Figure 23 shows the intra-aggregate activity 

coefficients (γm) of n-alkylbenzenes with increasing FA concentrations at both pH values. 

The average γm values are shown in table 23. The γm values decrease with increasing pH 

and this could mean there are stronger solvophobic and specific interactions between FA-

aggregate and n-alkylbenzenes in the basic medium where some functional groups are 

ionized. The variation of γm as a function of pH simply indicates the changing nature of 

the interior solvophobic microenvironment of the aggregate.  In both mediums, these 

interactions are stronger for benzene and decrease with the length of the side chain.  
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 Table 23. Intra-aggregate activity coefficients of n-alkylbenzene in FA at 25.00 C and 
different pH values. 
 

pH 5.5 7.6 
Solute γ(x10-4) γ(x10-4) 
Benzene  1.83 0.86 
Toluene  4.29 1.56 
Ethylbenzene  11.40 4.48 
n-Propylbenzene  36.70 12.40 
n-Butylbenzene  123.00 37.21 

 

         
 
                                             (a)                                                                                                  (b) 
Figure 23. Effect of total FA concentration on intra-aggregate activity coefficients of n-
alkylbenzene at 25.00 C and pH (a) 5.5 and (b) 7.6. 

 

4.4.6. Effect of pH on the transfer free energies of functional groups 
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decreases with increasing pH indicating more favorable environment for –CH2- 

partitioning at higher pH. Also, the much lower free energy of transfer of benzene 

decrease with increasing pH. This again, shows the ordering of aromatic moieties of FA 

aggregates is better at higher pH. It is known that at lower pH (5.5), there are homo and 

hetero inter- or intra-molecular hydrogen bonding between the carboxylic -COOH groups 

and the phenolic –OH. This decreases the size of FA by folding around itself. Therefore, 

the exposed aromatic moieties available for interaction are limited. On the other hand, at 

elevated pH these acidic groups become deprotonated. As a result, the size increases due 

to two reasons; first, these charged groups repel each other, and secondly, the hydrogen 

bonding decreases.  

 

Table 24. Thermodynamic transfer energy of alkylbenzenes 25.0 0C and different pH 
values. 
 

pH 5.5 7.6 
Transfer free energy of cal/mol cal/mol 

-CH2- -155 ± 6 -245 ± 35 

 
 

 
-9722 ± 17 

 
-10300 ± 50 

 

4.4.7. pH profile during addition of FA 
 

In order to understand the change in pH during addition of FA in the HSGC 

experiments; we measured the pH of the solution in separate similar experiments. The 

results show pH change has a significant effect on acidic functional groups- carboxylic 
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and phenolic groups- and hence, affects the aqueous behavior of fulvic acid. Since the pH 

adjustment was not carried out using buffer, this experiment was essential because the pH 

of the aqueous solution containing n-alkylbenzenes may not remain the same during the 

addition of FA. The experiment started with addition of FA stock solution at both pH 

values covered in this work (2.4 and 11.9). The initial pH of the B-BB stock solution was 

6. It is slightly acidic due to the dissolved atmospheric CO2 (g).  Figure 24 shows the pH 

change during the addition of FA to the aqueous B-BB solution.  The pH of the mixture 

drops from 6 until it reaches concentration near the cfc, then remains constant with an 

average of 5.5 and standard deviation of 0.41 in the case of pH 2.4 as shown in figure 24 

a.  And it rises from pH 6 until it reaches concentration near the cfc, then remains steadily 

with an average of 7.6 and standard deviation of 0.32 in the case of pH 11.9 as shown in 

figure 24 b. We note that the use of buffer is not common in such studies except for metal 

ion complexation studies 108. 
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                                    (a)                                                                                                                (b)                               
 
Figure 24. Figures show pH change during addition of FA stock solution at 25.00 C and  
initial pH of (a) 2.35  and (b) 11.92. 

      

4.5. Effect of temperature on the association of n-alkylbenzenes with 
FA 

 
In order to get a clear understanding of thermodynamic parameters for the binding and 

partitioning of n-alkylbenzenes with fulvic acid we studied the temperature dependence 

of the parameters discussed earlier. Binding and association parameters were obtained at 

250, 300, and 400C and the data for the experiment done at 30 and 400 C are shown in 

table 25 and 26, respectively. 
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Table 25. Table shows peak area ratio for the addition of FA in aqueous solution of n-
alkylbenzenes at pH 5.5 and 30.00 C. Given the A0 one can calculate Ai for each entry. 
 
 
Run# moles of FA 

added 
Fulvic Benzene Toluene Ethyl 

benzene 
n-Propyl 
benzene 

n-Butyl 
benzene 

Pure peak area,    
A0   → 

4180 20644 41223 86461 71759 

FA, uM ↓Peak area ratio, A0/Ai 
0.00 0.00E+00 0.00 1.00 1.00 1.00 1.00 1.00 
1.00 2.66E-08 1.66 1.05 1.14 1.09 1.10 1.06 
2.00 5.30E-08 3.31 1.17 1.22 1.27 1.29 1.23 

3.00 7.94E-08 4.97 1.29 1.39 1.52 1.55 1.48 

4.00 1.06E-07 6.61 1.42 1.68 1.71 2.29 2.21 

5.00 1.32E-07 8.25 1.52 1.95 2.02 3.48 4.62 

6.00 1.58E-07 9.89 1.74 2.20 2.88 4.68 7.13 
7.00 1.84E-07 11.52 2.09 2.68 3.61 6.61 9.30 

8.00 2.10E-07 13.14 2.29 3.20 4.86 7.90 11.78 
9.00 2.36E-07 14.76 2.49 3.85 6.28 9.88 14.18 

10.00 2.62E-07 16.38 2.81 4.55 7.21 12.02 16.24 

11.00 2.88E-07 17.99 3.21 5.40 8.38 13.60 18.45 

12.00 3.14E-07 19.60 3.82 6.20 9.32 15.52 20.38 

13.00 3.39E-07 21.20 4.29 7.14 10.55 17.44 22.22 

14.00 3.65E-07 22.80 4.77 7.89 12.02 18.84 23.80 

15.00 3.90E-07 24.39 5.44 9.06 13.58 21.10 25.49 

16.00 4.16E-07 25.98 6.20 10.67 15.29 22.27 27.18 

17.00 4.41E-07 27.56 6.92 12.14 17.25 24.15 29.05 

18.00 4.66E-07 29.14 7.61 13.24 18.79 26.50 30.57 

19.00 4.91E-07 30.71 8.42 15.94 21.53 28.14 32.09 

20.00 5.16E-07 32.28 9.73 17.13 23.32 30.61 34.76 
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Table 26. Table shows peak area ratio for the addition of FA in aqueous solution of n-
alkylbenzenes at pH 5.5 and 40.00 C. Given the A0 one can calculate Ai for each entry. 
 
Run# moles of 

FA added 
Fulvic Benzene Toluene Ethyl 

benzene 
n-Propyl 
benzene 

n-Butyl 
benzene 

Pure peak area, A0   

→ 
6297 29971 58244 108294 77654 

FA, uM ↓Peak area ratio, A0/Ai 
0.00 0.00E+00 0.00 1.00 1.00 1.00 1.00 1.00 
1.00 2.66E-08 1.66 1.09 1.17 1.36 1.27 1.24 
2.00 5.30E-08 3.31 1.19 1.23 1.43 1.40 1.51 

3.00 7.94E-08 4.97 1.26 1.39 1.78 1.74 2.25 

4.00 1.06E-07 6.61 1.31 1.43 1.93 2.15 3.72 

5.00 1.32E-07 8.25 1.42 1.75 2.59 3.50 5.05 

6.00 1.58E-07 9.89 1.63 2.18 3.12 4.86 7.09 
7.00 1.84E-07 11.52 1.94 2.80 4.16 6.35 9.16 

8.00 2.10E-07 13.14 2.43 3.69 5.48 8.07 11.32 
9.00 2.36E-07 14.76 2.70 4.35 6.63 9.35 12.82 
10.00 2.62E-07 16.38 3.15 5.05 7.81 11.29 14.61 

11.00 2.88E-07 17.99 3.73 6.28 9.08 12.80 16.93 

12.00 3.14E-07 19.60 4.10 7.02 10.14 14.28 19.08 

13.00 3.39E-07 21.20 4.55 8.18 11.24 16.24 20.67 

14.00 3.65E-07 22.80 5.03 9.02 12.37 17.57 23.16 

15.00 3.90E-07 24.39 5.56 10.05 13.71 19.14 25.94 

16.00 4.16E-07 25.98 6.02 11.93 14.30 18.06 26.02 

17.00 4.41E-07 27.56 6.52 12.24 15.49 17.50 26.33 

18.00 4.66E-07 29.14 7.06 13.13 17.06 16.95 27.22 

19.00 4.91E-07 30.71 7.51 13.76 17.69 14.69 28.21 

20.00 5.16E-07 32.28 8.29 14.10 19.12 14.11 28.60 

 

4.5.1. Solute-fulvic acid association constant and thermodynamic parameters:  
Effect of temperature on K11 

 
The values of the solute-fulvic acid association constant, K11  at various temperatures are 

summarized in Table 27. These values increase with increasing temperature which is a 

sign of an endothermic association process driven by entropy. This is a common 

observation in surfactant interactions. SDS- lysozyme binding process was reported as an 
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endothermic process and entropy driven 109 and also similar observations have been 

reported by others 110. The fact that enthalpy value is positive and relatively large 

indicates that this association is strong and complicated. Going from toluene to n-

butylbenzene  the translational entropy decreases due the increased size of the solute. For 

the binding process of  FA, the entropy decreases due to the increased size of the solute. 

The total entropy change, ΔS is equal to (SFA-B – (SFA +SB)). The entropy of n-

butylbenzene, SB is higher than that of toluene, ST. 

 

 
 

                                                       (a)                                                                                               (b)        
                                
 Figure 25.  Peak area ratio Ao/Ai vs. [FA]t  for n-alkylbenzenes at pH 5.5 and  ( a) 30.0 
C and (b)  40.0 C. 
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Table 27. The solute-FA association constant, K11 and the thermodynamic parameters for 
n-alkylbenzenes-FA system at pH 5.5 and different temperatures. a 

 
Solute Benzene Toluene Ethylbenzene n-Propylbenzene n-Butylbenzene 

Temperature K11 (103 x M-1),  ΔG0, ΔH0 (k cal mol−1), ΔS0 (cal K-1 mol−1) 
25 69.5 ± 1.0 118.6 ± 1.3 171.0 ± 3.1 272.1 ± 6.1 362.5 ± 14.3 

30 87.0 ± 2.1 151.4 ± 3.1 247.6± 4.2 427.3 ± 11.0 498.2 ± 10.6 
40 110.1 ± 2.9 186.7 ± 5.0 317.0 ± 8.2 479.3 ± 10.2 598.6 ± 13.1 

ΔG0 

 

 

 

-22.1 ± 2.1 
-22.6 ± 3.1 
-23.1 ± 2.8 

-23.2 ± 1.1 
-23.7 ± 2.0 
-24.1 ± 1.9 

-23.9 ± 1.0 
-24.7 ± 1.9 
-25.2 ± 3.0 

-24.8 ± 1.2 
-25.8 ± 1.7 
-26.0 ± 2.4 

-25.4 ± 1.6 
-26.1 ± 1.7 
-26.4 ± 2.9 

ΔH0 2.5 ±0.12 2.4 ± 0.21 3.3 ± 0.33 2.9 ± 0.11 2.7± 0.09 
ΔS0 34.8± 0.22 35.6 ± 0.01 40.7 ± 0.37 39.7 ± 0.98 38.9 ± 0.03 

 

a The values of K11 at a certain temperature are used for the calculation of Gibbs free energies Change by Δ G◦ = −RT lnK11, 
where R is the gas constant and T the temperature expressed in Kelvin. The enthalpy of the association of n-alkylbenzenes 
with FA are calculated using the Van’t Hoff equation: ΔH◦ =−R lnK11/(T ). The entropy of the association is calculated by ∆S0 = 
1/T(ΔH◦-∆G0). 

 

4.5.2. Critical fulvic acid aggregation concentration (cfc): Effect of 
temperature 

 
The average cfc was found to be 8.87 ± 0.06 , 8.23 ± 0.04, and 6.21 ± 0.15 μM FA at 

temperatures 250, 300, and 400 C, respectively, as shown in Figures 14a, 25 a, and 25b. 

Individually, the cfc values of these solute showed no systematic trend with respect to 

alkyl chain length or solute concentration, therefore, solute induced cfc formation is ruled 

out. The cfc appears to decrease with increasing temperature within experimental error. 

The decrease is most pronounced at 40 C by more than 2 μM FA. These observations 

show that there are minimum temperature Tmin and maximum temperature Tmax for 

aggregate formation. And that is backed up by studying the effect of temperature on the 

aggregation number of CTAB 111. Similar to CTAB, this significant decrease in cfc at a 

higher temperature indicates a breakdown of aggregate pseudo-phase due to higher 
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mobility of individual FA molecules. Also, there could be enhanced accumulation of 

water inside the aggregate. Overall, the structural change of the aggregate after certain 

temperature could significantly affect Kn1, Kx and γm. 

 

4.5.3. Effect of temperature on solute-aggregation association constant, Kn1  
 
Figure 14a, 25a, and b show the peak area ratio increases significantly as the 

concentration of FA increases and more solute associates with the aggregate.  The Kn1 

values for the three different temperatures are summarized in table 28. Kn1 values are 

highest at 300 C and lowest at  400C.  These values indicate the hydrophobic domain is 

altered by the temperature. 

 

Table 28. Values of Kn1 from linear least-squares regression of A0/ Ai vs.  [FA]t in the 
post-aggregation region at pH 5.5 and different temperatures. 
 

Temperature 25.00 C 30.00 C 40.00 C 
Solute Kn1 (103 x M-1) Kn1 (103 x M-1) Kn1 (103 x M-1) 
Benzene  1390 ± 1.2 6038 ± 4.2 2870 ± 3.2 
Toluene  2372 ± 4.3 6716 ±6.1 6562 ±7.0 
Ethylbenzene  8910 ± 5.5 11284 ± 8.1 10776 ±7.3 
n-Propylbenzene  11408 ± 7.1 18840 ± 10.3 17876 ±9.9 
n-Butylbenzene  13812 ± 3.9 28132 ± 14.2 22190 ±11.1 
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4.5.4. Effect of temperature on solute-aggregate partition coefficient, Kx 
        
Figure 15, 26a, and b show the relationship of Kx on the total [FA] concentration. They 

show the increase in [FA]t increases the aggregates concentration and Kx values appear to 

level off to a constant value at the end. These Figures show that Kx values become 

constant above ca. 15, 17, and 18 μM [FA] at temperatures 250, 300, and 400C, 

respectively. The average Kx values for all three temperatures are summarized in table 

29. And as expected from the trend in Kn1 values, the partition coefficients increase going 

from 25 to 300C and decreases at higher temperatures. This decrease in Kx at a higher 

temperature could be due to the disturbance in the aggregates by the temperature of the 

solution.    

 

 Table 29. Partition coefficients of n-alkylbenzenes in FA at pH 5.5 and different 
temperatures. 
 

Temperature 25.00 C 30.00 C 40.00 C 
Solute Kx (x107) Kx (x107) Kx (x107) 
Benzene  1.34 1.77 1.60 
Toluene  2.13 3.89 3.21 
Ethylbenzene  2.83 4.83 4.19 
n-Propylbenzene  3.73 6.72 5.34 
n-Butylbenzene  4.64 7.88 5.34 
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                                    (a)                                                                                                           (b) 
 
Figure 26. Effect of total FA concentration on water-aggregate pseudo-phase partition 
coefficient of n-alkylbenzenes at pH 5.5 and (a) 30.00 C (b) 40.00 C. 

 

4.5.5. Effect of temperature on intra-aggregate activity coefficient  
 

Figure 16, 27a, and b show the intra-aggregate activity coefficients (γm) of n-

alkylbenzenes with increasing FA concentrations at 250, 300, and 400C. The data shown 

here are for FA concentrations after the cfc. These γm values are lowest at 300 C 

compared to the other temperatures. These can be explained by the fact that the 

environment inside the aggregates is optimum at 300 C among temperatures covered in 

this study. Temperature affects the strength of the hydrophobic effect and subsequently 

the interaction with the solvent changes. This could mean there are stronger solvophobic 

and specific interactions between FA-aggregate and n-alkylbenzenes  at the optimum 
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temperatures. The average γm values are shown in table 30. The variation of γm as a 

function of temperatures simply indicates the changing nature of the interior solvophobic 

microenvironment of the aggregate.  

 

Table 30. Intra-aggregate activity coefficients of n-alkylbenzene at pH 5.5 and different 
temperatures. 
 
Temperature 25.00 C 30.00 C 40.00 C 
Solute γ(x10-4) γ(x10-4) γ(x10-4) 
Benzene  1.83 1.41 1.55 
Toluene  4.29 2.73 2.87 
Ethylbenzene  11.40 6.78 7.81 
n-Propylbenzene  36.70 20.20 25.5 
n-Butylbenzene  123.00 71.90 107.0 

 

 
                                             (a)                                                                                                  (b) 
 
Figure 27. Effect of total FA concentration on intra-aggregate activity coefficients of n-
alkylbenzene at pH 5.5 and (a) 30.00 C and (b) 40.00 C. 
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4.5.6. Effect of temperature on the transfer free energies of functional groups 
 

The effect of the temperature on the transfer free energy of a methylene and aryl 

units of n-alkylbenzene from water to aggregate pseudo-phase is expected to be affected 

by the heat of the solution. The transfer free energy calculated as shown in table 31 were 

-155 ± 6, -193 ± 5, and -119 ± 31 cal/mol per -CH2- at 250, 300, and 400C, respectively. 

These values decrease from going from 250 to 300 C and then it increases considerably at 

400 C. Also, the free energy of transfer of benzene were -9722 ± 17, -9726 ± 32, -9910 ± 

15 cal/ mol at 250, 300, and 400C, respectively. The values at 250 and 300 C are 

comparable and show insignificant effect, but the value at 400C decreased considerably.  

These results again show the microenvironment is most stable at 30 and least stable at 40 

0
C. 

 

Table 31. Thermodynamic transfer free energy of  n-alkylbenzenes at pH 5.5 and 
different temperatures. 
 

Temperature 25.00C 30.00C 40.00C 
Transfer free energy of cal/mol 

-CH2- -155 ± 6 -193± 5 -119± 31 

 
 

 
-9722 ± 17 

 
-9726± 32 

 
-9910 ± 15 
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APPLICATION OF AQUEOUS SDBS, HA, AND FA TO SOLUBILIZE AND 
EXTRACT PETROLUEM HYDROCARBONS 

5.1.  Introduction 
 

Surfactants are widely used in tertiary oil recovery i.e., crude oil retained in the 

sand and the porous rocks, oil extraction during fracking, and also to mitigate oil spills in 

the environment. This study was performed to evaluate the treatability of sand 

contaminated with commercial diesel fuel by aqueous humic substances and compare 

them with that of the aqueous synthetic surfactant, SDBS. The study was conducted to 

mimic a primary natural condition where heavy hydrocarbons are spilled in the sand. The 

results shown here are only for the major composition of diesel fuel containing normal 

chain aliphatic hydrocarbons (C10 – C22). Other branched aliphatic and aromatic 

compounds are not reported here. But the conclusions of this study may equally apply to 

those compounds.  
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                           ( a)                                                                                                     (  b) 
 
Figure 28. GC–MS of  diesel fuel extracted from contaminated sand.  Top: total ion 
chromatogram of diesel fuel and mass spectrum of hexadecane, m/e 226 (bottom).  It 
shows the peaks caused by n-alkanes consecutively marked as 1-12 for C10 - C22 with 
carbon increments.  (a) the control without FA and  (b) after washing with FA at pH 11.9. 
The typical peak area was about 15 times smaller than the control showing extraction 
capability of FA.  

 

5.2. Results and Discussion 
 
The complexity of samples like diesel fuel requires the use of GC/MS analysis of organic 

extracts of sand deliberately contaminated with the fuel.  First, the contaminated sand 
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was mixed  with 1 mL of neat diesel fuel in 10 different sealed glass bottles (labeled 1-9) 

and equilibrate at 22 ºC for 3 days. The first study involved washing the contaminated 

sand with 1.11 mM FA at pH 2.4, 4.3, 10.7 and 11.9. Secondly, a similar study was also 

performed using HA at pH 10.8 and 2.1. Finally, after adjusting the optimum pH for both 

HA and FA, they were compared that of SDBS without pH optimization. The optimum 

pH for FA and HA was found after extraction. The extraction solvent was chosen to be a 

1:1 - dichloromethane and hexane after testing each solvent separately; the mixture 

showed the highest extraction performance. Each sample was carefully removed from the 

top and placed in a 2 mL screw top vial with septa and analyzed with a Hewlett Packard 

GC-MS (GC-HP 5890 + MS- HP5971) using a DB-1, fused silica capillary column. 

These studies provided the relative extraction efficiencies with respect to a control 

(blank). The control blank has sand, diesel, and the extraction solvent in the same 

proportions as others and treated the same as other samples. The blank has no surfactants. 

Therefore, the supernatant organic phase was sampled and analyzed by the GC-MS. The 

GC–MS profile of this petro-diesel fuel before and after washing with FA at pH 11.9 is 

depicted in Figure 28. This peak area was taken as the zero extraction value. The 

extraction efficiency is calculated from the mass balance by the equation: Total mols of i-

th hydrocarbon present equals to moles washed off by surfactant solution + moles 

extracted by the mixed solvent. Assuming that the moles of solute are proportional to the 

total ion chromatographic peak area one can find the extraction efficiency of the 

surfactant as follows:  

% Extraction = (1- Ai  / A0) x 100   
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Where Ai  is the peak area of i-th hydrocarbon remained after washing off with surfactant 

and  then extracting the hydrocarbons with mixed organic solvent and  A0 is the peak area 

of i-th hydrocarbon after extraction of the control with the same mixed organic solvent. It 

should be noted that only one washing and one extraction were performed throughout this 

work.  

It is now clear from our previous studies that FA, HA, SDBS can associate, 

partition, and extract n-alkylbenzenes like hydrocarbons very efficiently. It is therefore 

possible that similar extraction efficiencies could be obtained for normal hydrocarbons, 

which are abundant in gasoline, diesel, or crude oils.  

The extraction efficiency (or detergency) of FA at different pH is shown in 

Figure 29. The results in table 32 show that FA exhibits the highest performance at pH 

11.9 among pH values covered with an average of 65% removal efficiency for all the 

hydrocarbons. About 30 and 29 % removal efficiencies were also observed at pH 2.4 and 

10.8 and these values are comparable. The least efficiency was seen at slightly acidic pH 

4.3 where the removal efficiency averaged less than 20 %. Increasing the pH of FA 

results in structural expansion 24 and consequently enhancing its surface activity. It is 

consistent with our observation that the highest partitioning of n-alkylbenzenes takes 

place at elevated pH for FA. 
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Table 32. Removal efficiency extracted from the sand after sand washing with HA, FA, 
SDBS and water at different pH and at ambient conditions. 
 

Surfactant Water SDBS FA HA 
pH 5.9 a 2.4 4.3 10.8 11.9 2.1 10.8 
% Average 
removal efficiency 

1 5 31 16 28 65 4 30 

                      aNo pH adjustment was done. 
 

 
 
Figure 29. Percent retention of diesel hydrocarbons using fulvic acid at different pH and 
22.00 C. 
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precipitate out at pH > 2 112. This could reduce the solubilization ability of HA for 
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the presence of more ionizable functional groups in FA (910 –COOH and 330 –OH cmol/ 

kg) compared to HA (450 –COOH and 210 –OH cmol/ kg) that make FA more polar that 

HA.  In HA, these functional groups are fewer and they start ionizing at high pH and this 

explained the aqueous solubility of HA at high pH. 

 

 
 
Figure 30. Removal efficiency of diesel hydrocarbons using humic acid at different pH 
values and 22.00 C. 

 

After optimizing the pH of FA and HA, another study was done to compare their 

washing abilities to that of SDBS. The evaluation of the percentage of diesel fuel 
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efficiency with an average of 65 % compared to 30 % removal efficiency for HA. It 

shows that both humic and fulvic acids enhance the solubility of aliphatic hydrocarbons 

the same magnitude.  As shown earlier, the cmc value of SDBS is two order of magnitude 

higher than both chc and  cfc and that explains the low removal efficiency of SDBS. 

Humic acid is expected to perform better than FA, but only at the optimum pH. 

  

 

 
 
Figure 31. Removal efficiency of diesel hydrocarbons using fulvic acid, humic acid, 
SDBS and water at 22.00 C. 
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observation was done by adding 0.2540 g of crude oil in screw top vials with septa 

numbered 1, 2, 3, 4, and 5. Then, 30 ml of deionized water, 139 mg/L SDBS, 5.3 mg/L 

FA ( pH 2.3), and 5.3 mg/L HA ( pH 10.8), and a mixture of HA/FA (15 mL 5.3 mg/L 

each) were transferred to vial 1, 2, 3, 4, and 5, respectively. The solution was equilibrated 

for 3 days with occasional hand-shaking.  Figure 32 shows the photograph of the 

samples taken on the third day. The control shows no solubility of the crude in water 

followed by SDBS, FA, FA+HA, and HA. Obviously, HA shows the nearly complete 

solubilization of the crude in water while SDBS exhibits the lowest. FA and a mixture of 

FA and HA show good solubilization. This observation clearly demonstrates that humic 

substances are promising natural surfactants to extract crude oil.  
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Figure 32. Picture shows water (control) did not solubilize the crude oil, SDBS showed 
some solubility, FA and the mixture (FA/HA) show moderate solubility, and HA showed 
the highest solubility. Clearly, crude oil is very stable and hard to solubilize using high 
concentration of conventional surfactants.  

 

We also observe that the color of FA becomes darker with decreasing pH as 

shown in Figure 33. This observation was investigated by recording the visible spectra of 

FA at different pH in the range of 400 - 900 nm (Figure 34) using a diode array 

spectrophotometer (Vernier Model SVIS-PL). It shows that at lower pH the absorbance is 

higher than that at higher pH. Also, at pH 11.9 and 10.8, a peak around 650 nm emerges 

in addition to the peaks around 450 nm for all. The pH of the medium can affect the 

ionization of –COOH, phenolic –OH, -NH2 functional groups. And ionization of these 

functional groups could cause expanding or unfolding of FA molecules and a new 
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absorption band emerges toward the longer wavelength as a result of changing in the 

multiplicity of resonance structures.  

 

 
Figure 33. Picture shows FA color change with changing pH. The color becomes darker 
with decreasing pH. 
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Figure 34. Changes in the UV-VIS spectra of aqueous FA solutions in the pH interval 
2.4 - 11.92.  The samples were darker at lower pH and lighter in color at higher pH 
correlates with relative magnitude of the absorbance. 

 

5.3. Solubilization and extraction of gasoline hydrocarbons with 
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alkylbenzenes from aqueous media. We have tested this for the solubilization and 
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peaks were identified from a separate GC-MS experiment and shown only for the volatile 

alkylbenzenes. Figures 36 (a, b) show the percent solublization efficiency of the 

hydrocarbon calculated from the relative loss of vapor-phase concentration: % extraction 

= (1- Ai/A0) x 100. The solublization efficiency is 30-50% for all the alkylbenzenes. It 

appears that the smaller benzene has lower efficiency than that of the larger p-

ethyltoluene . This is in agreement with our previous studies. The isomers of xylene (o, p) 

show no difference. It is noted that the solubilization efficiencies increase almost linearly 

with a slight deviation at 5-6 µM FA, which is close to the cfc. After this point one 

cannot rule out the possibility of mixed aggregate formation in presence of relatively 

large concentration of hydrocarbon in gasoline. However, the solublization efficiencies 

are large enough to bind or solubilize petroleum hydrocarbons from contaminated water 

and reduce their volatility for further contamination. 
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Figure 35.  A typical HSGC experiment run shows peaks for gasoline ( Shell 87) in (a) 
absence and in (b) presence of 13.9 µM FA. HSGC was recorded for 24 addition of 0.534 
µM FA each. 

 

      
  
                                 (a)                                                                                                     (b) 
 
Figure 36.  A plot of percent solblization of (a)  o-xylene, p-xylene, isopropylbenzene, 
and p-ethyltoluene and (b) B, T, and EB in  FA and. About 35-60% of the compounds are 
extracted in FA as 1:1 or n:1 complex at 25.00C. 
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STUDIES OF LIQUID-LIQUID EXTRACTION BY HSGC 

6.1. Principle of liquid-liquid extraction (LLE) 
 

Liquid-liquid extraction, LLE is one of the most used methods in chemistry 

laboratory to separate mixtures.113-115  LLE is done by using two immiscible solvents to 

give two phases, usually organic and aqueous phases, where the compound to be 

separated has high solubility in one of the phases. Thus there is a physicochemical 

transfer of solute from one phase to another. Any liquid hydrocarbon paired with water 

makes very good LLE solvents due to the difference in polarity, and the quality of the 

mixture gets better with increasing difference in their boiling points. The LLE between 

any two immiscible liquids such as water and liquid organic hydrocarbons, such as n-

dodecane and 1-octanol  is very important to many applications ranging from enhanced 

oil recovery to drug delivery 116.  Petrochemical industries utilize physicochemical 

properties such as partition coefficients of solutes in these two immiscible solvent phases 

to optimize technical and environmental conditions.117 

Measuring the partition coefficient or extraction efficiency by using the minimum 

portions of solvent has always been a problem with  LLE. What is the minimum 

concentration to effect an extraction is also not clear from theory or experiment?  It has 

been shown that using large volumes of solvent is less efficient than small portions for 

single extraction113-115. This fact alone necessitates the study of LLE at molecular-scale if 
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possible. In practice, the LLE partition coefficient is measured by extracting the solute by 

a suitable solvent into a phase and measuring the concentration of the solute in both 

phases by a suitable analytical technique. This procedure could disturb the LL 

equilibrium and uses large quantities of solvents. The purpose of this work is to develop a 

HSGC procedure to test whether LLE partition coefficients can be measured by 

incrementally adding one of the solvents at extremely low volume (µL) into another 

solvent containing n-alkylbenzenes at infinite dilution. This experiment is very similar to 

experiments described above with SDBS, FA, and HA, except that we consider the 

formation of a neat phase with unit activity compared to that of a pseudo-phase 

aggregate. We also consider the formation of mononer solute: monomer solvent complex 

formation before the formation of the neat phase at some critical phase ratio (cpr). An 

equilibrium theory of the process is developed and applied for the extraction of aqueous 

n-alkylbenzenes with n-dodecane and 1-octanol as the immiscible solvents. We find 

almost not literature on the subject. 

 

6.2. Theory of liquid-liquid extraction (LLE) with HSGC 
 
In LLE an immiscible solvent, S, is added to water containing the solute, B, at very low 

concentrations. The solute is preferentially partitioned into S. In HSGC experiments the 

solvent, S (n-dodecane or 1-octanol) is incrementally added at the smallest possible 

volumes until it exceeds the solubility limit; this point is called the critical phase ratio 

(cpr). One may assume the formation of SB complex before cpr. The total moles of 
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solute, B in the system is conserved before and after the addition of solvent, S, in a dilute 

aqueous solution of B. Therefore, the mole balance can be expressed as follows: 

 

                     (nw + nv )0 = nw + ns + nv                                                   26 
 

Where, subscript 0 is the moles of solute in water, W and vapor, V (headspace 

vapor) before addition of the solvent, S (dodecane, octanol etc). Since the vapor/liquid 

(W) partition coefficient of B is independent of the addition of solvent, S, at all times, 

one can write: 

 

              Kwv  = (nw / nv )0 =  nw / nv                                                                27 
 

Here, Kwv is the mole fraction based partition coefficient, a constant for a very 

dilute solution. Dividing both sides of eq 27 by nv, one can write: 

  

( nv0/nv) + Kwv = 1 + Kwv + ns/nv                                          28 
 

In HSGC, the peak area is proportional to the number of moles of solute in the 

headspace vapor. Therefore,  

 

                   A0 / Ai  = (1  + ns / nv )                                                              29 
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where, A0 is the peak area at zero addition of S, and Ai is the peak area at i-th addition of 

S. Assuming, that both S and W are neat phases and define: 

  

    ns/nv= Cs*Vs/Cv*Vv = Ksv(Vs/Vv)                                                     30 
 

where, Ksv is the molar concentration based partition coefficient. Equation 30 can be 

written as: 

 

A0
 / Ai  = (1 + Ksv (Vs / Vv ))                           31  

 
   A0/Ai  = 1+Ksw (Vs/Vw)                                                         32  

                                                

Therefore, a plot of A0 / Ai  vs. Vs / Vw is a straight line with a slope Ksw and an intercept 

1. Here, Ksw is the molar concentration based liquid-liquid partition coefficient. Here, Vs / 

Vw is the phase ratio. The solvent, S forms the neat phase almost immediately after it 

exceeds its solubility limit or the cpr. Before cpr, the solute, B binds to S, therefore we 

consider the equilibrium association constant for SB complex as follows:  

 

          S + B → SB            K11=[SB]/ ([S]*[B])                            33 
Given, 

                                               Kwv = (B/ Bv)0 =  B/ Bv                               34 
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Here, the K11 is molar concentration based association constant. The subscript 0 indicates 

the distribution of B before the addition of S. Assuming vapor phase concentration of Bv 

is negligible compared to that of the total B0 or that in solution and the total concentration 

of B is conserved, one can write. 

 

                  Bo = B + SB                                35  
 

      Bvo*Kwv =(Kwv + K11*S*Kwv)Bv                            36 

                 

If the vapor phase concentrations are replaced by peak areas from HSGC 

measurement, one can write, 

 

                A0/Ai = 1 + S K11                         37 
    

Assuming that the molar concentration of S is much larger than the concentration 

B, a plot of A0 / Ai vs. S  is linear with a slope of K11 in the pre-partition region and 

intercept of unity. This part of the derivation is similar to that of B-FA complex described 

in previous sections. 

From the general theory discussed earlier, it states that under equilibrium 

condition, the thermodynamic activities of the solute are the same in two immiscible 

phases, i.e.   
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                        Xs γs = Xw γw                                   38                                            
 

Where, γw is the activity coefficient of solute, B, in the water phase and γs is the activity 

coefficient of solute, B, in the organic phase. Based on pure solute as the standard state, 

γs is also known as the intra-organic layer activity coefficient. Also, γs is calculated using 

the following equation: 

 

                      γs = γw / Kx             39 
 

If the solute concentration is in the Henry's law region, then γw can be replaced by 

its infinite dilution activity coefficient, which can be obtained from the literature, or can 

be measured by the same HSGC technique. Equation 39 shows that measurements of γs 

can be obtained without a solute concentration.  

The theory described above shows that one can get LLE partition coefficient for 

solute between two neat solvents from the same solution containing immiscible phases, 

the binding constants between two monomers, and the intra-organic layer activity 

coefficient. The theory did not consider any interfacial effect like water layer around 

polar and non-polar solvents and the effect of these pseudo-layers on the partitioning. The 

theory also shows that solute concentrations are not needed to separate the phases for 

later analysis. Similar studies were reported for solute-solvent pairs by Li and Carr 88 to 
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obtain bulk partition coefficients. However, no attempts were made to measure 1:1 

association constant and the critical phase ratio, cpr. 

 

6.3. Results and discussion 
 

This work was done to understand the association equilibria partitioning of 

hydrophobic molecules dissolved in aqueous medium by the addition of extracting 

solvents such as n-dodecane and 1-octanol. All measurements were performed at 25.00.  

 

6.3.1. Liquid-liquid extraction, LLE with n-Dodecane (S) –water (W) system 
 

For this study, we chose n-dodecane, because it is widely used as a solvent to 

extract alcohols from water by petrochemical companies. Also, it is a pure hydrocarbon 

that representative of the most nonpolar phase. The following measurements were 

obtained. 

 

6.3.1.1. Association constant, K11, and critical phase ratio (cpr) 
                                                                                                                                                                          

In the beginning of the experiment, there was no addition of S. Therefore, the 

peak areas are proportional to the moles of solute present in the vapor phase in 

equilibrium with the liquid phase. The solvent, S was then added at 5.3 µL (or 4.3 x 10-3 

g in 18.0 mL water) increments and the peak areas were measured after each addition. 

Table 33 shows the data obtained from this experiment including the peak area from n-

dodecane in the vapor phase.  
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Table 33. Table shows peak area ratio for the addition of n-dodecane in aqueous solution 
of n-alkylbenzenes at 25.00 C. The n-dodecane peak area is also shown. Given the A0 one 
can calculate Ai for each entry. 
 

 
Run 

# 

Moles of 
n-C12H26 
added 

 

 Benzene Toluene Ethyl 
benzene 

n-Propyl 
benzene 

n-Butyl 
benzene 

Peak area 
of 

n-C12H26 
Pure peak area,    

A0 → 
2808 21017 54365 135153 150270 

Phase Ratio, 
(Vd/Vw) 

↓Peak area ratio, A0/Ai 

0 0.00E+00 0.00E+00 1 1 1 1 1 134151 
1 2.51E-05 3.17E-04 1.048 1.099 1.201 1.401 2.144 306240 
2 5.02E-05 6.33E-04 1.12 1.197 1.274 1.476 2.219 317518 
3 7.53E-05 9.50E-04 1.172 1.287 1.432 1.529 2.245 320798 
4 1.00E-04 1.27E-03 1.246 1.414 1.571 1.703 2.396 319797 
5 1.25E-04 1.58E-03 1.321 1.511 1.637 1.781 2.476 324734 
6 1.51E-04 1.90E-03 1.371 1.625 1.796 1.928 2.6 323271 
7 1.76E-04 2.22E-03 1.463 1.74 1.908 2.002 2.731 324657 
8 2.01E-04 2.53E-03 1.523 1.86 2.03 2.148 2.751 328036 
9 2.26E-04 2.85E-03 1.438 2.098 2.561 2.737 3.486 324384 

10 2.51E-04 3.17E-03 1.632 2.467 3.26 3.809 4.875 328096 
11 2.76E-04 3.48E-03 1.736 2.801 4 4.735 6.302 329058 
12 3.01E-04 3.80E-03 1.834 3.147 4.637 5.717 7.681 331046 
13 3.26E-04 4.12E-03 1.956 3.479 5.296 6.611 9.101 332025 
14 3.51E-04 4.43E-03 2.077 3.848 5.871 7.766 10.301 331833 
15 3.76E-04 4.75E-03 2.153 4.164 6.5 8.429 11.354 333967 
16 4.02E-04 5.07E-03 2.275 4.522 7.062 9.346 12.448 333083 
17 4.27E-04 5.38E-03 2.392 4.943 7.764 10.177 13.619 336528 
18 4.52E-04 5.70E-03 2.531 5.224 8.464 11.342 14.769 337245 
19 4.77E-04 6.02E-03 2.625 5.638 9.185 12.37 15.737 333393 
20 5.02E-04 6.33E-03 2.757 5.993 9.329 12.784 17.16 337394 

 

Figure 36 shows the peak area ratios as a function of n-dodecane/water phase 

ratio revealing the region before and after phase separation. Figure 36 shows that the 

average cpr occurs at about (3.4 ± 0.3)  x 10-3 (volume of n-dodecane/volume of water).  

By using the solubility of n-dodecane in water which is  2.14 x 10-8 mols/L118, we 

calculate the expected phase ratio (n-dodecane/water)  to be 3.21 x 10-3, which is in 
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excellent agreement with our results. The n-dodecane peak area is a clear indication of 

the cpr and the onset of a neat phase formation with unit activity where the peak area 

remains unchanged within 0.72 % rsd. The fact that there is no systematic trend in the 

peak area after cpr is indicative of a reproducible gas sampling. Therefore, HSGC 

measurement of solubility at the cpr is meaningfully representative of a transition of S 

from SB complex into partitioning of B into neat solvent. Due to the high polarity of 

water and high non-polarity of n-dodecane, the two liquids are immiscible starting at the 

cpr resulting in two phases; water-rich and n-dodecane rich phases as dispersed micro-

droplets (emulsion). The emulsion however was not observed visually.  

Before the micro-droplets coalesce to form neat, clear and distinct phases, the 

solute could associate with S as SB complex. It is obvious that nonpolar and polarizable 

n-alkylbenzenes could associate with nonpolar solutes like n-dodecane or the 

hydrocarbon tail of 1-octanol. This is observed from the decrease in peak area ratio 

before cpr. These weak interactions are not generally measured or observed in other 

techniques. The solute-n-dodecane association constant value is expected to be low, 

because n-dodecane molecules are surrounded by water molecules. There is a distinct 

possibility for the formation of small clusters of n-dodecane and trap the n-alkylbenzene 

into the cluster. This could also happen in the transition region from cluster to neat 

solvent clusters like droplets. Equation 38 shows that a plot of A0/ Ai vs. St before 

reaching cpr, is linear with a slope of K11 and intercept of unity. Table 34 shows that K11 

values are relatively small and all members of the homologue show relatively weak 

interactions between a monomer solute and n-dodecane molecules. The values slightly 
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increase with increasing hydrophobicity of n-alkylbenzenes. The –CH2- of n-

alkylbenzenes bring additional hydrophobic interactions. 

 

 
Figure 37. Peak area ratio as a function of n-dodecane/water phase ratio at 25.00 C. 

  

Table 34. Values of K11 from linear least-squares regression of A0/Ai vs. [n-dodecane]t in 
the pre-phase separation  at 25.0 0C.   
 

Solute KII (M-1) Intercept r2 

Benzene  79 ± 16 0.997±0.005 0.9996 

Toluene  153 ± 27 0.986±0.006 0.9987 
Ethylbenzene  225 ± 50 0.852±0.011 0.9987 
n-Propylbenzene  261 ± 60 0.974±0.014 0.9946 

n-Butylbenzene  296 ± 75 0.985±0.010 0.9997 
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6.3.1.2. Solute partition coefficient between n-dodecane and water phases, 
Kx   

 
According to equation 32, a plot of A0 / Ai  vs. Vs / Vw is a straight line with a 

slope Ksw and an intercept of 1. We note that Ksw is the molar concentration based liquid-

liquid partition coefficient. This can be converted into mole fraction based LL partition 

coefficient, Kx.  The Ksw and Kx values for n-alkylbenzenes in n-dodecane / water are 

shown in table 35.  There are no literature values to compare with ours. However, our 

values are of the same order of magnitude with those of hydrocarbon/hydrocarbon 

partitioning in hydrocarbon/water system 88. The values indicate an increasing trend in Kx 

with increasing length of alkyl chain. The calculation of the free energy of transfer of a –

CH2- unit from aqueous phase to n-dodecane was calculated from the linear relation 

between  ΔG0 (= −RT ln Kx) vs. number in n-alkylbenzenes (excluding benzene). This 

yields an average of -406 ± 20 cal / mol –CH2-  (n=4, r2 = 0.9953). The free energy of 

transfer was linearly related to Kx and increases with increasing length of alkyl chain. 

This –CH2- increment shows affinity difference for the two phases. This indicates that 

microscopic phase of hydrocarbons (n-dodecane) in water is probably not like neat 

hydrocarbon phase.  
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        Table 35. Partitioning of n-alkylbenzenes in n-dodecane / water at 25.00 C. 
 

Solute 
 

Ksw logKsw Kx a 

Benzene 615 ± 7 2.78 ± 0.85 7724 
Toluene 2110 ± 9 3.32 ± 0.95 26495 
Ethylbenzene 4718 ± 11 3.67± 1.04 59258 
n-Propylbenzene  9133 ± 14 3.96 ± 1.14 114711 
n-Butylbenzene 16618 ± 18 4.22 ± 1.25 208722 

a Kx = Ksw x 12.56, where the constant is molar volume ratio of n-dodecane/water 

 

6.3.1.3. Estimation of Infinite dilution activity coefficient in n-dodecane 
micro-phase, γ∞ 

 
The estimate of the activity coefficient of solutes inside the organic phase can be 

obtained by using equation 39 and the literature values of the activity coefficient of n-

alkylbenzenes in water, γ∞
w. The average γ∞

x values are shown in table 36 along with 

UNIFAC values. Though UNIFAC is a computational technique based on neat solvent 

assumption unlike our system, but still there is some agreements for larger molecules in 

the series taking the experimental error into consideration. The mutual solubility of water 

and n-dodecane has affected the smaller molecules activity coefficients significantly. As 

shown later with 1-octanol the agreements are better when mutual solubility is 

considered. 
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Table 36. Infinite Dilution Activity Coefficients of n-alkylbenzenes in n-dodecane at 
25.00 C. UNIFAC activity coefficient  calculator by Bruce Choy & Danny Reible, 
University of Sydney, Australia. 
 
 

 

 
 

 

 

6.3.2. Liquid-liquid extraction, LLE with 1-Octanol (S) –water (W) system 
 

Extraction of organic compounds in 1-octanol (amphiphilic nature) is thought to 

mimic the absorption and partitioning of such molecules in tissue bio-membranes of 

living organisms119. For this reason the partitioning of a large number of molecules were 

studied in 1-octanol/water system 120.  These data were then utilized to correlate 

molecular parameters and obtain relations between theory and experiment 121,122, 123, 124.  

The  KO/W  values were obtained with mutually saturated phases, often these phases are 

like emulsion or micro-droplets of 1-octanol in water.  Experimental techniques such as 

batch shake-flask, generator column, slow stir method, filter probe method, centrifugal 

partition chromatography (CPC), and high performance liquid chromatography were used 

to find KO/W 
120, 123, 125, 126. Ideally, none of these techniques are equilibrium techniques 

because either they are phase separated, centrifuged, or measured as sorption (not 

partition) of solute on 1-octanol phase i.e., in LC and CPC.  Here, we describe the 

equilibrium HSGC as a completely new method for the measurement of KO/W. In addition 

Solute 𝛄𝛄𝑺𝑺∞  UNIFAC  
Benzene 0.321 ± 0.022 1.00 

Toluene 0.347 ± 0.111 1.85 
Ethylbenzene 0.552  ± 0.217 2.09 
n-Propylbenzene 1.19  ± 0.447 2.35 
n-Butylbenzene 2.71 ± 0.559 2.61 



137 
 

to KO/W, the method allows measurement of 1-octanol-solute binding constant, critical 

phase ratio for LLE, and intra-solvent activity coefficient without knowing the solute 

concentrations.  

   

6.3.2.1. Association constant, K11, and critical phase ratio (cpr) 
 

Similar to the n-dodecane/ water system, the experiment started with zero addition 

of 1-octanol to the n-alkylbenzene containing aqueous solution. The amount of 1-octanol, 

S added at 3.0 µL (or  2.5 x 10-3 g in 18.0 mL water) increments. The resulting data 

including the peak area from 1-octanol  in the vapor phase are shown in table 37. 

The peak area ratio as a function of 1-octanol/water phase ratio presented in 

Figure 37 clearly shows the region before and after the phase separation. The average 

cpr occurs at about (1.0 ± 0.3)  x 10-3 (volume of 1-octanol/ volume of water).  If we use 

the solubility of 1-octanol in water which is 4.5 x 10-3 M 127, then the expected phase ratio 

of 1-octanol: water is 0.71 x 10-3, which is in good agreement with our value within 

experimental error. The 1-octanol peak area after the cpr has not changed much (within 3 

% rsd ) indicating the formation of an organic phase saturated with water. The change in 

%rsd is relatively higher than that of n-dodecane due to the relatively higher mutual 

solubility of 1-octanol and water. Unlike n-dodecane, 1- octanol forms micro-emulsion, 

which was visually observed at the 9th addition after the cpr point. This shows that actual 

phase formation (almost like a pseudo-phase) takes place before any observation of phase 

separation or micro-emulsion formation. Before the cpr, an 1:1 complex of SB forms. 
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Table 37. Table shows peak area ratio for the addition of 1-octanol  in aqueous solution 
of n-alkylbenzenes at 25.00 C. The 1-octanol peak area is also shown. Given the A0 one 
can calculate Ai for each entry. 
 

  
Run # 

  
  
  

Moles of 
C8H17OH 

added 
  
  
  

  
 

 
Pure peak 
area, A0  
 

Benzene Toluene Ethyl 
benzene 

n-Propyl 
benzene 

n-Butyl 
benzene 

Peak 
area of 

C8H17OH 
  
  
  

12440 30731 72862 71755 23341 

Phase Ratio, 
(Vd/Vw) 

↓Peak area ratio, A0/Ai 

0 0 0.00E+00 1.00 1.00 1.00 1.00 1.00 241460 

1 1.88E-08 1.67E-04 1.01 1.04 1.04 1.04 1.03 232886 

2 3.75E-08 3.33E-04 0.84 0.92 0.92 1.10 1.10 235213 

3 5.63E-08 5.00E-04 0.85 0.88 0.93 1.16 1.12 228846 

4 7.51E-08 6.67E-04 0.88 0.95 1.04 1.33 1.18 226960 

5 9.38E-08 8.33E-04 0.95 1.05 1.43 1.53 1.24 220590 

6 1.13E-07 1.00E-03 1.22 1.43 1.71 1.67 1.79 225427 

7 1.31E-07 1.17E-03 1.13 1.68 1.85 2.73 2.56 216934 

8 1.50E-07 1.33E-03 1.07 2.18 2.69 3.59 4.16 215928 

9 1.69E-07 1.50E-03 0.98 2.77 3.53 4.74 5.80 210684 

10 1.87E-07 1.67E-03 0.96 3.31 4.46 5.83 6.92 206228 

11 2.06E-07 1.83E-03 0.97 4.05 5.42 6.59 8.20 207696 

12 2.25E-07 2.00E-03 0.90 4.89 6.20 7.48 9.73 202978 

13 2.44E-07 2.17E-03 0.90 5.80 7.31 8.96 11.07 201837 

14 2.62E-07 2.33E-03 0.89 6.34 8.26 10.06 12.21 204636 

15 2.81E-07 2.50E-03 0.88 6.96 9.03 11.26 13.67 196961 

16 3.00E-07 2.67E-03 0.88 7.57 9.89 12.68 15.46 202096 

17 3.18E-07 2.83E-03 0.89 8.23 10.67 13.85 16.58 196192 

18 3.37E-07 3.00E-03 0.88 8.84 11.51 15.25 17.84 197112 

19 3.56E-07 3.17E-03 0.89 9.54 12.21 16.47 18.87 187871 

 

The hydrophobic interaction due to the presence of –OH in 1-octanol is expected 

to be weak due to the intra and inter hydrogen bonds with water.  The results from the 

linear least-squares regression of A0/Ai vs. [1-octanol] before cpr are shown in table 38. 

It shows that K11 value increases with increasing –CH2- of the solute and the overall 
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values indicate weaker interactions than that of n-dodecane. This observation is attributed 

to the amphiphilic nature of 1-octanol. 

 

 
Figure 38. Peak area ratio as a function of 1-octanol /water phase ratio at 25.00 C. 

  

Table 38. Values of K11 from linear least-squares regression of A0/Ai vs. [1-octanol]t in 
the pre-aggregation region at 25.0 0C.   
 

Solute K11 (M-1) Intercept r2 

Toluene  45 ± 2 0.9906 ±0.006 0.9995 
Ethylbenzene  104 ± 12 0.9866 ±0.013 0.9982 
n-propylbenzene  111 ± 6 0.9789±0.015 0.9895 

n- butylbenzene  118 ± 9 0.9825±0.013 0.9993 
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6.3.2.2. Solute partition coefficient between 1-octanol and water phases, Kx        
         

The plot of A0 / Ai  vs. Vs / Vw gave a straight line with a slope Ksw and an 

intercept of 1. Then mole fraction and molar-based solute partition coefficient (Kx and 

Ksw) are shown in table 39. The values of our data (Log K) are in good agreement with 

the literature values within the experimental error.  The free energy of transfer of the –

CH2- from aqueous phase to the neat organic phase was -136.7 ± 15 cal/mol which is 

higher than that into n-dodecane phase. This could be explain by the fact that the 1-

octanol phase is saturated with water and becomes an emulsion 1-octanol in water. This 

could make the organic pseudo-phase more polar, very hydrophobic, and larger in size. 

Therefore, the transfer of the solute into the organic phase becomes more difficult.  

 

   Table 39. Partition coefficient for n-alkylbenzene in 1-octanol/ water system  at 25.0 0C. 
 

Solute 
 

Ksw logK logK a Kx 

 

 
Toluene 4046 ± 12 3.60 ± 0.003 2.80  35402 
Ethylbenzene 5351 ± 14 3.73 ± 0.14 3.28  46821 
n-propylbenzene  6279 ± 19 3.80 ± 0.27 3.90  54941 
n-butylbenzene 8279 ± 21 3.92 ± 0.47 4.44  72442  

                                               a from reference number 128.  
  

6.3.2.3. Estimation of Infinite dilution activity coefficient in 1- octanol micro-
phase  

 
The estimate of the activity coefficient of solutes inside the organic phase in 

equilibrium with the water phase can be obtained by using equation 39 and the literature 

values of the activity coefficient of solute in water, γx 83 are possible. Here, γ∞
s values are 
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calculated from Ksw = 0.151 γw/ γs, where the constant is a correction factor for the 

mutual solubility of phases 127. The average γ𝑆𝑆∞  values are shown in table 40 along with 

theoretical values. These values show an excellent agreement within the experimental 

error. Obviously, the mutual solubility of 1-octanol and water plays an important role in 

activity and partition coefficients. 

 

                       Table 40. Infinite Dilution Activity Coefficients in 1-octanol at 25.00 C. 
 
 

                                        𝛄𝛄𝒔𝒔∞  values are calculated using,  Ksw = 0.151 γw/ γs by reference 127. 
 

Solute 𝛄𝛄𝒔𝒔∞    exp 𝜸𝜸𝑺𝑺∞     calc 

Toluene 0.259 ± 0.092 0.343 
Ethylbenzene 0.698  ± 0.126 0.922 
n-propyl benzene 2.48 ± 0.270 3.27 
n-butylbenzene 7.81 ± 2.239 10.32 
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CONCLUSION AND FUTURE OUTLOOK 

Natural organic matter (NOM) in soils and sediments plays an important role in 

transportation of substances between soil and water. It consists of both humic and non-

humic fractions and the former includes humic acids (HA), fulvic acids (FA), and humin. 

These compounds are responsible for partitioning, binding, and transport of organics and 

metal ions in nature. Here, we have studied FA and HA for the association, binding and 

partitioning of small n-alkylbenzenes (benzene, toluene, ethylbenzene, n-propylbenzene, 

and n-butylbenzene) to understand the basic chemical equilibria. The n-alkylbenzenes 

were chosen because they are the major constituents of gasoline and also very toxic to the 

environment. Our studies were extended to synthetic surfactant sodium dodecylbenzene 

sulphonate (SDBS) for comparative purpose. Almost no such studies could be found in 

the literature and, therefore, constitute a fundamental contribution in this field 129. The 

studies were applied to examine the solubilization of hydrocarbons in gasoline, diesel, 

and crude oil with FA, HA, and SDBS.  

 

A self-made high precision equilibrium headspace gas chromatographic technique 

(HSGC) was used to measure the peak area (proportional to vapor pressure) of the 

monomer solute in the vapor phase in equilibrium with the liquid phase and calculate the 

association equilibria of n-alkylbenzenes solutes at about 10-6 mole fraction. This 
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approach allowed determination of solute - monomer surfactant (S), association constants 

(K11), solute- aggregate, Sn, association constant (Kn1), critical aggregation constant 

(critical fulvic acid aggregation concentration cfc, critical humic acid aggregation 

concentration , chc,  and critical micelles concentration, cmc), mole fraction based 

partition coefficients (Kx), infinite dilution activity coefficients of solute inside the 

aggregate pseudo-phase (γm) , and transfer free energies of alkyl chain –CH2- from 

aqueous to aggregate pseudo-phase.  The parameter values were obtained at infinite 

dilution where solute-solute interactions are nonexistent. Theory of equilibria applied to 

HSGC shows that solute concentration is not needed to extract these parameters and this 

is one of the most important analytical advantages compared all other techniques. The 

HSGC can be used to measure many solutes simultaneously at very low concentrations 

for extremely complex samples like gasoline, diesel, and crude oil. 

 

For surfactants like compounds there is a critical concentration where the 

molecules start to aggregate with hydrophobic inner core and hydrophilic outer layer. 

This is known as the critical aggregation concentration (cac). We found the average 

critical concentrations were 7.85 ± 0.06 ,  4.81 ± 0.02, and  1038 ± 200 mg/L, for FA, HA 

and SDBS, respectively. The cfc value decreases slightly with increasing pH and 

temperature of the reaction mixture indicating a change in the ionization of FA 

molecules. The typical K11 values for benzene to n-butylbenzene (6.9 x 104 M-1 to 3.6 x 

105 M-1) are about 2-3 orders of magnitude higher than that for SDS and SDBS and 2 

order of magnitude lower than that for HA. This indicates the size of the surfactant 
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molecule plays a direct role in association of smaller n-alkylbenzenes with HA being the 

largest and SDS is the smallest.  The K11 value increases with increasing the pH and 

temperature of the reaction mixture. The effect of the temperature on K11 values is a sign 

of an endothermic association process driven by entropy.  Similarly, Kn1 values for 

benzene to n-butylbenzene (1.4 x 106 M-1 to 1.4 x 107 M-1) are also 3-4 orders of 

magnitude higher than that for SDS and SDBS and 2 orders of magnitude lower than that 

for HA. Increasing the pH of the solution causes FA molecules to become more ionic, 

and like ionic surfactants, form an aggregate (or micelles) with an inner hydrocarbon like 

pseudo-phase and hydrophilic (or ionic) outer layer oriented towards water for favorable 

solution stability.  As the aggregation pseudo-phase becomes more hydrophobic, the 

hydrophobic interaction (K11 and  Kn1) gets stronger. 

 In the post aggregation region the solute partition into the pseudo-phase. The 

average Kx values are of the order of 107 above the cac and much higher than that with 

SDS, SDBS, and HA.   This is indicates that the partitioning of n-alkylbenzenes in FA is 

more favored than that in HA, SDBS and SDS.  This indicates the aggregate pseudo-

phase for HA and FA acids are different. The Kx values for FA system increases 

considerably with increasing pH and temperature. Because, increasing the pH of the 

solution ionizes the functional groups (-COOH, phenolic-OH and –NH2 ) of  FA 

molecules resulting in  higher repulsion between these groups , therefore, the size of the 

aggregate increases  impart the maximum stability.  Our model allows the calculation of 

inter-aggregate activity coefficient, which is a measure of non-ideality of the pseudo-

phase environment.  The n-alkylbenzenes in FA pseudo-phase shows the lowest γm 
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among the three systems studied. And it also shows that benzene has the lowest γm 

(0.0001) and n-butylbenzene has the highest (0.01) value. These values are 8-10 orders of 

magnitude lower than γ in bulk water thereby indicating a strong specific binding and 

partitioning processes in the pseudo-phase.  The very low (0.0001) intra-aggregate 

activity coefficients found here are one the lowest found in solution chemistry.   Most 

importantly, the transfer free energy of partitioning of a -CH2- group were -155, -194, 

and -236 cal/mol, compared to that of benzene, -9722, -8013, and -6426 cal/mol for FA, 

HA, and SDBS, respectively, this indicates that the aggregate pseudo-phase  for all of 

them is more polarizable benzene-like and less n-alkane aliphatic-like. Clearly, a π-π 

attractive interaction between benzene rings is a predominant force for binding these 

molecules.  For FA, the transfer free energy decreases (energetically favorable) with 

increasing pH due to the formation of a stable pseudo-phase.  

 

This study shows that there is strong binding and partitioning of n-alkylbenzenes 

in FA and HA present as single molecule or as aggregates. These findings are used to 

evaluate the treatability of sand contaminated with commercial diesel fuel by aqueous 

humic substances and compare them with that of the aqueous synthetic surfactant, SDBS.  

This study was performed by using a Hewlett Packard GC-MS. The diesel contaminated 

sand was washed with HA or FA and then extracted with 1:1 mixture of hexane/ DCM to 

find out the removal efficiency.  The FA exhibits the highest removal efficiency at pH 

11.9 with an average of 65% for all the hydrocarbons.  The removal efficiencies were 

about 28 and 30 % at pH 10.8 and 2.4, respectively.  Similarly, HA reveals much higher 
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removal efficiency (35 %) at pH 10.8 compare to that of pH 2.14, where it reaches only 

an average of  2 % efficiency.  And SDBS, with an average of 2% removal efficiency, 

exhibits the least removal efficiency. The cmc value of SDBS is 3 orders of magnitude 

higher than both chc and  cfc and that explains the low removal efficiency of SDBS. 

Humic acid is expected to remove slightly better than FA, but only at the optimum pH. 

Visual inspection of solubilization of crude oil shows the hydrocarbon extraction 

efficiency in the following order: HA > FA > SDBS. Finally, the hydrocarbons in 

gasoline samples tested for their extraction into FA.  The extraction efficiency was found 

to be 30-60% for identified n-alkylbenzenes and probably the same for all other volatile 

hydrocarbons present in gasoline.  

The theory of association equilibria developed here was successfully applied to 

the partitioning of hydrocarbons in immiscible phases such as n-dodecane-water and 1-

octanol-water. If a solute partition from one phase to another due their enhanced 

solubility in one of the phases then adding that phase in very small increments could be 

monitored by the change in its concentration in the vapor phase.  This concept was tested 

for water-n-dodecane and water- 1-octanol systems with n-alkylbenzenes as solutes at 

infinite dilution. These experiments allowed us to obtain the association constant, K11, 

and critical phase ratio (cpr) for solvent extraction, solute partition coefficient between 

organic and water phases, Kx, and infinite dilution activity coefficient in organic phase, 

γ∞S.  The results show that the average cpr occurs at about (3.4 ± 0.3) x 10-3 (volume of n-

dodecane/volume of water) which is in excellent agreement with the solubility of n-

dodecane in water (3.21 x 10-3 v/v). This is indicative of nearly neat pseudo-phase. And 
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that for 1-octanol the average cpr occurs at about (1.0 ± 0.3) x 10-3 (volume of 1-octanol/ 

volume of water) and it is in a good agreement with the expected value (0.71 x 10-3). The 

K11 values for toluene to n-butylbenzene are (153 M-1 to 296 M-1) and ( 45 M-1 to 118 M-

1) for n-dodecane and 1-octanol, respectively. These values are relatively small and all 

members of the homologue show relatively weak interactions between a monomer solute 

and n-dodecane and 1-octanol. The values slightly increase with increasing 

hydrophobicity of n-alkylbenzenes. The partitioning of n-alkylbenzenes in n-dodecane, 

logK for toluene to n-butylbenzenes are (3.32 to 4.22) and are in a fair agreement with 

literature values123. The value of logK for toluene to n-butylbenzene is 3.60 to 3.92 for 1-

octanol/water are also in good agreement with the literature values.  

Clearly, we have established the HSGC experimental methodology and the 

theoretical basis to study association and partitioning of nonpolar volatile solutes from 

one phase to another phase. The system could be as simple as two immiscible solvents, 

synthetic and very complex natural surfactants such as FA and HA. Volatile solutes from 

any source can be studied. Future studies should include polar volatile solutes in 

homologous series, methylated fulvic acid, and humic acids from other sources. Since the 

basic theory is applicable to any system where binding association and partitioning of 

small volatile solutes are expected one can extend this work to complex macromolecules, 

proteins, and functionalized nano-particles. We believe such studies could contribute to 

the fundamental understanding of molecular interactions in such complex systems. 
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APPENDIX  

 
Table 41. Analysis of crude oil from Fula field, Sudan using wellhead sampling 
 

Physical Property 
Color: Colourless Transparency: Transparent 
Sediment: None pH  7.54 
Content of Ion 

Item Content 
mg/L mmol/L 

OH- 0.00 0.00 
CO3

2- 0.00 0.00 
HCO3

- 329.51 5.40 
Cl- 322.60 9.10 
SO4

2- 14.41 0.15 
K++Na+ 315.10 13.70 
Ca2+ 15.03 0.37 
Mg2+ 4.25 0.17 
Salinity 836.15  
Water Type: NaHCO3 
Oil in water mg/L 17 

 

 

 
 
 
 

 



149 
 

Figure 39.  Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, 
MALDI-TOF-MS. The following spectra are taken for HA sample used in this work 
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