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At low surfactant concentrations often non-linear sorption processes are observed when natural

adsorbents like sediment or soil are involved. This sorption process is often explained by a Dual-Model

(DM) model, which assumes sorption to an adsorbent to be based on a combined ionic-polar and non-

polar sorption interaction term. An Independent-Mode (IM) model, however, could treat surfactant

sorption as two independent sorption processes to which the non-polar and ionic-polar features of the

surfactant molecule contribute differently. For both models the overall exact partition coefficient,

Ktotalp , and its corresponding total standard free enthalpy of adsorption, DsG
0
total, are derived. We tested

the outcome of both models against multiple published experimental sorption data sets by, (i) varying

the organic carbon fraction, (ii) constructing sorption and partition isotherms over different

concentration ranges, (iii) removing the organic carbon fraction, (iv) applying different types of mixtures

of surfactants, and (v) explaining sorption hysteresis in desorption studies based on either continuous

and successive washing steps. It turned out that only the IM model was able to explain the reported

sorption phenomena. We also show that when one interaction is dominating, e.g. non-polar over ionic-

polar, the DsG
0
total of the IM model can be approximated by the sum of the different DsG

0 values, the

DsG
0
total of the DM model. The exact partition coefficient, Kp(Cw) (L kg�1) ¼ dCs (mmol kg�1)/dCw (mmol

L�1), is turning each sorption isotherm into a partition isotherm that provides the Kp values required in

environmental risk assessment models.
Environmental signicance

This paper addresses ad- and desorption processes of surfactants at environmentally low concentrations onto sediments. Reported models show that both the
head and tail of the same surfactant molecule is involved in a single sorption process (Dual-Mode). This paper shows that all experimentally observed sorption
phenomena can be explained by sorption of the tail of one surfactant molecule to one location while the head of another surfactant molecule will be adsorbed to
another sorption location (Independent-Mode). The study emphasizes that only complete Langmuir isotherms are able to explain adequately many observed
sorption phenomena. In applying the Independent-Mode model we dene an exact Kp function. In sorption experiments of surfactants on complex adsorbents
one requires to dene the relevant adsorbents and apply for each fraction simple Langmuir isotherms. In ERA models one needs to estimate two sorption
parameters for each relevant adsorbent.
1. Introduction

The sorption behaviour of chemicals in the environment is
characterized by the ratio of the concentration of the substance
aandam, The Netherlands. E-mail: h.b.

or Biodiversity and Ecosystem Dynamics

am, The Netherlands
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ts, 2020, 22, 1266–1286
associated with water, Cw (mg L�1 or mmol L�1), and the
amount of substance associated with a volume of a sorbent such
as sediment, Cs (mg kg�1 or mmol kg�1). At equilibrium, this
ratio is equivalent to the sediment–water partition coefficient,
Kp (L kg�1), eqn (1):

Kp ¼ Cs/Cw (1)

The Kp plays an important role in environmental fate models
and in environmental risk assessment (ERA). For example it is
required to estimate the bioavailable fraction of the sorbate in
different environmental compartments. In ERA models sorp-
tion of organic substances is currently addressed only via
a hydrophobic or non-polar interaction mechanism. In these
models sorption is incorporated as a linear process. It is also
This journal is © The Royal Society of Chemistry 2020
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generally found that the hydrophobic or non-polar sorption
increases proportionally with increasing organic carbon frac-
tion (foc) of the sorbent, making it logical to normalise the
sediment–water partition constant, Kp, to the organic carbon
fraction, Koc. These Koc values are used as dependent descriptor
for structure–activity relationships (SARs) e.g. with the octanol–
water partition coefficient, Kow, as independent descriptor.

Surface-active agents (surfactants) are molecules consisting
of an ionic, polar, or otherwise hydrophilic head and a hydro-
phobic (lipophilic) tail. Because of their amphiphilic character
their sorption behaviour is different from purely hydrophobic
compounds and may also include an electrostatic or ionic-polar
sorption process. These sorption processes are described clearly
in colloid chemistry. On pure surfaces like silica, kaolinite, or
montmorillonite over a large concentration range the sorption
process of many surfactants is characterised by a distinct four
steps adsorption pattern.1–3 At low concentrations sorption is
linear and the sorption process is only restricted to an exchange
process between isolated molecules and the surface referred to
as the Henry's law region. At higher concentrations surfactant
molecules start to form micellar-like structures on the surface
commonly denoted as admicelles and hemicelles followed by
the formation and sorption of micelles. Unless waste waters
enter aquatic systems without any treatment, surfactant
concentrations encountered in the environment are in general
so low, i.e. in the order of mg L�1 or lower, that micellar-like
structures are not expected.4,5 However, even if an ionic-polar
sorption process is expected to occur at a sorbent within the
Henry's law region it is observed that the sediment–water
partition coefficient increases with increasing carbon chain
length of analogue surfactants (i.e. increasing number of CH2 or
CF2-units).6–9 In environmental and colloid chemistry this is
generally interpreted as an additional or non-polar sorption
interaction of the tail with the sorbate.10,11 In these models both
the head and the tail of the surfactant molecule are involved
simultaneously in an adsorption process. In the present work
this is called the Dual-Mode (DM) adsorption process because
only one type of adsorbent is involved, as depicted in Fig. 1a.
The DM models lead to a picture that the surfactant molecules
should be (partially) absorbed into the matrix, requiring the
Fig. 1 Schematic representation of the difference in sorption of
surfactant molecules to adsorbents. In the DMmodel (a) both the head
and the tail of the surfactant molecule are adsorbed simultaneously to
one adsorbent only. In the IM model (b) the head of one surfactant
molecule is electrostatically adsorbed to a specific adsorbent or
sorption location while the tail of another surfactant molecule is
adsorbed to a another sorption location or adsorbent.

This journal is © The Royal Society of Chemistry 2020
introduction in the model of parameters that are related to the
structure of the matrix.

To our best knowledge, it has not been described well in the
scientic sorption literature what sorption isotherm would be
obtained if sorption of surfactants to adsorbents is described by
an Independent-Mode (IM) adsorption process, as an alterna-
tive to the DM model. In the IM model one surfactant molecule
(or one part of the total adsorbed mass of the surfactant) is
adsorbed by a non-polar mechanism to an organic-carbon like
sediment component, and another surfactant molecule (or, the
other part of the total adsorbed mass) is adsorbed (only) by an
ionic-polar mechanism to another sediment component (e.g.
clay mineral surface), as depicted in Fig. 1b.

Although Fig. 1 is overly simplistic, intuitively it makes sense
that the description of these two models could lead to different
conclusions on how surfactant sorption can be best described. A
correct interpretation of observed sorption phenomena for
surfactants is of importance for risk assessment modelling of
potential contamination with such chemicals. Regulators may
have to extrapolate results from the experimental boundaries to
specic case studies with different features, sorbent properties,
and concentration ranges. As outlined below in more detail the
goal of this study was two-fold. In the theoretical considerations
we derive the relevant thermodynamic equations for the stan-
dard free enthalpy change, DsG

0
total, of the sorption process for

both the DM and IM model. For both models, the overall
adsorption isotherm (Ktotal

p ) which combines both types of
interactions between surfactant and the sorbent surface (non-
polar and polar-ionic) is then derived. These mathematical
descriptions should elucidate how the relevant partition coef-
cients can be derived to support environmental risk assess-
ment for surfactants. In the model application section we
evaluated outcomes of both models against multiple published
experimental sorption data sets involving various sorption
phenomena. By simulating the variations of several sorption
parameters differences between IM and DM sorption isotherms
are interpreted and compared with observed isotherms. We will
show that interpretation of these differences shows full support
for the IM model. The DM model is used in the development of
sorption models based on thermodynamics but we will show
that the same results are found using the IMmodel when one of
the two interaction modes dominates.

2. Theoretical considerations
2.1 Introduction

In this paper it is assumed that in the environment sediment–
water and/or soil/water adsorption processes are dominant
particularly for the fate of surfactants. Therefore soil/air
adsorption processes are excluded in the present study. In
environmental chemistry one refers oen to hydrophobic vs.
electrostatic adsorption processes when dealing with especially
ionic surfactants. This excludes the possibility for an electro-
static attraction of the non-ionic but highly polar head, like e.g.,
for non-ionic surfactants such as alcohol ethoxylates (AE) to
sediment or soil. To include the possibility of different types of
electrostatic interactions for various surfactants, we refer in the
Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286 | 1267
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text to an ionic-polar adsorption process when the head of any
surfactant is involved in the adsorption process, but in the
relevant mathematical formulas we keep on using the abbrevi-
ation ‘elec’. Similarly, the hydrophobic adsorption processes of
the tail of a surfactant is described in the text as a non-polar
adsorption process, but we keep the abbreviation ‘hydr’ in the
mathematical formulas. These abbreviations align with the
mathematics of sorption models applied elsewhere.

Absorption into some sorbents may also occur for surfac-
tants, but these processes are also not within the subject of the
present study on sorption to soil or sediment. It has been re-
ported that ionic surfactants fully intercalate within phospho-
lipid membranes.12,13 Also the solid-phase microextraction
process for non-ionic surfactants such as AE with polyacrylate
coated glass bers appears to be based on absorption of the
entire surfactant molecules into the rubbery polymer matrix.14,15

By far most sorption experiments of surfactants performed
in the laboratory apply a short time span where aging
phenomena are neglected. When applying aging processes fast
and slow (into micropores of sediment or soil) ad- or desorption
fractions may be observed16,17 but in this paper it will be shown
that the IM model can explain such phenomena for surfactants
without invoking additional adsorption into micropores (for
a more fundamental discussion on the different ranges of val-
idity of especially the kinetic Langmuir sorption–diffusion
model see for example the work of Douven et al.18). All applied
literature references to test our developed model are performed
in a relatively short time span (hours to days).

At low concentrations (usually, but not specically, at the mg
L�1 level) both non-linear and linear sorption of surfactants to
pure and complex adsorbents are observed.19 The observed non-
linear sorption processes are oen described by a Langmuir,
Freundlich, or Virial isotherm. Also more complex models like
combinations of a linear and one or more Langmuir, Temkin,
Toth isotherms or the non-ideal competitive adsorption (NICA)-
Donnan model have been proposed.20–24 The models establish
a relationship between a number of data points of measured
concentrations Cs in soil or sediment and concentrations Cw in
water, at equilibrium. In the present work we refer to the ratios of
such measured data, obtained from the applied experimental
system, as partition coefficients, Kp (L kg�1). The partition coef-
cients thus derived need to be linked to the molecular adsorp-
tion system to develop sorption models and/or SARs. Parameters
related to molecular adsorption processes are called sorption
constants, K (unit e.g. L mmol�1). In thermodynamical terms we
have to distinguish two different systems here. In order to relate
Kp to K, a change in (thermodynamic) system is therefore
involved; from the experimental one to the molecular one. In the
experimental system certain parameters, e.g., temperature or pH,
are oen modied to establish the variation of the partition
coefficient. We show that one needs to be careful to interpret
measured variation in Kp as a result of e.g., varying pH values into
variations in (molecular) sorption constants, K.

From the different non-linear models the most simple one to
interpret is the Langmuir model. In this case the non-linearity is
caused by the limited number of sorption sites in the applied
experimental system. At low concentrations where no
1268 | Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286
micellization occurs it is therefore assumed that the observed
non-linearity is a consequence of the availability of a limited
number of sorption sites in the applied experimental system.
Before any molecular adsorption process can be studied this
non-linear adsorption strength in the applied experimental
system must be accounted for. This is done by studying the
sorption behaviour at innite dilution. This behaviour is not
only important to establish molecular sorption models but
environmentally very relevant since it coincides with a dilution
process. Kp values corrected for their non-linear behaviour at
innite dilution are indicated as Kp,0. Only Kp,0-values lead
therefore to relevant information on the molecular sorption
process(es).

The relevant sorption parameters for the IM and DMmodels
will be derived in a stepwise approach. The rst step describes
the behaviour of the most common isotherms at innite dilu-
tion to account for the limited number of sorption sites in the
applied experimental system.

Non-linear sorption isotherms imply that the corresponding
Kp depends on the dissolved concentration of the compound
(Cw), Kp(Cw). In the second step it will be shown how the Kp(Cw)
can be derived from any (non-linear) isotherm by dening an
‘exact’ partition coefficient, Kp. It will be shown that the parti-
tion coefficient from eqn (1) is an ‘average’ Kp, KpðCwÞ.

In the third step the relevant thermodynamic equations will
be derived for the standard free enthalpy change, DsG

0
total, of the

sorption process and for the overall partition coefficient,
Ktotal
p , which encompasses both the non-polar and ionic-polar

interactions for both the IM and DM model. Finally the step
from the experimentally derived parameter, Kp,0, to the molec-
ular sorption constants will be discussed. In this part also
attention will be given to observed rate phenomena of any
adsorption or desorption process for surfactants.
2.2 Behaviour of commonly used sorption isotherms at
innite solution (Cs,Cw / 0)

2.2.1 Langmuir sorption isotherm. The Langmuir case I
isotherm25 applied to solutions relates the adsorption of
a specic solute (or adsorbate) to a xed number of unique
distinct sites or a maximum of mass adsorbed to the adsorbent,
Cmax
s (mg or mmol substance per kg sediment), each site, S,

being occupied by one single solute molecule, M, only. In
equilibrium, the number of unoccupied, S*, and occupied
sorption sites, S–M, and the solute concentration Maq

ðS*þMaq ����! ����kd

ka
S�MÞ are related to each other by the Lang-

muir case I sorption constant, KL (L mg�1 or mmol�1) and is
also equal to the ratio of the adsorption and desorption rate
constants, ka/kd. The fraction of surface sites occupied, S–M/(S*
+ S–M), Cs/C

max
s , can be written in the operational way cf. eqn (2):

Cs

Cmax
s

¼ KLCw

1þ KLCw

(2)

In dilute solutions (more accurate when KLCw � 1) eqn (2)
can be rewritten as eqn (3) where a Langmuir sediment–parti-
tion coefficient, KL

p, can be derived that is not inuenced
This journal is © The Royal Society of Chemistry 2020
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anymore by the number of unoccupied sites, KL
p,0 (L kg�1),26,27

(eqn (3a) and (3b)):

Cs/0 ¼ KLC
max
s Cw/0 (3a)

Cs/0

Cw/0

¼ KLC
max
s ¼ KL

p;0 (3b)

Using eqn (3b), eqn (2) can then be rewritten into the
(thermodynamic) expression of KL

p,0 as follows, eqn (4), used
throughout in this study.

Cs ¼
KL

p;0C
max
s Cw

Cmax
s þ KL

p;0Cw

(4)

Reported Cs and Cw values and isotherms are usually nor-
malised to 1 kg of sediment and 1 L of water respectively. In
Annex I it is shown that eqn (4) arises from a general Langmuir
sorption process, which includes the sediment concentration
while neglecting the sediment volume.

It is important to realize that eqn (4) can become linear both at
innite dilution, as described above, and when Cmax

s [

KLp,0Cw (that is for low fraction of surfactant adsorbed in relation
to a high number of sorption sites). Therefore it is assumed in
this study that whenever a linear isotherm at low surfactants
concentrations is observed this is not only a consequence of the
Langmuir isotherm at innite dilution but it is also equivalent to
the Henry's law isotherm observed at low surfactant concentra-
tions on pure adsorbents. The IM model therefore supposes that
an observed linearity in sorption at low concentrations is
a general consequence of a Langmuir isotherm where the
number of occupied sorption sites in the applied experimental
system is still low compared to the total number of sorption sites.

On the other hand, any observed non-linear behaviour of the
Langmuir case I isotherm at higher surfactant concentrations is
a consequence of a preference of one of two different processes:
either Cmax

s is approached and the curvature will decrease until
a plateau, Cmax

s , is reached or the curvature will increase before
Cmax
s is approached which is related to the formation of admi-

celles, hemicelles or possible multiple layers28 on the adsorbent
(neglecting for example additional chemical processes like an
exchange of ligands form the adsorbent). Since at environ-
mental concentrations micelle structures are not expected only
decreasing curvature is expected for single Langmuir isotherms.
In the discussion attention will be given when to be aware of
possible micellization at higher surfactant concentrations.

2.2.2 Henry's law isotherm. Sorption isotherms described
by a simple linear equation are Henry's law isotherms: Cs ¼
KH
pCw. Owing to its linearity KH

p does not change when diluting
(KH

p ¼ KH
p,0). As described above the observed Henry's law

isotherm of the non-polar interaction with partition coefficient,
KH,hydr
p , derived from the Koc of the substance and the fraction of

organic carbon of the sediment, foc, can be related to the linear
form of the Langmuir isotherm (see Section 2.2.1) at innite
dilution (eqn (3b)) resulting in eqn (5a):

Kocfoc ¼ KH,hydr
p ¼ KL,hydr

p,0 ¼ Khydr
L Cmax

s,hydr (5a)
This journal is © The Royal Society of Chemistry 2020
Eqn (5a) shows that Koc is linearly related to Khydr
L and foc to

Cmax
s,hydr. Similarly a linear isotherm of any ionic-polar interaction

derived from its corresponding Langmuir isotherm at low
concentrations can be related to a still unknown sediment
parameter, fsed and a normalised ionic-polar sorption param-
eter, eqn (5b):

Kelec
L Cmax

s,elec ¼ KL,elec
p,0 ¼ KH,elec

p ¼ Knorm
elec fsed (5b)

Eqn (5a) and (5b) gives the possibility to compare Langmuir
sorption constants, KL, from different types of sorption
processes. Possible sediment parameters, fsed, that might be
related to Cmax

s,elec will be discussed later.
2.2.3 Virial isotherm. The Virial isotherm5 is similar to

a linear isotherm with an exponential factor where the expo-
nential form is related to the non-polar correction factor of the
ionic-polar interaction, eqn (6):

Cs ¼ KV
pCw exp[�bCs] (6)

In this model the parameter b is related to the capacitance of
the ionic-polar model. At innite solution (Cs,Cw / 0) eqn (6)
can be rewritten as eqn (7):

Cs/0 ¼ KV
p Cw/0ð1� bCs/0Þ/Cs/0 ¼

KV
p

1

b
Cw/0

1

b
þ KV

p Cw/0

(7)

Eqn (7) shows that in a dilute system eqn (6) becomes
equivalent to the Langmuir isotherm, eqn (4), and thus that
KV
p is equivalent to KL,Virial

p,0 and 1/b ¼ Cmax
s,Virial. There are two

disadvantages in using the Virial over the Langmuir isotherm.
Firstly it is difficult to linearize the Virial isotherm and to derive
the Virial sorption parameters KV

p and b. Secondly it will be
described below that the way the correction factor for the non-
polar interaction is introduced, corresponds only to the DM
model.

2.2.4 Freundlich isotherm. When a plot of log Cs vs. log Cw

is found to be linear a Freundlich isotherm is observed. The
Freundlich equation is then given by Cs ¼ KFCw

n. The Freund-
lich isotherm is an empirical relationship between the Cw and
the Cs, the mechanism underlying the sorption process is not
explained. Reported Freundlich isotherms (with surfactants) at
environmentally relevant concentrations indicate in nearly all
cases a value of n < 1.29 When n < 1 and Cw / 0 (physically
equivalent to innite dilution) Cs does not exist. Therefore when
n < 1 one cannot derive the Freundlich sediment–water parti-
tion coefficient at innite dilution, KF

p,0 required in developing
sorption models. It also remains unclear how the reported
Freundlich sorption constants, KF, and n, can be transformed
into the Freundlich sediment–water partition coefficient,
KF
p, required in the ERA model.
2.3 Dening an average and exact partition coefficient Kp

In a sorption experiment a number of data points of the ratio of
measured concentration Cs and Cw, Cs/Cw, at equilibrium are
Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286 | 1269
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established (eqn (1)). However mathematically one determines
the Kp value for each data point as the ratio of the difference in
Cs and Cw between two data points being the measured value
and the origin, Kp ¼ DCs/DCw. In case Kp is determined by
establishing a ratio between the measured value and the origin
or between two distinct sorption data, we refer in this article to
an average Kp: �Kp.

When a mathematical equation is established between the
measured data points it is possible to obtain both the Cs and Kp

at each Cw, Cs(Cw) and Kp(Cw). Establishing the mathematical
relationship between the measured data points is mathemati-
cally equivalent to taking the limiting value of DCw to zero, DCw

/ 0. In this case the Kp(Cw) can be established by taking the
differential of Cs(Cw), dCs/dCw. In this study we speak then of an
exact Kp. Although such an approach has been reported once for
surfactants in the scientic literature5 it has not been elabo-
rated further upon. In the literature invariably average Kp values
(�Kp) (e.g. ref. 30 and 31) are being reported, but it is the exact Kp

that needs to be used in the development of sorption models
and in ERA models. An exact Kp(Cw) at each Cw is therefore
obtained by differentiating Cs to Cw, dCs/dCw, while the average
Kp ðKpðCwÞÞ at each Cw is obtained by dividing Cs over Cw,
Cs(Cw)/Cw. Exact and average partition coefficients of the most
commonly used sorption isotherms are shown in Table 1. From
here on Kp refers to an exact partition coefficient unless
specically indicated otherwise.
2.4 DsG
0
total and Ktotal

p of the IM and DM model

The two interaction modes, depicted in Fig. 1, allow to establish
the overall standard free enthalpy of the sorption process and
the corresponding partition coefficients, the overall sorption
isotherms and their behaviour at innite dilution to derive the
different partition coefficients, Kelec

p , and Khydr
p with the adsor-

bent (see Table 2).
The equations in Table 2 are the nal equations used in this

study to construct and explain observed differences in the
adsorption and desorption behaviour of surfactants with
1270 | Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286
sediments at low concentrations. For the overall isotherm in the
IM model a Langmuir isotherm for the ionic-polar interaction
and a Henry's law isotherm for the non-polar interaction have
been selected instead of two Langmuir isotherms. In Section 4.1
it will be justied when such an approach is feasible. However
the procedure is equivalent if the non-polar interaction is given
by a non-polar Langmuir isotherm. The IM model describes the
sorption process in the experimental system by two completely
different types of sorption sites on the same sediment or
two different types of sediment, each with a specic Kp,0 and
Cmax
s . In contrast, the DM model describes the experimental

system by one adsorbent (e.g. organic matter) and one type of
sorption location with one specic Kp,0 and Cmax

s where both
type of interactions take place simultaneously. Because these
experimental systems are different, the thermodynamic overall
equations and the overall equations of the partition coefficients
of each system are different. Table 2 shows that DsG

0
total for the

DMmodel is a simple addition of the non-polar and ionic-polar
process while this is not the case for the IM model. Otherwise
stated, the total sorption coefficient Ktotal

p is the sum of the non-
polar and ionic-polar partition coefficient for the IM model,
while it is the product of the non-polar and ionic-polar partition
coefficient for the DM model.
2.5 From experimental system parameter, Kp,0, to its
molecular sorption parameter(s), K

If the Kp,0-value must be related to its corresponding molecular
sorption constant the valuemust also be corrected for its system
parameter(s) because a change of thermodynamic system is
considered. Therefore the KL in the Langmuir equation (cf. eqn
(3)) is equivalent to the molecular sorption constant and these
equilibrium values must be used as input for molecular sorp-
tion models and SARs. This procedure is equivalent to what is
a common procedure in environmental chemistry: to normalise
measured partition coefficients directly on the (dissolved)
organic carbon (cf. eqn (5a)). However such a procedure of
normalisation on organic carbon is allowed if it is assured that
This journal is © The Royal Society of Chemistry 2020
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Table 2 Overview of the two proposed modes of interaction of surfactant molecules with sediments, the corresponding overall sorption
constants, Ktotal

p and the standard free enthalpy changes for the applied experimental system, DsG
0
total. See Section 4.1 under what experimental

conditions a Henry's law (linear) isotherm can be applied for the non-polar interaction in the independent mode model
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a non-polar interaction takes place. It seems that this procedure
is not always applied correctly in sorption studies with surfac-
tants where ionic-polar interactions are also expected.22,32–34

Incorrect conclusions on molecular sorption strength will also
be drawn if variations in Kp,0-values are not corrected for the
system parameter Cmax

s when different adsorbents are used.35,36

The standard free enthalpy of the molecular sorption
processes, DsG

0
L, can be calculated from the corresponding KL-

value, DsG
0
L ¼ �RT ln KL. This standard free enthalpy can only

be calculated correctly if KL is dimensionless. Usually KL-values
are reported in L mol�1. However, there is no general method to
modify to a unit-less value. It is then difficult to compare similar
DsG

0
L-values from different references 37 and erroneous conclu-

sions may be drawn on the nature of the sorption process. There
has been consensus on the direct use of the unit L mol�1 for
non-ionic and dilute ionic solutions because the activity coef-
cient does not vary too much.38 In colloid chemistry KL-values
are oen transformed into a “dimensionless” value of mol
mol�1 by transforming the liter-unit of water into mol-unit (1 L
water ¼ 55.5 mol water if the experiment was conducted in an
aqueous solution). However Azizian recently challenged this
transformation because a mol of an adsorbate is not equivalent
to a mol of water.39 In his kinetic derivation of the Langmuir-
equation he proposed to introduce a relative Cr(t) instead of
a Cw(t) based on the maximum solubility of the solute in water,
Csat
aq , Cr(t) ¼ Cw(t)/C

sat
aq . The modied (thermodynamic)
This journal is © The Royal Society of Chemistry 2020
Langmuir isotherm with a real dimensionless Langmuir
constant, KML, will appear then as (eqn (8)):

Cs ¼ Cmax
s KMLCw�

Csat
aq � Cw

�
þ KMLCw

(8)

Although appealing, it is not clear how the term Csat
aq must be

interpreted in the case of possible micellization.
The inuence of a non-polar and ionic-polar interaction on

DsG
0 when the number of CF2 or CH2 units in the tail of the

surfactant is varied, can be described as follows. If Kp,0-values of
only an ionic-polar interaction of the surfactant with the
adsorbent, Kelec

p,0 , are established then the standard free enthalpy
variation of e.g. an addition of CF2-unit (NCF2

) in the tail,
DDsG

0;CF2
L;tail , is given by a contribution of the head which is

adsorbed to the sorbent and the tail in the water cf. eqn (9a)

DsG
0
p,elec(NCF2

) ¼ DsG
0
L,head-sorbent + DDsG

0
L,head-sorbentNCF2

�
RT ln Cmax

s,elec (9a)

and similarly for only a non-polar interaction with the adsor-
bent, Khydr

p,0 , by eqn (9b).

DsG
0
p,hydr(NCF2

) ¼ DsG
0
L,tail-sorbent + DDsG

0
L,tail-sorbentNCF2

�
RT ln Cmax

s,hydr (9b)
Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286 | 1271
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In case of KL-values, the term �RT ln Cmax
s would not appear

in eqn (9a) and (9b). When in the applied experimental system
both interactions occur at the same time, the observed value of
DDsG

0;CF2
L;observed for the IM model will differ from the DM model.

The fact that in a sorption experiment two thermodynamic
systems must be considered has also a profound inuence on
its adsorption or desorption rate processes. In any rate
measurement it is the experimental system which relaxes to
equilibrium. In the study of Azizian40 where the Langmuir rates
of adsorption (ka) and desorption (kd) are directly linked to Cs(t),
it can be shown that when Cw(0) [ Cs(0) i.e., when the initial
concentration of the solute in the water phase is very high
compared to the adsorbed one, the experimentally observed
rate constant is of pseudo-rst order and is a combination of the
adsorption and desorption Langmuir rate constants. Both
Langmuir rate constants can be obtained by plotting the
observed rate constant vs. the initial concentration of the solute,
Cw(t ¼ 0), which should lead to a straight line with ka as slope
and kd as intercept and therefore establish the Langmuir
sorption constant, KL, in another way. Owing to the existence of
different kinetic regimes it is not necessary that the kinetically
derived KL and the thermodynamically derived KL lead to
similar values. In the same ref. 40 it is also shown that when
Cw(0) T Cs(0) or when the initial concentration of the solute is
not too high a pseudo-second-order model is observed which
leads to the Langmuir adsorption isotherm expression at
equilibrium. The observed second-order rate constant is a more
complex function of the initial concentration of the solute than
in the case of the rst-order rate constant. There are several
ways to show that the Langmuir adsorption and desorption rate
process are of a second order nature. In this study the derivation
is given in Annex II.
3. Model application to several
sorption phenomena
3.1 Overview

As stated before, well-dened substance and/or sediment
parameters can be derived from the Langmuir, Henry's law and
Table 3 C12-LAS IM and DM model parameters with foc ¼ 1%, 10% and
multiplying a and b from Table 6 for sediment 2 in Matthijs.41 In italics Khydp

IM (Khydrp + Kelec
p,0 ¼ Ktotal

p,0 ) or DM (Khydrp Kelec
p ¼ Ktotalp,0 ) model from Khydrp and the

from Khydrp and Kelecp,0 values according to the IM model and DM model fo

Case foc Khydr
p (L kg�1) Kelec-IM

p,0 (L kg�1) Kelec-DM
p,0 (L

0 1%
1 1% 15 14
2 1% 15 196
3 10% 150 196

4 20% 300 196

5 10% 150 14

6 20% 300 14

1272 | Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286
Virial isotherms at innite dilution. Therefore only sorption
data derived from these three isotherms are relevant in the
model development. In addition, sorption isotherms should be
established at low, and preferably at environmentally relevant,
surfactant concentrations. In order to avoid experimental arte-
facts, direct analysis of both the sediment and water phase
should have been applied. The resulting data set is small
despite the large number of references dealing with sorption of
surfactants to sediment (cf. Table S1, ESI†). In Table S1† the
Ktotal
p,0 of Matthijs et al.41 are calculated from their reported KL

and Cmax
s values for the anionic surfactant C12-LAS (cf. eqn (3b)).

– Section 3.2 describes then how the sorption of surfactants
is inuenced by various organic carbon fractions according to
the IM and DM model, using the anionic surfactant C12-LAS as
an example. Reported sorption values for LAS from the litera-
ture at very low and very high contents of organic carbon26,41–43

will be used to derive their model-specic partition coefficients,
Khydr
p , Kelec-IM

p,0 and Kelec-DM
p,0 . Aer deriving the model partition

coefficients, the IM and DM isotherms will be constructed again
according to Table 2 by varying the organic carbon fraction (1%,
10%, 20%). The curvature at innite dilution and the overall
isotherms over the full concentration range will then be
compared to experimentally observed isotherms.

– In Section 3.3, the inuence of surfactants head groups
and/or tail length is discussed. In Section 3.3.1 the overall
sorption isotherms according to the IM and DM model of
a mixture of nonylphenol ethoxylates (NPEOx) as an example
where only the head varies will be constructed and compared to
similar reported isotherms. In Section 3.3.2 sorption data of
a mixture of LAS as an example of varying tail lengths will be
compared to the individual components of the mixture.

– In Section 3.4, the incremental standard free enthalpy
values

�
DDsG

0;CF2
L;tail

�
reported on varying the number of CF2-

groups of peruorinated carboxylated acids (PFCAs), will be
compared to experimentally observed values when both inter-
actions are present.

– In Section 3.5, the inuence of different adsorbents on the
experimentally observed adsorption isotherm will be given, and
particularly will discuss how different sorption processes
inuence the desorption rate isotherms.
20% and Koc ¼ 1500 L kg�1. Ktotalp,0 ¼ 211 L kg�1 for case 0 obtained by
r calculated from Kocfoc. In bold Kelecp values calculated according to the
experimentally derived Ktotalp,0 (case 0). Ktotalp,0 in case 1 to 6 are calculated
r the different organic carbon fractions

kg�1) Ktotal
p,0 (L kg�1) Remark

211 From cited values (Matthijs41)
211 Khydr

p see text. Kelec
p based on DM-model

211 Khydr
p see text. Kelec

p based on IM-model
346 Kelec-IM

p constant and using IM model to
estimate Ktotal

p

496 Kelec-IM
p constant and using IM model to

estimate Ktotal
p

2100 Kelec-DM
p constant and using DMmodel to

estimate Ktotal
p

4200 Kelec-DM
p constant and using DMmodel to

estimate Ktotal
p

This journal is © The Royal Society of Chemistry 2020
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– In Section 3.6, a few published examples will be discussed
where both a non-polar and ionic-polar Langmuir isotherm
were observed.

3.2 Applying the IM and DM model to variable OC contents

3.2.1 Deriving KIM
p and KDM

p partition coefficients for
anionic surfactant C12-LAS. For the non-polar interaction, the
linear isotherms with the anionic surfactant LAS and an
organic carbon rich sorption material (22% and 40% respec-
tively), a non-polar partition coefficient for C12-LAS of around
Koc ¼ 1500 L kg�1 can be derived with eqn (5).43,44 At very low
organic carbon fractions, the isotherm is oen strongly non-
linear and can be described by a single Langmuir isotherm.
This has also been observed for LAS.41 The Langmuir values of
the sediment 2 in that study, that contained a foc of 0.01 are
applied here. On using these reported Langmuir values in eqn
(3b), KL (0.11 mL mg�1) and Cmax

s,elec (1923 mg g�1), the overall
partition coefficient for C12-LAS, at innite dilution can be
calculated Ktotal

p,0 ¼ 0.11 � 1923 ¼ 211 L kg�1. In the overall
isotherm of both the IM and DM model the ionic-polar
interaction of the head is present (Table 2). Therefore the
value of Cmax

s should be the same in both model equations at
this specic experiment leading to the same Ktotal

p,0 at innite
dilution for both models. On using a Koc ¼ 1500 L kg�1 and
a foc ¼ 0.01, Khydr

p ¼ 15 L kg�1 is derived in this particular
experiment. With this value and the observed Ktotal

p,0 ¼ 211 L
kg�1, the value of Kelec

p,0 according to the IM (Kelec-IM
p,0 ) or DM

(Kelec-DM
p,0 ) model can be derived using the overall partition

coefficients at innite dilutions from Table 2: Kelec-IM
p,0 ¼ 211 �

15 ¼ 196 L kg�1 and Kelec-DM
p,0 ¼ 211/15 ¼ 14 L kg�1 respectively.

Comparing the calculated values of Kelec-IM
p,0 and Kelec-DM

p,0 with
Khydr
p shows that the ionic-polar sorption strength of LAS is

dominant in the IM model while in the DMmodel both the ionic-
polar and non-polar sorption values are of the same order of
magnitude. On using the derived values of Kelec-DMp,0 and Kelec-IMp,0 one
can also calculate Ktotal-IMp and Ktotal-DMp on increasing the foc from
1% to 10% and 20%. Table 3 shows these derived partition
Fig. 2 C12-LAS overall sorption isotherms on varying the organic carbon
the IM model (a) or DM model (b) in the range from 0–15 mg L�1. Cas
Matthijs41 with Ktotalp,0 ¼ 211 L kg�1 and foc ¼ 1%, from which the Kelecp,0 are d
model sorption isotherms with 1% organic carbon as used in that study,
based on these obtained Kelecp,0 values for both models. The Khydrp values
Kelecp,0 values are constantly 196 L kg�1 for IM, and constantly 14 L kg�1 fo

This journal is © The Royal Society of Chemistry 2020
coefficients. These values will be used to construct different overall
sorption isotherms.

3.2.2 IM and DM sorption isotherms on increasing the
organic carbon content. The overall IM and DM sorption
isotherms of LAS derived from the IM and DM partition coef-
cient from Table 3 for the organic carbon fractions of 1%, 10%
and 20% are depicted in Fig. 2 in the experimentally applied
concentration range from 1–10 mg L�1.

Fig. 2b shows that upon increasing the organic carbon
fraction the DMmodel remains a Langmuir isotherm albeit the
isotherms become steeper at the origin. Therefore the curvature
of the DM isotherms at low concentrations increases on
increasing the organic carbon fraction. This is in contradiction
to the isotherms constructed by the IMmodel (Fig. 2a). This one
indicates that the isotherms becomemore linear near the origin
on increasing foc. Such a difference in isotherm behaviour can
also be extended to the Freundlich isotherm. If the DMmodel is
valid an increase in organic carbon would lead to a change in n
further from 1 but if the IM model is valid, n would become
closer to 1 and the isotherm becomes more linear. This increase
in linearity and n to values closer to 1 on increasing the oc-
fraction is observed clearly e.g. for C12-LAS5 and for the per-
uorinated sulphonates45 but much less for A13EO6.46 The IM
model explains the observed sorption behaviour as a function of
the organic carbon fraction when both types of interaction are
present, while the DM model does not.

When deriving the IM and DM partition coefficients for foc of
0.01 from the experimental data of Matthijs (1985),41 the
observed overall isotherm according to the DM model with
Ktotal
p,0 ¼ 211 L kg�1 and Cmax

s,elec of 1923 mg kg�1, is nearly equiv-
alent to the IM model isotherm (from eqn (4)) with Kelec-DM

p,0 ¼
196 L kg�1 and Cmax

s,elec of 1923 mg kg�1, including a linear part
with Khydr

p ¼ 15 L kg�1. The IM model leads to a difference
between the experimental Cs and the calculated one of around
14% only at the highest applied concentration (15 mg L�1). Both
isotherms are shown in Fig. 2a (case 0 and 2 respectively). It can
be concluded here that the difference in Cs calculated by the IM
fraction (1% for case 0–2; 10% for case 3 and 5; 20% for case 4 and 6) in
e 0 is based on the sediment partition coefficient values observed in
erived for both the IM and DM model. Case 1 and 2 represent the two
whereas new sediment compositions with 10 and 20% are simulated
increase proportional to foc and are equal for the IM and DM model,
r DM (details given in Table 3).

Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286 | 1273
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Fig. 3 (a–c) Sorption isotherms of LAS according to the IM and DMmodel with foc ¼ 1% and foc ¼ 20% respectively. (a and b) For the IM model,
Kelecp,0 ¼ 196 L kg�1, Cmax

s ¼ 1923 mg kg�1, Koc¼ 1500 with foc¼ 1% (a) and foc ¼ 20% (b). (a) and (b) include the separated adsorption isotherms of
the electrostatic and hydrophobic interaction and the overall sorption isotherm. (c) shows the sorption isotherms for the DMmodel with foc¼ 1%
and foc ¼ 20%. The applied experimental concentration range by Matthijs41 for foc ¼ 1% and for foc ¼ 20% by Marchesi44 are indicated by the grey
area. (d–f) Partition isotherms of LAS according to the IM and DM model with foc ¼ 1% to foc ¼ 20% respectively. (d and e) For the IM model,
Kelecp,0 ¼ 196 L kg�1,Cmax

s ¼ 1923mg kg�1, Koc¼ 1500 with foc¼ 1% (d) and foc¼ 20% (e). (d) and (e) include the separated partition isotherms of the
electrostatic and linear hydrophobic interaction and the overall sorption isotherm. (f) shows the partition isotherms for the DMmodel with foc ¼
1% and foc ¼ 20% respectively. The applied experimental concentration range by Matthijs41 for foc ¼ 1% and for foc ¼ 20% by Marchesi44 are
indicated by the grey area.
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or the DMmodel applied to these experimental data will become
only pronounced at higher oc-fractions.

3.2.3 Overall IM or DM sorption and partition isotherms at
full concentration range. Fig. 3 shows the overall and separate
ionic-polar and non-polar sorption and partition isotherms
according to both models over a much larger concentration
range than applied above in Section 3.2.2 for two different
organic carbon fractions (1% and 20%).

Fig. 3 shows that on using the IM model and depending on
the applied concentration range and the characteristics of the
sediment, the sorption process can be dominated by the ionic-
polar or the non-polar interaction. For example, in Fig. 3a and
d it is shown that in the experimental concentration range
applied by Matthijs et al. (1985)41 (1–15 mg L�1) the total
adsorbed LAS fraction and the overall partition coefficient are
dominated by the ionic-polar contribution, whereas at much
higher surfactant concentrations (>500 mg L�1) the total
adsorbed fraction and the overall partition coefficient is domi-
nated by the non-polar contribution. If the authors would have
considered a much larger concentration range (their experi-
mental data would allow such a consideration) then the typical
1274 | Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286
characteristic S-curvature for the overall sorption isotherm
would have been obtained that was observed by other authors
e.g. ref. 46. At much higher oc-fractions, as in the experiments
conducted by e.g. Marchesi,44 in the IM-model the total adsor-
bed LAS fraction and the overall partition coefficient is entirely
determined by the non-polar interactions over the full concen-
tration range, even at a very low concentration (see Fig. 3b and
e). The contribution of the ionic-polar interaction does not play
any signicant role. This is in contradiction to the DM
isotherms constructed from the same data. In both cases (foc ¼
1% and 20%) the sorption and the partition isotherms remain
a Langmuir curve over the full concentration range (see Fig. 3c
and f).

We conclude here that the IM model can explain several
features in observed sorption isotherms of surfactants at
different applied concentration ranges.
3.3 Applying the IM and DM model to variable surfactant
structures

3.3.1 Mixture of varying heads but equivalent tail. In this
section an interpretation is presented of the data from John47
This journal is © The Royal Society of Chemistry 2020
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Table 4 KH,elecp,0 and KH,hydr
p,0 for NPEO3–12 derived according to the IM model (KH,elec

p,0 + KH,hydrp,0 ¼ Ktotalp,0 ). In italics estimated KH,hydrp,0 -values for
NPEO10–12 from the log Koc vs. NEO correlation from Fig. S1a. The calculated KH,hydrp,0 values from the reported data for NPEO10–12 are unrealistic
because the error in the reported data is in the same range as the expected KH,hydrp,0 . Using the improved KH,hydrp,0 -values for NPEO10–12 lead to a set
of improved data. Data taken from John47

NPEOx

Reported data (+SE)

KH,hydr
p,0 (L kg�1) KH,hydr

p,0
a (L kg�1)

Improved data

Koc log Koc log KH,elec
p,0KH,elec

p,0 (L kg�1) Ktotal
p,0 (IM) (L kg�1) Ktotal

p,0 (IM) KH,hydr
p,0 (L kg�1)

3 230 + 20 1460 + 140 1230 1460 1230 6150 3.79 2.36
4 270 + 20 930 + 60 660 930 660 3300 3.52 2.43
5 320 + 30 750 + 110 430 750 430 2150 3.33 2.51
6 360 + 40 700 + 70 340 700 340 1700 3.23 2.56
7 330 + 60 590 + 60 260 590 260 1300 3.11 2.52
8 400 + 60 550 + 60 150 550 150 750 2.88 2.60
9 460 + 60 540 + 60 80 540 105 526 2.72 2.66
10 480 + 60 450 + 80 �30? 71 551 71 357 2.55 2.68
11 530 + 90 550 + 110 20? 49 579 49 243 2.38 2.72
12 590 + 120 750 + 180 160? 33 623 33 165 2.22 2.77

a From NPEO10–12 from log Koc vs. NEO QSAR (see ESI Fig. S1). ? ¼ doubtful values because the actual value is within the SE limits.
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where Henry's law sediment–water partition coefficients were
established for NPEO3–12 using a specic size fraction of river
sediment in the presence and absence of the organic carbon
fraction with foc ¼ 0.20. Partition coefficients measured in the
organic free fraction are considered to be caused by an ionic-
polar adsorption process of the EO-chain, KH,elec

p . Partition
coefficients of the native sediment are considered to be caused
by a combined ionic-polar and non-polar sorption process,
KH,total
p . According to the IM model both KH,elec

p and KH,hydr
p can

be calculated easily from the reported data for NPEO3–9 (see
Table 4). Above NPEO9 however the KH,hydr

p values calculated by
the IM model show an erratic behaviour (indicated by question
marks in Table 4) even including a negative value that is theo-
retically impossible. This is caused by the fact that absolute
value of the latter Kp values are in the same order of magnitude
of the stated error. Therefore the KH,hydr

p -values for NPEO with
more than 9 EO units are estimated from the observed high
linear correlation between log Koc and the number of EO units,
NEO, (see Fig. S1†). In bold and in italics the recalculated IM
partition coefficients are indicated in Table 4. Table 5 shows the
ionic-polar and non-polar partition coefficients when the DM
model is used.
Table 5 KH,elecp,0 and KH,hydrp,0 for NPEO3–12 derived according to the DM m

NPEOx

Reported data (+SE)

KH,
p,0KH,elec

p,0 (L kg�1) Ktotal
p,0 (DM)

3 230 + 20 1460 + 140 6.35
4 270 + 20 930 + 60 3.44
5 320 + 30 750 + 110 2.34
6 360 + 40 700 + 70 1.94
7 330 + 60 590 + 60 1.79
8 400 + 60 550 + 60 1.38
9 460 + 60 540 + 60 0.98
10 480 + 60 450 + 80 1.15
11 530 + 90 550 + 110 1.42
12 590 + 120 750 + 180 1.08

This journal is © The Royal Society of Chemistry 2020
Since no value for Cmax
s,elec is cited in the specic reference an

arbitrary value of 100 mmol kg�1 is chosen to show the different
isotherm behaviour at low and high concentration. The result-
ing Ctotal

s isotherms for each NPEOx according to the IM and DM
model for a foc ¼ 0.20 are shown in Fig. 4.

Fig. 4 shows that at high Cw (>0.01 mmol L�1) the sequence
in the IMmodel is NPEO4 > NPEO8 > NPEO12. In the IMmodel at
high concentration the non-polar interaction is dominant
because the ionic-polar sorption process does not contribute
anymore to Cs and NPEO4 shows the largest value of Koc. This is
not the case in the DM model where the sequence is NPEO4 >
NPEO12 > NPEO8 which is also equivalent at low concentrations
in the IM model. This is expected as in both models the
sequence of the Ktotal

p,0 values corresponds to NPEO4 > NPEO12 >
NPEO8. Therefore it can be shown that in the IM model
a reversal of the isotherm of NPEO8 and NPEO12 or on similar
grounds for any similar surfactant with the same tail and
a varying head can be expected when the full isotherm is
established or when the concentration range is high enough
that one of the two isotherms (non-polar or ionic-polar) is
saturated. Such a reversal phenomenon has indeed been
observed for experimental sorption of C12EO1,3,5 (ref. 48) and an
increasing inuence of the organic carbon fraction compared to
odel (KH,elec
p,0 KH,hydrp,0 ¼ Ktotalp,0 ). Data taken from John47

hydr (L kg�1) Koc log Koc log KH,elec
p,0

31.74 1.50 2.36
17.22 1.24 2.43
11.72 1.07 2.51
9.72 0.99 2.56
8.94 0.95 2.52
6.88 0.84 2.60
4.89 0.69 2.66
5.73 0.76 2.68
7.08 0.85 2.72
5.42 0.73 2.77
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Fig. 4 IM (a) and DM (b) model sorption isotherms of NPEOx¼4,8,12. For data see text. Note the reversal in sequence at low concentration with
NEO ¼ 8 and NEO ¼ 12 units for the IM model but not for the DM model.
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the clay fraction at higher Cw.49 In case both the heads and tails
vary as in alkylethoxylates (AEO) the chemical variation in AEO
at different Cw is much more difficult to model. The IM model
can explain reversals of the sequence of isotherms of a mixture
of surfactants with different heads and similar tails.

3.3.2 Mixture of equivalent head but varying tail. For
a mixture of surfactants with a similar head but varying tail e.g.
LAS, it is expected that in both models Cmax

s,elec will remain equal
on a molar base when established at dilute concentrations or
with individual surfactants. Within the experimental error this
constancy has been demonstrated in all cases of anionic and
non-ionic sorption5,45,46,50 but not in the case described by Istok
et al.26 In the latter study the Cmax

s,elec values were derived from the
Langmuir isotherms of the different LAS components in one
experiment over a vast concentration range (�8000mg L�1). This
range is nearly equivalent to the reported overall
Cmax
s,elec (�8600 mg kg�1) of all the individual LAS components.

However the reported Cmax
s,elec values are not independent from

each other since the head of each different LAS is equivalent. This
dependence can be explained as follows. At high Cw all sorption
sites are occupied and the Langmuir isotherm levels off. In that
case the value of Kelecp for each LAS has decreased to �0 L kg�1

and Cs¼ Cmax
s,elec for each individual LAS. If no sorption interaction
Fig. 5 Schematic representation of how the IM and DMmodel include th
a hydrophobic chain (DDsG

0
L): (a) and (b) individually for the ionic-polar

(applied to CF2 in perfluorcarboxylates in this study).

1276 | Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286
is present anymore for each individual LAS, the number of
sorption sites is then only related to the mass ratios of the LAS
present in the system. A mixture of 22% C10, 42% C11, 27% C12,
and 9% C13 LAS alkyl chain homologues was used in the Istok
et al. experiment. The observed fractions of Cmax

s,elec calculated in
the present work for each LAS corresponds to C10 ¼ 23%, C11 ¼
40%, C12 ¼ 32% and C13 ¼ 5%. The results at saturated sorption
are equivalent for both models. The model results are equivalent
because at high concentrations only one type of sorption process
occurs. While this is always the case for the DM model, it is not
necessarily the case for the IMmodel. However, the experimental
results show that at these high concentration there is no addi-
tional other interaction process (for example, at high concen-
trations micellar structures may be formed). While the Cmax

s,elec of
each individual LAS does not change (equivalent head) at innite
dilution the partition coefficient, Kelecp,0 still varies because
Kelec
L varies for each different surfactant.
3.3.3 Derived and observed slope behaviour of a series of

PFCA. Several series of partition coefficients of PFCAs at innite
dilution and their corresponding DDsG

0;CF2
L;tail on pure and

complex adsorbents have been reported.8,51,52 On a pure ionic-
polar adsorbent e.g. kaolinite or a weak anion exchanger
(WAX) it is assumed that the value of DDsG

0;CF2
L;tail can be found by
e increment in standard free enthalpy for each additional carbon unit in
and non-polar interaction, (c) in the IM model, (d) in the DM model

This journal is © The Royal Society of Chemistry 2020
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Table 6 Experimental incremental standard free enthalpy, DsDG
0
L(CF2) (kJ mol�1), sorption values of perfluoroalkyl acids on different adsorbent,

predicted incremental values for the IM and DM model when both a non-polar and ionic-polar interaction are taking place simultaneously, and
observed incremental values

Only non-polar assumed Only ionic-polar assumed
Predicted DsDG

0
L(CF2) according to

the different models

Observed DsDG
0
L(CF2)DsDG

0
L(CF2)

tail-adsorbent DsDG
0
L(CF2)

head-adsorbent Dual-mode Independent mode

4.70 � 0.34 (C18)a 2.6 � 0.24 (WAX)a 3.3 (org. matter)c

4.00 � 0.40 (HLB)a 2.5 � 0.23 (MAX)a 3.4 (sediment)b

4.7 (octanol)a 2.6 (kaolinite)b

4.3 (C18)d

Average 4.5 2.6 7.1 3.5 3.4

a C. Eschauzier.51 b F. Xiao.8 c C. P. Higgins.11 d P. de Voogt.52

Fig. 6 Two sorption cases of a surfactant according to the IM model.
Case 1 is a combination of a linear (non-polar) and Langmuir (ionic-
polar) sorption process where the Langmuir isotherm is at least
partially above the linear isotherm (KL,elecp,0 > KH,hydrp ) with KH,hydrp ¼ 150 L
kg�1, KL,elecp,0 ¼ 500 L kg�1 and Cmax

s,elec ¼ 1800 mg kg�1. Case 2 where the
entire Langmuir (ionic-polar) isotherm is below the linear (non-polar)
one (KL,elec

p,0 < KH,hydrp ) with KH,hydrp ¼ 150 L kg�1, KL,elecp,0 ¼ 100 L kg�1 and
Cmax
s,elec ¼ 500 mg kg�1. With these data the Cw for which KL,elec

p ¼
KH,hydrp in case 1 is equal to �3.0 mg L�1 according to eqn (10) and
divides the adsorbed ionic-polar fraction into a labile and non-labile
one. The labile (ionic-polar) fractions that will be desorbed first
because they are weaker bound than the non-polar fraction are
indicated by the colored sections.
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the slope on applying eqn (9a). On a pure non-polar adsorbent
e.g.HLB or C18 it is assumed the slope can be found by applying
eqn (9b). If both types of interactions take place at the same
time then according to the IM model the adsorption processes
are independent and the overall incremental value is the
average value of both values (Fig. 5c). In case the DM model is
considered then both interactions are simultaneously taking
place and the overall incremental value is an addition of both
values (Fig. 5d).

Table 6 shows reported values of slopes of PFCAs sorption
processes on both pure and mixed adsorbents.

Table 6 shows that when both interactions take place the
slope follows the IM model and not the DM one.

Established Kelec
L or DsG

0
L values of cationic or anionic

surfactants vary with the ionic strength of the solution. However
This journal is © The Royal Society of Chemistry 2020
this does not count for the slope of a sequence of such type of
surfactants DDsG

0;CF2
L;tail .

8

3.4 Applying the IM and DM model to describe desorption
processes

As described before in kinetic sorption experiments two ther-
modynamic systems are present, the experimental one and the
molecular one leading to complex molecular rate functions. In
this case adsorption and desorption results between the IM and
DM model can be quite different because in the IM model two
different adsorbents are present each having their independent
sorption isotherm.

3.4.1 Labile and non-labile fractions with the IM model. In
the case of a combination of a Langmuir isotherm from an
assumed ionic-polar sorption process and a Henry's law
isotherm from an assumed non-polar sorption process, two
cases can be distinguished for the Langmuir isotherm
compared to the linear Henry's law isotherm which are depicted
in Fig. 6. Case 1 corresponds to a KL,elec

p,0 > KH,hydr
p while the

second case corresponds to KL,elec
p,0 < KH,hydr

p .
The value of Cw for which both the Langmuir ionic-polar and

the Henry's law non-polar isotherm have the same partition
coefficient, KL,elec

p ¼ KH,hydr
p , can be found by equating in this

case the exact Kp for the different isotherm (Table 2) leading to
eqn (10)

C
K

L;elec
p ¼KH;hydr

p
w ¼ Cmax

s;elec

KL;elec
p;0

0
@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KL;elec

p;0

K
H;hydr
p

s
� 1

1
A (10)

For the data applied in Fig. 6 this is at a Cw of�3 mg L�1. This
equation is only valid for KL,elec

p,0 > KH,elec
p corresponding to case 1.

The Cw where KL,elec
p ¼ KH,hydr

p divides the non-linear (Langmuir)
sorbed fraction in the IM model into two parts, a labile or fast

one where Cw .C
KL;elec
p ¼KH;hydr

p
w and a non-labile or slow one where

Cw\C
KL;elec
p ¼KH;hydr

p
w . In any desorption experiment above

Cw ¼ C
KL;elec
p ¼KH;hydr

p
w the rst fraction that is removed is the labile

ionic-polar adsorbed fraction followed by desorption of the non-

polar adsorbed one. However below Cw ¼ C
KL;elec
p ¼KH;hydr

p
w the rst
Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286 | 1277
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Table 7 Ctotal
s , Chydr

s and Celec
s at selected Cw values according to the IM mode assuming a linear non-polar isotherm and Langmuir ionic-polar

isotherm for two different cases. Case 1 is when KL,elecp,0 > KH,hydr
p (KL,elecp,0 ¼ 500 L kg�1, KH,hydrp ¼ 150 L kg�1 and Cmax

s,elec¼ 1800 mg kg�1) and case 2 is
when KL,elecp,0 < KH,hydrp (KL,elecp,0 ¼ 100 L kg�1, KH,hydrp ¼ 150 L kg�1, and Cmax

s,elec ¼ 500 mg kg�1). Celec
s is divided into a non-labile and labile part above

and below the Cw where KL,elec
p ¼ KH,hydrp respectively (if present). The mass concentrations present after the first washing only which reduces Cw

from 12 to 6 mg L�1 are given by entry 6*

Cw (mg L�1) Ctotal
s (mg kg�1) Chydr

s (mg kg�1) Celec
s (non-labile) (mg kg�1) Celec

s (labile) (mg kg�1)

Case 1
12 2900 1700 600 600
6* 1800 1200 600 0
6 1800 800 600 400
1 600 200 400 0

Case 2
1 300 200 0 100
6 1100 800 0 300
12 2100 1700 0 400
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fraction that is removed is the non-polar adsorbed fraction
followed by the stronger bound ionic-polar adsorbed one.

To visualize the different sorption processes Table 7 is
derived from Fig. 6 indicating the mass adsorbed by the linear
(non-polar) fraction and the labile and non-labile fraction from
the non-linear ionic-polar isotherm.

In the following, two desorption processes are distinguished,
in Section 3.4.2 a continuous one and in Section 3.4.3
a successive washing one from a complex adsorbent (e.g. an
adsorbent where either two or more types of sorption processes
may occur or that exists out of two or more different types of
pure sorbent materials).

3.4.2 A continuous desorption process from a complex
adsorbent. In a continuous desorption process in case 1 (see
Fig. 6) (for example starting from Cw ¼ 12 mg L�1) according to
the IMmodel, the rst fraction that is removed from the system
is the 566 mg of the weakest bound, the labile fraction adsorbed
by the head until KL

p ¼ KH
p . Then the complete adsorbed non-
Fig. 7 Desorption rates after a single continuous washing (a) and two su
and IM (C) model applied to case 1 in Fig. 6. The subsequent desorption
according to the IM model are indicated. Note the different slope ranges
and note that the adsorbed ionic-polar fraction is divided into a labile a
KL,elecp ¼ KH,hydrp .

1278 | Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286
polar fraction (1800 mg) is removed and the last fraction is the
818 mg of the remaining strongly bound ionic-polar fraction of
the surfactant to the sediment. Thus in case 1 three desorption
fractions can be observed of which the rst and last one are
non-linear in character. In case 2 the rst fraction that will be
removed in a continuous desorption experiment is the 353 mg of
the labile (ionic-polar) fraction followed only by the 1800 mg of
the larger and linear fraction of the non-polar interaction.
Therefore in case 2 an important difference can be observed
between an adsorption and desorption experiment within the
IM model. In the adsorption experiment only a linear adsorp-
tion process is observed. However if one would follow this
adsorption experiment by a desorption one, two fractions will
be observed: a rst fast but usually small non-linear one from
the weaker interaction of the substance with the second frac-
tion(s) in the sediment followed by a larger but linear desorp-
tion process from the main linear isotherm. Such mixed rate
desorption rate behaviour of non-polar substrates has been
ccessive washings (b); desorption rate curves according to the DM (�)
fractions from the two sorption isotherms (non-polar and ionic-polar)
that coincide with changes of desorption processes for the IM model

nd non-labile one. The Cw where this change occurs is the Cw where

This journal is © The Royal Society of Chemistry 2020
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observed several times when SOM was used as adsorbents e.g.
ref. 53 and 54. However authors have not observed a similar
behaviour for surfactants. This desorption behaviour is
completely different in the DMmodel since the overall sorption
process is only described by a single Langmuir isotherm and
desorption in this case is then expected to be only non-linear.
The difference in rate constants between the two models is
depicted in Fig. 7a.

3.4.3 A successive washing desorption process from
a complex adsorbent. In the case of successive washing an
additional feature of the IM model can be found. If the rst
washing removes the labile fraction and maybe a small part of
the non-polar fraction, then at the end of the rst washing
period the system is not in equilibrium anymore. This can be
visualized by considering that e.g. the rst washing process
diminishes Cw from 12 mg L�1 to 6 mg L�1 for case 1 (Table 7).
In this case in total 1160 mg has been washed off. The rst 566
mg originates from the desorption of the labile (weakest)
ionic-polar bonded fraction and the additional 594 mg from
the non-polar fraction. At the end of the rst washing 1384 �
566 ¼ 818 mg is still adsorbed by the ionic-polar interaction
and 1800 � 594 ¼ 1206 mg by the non-polar interaction.
However as can be seen in Table 7 for the equilibrium sorp-
tion values at Cw ¼ 6 mg L�1 (1125 mg adsorbed by the ionic-
polar interaction and 900 mg adsorbed by the non-polar
interaction) the system is not in equilibrium anymore aer
the rst washing. If the time between each successive
washing is sufficient to re-establish equilibrium a small
surfactant ux of 307 mg adsorbed by the non-polar interac-
tion (the tail) will desorb and ow to the labile adsorption
places where it will adsorb by a ionic-polar interaction (the
head) to the sediment until a new equilibrium has been
established. In the next washing this labile fraction will
desorb again. If the driving force of this new ow rate is
diffusion only then it may take a long time before this new
equilibrium is achieved. The different rate curves for case 1
are depicted in Fig. 7b. The same process can repeat itself
until the amount of mass is not sufficient anymore to estab-
lish a sufficient mass ow. Contrary to the DM model the IM
model is not in equilibrium anymore aer any action of
dilution.

On similar grounds the fraction that is removed in case of
case 2 is 980 mg of which 373 mg is from the complete labile
bound ionic-polar fraction and an additional 637 mg from non-
polar fraction. If the time between the washing process is
sufficient to re-establish equilibrium a small surfactant ux of
273 mg adsorbed by a non-polar interaction will desorb and ow
to the labile ionic-polar adsorbent.

We conclude here that only the IM model can lead to mixed
rate desorption isotherms of rst and second order processes
when different sediment fractions are involved in the sorption
process of the adsorbate while for the DM model only second
order processes should be observed. Aer a washing process the
IM model predicts also a mass ow of the surfactant to other
adsorbents without invoking any additional physical and/or
chemical process of the adsorbate or adsorbent itself.
This journal is © The Royal Society of Chemistry 2020
3.4.4 Hysteresis phenomena. If equilibrium is not achieved
aer the rst washing of case 2 a higher fraction will remain
bound to the non-polar adsorbent and a smaller part to the
labile ionic-polar adsorbent. In the next washing within the
same time span less material will be desorbed than expected.
Differences in adsorbed and desorbed fractions are known as
hysteresis usually distinguished between pseudo- or kinetic
hysteresis and irreversibility where additional chemical and/or
physical processes to the adsorbed substance may have
occurred. To this end the hysteresis index, HI,55–57 was devel-
oped which can also be a function of time, t, apart from the
temperature, T, and Cw. According to the IM model HI values
are larger on increasing Cw since the non-linear isotherm
indicates a lower Kp(Cw) and therefore weaker bound fractions
at higher Cw. However the adsorbent is stronger bound at lower
concentrations and in the same time span, on the condition
that equilibrium has not been reached aer each washing,
smaller fractions will desorb. This part of hysteresis, exempli-
ed above, is normally called kinetic hysteresis contrary to
irreversibility where the adsorbed substance and/or adsorbent
may have undergone additional processes in a second stage.23,58

However at low concentrations this difference may be difficult
to distinguish since depending on the experimental conditions
one may need to distinguish between the time to reach equi-
librium when diffusion is the rate limiting step or when addi-
tional processes of the adsorbent or adsorbate occurs.
3.5 Both non-polar and ionic-polar Langmuir isotherms: Koc

and foc vs. K
hydr
L and Cmax

s,hydr

Experiments where the non-polar interaction has been
described by a Langmuir isotherm do exist but most authors do
not relate the different sorption parameters Koc and foc to
Khydr
L and Cmax

s,hydr. One example is the sorption experiment of the
cationic surfactant dodecylpyridinium (DP) onto sediment
“EPA12”59 where a multisite competitive Langmuir model was
developed to explain the sorption behaviour. In this model each
site was characterized by a constant KL

p and a specic value of
Cmax
s . However by invoking a varying KL

p (KL
p(Cw)) and a unique

value of Cmax
s for both dened interactions (ionic-polar and non-

polar), this multisite competitive model changes into a much
simpler model of two Langmuir isotherms according to the IM
model. In this case, Cmax

s,hydr, for the non-polar interaction of DP
with the sediment “EPA12”was found to be�75mmol (�25 000
mg) dodecylpyridinium per kg sediment. This corresponds to
a maximum sediment sorption capacity of around 2.5% (m/m)
for DP, which is coincidentally similar to the organic carbon
fraction of this sediment (2.1–2.3%).

Sorption experiments of phenanthrene to marine sediment60

were described by several isotherms including Langmuir. Using
the reported Langmuir data and assuming that only non-polar
sorption occurs the data shows the expected linear correlation
between Cmax

s,hydr (mmol kg�1) and foc (%), leading to Cmax
s,hydr ¼

0.68foc + 0.10 (N ¼ 5, R2 ¼ 0.88) and an average Khydr
L ¼ 316 L

mmol�1 or Koc ¼ 30 400 L kg�1 (see Table S2†). Using the linear
correlation a value of Cmax

s,hydr (mmol kg�1) of 1.7 mmol kg�1

sediment for �2.2% oc is found. Whether this difference in
Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286 | 1279
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Cmax
s,hydr between phenanthrene (1.7 mmol kg�1 sediment) and

DP (75 mmol kg�1 sediment) for the same fraction of oc of 2.2%
is caused by a different type of organic carbon or by a difference
in size of the molecules or both remains to be investigated. We
conclude here that relating Koc values to Khydr

L ones is only
possible if the ratio of foc to Cmax

s,hydr is known. This can only be
obtained if complete non-polar Langmuir adsorption isotherms
are established until the saturating plateau. It is as yet unknown
if this ratio depends on the type of organic carbon or is a purely
constant one. However in the case of non-polar sorption only it
has been reported that the ratio seems to be constant but that
the intercept varies which was attributed to different adsorption
processes to two types of organic carbon.61

4. Validation and implications
4.1 Independent-mode or dual-mode

Although the DM model is attractive due to its simple overall
standard free enthalpy equation (see Table 2), we have shown
that many sorption experiments of surfactants at environmen-
tally relevant concentrations can be interpreted correctly by the
IMmodel only. The Virial applied to LAS5 and the NICA-Donnan
model applied to PFCA11 were developed to interpret an addi-
tional non-polar sorption process (Virial) or ionic-polar sorption
process (NICA-Donnan). These models include the additional
sorption process by an addition of the different standard free
enthalpies, indicating a direct inuence of the sorption
strength of the head by the tail or vice versa. Table 2 shows that
this corresponds to the DM model.

Evaluation reveals that these two models are used in cases
where a specic sorption process dominates. However if the
perturbation (d) remains small compared to the main sorption
process, e.g. DsG

0
hydr [ DsG

0
elec, then it can be easily derived that

DsG
0
total(IM) (Table 2) will lead to an equivalent expression of

DsG
0
total(DM) since ln(1 + d) z d. In that case DsG

0
total(IM) ¼

(DsG
0
main + dDsGper) will become equal to DsG

0
total(IM) ¼ DsG

0
hydr +

dDsG
0
elec which is exactly the standard free enthalpy expression for

the DM model applied in the NICA-Donnan model. A similar
expression can be developed when themain adsorption process is
ionic-polar in character, the basis of the Virial model and was also
shown before in Fig. 2a for case 0 and 1. Consequently the dened
Virial K is equal to Ktotalp,0 in the DM model (Table 2).
Although mathematically DsG

0
total(IM) will become equivalent to

DsG
0
total(DM) when accounting for a small perturbation of the

main sorption process, the physical picture of individual mole-
cules of surfactants adsorbed only to different sediment fractions
has not changed. The Virial and NICA-Donnan models fail to
describe the sorption isotherm correctly when the other process
becomes more dominant, e.g. by increasing the organic carbon
fraction in case of the Virial. It implies that when conducting
sorption experiments at low surfactant concentrations with
complex adsorbents (like sediment, soil, or even clay), one needs
to consider which specic adsorbents are involved in the
adsorption processes, and describe each adsorption process
independently by a Langmuir isotherm. The experimentally
applied system boundaries determine if the specic Langmuir
isotherm will appear as a linear one or as a Langmuir one (see
1280 | Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286
Section 2.2.1). In river sediments and soils the non-polar adsor-
bent fraction is most likely much larger than the ionic-polar one,
while in sea sediments this might be the opposite. Under these
conditions (one fraction much larger than the other) the overall
adsorption process can oen best be described by a linear term
and a Langmuir one, and the desorption rate processes will show
amixed character of linear and non-linear rate constants. We note
here that the same characteristics are also observed with the polar
substance estrone62 and non-polar substances in general adsor-
bed to Sediment Organic Matter (SOM). Our sorption expressions
return in the Dual-Mode (DM-SOM),29 the Distributed Reactivity
Model (DRM)63 and the OM-clay model applied for non-ionic
surfactants sorbing to marine sediment.48 However the interpre-
tation of the observed values in the DM-SOM and DRM model
differs with the IM model. In the IM model the linear and non-
linear contributions are described by simple Langmuir adsorp-
tion isotherms related to different adsorbents, respectively. In the
DM-SOM model a so-called dissolution domain, leading to
a linear term is distinguished from hole-lling domains contrib-
uting to the non-linear terms. In the DRM model for natural
systems, composite isotherm behaviour is considered as the
resultant of a series of near-linear absorption reactions and
nonlinear adsorption reactions. The IM model supports the
statement that usually one linear term and one or two Langmuir
terms are required to obtain “best-t”models64,65 that describe the
sorption to SOM. Finally one should realize that better statistics of
one model compared to the other do not necessarily imply that
the former should be selected, because the error in the
measurements themselves are oen not taken into consideration.
4.2 The cause of the increase of KL for ionic-polar or non-
polar adsorption when varying the surfactant tail length

The observation that the KL increases and therefore its corre-
sponding DsG

0 decreases with a constant value when the tail-
length of the surfactant increases with one CX2-unit is an
important aspect in sorption models and SARs. The constant
decrease of the free enthalpy of adsorption of surfactants to
gaseous lms has been known as Traube's rule. According to
Aranow,66 the constant contribution in the free enthalpy of
adsorption (DDsG

0
L) was attributed to an increase of an entropy

(DDsSL0) rather than a decrease in enthalpy (DDsH
0
L). Aranow

attributed this increase of the entropy to an increase of energy
levels caused by an increase of torsional oscillators of the
additional CH2-group in air.

Modern views on the entropy contribution are related to the
decrease of the rotational and/or translational movements of
the water molecules in the shell around the non-polar tail of the
surfactant molecule. Two models attempt to explain this source
of entropy loss, the clathrate cage model and the scaled particle
cavity model.67,68 The loss of entropy is released when the
surfactant is adsorbed to the sorbent. Compared to the
complete release of the surfactant molecule from the bulk water
phase, the entropy increase is expected to be less when an ionic-
polar adsorption process prevails, because the tail still remains
(partially) in the water–sorbent interface. In the case of a non-
polar adsorption process the tail is adsorbed to the adsorbent
This journal is © The Royal Society of Chemistry 2020
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out of the water interface leading to a higher free enthalpy
release (DsG

0
L,hydr > DsG

0
L,elec) and a higher value of the slope

(DDsG
0
L,hydr > DDsG

0
L,elec) is expected. In other words the main

contribution factor to a decrease of the standard free enthalpy
of adsorption (DDsG

0
L < 0) when the tail length of e.g. a PFCA

increases, is a relatively large increase in entropy release of the
molecular system

�
DDsS

0;CF2
L;tail[0

�
. This causes an increase in

the Langmuir sorption constant KL, and not an extra enthalpy
term ðDDsH

0;CF2
L;tail Þ like an additional interaction of the tail with

the sorbent. However, the difference in increment is different
for each type of interaction (ionic-polar and non-polar).
4.3 Sorption processes in environmental risk assessment
models

The IM model can also describe observed sorption phenomena
for surfactants adequately in any ERA model. Basically both
types of interaction, non-polar and ionic-polar, are described by
a Langmuir isotherm of the specic sediment fraction. However
in an ERA model the systems considered (catchment, country)
are usually quite large and thus the linear approach (cf. eqn (3a)
and (3b)) is valid. When estimating the partition coefficient for
an unknown surfactant one faces the problem that two
parameters must be estimated for each adsorbent: KL and
Cmax
s . The value of KL can be estimated from SARs. However the

problem to estimate Cmax
s remains, reason why simple sediment

parameters are looked for. This concept has only been applied
extensively to the non-polar interactions and many SARs have
been developed to estimate the Koc of a specic chemical69

based on the organic carbon fraction of the sediment, foc, as
a substitute of Cmax

s,hydr.
For the development of estimationmethods for the ionic-polar

interaction of the surfactant their corresponding Kelec
L andCmax

s or
their related Kelec

norm and fsed must be established. These estimation
methods are hardly known due to several reasons. Firstly, several
types of ionic-polar interactions are known e.g. cationic, anionic,
non-ionic and zwitter-ionic. For each of these types it may be
required to set up a separate Kelec

norm estimation system. Secondly,
before any estimation model can be developed a set of proper
Kelecnorm data must be established. These steps are lacking in the
development of a sorption SAR for anionic surfactants.35 In this
case the innite dilution sorption values, correctly obtained as
a rst step, were not separated into their corresponding sorption
processes as they should have been (see Table 2) and any possible
salt effect and therefore Kp could not be corrected for the system
parameter, Cmax

s , for the separate sorption processes. Conse-
quently in the established SAR the use of foc or CEC (Cation
Exchange Capacity) descriptors as independent parameters (eqn
(8) and (9) in ref. 35) reects only the variation in Cmax

s cf. eqn (3),
and the use of the CMC descriptor only considers a non-polar
interaction parameter for the specic sorption process of the
selected anionic surfactants, even though it is expected that also
ionic-polar adsorption will occur.

Simple sediment parameters that estimate Cmax
s for the

different types of surfactants have not been established well.
Depending of the type of interaction three types of sediment
parameters are found in the literature that are related to
This journal is © The Royal Society of Chemistry 2020
Cmax
s ; (a) parameters directly related to Cmax

s (e.g. the CEC for
cationic surfactants)30,59,70,71 or the Anionic Exchange Capacity
(AEC) for anionic surfactants e.g. the difference in sorption
capacity of PFCAs on the anionic exchangers WAX and MAX,51

(b) the specic surface area (SSA) of the sediment sorption
system48,72 for non-ionic surfactants or (c) specic sediment
parameters e.g. oc content or Fe/Al, Si/Al or Fe + Al/Si
ratio49,50,73–76 for anionic surfactants. Currently the CEC seems
to be the only sediment parameter that gives a reasonable direct
correlation with Cmax

s,cat. The SSA can only be used when a single
sorbent is present. In that case it can relate the adsorbed mass
to the surface coverage, very useful in understanding the
molecular sorption process. However if different sorbents are
present that are both interacting in the sorption process each
with a different Cmax

s , the SSA is only an overall sediment
parameter that cannot be related to one or both of the required
Cmax
s . Structural sediment parameters like foc of Fe/Al ratio have

the disadvantage that their exact relationship to Cmax
s is

unknown but are very useful to develop estimation methods for
normalised sorption coefficients.
4.4 Possible formation of micellar structures

Sorption of some surfactants at higher concentrations may result
into the formation of micellar structures at the surface of the
adsorbent (hemi-micelles and/or admicelles) as is well known on
pure surfaces (e.g. LAS).1,3 It is generally assumed that the surface
is then fully covered by one layer of surfactant leading to an
additional non-polar adsorption process by the tail until twice the
Cmax
s values. However when sediment is used as adsorbent this is

not observed each time, see e.g. Section 3.3.2. From a thermody-
namic point of view these micellar structures will not be formed
when the sorption isotherm can be represented by eqn (4) (Vsystz
VL) and at Cw(aq) ¼ CMC the value of Cmax

s /CMC (L kg�1) is
(much) smaller than the minimum aggregation number required
to form a micelle at the CMC. For Cmax

s of �8600 mg L�1, as
observed in the experiments of Istok et al.,26 the ratio of Cmax

s /
CMC for LAS10 (1989/500) and LAS12 (2770/125) is �4 and �22,
respectively, which falls still far from the minimum aggregation
number at the CMC for these two LAS-compounds, 56 and 68
respectively.77 Consequently no micellar structures at the surface
of the adsorbent are observed even at these high surfactant
concentrations. If the experiment would have been repeated with
pure LAS-C10 and LAS-C12, the ratios would have been �8600/500
¼�17 and�8600/125¼�70 respectively. Amicellization process
of LAS12 could have been expected at the surface of the adsorbent
at these high surfactant concentrations.
5. Experimental modifications and
final remarks

In this study it has been shown that for sorption to complex
adsorbents, such as sediment or soil, at environmentally relevant
concentrations the full sorption isotherm of surfactants can be
described well by the IM model. When performing such sorption
experiments the most relevant adsorbents in the system must be
established rst. In river sediment and in soils one starts usually
Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286 | 1281
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with the organic carbon fraction but adsorbents relevant for the
possible ionic-polar interaction are oen not well characterized.
Once these adsorbents are characterised, the pertaining sorption
process at low concentrations can be described by simple Lang-
muir isotherms. The experimentally applied system boundaries
(the volume of the water and the fractions of adsorbents) deter-
mine how the Langmuir isotherms will appear at low concentra-
tions. In ERA models it is assumed that these boundaries are so
large that every contribution to the overall sorption process can be
described by linear contributions. The main issue here is how to
establish the sorption constant of the ionic-polar or non-polar
adsorption process and the corresponding Cmax

s of each adsor-
bent so that eqn (3a) can be applied. In lab experiments withmuch
smaller system dimensions the Cmax

s of one adsorbent may be
larger than the one of another sorbent, rendering support to
describe the sorption process by a combination of one Langmuir
isotherm and a linear contribution or only Langmuir ones. We
would like to emphasise here that such a procedure is also appli-
cable to air/soil adsorption processes, adsorption on different types
of organic carbon, inorganic sorbents, etc. Current ERA models for
surfactants underestimate the adsorbed fraction in those cases
where the ionic-polar interaction is substantially present, for
example in sea sediments or clay-rich sediments or soils.

One needs also to be careful to interpret differences in Kp,0

when varying a system parameter like pH or ionic strength of
the water. According to eqn (3) the Kp,0 is a product of KL and
Cmax
s . Consequently the inuence of the variation on both

parameters must be established. For example an increase in
the Virial partition coefficient upon addition of calcium ions
has been observed.5 If [Ca2+] (or any other experimental
parameter, e.g. pH) is varied, the complete isotherm must be
established again to derive the relevant parameters,
KL,Virial
p,0 or KL and b or Cmax

s . If the full Virial isotherm had
been established in this case then the increase of
KL,Virial
p,0 could have been related either to an increase in KL

(and the increase in the partition coefficient KL,Virial
p,0 is caused

by an increase in the sorption strength of the surfactant
molecules onto the sediment), or to an increase in Cmax

s (cf.
eqn (3)) (and the increase in the partition coefficient
KL,Virial
p,0 is caused by an increase in the number of sorption

locations). In case the increase in the partition coefficient
KL,Virial
p,0 is caused by an increase in Cmax

s , an equivalent
increase in the capacitance ‘b’ at low concentrations (eqn (6))
would also have been measured. Even this incorrect sorption
model can result in a correct interpretation because, as
explained in Section 4.1, such types of sorption isotherms
can be observed if the non-polar adsorption constant is much
smaller than of the ionic-polar one.

For modelling purposes and SAR development a variation of
the tail length of the surfactant is an important molecular
property.52 It is well known that the molecular sorption constant
always increases for both an ionic-polar and non-polar sorption
process of a surfactant when increasing the tail length. This
incremental value is different for the two different adsorption
processes. The most likely cause of these observations is an
entropy effect rather than an enthalpy effect caused by the water
molecules surrounding the tail of the surfactant.
1282 | Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286
When interpreting a variation in Kp at a specic Cw due to
varying a system parameter (e.g. the fraction of sediment) the
resulting exact Kp values must be compared to each other
instead of using the average one. In case of a non-linear
isotherm the average Kp leads to a different Kp,0 at each Cw.
This would imply that the (molecular) sorption coefficient, e.g.
KL in case of a Langmuir isotherm, differs at each Cw which is
obviously incorrect in this case. However the exact Kp at
a specic Cw can only be determined if a tted sorption
isotherm has been established through the measured data
points. By calculating the exact Kp value at a specic Cw one may
observe whether the exact Kp increases or decreases when
varying the sediment fraction (see also Annex I). The IM model
can also well explain a number of different desorption
phenomena in sediment or soil. IM can dene labile and non-
labile desorption fractions from the same Langmuir isotherm.
IM also shows that in successive washings, material ows from
one adsorbent to other ones will occur because the system is
forced out of equilibrium. We also showed that if one applies
a Langmuir isotherm and a linear one for the different adsor-
bents, second order and rst order desorption rates can be
observed. While this has been observed for non-polar
substances already, in the literature we could not nd such
phenomena for surfactants.

The IM model is most likely the best model to describe
sorption on sediment and soil for surfactants at low concen-
trations. Applying the Freundlich isotherm in environmental
chemistry, as is oen done, needs to be avoided since the
Freundlichmodel fails for example to derive Kp,0 relevant for the
development of sorption models, nor can it properly describe
the environmentally important dilution process. The Freund-
lich model also does not add to the understanding of the
adsorption mechanism of the surfactant or any other substance
on the relevant adsorbent.
Annex I
Sorption including sediment fraction as variable parameter

In a typical sorption experiment an amount of sediment,ms (kg)
is added to a specic volume of water, VL (L) containing an
amount of sorbate. The total volume of the experimental
system, Vsyst, is then given by VL + rms where r is the specic
volume (L kg�1) of the sediment and ms the mass of the sedi-
ment. Aer the experiment an amount of substance, mx (mg), is
adsorbed to the sediment while an amount, maq (mg), remains
dissolved. The thermodynamic particulate matter concentra-
tion, Ctherm

s , is given bymx (mg substance)/ms (kg sediment) and
the dissolved concentration in the experimental system, Csyst

w , by
maq/VLVL/Vsyst,78 where maq/VL is the thermodynamic dissolved
concentration, Ctherm

w . The experimental Langmuir case I sorp-
tion isotherm is then given by (A1)

mx

ms

¼
KL

p;0

mmax
x

ms

maq

VL

VL

Vsyst

mmax
x

ms

þ KL
p;0

maq

VL

VL

Vsyst

(A1)
This journal is © The Royal Society of Chemistry 2020
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where mmax
x is the maximum sorption capacity of the applied

sediment. For convenience the amount of the sediment present
in the system,ms, is set as the fraction, fs (ms kg dry sediment/Ms

kg dry sediment) multiplied by Ms (kg dry sediment), the mass
normalization factor. Eqn (A1) can be rearranged into eqn (A2),
the thermodynamic form in several ways depending on the type
of experimental parameter reported

Ctherm
s ¼ mx

Ms

¼
KL

p;0

mmax
x

Ms

Ctherm
w

fsVL

VL þ rfsMs

mmax
x

Ms

þ KL
p;0C

therm
w

fsVL

VL þ rfsMs

¼
KL

p;0C
max
s Ctherm

w

fs

1þ rSaq

Cmax
s þ KL

p;0C
therm
w

fs

1þ rSaq

(A2)

where Saq (kg sediment per L water) is the sediment concen-
tration in the applied experimental system. Eqn (A2) includes all
the different sorption isotherms and assumptions but has the
disadvantage that both the sediment fraction, fs, and the
selectedmass normalisation,Ms, or the sediment concentration
in the water, Saq, are included. The following assumptions lead
to different sorption equations:

(1) In case rfsMs� VL (Vsyst z VL) or r[S]aq� 1 and sorption
is normalised to 1 kg of sediment (fs¼ 1 kg kg�1,Ms¼ 1 kg), eqn
(A2) is approximated by eqn (A3), the thermodynamic Langmuir
sorption isotherm necessary to derive the proper sorption
constant KL

p,0

Ctherm
s ¼ KL

p;0C
max
s Ctherm

w

Cmax
s þ KL

p;0C
therm
w

(A3)

Eqn (A3) is normally used in a typical sorption experiment
where a small amount of sediment is mixed with a relatively
large and constant amount of water with varying mass of
surfactant and the data are normalised to 1 kg of sediment and
1 L of water.

(2) In caseMs and VL are normalised to 1 kg of sediment and
1 L respectively and in addition Ctherm

w ¼ constant, then eqn (A2)
turns into eqn (A4),

Ctherm
s ¼

KL
p;0C

max
s Ctherm

w;const

�
fs

1þ rfs

	

Cmax
s þ KL

p;0C
therm
w;const

�
fs

1þ rfs

	

¼
KL

p;0C
max
s Ctherm

w;const

fs

1þ rSaq

Cmax
s þ KL

p;0C
therm
w;const

fs

1þ rSaq

(A4)

Eqn (A4) shows the variation of the Ctherm
s with varying

fractions of sediment, fs (kg kg�1), or sediment concentrations,
Saq (kg L�1), present in the system keeping Ctherm

w ¼ constant.
Experimentally this condition is very difficult to achieve.
However by establishing a series of full adsorption isotherms,
each with the same total mass of the sorbate but a varying
This journal is © The Royal Society of Chemistry 2020
sediment fraction,5,79 one can compare the exact Kp's at
a specic Ctherm

w .
(3) Eqn (A4) leads also to Cs / KL

p,0C
therm
w,const(fs/(1 + rfs)) or Cs

/ KL
p,0C

therm
w,const(fs/(1 + rSaq)) in the limiting condition

when Cmax
s \ KL

p,0C
therm
w,const(fs/(1 + rfs)) or Cmax

s \

KL
p,0C

therm
w,const(fs/(1 + rSaq)) indicating an increasing fraction of

sediment present in the experimental system. This is equiv-
alent to the Langmuir sorption equation for innite dilution
(eqn (3b) in this paper) but corrected for the difference in
system. Since under the experimental conditions rfs is oen
�1 or r[S]aq � 1, Cs / KL

p,0C
therm
w,constfs showing that sorption

depends of the sediment fraction while keeping Cw constant.
In case Cmax

s is very small compared to KL
p,0C

therm
w,const(fs/(1 + rfs)),

eqn (A4) leads to Cs / Cmax
s , which is the maximum amount

of substance that can be sorbed to the sediment.
(4) The observed increase in sorption strength when the

sediment fraction increases is different from the variation in
sorption strength of strongly non-polar substances caused by
the presence of a third phase in the water sometimes indi-
cated as the classical solid effect. In this case it is observed
that the sorption strength decreases on increasing sediment
fraction, fs.

Annex II
Rate equation for Langmuir sorption process

The experimental measured adsorption–desorption rate eqn
(A5) is the starting point

CwðtÞ ����! ����k�1

k1
CsðtÞdCw

dt
¼ k�1CsðtÞ � k1CwðtÞ (A5)

The equilibrium constant KL
p is related to both rate

constants, KL
p ¼ k1/k�1, eqn (A6). However these system rate

constants are not equivalent to the molecular adsorption–
desorption rate constants since this is a different thermody-
namic system. In a non-linear sorption process KL

p is also
a function of Cw(t) including in the innite limit.

dCw

dt
¼ k1

 
CsðtÞ
KL

p ðtÞ
� CwðtÞ

!
(A6)

Eqn (A6) is equivalent on assuming that local molecular
sorption process(es) is(are) at equilibrium at each moment (KL

¼ cst) but the overall system sorption process leading to KL
p is

not. Such type of processes are well known and described in
non-equilibrium statistical thermodynamics.80

Table 2 gives an expression for the exact KL
p and for Cs at each

Cw for the Langmuir molecular sorption process which is turned
into an equivalent but time dependent system one, eqn (A7).

KL
p ðtÞ ¼

KL
p;0

�
Cmax

s

�2�
Cmax

s þ KL
p;0CwðtÞ

�2 CsðtÞ ¼
KL

p;0C
max
s CwðtÞ

Cmax
s þ KL

p;0CwðtÞ (A7)

Using eqn (A7) into (A6) and rearranging leads to the
following rate expression for the simple case that molecular
Environ. Sci.: Processes Impacts, 2020, 22, 1266–1286 | 1283
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sorption process, KL, is in equilibrium at each moment but the
overall system sorption process is not and when the initial
concentration is not too high (Cw(0) T Cs(0))

dCw

dt
¼ k1

KL
p;0

Cmax
s

Cw
2 ¼ k1KLCw

2 (A8)

Thus sorption rate processes following a Langmuir isotherm
are of a simple second order nature in Cw as is overwhelmingly
observed, e.g. ref. 81 and 82, while it is a more complex one for
the Virial isotherm. The Freundlich isotherms fails because the
innite limit value is not dened. It is clear that when Cs(t) does
not play a role in eqn (A5) (Henry's law regime), a rst order rate
process is observed.
List of parameters
Parameter
1284 | Env
Unit D
iron. Sci.: Processes Impacts,
escription
DsG
0
elec
 J mol�1 S
tandard free enthalpy of an

electrostatic (ionic-polar)
adsorption process
DsG
0
hydr
 J mol�1 S
tandard free enthalpy of

a hydrophobic (non-polar)
adsorption process
DsG
0
total
 J mol�1 T
otal standard free enthalpy of

adsorption

AEC
 mg or mmol anionic ions

per kg sediment
A
nion exchange capacity
CEC
 mg or mmol cationic ions
per kg sediment

C
ation exchange capacity
CMC
 mmol L�1 C
ritical micelle concentration

Cs
 mg or mmol substance per

kg sediment
A
dsorbed mass fraction
Cmax
s,elec
 mg or mmol substance per

kg sediment
M
a

aximum sorption capacity for
n electrostatic or ionic-polar

interaction

Cmax
s,hydr
 mg or mmol substance per

kg sediment
M
a

aximum sorption capacity for
hydrophobic or non-polar

interaction

Cmax
s,Virial
 mg or mmol substance per

kg sediment
V
c

irial maximum sorption
apacity
Cmax
s
 mg or mmol substance per

kg sediment
M
aximum sorption capacity
Cw
 mg L�1 or mmol L�1 D
issolved concentration

foc
 kg oc per kg sediment F
raction organic carbon in

sediment

fsed
 kg parameter per kg

sediment
F
i

raction of a specic parameter
n sediment
IEC
 mg or mmol ions per kg
sediment

I
onic exchange concentration
KH
p,0 ¼ KH

p
 L kg�1 H
enry's law sediment–water
partition coefficient (at any Cw)
KF
 Ln kg�1 mg�(n�1) F
reundlich sorption constant

KL
 L mg�1 or L mmol�1 L
angmuir sorption constant

KL,elec
p,0
 L kg�1 L
angmuir sediment–water

partition coefficient at innite
dilution for an electrostatic or
ionic-polar interaction
KL,hydr
p,0
 L kg�1 L
angmuir sediment–water

partition coefficient at innite
2020, 22, 1266–1286
(Contd. )
Parameter
 Unit D
This journal is © The R
escription

dilution for a hydrophobic or
non-polar interaction
Kelec
L
 L mg�1 or L mmol�1 E
lectrostatic or ionic-polar

Langmuir sorption constant

Khydr
L
 L mg�1 or L mmol�1 H
ydrophobic or non-polar

Langmuir sorption constant

KL
p
 L kg�1 L
angmuir sediment–water

partition coefficient

KL
p,0
 L kg�1 L
angmuir sediment–water

partition coefficient at innite
dilution
Kelec
norm
 L kg�1 parameter S
ediment normalised

electrostatic or ionic-polar
sediment–water partition
coefficient
Koc
 L kg�1 oc O
rganic carbon normalised
hydrophobic or non-polar
sediment–water partition
coefficient
Kow
 Loctanol Lwater
�1 O
ctanol–water partition

coefficient

Kp
 L kg�1 S
ediment–water partition

coefficient

Kelec-DM
p,0
 L kg�1 E
lectrostatic or ionic-polar

sediment–water partition
coefficient at innite dilution
according to the Dual-Mode
model
Kelec-IM
p,0
 L kg�1 E
lectrostatic or ionic-polar

sediment–water partition
coefficient at innite dilution
according to the Independent-
Mode model
KL,Virial
p,0
 L kg�1 L
angmuir Virial sediment–

water partition coefficient at
innite dilution
Ktotal
p,0
 L kg�1 T
otal sediment–water partition

coefficient at innite dilution

Kelec
p
 L kg�1 E
lectrostatic or ionic-polar

sediment–water partition
coefficient
KF
p
 L kg�1 F
reundlich sediment–water

partition coefficient

KH,elec
p
 L kg�1 H
enry's law sediment–water

partition coefficient for an
electrostatic or ionic-polar
interaction
KH,hydr
p
 L kg�1 H
enry's law sediment–water

partition coefficient for
a hydrophobic or non-polar
interaction
Khydr
p
 L kg�1 H
ydrophobic or non-polar

sediment–water partition
coefficient
KV
p
 L kg�1 V
irial sediment–water partition

coefficient
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