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Fundamental Study on Adsorption and Interaction of Anionic
Surfactant and Volcanic Ash Soil
Abstract
Sodium dodecylbenzene sulfonates (DBS) are very common, efficient anionic surfactants
used as active ingredients of laundry detergent and surface cleaners; many domestic and
industrial materials including chemical fertilizers as an anti‐caking agent. It is also used in
agricultural chemicals as an emulsifying agent. DBSs are used in large quantities and enter
the environment primarily through waste water and sludge and it is the most common
pollutant found in almost all environmental settings. When DBS are discharged to the
environment their adsorption by soils and sediments is an important process affecting its
fate i.e., transport and toxicity. The adsorption of DBS may also affect the environmental
behavior of the toxic substances and nanoparticles. So the adsorption behavior is very
important to understand the fate of discharged DBS and to apply this knowledge in
remediation of contaminated soil and groundwater. But very few studies have been
conducted to understand the fate of DBS when come in contact with the soil.
In this study, we observed the adsorption characteristics of sodium dodecylbenzene
sulfonates in a highly humic volcanic ash soil. This soil is a unique soil in Japan. A highly
humic non‐allophanic Andisol was used as it has only negative charge. Thus, electrically, only
repulsive force is generated between the soil and the anionic surfactant. From the
experiment it was observed that adsorption of DBS was strongly influenced by pH, surfactant
concentration, electrolyte concentration, carbon chain structure of DBS and humic
substances. The DBS concentration was measured by using the anionic surfactant selective

x

membrane electrode. The adsorption isotherm was examined using the Langmuir‐
Freundlich‐Hill equation. The adsorption amount became higher at a lower pH condition and
became lower at higher pH condition. When the soil pH is higher, electrostatic repulsion
between the soil and the surfactant increases and adsorption amount decreases. The
adsorption amount increased with the increase of DBS amount and it increased sharply with
increasing DBS concentrations in the low‐concentration range and it gradually increased at
higher concentration range. The sharp increase indicated the cooperative adsorption caused
by hydrophobic interaction among the carbon chains of adsorbing surfactants. The
adsorption amount increased with the increase of electrolyte concentration because with the
increase of electrolyte, the shielding of electrical field occurs near the soil surface. The
shielding of electric field was verified by the decrease of the absolute value of negative zeta
potential

with

increasing

electrolyte

concentration.

The

adsorption

of

sodium

dodecylbenzene sulfonate with a linear carbon chain was larger than that with a branched
chain due to the difference of the carbon chain structure. The intrinsic adsorption energy is
lower in linear carbon chain DBS compared to branched carbon chain DBS. The humic
substances in the soil dissolved more into the solution at higher surfactant and higher pH
condition. The organic matter present in the soil plays a positive role in adsorbing DBS.
The results of the adsorption of DBS by soil give us a new thought which can be used for
its movement and also for water and soil reclamation. So for reclaiming the water or soil
contaminated with DBS these factors should be considered carefully.
Key Words: adsorption isotherm, dodecylbenzene sulfonate (DBS), volcanic ash soil,
hydrophobic interaction, cooperative adsorption.
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Chapter 1:
Introduction
1.1 Research Background
Sodium dodecylbenzene sulfonates (DBS) are very common, efficient anionic surfactants
used extensively in many human activities, i.e., for manufacturing various materials
especially detergent and Shampoo (Fachini et al., 2007). DBS is most widely used for
domestic and industrial materials including chemical fertilizers as an anti‐caking agent in
both percentage and absolute amount. It is also used in agricultural chemicals as an
emulsifying agent, because of its ability to change the physicochemical nature of surfaces
(Koopal et al., 1999). Linear alkylbenzene sulfonate (LAS), one of the major constituents of
synthetic detergent, is the most widely used DBS for domestic and industrial purposes (Inoue
et al., 1978; He et al., 1991).
Sodium dodecylbenzene sulfonates are of two types. One is branched carbon chain and
the other one is linear carbon chain having the same chemical composition
(C12H25C6H4SO3Na) and molecular weight of 348.48 g mol‐1. The former is mixture of
hydrophobic branched chains consisted of 12 carbon molecules. The branched structures are
not constant and their structures are not linear. The latter contains hydrophobic 12‐carbon
linear‐chain molecules.
When Sodium dodecylbenzene sulfonates are discharged to the environment they come
in contact with the soil and are adsorbed onto soils. When these compounds are adsorbed
onto soils, they appear to degrade slowly (Tabor and Barber, 1996) and to impede microbial
processes in soil (Kristiansen et al., 2003). Adsorption of sodium dodecylbenzene sulfonates
by soils and sediments is an important process affecting its transport, toxicity (Wolf and
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Feijtel, 1998; Knaebcl et al., 1996; Fleld et al., 1992; Garcia et al., 2005; Rubio et al., 1996) and,
thus, its application in remediation of contaminated soil and groundwater (West and Harwell,
1992; Rouse and Sabatini, 1993; Ko et al., 1998a; DiVincenzo and Dentel, 1996; Allred and
Brown, 1996). The adsorption of sodium dodecylbenzene sulfonates may also affect the
environmental behavior of the toxic substances (Jones‐Hughes and Turner, 2005; Ko et al.,
1998a; DiVincenzo and Dentel, 1996) and nanoparticles (Lacoanet et al., 2004).
Cain, R.B. 1994 reported that branched‐carbon‐chain DBS is less bio‐degradable. In some
Latin American countries, branched‐chain SDBSs in different formulations are used due to
their low cost, to the detriment of the environment and especially water quality (Campos‐
Garcia et al., 1999).
In past decades, few adsorption studies have been conducted to understand the fate of
discharged sodium dodecylbenzene sulfonates (Wolf and Feijtel, 1998). As different soil and
sediment constituents may have different adsorption characteristics (Knaebel et al., 1994),
adsorption of sodium dodecylbenzene sulfonates would depend not only on the types of
these constituents but also on their relative contents (Zhu et al., 2003; Wolf and Feijtel, 1998).
Since the surfactant concentrations used in soil and groundwater remediation (Zhao et al.,
2006) and nanomaterial preparation are always higher than critical micelle concentrations
(CMCs) (West and Harwell, 1992; Tanaka et al., 1997; Ko et al., 1998b; Lecoanet et al., 2004),
adsorption of sodium dodecylbenzene sulfonates in a wide concentration range needs to be
investigated to understand its application in remediation of contaminated soil and
groundwater (West and Harwell, 1992; Rouse and Sabatini, 1993; Ko et al., 1998a;
DiVincenzo and Dentel, 1996; Allred and Brown, 1996).
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Different mechanisms such as hydrophobic adsorption (Hand and Williams, 1987; Di
Toro et al., 1990; Westall et al., 1999), specific adsorption (Ou et al., 1996; Westall et al.,
1999), hydrogen bonding (Ou et al., 1996), electrostatic interactions (Westall et al., 1999)
and precipitation (West and Harwell, 1992; Rouse and Sabatini, 1993) have been suggested
as determining the adsorption of Linear alkylbenzene sulfonate (LAS) on soils, but there is no
definite consensus on this issue. The influence of sediment on adsorption of LAS has been
reviewed by Wolf and Feijtel (1998). As different soil and sediment constituents may have
different adsorption characteristics (Knaebel et al., 1994), adsorption of LAS would depend
not only on the types of these constituents but also on their relative contents (Zhu et al.,
2003; Wolf and Feijtel, 1998).
However, the systemic study about DBS (both branched and linear carbon chain)
adsorption on soil is limited. The available information regarding the adsorption of DBS is
given below:
a) Mc Avoy et al., 1994 studied the influence of organic carbon on the adsorption of DBS
on soil and it has been mentioned that DBS adsorption was controlled by hydrophobic
mechanism.
b) Haigh, 1996 reported that the critical micelle concentration (CMC) of DBS in aqueous
solution varies with the presence of electrolyte, DBS structure, temperature and
various organic compounds. The electrolyte concentration reduces the critical micelle
concentration of the DBS in solution due to the shielding of electric repulsion of the
hydrophilic head group.
c) Ou et al., 1996 examined the adsorption of DBS on different soils containing the
organic carbon ranged from 0.46 to 1.08%. He reported that the adsorption of DBS on
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natural soil is very weak. He also reported that the mechanisms of DBS on soils are
not partitioning or hydrophobic interactions, but mainly specific site surface
interactions or hydrogen bonding and the adsorption capacity of a soil mainly depend
on physical clay content.
d) Fytianos et al., 1998 studied the adsorption behavior and fate of DBS on the soil
containing different organic matter content and they observed that DBS adsorption
decreased with the increase of pH and correlated positively with organic matter
content.
e) Torn et al., 2003 reported that the adsorption of DBS on kaolinite depends mainly on
pH, electrolyte concentration and the amount of surfactant.
f) Yang et al., 2007 reported that the adsorption of DBS on montmorillonite enhances by
NaCl.
g) Li et al., 2008 reported that the adsorption of DBS was favorably influenced by
decreased pH, increased salinity and with decreased temperature when examined on
marine sediments.
From the above information it is understood that results on adsorption of DBS on soils is
very limited, scattered, not sufficient enough to understand the behavior of the DBS
adsorption on soils and cannot come into any conclusion. The limitations are as follows:
a) This knowledge is not applicable to soils directly.
b) The combined study of the factors affecting adsorption of DBS on soils is absent.
c) The adsorption behavior is influenced by many factors. The influence of surfactant
concentration, pH, electrolyte concentration, surfactant structure, time, humic
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substances may be vital factor for understanding the adsorption behavior of Sodium
dodecylbenzene sulfonates in soil.
d) No information exists about branched‐chain DBS adsorption on soil.
e) No information exists about the comparison between branched and linear carbon
chain DBS adsorption on soil.
f) The information about DBS adsorption on volcanic ash soil is limited and it is very
unique soil not only in Japan but also many part of the world and contains huge
organic substances.
g) The literature is rare about the interaction between the negatively charged volcanic
ash

soil

(non‐allophonic

andisol)

and

with

negatively

charged

sodium

dodecylbenzene sulfonates. Even there is no definite consensus among the scientist
regarding the processes which work on adsorption of DBS on this soil.
As the use of Sodium dodecylbenzene sulfonates are widespread and it is entering the
environment which has the detrimental effect on living cell as well as on ecology, the
systematic analysis of adsorption behavior on soil is required to understand its behavior
and to reduce its effect on environment. Linear carbon chain DBS are used all over the
world for the domestic and commercial uses. But some Latin American countries are
using the branched‐chain DBSs in different formulations due to their low cost though
they have the detrimental effect to the environment, especially water quality (Campos‐
Garcia et al., 1999) as branched‐carbon‐chain DBS has low bio‐degradability (Cain RB
1994). The information about adsorption of both branched and linear carbon chain DBS
on soil is not sufficient, the experiment has been done for both of the DBSs. The volcanic
ash soil posse a lot of organic matter and contains only negative charge (Ishiguro et al.,
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2003). The experiment has been conducted on volcanic ash soil to understand the
interaction between the negatively charged soil and negatively charged DBS.
1.2. Objectives:
The use of Sodium dodecylbenzene sulfonates are widespread and it is entering in the
environment which has the detrimental effect on living cell as well as ecology. The
adsorption behavior of DBS on volcanic ash soil is essential to understand the systematic
analysis of DBS adsorption on volcanic ash soil and to reduce its effect on environment.
The objectives of the research are to investigate the following matters:
a) The effect of pH on the adsorption of Sodium dodecylbenzene sulfonates.
The pH affects pH dependent negative charge of the volcanic ash soil.

Low pH

High pH

b) The effect of surfactant concentration on the adsorption of Sodium dodecylbenzene
sulfonates.
The adsorption amount is dependent on concentration of surfactants.

High DBS Concentration

Low DBS Concentration

c) The effect of time on the adsorption of Sodium dodecylbenzene sulfonates.
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d) The effect of electrolyte concentration on the adsorption of Sodium dodecylbenzene
sulfonates.
Adsorbed electrolytes shield negative charge of soil particle.

Shield

Low Electrolyte Concentration

High Electrolyte Concentration

e) The effect of different carbon chain structure of the surfactant on the adsorption of
Sodium dodecylbenzene sulfonates.
Different carbon chain causes different hydrophobic interaction.

Linear carbon chain DBS

Branched carbon chain DBS

f) The fate of organic substances at the time of adsorption of Sodium dodecylbenzene
sulfonates.
Surfactant enhances dissolution of organic substances of clay‐organic substances
complexes.
Organic matter
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g) The zeta potential of the DBS adsorbed soil surface and the process involved in the
adsorption of Sodium dodecylbenzene sulfonates.
The electric potential of the outer surface of the DBS adsorbed particle is evaluated by
zeta potential.

1.3 Structural Arrangement of Thesis:
In this thesis we have mostly examined the different factors affecting the adsorption
characteristics of sodium dodecylbenzene sulfonate in different electrolyte concentration on
volcanic ash soil. The flow chart of the study arrangement in this thesis is shown below in Fig.
1‐1.
This thesis organized into six chapters.
The first chapter introduces the background and objectives of the study and the structural
arrangement of this thesis.
The second chapter addresses the different factors affecting the adsorption of DBS in
volcanic ash soil at higher electrolyte concentration.
The third chapter addresses the adsorption characteristics of DBS and charge condition at
different electrolyte concentration.
The fourth chapter addresses the effect of organic matter on the adsorption of DBS on
volcanic ash soil.
8

The fifth chapter addresses the fate of the humic substances in volcanic ash soil when DBS
adsorption occurs.
The sixth chapter summarizes the major conclusions of this study.
Introduction
As volcanic ash soil was negatively charged
and the surfactant was anionic (negatively
charged) the experiment was conducted at high
electrolyte concentration. Effect of pH, DBS
concentration, carbon chain structure and time
on DBS adsorption were observed.

Exp. 1‐ Adsorption of Sodium
Dodecylbenzene Sulfonate on
Highly Humic Volcanic Ash Soil at
High Electrolyte concentration.

As the adsorption was hydrophobic and
cooperative this adsorption experiment
conducted at different electrolyte concentration
special attention given on charge potential
condition of the soil particle.

Exp. 2‐ Effect of Electrolyte on the
Adsorption
of
Sodium
Dodecylbenzene Sulfonate on High
Humic
Volcanic
Ash
Soil.
t ti

As the organic matter was high, the
effect of absolute amount of organic
matter on adsorption of DBS was
observed.

Exp. 3‐ Influence of Organic matter on
the
Adsorption
of
Sodium
Dodecylbenzene
Sulfonate
on
Volcanic Ash Soil.

Exp. 4‐ Dissolution of Humic
Substances from Highly Humic
Volcanic Ash Soil as affected by
anionic
surfactant,
electrolyte
concentration and pH.

As volcanic ash soil possess huge
amount of organic matter its fate when
adsorption of DBS occurred were
observed.

Summary and conclusions
Fig 11: Flow chart of the study.
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Chapter 2:
Adsorption of Sodium Dodecylbenzene Sulfonate on Highly Humic Nonallophanic
Andisol at HighElectrolyte Concentration

2.1 Abstract
To clarify the adsorption characteristics of surfactants, it is important to understand the
surfactant behavior in the soil and water environments. However, there are few adsorption
studies for highly humic soil. In this study, the adsorption characteristics of
dodecylbenzene sulfonates in a highly humic soil were investigated. A non‐allophanic
Andisol was used since this soil contains a large amount of humic substances and is only
negatively charged. Thus, electrically, only repulsive force is generated between the soil
and the surfactant. The adsorption amount was measured using the batch method at an
electrolyte concentration of 100 mmol L‐1 NaCl in order to shield the electric field near the
soil particle surface and emphasize hydrophobic reactions. The adsorption isotherm was
examined using the Langmuir‐Freundlich‐Hill equation. The adsorbed amount increased
sharply with increasing concentrations in the low‐concentration range. The sharp increase
(n=11) indicated cooperative adsorption caused by hydrophobic interaction among the
carbon chains of adsorbing surfactants. The adsorption amount became higher at a lower
pH because electrostatic repulsion between the soil and the surfactant decreased. The
adsorption of dodecylbenzene sulfonate with a linear carbon chain was larger than that
with a branched chain due to the larger interaction of the carbon chain structure.
Key words: anionic surfactant, electrostatic repulsive force, dodecylbenzene sulfonate
(DBS), adsorption isotherm, volcanic ash soil.
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2.2 Introduction
Sodium dodecylbenzene sulfonates (DBS) are very common, efficient anionic surfactants
(Fachini et al., 2007) as active ingredients of laundry detergent and many domestic and
industrial materials including chemical fertilizers as an anti‐caking agent. It is also used in
agricultural chemicals as an emulsifying agent, because of its ability to change the
physicochemical nature of surfaces (Koopal et al., 1999). Linear alkylbenzene sulfonate (LAS),
one of the major constituents of synthetic detergent, is the most widely used SDBS for
domestic and industrial purposes, in both percentage and absolute amount (Inoue et al.,
1978; He et al., 1991). It is also the most common pollutant found in almost all
environmental settings (Sullivan and Swisher, 1969; McEvoy and Giger, 1986; Takada and
Ishiwatari, 1987; Yediler et al., 1989; Papaport and Eckhoff, 1990; McAvoy et al., 1993). LAS
is the most widely used anionic surfactant in detergent formulations and surface cleaners
(Marcomini and Giger, 1988). Overall, SDBSs are used in large quantities and enter the
environment primarily through waste water and sludge.
When these compounds are adsorbed in soils, they appear to degrade slowly (Tabor and
Barber, 1996) and to impede microbial processes in soil (Kristiansen et al., 2003).
Adsorption of linear alkylbenzene sulfonate (LAS) by soils and sediments is an important
process affecting its transport, and toxicity (Wolf and Feijtel, 1998; Knaebcl et al., 1996; Fleld
et al., 1992; Garcia et al., 2005; Rubio et al., 1996) and, thus, its application in remediation of
contaminated soil and groundwater (West and Harwell, 1992; Rouse and Sabatini, 1993; Ko
et al., 1998a; DiVincenzo and Dentel, 1996; Allred and Brown, 1996). The adsorption of LAS
may also affect the environmental behavior of the toxic substances (Jones‐Hughes and
Turner, 2005; Ko et al., 1998a; DiVincenzo and Dentel, 1996) and nanoparticles (Lacoanet et
11

al., 2004). In past decades, adsorption studies have been conducted to understand the fate of
discharged LAS (Wolf and Feijtel, 1998). Since the surfactant concentrations used in soil and
groundwater remediation (Zhao et al., 2006; SDBS concentration from 0.2 to 10 g L‐1) and
nanomaterial preparation are always higher than critical micelle concentrations (CMCs)
(West and Harwell, 1992; Tanaka et al., 1997; Ko et al., 1998b; Lecoanet et al., 2004),
adsorption of LAS in a wide concentration range needs to be investigated. Different
mechanisms such as hydrophobic adsorption (Hand and Williams, 1987; Di Toro et al., 1990;
Westall et al., 1999), specific adsorption (Ou et al., 1996; Westall et al., 1999), hydrogen
bonding (Ou et al., 1996), electrostatic interactions (Westall et al., 1999) and precipitation
(West and Harwell, 1992; Rouse and Sabatini, 1993) have been suggested as determining the
adsorption of LAS on soils, but there is no consensus on this issue. The influence of sediment
on adsorption of LAS has been reviewed by Wolf and Feijtel (1998). As different soil and
sediment constituents may have different adsorption characteristics (Knaebel et al., 1994),
adsorption of LAS would depend not only on the types of these constituents but also on their
relative contents (Zhu et al., 2003; Wolf and Feijtel, 1998).
Branched‐carbon‐chain DBS has low bio‐degradability (Alexander M 1973; Cain RB 1987;
Cain RB 1994; Greek BF 1991). In some Latin American countries, branched‐chain SDBSs in
different formulations are used due to their low cost, to the detriment of the environment
and especially water quality (Campos‐Garcia et al., 1999). Few studies exist about branched‐
chain DBS adsorption on soils. Adsorption studies comparing linear and branched‐carbon‐
chain structures are also rare.
In this study, the adsorption characteristics of DBS in a highly humic soil were
investigated in the surfactant concentration range from very low to around critical micelle
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concentration by using an anionic surfactant selective electrode that we ourselves devised
and built. A non‐allophanic Andisol was used because the soil contains a large amount of
humic substances and is only negatively charged (Ishiguro et al., 2003). The adsorption
amount was measured using a batch method at an electrolyte concentration of 100 mmol L‐1
NaCl in order to shield the electric field near the soil surface and emphasize hydrophobic
interaction. The adsorption isotherm was evaluated using the Langmuir‐Freundlich‐Hill
equation. The influences of carbon chain structure on adsorption were also evaluated.
2.3 Materials and Methods
2.3.1 Soil
Highly humic, non‐allophanic Andisol (volcanic ash soil) of A horizon from Daisen
grazing ground, Tottori Prefecture, Japan was used in this experiment. The physical and
chemical characteristics of the soil are given in Table 2‐1. Moist field soil sieved with a 2‐
mm sieve was used in the experiment.
Table 21. Physical and chemical characteristics of the soil used in the experiment.
Soil Name

Sand Silt

Clay

Texture

pH

(%)
Andisol

43.6

31.8

Carbon content
(%)

24.6

Clay loam c5.0, d4.2

aCEC

13.8

was measured at pH 6 with a 1 mmolc L‐1 KNO3 solution.
bAEC was measured at pH 6 with a 1 mmol L‐1 K SO solution.
c
2
4
cpH was measured with distilled water (soil:distilled water at the ratio of 1:5)
dpH was measured with 0.1M KCl (soil:0.1M KCl at the ratio of 1:2.5)

13

aCEC

bAEC

(mmolc kg‐1)
12.3

0

2.3.2 Surfactants
Anionic surfactants, DBS, with branched and linear carbon chains having the same
chemical composition (C12H25C6H4SO3Na) and molecular weight of 348.48 g mol‐1 were
purchased from Tokyo Kasei Kogyo Co. The two types of SDBS had purities of about 95%
and were used without further purification. The former mixture of hydrophobic branched
chains consisted of 12 carbon molecules. The branched structures were not constant, but
their structures were not linear. The linear DBS contained hydrophobic 12‐carbon linear‐
chain molecules.
2.3.3 Adsorption experiment
A batch experiment was conducted to obtain the DBS adsorption isotherm of the soil.
The experiment was conducted to investigate the influence of pH, time, and carbon chain
structure at room temperature (25± 1°C). The soil (2.5 g dry weight basis) was placed in a
50‐cm3 centrifuge tube. It was equilibrated with a 100 mmol L‐1 NaCl solution, and the
solution pH was adjusted to 4.5, 5.5 or 6.5 by adding dilute HCl or NaOH. After discarding
the supernatant from the tube, 25 ml of SDBS solution (ranging from 0.0008 to 10.0 mmol
L‐1) at 100 mmol L‐1 NaCl was mixed in the soil and shaken well for 3 or 24 hours. After the
elapsed time the soil solution was centrifuged for 10 min at 8000 rpm. The supernatant of
the tube was collected and the surfactant concentration was measured by an anionic
surfactant selective electrode (Fukui et al., 2003) that we ourselves devised and built. The
concentration cell was constructed as follows:
Ag/AgCl electrode | Agar bridge | reference solution (C0) | functional membrane | test
solution (C1) | Agar bridge | Ag/AgCl electrode,
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where C0 and C1 are the concentrations of the surfactant in the reference solution
and that in the collected supernatant. The schematic diagrams of the anionic surfactant
selective electrode used in the experiment are given in Fig. 2‐1.

Figure 21: The schematic diagram of the anionic surfactant selective electrode used in the
experiment. a: Electrometer（Advantest R8240）, b：AgCl/Ag electrode (DKK,TOA HS‐
305D), c：NH4NO3 (Agar bridge), d：Ion selective electrode, e：Magnet, f：1M NH4NO3,
g：Stirrer, h：Measured/test solution, i：Reference solution, j：Beaker.

The electromotive force (EMF) was read using a digital voltmeter with high input
impedance at 25± 1°C. The EMF, E, can be expressed with the following equation:
E = S log(C1/C0),

(2‐1)

where S is the experimental slope. The theoretical value of S is 59.2 mV at 25°C (Nernstian
slope). The measured values of the standard solutions ranged from 54.35 mV to 59.00 mV.
When the concentration was higher than the critical micelle concentration, the
concentration was measured after dilution. The electrolyte concentrations for the standard
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solutions, test solutions and reference solutions were all 100 mmol L‐1 NaCl. Because humic
substances dissolved in the solution affect the measurement when the electrode is dipped
longer in the solution without washing, the electrode was carefully washed before each
measurement and always checked with standard solution in order to get the proper result.
The adsorbed amount of surfactant in the soil was obtained using the following
equation,
DBS adsorption (mmol kg‐1) = {added DBS conc. (mmol L‐1) × 0.025 (L) – DBS conc. in
supernatant (mmol L‐1) × (0.025+V) (L)}/Dry weight of the soil (kg),

(2‐2)

where V (L) is the water volume remaining in the soil after discarding the supernatant and
before adding the SDBS solution. The experiment was conducted under the 100 mmol L‐1
NaCl solution condition, in order to decrease the influence of the negative charge of the soil.
2.3.4 Critical micelle concentration (CMC)
DBS CMC at 100 mmol L‐1 NaCl was obtained using the anionic surfactant selective
electrode. The EMF was measured at each SDBS concentration. Under the CMC, a straight
calibration line (EMF versus the logarithm of the SDBS concentration) was obtained
according to equation (2‐1). Above the CMC, the EMF became almost constant. The CMC
was obtained at the kink of the calibration line (Ishiguro et al., 2007; Ishiguro and Koopal,
2009).
2.3.5 Theoretical analysis of adsorption isotherm
To evaluate the adsorption isotherm, the following equation was used:
q=Q

(KC )n
n
1 + (KC )

(2‐3)
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(2‐4)

∆G = RT logK,

where q is the adsorption amount, Q is the maximum adsorption amount, C is the equilibrium
concentration (mol L‐1), K is the adsorption constant, n is non‐ideality (deviation from
Langmuir equation, n=1), ∆G is the difference in free energy before and after adsorption (J
mol‐1), R is the gas constant and T is the absolute temperature. Equation (2‐3) can be re‐
written as follows (Ooi et al., 2000):

θ
1−θ

= (KC ) ,

(2‐5)

n

where θ is q/Q. When θ is <<1, the equation (2‐5) can be re‐written as follows:

(

)

log q = n log C + log QK n .

(2‐6)

Therefore, when the isotherm is plotted in double logarithmic scale, the slope indicates the n
value for q<<Q.
When n is larger than unity, this equation is called the Hill equation (Hill, 1910; Ooi et al.,
2000); implying that adsorbates attract each other and adsorb cooperatively. The
cooperativity occurs when adsorbed molecules attract each other by lateral interaction;
adsorption becomes stronger with that lateral interaction. When n is smaller than unity, this
equation is called the Langmuir‐Freundlich equation (Jaroniec, 1983, Ooi et al., 2000); this
indicates heterogeneity of adsorbing sites. For surfactant adsorption on the soil both the
heterogeneity of the adsorbing sites on the soil and a positive cooperativity (n > 1) due to
hydrophobic attraction will play a role. To express this, eq. (2‐3) is called the Langmuir‐
Freundlich‐Hill (LFH) equation, and n can be smaller or larger than unity. The LFH eq. with n
< 1 implies that the heterogeneity effects are larger than the hydrophobic effects, and n > 1
implies that the hydrophobic attraction is stronger than the heterogeneity effects. Pseudo‐
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ideality (n = 1) occurs when the effects of heterogeneity and hydrophobicity compensate
each other (Ishiguro and Koopal, 2011).
2.4. Results and Discussion
2.4.1 Effect of pH on DBS adsorption
The adsorption isotherms for branched‐carbon‐chain DBS and linear‐carbon‐chain
DBS are shown in Fig. 2‐2. The DBS concentrations for the adsorption isotherms in the
figures show the solution concentrations in the supernatants after mixing and
centrifugation. The highest adsorption was observed at pH 4.5 and the lowest at pH 6.5 for
both branched and linear DBS in this experiment (Fig. 2‐2). This result clearly shows that
adsorption is higher at a lower pH and lower at a higher pH. The electrostatic force is
repulsive because both DBS and the soil are negatively charged and no positive charge was
detected by AEC measurement (Ishiguro et al., 2003). Therefore, the electrostatic
interaction lowers the adsorption. When the soil pH increases, the negative pH‐dependent
charge of the soil increases, and the increased electrostatic repulsive force causes the
adsorption to decrease. A similar trend was reported by Fytianos et al. (1998) in soil of
different organic matter content. Our result shows that pH has a strong influence on the
adsorption isotherm. Because both DBS and the soil have hydrophobic parts and the
electrostatic interaction is repulsive, DBS is mainly adsorbed by hydrophobic interactions.
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Figure 22: Effect of pH on DBS adsorption isotherm.
2.4.2 Effect of time on DBS adsorption
The adsorption isotherms after 3‐hour and 24‐hour mixing are compared in Fig. 2‐3.
No significant difference was detected under all pH conditions. This result indicates that
the soil is equilibrated within 3 hours. Li et al. (2008) reported that DBS required 100
minutes for adsorption equilibrium in marine sediments. For linear‐carbon‐chain DBS, the
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adsorptions after 24 hours were slightly larger than those after 3 hours. This result
indicates the influence of DBS decomposition, because linear‐carbon‐chain DBS
decomposes more readily than branched‐carbon‐chain DBS when it is dissolved in water
(Sekiguchi et al., 1975). As the adsorption amount was calculated with the subtraction
equation (2‐2), the decomposed amount is included in the adsorption amount. However,
because the difference between those after 3 hours and 24 hours was not significant, the
adsorbed linear‐carbon‐chain DBS decomposes slowly, as Tabor and Barber (1996)
suggested. Further experimental research is needed to identify the restrictive effect of
adsorption on the decomposition.
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Figure 23: Adsorption isotherm of DBS at different time (a) branched DBS and (b) linear
DBS (after 3‐ and 24‐ hour mixing).
2.4.3 Evaluation of the adsorption isotherms
The experimental result showed that the adsorption of DBS on the soil increases with
the increment of concentration for both branched and linear DBS irrespective of pH (Figs.
2‐2 and 2‐3). At much lower concentrations of DBS (<0.001 mmol L‐1) the adsorption
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isotherms were very steep, indicating strong cooperativity (n=11 >> 1); the surfactant
molecules aggregate due to hydrophobic interaction among their carbon chains and are
adsorbed on the soil surface together. Above these lower concentrations, the adsorption
isotherms show a gradual increase (n=1.0) to around CMC (0.33 mmol L‐1 and 0.09 mmol L‐
1 for

branched and linear DBS, respectively). The electrostatic repulsive force between the

soil and the surfactant is supposed to decrease the slope of the isotherm. The surfactant
adsorption leads to an increase in the negative charge. This affects the adsorption and
contributes to the decrease of the slope of the isotherm.
The adsorption equation (2‐3) is applied to the adsorption isotherms as shown in Fig. 2‐
4. The adsorption isotherms are plotted on a log‐log scale in order to distinguish the
isotherms. The n value in equation (2‐3) is equal to the slope of the isotherm in the log‐log
scale as explained by equation (2‐6). The obtained n values and K values by fitting with the
obtained data are listed in Table 2‐2. Curve‐fitting calculations were conducted at two
regions separately for each adsorption isotherm: a region at lower concentration and that
at a higher concentration around the CMC. The n values are larger at lower concentrations,
indicating strong cooperative adsorption as mentioned before. At pH 4.5 for linear DBS (Fig.
2‐4 (d)), the adsorption amounts at very low concentrations corresponding to strong
cooperative adsorption could not be measured because the adsorption increased at too low
concentration.
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Figure 24: Comparison of the calculated adsorption values using the Hill equation (2‐3)
and measured adsorption isotherm. (a) Branched DBS at pH 6.5, (b) branched DBS at pH
4.5, (c) linear DBS at pH 6.5 and (d) linear DBS at pH 4.5.
Therefore, the calculated isotherm at pH 4.5 at lower concentration for linear DBS was
given by using n=11 as shown in Figure 2‐4 (d). The n value denotes the number of
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aggregated surfactant molecules when adsorbed onto one surface site (Hayakawa and
Kwak, 1991; Ooi et al., 2000).
The n values at higher concentrations around the CMC show roughly 1.0 for all
conditions. The n = 1 indicates no cooperativity. In this region, cooperative adsorption
caused by the carbon chains is cancelled with the electrostatic repulsive force between the
surfactant and the soil surface. DBS is adsorbed separately on each remaining adsorption
site of the soil by hydrophobic interaction.
Table 22. Obtained n value and K value by using Hill equation (2‐3) for branched and
linear DBS.
pH

pH 4.5

Concentration

n

log K

pH 6.5

Low

High

Low

High

Branched

11

0.9

11

1.1

Linear

11

0.8

11

0.9

Branched

6.04

3.6

5.78

3.9

Linear

6.2

3.95

6.04

4.1

The steep increase is followed by a gradual increase in all adsorption isotherms. Similar
isotherms have been observed for a cationic surfactant‐anionic polymer system (Satake
and Yang, 1976; Shirahama, 1998; Ishiguro and Koopal, 2009). In their cases, the adsorbing
force between the surfactant and polymer was due to electrostatic interactions. In our
study, the electrostatic force was repulsive, different from their conditions. The cooperative
interaction was generated by the carbon chains of the surfactants, and the gradual increase
of the isotherm at higher concentration is related to the electrostatic repulsion caused by
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the charge of adsorbed surfactant in both systems. Cooperative adsorption has been
observed also in an anionic surfactant–neutral polymer system (Arai et al., 1971;
Shirahama, 1974). On the other hand, in an anionic surfactant–humic acid system, distinct
adsorption was not observed (Koopal et al., 2004; Yee et al., 2009). The high adsorption on
the soil indicates that part of humic substances in the soil are much more hydrophobic than
humic acids.
2.4.4 Comparison between branched and linear DBS adsorption isotherms
From the experimental results it was observed that the linear DBS adsorption is
higher than that of branched DBS adsorption in the soil in all pH conditions (Fig 2‐5).
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Figure 25: Comparison between branched and linear DBS adsorption at pH 4.5 and 6.5 (a)
after 3‐hour and (b) 24‐hour mixing.

The results indicate that the linear DBS adsorbs and aggregates together at a lower
concentration compared to the branched DBS. That is confirmed by the fact that the CMC of
24

the linear SDBS was lower than the branched SDBS. The former was 0.09 mmol L‐1 while
the latter was 0.33 mmol L‐1, measured by the anionic surfactant selective electrode. The
conformation of linear DBS is more advantageous for aggregation on the soil and
micellization in water than that of branched DBS.
2.5 Conclusions
The adsorption characteristics of DBS on a highly humic non‐allophanic Andisol were
systematically investigated. The adsorption was measured using the batch method at the
electrolyte concentration of 100 mmol L‐1 NaCl. The adsorption isotherm was evaluated
using the Langmuir‐Freundlich‐Hill equation.
The adsorption amount on the soil increased sharply with increasing concentrations at
lower concentrations for both the branched and linear DBS. The sharp increase indicates
cooperative adsorption caused by hydrophobic interaction among the carbon chains of
adsorbing surfactants. This cooperative adsorption phenomenon is a novel observation for
soils. This finding and other characteristics could be detected because (i) the electric
potential near the soil surface was shielded by the high electrolyte concentration, (ii) a
highly humic soil with many hydrophobic sites was used, and (iii) a highly sensitive method
of surfactant‐selective electrode measurement was applied. The obtained adsorption
characteristics can be fundamentally applied to any soil containing humic substances
although those adsorption amounts would be smaller than our results.
The adsorption amount decreased with increasing pH because electrostatic repulsion
increased at higher pH. Because the adsorption is strongly affected by pH, the pH must be
carefully considered when the fate of ionic surfactants in soils is discussed.
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The adsorption of linear‐carbon‐chain DBS was larger than that of branched‐carbon‐
chain due to the difference of the chain structure. There was no significant difference in
adsorption amounts after 3 and 24 hours; hence, the reaction must reach equilibrium
within 3 hours while decomposition is not significant or small within 24 hours. Purification
of water contaminated with SDBS by highly humic non‐allophanic Andisol will therefore
take more than 24 hours. In perspective, further research is needed on the decomposition
of the surfactant.
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Chapter 3:
Effect of Electrolyte on the Adsorption of Sodium Dodecylbenzene
Sulfonate on High Humic Volcanic Ash Soil
3.1 Abstract
Sodium dodecylbenzene sulfonate (DBS) is a very useful and widely used anionic
surfactant for many domestic, agricultural and industrial purposes. This surfactant
sometimes creates environmental problems when discharged into the environment
without treatment, and can absorb onto soil, though the factors influencing the adsorption
of DBS onto soil have not been studied well. In this study the influence of electrolyte
concentration on DBS adsorption onto a volcanic ash soil at room temperature (25± 1°C)
was systematically investigated. The soil was highly humic non‐allophanic Andisol with a
clay loam texture and carbon content of 13.8%. The adsorption amount of DBS was
measured by batch method at different electrolyte concentrations of NaCl at pH 4.5 and 6.5.
The zeta potentials of the soil particles were measured and the potentials at the adsorption
site of soil particles were calculated using a theoretical adsorption equation. The amount of
DBS adsorbed increased with the increase of the electrolyte concentration. This indicated
that the electrostatic repulsive force between the soil and the surfactant became smaller at
higher electrolyte concentrations due to the shielding of the electric field. The decrease of
absolute values of the zeta potentials and the calculated potentials at the adsorption site
with increasing electrolyte concentration verified the influence of the shielding of the
electric field. The change of zeta potential showed the same trend as the calculated
potential. This result confirmed the validity of the theoretical equation for DBS adsorption.
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The adsorption amount was always higher at lower pH. At higher pH, the negative pH‐
dependant charge of the soil increased and the repulsive force between the soil surface and
surfactant increased. It was also observed that linear‐carbon‐chain DBS adsorption was
higher than branched‐carbon‐chain DBS adsorption due to the difference of the carbon
chain structure. The electrolyte concentration had a profound effect on the electrical
condition of the volcanic ash soil and affected the DBS adsorption. As the adsorption of DBS
is strongly affected by electrolyte concentration as well as pH, these two factors must be
carefully considered to predict the fate of DBS in environmental applications.
Key words: Sodium dodecylbenzene sulfonate, adsorption, electrolyte, volcanic ash soil,
zeta potential
3.2 Introduction
Sodium dodecylbenzene sulfonate (DBS) is very common, and popularly used anionic
surfactant (Fachini et al., 2007) as active ingredients of laundry detergent and as an anti‐
caking agent in many domestic and industrial materials including chemical fertilizers. It is
also popularly used in agricultural chemicals as an emulsifying agent, because of its ability to
change the physicochemical nature of surfaces (Koopal et al., 1999). At the same time DBS is
the most common pollutant found in almost all environmental settings (Sullivan and Swisher,
1969; McEvoy and Giger, 1986; Takada and Ishiwatari, 1987; Yielder et al., 1989; Papaport
and Eckhoff, 1990; McAvoy et al., 1993). Overall, DBS is used in large quantities and enters
the environment primarily through waste water and sludge.
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The discharges of these compounds to the environment lead them to come in contact
with the soil and are adsorbed onto the soils. Adsorption of DBS by soils and soil sediments is
an important process affecting its transport, and toxicity (Wolf and Feijtel, 1998; Knaebcl et
al., 1996; Fleld et al., 1992; Garcia et al., 2005; Rubio et al., 1996). In past decades, only a few
adsorption studies have been conducted to understand the fate of the discharged anionic
surfactant (Wolf and Feijtel, 1998). As different soil and sediment constituents may have
different adsorption characteristics (Knaebcl et al., 1994), adsorption of anionic surfactant
depend not only on the types of these constituents but also on their relative contents (Wolf
and Feijtel, 1998; Zhu et al., 2003). Adsorption studies of cationic surfactant on humic acids
have been recently conducted (Koopal et al., 2004; Yee et al., 2006; Ishiguro et al., 2007;
Ishiguro and Koopal, 2011). Yee et. al, 2009 indicated that anionic surfactant adsorbed only
slightly on humic acids. Sometimes surfactants are used in soil and groundwater remediation
Zhao et al., 2006; and nanomaterial preparation. The use of the surfactants in different
adsorption experiment is higher than the critical micelle concentrations (CMCs) (West and
Harwell, 1992; Tanaka et al., 1997; Ko et al., 1998b; Lecoanet et al., 2004). Linear carbon
chain DBS is used all over the world for the domestic and commercial uses. But some Latin
American countries are using the branched chain DBS in different formulations due to their
low cost though this form of DBS is known to have a detrimental effect on environment and
especially on water quality (Campos‐Garcia et al., 1999). Although it is also known that
branched carbon chain DBS has low bio‐degradability (Cain,1994), few studies exist about
branched chain DBS adsorption on soils. Adsorption studies comparing linear and branched
carbon chain structures are also rare.
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Adsorption of anionic surfactant in a wide concentration range (from very low to above
CMC) needs to be investigated to understand its application in remediation of contaminated
soil and groundwater (West and Harwell, 1992; Rouse and Sabatini, 1993; Ko et al., 1998a;
DiVincenzo and Dentel, 1996; Allred and Brown, 1996). The presence of electrolyte has a
great effect on the critical micelle concentrations of the surfactants (Haigh, 1996) and may
also severely affect the adsorption characteristics of DBS. The adsorption behavior and fate
of DBS on soil with different organic matter content have been studied, and it has been
observed that the DBS adsorption decreased with the increase of pH and correlated
positively with organic matter content (Fytianos et al., 1998). The adsorption of DBS on
marine sediments has been shown to be favorably influenced by low pH, high salinity and
low temperature (Li et al., 2008). The influence of organic carbon on the adsorption of DBS
has been discussed, and it has been suggested that DBS adsorption is controlled by
hydrophobic mechanism (Mc Avoy et al., 1994). The influence of pH on DBS adsorption in
highly humic non‐allophanic andisol at high electrolyte concentration has been studied
(Farook et al., 2012a). The effect of pH and DBS concentration on dissolution of humic
substances from highly humic volcanic ash soil at different electrolyte concentration has
been observed (Farook et al., 2012b). However, adsorption study for anionic surfactants and
the influence of electrolyte concentrations in soils is rare.
As the presence of an electrolyte plays a vital role in the critical micelle concentration of
DBS, its influence on DBS adsorption needs investigation to obtain the desired adsorption
behavior of DBS on soil. The charge condition of the soil particles is another important factor
influencing the adsorption of DBS onto soil. The objective of this study is to determine the
influence of the different concentrations of NaCl on adsorption characteristics of DBS in a
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highly humic soil. The adsorption isotherms of both branched and linear‐carbon‐chain DBS
were systematically investigated at different pH values and different electrolyte
concentrations of NaCl. A highly humic volcanic ash soil (non‐allophanic Andisol) was used in
this experiment because it is a unique soil containing a large amount of organic matter and
especially contains only negative charge (Ishiguro et al., 2003).
3.3. Materials and Methods
3.3.1. Soil
Highly humic, non‐allophanic Andisol (volcanic ash soil) of A horizon from Daisen
grazing ground, Tottori Prefecture, Japan was used in this experiment. The physical and
chemical characteristics of the soil are given in Table 2‐1. Moist field soil sieved with a 2‐mm
sieve was used in the experiment.
Table 21: Physical and chemical characteristics of the soil used in the experiment.
Soil Name

Sand Silt

Clay

Texture

pH

Carbon content

(%)
Andisol

43.6

31.8

24.6

Clay loam

c5.0,d4.2

aCEC

was measured at pH 6 with a 1 mmolc L‐1 KNO3 solution.

bAEC

was measured at pH 6 with a 1 mmolc L‐1 K2SO4 solution.

aCEC

bAEC

(%)

(mmolc kg‐1)

13.8

12.3

cpH

was measured with distilled water (soil : distilled water at the ratio of 1 : 5)

dpH

was measured with 0.1 mol KCl (soil : 0.1 mol KCl at the ratio of 1: 2.5)

0

3.3.2. Surfactant
DBS with branched and linear carbon chains having the same chemical composition
(C12H25C6H4SO3Na) and molecular weight of 348.48 g mol‐1 were purchased from Tokyo
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Kasei Kogyo Co. The two types of DBS had purities of about 95% and were used without
further purification.
3.3.3. Adsorption Experiment
A batch experiment was conducted to obtain the DBS adsorption isotherm of the
soil in order to investigate the influence of electrolyte concentration at different pH
condition at room temperature (25± 1°C). The soil (2.5 g dry weight basis) was placed in a
50‐cm3 centrifuge tube. It was equilibrated with different concentration of electrolyte (1
mmol L‐1, 10 mmol L‐1, 100 mmol L‐1 & 500 mmol L‐1 NaCl) solution, and the solution pH
was adjusted to 4.5 or 6.5 by adding dilute HCl or NaOH. After discarding the supernatant
from the tube, 25 ml of DBS solution (ranging from 0.001 to 10.0 mmol L‐1) at different
electrolyte concentrations of NaCl were mixed in the soil and shaken well for 24 hours.
After the elapsed time the soil solution was centrifuged for 10 min at 8000 rpm. The
supernatant of the tube was collected and the surfactant concentration of the supernatant
was measured by an anionic surfactant selective electrode (Fukui et al., 2003). The
concentration cell was devised and built by the authors. The concentration cell was
constructed as follows:
Ag/AgCl electrode | Agar bridge | reference solution (C0) | functional membrane | test
solution (C1) | Agar bridge | Ag/AgCl electrode,
where C0 and C1 are the concentrations of the surfactant in the reference solution and that
in the collected supernatant.
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The electromotive force (EMF) was read using a digital voltmeter with high input
impedance at 25± 1°C. The EMF, E, can be expressed with the equation (2‐1) as shown in
chapter 2:
E = S log(C1/C0), ……………………………. (2‐1)
where S is the experimental slope. The theoretical value of S is 59.2 mV at 25°C (Nernstian
slope). When the concentration was higher than the critical micelle concentration, the
concentration was measured after dilution. To avoid the effect of dissolved humic
substances on electrode when dipped longer time in solution, the electrode was carefully
washed before each measurement and always checked with standard solution in order to
get the proper result.
The adsorbed amount of surfactant in the soil was obtained by subtracting the DBS amount
in the soil solution from that added into the soil by using the equation mentioned in
chapter 2.
DBS adsorption (mmol kg‐1) = {added DBS conc. (mmol L‐1) × 0.025 (L) – DBS conc. in
supernatant (mmol L‐1) × (0.025+V) (L)}/Dry weight of the soil (kg)…...........(2‐2)
3.3.4. Critical micelle concentration (CMC)
DBS CMC at different concentration of NaCl was obtained using the anionic
surfactant selective electrode. The EMF was measured at each DBS concentration. Under
the CMC, a straight calibration line (EMF versus the logarithm of the DBS concentration)
was obtained according to equation (2‐1). Above the CMC, the EMF became almost constant.
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The CMC was obtained at the kink of the calibration line (Ishiguro et al., 2007; Ishiguro and
Koopal, 2009).
3.3.5. Zeta Potential Measurement
The zeta potential of the soil particles was measured under the same solution
condition of the adsorption experiment. In order to get a good measurement result, the soil
and the solution in weight was mixed in the ratio1: 20000. The zeta potential of the soil
particles was obtained by measuring the electrophoretic mobility of the soil particles
(Model 502, Nihon Rufuto). In this experiment the large soil particles sank in the
measurement cell, accordingly the mobility of the small soil particles was measured.
3.3.6. Evaluation with the theoretical adsorption equation
The measured adsorption isotherms were evaluated by using the following theoretical
adsorption equations.
n
(
KC )
q=Q
n
1 + (KC )

…………………………….(2‐3)

where q is the adsorption amount, Q the maximum adsorption, K the adsorption constant, C
the equilibrium DBS concentration (mol L‐1), and n the non‐ideality, or the deviation from
the Langmuir equation, n = 1.
ΔG (J mol‐1) = RT log K ........................(2‐4)
⎛ Fϕ ⎞
K = κ exp⎜
⎟ …………………………..(3‐1)
⎝ RT ⎠

log K= log κ+ F φ/RT……………………..(3‐2)
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In equation (2‐4), ΔG is the adsorption energy, R (J K‐1 mol‐1) the gas constant, T (K) the
absolute temperature. In equation (3‐1), κ the intrinsic adsorption constant, F (C mol‐1 ) the
Faraday constant and φ (mV) the adsorption site potential.
The n, K, κ and φ values in the equations were obtained by fitting the measured curve. The
Q value was obtained from the measured isotherm.
3.4. Results and Discussions
3.4.1. Adsorption isotherm at different electrolyte concentration
Adsorption isotherms of DBS (both branched‐ and linear‐carbon‐chain structures)
are given in Fig. 3‐1. The adsorption amount of DBS increased gradually with the increase
of electrolyte concentration of NaCl. The trend of increase was sharp at lower
concentrations of DBS whereas the trend was gradual at higher concentrations of DBS. The
steep slope at the very low concentrations of DBS indicates cooperative adsorption of DBS.
At higher concentrations of DBS the cooperativity decreased and the slope becomes
gradual. At pH 4.5 the adsorption isotherms were always higher than those at pH 6.5.
Farook et al. (2012a) showed the same results at high electrolyte concentrations. The
results indicate that the negative pH‐dependent charge of the soil surfaces increases at
higher pH. The electric repulsive force between the soil surface and surfactant also
increases at higher pH condition and the adsorption amount decreases. The reason that the
adsorption amount increases with the increase of electrolyte concentration is that at higher
electrolyte concentrations, the diffuse double layer near the soil surface becomes thinner
and the electric repulsive force between the soil surface and surfactant becomes smaller
due to the shielding of the electric field.
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Figure 31: Adsorption isotherm of DBS at different electrolyte and pH condition (a)
branched‐carbon‐chain DBS (B‐DBS) (b) linear‐carbon‐chain DBS (L‐DBS).
3.4.2. Adsorption isotherm and charge condition of the soil particle
The values of the zeta potential of the soil samples were measured to know the charged
state of the samples. At both pH conditions the values of the zeta potential were always
negative (Figs. 3‐2). This indicates that the adsorption between the negatively charged soil
and the negatively charged surfactants occurs through hydrophobic interaction. In all
electrolyte concentrations the negative value of zeta potential was higher at high pH
conditions. The experimental results clearly indicate that higher charge density prevails at
higher pH conditions. It was also observed that the absolute value of the zeta potential of
soil particles decreased when the electrolyte concentration increased. This result clearly
denotes the shielding of the electric field at higher electrolyte concentrations. For this
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reason in volcanic ash soil the DBS adsorption is higher at higher electrolyte concentrations
of NaCl than at lower electrolyte concentrations.
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Figure 32: Adsorption isotherm vs. Zeta potential at different pH condition for (a)
branched‐carbon‐chain DBS and (b) linear‐carbon‐chain DBS.
3.4.3. Evaluation of the measured adsorption isotherm and the adsorption site
potential
The measured adsorption isotherms were evaluated using the theoretical
adsorption equation as mentioned before. As cooperative adsorption was detected at low
DBS concentration, the calculation was done separately in the adsorption isotherm; the
region of cooperative adsorption at the low DBS concentration and that of non‐cooperative
adsorption at the middle concentration. We did not calculate in the region at high
concentration because the adsorption site was supposed to be filled up at the highest
concentration.
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Figure 33: Best fitted calculated isotherms compared with measured isotherms for (a)
branched‐carbon‐chain DBS at pH 4.5; (b) branched‐carbon‐chain DBS at pH 6.5; (c) linear‐
carbon‐chain DBS at pH 4.5; (d) linear‐carbon‐chain DBS at pH 6.5. Black symbols denote
measured values. Dotted lines are calculated values in cooperative region and solid lines
are calculated values in non‐cooperative region.
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The values of n and K were obtained by fitting to the measured adsorption isotherm to
equation 2‐3. The maximum adsorption Q was determined from the measured adsorption
isotherm located near the CMC value. In this experiment the value of the maximum
adsorption amount Q was fixed at 20 mmol kg‐1 for both branched and linear DBS. The κ
and φ were obtained by fitting κ against φ using equation 3‐2. The intrinsic adsorption
energy ΔG was determined from equation 2‐4. When determining the optimal set of κ and
φ, a value for φ that was not much different from the zeta potential was selected. For the
non‐cooperative region, the n value was fixed at 1. For the cooperative region, the n values
varied from 10 to 16. The cooperativity is obvious from these values. The intrinsic
adsorption constants, κ, for the linear and branched DBS were calculated separately. The
same κ for the non‐cooperative region was obtained among the different pH and electrolyte
concentrations as shown in Table 3‐1. The same κ for the cooperative region was obtained
among the different electrolyte concentrations for pH values of 4.5 and 6.5 (Table 3‐1). In
both the cooperative and non‐cooperative region, the κ value for linear DBS was larger than
that for branched DBS because of the difference of chain structure.
The intrinsic adsorption energy ΔG was always lower in linear DBS compared to
branch DBS. In the cooperative region the intrinsic adsorption energy differences were ‐
0.45 J mol‐1 and in the non‐cooperative region the intrinsic adsorption energy differences
were about ‐1.0 J mol‐1.
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Table 31. n, κ, φ values used for the calculation and the intrinsic adsorption energy obtained for
branched and linear DBS.
pH

pH 4.5

Concentration
κ

n

φ (mV)

pH 6.5

Low

Middle

Low

Middle

Branched

1.9x106

1.9 x104

1.9x106

1.9 x104

Linear

2.8x106

5.3 x104

2.8x106

5.3 x104

Branched

10

1

15

1

Linear

10

1

16

1

Branched

‐4~‐25

‐4~‐45

‐16~‐70

‐34~‐115

Linear

‐11~‐25

‐2~‐55

‐20~‐70

‐25~‐130

Intrinsic Adsorption

Branched ‐14.5

Energy {RT(J)}

Linear

‐14.9

‐9.9

‐14.5

‐9.9

‐10.9

‐14.9

‐10.9

The CMC values for DBS, the differences per mole between the free energy of the
surfactant in a micelle and in water and the differences between linear and branched DBS
are shown in Table 3‐2. The latter differences ranged from ‐0.33 to ‐0.93 J mol‐1. These
values are similar to the differences of the intrinsic adsorption energies between linear and
branched DBS. This indicates that the adsorption energy is related to the micellization free
energy, because both are related to the hydrophobic chain interaction.
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Table 32. CMC of DBS and difference per mole between the free energy of DBS in a micelle
and in water and the differneces between linear and branched DBS.
NaCl

CMC

(mmol L‐1)

∆Gmic J mol‐1

(mmol L‐1)

Difference of ∆Gmic J mol‐1

Branched DBS(a) Linear DBS(b)

{(b)‐(a)}

Branched DBS Linear DBS

500

0.11

0.04

‐5.7

‐6.14

‐0.44

100

0.33

0.09

‐5.23

‐5.79

‐0.56

10

1.8

0.21

‐5.42

‐0.93

1

2.8

1.3

‐4.63

‐0.33

‐4.49
‐4.30

The adsorption site potential, φ, was calculated where it became straight when it
was plotted in a log (DBS concentration) vs. φ curve for convenience as shown in Figs. 3‐4
and 3‐5. Examples of the calculated isotherms compared with the measured isotherms are
shown in Fig. 3‐3. A comparison between the zeta potential and calculated potential at the
adsorption sites is given in Figs. 3‐4 and 3‐5. It was observed that with the increase of DBS
concentration, the absolute value of the adsorption site potential of the soil particles
increased due to the DBS adsorption. It decreased with the increment of electrolyte
concentration because of the shielding of the electric field. The absolute value of the
adsorption site potential was always higher at pH 6.5 compared to that at pH 4.5. Both the
branched and the linear‐carbon‐chain DBS showed a similar trend. The zeta potential of
the soil particles and the adsorption site potential showed a similar trend. This result
confirms the good applicability of the theoretical equation to the DBS adsorption in the soil.
It is clear that the electrolyte concentration has a profound effect on the adsorption of the
anionic surfactant in the soil by affecting the surface potential of the soil particles.
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Figure 34: Comparison between measured zeta potential and calculated adsorption site
potential for branched‐carbon‐chain DBS; a) pH 4.5, b) pH 6.5.
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Figure 35: Comparison between measured zeta potential and calculated adsorption site
potential for linear‐carbon‐chain DBS; a) pH 4.5, b) pH 6.5.
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3.4.4. Comparison between branched and linear carbon chain DBS adsorption
The comparison between branched and linear‐carbon‐chain DBS adsorption are
given in Fig. 3‐6. Under the same electrolyte concentration the adsorption amount of
linear‐carbon‐chain DBS was always higher than that of branched‐carbon‐chain DBS.
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Figure 36: Comparison of adsorption isotherms between branched and linear‐carbon‐
chain DBS at different electrolyte concentration.
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That happened in all electrolyte concentrations and all pH conditions. The larger κ value for
linear DBS than that for branched DBS in the non‐cooperative region indicates those
differences (Table 3‐1). The linear conformation of DBS is more suitable for aggregation on
the soil and micellization in water than the branched conformation. These mechanisms
cause the higher adsorption of linear DBS than branched DBS in volcanic ash soil.
3.5. Conclusions
Negatively charged surfactant DBS adsorbs onto negatively charged soil with
hydrophobic interaction, although the electrostatic interaction is repulsive. All zeta
potentials of the soil particles that adsorb the surfactant show negative values and increase
in negativity as the adsorption amount increases. Also the surfactant adsorption is higher
at higher electrolyte concentrations. That indicates that the electrostatic repulsive force
between the soil and the surfactant becomes smaller at higher electrolyte concentrations
due to the shielding of the electric field near the soil surface. The decrease of absolute
values of the zeta potentials with increasing electrolyte concentration indicates the
influence of shielding. The surfactant adsorption is higher at lower pH conditions due to the
smaller electrostatic repulsion between the soil particles and the surfactant. The decrease
of the absolute value of zeta potential at lower pH corresponds with the results. The
calculated electric potential at the adsorption site, derived from the theoretical adsorption
equation, well explains the influence of electrolyte concentration and pH on surfactant
adsorption. The trend of the calculated electric potential corresponds to that of the zeta
potential. This result confirms the validity of the theoretical adsorption equation.
Adsorption of linear‐carbon‐chain DBS is higher than that of branched‐carbon‐chain DBS
due to the difference of the chain structure. Cooperative adsorption is detected at lower
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surfactant concentrations. The n values ranges from 10 to 16. As the adsorption of DBS is
strongly affected by different electrolyte concentrations and also pH, these two factors
must be taken into careful consideration when projecting the fate of DBS in soil and
especially when using this surfactant in remediating soil or water.
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Chapter 4:

Influence of Organic Matter on the Adsorption of Sodium Dodecylbenzene Sulfonate
on Volcanic Ash Soil.

4.1 Abstract
Sodium dodecylbenzene sulfonate (DBS) an anionic surfactant is used as an
important content of detergent. Its discharge without treatment causes environmental
problem and its adsorptive behavior in soils is not fully understood. In this chapter, the
adsorption behavior of DBS of linear carbon chain on volcanic ash soil was investigated
before and after removing most of the organic matter from the soil. The soil used in the
experiment is highly humic non‐ allophanic Andisol soil. Non‐allophanic Andisol has
negative charge and DBS has also the negative charge; which helped to observe the
negative‐negative soil‐surfactant interaction. The adsorption isotherm amount was
measured at the electrolyte concentration of 100 mmol L‐1 NaCl in order to obtain smooth
adsorption isotherm and to shorten the diffuse double layer thickness. The adsorption
amounts increased with increasing the concentration of DBS on both the soils. The soil with
organic matter content showed more adsorption compared to the soil removed most of the
organic matter at different pH conditions. It was also observed that adsorption amount was
higher at lower pH.
Key words: sodium dodecylbenzene sulfonate (DBS), adsorption isotherm, anionic
surfactant, electrolyte, volcanic ash soil.
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4.2 Introduction
The influence of soil at different pH condition and humic content on sorption of
Linear alkylbenzene sulfonate has been reviewed by Wolf and Feijtel (1998). Soil and
sediment constituents such as natural organic matter or clay (McAvoy et al. 1994) have
been observed to be responsible for the Linear alkylbenzene sulfonate adsorption in soils.
As different soil and sediment constituents may have different adsorption characteristics
(Knaebel et al. 1994), adsorption of anionic surfactant may depend not only on the types of
these constituents but also on their relative contents (Zhu et al. 2003; Wolf and Feijtel
1998).
Different soil with different organic matter contents is expected to have different
adsorption characteristics. As the volcanic ash soil possess huge amount of organic matter
and this soil is very common in Japan; in this study adsorption experiments were carried out
at pH 4.5 and 6.5 using DBS of linear carbon chain on the soil with and without organic
matter.
4.3 Materials and Methods
4.3.1. Soil
1. Soil without removing organic matter (control): Volcanic Ash Soil (Highly humic, non‐
allophanic Andisol) of surface layer from Daisen grazing ground, Tottori Prefecture,
Japan was used in this experiment. Some important characteristics of the soil are
given in Table 2‐1. The field moist soil sieved with 2 mm‐sieve was used in the
experiment as soil with organic matter.
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2. Soil without organic matter(organic matter free): The field moist soil was treated
with hydrogen peroxide (30% H2O2 solution) to remove the organic matter.
Table 21. Physical and chemical characteristics of the soil used in the experiment.
Soil Name

Sand Silt

Clay

Texture

pH

Carbon content

(%)
Andisol

43.6

31.8

(%)
24.6

Clay loam c5.0, d4.2

13.8

aCEC

was measured at pH 6 with a 1 mmolc L‐1 KNO3 solution.

bAEC

was measured at pH 6 with a 1 mmolc L‐1 K2SO4 solution.

cpH

was measured with distilled water (soil:distilled water at the ratio of 1:5)

dpH

was measured with 0.1M KCl (soil:0.1M KCl at the ratio of 1:2.5)

aCEC

bAEC

(mmolc kg‐1)
12.3

0

4.3.2 Surfactant
Anionic surfactant, sodium dodecyl benzene sulfonate (DBS) of linear carbon chain
(C12H25C6H4SO3Na) with molecular weight of 348.48 g/mol was purchased from Tokyo
Kasei Kogyo Co. Ltd. with a purity of above 95% and used without further purification.
4.3.3 Adsorption Experiment
A batch experiment was conducted to get the DBS adsorption isotherm of the soil.
The experiment was conducted at room temperature (25± 10C). The soil (2.5 g dry weight
basis) was taken in 50cm3 centrifuge tube. It was equilibrated with a 100 mmol L‐1 NaCl
solution and adjusted the solution pH to pH 4.5 and 6.5 by adding diluted HCl and NaOH
respectively. This procedure was repeated several times until the pH settles stable. When
the desired pH is obtained, the supernatant is discarded and 25 ml of DBS solutions of
different concentrations (0.001, 0.005, 0.01, 0.10 and 1.0 mmol L‐1) with 100 mmol L‐1 NaCl
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were added in the tube, and then it was mixed in the soil and shaken well for 24 hours.
After the elapsed time the soil solution was centrifuged for 10 min at 8000 rpm. The
supernatant of the tube was collected and the surfactant concentration was measured by
anionic surfactant selective electrode (Fukui et al., 2003) that was built by the authors. The
concentration cell was constructed as follows:
Ag/AgCl electrode | Agar bridge | reference solution (C0) | functional membrane | test
solution (C1) | Agar bridge | Ag/AgCl electrode
where C0 and C1 are the concentrations of the surfactant in the reference solution and that
in the collected supernatant. The electromotive force (EMF) was measured using a digital
voltmeter with high input impedance at 25± 10C. The EMF, E, can be expressed by the
equation (2‐1) as mentioned in chapter 2:
E = S log(C1/C0)……………………………………………………(2‐1)
where S is the experimental slope. The theoretical value of S is 59.2 mV at 250C (Nernstian
slope). The measured values for the standard solutions ranged from 56.12 mV to 58.4 mV.
The measureable concentration ranges was from 0.001 mmol L‐1 to 0.10 mmol L‐1. The
electrolyte concentrations for the standard solutions, test solutions and reference solutions
were all 100 mmol L‐1 NaCl. The electrode was carefully washed before each measurement
and the output level was always checked with standard solutions in order to get proper
result.
The adsorbed amount of surfactant in the soil was obtained using the equation (2‐2),
DBS adsorption (mmol kg‐1) = {added DBS conc. (mmol L‐1) x 0.025 (L) – DBS conc. in
supernatant (mmol L‐1) x (0.025+V) (L)}/Dry weight of the soil (kg) ..….. (2‐2)
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where V (L) is the volume of remaining solution in the soil after discarding the supernatant
and before adding DBS solution. The experiment was conducted under the 100 mmol L‐1
NaCl solution condition, in order to decrease the influence of negative charge of the soil.
4.4 Results and Discussion
From the experimental result, it was observed that adsorption isotherm was always
higher in the soil having organic matter compared to soil free of organic matter. This trend
was observed for both pH conditions. It indicates that organic matter plays a very
important positive role in volcanic ash soil on the adsorption of DBS. It is clear that, the
higher the organic matter content, the higher the degree of adsorption (Figs. 4‐1 & 4‐2).
The organic matter itselves provides more sites for adsorption in the volcanic ash soil. The
similar trend on DBS adsorption onto the soils of different organic matter content (ranged
from 1.22 to 1.63 %) was also reported by Fytianos K. et al., (1998). It was also observed
that the adsorption of DBS on both of the soil increases with the increment of concentration
of DBS (Figs. 4‐1 & 4‐2) at both pH conditions. It was observed that the adsorption
isotherm of DBS in volcanic ash soil was higher at pH 4.5 compare to pH 6.5 (Fig. 4‐3).
When soil pH increases, the negative pH‐dependent charge of the soil increases, which
causes electrostatic repulsive force between the soil and the surfactant which eventually
decrease the adsorption at higher pH. Similar adsorption isotherms have been observed for
cationic surfactant‐anionic polymer system by Ishiguro and Koopal (2009).
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Figure 41: Adsorption isotherm of sodium dodecylbenzene sulfonate (DBS) in volcanic
ash soil at pH 6.5.
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Figure 42: Adsorption isotherm of sodium dodecylbenzene sulfonate (DBS) in volcanic
ash soil at pH 4.5.
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Figure 43: Comparison of adsorption isotherm of sodium dodecylbenzene sulfonate (DBS)
in volcanic ash soil between pH 4.5 and pH 6.5.
4.5 Conclusions
The adsorptions of linear carbon chain anionic surfactant sodium dodecylbenzene
sulfonate (DBS) on volcanic ash soil were observed with organic matter and without
organic matter at pH 4.5 and 6.5. It was observed that at all pHs conditions organic matter
slightly enhances the adsorption of DBS of linear carbon chain indicating organic matter
also offers sites for adsorption of DBS in volcanic ash soil. It was also observed that the
adsorption of DBS was higher at pH 4.5 compare to pH 6.5 due to the higher charge density
at higher pH.
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Chapter 5:
Dissolution of Humic Substances from Highly Humic Volcanic Ash Soil as Affected by
Anionic Surfactant, Electrolyte Concentration and pH
5.1 Abstract:
Dissolved humic substances separated from soils play an important role in the
material cycle because they adsorb nutrients and contaminants and move with water. This
study was conducted to investigate the influence of anionic surfactant, pH and electrolyte
concentration on the dissolution of humic substances from a highly humic volcanic ash soil.
The soil used in the experiment has a negative charge and the anionic surfactant, sodium
dodecylbenzene sulfonate, has also the negative charge. The absorbance of supernatant of
soil solution at different surfactant concentration and different electrolyte concentration
(0.001M, 0.01M, 0.1M & 0.5M) of NaCl at pH 4.5 and 6.5 was measured at the wavelength of
400 nm; this corresponds to the relative concentration of dissolved humic substances. The
surfactant adsorption and its equilibrium concentration under the same solution condition
of the absorbance measurement were also measured in order to get their effect on the
dissolved humic substances. The zeta potential of soil particles was measured in order to
evaluate the influence of electrostatic potential on dissolution of humic substances. The
concentration of dissolved humic substances increased at higher surfactant concentration
and adsorption, at higher pH and at lower electrolyte concentration. The electrostatic
repulsive force between the soil particles and the dissolving humic substances became
larger when more DBS are adsorbed and at lower electrolyte concentration and higher pH
condition. Therefore, surfactant concentration and adsorption, pH and electrolyte
concentration are important when considering the fate of humic substances in soils.
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5.2 Introduction
Dissolved humic substances separated from soils play an important role in the
material cycle because they adsorb nutrients and contaminants (Buffle J, 1988). Many
studies have shown that surfactant concentration enhances the dissolution/solubilisation
of humic substances present in the soil (Kile and Chiou, 1989; Pennell et al., 1993). In
general, the higher the organic content of a soil the greater the degree of adsorption of
hydrophobic materials and higher the surfactant concentration the higher ability to
dissolve the humic substances (Haigh S D, 1996).
From the above study it is clear that surfactants influence the fate of humic substances in
soils. Among the anionic surfactant, Sodium dodecylbenzene sulfonate (SDBS) is widely
used in domestic and industrial purposes (Fachini et al., 2007; Inoue et al., 1978; He et al.,
1991) and it is the most common pollutant found in almost all environmental
compartments (Sullivan and Swisher, 1969; McAvoy and Giger, 1986; Takada and
Ishiwatari, 1987; Yediler et al., 1989; Rapaport and Eckhoff, 1990; McAvoy et al., 1994;
McAvoy et al., 1993). Organic matter has been observed responsible for anionic surfactant
adsorption in soil (Fige et al., 1986; Mathijs and DeHenau, 1985; Krishna et al., 1966).
However, the combined study of humic substances dissolution from soil as affected by pH,
electrolye concentration and different surfactant concentration is not sufficient.
In this chapter influences of an anionic surfactant, pH and electrolyte concentration
on dissolution of humic substances from a highly humic volcanic ash soil were investigated.
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For evaluating the chemical characteristics of dissolved organic matter, charge condition of
the soil must be considered (Boyer et al., 2008). Therefore, the zeta potential of the soil
particles was measured in this research to investigate the charge characteristics of the soil.
Volcanic ash soils which accumulate huge amount of organic matter in surface layer are
very common in Japan and areas where volcano exists in the world. Therefore, we chose
the volcanic ash soil as our experimental material.
5.3 Materials and Methods
The dissolution of humic substances from volcanic ash soil in presence of surfactant
at different electrolyte and pH condition was systematically analyzed.
5.3.1. Soil
A volcanic ash soil (Highly humic, non‐allophanic Andisol) of surface layer from
Daisen grazing ground, Tottori Prefecture, Japan was used in this experiment. Some
important characteristics of the soil are given in Table 2.1. The field moist soil was sieved
with 2 mm‐sieve.
Table 21. Physical and chemical characteristics of the soil used in the experiment.
Soil Name

Sand Silt

Clay

Texture

pH

Carbon content

(%)
Andisol

43.6

31.8

(%)
24.6

Clay loam c5.0, d4.2

13.8

aCEC

was measured at pH 6 with a 1 mmolc L‐1 KNO3 solution.

bAEC

was measured at pH 6 with a 1 mmolc L‐1 K2SO4 solution.

cpH

was measured with distilled water (soil:distilled water at the ratio of 1:5)

dpH

was measured with 0.1M KCl (soil:0.1M KCl at the ratio of 1:2.5)
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aCEC

bAEC

(mmolc kg‐1)
12.3

0

5.3.2. Surfactant
Anionic surfactants, SDBS, with branched and linear carbon chains having the same
chemical composition (C12H25C6H4SO3Na) and molecular weight of 348.48 g mol‐1 were
purchased from Tokyo Kasei Kogyo Co. with purity of about 95% and were used without
further purification.
5.3.3. Adsorption Experiment
A batch experiment was conducted with SDBS (both branched and linear carbon
chain) to get the dodecylbenzene sulfonate (DBS) adsorption amount of the soil. The
experiment was conducted at room temperature (25± 1°C). The soil (2.5 g dry weight
basis) was taken in 50 cm3 centrifuge tube. It was equilibrated with a different electrolyte
concentration of NaCl solution (0.001 M, 0.01 M, 0.1 M and 0.5 M NaCl) and the solution pH
was adjusted to 4.5 and pH 6.5 by adding diluted HCl and NaOH, respectively. After the soil
solution was centrifuged, the supernatant was discarded and 25 ml of SDBS solutions of
different concentrations (0.001, 0.005, 0.01, 0.05, 0.10, 0.70, 1.0, 2.0, 3.0, 5.0 and 10.0 mmol
L‐1) at different electrolyte concentration of NaCl were added to the soil and remaining
solution in the tube. The tube was shaken well for 24 hours. After the elapsed time the soil
solutions were centrifuged for 10 min at 8000 rpm. The supernatants of the tubes were
collected and the surfactant concentrations were measured by anionic surfactant selective
electrode (Fukui et al., 2003) that was assembled by the authors. The concentration cell
was constructed as follows:
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Ag/AgCl electrode | Agar bridge | reference solution (C0) | functional membrane | test
solution (C1) | Agar bridge | Ag/AgCl electrode,
Where, C0 and C1 are the concentrations of the surfactant in the reference solution
and that in the test solution. The electromotive force (EMF) was measured using a digital
voltmeter with high input impedance at 25±1°C. The EMF (E) can be expressed with the
equation (2‐1):
E = S log(C1/C0)……………………………………………….…(2‐1)
Where S is the experimental slope. The theoretical value of S is 59.2 mV at 25°C
(Nernstian slope). The measured values for the standard solutions ranged from 54.35 mV
to 59.00 mV. The electrode was carefully washed before each measurement and
continuously checked with standard solutions in order to obtain accurate result.
The adsorbed amount of surfactant in the soil was obtained using the same equation as
equation (2‐2),
DBS adsorption (mmol kg‐1) = {added DBS conc. (mmol L‐1) x 0.025 (L) – DBS conc. in
supernatant (mmol L‐1) x (0.025+V) (L)}/Dry weight of the soil (kg) ……….. (2‐2)
where V (L) is the volume of remaining water in the soil after discarding the
supernatant and before adding the SDBS solution.
5.3.4. Measurement of absorbance of supernatant
The absorbance of the supernatant that was sampled after mixing SDBS solution and
the soil in the adsorption experiment was measured by using spectrophotometer (HITACHI
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U‐1100). A one‐hundredth volume of 10 W/V% NaOH was added to the collected
supernatant and the absorbance of the mixed solution at 400 nm was measured. The
treatment of the solution condition in the absorbance measurement was the same as that of
the adsorption experiment. The absorbance corresponds to the relative concentration of
dissolved humic substances.
5.3.5. Zeta Potential Measurement
Zeta potential of the soil particles was measured under the same solution condition
of the adsorption experiment. In order to get a reliable result, the ratio of soil to water in
weight was fixed at 1: 20000. Zeta potential of the soil particles was obtained by measuring
the electrophoretic mobility of the soil particles using Model 502, Nihon Rufuto at 25°C.
5.4. Results and Discussions
5.4.1. Absorbance of supernatant and DBS concentration/adsorption
The relationships between the measured absorbance of supernatant which
corresponds to the relative concentration of dissolved humic substances and the
equilibrium surfactant concentration for the DBS‐adsorbed soil at different pHs are shown
in Figures. 5‐1(a) to 5‐4(a). The relationships between the absorbance and DBS adsorption
at different pHs are also shown in Figures 5‐1(b) to 5‐4(b). The result shows that when the
pH is lower (pH 4.5), the absorbance becomes lower. When the pH is higher (pH 6.5), the
absorbance becomes higher. The difference between the absorbance at pH 4.5 and that at
pH 6.5 are very clear for each electrolyte concentration, especially those at higher
electrolyte concentration. As the negative charge of the soil and that of the dissolving humic
substances increases with an increase of pH due to the pH dependent charge, those
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increases is likely to have affected the dissolution of the humic substances from the soil.
Increase of the negative charge density on the surface of the humic substances promotes its
dissolution into water, because the humic substances become more hydrophilic. Increases
of the negative charge densities on the soil surface and the humic substances generate
more electrostatic repulsive force between the soil and the humic substances. Therefore,
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Figure 51: Relationships between absorbance of supernatant at 400 nm and (a) DBS
concentration of supernatant, (b) adsorption of DBS at 0.5M NaCl. The absorbance
corresponds to relative concentration of dissolved humic substances. B‐DBS indicates DBS
with branched carbon chain and L‐DBS with linear carbon chain.
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Figure 52: Relationships between absorbance of supernatant at 400 nm and (a) DBS
concentration of supernatant, (b) adsorption of DBS at 0.1M NaCl. The absorbance
corresponds to relative concentration of dissolved humic substances. B‐DBS indicates DBS
with branched carbon chain and L‐DBS with linear carbon chain.
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Figure 53: Relationships between absorbance of supernatant at 400 nm and (a) DBS
concentration of supernatant, (b) adsorption of DBS at 0.01M NaCl. The absorbance
corresponds to relative concentration of dissolved humic substances. B‐DBS indicates DBS
with branched carbon chain and L‐DBS with linear carbon chain.
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Figures 5‐1 to 5‐4 also shows the influence of the surfactant on dissolution of the humic
substances. When the surfactant concentration or surfactant adsorption increases, the
absorbance increases, except those at 0.001 M NaCl at pH 6.5. The absorbance at 0.001 M
NaCl at pH 6.5 takes constant value at all DBS concentration or adsorption, because the
measured absorbance value reaches the maximum for the apparatus. The concentration of
dissolved humic substances increases with increase of the surfactant concentration or
surfactant adsorption. It has been reported that dissolved organic substances increases as
surfactant concentration increases (Pennell et al., 1993). It has also been reported that
above the critical micelle concentration (CMC) the surfactant increases the dissolved humic
substances (Haigh S D, 1996). In our experiments, the absorbances at 0.1 M and 0.5 M NaCl
showed increase near CMC; the CMC for DBS with branched carbon chain were 0.33 mmol
L‐1 and 0.11 mmol L‐1 at 0.1 M NaCl and 0.5 M NaCl respectively, and those with linear
carbon chain were 0.09 mmol L‐1 and 0.04 mmol L‐1 at 0.1 M NaCl and 0.5 M NaCl
respectively. However, the absorbances at 0.001 M NaCl at pH 4.5 and at 0.01 M NaCl
showed increase before CMC; the CMC for DBS with branched carbon chain were 2.8 mmol
L‐1 and 1.8 mmol L‐1 at 0.001 M NaCl and 0.01 M NaCl respectively, and those with linear
carbon chain were 1.3 mmol L‐1 and 0.21 mmol L‐1 at 0.001 M NaCl and 0.01 M NaCl
respectively. Probably, that is because the electrostatic repulsive potential near the soil
particles became larger under low electrolyte concentration.
As a surfactant has an ability to dissolve the hydrophobic substances, it adsorbs on the
hydrophobic part of the humic substances and dissolves some of them. Moreover, as DBS is
an anionic surfactant, DBS adsorption in the soil increases the negative charge of the soil.
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The increase of the negative charge also promotes the dissolution of the humic substances
by the electrostatic repulsive force.
The relationships between the absorbances and the DBS concentrations at different
electrolyte concentrations are shown in Figures 5‐5(a) to 5‐8(a). The relationships
between the absorbances and the DBS adsorptions at different electrolyte concentrations
are also shown in Figures 5‐5(b) to 5‐8(b). The influence of the electrolyte concentration
on the absorbance is clear in Figures 5‐5 to 5‐8.
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Figure 54: Relationships between absorbance of supernatant at 400 nm and (a) DBS
concentration of supernatant, (b) adsorption of DBS at 0.001M NaCl. The absorbance
corresponds to relative concentration of dissolved humic substances. B‐DBS indicates DBS
with branched carbon chain and L‐DBS with linear carbon chain.
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Figure 55: Relationships between absorbance of supernatant at 400 nm and (a) DBS
concentration of supernatant, (b) adsorption of DBS at pH 4.5 for DBS with branched
carbon chain. The absorbance corresponds to relative concentration of dissolved humic
substances.
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Figure 56: Relationships between absorbance of supernatant at 400 nm and (a) DBS
concentration of supernatant, (b) adsorption of DBS at pH 6.5 for DBS with branched
carbon chain. The absorbance corresponds to relative concentration of dissolved humic
substances.
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Figure 57: Relationships between absorbance of supernatant at 400 nm and (a) DBS
concentration of supernatant, (b) adsorption of DBS at pH 4.5 for DBS with linear carbon
chain. The absorbance corresponds to relative concentration of dissolved humic substances.
When the electrolyte concentration decreases, the absorbance increases. That is, when
the electrolyte concentration increases, the concentration of dissolved humic substances
decreases. At higher electrolyte concentration, the electric fields near the surface of soil
and humic substances are shielded by the electrolyte. Then, the humic substances is
flocculative and remain in the soil. As the soil charge is shielded, repulsive electrostatic
force between the soil and the humic substances is small. Therefore, the concentration of
dissolved humic substances is low at higher electrolyte concentration.
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Figure 58: Relationships between absorbance of supernatant at 400 nm and (a) DBS
concentration of supernatant, (b) adsorption of DBS at pH 6.5 for DBS with linear carbon
chain. The absorbance corresponds to relative concentration of dissolved humic substances.
The different influences of surfactant on absorbance are observed among under
different electrolyte concentrations as shown in Figures 5‐5 to 5‐8. The increase of
absorbance with increase of surfactant concentration or surfactant adsorption is larger at
lower pH (pH 4.5). As the charge density of the soil and that of the humic substances are
smaller at pH 4.5 because of the effect of pH dependent charge, addition of surfactant
affects much stronger because the surfactant adsorption increases the charge density.
Especially, the influence of surfactant is most significant at 0.01 M NaCl at pH 4.5, because t
pH 4.5 the 0.01M NaCl is transition electrolyte concentration which borders dissolution of
the humic substances (Fig. 5‐5(a)). On the other hand, the influence of surfactant on
absorbance is relatively smaller at higher pH (pH 6.5) (Fig. 5‐6(a)). As the charge density of
the soil and humic substances are larger, increase of surfactant charge after the adsorption
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does not affect much. The absorbance at pH 6.5 shows almost constant value (Figs. 5‐6 and
5‐8) except those at 0.5 M NaCl at larger than 20 mmol kg‐1 DBS adsorption.
The results for DBS with branched carbon chain are compared with those with linear
carbon chain in Figures 5‐1 to 5‐4. The both DBS showed almost same trend. The clear
difference was not observed except the absorbance for that with linear chain was slightly
larger at 0.5 M NaCl.
5.4.2. Zeta potential and absorbance
The relationships between the absorbance of supernatant and the zeta potential of
the soil particles in the suspension at different pH are shown in Figure 5‐9. The result
shows the general trend that the absorbance increases with the increase of zeta potential
for each condition except those at 0.001 M at pH 6.5. Hereafter, I refer the absolute value of
the negative zeta potential simply ‘zeta potential’. This result indicates that the zeta
potential relates to the concentration of dissolved humic substances. The absorbance
increases when DBS adsorption increases as mentioned in the previous section. The DBS
adsorption increases the negative charge amount of the soil particle. Thus, the zeta
potential of the soil particles increases. Therefore, the zeta potential increases when the
absorbance increases. The absorbance takes the maximum constant value at 0.001 M NaCl
at pH 6.5 although the zeta potential increases, because the absorbance value reaches the
maximum limit value in the measurement as mentioned in the previous section.
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Figure 59: Relationships between absorbance of supernatant and zeta potential of the soil
particles in suspension at electrolyte concentration of (a) 0.5M NaCl and (b) 0.1M NaCl, (c)
0.01M NaCl and (d) 0.001M NaCl for both branched and linear DBS at pH 4.5 and 6.5. The
absorbance corresponds to the relative concentration of dissolved humic substances. B‐
DBS indicates DBS with branched carbon chain and L‐DBS with linear carbon chain.
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The absorbance is larger at higher pH (pH 6.5) than that at lower pH (pH 4.5) as
mentioned in the above section. The zeta potential is comparatively larger at higher pH,
although the difference is not so larger than that for the absorbance. This result shows that
the zeta potential is not directly related to the concentration of dissolved humic substances
at different pH, although there is a trend of correlation. This weak relation probably comes
from the dispersion‐flocculation phenomenon which suddenly appears when zeta potential
exceeds a critical value. The differences between that with branched carbon chain and that
with linear carbon chain are not large. They show similar trend as a whole.
The relationships between the absorbance of supernatant and the zeta potential at
different electrolyte concentration are shown in Figure 5‐10 for DBS with branched carbon
chain (B‐DBS) and in Figure 5‐11 for DBS with linear carbon chain (L‐DBS).
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Figure 510: Relationships between absorbance of supernatant and Zeta Potential (a) at
pH 4.5 and (b) pH 6.5 for branched DBS at different electrolyte concentration. The
absorbance corresponds to the relative concentration of dissolved humic substances.
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Figure 511: Relationships between absorbance of Supernatant and Zeta Potential (a) at
pH 4.5 and (b) pH 6.5 for linear DBS at different electrolyte concentration. The absorbance
corresponds to the relative concentration of dissolved humic substances.
The zeta potential increases with the increase of absorbance at each pH. Both the
zeta potential and the absorbance increase with the decrease of electrolyte concentration
and the increase of DBS adsorption. This result shows that under the same pH condition,
the relationship between the zeta potential and the concentration of dissolved humic
substances correlate well. Because the negative increase of zeta potential increases the
electrostatic repulsive force between the soil particles and the humic substances. Therefore,
some part of the humic substances dissolves to the solution and the absorbance increases
when the zeta potential negatively increases. The decrease of the absolute value of zeta
potential with the increase of electrolyte concentration clearly shows the shielding effect of
electric field of the soil particles by electrolytes.
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5.5 Conclusions
In this chapter the relative concentration of dissolved humic substances were
measured as influenced by DBS concentration, pH and electrolyte concentration for the
highly humic volcanic ash soil. The humic substances in the soil dissolves more into the
solutions at higher surfactant concentration, higher pH, and lower electrolyte
concentration due to the increase of electrostatic repulsive force between the soil particles
and the dissolved humic substances. Those relations were well evaluated by measuring the
zeta potential of the soil particles.
As dissolved humic substances adsorb nutrients and contaminants and flow into the
water environment, their fate in the environment is important when considering material
circulation and environmental protection. Because the dissolution of humic substances is
strongly influenced by surfactant concentration, pH and electrolyte concentration, the soil
condition must be carefully observed for the good environmental management.
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Chapter 6:
Summary and Conclusions:
The adsorption of DBS on volcanic ash soil with organic matter was investigated
systematically. The main result obtained by this study is concluded as follows:
a) Characteristics of the DBS adsorption on volcanic ash soil:
1. Negatively charged surfactant adsorbs in the negatively charged volcanic ash soil by
hydrophobic interaction, although electrostatic interaction is repulsive. (Chapter 2).
2. The DBS adsorption amount on the volcanic ash soil increases with the increasing of
DBS concentration. (Chapter 2 & 3).
3. At lower concentration of DBS the Cooperative adsorption is detected. The measured
isotherm showed a sharp slope (n=10~16) under lower DBS concentration indicating the
cooperativity. Langmuir type of adsorption is detected in the middle concentration to
CMC showing n=1 (Chapter 2 & 3).
4. All zeta potentials of the soil particles which adsorb the surfactant show negative
values and they negatively increases with increasing the adsorption amount.
(Chapter 3 & 5).
5. The volcanic ash soil equilibrated with DBS in 3 hours. No significant differences
were observed between 3 hours and 24 hours. (Chapter 2).
b) Effect of pH, electrolyte concentration and carbon chain structure on DBS
adsorption.
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6. The adsorption amount decreased with the increase of pH due to the increase of
electrostatic repulsion between soil particles and DBS. (Chapter 2 & 3).
7. The surfactant adsorption is higher at higher electrolyte concentration. With the
increase of electrolyte concentration the electrostatic repulsive force between the
soil and the surfactant becomes smaller due to shield of electric field near the soil
surface. The decrease of absolute values of the negative zeta potentials with
increasing the electrolyte concentration indicates the influence of shield. (Chapter
3).
8. The linear carbon chain DBS adsorption was higher than the branched carbon chain
DBS due to the difference of the chain structure. The intrinsic adsorption energy is
lower in linear DBS (L‐DBS) (more stable) compared to branched DBS (B‐DBS).
(Chapter 2 & 3).
9. L‐DBS decompose more readily than B‐DBS. In case of L‐DBS the 24 hours
adsorption was slightly larger than 3 hours indicates L‐DBS decompose more
readily than B‐DBS when dissolve in water. (Chapter 2).
c) Effect of organic matter and its interaction with DBS:
10. At all pH condition organic matter enhances the DBS adsorption on volcanic ash soil.
(Chapter 4).
11. The humic substance in the volcanic ash soil dissolves more into the solutions at
higher surfactant concentration. (Chapter 5).
12. The humic substance in the volcanic ash soil dissolves more into the solutions at
higher pH and lower electrolyte concentration due to the increase of the
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electrostatic repulsive force between the soil particles and dissolving humic
substances. (Chapter 5).
Though the organic matter has the positive influence of adsorption but the total amount
was very small indicate that this result can be compare with any other soil containing less
organic matter. The results of the adsorption of DBS by soil give us a new thought which can
be used for its movement and also for water and soil reclamation. So for reclaiming the water
or soil contaminated with DBS these factors should be considered carefully.
Table 6.1 summarizes the systematic classification of forces, factors and mechanism on
surfactant adsorption.
Table 61. Systematic classification of Forces, Factors and Mechanism on surfactant
adsorption.
Forces /Phenomena

Factors

Mechanism

Attraction

DBS Concentration

Cooperative adsorption

Surfactant Structure, Organic matter Hydrophobic interaction
Repulsion

Attraction
Organic

pH

Negative charge of the soil particle,

Electrolyte Concentration

Shielding Effect

time

Degradation of surfactant

matter pH, Electrolyte concentration

Repulsive force

dissolution

DBS concentration

Dissolution of organic matter

Adsorption of DBS

DBS concentration, pH, Electrolyte

Cooperative adsorption

concentration, DBS structure,

Hydrophobic interaction

Organic matter

Negative Charge of the Soil Particle
Shielding Effect
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