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Stability of clay suspensions in the presence of surfactan and DNAPL 
Stabilité des suspensions d’argile en présence d’agent surfactant et de DNAPL

Michael S.Sabodish & Mohammed A.Gabr -  Department of Civil Engineering, North Carolina State University, Raleigh, North Carolina,
U.S.A.

ABSTRACT: An experimental program was performed to measure the dispersion characteristics o f  a clay soil with four dispersing 

liquids systems. The test systems consisted o f  surfactant (S), surfactant-clectrolyte (SE), electrolyte only (E), and surfactant- 

electrolyte-contaminant (SEC). Changes in dispersivity and hydraulic conductivity are explained through surfactant adsorption by the 

soil particles as well as m odem  DLVO (Derjaguin, Landau, Verwey, and Overbeek) theory.

RÉSUMÉ: Un programme expérimental a été exécuté pour mesurer les caractéristiques de dispersion d'un sol d'argile à moins de 

quatre systèmes de dispersion de liquides. Les systèmes d'essai se sont com posés de l'agent surfactant, l'agent-électrolyte (expert en 

logiciel), l'électrolyte seulement, et des changements du l'agent-électrolyte-contaminant. du dispersivity et de la conductivité 

hydraulique sont expliqués par l'adsorption d'agent surfactant par les particules de sol aussi bien que la théorie moderne de DLVO  

(Deijaguin, Landau, Verwey, et Overbeek).

1 INTRODUCTION

The use o f  surfactants for contaminant recovery is investigated 

by several researchers (Deshpande 1999, Dwarakanath 1999) 

aiming to develop enhanced soil flushing processes. The notion 

of using surfactants for in-situ soil flushing is promising, as 

surfactants provide for adsorption o f  contaminant into m icelles, 

and increase the contaminant’s mobility in the subsurface for 

subsequent removal. There are, however, several unresolved  

issues associated with successful implementation o f  surfactant- 

enhanced soil flushing. The m ost prevalent is that o f  soil 

clogging as a result o f  surfactant injection into the subsurface. In 

general, clogging induced mechanisms can be attributed to 

factors associated with precipitation, adsorption, solution phase 

conversions, a decrease in the pore space size o f  the soil system, 

and the piping o f  fines to clog  soil pores (dispersion). Work in 

this paper is focused on the last o f  these mechanisms, namely the 

destabilization o f  clay particles in the presence o f  a surfactant 

(S), surfactant-electrolyte (SE), pure electrolyte (E), and 

surfactant-electrolyte-contaminant (SEC) systems. Dispersion 

testing is performed to investigate mechanism and degree o f  

flocculation expected from the contact o f  surfactant (M A  80-1) 

with the study soil. Testing includes batch dispersion 

experiments using various concentrations o f  the surfactant (MA

80-1), electrolyte (NaCl), and trichloroethylene contaminant 

(TCE).

2 TESTING PROGRAM

The testing program aimed at examining soil dispersion and 

flocculation phenomena upon the addition o f  the previously 

described four systems (S , SE, E, and SEC). Specifically, the 

experimental program is developed to determine the amount o f  

induced dispersion upon the addition o f  the anionic surfactant 

(MA 80-1) to a glacial till soil. The anionic surfactant MA 80-1 is 

selected for this study as compared to cationic and nonionic 

surfactants, because o f  its low  degree o f  adsorption onto soils 

with a high clay content and for its recoverability and reusability 

(Minwen 1995). The range o f  0-10%  surfactant concentration is 

used in this testing program and represents values below the 

CMC to values approximately 10 times the CMC. This 

corresponds to surfactant concentrations o f  1% ( 10,000  ppm) to 

10% (100,000 ppm) respectively. Electrolyte concentrations 

ranged from 0.2%  (2 ,000 ppm) to 1.6% (16 ,000  ppm). All TCE

concentrations studied are in excess o f  its solubility in water 

(1,500 mg/1). These testing compounds define a surfactant phase 

which is effective in desorbing and mobilizing organic 

contaminants. Table 1 outlines the various tests conducted for 

the experimental program.

Table 1. Details o f  Testing Program
Test # Surfactant Surfactant

(ppm)

Electrolyte

(ppm)

TCE

1 sodium hex. 40,000 0 0

2-6 none (water) 0 0-10.000 0

7-11 MA 80-1 10,000 0 0

12-15 MA 80-1 30,000 2,000-10.000 0

16-19 MA 80-1 50,000 2.000-10,000 0

20-25 MA 80-1 30,000 2.000-10,000 excess

26-31 MA 80-1 50,000 2.000-10,000 excess

Results are presented and discussed in the context o f  the DLVO  

theory, as in the effects o f  surfactant induced dispersion o f  the 

clay-size particles.

3 TEST SOIL

The soil used in this research was recovered from a test site in 

Ashtabula, Ohio. The soil is glacial till and is classified as a CL 

using the Unified Soil Classification System (U SC S). It has a
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Figure 1. Grain Size Distribution of Test Soil
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liquid limit (LL) o f  approximately 26% and a plasticity index 

(PI) o f  12%. The so il’s Cation Exchange Capacity (CEC) is 21 

m eq/100 g, and a has pH value o f  7.2. Figure 1 illustrates the 

grain size distribution for the test soil based on ASTM D 422  

Particle  S ize  Analysis f o r  Soils.

4 STUDY CHEMICALS

he chemical reagents used in this study were sodium  

hexametaphosphate((NaPO,)Na:0 )  laboratory grade (Fisher 

Scientific, Pittsburgh Pa) and the anionic surfactant M A 80-1 

(C lflH ,0O ,NaS). The main chem ical in this surfactant is sodium  

dihexyl sulfosuccinate with a molecular weight o f  388 and a 

critical m icelle concentration (CMC) o f  approximately 1.2-1.6%  

by weight (Cytec Industries, West Patterson NJ). The electrolyte 

used was a certified grade Sodium Chloride (NaCl) (Fisher 

Scientific, Pittsburgh Pa). The study contaminant was TCE 

(Fisher Scientific, Pittsburgh Pa). A ll solutions were prepared in 

de ionized water using a Bamstead E-Pure Water De-ionizer, 
M odel# D 4641.

5 SAMPLE PREPARATION

ASTM  D 4221-90  (Standard Test M ethod  fo r  D ispersive  

C haracteristics o f  C lay S o il  by D ouble  H ydrom eter) designates 

particles with a diameter o f  0 .005 mm as the effective size for 

determining the dispersive characteristics o f  a given soil. In 

order to obtain these size particles from the test soil, it was 

necessary to perform a preliminary sedimentation test where 

particles with diameters equal to or less than 0.005 mm remained 

in suspension after one hour o f  settling. The suspended particles 

were removed through a vacuum manifold and the suspension  

placed in an oven at 110 °C to evaporate the water.

After 24 hours, the dry soil specimen was removed from the 

oven and pulverized with a mortar and pestle for further testing. 

The resulting soil specimen was then placed into sedimentation 

cylinders and the required solutions were added for dispersion 

testing.

6 DISPERSION TESTING

The testing follow ed the procedure outlined in ASTM  D 4221-90  

Standard  Test M eth o d  fo r  D ispersive C haracteristics o f  C lay  

So il by  D ouble H ydrom eter. This testing method allows for the 

percent dispersion to be calculated as follow s

% dispersion =  (D „ / Dn) * 100 (1)

Where D„ =  % finer than 0.005 mm with water and 

D (, = % finer than 0.005 mm with ( (N a P 0 ,)N a ,0 )

In tests where solutions other than sodium hexametaphosphate 

were used, hydrometer readings were corrected for the effect o f  

fluid density. This correction was determined by making various 

solutions (S, E, SE, SEC) and measuring the corresponding 

specific gravity using a hydrometer. These readings were then 

converted to a density in accordance with ASTM D 422 P article  

Size A nalysis fo r  Soils.

The dispersion tests were run by placing the resulting 0.005  

mm or less material into a 1,000 ml sedimentation cylinder. To 

this cylinder, mixtures o f  reagents (Table 1) were added. The 

cylinder was agitated in order to ensure a good mix between the 

solution and the so il particles. At predetermined time intervals, 

specified in ASTM  D 422, the hydrometer was inserted in the 

soil-solution mixture, and readings were taken. The data were 

reduced and the particle diameter w as computed as a function o f  

the percent o f  particles remaining in solution. A lso, the amount 
o f  dispersion caused by these various solutions was determined 

by m odifying equation 1 as follows:

% dispersion = (D ,/ D0) * 100 (2)

Where D, -  % finer than 0 .005 mm with (S), (K), (SE), (SEC) 

and Do = % finer than 0.005 mm with ((N a P 0 ,)N a ,0 )

A s shown in equation 2, i f  the percent dispersion equals 

100%, the clay-sized fraction is com pletely dispersive. If it 

equals 0 , a com pletely nondispersive clay fraction is indicated.

7 DLVO THEORY

The modem DLVO theory provides a basis for the interaction 

between the reagents used in this investigation. This theory 

assumes a balance between the repulsive and attractive potential 

energies o f  dispersed particles. A  repulsive potential energy 

results from particles o f  similar charge or particle solvent 

interactions, where as an attractive potential energy is developed  

through Van Der Waals forces. In order for particles to become 

dispersed in a medium, the repulsive interactions must be 

increased to the point where they overcom e the attractive 

interactions. This point is termed the point o f  zero charge. There 

are however limits to the above theory. Surfactants mainly affect 

the surface potential o f  particles. Therefore, surfactants with the 

same sign as particles tend to increase the stability o f  the system  

and vice versa.

8 ELECTROLYTE ADDITION

Figure 2 shows the effect o f  the electrolyte concentration on the 

test soil. At all concentrations o f  NaCl used in this testing 

program, the resulting grain size distribution exhibits a more 

flocculated system than that o f  soil in de-ionized water. This can 

be attributed to the compression o f  the DDL This DDL  

compression is caused by the high concentration o f  electrolyte in 

solution. The compression o f  the DDL cause soil particles to be 

attracted to each other to a point where Van Der Waals forces 

develop and the particles flocculate (H oltz and Kovacs, 1981).

Table 2 illustrates the percent dispersion associated with 

NaCl testing, where a slight increase in dispersion was observed 

as NaCl concentration was increased.

Table 2. Percent Dispersion with NaCl

NaCl Calculated Dispersion

(ppm) (%)
• 0 54.5

2 .000 9.1

4 .000 9.1

8.000 12.9

16.000 15.6

[Article Diameter, ran

Figure 2. Grain Size Distributions for Electrolyte Only Systems
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All concentrations o f  M A 80-1 produced a flocculated structure 

as compared to the “true” soil distribution represented by the 

s o d iu m  h e x a m e t a p h o s p h a t e  c u r v e .T h e  s o d iu m  

hexametaphosphate produced a dispersed structure (dispersion = 

54%) as evident by its curve plotting well above that o f  water 

and all concentrations o f  M A 80-1.

Figure 3a illustrates the effects o f  M A 80-1 surfactant on 

the dispersion o f  the test soil. The measured data indicated that 

the M A 80-1 caused flocculation o f  the test soil. At a 

concentration o f  3% (30,000 ppm), the largest amount o f  

flocculation was observed.

At this concentration, the soil particles settled very rapidly 

as compared to the other tested concentrations. From Figure 3b, 

in which percent dispersion is calculated, it is apparent that the 

least dispersion was obtained by using an M A 80-1 concentration 

of 3% (30,000 ppm).

A lso visib le is the re-stabilization caused by overdosing and 

then the drop in dispersion again as surfactant concentration is 

further increased. The mechanism most likely responsible for 

this induced flocculation is that o f  particle bridging. This 

phenomenon was observed by Black, Birkner and Morgan, 

(1965) for a system  o f  kaolinite with an anionic polymer. 

Bridging involves the adsorption o f  the surfactant onto the soil 

particles with some o f  the surfactant m olecule extending into the 

free solution. Upon contact with another particle that contains 

vacant adsorption sites, attachment can occur. This results in a 

particle-surfactant com plex in which the surfactant serves as a 

bridge. I f  an overdose o f  surfactant is present, this suspension  

will become restabilized and dispersion values w ill increase. 

This phenomenon seems to be indicted by the data in Figure 3b. 

For MA 80-1 concentrations up to 3% (30,000 ppm), the system  

is in the flocculated state (ie, low  dispersion), once a

9 SU RFA C TA N T A D D ITIO N

Panicle Diameter, mm

Figure 3a. Particle Size Distribution as a Function o f Chemical Type

concentration greater than 3% (30,000 ppm) is reached, the 

system reverts to that o f  dispersive and restabilization (ie, high 

dispersion) occurs to that o f  dispersive and restabilization (ie, 

high dispersion) occurs. This revertion cannot be attributed to 

charge neutralization, as in the case o f  overdosing with NaCl, 

since in this testing program both the so il particle and the 

surfactant ca n y  the same negative charge. On the other hand, 

this phenomenon can be attributed to the saturation o f  the 

particle surface with surfactant to a point where the locations for 

bridges to develop were elim inated as w as presented by Weber, 
1972.

10 SURFACTANT-ELECTROLYTE SYSTEM

In order to determine the effect o f  electrolyte on the surfactant 

M A 80-1, various concentrations o f  sodium chloride were added 

to 3% and 10% M A 80-1 system s. The resulting dispersion 

behavior can be seen in Figure 4.
A s indicated by the data in Figure 4, the sodium chloride 

had a more pronounced effect while in the presence o f  the 3% 

MA 80-1 solution, as compared to the other solutions tested
In comparing the dispersion values o f  a pure 3% M A 80-1 

solution to a solution containing various concentrations o f  NaCl, 

calculated dispersion values are shown to increase approximately 

3 - 4  times from 5% (0 ppm NaCl) to over 20% (8,000 ppm 

NaCl). This was not observed for the testing containing 10% 

M A 80-1 surfactant concentrations. For the 10% concentration 

data, the grain size distributions follow ed a tighter ouping, as 

calculated dispersion values ranged from 28.5% (0 ppm NaCl) to 

27.3%  (16,000 ppm NaCl).

These values suggest that the NaCl did not have a 

significant effect on the resulting grain size distributions at a 

concentration o f  10% MA 80-1. This observation can be 

attributed to the development o f  NaCl-induced charge repulsion. 

A s the concentration o f  NaCl was further increased to 16,000 

ppm, the system potential was decreased causing flocculation to 

take place. In observing the data for testing with 10% M A 80-1, 

the system experienced an increase in the calculated dispersion 

at a NaCl concentration o f  4 ,000 ppm. Upon an increase in NaCl 

concentration beyond 4,000 ppm, the system did not exhibit 

significant increases in dispersion. This can be attributed to the 

M A 80-1 concentration being sufficiently high where the NaCl 

w as not able to neutralize charges surrounding the so il particles. 

Thus allowing a constant net negative charge for the system.

As indicated by the data, high NaCl concentrations cause an 

increase in the calculated dispersion values at high  

concentrations o f  surfactant. A lso, for agiven NaClconcentration, 
the dispersion trend follow s that o f  surfactant only systems. The 

SE system initially disperses, then flocculates. Upon an increase 

in surfactant concentration, the system once again disperses, and 

soil particles becom e resuspended.

Q
a

Oh
T 3

CO
U

Surfactant Concentration, ppm

Figure 3b. Percent Dispersion as a Function of Surfactant Concentration Figure 4. Percent Dispersion as a Function o f  NaCl Concentration
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11 SEC SYSTEM REFERENCES

Final stages o f  testing were aimed at determining i f  the addition 

o f  a contaminant w ould alter the dispersion characteristics o f  the 

clay soil. For this testing, an excess o f  TCE w as added to the SE 

system and testing proceeded as previously discussed. The 

results o f  this testing can be found in Figure 5.

Figure 5 depicts the calculated percent dispersion for 

systems with and without TCE introduction. A s shown by the 

data, the addition o f  TCE caused the system  to disperse for both 

surfactant concentrations tested (3% and 5%). This is illustrated 

by the samples containing TCE clearly plotting above the 

samples not containing TCE. The data also indicate that the 

addition o f  the TCE had a much more significant effect on 

dispersion results within the 3% M A 80-1 system as compared to 

that o f  the 5% M A 80- I system. This is evident as the percent 

dispersion for the 3% surfactant system ranges from 82% (with 

TCE) to 8% (without TCE). In comparison, the 5% surfactant 

system ranges from 55% (with TCE) to 45% (without TCE). It 

is hypothesized that most o f  the surfactant m olecules formed 

m icelles that allowed for the solubility o f  TCE into their core. 

This m icelle formation created a decrease in the amount o f  

available surfactant to adsorbed onto the clay particles. 

Therefore not allowing the bridges between particles to form, 
and cause flocculation.

NaCl Concentration, %

Figure 5. Percent Dispersion for SEC Systems

12 CONCLUSIONS

The follow ing conclusions are advanced based on the results o f

the experimental program:
1. The addition o f  an electrolyte such as NaCl causes soil 

particles (0.005 mm) in suspension to flocculate. This 

flocculation can be as much as 85% as in the case o f  1.6% 

(16 ,000 ppm) NaCl addition.

2. The addition o f  an anionic surfactant such as M A 80-1 

causes flocculation at co n cen tra tio n s up  to 3% (3 0 ,0 0 0  

ppm) due to the bridging phenomenon. A bove this 

concentration, the system reverts to that o f  dispersed.

3. In a system containing electrolyte as well as surfactant, there 

seems to be competing reactions between both constituents.

4. In systems which contain surfactant, electrolyte and TCE, 

the calculated percent dispersion increased as compared to 

the systems which did not contain TCE. A lso, for a given  

surfactant concentration, the percent dispersion decreases 

with NaCl addition and then increases upon increasing 

electrolyte concentration, due to charge neutralization and 

repulsion.
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