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ABSTRACT: Renewed focus on empirical models of sorption
isotherms of hydrophobic organic contaminants (HOCs) onto
mineral surfaces and soil components is required because of the
importance attached to numerous pollutants released into the
environment. This examines the various models and isotherms
with their assumptions by different scholars on the contribution
of sorption of contaminants onto clay mineral sorbents and soil
organic matter with the possible ways of prevention of
environmental contamination by HOCs. Literature indicated that
empirical models and isotherms have been used to ascertain
several surfaces that can be sorbed by hydrophobic organic
contaminants. These models also show that soils can retain
HOCs even at low soil organic levels and the extent depends on
the structure of the pollutant type and concentration of clay
minerals in the sorbent. It also revealed the important role
played by soil organic carbon in the sorption of contaminants
onto soils and how it is strongly affected by the nature and
structure of the organic soil matter. Contamination by different
pollutants required a renewed approach in the context of the
sorption of organic pollutants onto clay minerals from aqueous
and non-aqueous solutions.
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INTRODUCTION

The increasingly widespread occurrence of groundwater and soil contamination has fostered
a general need for a better understanding of factors which control the fate of contaminants
and their transport in the environment. These organic compounds are major causes of
groundwater and soil pollution in which sorption is one of several reactions and mechanisms
of transformation which impact movement and fate (Cass and Walter, 1986). Hydrophobic
organic contaminants made their way into the soil and sediments as a result of increased
industrial use of these organic chemicals (HOCs), along with increased exposure of
environmental and agricultural systems to them (Ren. and Schultz, 2002). Many countries of
the world nowadays use a large number of these compounds (HOCs) domestically,
industrially, and commercially in their daily life as such many are found in topsoil and
waterways where they end up after accidental spillage or leaks from waste disposal sites
(Manz et al. 2001; Clark et al.1995).Soils and sediments are the ultimate sink for many
hydrophobic organic contaminants (Francis et al., 2014).2The concentrations of these HOCs
has become the focus of many researchers in which the realistic endpoints for remediation
processes depending highly on the availability of these HOCs. Hydrophobic organic
compounds include; aromatic compounds in petroleum and fuel residues, chlorinated
compounds in commercial solvents and chemicals. The increasing high spread of
groundwater contamination has fostered a general need for a better understanding of factors
which control the contaminant fate and transport in subsurface environments. Hydrophobic
organic compounds being a major class of groundwater pollutants, sorption is the most
significant of the several reaction and transformation mechanisms which impact movement
and fate of these compounds. Therefore, sorption processes must be made for accurate
analysis of the contaminant transport, reliable assessment of risk and for selection and design
of appropriate remedial measures (Krauss, 2005). Sorption is a physical and chemical process
by which one substance becomes attached to another. The term "sorption” is used in the
present context to describe any accumulation of dissolved substances by solid particles.

Amongst all phenomena governing sorption of substances in aqueous porous media and
aquatic environments, the transfer of substances from a mobile phase (liquid or gaseous) to a
solid phase is a universal phenomenon. The ‘‘isotherm’’, a curve describing the retention of a
substance on a solid at various concentrations, is a major tool to describe and predict the
mobility of this substance in the environment. These retention/release phenomena are
sometimes strongly kinetically controlled, so that time-dependence of the sorption isotherm
must be specified (Limousin et al., 2006). The ability of sediment-bound contaminants to
partition or desorb to a mobile phase or the extractability of sediment bound contaminants
using a solvent or a sorbent defines physical availability of contaminants. The biological
availability describes the exposure, uptake and ultimate risk of sediment-bound contaminants
to receptor organisms and biodegradation of sediment bound contaminants by
microorganisms. To a great degree, physical availability of sediment-bound contaminants
controls its bioavailability because the partitioning of a contaminant between the solid and
water phases is a key indicator of the potential for exposure and risk (Pignatello, 2001). Thus,
sorption and desorption of HOCs in natural sorbents are critical processes determining the
transport, fate and bioavailability of HOCs in the environment although enormous
uncertainty is involved in the quantification of the risk assessment. In naturally occurring
systems most hydrophobic organic contaminants are associated with sediment or soil, sorbed
primarily to the sediment/soil organic matter. Sorption and desorption of HOCs affect

17 Article DOI: 10.52589/AJENSR-0ZHQQUMW
DOI URL: https://doi.org/10.52589/AJENSR-0ZHQQUMW



African Journal of Environment and Natural Science Research
ISSN: 2689-9434
Volume 4, Issue 3, 2021 (pp. 16-44) www.abjournals.org

1 |

contaminant fate, toxicology and the efficiency of most remediation technologies.
Characterization of the sorptive partitioning of a contaminant between soil and groundwater
phases requires description of the nature of equilibrium conditions ultimately attained as well
as the rates at which these conditions are approached. It has in the past been common for
purposes of modeling simplification to assume that sorptive partitioning water can be
represented by an isotherm which is approached rapidly enough to permit the further
assumption of local equilibrium (Girvin, 1997). The relationship; Q = f(C) is named
‘‘sorption isotherm”’.

This relationship requires several conditions to be met: (i) The various reaction equilibria of
retention/release must have been reached and (ii) All other physico-chemical parameters are
constant. The word ‘isotherm’” was chosen because of temperature influence on sorption
reactions; temperature must be kept constant and specified.

Modeling

Modeling is a scientific activity which makes a particular part or feature of the world easier
to understand, define, quantify, visualize or simulate by referencing it to existing and usually
commonly accepted knowledge. It requires selecting and identifying relevant aspects of a
situation in the real world and then using different types of models for different aims, such as
conceptual models to better understand, operational models to operationalize, mathematical
models to quantify, and graphical models to visualize the subject. Modeling is an essential
and inseparable part of many scientific disciplines, each of which has their own ideas about
specific types of modeling.

Absorption versus Adsorption
Absorption

Absorption is a physical or chemical phenomenon or a process in which atoms, molecules or
ions enter some bulk phase — gas, liquid or solid material. The absorbent distributes the
material it captures throughout the whole system. In technology, chemical absorption is used
in place of the physical process, e.g., absorption of carbon dioxide by sodium hydroxide such
acid-base processes do not follow the Nernst partition law. If absorption is a physical process
not accompanied by any other physical or chemical process, it usually follows the Nernst
distribution law. Absorption is a process that may be chemical (reactive) or physical (non-
reactive). Chemical absorption or reactive absorption is a chemical reaction between the
absorbed and the absorbing substances. Sometimes it combines with physical absorption.
This type of absorption depends upon the stoichiometry of the reaction and the concentration
of its reactants (Schwarzenbach, 2003; Yang et al., 1998).

Adsorption

Adsorption is a surface phenomenon, which arises due to interactions between the individual
atoms, ions or molecules of an adsorbate and those present in the adsorbent surface.
Adsorption in the case of gas or liquid, solute accumulates on the surface of a solid or a liquid
(adsorbent), forming a molecular or atomic film (the adsorbate). It is operative in most
natural physical, biological, and chemical systems, and is having a large number of industrial
applications. The process is accompanied by separation of the solute from one phase to
another following its accumulation at2the adsorbent. Tien (1994) provided description of
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models and calculation procedures for the design 15and analysis of separation by physical
adsorption. The biological carbon adsorption, adsorption with impregnated adsorbents,
thermodynamics, adsorption equilibria, adsorption rate phenomena, theories of multi
component systems, etc. were thoroughly reviewed. Sircar (1994) explained the role of
adsorption technology as a key separation technique for the process industries. The pressure
and vacuum swing adsorption are described with particular references to air separation for
oxygen and nitrogen production. The recent theoretical and practical results achieved in gas-
solid, liquid-solid and gas-liquid adsorption research has been reviewed in a volume edited
by Stumm et al (1980). The authors have given emphasis on the interpretation and
application of different phenomena like adsorption on heterogeneous surfaces, adsorption
from electrolyte solutions, polymer adsorption at solid surfaces, protein adsorption kinetics,
principles and models of multi component adsorption, irreversible adsorption of particles,
surface complexation models of adsorption, etc. Several reviews have appeared on water
treatment through adsorption during the last few years. Jiuhui (2008) reviewed the use of
adsorbents in structures, functions and characteristics. Gupta et al., (2009), prepared a low
cost adsorbent from commercial waste materials (e.g., silica gel, zeolite, activated alumina,
activated carbon), agricultural waste (e.g., rice and wheat waste, tea and coffee waste,
coconut waste, peanut waste, vegetable/fruit peel, etc), and industrial waste (fly ash, blast
furnace slag and sludge, red mud, etc). Adsorption here involves the accumulation of matter
at the solid-water interface and is the basis of most surface-chemical processes.

i. It influences the distribution of substances between the aqueous phase and particulate
matter, which, in turn, affects their transport through the various reservoirs of the earth.
The affinity of the solutes to the surfaces of the “conveyor belt” of the settling inorganic
and biotic particles in the ocean (and in lakes) regulates their (relative) residence time,
their residual concentrations and their ultimate fate.

ii. Adsorption affects speciation of aquatic constituents. sorption affects the electrostatic
properties of suspended particles and colloids, which, in turn, influences their tendency
to aggregate and attach (coagulation, settling, filtration).

iii. Adsorption influences the reactivity of surfaces and interferes with the rates of
precipitation (heterogeneous nucleation and surface precipitation), dissolution of
minerals (of importance in the weathering of rocks and in the corrosion of structures
and metals), and in the catalysis and photocatalysis of redox processes, are critically
dependent on the properties of the surfaces (surface species and their structural
identity).

Atoms, molecules and ions exert forces upon each other at the interface. Adsorption reactions
are discussed primarily in terms of intermolecular interactions between solute and solid
phases. This includes: Surface complexation reactions, the electric interactions, hydrophobic
expulsion (hydrophobic substances) - this includes non polar organic solutes - which are
usually only sparingly soluble in water, tend to reduce the contact in water and seek relatively
non-polar environments and thus may accumulate at solid surfaces and may become absorbed
on organic sorbents, Adsorption of surfactants (molecules that contain a hydrophobic
moiety). (interfacial tension and substances intimately related through the Gibbs adsorption
law; its main message - expressed in a simple way is that substances that tend to reduce
surface tension, tend to become adsorbed at interfaces) and Polymers and of polyelectrolytes
- above all humic substances and proteins is a rather general phenomenon in natural waters

19 Article DOI: 10.52589/AJENSR-0ZHQQUMW
DOI URL: https://doi.org/10.52589/AJENSR-0ZHQQUMW



African Journal of Environment and Natural Science Research
ISSN: 2689-9434

1 |

Volume 4, Issue 3, 2021 (pp. 16-44) www.abjournals.org

and soil systems that has far-reaching consequence on particles interaction with each other
and on the attachment of colloids (bacteria) to surfaces.

Types of Adsorption

Depending upon the nature of force existing between adsorbate molecule and adsorbent, four
types of adsorption can be distinguished.

20

(i) Physical adsorption or Physisorption results from the action of weak intermolecular

forces. These are London dispersion forces and classical electrostatic forces that are
related with interactions between the dipole moments of the molecules. It is non-
specific, i.e. the adsorbent does not have preference for any particular gas.

(i) Chemical or Chemisorption adsorption involves strong adsorbate-adsorbent

interactions resulting in a change in the chemical form of the adsorbate.

(iii) Exchange adsorption or ion exchange: This involves electrostatic attachment of ionic

species to sites of opposite charge with subsequent displacement of these species by
other ionic adsorbates of greater electrostatic affinity. In this adsorption, the
characteristic interactions are ion-ion and ion-dipole types.

(iv) Specific adsorption: Attachment of adsorbate molecules at functional groups on an

adsorbent surface can also result from specific interactions, which do not result in
adsorbate transformation. These interactions exhibit binding energies from values
associated with physical higher energies involved in chemisorption. The net
dispersion, electrostatic, chemisorptive, and functional group interactions broadly
define the ability of an adsorbent for a specific adsorption (Delle, 2001).

Factors influencing adsorption

(i) Adsorbent: The adsorbent must have good mechanical properties such as strength and

resistance to attrition and it must have good kinetic properties, that is, its transferring
adsorbing molecules rapidly to the adsorption solvent and the distribution of area with
respect to pore size are two very important factors in determining extent and intra
particle surface area markedly influences the types of adsorption process.

(if) Characteristics which relate to certain properties relative to the solution phase, namely

surface tension and solubility. The extent of adsorption is affected by solvophobicity
or lyophobic.

(iii) Solution: aqueous phase, hydrogen ions and hydroxide ions often interact with

adsorbents thus, the adsorption process may be affected by solution pH. The
temperature can also remarkably influence the adsorption process. Increase in
temperature (for an endothermic) due primarily to the increased rate of diffusion of
adsorbate molecules through the solution to the adsorbent. Temperature affects
solubility which in turn affects adsorption thereby influencing competing adsorbate
molecules. Few adsorbents demonstrate controllable selectivity for specific adsorbates
and thus, all adsorbable compounds present will compete for adsorption sites.

Article DOI: 10.52589/AJENSR-0ZHQQUMW
DOI URL: https://doi.org/10.52589/AJENSR-0ZHQQUMW



African Journal of Environment and Natural Science Research
ISSN: 2689-9434
Volume 4, Issue 3, 2021 (pp. 16-44) www.abjournals.org

1 |

Reversibility of Adsorption

This establishes an adsorption equilibrium, thus desorption has received relatively little
experimental attention. If adsorption of bimolecular reactions is suggested by the Langmuir
equation.

S+A=SA (1)

kb can be postulate as % = kf[S][A] — kb[SA] (2)
T d[SA] _ [SA] H _ _

and at equilibrium, i 0, Al K = Kads 3)

If one of the kinetic constants and Kads is known, the other rate constant can be calculated.

SORPTION OF ORGANIC COMPOUNDS TO INORGANIC SURFACES

The sorption of hydrophobic substances in the environment is dominated by organic matter
(OM) and dependent on the amount of the soil organic matter in a given sorbent (Clark et al.,
2010). However, for solids containing no or low contents of OM (as a rule of thumb less than
0.1% (w/w)), sorption to mineral surfaces becomes the dominant process. Huang et al (1996)
reported numerous investigations on HOCs showing significant sorption to mineral surfaces
in aqueous solutions. In environmental chemistry and analysis, inorganic surfaces, in
particular untreated (uncoated) glass surfaces, are important if the concentrations of
compounds under investigation are small. Although numerous investigations that focused on
the study of HOCs have reported a significant loss of analyte that was subscribed to
adsorption to the walls of glass vials (Xia et al., 2001), in most reports this process was
merely held responsible for observed mass losses without a detailed investigation. A
systematic investigation of sorption to inorganic surfaces, especially to untreated glass
surface, and developing a predictive method that enables a-prior decisions if in critical or not,
are important issues from the practical side.

The "'Sorption' of Hydrophobic Substances

The lipophilicity compounds have the tendency to become dissolved in a lipid, and are often
measured by their tendency to dissolve in nonpolar solvent, for example, by the n-octanol-
water distribution coefficient. The lipophilicity of a substance is inversely proportional to its
water solubility (Huang, 2003). Synthetic chemicals which are now receiving more attention
from researchers due to the health risks posed to the environment with a pool of information
available in literature on the behaviour. Anthropogenic generated pollutants are widely
distributed and of large concern. Trichloroethylene: Trichloroethylene (TCE) is a
halogenated, aliphatic organic compound. TCE is a colourless liquid with a slightly sweet
smell. TCE is used in metal degreasing, textile cleaning, solvent extraction processes and
carrier solvent (Benjamin, 2002). In recent years, industries have grown extremely, exposing
groundwater and aquifers to intense risks of being polluted with TCE. This compound
unpredictably contaminates the environment. It undergoes many processes inclusive
adsorption onto soils, volatilization, desorption and transformation. Partitioning of TCE from
surface waters to air is quick with a half-life of numerous days to several weeks. Evaporation
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is the main process of elimination of TCE from surface waters while photo oxidation,
hydrolysis and biodegradation play a minor role. The conditions might be different in
groundwater, where TCE may be biotransformed under appropriate anaerobic conditions into
dichloroethylene, chloroethane and vinyl chloride with a biodegradation half-life ranging
from several months to several years. The volatilization of the atmosphere is also the main
process of elimination of TCE from the soil. The process is comparatively fast but slower
than from surface waters. Under anaerobic conditions TCE may bio-transfer to vinyl chloride
which is far more toxic than TCE. In many areas vinyl chloride was used on site, signifying
that this transformation is happening. Danger management activities need to address not only
the danger posed by TCE itself but also TCE as a precursor of vinyl chloride. (Kalinovich et
al., 2012). The movement of TCE in soil is principally affected by the organic carbon content
(OC) which affects sorption to the soil. Experimentally calculated sorption coefficients (Koc)
for TCE in soils are ranging from 106 - 460. TCE density is greater than water and it tends to
settle at the aquifer base. From these pools, TCE may be slowly released over a long time.
The indications of exposure to TCE are manifested as central nervous system problems. They
include headache, drowsiness, hyperhidrosis and tachycardia. In more severe cases coma may
result. Psychomotor impairment was observed after inhalation when exposed to 5,400 mg/m3
for two hours in work place conditions. TCE vapours can also be the reason for eye irritation.
High oral doses can be toxic to the liver and kidneys. The Environmental Protection Agency
(EPA) defined a maximum contaminant level 5g/L of trichloroethylene (TCE) for drinking
water. TCE is quickly absorbed as soon as it is inhaled; 37-64% of the inhaled TCE can be
taken up in the lungs. Once TCE is in the body it is distributed and accumulates in tissue.
TCE exits the body unchanged in exhaling air and to a lesser degree in feces. TCE, however,
may be rapidly metabolized in the liver (Ren, 2002). Tetrachloroethylene:
Tetrachloroethylene (PCE, perchloroethylene) is one of the five most often identified volatile
organic compounds found in municipal groundwater supplies. Tetrachloroethylene is a
manufactured chemical that is extensively used in the dry-cleaning of textiles. Other names
for Tetrachloroethylene include PERC, perchloroethylene, Tetrachloroethylene and PCE.
Microbial degradation of PCE does primarily occur anaerobically by reductive
dehalogenation to less chlorinated ethylenes trichloroethylene (TCE), dichloroethylene
(DCE), vinyl chloride (VC) and ethylene as well as to ethane. Vinyl chloride which is
carcinogenic to humans and both is considered US EPA priority pollutants. Similarly to TCE,
DCE mobility depends on physical processes like volatilization and sinking due the effect of
gravity as well as degradation processes.

Xylene: Xylene is an aromatic hydrocarbon with two methyl groups attached. Three isomers
exist: p-xylene, o-xylene, and m-xylene. The extreme complexity in separating these isomers
has led to one of the most interesting subjects in the oil industry because extraction is only
possible for removing o-xylene but fails in the other two isomers because of the similarity of
their boiling points. Temporarily, these isomers are very poisonous volatile organic
compounds (VOCs) and failure in separating them from the industrial discharges results in
the release of the mixture during attempts to separate xylene isomers. The earliest effects of
exposure to xylene are increased liver enzymes. Other effects of a single or short time
exposure include irritation of nose, eyes, and throat, headache, nausea, dizziness, vomiting,
fatigue, light-headedness, irritability, loss of appetite, reduced coordination, abdominal pain
and loss of consciousness (Hu et al., 2011).
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Sorption of hydrophobic organic compounds in soils and sediments

This occurs generally in soil organic matter (Karikhoff et al., 1979; Grathwohl, 1989). Based
on this observation, the KOC concept was developed that relates these compounds to sorption
to specific organic carbon (OC) fraction. With this, the distribution coefficient KOM (I/kg)
can be defined:

KOM = COM /CW (4)
and the more specific KOC (I/kg): KOC = COC/CW = KOM/fOC = KOM/0.58

where COM (mg/kg) is the concentration of the compound in the organic matter,
COC(mg/kg) the concentration of the compound in organic carbon, and fOC (-) is the
fraction of organic carbon in the soil or sediment. The factor 0.58 accounts for the fact that
on average 58 % of the organic matter consists of organic carbon. KOC values are helpful in
predicting transport behavior of organic pollutants in soil. Higher KOC values are associated
with less mobile organic compounds while lower KOC values are associated with more
mobile organic substances. Kd and KOC are related to each other with the following
equation:

Kd = KOC/foC (5)

As a further simplification it was found that a very good correlation exists between the KOC
and the octanol/water coefficient (KOW) of a hydrophobic compound, indicating that octanol
is a very good analogous to organic matter. KOW values for numerous organic compounds
are tabulated or can be calculated. Based on experimental results KOW-KOC relationships
were developed as an analogous to linear free energy relationships (Karikhoff et al., 1979;
Karikhoff, 1981; Chiou et al.. 1979):

logKoc = alogKow (6)

and the necessary parameters a and b were determined. The KOW values can then be used to
calculate the respective KOC values.

The "Sorption™ of Hydrophobic Substances to Solid Materials that contain Organic
Carbon

The attachment of non-polar hydrophobic substances to solid material that contain organic
carbon must be interpreted as "absorption”, i.e., a "dissolution" of the hydrophobic compound
into the bulk material usually present as a component adsorbent. The uptake of such a
hydrophobic substance may be compared with the partitioning of a solute between two
solvents — liquid and solid phase. The partition coefficient Kp (similar to a distribution
coefficient) is defined as:

mol sorbate / mass of solid € 103 m3
Kp = kg or[

mol of solute / volume of solution Kg

(7)
The absorption increases with the content of the organic material in the solid phase and the
hydrophobicity of the solute. Thus, Kp is empirically found to correlate with the organic
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carbon content of the solid phase, foe (weight fraction) and the hydrophobicity of the solute
Know. The tendency of the compound to be absorbed (to dissolve) in the organic phase is
related to the dissolution of the compound in n-octanol, i.e., to the chemical's octanol-water
partition coefficient.

[Aoct]
[Aaq]

Kow = (8)
Thus, the partition coefficient for the (ab)sorption of an organic solute onto a solid phase is
given by (Schwarzenbach and Westall, 1981).

Kp = bfoc (Kow)a 9)

where a and b are constants. a is often around 0.8. Increasing water solubility corresponds to
decreasing partitioning into the solid phase. The effect that hydrophobic organic substances
can become sorbed to organic coatings can be used to make sorbents by coating inorganic
colloids such as ferrihydrite with surfactants. Such surfactant-coated surfaces contain films of
chemicals which are able to remove hydrophobic solutes, such as toluene or
chlorohydrocarbons, from solution ( Tandlich, 2004).

DIFFERENT MODELS FOR HYDROPHOBIC CONTAMINANTS 1

The simplified representation of reality considering only the characteristics of substances in a
system are important to the problem at hand. A model is a description of data without
theoretical basis. A chemical model provides an inside into a chemical system consistent with
its chemical properties and it is simultaneously as simple and as chemically correct as
possible. The ideal model is effective, comprehensive, realistic and predictive (Barrow and
Bowden, 1981) and applied to different conditions. Unlike empirical models, surface
complexation models are chemical models that strive to satisfy the above characteristics and
to give a general molecular description of adsorption phenomena using an equilibrium
approach. Molecular theory derived the thermodynamic properties of the activity coefficient
and equilibrium constants from the principles of statistical mechanics (Sposito, 1981). The
surface complexation model is designed to calculate values for the thermodynamic properties
mathematically and constitute a family of models having similar characteristics. This family
models include the constant capacitance model (Stumm et al, 1980), the triple-layer model,
(Devis et al, 1978), the Stern variable surface charge — variable charge surface potential
model (Bowden et al, 1981), the generalized two — layer model (Dzombak and Morel, 1990)
and the one - pK model (van Riemsdijk et al., 1986). The major advancement in the surface
complexation model is that they consider surface charge. Surface charge results from
protonation and dissociation reaction as well as from surface complexation reactions of
reactive surface hydroxyl groups on mineral surfaces with charge dependent on the pH and
electrolyte solution.

Empirical Models
A generalized empirical adsorption isotherm equation can be written as

X = bKcP/1+ KcP (10)
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where x is the amount adsorbed per unit mass; c is the equilibrium solution concentration;
and b, K, and B are empirical parameters. The distribution coefficient, K, is a linear
equilibrium adsorption isotherm

X = Kdc (11)

Adsorption data usually conform to the linear assumption of the distribution coefficient
expression over a very restricted solution concentration range. 6The distribution coefficient
is a special case of Eq. [10] where b= =1 and K,c <<I.

Chemical Models

As their name implies, surface complexation models treat ion adsorption as complexation
reactions analogous to complex formation in solution. These complexes are strong complexes
involving either ionic or covalent bonding (Ding et al., 2006). Outer-sphere surface
complexes contain at least one water molecule between the adsorbing ion and the surface
functional group. These complexes involve electrostatic bonding and are less stable than
inner-sphere surface complexes. Surface complexation models consider the charge of both
the adsorbate ion and adsorbent surface. This can be considered their most significant
advancement over the empirical models. The models differ in their structural representation
of the solid-solution interface, that is, the location and hydration status of the adsorbed ions. 4

Constant Capacitance Model

The constant capacitance model of the oxide-solution interface was developed by Schindler,
Stumm, and their co-workers. The assumptions in the constant capacitance model are:

(i). All surface complexes are inner-sphere complexes.

(if). The constant ionic medium reference state determines the activity of the aqueous
species and therefore no surface complexes are formed with ions from the background
electrolyte.

(iii). one plane of charge represents the surface

(iv). The relationship between surface charge density, 0, and surface potential. (where 0
represents the surface plane), is where C is the capacitance density (F m™), S is the
surface area (m? g 1), a is the suspension density (g L), F is the Faraday constant (C
mol?), cr has units of molt *and uj, has units of V. The equations for the surface
complexation reactions 4(Hohl et al., 1981).

XOH +H* <> XOH, W

XOH <> XO™ +H* )

XOM +M ™ > XOM ™Y 4 H* 14)

m+ (m-2 +
2XOH +M™ < (XO),M ™2 4+ 2H )

XOH + L'~ «> XL'* +OH ~ 16)

- 1-2) -
2XOH +L'"~ «> X, L% +20H -
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XOH represents the surface functional group, M is a metal ion of charge m+, and L is a
ligand of charge I. The intrinsic conditions equilibrium constants describing the surface
complexation reactions are

K + (int) :Mexp[F‘PO/RT]
[XOHI[H]" .
e XOTJ[H']
K — (int) _—[XOH] exp[ FYO/RT]

(19)

| [XOM "J[H "] _
Ky (int) = [XOHI[M ™ ] exp[(m-1)FPYO/RT]

(20)

2o [(X0),M ™2 ][H T’ B
Ky (int) = [XOHIIM ™ ] exp[(m-2)FYO/RT]

@

o [XUPTQOHT]
K| (int) = XOHIL exp[—(I ~)FPO/RT]

(22)

2y DGLPTOHT
KZ(int) = XOMIIL ] exp[—(I - 2)FYO/RT]

(23)

(18) (19) (20) (21) (22) (23) where R is the molar gas constant (J mol-1 K-I), int represents
intrinsic, T is the absolute temperature (K), and square brackets represent concentrations (mol
L-1). The expression for the surface functional group, XOH, (Sigg and Stumm, 1981) is:

[XOH]=[XOH]+[XOH, ]+ [XO ]+[XOM "]
+ 2[(XO)2 M m—2]+[XLL—1] + 2[X2 L(L—Z)] 0
The charge balance express is (Sigg and Stumm, 1981).

o =[XOH;]-[XO ]+ (m-1D[XOM "]+ (m-2)[(XO),M ™?]

—1(1 - XL ] = (1 = 2)[X, L] (25)

The constant capacitance model resembles the Helmholtz double layer in that the adsorbing
ions are located immediately adjacent to the surface.
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Diffuse Layer Model

The diffuse layer model of the oxide-solution interface was proposed by Stumm and
coworkers and developed as the generalized two-layer model. The assumptions in the diffuse
layer model are: All surface complexes are inner sphere complexes, no surface complexes are
formed with ions in the background electrolyte, two planes of charge represent the surface
and the relationships between surface charges and surface potentials.

Y, =¥, (26)
o :%(860 DRTI)"? sinh( F¥, / 2RT

@n

0y == 25qn ¥, {2, DRT Y. Cilep(-7,F¥, / RT) -1}
i (28)

where E, is the permittivity of vacuum, D is the dielectric constant of water, | is the ionic

strength, sgn ¥y = 1if ¥y 0 and 59" Yo o -1if Yoo 0 (where d represents the diffuse
plane), and Ci and Zi are the concentration and charge of solution Species i. Equation [26] is
equivalent to the Gouy-Chapman equation and applies to symmetrical electrolytes while Eq.
[27] represents the general case. The equations for the surface complexation reactions are
Eq. [26] and [27] for protonation-dissociation and Eq. [28] for metal adsorption. In the
generalized two layer model no bidentate surface complexes are defined. The equations for
the ligand surface complexation reactions. The equations for the ligand 18 surface
complexation reactions are:

- + (L-1)
XOH+L" +H" < XL’ +H,0 29)

XOH +L'"™ +2H" & XHL?" +H,0 )

The intrinsic conditional equilibrium constants for the surface complexation reactions are Eq.
[29] and [30] for protonation-dissociation and Eq. [30] for metal adsorption. The intrinsic
conditional equilibrium constants describing the ligand surface complexation reactions are
(Hayes et al., 1991).

[XL-D]
[XOH][L"1[H"]

KX (int) = exp[—(1 —~)F¥, /RT

(©)
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Triple Layer Model

This is an extension of the site binding model and modified to include inner-sphere surface
complexation. The assumptions of the triple layer model are: (i) Protons and hydroxyl ions
form inner-sphere surface complexes. (ii) lon adsorption reactions form either outersphere or
inner-sphere surface complexes. 4(iii) Complexes are formed with ions from the background
electrolyte (iv).The three charges represent the surface. (v) The relationships of surface
charges and surface potentials are shown in Eq. [32] and [33].

0o = CioA (Yo —¥y)
F (32)
C,Sa
d = i: (‘d _\Pﬁ)

(33)

(32) (33) where C1 and C2 are capacitance densities.

The equations for the outer- sphere surface complexation reactions are; (34) (35)

XOH -M™ < XO" =M™ +H* .

XOH =M ™H,0 <> XO™ = MOH (™ 4+ 2H* -

Mass transfer models

These models are important for estimation of transport coefficients from kinetic curves and
also as basic constituents of fixed-bed adsorber models, prior to the presentation of the
different kinetic approaches. Generally, the model includes mass transfer equations,
equilibrium relationships, and the material balance for the reactor applied. With the common
assumptions that the temperature is constant, the bulk solution completely mixed, the mass
transfer into and within the adsorbent can be described as diffusion processes, the attachment
1of the adsorbate onto the adsorbent surface is much faster than the diffusion processes, the
adsorbent being spherical and isotropic.

Most importantly, adsorption Kkinetics is not independent of adsorption equilibrium.
Therefore, the models can be applied only if the required equilibrium parameters are known.
A widely used simplification in view of multicomponent adsorption consists of the
competition influences in only the equilibrium. Consequently, the mass transfer equations for
single-solute and multi-solute adsorption are the same, and the kinetic models for single
solute and multi-solute adsorption differ only in the description of the equilibrium.
Furthermore, the mass transfer coefficients can be determined in single-solute experiments
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because the coefficients for single-solute and multi-solute adsorption are assumed to be
identical. The differential material balance for a batch system reads.
dqg v dc

m., —=-V —
A dt " dt (36)

Where ma is the adsorbent mass and Vv is the liquid volume in the reactor. This equation
links the change of the mean adsorbent loading with time to the change of the liquid-phase
concentration with time. Integration of Equation [36] with the initial conditions

c(t =0) =c0 and g(t = 0) = 0 leads to the material balance equation in the form (Bar-Tal,
1990).

q() = —leo —e(?)

(37)
The kinetic models often use dimensionless quantities.
After introducing the distribution parameter for the batch reactor, Ds,
Dy =”T:-1. o
Vi co
(38)
and the dimensionless concentration and adsorbent loading is given as
x=7y=L
cin qo (39)
the dimensionless material balance equation can be expressed as
X +DpY =1
B (40)

The loading, qo, is the equilibrium adsorbent loading related to the initial concentration, co.

SORPTION ISOTHERMS AND SORPTION COEFFICIENT

The standard characterization of an HOC’s sorption behaviour is via the corresponding
sorption isotherm. generally speaking, all these models are related to dissolved sorbate
concentration Ca (unit ug/mL or mg/L) and the sorbed concentration of the sorbate ge (unit
mg/kg dry weight of soil sorbent or pg/mg dry weight of soil sorbent; and the molar version
has the unit of mmol/g or mmol/kg). The Different models have provided an insight into the
sorption mechanism of a given HOC onto a particular soil/clay mineral which in turn allows
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making predictions about the environmental concentrations of contaminants and the the
implications of environmental management. The following sections provide an outline of
12the most common models that have been applied to sorption of the HOCs in soils.

The Langmuir isotherm

The Langmuir model (Langmuir, 1918) is a non-linear isotherm based on the assumption that
adsorption energy is constant and independent of surface coverage. The adsorption takes
place on localized sites with no lateral adsorbate-adsorbate interactions. Langmuir model was
derived from mass action, Kinetic, or statistical thermodynamic approaches considering the
valid assumptions that the adsorption of a single adsorbate onto a series of equivalent sites on
the surface of the solid is perfect, adsorbing gas absorbs into an immobile state, all sites are
equivalent and each site can hold at most one molecule in there are no interactions between
adsorbate molecules on adjacent sites

A

Blx —»

\ 4

P —»

Figure 1. Type | Adsorption Isotherm

The concept of the theory is an extension theory, in which gas molecules only interact with
adjacent layers and the Langmuir theory can be applied to each layer. The rate at which
adsorbate molecules strike a surface of an adsorbent is proportional to the output of the solute
concentration (C) and the fraction (1- g) remaining uncovered by adsorbate and therefore
available as adsorption sites. The sorption from the surface is directly proportional to the
fractional surface coverage, q, and the rates of adsorption and desorption are equal at
equilibrium. Thus,

k,=C(1-6) =k, .0 @)
where ka and kq are the rate coefficients for sorption. The fractional surface coverage, q, is
then,

0=q./q, =bC, /(1+bC,) @)
where b is ka/kd and gm is the quantity of adsorbate forming a single monolayer on unit mass

and ge is the amount adsorbed on unit mass with the equilibrium concentration is Ce. The
simple derivation assumes that a single molecule occupies a single surface site with no
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interactions between adjacent adsorbed molecules. The application of the Kinetic theory of
gases reveals that the constant b can be identified as:

1/b = (v/ o)(2IIMKT)Y? exp(—Q/ RT) 43
Where Q = the heat of adsorption, v = the pre-exponential factor of the desorption rate
coefficient t=the condensation coefficient of the adsorbate, m = mass and k = the Boltzmann
constant. Equation (43) can be simplified to the form:

qe :(qmbCe)/(1+bCe) (44)

or in the linear form as:

C./q, =(/ba,) +/1/4,)C, ©

The linear Langmuir plots are obtained by plotting Ce/ge vs. Ce. 68The slope and the intercept
of this plot give the values of gm and b. The Langmuir equation is also used to obtain RL, a
dimensionless equilibrium parameter or the separation factor from the expression:

R, =1/(1+bC,) )
Where Ce is any equilibrium liquid phase concentration of the solute at which adsorption is
carried out. The isotherms are indicated by the RL value. The isotherm was first used to

describe gaseous sorption onto solids and has been adopted to describe the sorption of
chemical substances by natural solids Langmuir model (1918).

Brunauer-Emmett-Teller (BET) equation (Brunauer et al.,1938), is a model that

interprets multi-layer sorption isotherms, particularly the types Il and Il in (figure 2) and
give an effective method for estimating the amount of bound water in specific polar sites of
dehydrated solute systems (Sahin and Guliim ,2006,), it express by the equation:

M = M,Ca,
" 1+a,)1+C-Da,)

(46)

Where Mo is the monolayer moisture content, which represents the water attached to polar
and ionic groups, C is energy constant of the first layer and the other remaining layers. These
constants are also the constant characteristic of the isotherm of sorption of monolayer of
Langmuir. In almost all cases, the deviation of the linearity of these graphs indicates that, at
high vapour pressures, the amount adsorbed by the sorbent is lower than the one predicted by
the isotherm (Sahin and Guliim ,2006).

BET graphs are linear only in a limited range of water activity from 0.05 to 0.45. The
difficulty in the process of fitting the experimental data on the totality of the range of relative
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pressure application determined that the main application of the BET equation is the one
related to the estimation of surface areas (Zung, 2002). 2The equation assumes that: the rate
of condensation on the first layer is equal to the rate of evaporation from the second layer;
the binding energy of all of the adsorbates on 30the first layer is same; and the binding
energy of the other layers is equal to the one of pure adsorbates. (Blahovec and Yanniotis,
2009, Levine and Slade, 1991).
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Figure 2. Types of 1sotherms described by Brunauer (Mathloutln & Rogé, 2003 (20)).

The Freundlich isotherm (Freundlich, 1906)

The model is perhaps the most widely used non-linear adsorption equilibrium model which
can be shown to be thermodynamically rigorous for adsorption on multiple surfaces of solid.
It is used in cases where the identity of coloured solute material is not known,

A

slope = lin
Log =

Intercept =log k

\ 4

LogP ——»

Figure 3. log(x/m) vs. log p graph
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Beyond that point, the rate of adsorption saturates even after applying higher pressure. Thus,
Freundlich adsorption isotherm failed at higher pressure. The isotherm has the expression:

1/n

q. =Kg +C, (@7

where Ce and ge are the lequilibrium concentrations of the solute in the liquid phase and in

the solid phase respectively, Kr and n being Freundlich coefficients, representing adsorption

capacity and adsorption intensity respectively. For favorable adsorption, n is generally < 1.
The logarithmic equation below

log g, =log K +nlog C, “8)

is more useful for fitting data from batch equilibrium studies. The values of Kr and n are

obtained from intercept and slope of the plots of log ge vs. log Ce respectively. where ge and
Ce, 1, ge is the amount adsorbed on unit mass with the equilibrium concentration is Ce.

Isotherms of Uncharged Organic Compounds

Excellent review about the adsorption and desorption mechanisms have been documented
(Huang et al., 2003). Although sorption of uncharged solid organic matter predominates in
most cases, Kd is proportional to the mass in the solid foc (kg kg™) and to the affinity constant
between 1the carbon material; Koc (L kg™). Moreover, Koc is often well correlated to the
coefficient of the material between water and another organic substance (or even its constant
of solubility) by a logarithmic relationship. (Eg. 48). Many times, the chosen partition easily
available is octanol/water partition coefficient Kow (L kg™). This relation was verified for a
wide variety 8of solids and uncharged organic compounds (Schwarzenbach and Westall,
1981), or even for charged organic compounds for which the non-polar part is big enough.
Though the parameters are dependent on the nature of the solid organic matter and on the
class of adsorbed organic compounds, they are often found to remain constant for a wide
range of soils and organic compounds. Thus, it becomes possible to give an estimation of
adsorbed uncharged organic compounds at low concentration on any natural material with
two easily measured parameters: the organic carbon content of the material and the
octanol/water partition coefficient of the compound.

Gerstl, (1990) studied the effects of vegetative management, soil properties and high-
molecular weight dissolved organic matter on the soil sorption of sulfamethazine. Three soils
were sampled and tested within a dissolved concentration interval of 2.5-50 umol/L of the
antibiotic. The Freundlich isotherm model best described the sorption of sulfamethazine with
Kf values ranging from 2.754 to 8.511 (mL/g)0.59-0.79 and the Freundlich exponent
varying between 0.59 and 0.79 (Chu et al., 2013). The apparent soil/water partition
coefficients indicated that vegetative management, the concentration of organic carbon, soil
pH and the initial sulfamethazine concentration were the most important factors governing
the soil sorption of the antibiotic (Chu et al., 2013). In clay soils, the sulfamethazine sorption
was virtually independent of the soil pH, and the same observation was made about the
antibiotic sorption in all three soils with respect to dissolved organic matter (Ding et al.,
2006). In the concentration range from 1 pg/L to 9 ug/L, cypermethrin (a pesticide) followed
the Freundlich isotherm and its affinity to mineral surfaces decreased in the following order:
corundum > quartz > kaolinite > montmorillonite > goethite (Oudou et al., 2002). This
pesticide can form diastereoisomers which follow linear sorption isotherms on quartz,

33 Article DOI: 10.52589/AJENSR-0ZHQQUMW
DOI URL: https://doi.org/10.52589/AJENSR-0ZHQQUMW



African Journal of Environment and Natural Science Research
ISSN: 2689-9434
Volume 4, Issue 3, 2021 (pp. 16-44) www.abjournals.org

1 |

corundum and goethite. The isotherms became non-linear for the cis A and trans C isomers
on kaolinite and montmorillonite. Kaolinite proved to have the highest sorption affinity
towards cis B and trans D isomers (Oudou et al., 2002). This supports the above conclusion
about the possibility of applying kaolinite in remedial operations for the removal of aromatic
hydrocarbons, their chlorinated derivatives and pesticides.

The Linear Isotherm

In linear isotherms, sorption of HOCs onto soils and clay minerals occurs due to partitioning
and is described by the soil/water sorption partition coefficient for the respective sorbate, i.e.,
Ka (units mL/g or mmol/g) (Limousin et al., 2007). Mathematically, K4 can be defined using
Equation (49) as shown below:
q. = K4 xC, (49)
All terms in the equation have the same meaning as in Langmuir and Freundlich Isotherms
and the unit of the linear sorption partition coefficient Kq is mL/g which gives a slope of the
linear sorption isotherm (Tandlich and Balaz, 2011) Linear sorption isotherms have been
reported by Tandlich and Balaz (2011) for biphenyl on the illite-rich soil from North Dakota
and a commercial sodium bentonite sample. On the illite-rich soil, the Kd value for biphenyl
was equal to 42.7 + 1.8 mL/g after 6 days and this value increased to 120 + 8 mL/g after 21
days of the sorbate/sorbent contact time. With the commercial sodium bentonite
(montmorillonite), the Kad value was virtually independent of the contact time, as the
respective Kq value was equal to 20.3 + 0.3 mL/g after 6 days and to 23.0 + 1.1 mL/g after 21
days of sorbent-sorbate contact. After normalisation to the solid/liquid ratios for both
sorbents, the six-day contact time, most likely resulted in the sorption onto the internal
surface of the clay mineral crystal lattice, while the 21 days period indicated when the soil
organic carbon become the dominant sorption site for aromatic HOCs (Tandlich and Balaz,
2011). For other HOCs besides biphenyl, such sorption behaviour could be described as a
combination of linear and Freundlich isotherms that can be observed at low organic carbon
concentrations (Kalinovich et al. 2012).

Groisman et al. (2004), found that nonylphenol, if sorbed onto the surface of kaolinite at
concentrations of 1.0 mg/L, inhibited successive sorption of phenanthrene which is a
polyaromatic hydrocarbon. If the dissolved concentration of nonylphenol in the aqueous
phase reached 10 mg/L and this solution was in contact with kaolinite prior to phenanthrene
sorption, then the apparent Ka values for phenanthrene increased in comparison to the 1.0
mg/L conditioning (Wang et al. 2009). The most likely explanation for this observation is that
at the initial nonylphenol concentration of 1.0 mg/L, the surfactant and phenanthrene were
sorption antagonists. On the other hand, if the initial nonylphenol concentration increased to
10 mg/L, then enough surfactant was likely sorbed onto the kaolinite surface to form
nonylphenol hemimicelles or micelles there. If this was the case, then micellial nonylphenol
structures would have formed a hydrophobic phase at the kaolinite surface, i.e., thus
facilitating increased sorption partitioning of the phenanthrene molecules onto the kaolinite
surface. The presence of microbial cells on the surface of the soil mineral phase has been
shown to influence phenanthrene sorption. Thus, the combination of the kaolinite with
surfactants could provide a viable remediation technology for HOC elimination from the
environment (He et al. 2010).
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The lon Exchange Isotherms

The mineral species (charged in aqueous solution) are mainly attracted by the surface charges
of the solid driven by adsorption of competing ion exchange phenomena. The composition of
the bulk solution is considered constant and a single-species isotherm can be applied when
the concentration of the studied ion is lower than the competing ion, although this is strongly
dependent on the composition of the bulk solution. However, when the concentration of the
studied ion reaches the same order of magnitude as other competing ions, the composition of
the bulk solution can no longer be considered constant and a multi species isotherm is
needed. It is possible to take into account the competition between several ions with modified
multi-species isotherms. Graham, (2000) simulated the consequences of different competition
features on the shape of multi-species equilibrium or kinetic 1Freundlich and Langmuir
isotherms. The ion exchange isotherm is another way to describe the competition between
two or more ions when their range of concentration is wide. This specific isotherm does not
describe Q versus C, but the molar fraction of charges eE k of the ion k adsorbed on the solid
((molc kgH)/(molc kg™)) versus the molar fraction of charges Ek of the ion k remaining in
solution ((molc L)/ (molc L)). It is also assumed that adsorption sites (surface charges of
the solid) are constant, and is called the ‘‘intrinsic charge’’ rint (molc kg™). For a cation
exchange, the adsorption capacity ldepends on the exchange capacity (anion exchange
capacity). It is important to note that the cation or anion exchange capacity is an operational
parameter and not an intrinsic property of adsorption. So, it cannot be defined as print, which
is a conceptual parameter. The measurement is dependent on conditions such as pH or ionic
strength (Bloom and Mansell, 2001).

Surface complexation models

The surface complexation models are based on inner or outer sphere complexation which can
be distinguished by the way they represent the distribution of the electric potential around the
charged surfaces from each other. The main historical models are: 51the triple- layer model,
the constant capacitance model, the Stern variable surface charge model, the one-pK model,
the generalized two layer model and the charge distribution model. Good reviews have been
written on the physical bases and experimental applications of surface complexation models.

Oswin model:

It is an empirical model that consists in a series expansion for sigmoid shaped curves and it
was developed by Oswin (Oswin, 1946). It is described in this equation:

MW — C(a—w)n
1+ a,, (49)

where C and n are constants. The Oswin equation was used to relate the moisture content of
fat free dry milk and freeze dried tea up to a water activity of 0.5 (Oswin, 1946,), as well as
for various foods.

Smith model (1947)

The Smith model describes the final curved portion of water sorption isotherm of high
molecular weight biopolymers. He assumed that there are two fractions of water that are
sorbed onto a dry surface; the first fraction exhibits a higher condensation heat than the
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normal and it would be expected to follow the Langmuir model. Smith based his model on
the second fraction, which only can be formed after the first fraction has been absorbed. He
considered that the second fraction consists of multilayers of condensed water molecules,
which effectively prevent any possible evaporation of the initial layer. He theorized that the
moisture content in the second fraction was 1proportional to the logarithm of the difference
between the law of the sample and pure water (Sahin and Gilim ,2006, Da Silva, et al .,
2002). This 31 model can be written as:

MW :Cl +CZ In(l—aw) (50)

where C1 is the quantity of water in the first sorbed fraction, and C2 is the quantity of water
in the multilayer moisture fraction. 38This equation could be used in the water activity range
from 0.5 to 0.95 in the case of wheat desorption (Moraes, 2008) and for various products.

Halsey model

This model provides an expression for the condensation of multi layers at a relatively large
distance from the surface, assuming that the potential energy of a molecule varies as the
inverse n'" power of its distance from the surface. This equation is a good representation of
adsorption data regarding isotherms type I, Il, or I1l. Moreover, this equation described the
sorption behaviour of food products that contain starch (Levine and Slade, 1991).

A

M, =M, (-————
of RT Ina,

w

)lln

(51)

This model is described as it is expressed in this equation: (51) where A and n are constants;
R is the universal gas constant; T is the absolute temperature; and Mo is monolayer moisture
content. Since the use of the RT term does not eliminate the temperature dependence of A
and n, the Halsey equation was modified by Iglesias and Chirife, (1976) into the following
form, as it is described in equation:

M w = (_ IL)l/n

where C and n are constants.

Guggenheim-Anderson-de Boer (GAB) model: The term GAB model comes from the
names Guggenheim, Anderson and De Boer, who independently derived the equation in
1966, 1946 and 1953, respectively. This model has a viable theoretical background since it is
a refinement of Langmuir and BET theories of physical adsorption, it provides a good
description of the sorption behaviour of almost every food product (aw - 0.9); its parameters
have a physical meaning 9in sorption processes; and it describes the effects of temperature on
isotherms by means of Arrhenius type equations (Al-Muhtaseb, et al., 2002, Lomauro, et al.,
1985).

M,  (C-DKa, N Ka,,
M, @-Ka,+CKa, 1-Ka, 2
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This model postulates that the state of sorbate molecules in the second layer is identical to the
one in superior layers, but different from those of the liquid state. The authors introduced a
second sorption stage of the molecules of a sorbate that was differentiated as a good sorbate.
This isotherm necessarily contains a third constant, k, which measures the difference of the
chemical potential standard between the molecules of this second stage and those of the pure
liquid state. The GAB model is expressed as:

u M CKa,
v (1— KaW )(1— Kaw + CKaW) (54)

Where Mo is the monolayer moisture content; C and K are the adsorption constants, which
are related to the energies of interaction between the first and the further sorbed molecules at
the individual sorption sites. They can be theoretically expressed as it is expressed in
equation 55 and equation 56.

Ho —H
C=c,exp(——")
’ RT (55)

H —H
C=k,exp(—_*
o €X0( AT ) )

where Co and ko are the entropic accommodation factors; Ho, Hn, and Hi are the molar
sorption enthalpies of the monolayer, the multilayers on top of the monolayer, and the bulk
liquid, respectively. R is the ideal gas constant and T is the absolute temperature. Note that
when K is 1.

Peleg model

This model is a four-parameter model described in equation below:
MW = Cla\ff +C2a§v4 (57)

where Ci, C2, Cs, and Cs are constants; C3 < 1 and C4 > 1. The model does not have a
monolayer incorporated in it. The Peleg model adequately described the moisture sorption
isotherms of pesticides.

Effect of Hydration of the Sorbent and Medium of Sorption.

Hydration affects the SOM structure and thus any antagonism of HOC mixtures binding to
the SOM. Hydration can stimulate the occurrence of non-covalent interactions such as
hydrogen bonds, their significance in sorption can be deduced from sorption of HOCs with
varying structures from n-hexadecane (Borisover and Graber, 2003). Use of this solvent
eliminates the influence of polarizability of the tested HOCs on their sorption onto covalent
compounds. Under the same conditions, the effect of the compound’s structure on its sorption
onto the NOM can be elucidated, along with the structural features in the NOM structure
being characterized (He et al. 2010).
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Huang, (2003) concluded from the sorption data that the sorption of HOCs from the water
system was much higher than the sorption from the hydrocarbon system due to an increased
number of sorption sites in the covalent bond upon hydration. The hydrated bond structure
contains more water molecules than the air-dried matrix. This leads to more hydrogen-
bonding potential and thus provides for the increased sorbate mass transfer through/into the
structure based on hydrogen bonds (Graber et al. 1998).

Such hydration is facilitated by the presence of hydrogen-bonding groups, such as COOH in
the structure of the Pahokee peat in his studies. This in turn increases the number of available
sorption sites upon hydration of Pahokee peat more, than upon its solvation with organic
solvent. More sorption sites lead to higher sorption capacities, i.e., likely resulting in the
linear sorption isotherms under conditions of hydration of Pahokee peat in aqueous
environments. Similar solvation does not take place in the n-hexadecane, thus lowering
sorption uptake for phenol and pyridine (Graber et al. 1998).

These conclusions about the role of hydration in the sorption of HOCs onto the soil organic
carbon/matter are supported by the findings of Borisover and Graber, (2002). They examined
the sorption of m-nitrophenol from n hexadecane, m-nitrophenol from hexane, nitrobenzene
from hexadecane and acetophenone from n-hexadecane, benzyl alcohol from n-hexadecane
onto NOM. N Hexadecane and n-hexane are hydrophobic and were considered the dry inert
systems. It was found that the sorption of organic compounds from hydrocarbon solutions on
dried NOM was much slower as compared to sorption of organic compounds by the NOM
sorbent from water. This is demonstrated by the observation that the apparent sorption
equilibrium for m-nitrophenol was reached at about 50 hrs from the aqueous phase as
compared to between 300 and 600 hours in n-hexane and 700 hours in n-hexadecane. They
attributed this to the poor solvation of the sorbent in the hydrocarbon phase resulting in the
“rigidity” of the sorbent, i.e., formation of new sorption sites for hydrogen bonding
compounds in the hydrated Pahokee peat as compared to peat exposed to the dry peat matrix.
Graber, (1998) examined twelve systems with the following combination of
sorbate/sorbent/solvent; m-nitrophenol/humic acid/water, m-nitrophenol/humic acid/n
hexadecane, m-nitrophenol/humin/water, m-nitrophenol/humin/n-hexadecane,
nitrobenzene/humic acid/water, nitrobenzene/ humic acid/n-hexadecane,
nitrobenzene/humin/water,  nitrobenzene/humin/n-hexadecane, acetophenone/humin/water,
acetophenone/humin/n-hexadecane, benzyl alcohol/humin/water, and benzyl
alcohol/humin/n-hexadecane. From their study, the authors concluded that hydration of the
NOM may cause up to 2-3 orders of higher sorption of organic compounds in comparison to
wetting by hydrocarbon solvents. Acetophenone and benzyl alcohol sorption was higher in
the aqueous conditions as compared to n-hexadecane. Lower polarity of the HOCs resulted
in stronger sorption to dry humin, as demonstrated by the strength of sorption to dry humin
decreased in the following order: nitrobenzene >m-nitrophenol > acetophenone > benzyl
alcohol. Sorption of compounds with strong specific interactions, such as H-bonding (benzyl
alcohol, m nitrophenol), is significantly influenced by hydration. For acetophenone and
nitrobenzene there was a decrease in sorption upon hydration, whereas the opposite was
recorded for benzyl alcohol and m-nitrophenol. Thus, hydration of NOM or SOM leads to
formation of new sorption sites, but access to them is controlled by the sorbate’s molecular
volume and its functional groups.
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Effects of Temperature, Ionic Strength and pH on the HOCs’ Sorption

The above parameters are major factors that affect the sorption of hydrophobic organic
contaminants in the environment. Variation in any of these parameters could alter the
sorption of these HOCs.

In a study to determine the effects of temperature on sorption by Zhang and Zheng, (2009),
the Freundlich isotherm best described the sorption data of naphthalene and phenanthrene
onto soils between 15 to 35 °C. It was noted that n was directly proportional to the incubation
temperature as it increased from 0.713 to 0.893 for naphthalene and from 0.550 to 0.756 for
phenanthrene, respectively. Kr for naphthalene decreased from 106.8 to 42.8 in the respective
units, while the Kt value for phenanthrene decreased from and 932.7 to 568.9 (mL/g)%>°>08%
(Zhang and Zheng, 2009). According to Equation (49) Kr and n are isotherm constants for a
given sorbate and sorbent; and they indicate the capacity and intensity of the sorption at a
given and constant temperature. Zhang and Zheng also reported that as temperature increases
n increases, i.e., the solute-solvent interaction strength increases which in turn leads to a
decrease in K. Similarly, an inverse correlation between the temperature and the sorption
partition coefficient normalized to the soil organic carbon content (Koc) was reported.. The
most common explanation is the increase in the solute’s relative affinity for the liquid phase
in comparison to the solid phase. The effect of pH has been studied mainly in the
soil/aqueous systems. The effects pH on the sorption of 4-phthalic acid ester, dimethyl
phthalate (DMP), diethyl phthalate (DEP), diallyl phthalate (DAP) and di-n-butyl phthalate
(DBP), on three soils have been studied by (Yang et al 2013).The aqueous phase pH was set
to 4.0, 5.5, 7.0, 8.5 and 10.0. An increase in pH leads to the decrease in the K. pH 4.0, the
maximum Ks values were observed, and thus the sorption capacity of the soils for phthalic
esters, was indirectly proportional to the aqueous phase pH (Yang et al. 2013). This was
attributed to the increase in the dissociation/ionisation of the functional groups on SOM
which leads to the increase in the charge in the SOM structure. This resulted in the decreased
sorption of phthalic esters to the soils studied as these are non-ionised HOCs. Similar
observations were reported in other studies (You et al. 1999).

The Ks values of the phthalic acid ester in relationship to pH (adapted from reference

Compound DMP Kf DEP Kf DAP Kf DBP Kf

pH 4.0 5.31 9.87 331 161
pH 5.5 4.64 8.59 28.3 147
pH 7.0 3.18 6.38 21.7 128
pH 8.5 2.70 5.85 19.6 97.2
pH 10.0 2.54 5.85 18.3 91.3

Salting out effect, increases the apparent sorption of non-ionic HOCs into kaolinite in the
case of increased aqueous phase ionic strength observed for endrin by Peng et al. (2009). The
sorption isotherm was linear and troughs were observed at pH = 5.4 Hydrophobic and ion-
dipole interactions were found to the main non-covalent interactions involved in the endrin
sorption to kaolinite (Peng et al. (2009). Finocchiaro et al. (2005), examined the relationship
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between the following soil properties: pH, the organic carbon concentration, the content of
amorphous iron oxides and the content of clays, and the soil sorption uptake of molinate,
terbuthylazine, bensulfuron methyl and cinosulfuron. Extent of sorption of molinate and
terbuthylazine was directly proportional to the concentration of organic carbon and the
content of amorphous iron oxides (Behra, et al. 2003). On the other hand, sorption of
bensulfuron-methyl is a function of the soil pH, the organic carbon concentration and the clay
content. Finally, the cinosulfuron sorption was positively correlated with the soil pH. (Behra
et al. 2003).Thus all these variables together with the covalent structure of the HOCs must be
taken into account when conducting a sorption experiment

Behra et al. 2003 showed that tributyltin sorbed onto mineral surfaces via cation exchange of
the monovalent cation of the tin complex for H™ and Na*, if the pH of the aqueous phase was
equal to 6.0 or less. Sorption capacities of the mineral surface for cationic version of
tributyltin decreased from pure quartz > treated sand > natural sand >> kaolinite.

CONCLUSION

Models for the sorption isotherms were discussed with the 3 common approaches to the great
diversity of retention/release phenomena. However, this approach is macroscopic and
empirical in nature, thus not saying, by itself, anything on the complicated mechanisms
involved. Other methods allow the investigation of the retention microscopically, particularly
with spectroscopic and microscopic tools. They have provided a new efficient way to verify
several assumptions used in isotherm interpretations on the solid structure and
retention/release mechanisms thereby giving more confidence in structure-based and
mechanism-based complexation models. These models are efficient compared to the
traditional ‘‘Kd’’ approach. However, natural media such as complicated mixtures of
numerous mineral and organic compounds ‘‘sorption isotherm’” will be still used for a long
time. The work covered isotherms and models such as distribution coefficient, the Langmuir
isotherm, the Freundlich isotherm, and ion exchange, the constant capacitance, the diffuse
layer, Oswin, Smith, Halsey, Peleg, Guggenheim-Anderson-de Boer (GAB) and triple layer
model. These Models describes the sorption isotherms of hydrophobic contaminants.
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