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ABSTRACT

A study on the adsorption and desorption behaviour of 2,4-dichlorophenoxyacetic
acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 2-methyl-4-chlorophenoxyacetic
acid (MCPA), 2,4-dichlorophenol (2,4-DCP), 2,4,5-trichlorophenol (2,4,5-TCP) and
para-chloro-ortho-cresol (PCOC), found in high concentrations in a New Zealand

landfill. Volcanic soil with an organic matter content of 8.7% was used as adsorbent.

Results of studies to determine the equilibrium sorption behaviour for each
chemical showed the adsorption data for both phenoxyacetic acids and chlorophenols
could be described by a Freundlich-type isotherm equation, the adsorption capacity
followed the order: 2,4,5-T > MCPA > 2,4-D > 2,4,5-TCP > PCOC > 2,4-DCP at all
pH and temperature values. Sorption capacity decreased with increasing pH and
temperature; the heat of adsorption values indicating chemicals were adsorbed either by
physical or hydrogen bonding to the soil surface. Results show only 2-4% of the total
surface was occupied indicating chemical adsorption to specific sites present in the soil
organic matter. The desorption results indicate isotherm parameters were dependent on
the amount of each chemical adsorbed onto the soil. A linear relationship was developed
to obtain the desorption parameters from the adsorption isotherm parameters. Desorption
experimental results reveal that all the solutes adsorbed could not be desorbed, indicating

a fraction of the chemical was resistant to desorption.

A modified Freundlich-type equation described the competitive equilibrium
adsorption and desorption of 2,4-D-MCPA, 2,4-D-PCOC and MCPA-PCOC mixtures.
The model incorporated competition coefficients and was found to fit measured data,
satisfactorily. The competition coefficients were linearly related to the initial
concentration of the solutes in case of adsorption, and on the amount of chemical
adsorbed for desorption. The results showed that the adsorption capacity of each solute
decreased by about 8-12% in presence of the other competing solutes. However, in case
of MCPA, the capacity decreased by 31% in the presence of 2,4-D. The desorption
results reveal that 2,4-D and MCPA desorbed to a lesser extent in the bicomponent

system compared to the corresponding single solute system. Similarly, the desorption of
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PCOC was less in the presence of 2,4-D than of MCPA compared to single solute

system.

A spinning basket reactor determined the kinetics of sorption for phenoxyacetic
acids and chlorophenols. The film-mass transfer coefficients determined from the initial
uptake rate data for the first 45 seconds, while the surface diffusion coefficients were
obtained by fitting the experimental results with a homogeneous surface diffusion model
solution. The desorption diffusion coefficients were found to be of the same order of
magnitude as those of adsorption diffusion coefficients. The bicomponent surface
diffusion coefficients were found to be slightly smaller (less than 10%) than single

solute surface diffusion coefficients and this was due to competition between the solutes.

A surface diffusion model based on equilibrium sorption, film-mass transfer and
surface diffusion coefficient along with dispersion was used to predict the soil column
data. All the parameters in the model were determined from independent experiments
or calculated from literature correlations. The results from the column studies indicate
that an increase in the concentration and flow rate resulted in the solutes moving faster
in the column. A significant tailing of the chemical was observed at low concentrations
for all the solutes. The results indicate that sorption played a dominant role in the
transport of chemicals in columns. The breakthrough and elution for phenoxyacetic acids
was in the order: 2,4-D > MCPA > 2,4,5-T. For chlorophenols the order was: 2,4-DCP
> PCOC > 2,4,5-TCP. The HSDM also used to predict the adsorption and desorption of
bicomponent mixtures and the results indicated that the .brcakthrough and elution
occurred earlier than in single solute systems. The order of breakthrough and elution was
PCOC > 2,4-D > MCPA.

To conclude, this thesis presents a detailed investigation of the adsorption and
desorption characteristics of phenoxyacetic acids and chlorophenols for single and dual
component systems in a volcanic soil. This study has identified the mechanisms and
processes responsible for the leaching of the chemicals and can be used in remediation

of a contaminated soil.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

The disposal of solid wastes containing toxic chemicals into landfills is
commonly practised by many chemical and other industries. However, these discarded
chemicals, over a period, trickle through the soil and sometimes reach the groundwater.
The behaviour and fate of these chemicals are strongly affected by the sorption
characteristics of the soil. Therefore, sorption phenomena constitutes the first step in

understanding the fate of these chemicals.

Data on organic chemicals in surface waters and groundwaters in New Zealand
are sparse. In recent years major soil and surface water contamination, was caused by
DowElanco Ltd. (New Zealand), manufactures of phenoxy herbicides for weed control,
disposed of wastes containing phenoxy herbicides and sludges in a landfill, constructed
on an elevated coastal site. In 1982, odours from these chemicals were reported at the
adjacent foreshore; subsequent investigations revealed herbicide chemicals seeping from
the base of the cliff top. DowElanco immediately shifted the contaminated soil and
chemicals into a secure landfill ax_xd is currently investigating various options for
decontamination. An analysis of the contaminated soil revealed a large number of
chemicals were present in the landfill, of which three phenoxyacetic acids namely, 2,4-
dichlorophenoxyacetic acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) and 2-
methyl-4-chlorophenoxyacetic acid (MCPA) and three chlorophenols, 2,4-dichlorophenol
(2,4-DCP), 2,4,5-trichlorophenol (2,4,5-TCP) and para-chloro-ortho-cresol (PCOC) are

in high concentrations.

The migration of organic chemicals is affected by a number of processes taking
place in the soil profile. For example, the sorption processes can prevent the chemicals
from moving with water. Soil microbial populations can degrade the chemicals, the
degradation products sometimes posing additional pollution problems in the

environment. Organic chemicals can also be transported to the atmosphere by
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volatilization or into the surface water by run off from soil, or be removed from the soil
by plant uptake. The transport of organic chemicals to groundwater will further depend
upon a combination of factors including the nature of the chemical, the properties of the
' soil, climatic and environmental factors. The potential for organic chemicals to reach
groundwater include evaluation of all the processes and factors having an impact on the
transport through the soil. The present study investigates the adsorption/desorption
characteristics and leaching of these chemicals using volcanic soil which is taken from

the landfill site.

Sorption and transport of organic chemicals in soils has been studied extensively
(Bailey and White, 1970; Van Genuchten et al., 1977; Rao and Davidson, 1980;
Khondaker er al., 1990; Weber et al., 1991), although it is not yet fully understood.
While the equilibrium, kinetics and transport of different pesticides are well documented
in literature, in most studies only single component systems are considered. In the
majority of the single solute transport models, the parameters were deterrnined from

curve fitting techniques, which is the major limitation in these studies.
The objectives of this research are:

- to examine the equilibrium adsorption and desorption of phenoxyacetic
acids and chlorophenols;

- to investigate the kinetics of sorption processes; and

- to predict transport through laboratory soil columns. Wherever possible,
independently determined model parameters will be used to predict the

transport of solutes in soil columns.

Three phenoxyacetic acids and three chlorophenols, as mentioned earlier, were
chosen to examine the sorption behaviour in a single component system, and three
bicomponent mixtures, namely 2,4-D-MCPA, 2,4-D-PCOC and MCPA-PCOC were

chosen to determine the fate of these chemicals in soil.



1.2 Thesis arrangement

After a brief explanation of the pollution problem due to discarded agricultural
chemicals (Chapter 1), the thesis proceeds to give a general review of the literature of
organic chemical-soil interactions, kinetics and solute transport (Chapter 2). Soil
characteristics and chemicals used in this study are provided in Chapter 3 together with

details of the experimental and analytical methods.

Chapter 4 describes the results of equilibrium adsorption-desorption in single and
bicomponent systems. The effect of various environmental factors, such as pH and
temperature is given. A brief discussion on the mechanisms of adsorption of
phenoxyacetic acids and chlorophenols is presented. The results of bicomponent
sorption, for a range of initial concentrations, are also presented and a model, available

in the literature, is modified to predict the adsorption and desorption processes.

The discussion on sorption kinetics is presented in Chapter 5 for single and bi-
component systems. A basket-type batch adsorber is used to obtain the kinetic data. A
widely used homogeneous surface diffusion model (HSDM) is applied to predict the
single solute mass transfer and surface diffusion coefficients. The single component
model equations were extended to bicomponent systems to evaluate the bicomponent

surface diffusion coefficients.

The transport of phenoxyacetic acids and chlorophenols in laboratory soil
columns is given in Chapter 6. A number of experiments were carried out to examine
the movement of single and bisolutes in fixed bed columns. Tht; effects of initial
concentration and flow rate on the breakthrough and elution of solutes were studied for
single component systems. The equilibrium and kinetic parameters developed in
Chapters 4 and 5 were used to predicted the transport in single and bicomponent
systems. The results of transport of solutes in bicomponent mixtures are also presented.

Finally, in Chapter 7, conclusions from this study are presented.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Environmental pollution from agricultural chemicals is of growing concern today
due to the excessive use of pesticide chemicals. Once the chemical reaches the soil
environment, it is subjected to various physico-chemical interactions of which
adsorption-desorption characteristics are the most important (Weber et al., 1991). This

chapter gives a review of various factors that influence the adsorption-desorption in soil.
2.2 Soil constituents

A typical soil environment contains solid, liquid and gaseous phases (Hamaker
and Thompson, 1972). For the adsorption and desorption of organic chemicals the
characteristics of the solid phase are the most important. The major adsorbing surfaces
in soil are clays, organic matter (OM) and amorphous minerals (Wu et al., 1975; Morrill
et al., 1982). As clays and OM in soils do not exist as separate entities, it is often not
possible to know which soil component is involved in the sorption process (Kliger and
Yaron, 1975).

Clays represent layers of silica and aluminium sheets, each silica sheet consists
of a silicon atom surrounded by four oxygen atoms in a tetrahedral symmetry. On the
other hand, the alumina sheet has aluminium atoms coordinated by six oxygen or
hydroxyl groups in an octahedral fashion. Isomorphic substitution of AI** or Fe* for Si*
in the tetrahedral layer, and Mg?* for AI** in the octahedral layer, produce a change in
the net charge on the surface, the generated negative charge being responsible for
organic chemical adsorption. Clays are characterized by properties such as lattice
expansion, cation exchange capacity (CEC) and surface area. The typical surface area
of clays is between 600 and 800 m%/g. Adsorption of organic chemicals by clays differs
from other soil components because of CEC, strength of the negative charge, specificity

of adsorption sites and the nature of the cation on the exchange complex (Calvet, 1980).
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Soil organic matter is formed by the degradation of plant and animal tissues. The
major constituents of OM are polymeric organic acids, which are mainly humic acid,
fulvic acid and humin. OM is characterized by its solubility in an alkali or in an acid.
The acid component of OM is commonly known as fulvic acid, whereas the alkali
component is humic acid. Humin is the insoluble component. Soil OM also possesses
a large surface area (500-800 m?%g) and its cation exchange capacity is in the range of
200-400 meqg/100 g. The large surface area and the presence of various functional
groups are responsible for high adsorption capacity (Haque, 1974). The adsorption of
organic chemicals onto OM varies from soil to soil because of differences in
composition, presence of various functional groups and the degree of cation saturation

(Morrill et al., 1982).

Amorphous mineral colloids are oxides of aluminium, silicon and iron. These are
formed by the weathering of soil minerals often serving as cementing agents (Wada and
Harward, 1974). Amorphous materials are amphoteric in nature and their reactivity is
strongly influenced by pH (Morrill ez al., 1982). Presence of Al and Fe in amorphous
minerals can influence organic chemical behaviour by acting as exchangeable ions on
the exchange complex (Adams, 1972). The CEC of amorphous minerals varies from 5
to 30 meq/100 g and is responsible for most of the anion adsorption in soils. The surface

area of amorphous minerals is in the range of 100-800 m%g (Morrill et al., 1982).
2.3 Adsorption-desorption characteristics

The literature on sorption of organic chemicals in soil and on soil components
is voluminous. Literature citations in this review are limited to studies that appear to be

significant in natural soil systems, recognizing the complexity of soil-solute interactions.

2.3.1 Adsorption

Adsorption may be defined as the spontaneous deposition of a solute onto a solid
surface resulting from the interaction between the fields of force of the adsorbent and

the molecules or ions of the adsorbate (Rao, 1990). It is either positive (favourable) or
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negative (unfavourable) depending whether the adsorbate is attracted or repelled by the
adsorbent. Positive adsorption from a solution occurs when there is an attraction between
the adsorbate and the adsorbent resulting in higher concentration of adsorbate at the
liquid-solid interface than in bulk solution. Negative adsorption occurs when there is a
higher adsorbate concentration in the bulk solution than at the liquid-solid interface

(Hamaker and Thompson, 1972).

The adsorption process of organic chemicals including phenoxyacetic acids and
chlorophenols onto soils and sediments, has been critically evaluated and summarized
in several review articles (Hamaker and Thompson, 1972; Calvet, 1980; Karickhoff,
1981, 1984; Morrill ez al., 1982; Rao et al., 1982; Chiou, 1989; Weber et al., 1991). The

major factors influencing adsorption are:

- physical and chemical characteristics of the soil
constituents - pH, % organic carbon (OC), clay fraction,
surface area, and surface charge;

- nature of the organic chemical - ionization constant (pK,),
solubility, charge on the molecule, molecular size, and
polarity; and

- pH and temperature of the system.

The prevailing hypothesis is that, for sorption of nonionic organic chemicals,
organic matter is the dominant sorbent. Sorption is envisioned as a partitioning process,
in which the sorbate permeates into the organic matter. The majority of the reported
studies (Karickhoff, 1981; Chiou, 1989; Che et al., 1992; Haderlein and Schwarzenbach,
1993; Dell et al., 1994; and Kan et al., 1994) on organic chemical sorption onto soils
were done at low concentrations. The important conclusions from these investigations
are:

- linear sorption isotherms over a considerable concentration range;

- existence of an inverse, linear relationship between solute aqueous

solubility and adsorption capacity;

- low heats of adsorption (4-7 kcal/mole); and

- absence of competitive sorption when solutes are present as mixtures.
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The adsorption of phenoxyacetic acids, 2,4-D, 2,4,5-T and MCPA, on clay
materials was investigated by Frissel (1961), Weber et al. (1965), Bailey et al. (1968)
and others. Bailey et al. (1968) found no significant adsorption of phenoxyacetic acids
by montmorillonite clay at high pH values. The authors also report that positive
adsorption of these acids occurs when the pH is below the dissociation constant (pK),)

of the acids, i.e., when compounds are in molecular form.

Harris and Warren (1964) examined the adsorption of 2,4-D and other herbicides
in relation to pH, temperature, and the nature of the adsorbent. All herbicides
investigated by them showed increased adsorption at low pH values. Also, an organic
soil was found to adsorb more in comparison to a clay soil. The adsorptive behaviour
of 2,4-D onto various synthetically prepared organo-clay complexes, which are similar
to naturally occurring organo-complexes of soil, was investigated by Miller and Faust
(1972) and Khan (1974). Khan (1974) reports that the adsorption of 2,4-D onto these
complexes is higher than onto clays. Similar results are reported in Miller and Faust
(1972). The adsorption of 2,4,5-T onto four different soils was examined by O’Connor
and Anderson (1974). The results of their study indicate that when 2,4,5-T is adsorbed
to the organic matter in the soil, adsorption capacity increased with increasing organic

matter content.

The adsorption of 2,4-D and some other selected herbicide chemicals, at high
concentration were investigated by Rao and Davidson (1979) on three different soils.
They conclude that Freundlich-type isotherms describe pesticide adsorption over the
concentration range, and the adsorption isotherms are favourable and nonlinear. The
uptake of 2,4-D onto Ohakea silt loam is described by a Freundlich isotherm
(Bhamidimarri and Petrie, 1992). Mallawatantri and Mulla (1992) report similar results

for 2,4-D adsorption onto Naff silt loam.

The sorption studies of chlorophenols onto soils are limited. Boyd (1982)
investigated the adsorption of chlorophenols including 2,4-DCP and 2,4,5-TCP, the
results indicating that the adsorption capacity increased as the number of chlorine atoms

increased on the molecule. Schellenberg et al. (1984) found that the sorption of
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chlorophenols by sediments and aquifer materials is due to solute partitioning. The
resulting isotherms are linear over a wide range of solute concentrations and dependent
- on the soil organic matter. The adsorption of PCOC onto Ohakea silt loam is described
by a nonlinear Freundlich type isotherm (Bhamidimarri and Petrie, 1992). Bellin et al.
(1990) reports that the adsorption of pentachlorophenol (PCP) onto soil is described as

a Freundlich isotherm.

While studies on the competitive sorption of organic chemicals onto soils has
been investigated by several researchers, their results have generally shown no
competition for nonionic solutes (Karickhoff et al., 1979; Chiou et al., 1983). However,
some researchers report relatively small decreases in sorption resulting from competition
(McGinley et al., 1993). The sorption of trichloroethene (TCE) and p-xylene from single
and bicomponent solutions by two aquifer materials was examined by Lee ez al. (1988).
They observed no difference in sorption between the single and binary systems. The
sorption of trichloroethylene by a sandy aquifer material in single and ternary-solute

systems is the same (Brusseau and Rao, 1991).

2.3.2 Desorption

The reversibility of the sorption process plays a significant role in determining
the behaviour and fate of an organic chemical in the soil, that is, whether the chemical
is adsorbed permanently onto the solid phase or released back into solution in reaction
to a decrease in solution concentration.

Studies of solute desorption from soils are scarce and inconclusive (Voice and
Weber, 1983). Desorption experiments are usually performed in conjunction with
adsorption studies to determine the reversibility of freshly adsorbed compounds
onto soil matrix. However, in many instances the time frame and conditions usually

encountered in the field are difficult to simulate in the laboratory.

In modelling solute transport, the adsorption/desorption process is often

simplified by assuming ideal conditions of instantaneous equilibrium, isotherm linearity
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and desorption reversibility (Brusseau and Rao, 1989). However, considerable field and
laboratory data deviate from that predicted by this simple model approach. As a result,
the assumption of ideal behaviour has been challenged by many researchers (Ball and
Roberts, 1991; Pavlostathis and Jaglal, 1991).

Adsorption/desorption behaviour of a solute which does not conform to the ideal

conditions has been attributed to several different factors, including the following:

- varying adsorption energies, leading to isotherm nonlinearity, ie., a
Freundlich type isotherm (Brusseau and Rao, 1989);

- failure to attain equilibrium in either the adsorption or the desorption
directions due to slow kinetics in either step (Wu and Gschwend, 1986);

. chemisorption of the solutes to various components of the soil matrix,
leading to irreversible adsorption (Brusseau and Rao, 1989);

- either biotic or abiotic degradation of the solute being studied, causing an
apparent irreversible adsorption (Miller and Pedit, 1992);

- adsorption/desorption hysteresis (Brusseau and Rao, 1989); and

- experimental procedures, such as centrifugation versus dilution (Bowman

and Sans, 1985).

Harris and Warren (1964) studied the desorption of 2,4-D from muck soil and
report that successive extractions with distilled water desorbed only half of the initially
adsorbed 2,4-D; the concentrations of the herbicide in the final extracts are extremely
low. Van Genuchten ez al. (1974) and O’Connor et al. (1980) investigated the adsorption
and desorption characteristics of 2,4,5-T on Glendale clay loam and observed that the
adsorption and desorption isotherms are different, desorption depending strongly on the
amount adsorbed onto the soil at equilibrium. Karickhoff and Morris (1985) studied the
long-term desorption of organic contaminants, reporting that the final portion of the

sorbed material (10% of the initial sorbed mass) tended to desorb very slowly.

Che et al. (1992) examined the desorption of the herbicides, imazaquin and

imazethapyr, from clays and found that most of the desorption occurred in the first cycle
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with 100% of the adsorbed herbicide desorbed after five desorption cycles.
Bhamidimarri and Petrie (1992) report that the desorption of 2,4-D and PCOC from
Ohakea silt loam is 82 and 84%, respectively, the desorption rate of these compounds
was found to be a function of the amount of solute adsorbed onto the soil. Chen and
Maier (1992) observed that only 15% of phenanthrene is desorbed after first re-

equilibration; after 7 days, 55% of the total adsorbed could be desorbed.

Grathwohl and Reinhard (1993) examined the desorption behaviour of TCE onto
aquifer materials for different time scales. When the equilibration time is short (23 min)
96% of the adsorbed solute was removed from the soil. However, when the equilibration
time is longer than 5 days, only 73% of the TCE was desorbed. When desorption of
naphthalene from a contaminated soil was examined, Connaughton et al. (1993) report
that 70-80% of the sorbed naphthalene could be easily desorbed, the remainder showing

increased resistance to desorption.

2.3.3 Hysteresis

Hysteresis is observed when, for a given equilibrium concentration solution, more
chemical is retained on the soil during the desorptioﬁ phase than the adsorption phase.
The concept and existence of frue hysteresis in adsorption and desorption is well
documented (Brusseau and Rao, 1989; Adamson, 1990). Adamson (1990) suggests that
there are three major types of hysteresis loop shapes: two types of closed-loop hysteresis
where the desorption is 100% complete, and one type where a fraction of the solute is
irreversibly bound to the adsorbent (even at zero solution-phase concentration). While
most of these observations are based upon the adsorption of gases onto various solids,
the same arguments are extended to the adsorption of organic solutes from aqueous

solution onto porous adsorbents (Kan et al., 1994).

Kan et al. (1994) suggests that the open-loop type of hysteresis, observed in soil-
solute systems, is probably due to a mechanical or structural rearrangement of the
adsorbent, i.e., the solid from which desorption takes place is different from that during

adsorption. This type of hysteresis is simply termed as irreversible adsorption. Based on
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experimental results, Kan et al. (1994) suggests three types of anomalous
adsorption/desorption behaviour: apparent hysteresis, which is the result of some
expcrimental- artifact; true hysteresis, which is time invariant and repeatable; and
irreversible adsorption, which is generally associated with some rather permanent change

in the adsorbent/adsorbate system.

Swanson and Dutt (1973) and Hornsby and Davidson (1973) were the first to
report hysteresis in soil systems. Hysteresis in sorption isotherms of hexachlorobiphenyl
on sediments is observed by Horzempa and Di Toro (1983). A number of studies show -
that a fraction of the sorbed solute at the end of adsorption cycle is difficult to remove
after several desorption steps, attributing this to hysteresis in adsorption-desorption
(Swanson and Dutt, 1973; Rao and Davidson, 1980). Pavlostathis and Jaglal (1991) also
observed hysteresis in the adsorption and desorption of TCE from silty clay. Recently,
Kan et al. (1994) reports hysteresis in adsorption and desorption behaviour of

naphthalene, phenanthrene and p-dichlorobenzene from soils and sediments.

2.3.4 Effect of pH

The acidity of an adsorbent s;'stcm is usually measured by the pH of the solution
in contact with the solid phase. Calvet (1980) found the pH of the solution has a marked
effect on adsorption of organic chemicals onto soil, reporting three variations of
adsorption: adsorption of weak bases on negatively charged adsorbents - clays, humic
acids; adsorption of weak acids on positively charged adsorbents - oxides and

hydroxides; and adsorption of neutral molecules on clays and soils.

The important feature of weak acids and weak bases is that they exist as ions or
neutral molecules depending on solution pH. Weak acids are in molecular form at low
solution pH, whereas weak bases are converted to cations at low pH (Hamaker and
Thompson, 1972). The degree of association or dissociation of an organic chemical is
a function of its pK,. A compound, when present in molecular form or in ionic form,

affects the extent and magnitude of adsorption and the strength by which it is held,
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because the adsorption can be different between the associated and dissociated forms

(Hermosin and Cornejo, 1993).

The influence of pH on phenoxyacetic acids adsorption onto clays was studied
by several researchers (Bailey et al., 1968; Hermosin and Cornejo, 1993). These authors
report that the positive adsorption of phenoxyacetic acids occur when the pH of the
solution is near or below the pK, of the compound. Fontaine ez al. (1991) observed a
clear trend of increasing sorption with decreasing pH for the acid herbicide,
flumetsulam. The authors attribute this to the presence of a large proportion of neutral
molecules at low pH values. Also, the flumetsulam sorbs to the soil more strongly than
the anionic form. The pH dependence of adsorption has been reported for other acid
herbicides (Walker et al., 1989; Stougaard et al., 1990). Che et al. (1992) evaluated the
effect of pH on sorption for two herbicides and observed that sorption increased as pH
decreased. The amount of 2,4-D adsorbed onto clays decreased continuously when pH

increased from 0.7 to 8 (Hermosin and Cornejo, 1993).

Hassett and Banwart (1989) investigated the adsorption of chlorophenols on soils
and report that chlorophenols are also adsorbed below their pK, values. For
chlorophenols with low pK, values, especially PCP, the overall uptake at normal soil pH
is relatively low because a high fraction of the compound is ionized. The sorption of
pentachlorophenol is shown to depend on the proportion of anion to neutral forms (Lee
et al., 1990). Haderlein and Schwarzenbach (1993) report that the sorption of
nitrophenols onto kaolinites is strongly influenced by the solution pH with maximum

sorption occurring below the pK, value of the respective compounds.

The observed increase in adsorption capacity at low pH is explained by the
effects of hydrogen ions on solute and on the adsorbent. Protons cause conformational
modifications of humic substances and hydrolyse the clay lattices. Hydrolysis of clays
brings Al** and Fe*? ions to the surface, which are more or less covered by hydroxides.
These compounds are highly adsorbent and are frequently responsible for observed
increases in adsorption at low pH (Calvet, 1980). When adsorption is maximum the
corresponding pH is sometimes the pK, value. However, this is not a general rule as it

is sometimes coincidental.
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2.3.5 Effect of temperature

In general, adsorption processes are exothermic, while desorption processes are
endothermic (Rao, 1990). This variation of temperature effects surface-solute, and water-
solute interactions, the balance between the two effects resulting in adsorption
increasing, decreasing or remaining unaffected (Calvet, 1980). In general, for neutral
organic compounds, the isosteric heats of adsorption (AH), which measure the strength
of sorption, are relatively low; increased sorption capacity is not associated with

comparable increases in AH (Chiou ez al., 1979).

Harris and Warren (1964) studied the effect of temperature on the adsorption of
2,4-D by clays and a muck soil and found that the adsorption of 2,4-D by bentonite is
greater at 0°C than at 50°C, while in muck soil (high organic matter soil) the extent of
adsorption at 0°C and 50°C is similar. The authors attribute this lack of temperature
dependence for muck soil to its ion-exchange mechanism. Khan (1973, 1974) also
examined the adsorption of 2,4-D at two different temperatures onto organo-clay
complexes and reports that the adsorption capacity decreased as the temperature was
increased from 5 to 25°C. The above results indicate that the sorption capacity is

generally influenced by temperature.

On the other hand, the sorption of nonpolar organics was found to be
independent of temperature (Chiou er al., 1979; Hassett et al., 1980). While these
authors have obtained identical isotherms and constants at 15, 25 and 35°C for this 