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Abstract The effect of organic sorbates on the water asso-
ciated with naturally occurring sorbents is of significant in-
terest since it probes the hydration of a sorbate-specific mi-
croenvironment and its role in a compound partitioning be-
tween various environmental compartments. This effect was
described in a thermodynamically strict way by converting
the sorption isotherms of organic vapors on variously hy-
drated sorbents into the derivatives relating the change in the
amount of water associated with a sorbent to the change in
the amount of an organic sorbate. Further, these derivatives
were analyzed by means of the Linear Free Energy Relation-
ship (LFER). The analysis included the sorption data for var-
ious organic vapors on such environmentally important sor-
bents as quartz, metal oxides, calcite, clay minerals and hu-
mic acid. From the LFER analysis it followed that (i) organic
sorbate polarizability contributions from n- and 7 -electrons
resulted in driving water into the sorbent phase; (ii) the
increasing volume of the organic compounds involved ex-
pelling water molecules; (iii) the increasing hydrogen-bond
acidity and basicity of organic sorbates resulted in expelling
water from inorganic surfaces but in enhancing hydration
of the humic phase. In contrast to inorganic surfaces, when
sorbed on strongly hydrated humic acid, the majority of or-
ganic sorbates containing oxygen, nitrogen or sulfur atoms
drive water into the sorbent phase. Several molecules of wa-
ter may need to be cosorbed by a humic sorbent for each
sorbed molecule of an organic compound thus supporting
the possibility of the concomitant participation of a number
of water molecules in organic sorbate—-humic matter interac-
tions.
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1 Introduction

Interactions of organic molecules with various inorganic and
organic sorbents presented in soils, sediments and aerosols
may be influenced by sorbent-water interactions and vice
versa. Both effects are of fundamental interest for under-
standing the mechanisms of organic compound sorption on
naturally occurring sorbent phases and for characterizing
the distribution of organic molecules between various en-
vironmental compartments. So, numerous studies have doc-
umented the interactions of organic molecules with mineral
phases and inorganic surfaces (Rhue et al. 1989; Ong and
Lion 1991; Thoms and Lion 1992; Goss and Schwarzen-
bach 2002; Goss et al. 2003), soils (Yaron and Saltzman
1972; Chiou and Shoup 1985; Pennell et al. 1992; Unger
et al. 1996), and natural organic matter (NOM) (Graber and
Borisover 1998; Niederer et al. 2006a; Graber et al. 2007;
Borisover et al. 2011) in terms of equilibrium sorption
isotherms measured at varied water activity levels. These
multiple data elucidated the effect of sorbent hydration on
organic compound sorption. However, determining the ef-
fect of sorbed organic molecules on water sorption, at en-
vironmentally relevant conditions, is much more challeng-
ing and may become hardly possible. For example, little is
known on the quantitative effect of organic sorbates, at their
low uptakes typical in various environmental scenarios, on
the amount of water associated with such sorbents as quartz,
metal oxides, clays, NOM.

Nevertheless, this effect is of very interest. It probes the
changes in the hydration status of a sorbent microenviron-
ment that is specific for a given organic sorbate rather than of
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the whole sorbent, and, thus, examines the role of this hydra-
tion status in a compound partitioning between various envi-
ronmental compartments. It can help to better elucidate vari-
able water—organic sorbate interrelations, which range from
organic sorbate-water competition on certain mineral sur-
faces (Ong and Lion 1991; Goss and Eisenreich 1996; Goss
and Schwarzenbach 2002) to water-enhanced interactions of
organic sorbates with NOM and clays (Hayes and Mingel-
grin 1991; Borisover and Graber 2004; Taraniuk et al. 2009).
Testing the hydration status of the organic sorbate-specific
microenvironment should be also helpful for revealing the
extent of the cooperativity of water molecules in their in-
volvement into organic sorbate interactions with such an
environmentally important sorbent as NOM (Graber et al.
2007; Borisover et al. 2011). Further, the quantitative effect
of sorbed organic molecules on water sorption can be linked
to the properties of molecular sorbates, e.g., the molecu-
lar size, shape, and presence and type of functional groups,
thus shedding light on molecular mechanisms of sorption
and contributing to the better prediction of distribution of
organic compounds between various environmental phases.

In general, because of the requirement for thermody-
namic consistency, equilibrium data describing interactions
of two different sorbates with a sorbent are not independent
of one another in a system containing both sorbing compo-
nents (e.g., Rudzinski et al. 1995; Cernik et al. 1996; Rusch
et al. 1997; Kinniburgh et al. 1999). Therefore, by using
equilibrium sorption isotherms of vapors of organic com-
pounds measured at varied water activity levels, it should be
possible to determine, in a thermodynamically strict, model-
free way, the effect of organic sorbates on sorbent-water in-
teractions.

Consequently, the objective of the present study was
twofold: (1) on the basis of the known effect of relative
humidity on organic vapor—sorbent interactions, to estimate
the effect of sorbed organic molecules on the water sorp-
tion by environmentally important sorbents; and (2) to ex-
amine the relations between this effect of organic sorbates
on sorbent-associated water and the molecular descriptors
of organic molecules. The necessary thermodynamic rela-
tionships paving the way for quantifying the effect of or-
ganic sorbates on the amount of sorbent-associated water
were derived and applied to experimental equilibrium sorp-
tion data obtained from the literature on such sorbents as
quartz, metal oxides, calcite, clay minerals and humic acid.
The present analysis appears to be the first attempt to eval-
uate, in a model-free way, the effect of organic sorbates on
the water sorption by environmentally meaningful inorganic
and organic phases from the effect of the gas phase humidity
on vapor sorption of organic compounds.
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2 Thermodynamic background

A sorbent S (with a constant mass mg and a given surface
area) is considered to be in equilibrium with a gas phase con-
taining two compounds, A and W, e.g., an organic sorbate
and water, respectively, that can interact with the sorbent.
The scenario of interest is when interactions of compounds
A and W with sorbent S occur at constant values of tem-
perature 7', pressure P (controlled by a “non-interacting”
inert gas) and chemical potential of component W, uw. In
the sorbent phase (which includes also the sorbent/gas inter-
face) nw is defined by the molar amounts 7; of both sorbed
components A and W, for a given sorbent mass:

ad d
d/LW=< MW) dnA+< MW) dny
anA T,P,ny,ms anW T,P,ng,mg
(H

Molar amounts n4 and nyw of sorbed components A and W,
respectively, correspond to the excesses determined by the
difference between the total amount of a component in the
system and its gas phase concentration multiplied by the gas
phase volume. When duw =0,

<8nw)
ana T,P,uw,mg

=_<3MW) /(E)uw) )
8}’1,4 T,P,nwy,ms an T,P,ng,ms

If we consider the Maxwell relation for the sorbent phase

oy )
3}1A T,P,ny,mg 8nW T,P.ng,mg

where (4 is the chemical potential of component A, Eq. (2)
is transformed into Eq. (3):

(), )
anA T,P,uwy.mg SMW T,P.ng,mg

Since the gas phase is equilibrated with sorbent S and may
be considered ideal, 4 and pw are related to the partial
vapor pressures of components A and W (p4 and pyw, re-
spectively):

pa=puy(T)+RTInps

' @
uw = uy(T) + RT In py

where ,u% (T) and ,u(‘))v (T) are standard chemical potentials
of components A and W in the gas phase. The amount 7 4
of component A associated with the sorbent may be linked
to its partial vapor pressure in the ideal gas phase, p4, by its
distribution coefficient, K4 4:

na/ms=KgaXxpa ©)



Adsorption (2013) 19:241-250

243

Thus, by using Egs. (4) and (5), Eq. (3) is converted into
Eq. (6):

(anw> _(aand’A) ©)
8nA T,P,uw,ms alan T,P.ng,mg

Thus, Eq. (6) suggests the way to quantify the effect of or-
ganic sorbates on the amount of sorbent-associated water,
based on the effect of water vapor partial pressure on the co-
efficient of the compound A distribution between the sorbent
and the gas phase (at a constant concentration of compound
A in the sorbent phase). Obviously, considering the distri-
bution of water between a sorbent and the ideal gas phase
similarly to that described for component A by Eq. (5), the
left side of Eq. (6) can be immediately used to characterize
the effect of the sorbed concentration of component A on
the water distribution coefficient. Within the assumptions on
equilibrium and the ideality of the gas phase, Eq. (6) are not
limited by the type of sorbent or the nature of components A
and W. If the partial pressures in Eq. (4) were replaced with
the concentrations of components in a solution, then Eq. (3)
would generate the expression used for studying mutual re-
lations in binding of ligands with macromolecules (Cantor
and Schimmel 1980).

The amount of component A associated with the sorbent
may be sufficiently low that the distribution coefficient K4 4
in Egs. (5) and (6) does not depend on the concentration of
component A in the sorbent phase. Such a concentration-
independent K; 4 determined for various organic sorbates
on diverse mineral sorbents was related to the gas phase rel-
ative humidity by the following empirical equation (Goss
1992; Goss and Eisenreich 1996):

Pw D x RH

=const + ———— (7)

InKj 4 =const+ D x —
a4 P 100

where pw and pyj’ are the partial vapor pressure and sat-
urated vapor pressure of component W, i.e., water, respec-
tively; RH is the relative humidity of the gas phase, i.e.,

% x 100. At any specific 7 and P, const and the coef-
w

ficient D are determined for a given organic sorbate on a
given sorbent and do not depend on the relative humidity
for a certain range of 2

}(‘,’, values (usually above 30 % of the

gas phase relative hum1d1ty) The coefficient D does not de-
pend on: (i) whether concentrations or partial pressures are
used to represent the organic compound in the gas phase;
and (ii) the units used for expressing partial pressure and
concentrations of a sorbate. When the dependence expressed
in Eq. (7) is valid, Eq. (6) can be transformed into Eq. (8):

onw Pw D x RH
<a—) = DX e = 00 ®
NAJ TP uw.ms Pw

Thus, the coefficient D relates the relative humidity with the
effect of sorbed organic molecules on the amount of sorbed

water. In fact, D reflects the derivative (2 e VX)T P,jw,mg Ob-

tained by extrapolating Eq. (8) to 100 % relative humidity.
This thermodynamic rationalization of the parameter D of
the previously established Eq. (7) appears to be one impor-
tant result of this analysis.

3 Results and discussion

3.1 Sorption of organic and water molecules from the gas
phase on mineral surfaces

An exponential change in the concentration-independent
distribution coefficients K4 4 with increasing relative hu-
midity, as follows from Eq. (7), was observed for sorp-
tion of vapors of polar and non-polar organic compounds
on such mineral sorbents as quartz, clay minerals, calcite
(calcium carbonate), hematite («-Fe,O3), and corundum (-
Al>03)(Goss 1992, 1993; Goss and Eisenreich 1996). Water
sorption hysteresis in the systems studied was absent or had
no impact on the K4 4 values that were considered to reflect
the equilibrium distribution of organic molecules between
the gas and sorbent phases. By means of Eq. (8) and the re-
ported D values, the derivative (?TVX)T* P,uw.ms Was calcu-
lated for some organic sorbates on various mineral sorbents
equilibrated at 80 % relative humidity, i.e., p“” = 0.8 (Ta-

ble 1). The relative humidity level of 80 % was selected as
being close to the high humidity end of the gas phase mois-
ture range in which Eq. (7) was observed. The important
conclusions can be derived from the data shown in Table 1:

(1) The (?TVX)T,P,MWMS values are negative and range be-
tween —0.9 and —4.2 for various sorbate/sorbent pairs.
The negative sign of the (a"W )T, P, uw.ms derivative
could be attributed to organic sorbate water competition
for sorption sites on inorganic surfaces such that the ad-
dition of an amount of an organic sorbate may involve
a few-times-larger change in the molar amount of the
sorbent-associated water (at constant chemical poten-
tial of water, i.e., constant relative humidity). However,
the direct interactions of diverse organic compounds
with inorganic surfaces above relative humidity of 30 %
were considered to be barely relevant (Goss 1992; Goss
and Eisenreich 1996); rather, organic sorbate interac-
tions at hydration water surfaces were assumed to con-
trol the sorbent/gas distribution of organic molecules
(Goss et al. 2003). If the latter is true, then, the negative
( s Y7 P uw.mg derivative could reflect competition be-
tween an organic sorbate and water for “sorption sites”
at hydration water surfaces.

(2) The (3’,’& )T, P, uw.ms values present in Table 1 are sensi-
tive to the nature of the inorganic surface and the struc-
ture of the organic sorbates. The influence of the lat-
ter may not necessarily be obvious. For example, if the
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Table 1 The derivative (W’—W)T, P.uw,mg calculated for various organic sorbates on diverse mineral sorbents equilibrated at 80 % relative humidity®

Iny

Sorbent Relative humidity range, % Temperature, °C  Organic sorbates
n-Hexane n-Nonane o-Dichlorobenzene Diethyl ether Acetone

Quartz sand® 30-90 70 na‘ -2.6 2.7 —-3.8 —4.2
Corundum (a-Al, O3 )d 40-80 60 na na —-1.0 na —-0.9
Hematite (@-Fe;03)¢  40-80 70 na -2.0 -1.9 —1.4 -1.5
Calcite (CaCO3)4 40-80 60 na —1.4 —-1.7 —1.1 na
Ca-kaolinite® 40-80 70 —1.4 na na -29 na
Na-kaolinite® 40-80 70 —1.4 na na -2.6 na
Ca-bentonite® 40-80 70 —-3.7 na na na na

4Typically, the errors associated with the calculated values are in the range between 5 and 15 %

onw
EION

®The D values used in Eq. (8) for calculating the derivative (
¢“na” means “not available”

dThe D values are from Goss and Eisenreich (1996)
¢The D values are from Goss (1993)

sorption of organic molecules and water on a surface
followed the ideal competitive Langmuir model, then
the derivative defined by Eq. (6) would not depend on
the nature of the organic sorbate and its affinity to inter-
act with a sorbent; it would be controlled only by water
partial pressure. It can be seen from the data in Table
1 that the derivative (?ZTVAV)T,R ww,mg at a relative hu-
midity of 80 % might vary over a threefold to fourfold
range with different sorbents, e.g., for diethyl ether be-
tween quartz sand and calcite, or for acetone between
quartz sand and corundum, with the maximal values ob-
served on quartz sand and Ca-bentonite. On quartz sand,
hydrogen-bond accepting acetone and diethyl ether ex-
hibited greater ability to eliminate hydration water than
larger (and less polar) n-nonane and o-dichlorobenzene.
On hematite the opposite was found: n-nonane and o-
dichlorobenzene were more effective in “rejecting” hy-
dration water than acetone or diethyl ether. To summa-
rize, the diverse values of the D parameter in Eq. (7)
provided a quantitative measure of the varied ability of
organic molecules to expel water molecules from the
sorbent phase.

In order to describe the variable influence of organic sor-
bate structure on the derivative (%"T”X)T, P,uw,ms» the Lin-
ear Free Energy Relationship (LFER) analysis (Abraham
et al. 1994; Pool 2003) was applied to the D values from
Eq. (7). Although the D values originally were obtained
for a specific range of relative humidity—typically, be-
tween 40 % and 80 %—formally they represent the deriva-
tive (%—Z)T,p,uw,ms (or (%Té";)r,p,%,ms) obtained by
extrapolating Eq. (8) to the water vapor saturation point,
i.e., relative humidity of 100 %. Since LFER is appli-
cable for examining logs of distribution coefficients be-
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)T, P,y ,mg are from Goss (1992)

tween the gas and a condensed medium (Abraham et al.
1994), according to Eq. (6) it could be also applicable to
the derivative (%’;‘Z )T.P.uw.ms- The specific LFER used for

analysis of the D values is determined by Eq. (9):

D=c+eE +sS+aA+bB+1logL' )

In Eq. 9) E, S, A, B and log L'® are the molecular de-
scriptors of organic sorbates; their numerical values are
from Abraham et al. (1994). E is the compound’s excess
molar refraction, which describes polarizability contribu-
tions from n- and mw-electrons; S is the compound’s dipo-
larity/polarizability; A and B are the hydrogen-bond acidity
and basicity, respectively; L'© is the gas/n-hexadecane par-
titioning coefficient; c is a constant. With regard to the dis-
tribution between the gas and the bulk condensed medium,
the last term in Eq. (9) was considered to reflect, in part,
dispersion interactions and the cavity formation; log L6 is
strongly related to the volume of organic compounds. The
physicochemical meaning of molecular descriptors used in
Eq. (9) is detailed in Abraham et al. (1994) and Pool (2003).

Multiple linear regression analysis based on Eq. (9) was
applied to the D values provided for various organic sor-
bates on a given variously hydrated sorbent; then, the statis-
tically less significant regressors, i.e., with p > 0.05, were
removed, and the data were refitted. The LFER coefficients,
i.e., c,e,s,a,b and [, for various sorbents are shown in Ta-
ble 2. It should be clear also that these LFER coefficients
obtained from the analysis of the D values cannot be indis-
criminately compared with those coefficients obtained from
the LFER analysis of distribution coefficients of organic sor-
bates on a given hydrated sorbent. Table 2 lists also the cor-
relation coefficients R, the P values and the F values for
the multiple LFER regressions, the number of compounds
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Table 2 The coefficients® and statistical parameters of the LFER model (Eq. (9)) applied to the analysis of the D values reflecting the extrapolated
derivative (?)’:71‘/,‘\/)1 Py .ms at 100 % relative humidity for the sets of organic sorbates in a series of mineral sorbents?

Sorbent c e s a b ! Pe R/F/PY RMSE® Nf
Quartzsand  2234+0.96  3.46£0.63 —2.67+£0.51 — —~7.68+1.08 —133+024 <0.001 0.96/24.0/0.000 023 13
Corundumé  027+034 - - —22840.46 —1.58+040 —0.34+0.06 <0.01 0.90/11.8/0.003 0.13 12
Hematite" —0.13+049 - - - 1424057 —051+0.11 <0.05 0.88/14.7/0.002 0.16 12
Calcite! ~ —0.70+032 - - - - —-026+0.08 0.025 081/10.1/0.025 0.16 7
Ca-kaolinite —0.53+0.41  2.48+£0.66 —2.87 £0.67 — —254+057 —0.60+0.14 <0.01 0.93/15.1/0.000 022 15
Na-kaolinite —1.134+0.24  1.45+£0.48 —1.824£0.42 — —245+028 —026+0.10 <0.05 0.98/43.5/0.000 0.10 11
Ca-bentonite —0.67 £0.81 - - - - —1.484+030 0.0017 0.88/24.4/0.002 033 9

4The coefficients c, e, s, a, b and [ are defined in Eq. (9). “+” corresponds to one standard error

PThe sources of the D values for a series of organic sorbates, the experimental temperatures and the relative humidity ranges are the same as

reported for each mineral sorbent in Table 1

¢ p is the statistical significance level for each of the coefficients of Eq. (9) except the intercept ¢

dR is the correlation coefficient; F denotes the F-test; P is the statistical significance level of the multiple regression

®Root mean squared error

fNumber of organic compounds included in the analysis
Sa-Al, O3

hy-Fe, 03

iCaCO;3

included, and the root mean squared errors (RMSE). The
sources of the D values of organic sorbates, the experimen-
tal temperatures and the relative humidity ranges are the
same as indicated for each mineral sorbent in Table 1. The
LFER-fitted D values, or (?TVX)T* P,uw,ms at 100 % relative
humidity, for various sorbates on different sorbents are plot-
ted in Figs. 1 and 2 against the determined D values. Fig-
ures 1 and 2 show that there is good correspondence between
the determined D values and those fitted with the LFER
(Eq. (9)). Based on Table 2, the following points should be
noted:

(1) The coefficients e, s, a, b, and [ do not invert their signs
among all the inorganic sorbents considered. For exam-
ple, for all the inorganic sorbents, b and / are negative,
which indicates that with increasing hydrogen-bonding
basicity and increasing molecular size of organic sor-
bates, the ability of organic molecules to displace hydra-
tion water increases. The negative s values observed for
sorption on quartz sand and kaolinites indicate that the
compound’s dipolarity also contributes to the effective
displacement of sorbent-associated water molecules.

(2) Interestingly, the e coefficients—when statistically sig-
nificant—are positive. Within the framework of Eq. (9),
this indicates that the polarizability contributions from
n- and m-electrons of sorbing organic molecules in-
crease the amount of sorbent-associated water. This pos-
itive effect seems to be less clear than the negative dis-
placing effect; it needs further investigation.

(3) The hydrogen-bonding acidity effect represented by the
coefficient a is less common. It was observed only
with sorption on corundum Al;O3 and also was nega-
tive: sorption of organic molecules capable of hydrogen-
bonding acidity involves a release of sorbent-associated
water.

Despite the use of a limited dataset for the present analy-
sis, the applicability of this specific LFER (Eq. (9)) for char-
acterizing the D values (or (%’;": )T, P, juw.ms at 100 % rela-
tive humidity) is much wider. This follows from the earlier
successful LFER application carried out for the K; 4 values
of many organic compounds on various mineral surfaces at
certain relative humidities (Goss and Schwarzenbach 2002;
Goss et al. 2003). For example, distribution coefficients
of a diverse set of 50 organic vapors were measured on
quartz, calcite and corundum at certain relative humidities
and described by means of the LFER approach (Goss and
Schwarzenbach 2002). In that application the LFER com-
pound’s attributes were limited by use of only the three sor-
bate descriptors: A, B and L', The surface parameters de-
duced from this fitting were examined as functions of rela-
tive humidity (Goss et al. 2003).

Therefore, the LFER in its original form, i.e., including
five molecular descriptors (Abraham et al. 1994), should
provide an even better description of the variability of the
K4 4 values among sorbates on a given mineral surface at a
certain relative humidity. Hence, one may anticipate that this
LFER model should be also suitable for describing the ef-
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Fig. 1 The LFER-fitted D
values reflecting the
extrapolated derivative
(%,_Z)T,P,uw,ms at 100 %
relative humidity are plotted
against experimentally
determined D values. The
sorbents are indicated on the
plots. Key to chemical
compounds: /, n-nonane;

2, m-dichlorobenzene;

3, m-xylene; 4, p-xylene;

5, o-dichlorobenzene;

6, 1,3,5-trichlorobenzene;

7, 1,2,4-trichlorobenzene;

8, naphthalene;

9, 1,2,3-trichlorobenzene;
10, acetonitrile; /1, diethyl
ether; 12, ethanol; /3, acetone;
14, n-octane; 15, n-decane;
16, toluene; 17, o-xylene;
18, ethylbenzene;

19, propylbenzene;

20, chlorobenzene;

21, p-dichlorobenzene;

22, 1,2,3,4-tetrachlorobenzene;
23, anisole; 24, pyridine;
25, ethylacetate. The solid
straight line corresponds to the
1:1 ratio between fitted and
determined D values

Fig. 2 The LFER-fitted D
values reflecting the
extrapolated derivative
()7 juyms 4t 100 %
relative humidity are plotted
against experimentally
determined D values. The
sorbents are indicated on the
plots. Chemical compounds
numbered from 1 to 25 are
explained in the caption to
Fig. 1; also included here are:
26, n-hexane; 27, cyclohexane;
28, dichloromethane;

29, trichloroethylene;

30, chloroform;

31, tetrachlorethylene;

32, 1,1,1-trichloroethane;

33, benzene;

34, 1,2-dichloroethane;

35, trans-1,2-dichloroethylene.
The solid straight line
corresponds to the 1:1 ratio
between fitted and determined
D values
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Table 3 The coefficients® and statistical parameters of the LFER model (Eq. (9)) applied to the analysis of the D values determined from the
experimental sorption data® on Leonardite humic acid by means of Eq. (10) for two ranges of relative humidity (RH) at 15 °C

RHrange, % ¢ e a b l pe R/F/ P4 RMSE®  Nf
0.01-45 —0.1240.55 1.514£0.43 250+£0.75 - —047+0.15 <0.002 0.58/11.5/0.000 1.1 73
70-98 0.704+0.75 - - 4634093 —03140.15 <005  0.63/22.7/0.000 135 73

2The coefficients c, e, a, b and [ are defined in Eq. (9). “£” corresponds to one standard error

The original sorption data used for determining the D values are from Niederer et al. (2006a)

¢ p is the statistical significance level for each of the coefficients of Eq. (9) except the intercept ¢

dR is the correlation coefficient; F denotes the F-test; P is the statistical significance level of the multiple regression

°Root mean squared error

fNumber of compounds included in the analysis

fect of sorbing organic molecules on the amount of sorbent-
associated water, i.e., (?TVX)T» P,uw,ms» OF, correspondingly,
on the coefficients describing water distribution between the
gas phase and mineral sorbents, for a wide range of organic
sorbates and mineral sorbent surfaces.

3.2 Sorption of organic and water molecules from the gas
phase on natural organic matter

The study by Niederer et al. (2006a) presented the system-
atic examination of the effect of gas phase relative humid-
ity on equilibrium sorption of a large set of organic com-
pounds on Leonardite humic acid which could be consid-
ered as a NOM model. Therefore, these previously collected
data could be useful for estimating the effects of diverse or-
ganic molecules on humic acid-associated water. Four lev-
els of relative humidity expressed as percentages of the %

values were examined by Niederer et al. (2006a) at 15 °(“E:
< 0.01, 45, 70, and 98 %. No general linear relations be-
tween In K4 4 and relative humidity were found through-
out the studied relative humidity range. However, because of
the relatively modest influence of sorbent hydration on the
measured distribution coefficients, the variability of In K4 4
within a narrow range of relative humidity can be assumed to
follow the linear In Kz 4 vs. % relationship described by

Eq. (7). Therefore, based on tﬂVe previously reported Ky 4
values (Niederer et al. 2006a), in the present work the D
value for each organic sorbate was determined for the low-
est and highest ranges of relative humidity, i.e., 0.01 to 45 %,
and 70 to 98 %, respectively, by means of Eq. (10):

AInKy A

_ 10
A(pw/pyy (10)

where A denotes the change over the relative humidity
range.

The determined D values also were analyzed by using
LFER (Eq. (9)). Figure 3 shows the plots of the LFER-fitted

D values against the determined ones. From the full list
of 90 compounds studied by Niederer et al. (2006a), 17
compounds comprising long-chain alkanes, cycloalkanes,
alkenes, cycloheptanone, di-n-pentyl ether, 1-chlorooctane,
chloroacetone, 2,4-pentanedione and dimethyl succinate
were omitted because of lack of the relevant LFER descrip-
tions. The overall LFER fits of the D values were charac-
terized by low R values, especially, for the low relative hu-
midity range (Fig. 3a). Since during the data fitting some
terms of the whole LFER relationship (9) were found statis-
tically non-significant, i.e., with the coefficient-associated
p > 0.05, they were omitted, and the data were refitted. Ta-
ble 3 summarizes the statistically significant coefficients of
the refitted LFER models and theirs statistical parameters.
It is clear from Fig. 3a that the D values in the lower
range of relative humidity varied between —4 and +3. The
positive D values indicate that even at relatively low hydra-
tion of humic acid (associated with low gas phase relative
humidity) interactions of organic molecules with this sor-
bent are accompanied by increase in the sorbent hydration.
Organic compounds not containing oxygen, nitrogen or sul-
fur atoms, i.e., hydrocarbons and their halogen-substituted
derivatives (Fig. 3a), are characterized by the negative D
values (associated with the negative extrapolated deriva-
tives (?TVX)T,P,MW,ms at 100 % relative humidity; Eq. (8)).
This selection of hydrocarbons and their halogen-substituted
derivatives as a separate subgroup of organic compounds
was based on a previous analysis of the thermodynamics
of distribution between the gas phase and hydrated NOM,
in which these compounds were demonstrated to undergo
mostly non-specific, van-der-Waals interactions with NOM
(Borisover and Graber 1997). Therefore, in the lower range
of relative humidity, the interactions of hydrocarbons and
their halogen-substituted derivatives with the sorbent expel
the water molecules associated with humic acid. This ten-
dency is contributed by negative [/ coefficients in the LFER
equation (Table 3), i.e., the expelling of the water molecules
associated with humic acid increases with increasing vol-
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The LFER-fitted D values

The LFER-fitted D values

— T T T T T T T T 1
4 -3 210 1 2 3 4 5

The determined D values

Fig. 3 Sorption of 73 organic compounds on Leonardite humic acid.
The LFER-fitted D values are plotted against the D values determined
from the experimental data by means of Eq. (10). (a) The relative hu-
midity range is between 0.01 and 45 %. The LFER fit is character-
ized by R =0.58, F =6.68, P < 0.0001. (b) The relative humid-
ity range is between 70 and 98 %. The LFER fit is characterized by
R =0.72, F =14.49, P < 0.00001. Black-filled circles represent sat-
urated, non-saturated, aromatic hydrocarbons and their halogen-substi-
tuted derivatives. Open circles represent organic compounds contain-
ing oxygen, nitrogen or sulfur atoms, i.e., mostly alcohols, phenols,
ketones, esters, ethers, nitro-substituted compounds, and carboxylic
acids. The solid straight line corresponds to the 1:1 ratio between fitted
and determined D values. The vertical dashed line separates sorbates
with the negative D values from those with positive D values

ume of the organic compounds and/or their increasing ca-
pability of dispersion interactions. Organic compounds con-
taining oxygen, nitrogen or sulfur atoms may give rise to
both negative and positive derivatives (Fig. 3a). This means
that, in terms of the negative (%’ZVX )T, P,y mg derivative or
capability to expel water molecules from the humic acid
sorbent, in the lower range of relative humidity there is no
straightforward differentiation between non-polar (or low-
polar) compounds such as, e.g., hydrocarbons, and organic
compounds containing oxygen, nitrogen or sulfur atoms.
The latter group of compounds is capable of specific inter-
actions, e.g., hydrogen bonding, with NOM. Positive values

of the (g’;vX )T, P, uw,ms derivative are contributed by polar-
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izability that arises from the presence of n- and w-electrons
and by hydrogen-bond acidity (Table 3).

In contrast, in the range of higher relative humidity
(Fig. 3b) the same set of organic sorbates seems to be more
differentiated. The vast majority of organic sorbates contain-
ing oxygen, nitrogen or sulfur atoms exhibit positive D val-
ues associated with positive extrapolated (%”Tz’)p P,uw,ms
derivatives at relative humidity of 100 % (Eq. (8)), and this
indicates that interactions of these organic molecules with
humic acid drive water into the humic acid phase. This
“driving-in” effect is contributed positively by hydrogen-
bond basicity, i.e., by the positive LFER-coefficient b (Ta-
ble 3). A significant number of compounds comprising
the subgroup of hydrocarbons and their halogen-substituted
derivatives exhibits negative D values (Fig. 3b), which is
consistent with the negative [ coefficient (Table 3).

Interactions of organic compounds with NOM are gener-
ally considered as strongly contributed by intra-NOM sorp-
tion of organic molecules (Chiou et al. 1979; Brusseau and
Rao 1989; Pignatello 2000). Therefore, mutual interrelation-
ships between interactions of organic molecules and water
with Leonardite humic acid hydrated in the high range of
relative humidity could be considered as a proxy for the
interplay of these interactions in fully hydrated NOMs. In-
deed, sorption properties of a Leonardite humic acid in equi-
librium with 98 % relative humidity were found to be in a
good agreement with sorption properties of completely hy-
drated humic acid (Niederer et al. 2006b). In this case, the
positive D values for multiple organic compounds (Fig. 3b)
suggest that their sorption on NOM from aqueous solution
is not associated with expulsion of water molecules from
the hydrated NOM phase. In fact, the opposite effect should
be expected: interactions of organic compounds containing
oxygen, nitrogen or sulfur atoms with fully hydrated NOM
should be associated with driving of water molecules into
the NOM phase. The large D values determined, i.e., up
to 5 (Fig. 3b) suggest that several molecules of water will
be sorbed by NOM for each sorbed molecule of an organic
compound.

Such a concomitant interaction of an organic compound
and water with fully hydrated NOM was derived for interac-
tions between carbamazepine and NOM from measurements
of carbamazepine sorption by a variously hydrated NOM
sorbent (Borisover et al. 2011). In contrast, sorption of less-
polar organic compounds on hydrated NOMs may indeed
result, with regard to NOM-associated water, in an “expul-
sion” effect, because for these compounds the D values (or
the extrapolated (%’;Z/)T’p, ww,mg derivatives at 100 % rel-
ative humidity, Eq. (8)) are often negative (Fig. 3b). These
differences between subgroups of organic compounds and,
especially, the “driving-in” effect of organic sorbates con-
taining oxygen, nitrogen or sulfur atoms on the associa-
tion of water with NOM may be understood within the ear-
lier concept regarding the interplay between penetration of
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organic molecules into the NOM phase and disruption of
interactions between “linked” intra-NOM fragments in the
presence of water or of an active organic solvent (Borisover
et al. 2001; Borisover and Graber 2002). Intra-organic mat-
ter sorption of organic compounds is associated with dis-
rupting specific intra-NOM interactions and may require
the effective solvation (hydration) of NOM moieties which
would drive water molecules into the NOM phase. This
mechanism seems to be less effective for non-polar organic
molecules that are not capable of disrupting specific interac-
tions between intra-NOM fragments (Graber and Borisover
1998).

4 Conclusions

The effect of sorbed organic compounds on sorbent-
associated water may be evaluated, in a model-free way,
from the effect of relative humidity on equilibrium sorp-
tion isotherms of vapors of organic compounds and then
can be examined by means of the LFER analysis. One in-
teresting result of this evaluation is the understanding that a
sensitivity of a mineral sorbent/gas phase distribution of an
organic compound to the gas phase relative humidity may
often be explained by one (extrapolated) relation between
the changes in the sorbed quantities of water and an organic
compound at 100 % relative humidity.

Among different examined sorbents including humic and
inorganic matters, organic sorbate polarizability contribu-
tions from n- and m-electrons resulted in driving water
molecules into the sorbent phase but the increasing vol-
ume of the organic compounds involved expelling water
molecules from the sorbent phase. However, the response
to the hydrogen-bond acidity and basicity of organic sor-
bates was differing between inorganic surfaces and humic
acid matter. When the statistically meaningful effect of the
hydrogen-bond acidity and basicity of sorbates was ob-
served, it resulted in expelling water from inorganic surfaces
and in enhancing hydration of the humic matter phase. Fur-
ther, as distinct from sorption on inorganic surfaces, when
sorbed on strongly hydrated humic acid, the majority of
organic sorbates, which contain oxygen, nitrogen or sulfur
atoms, drive water into the sorbent phase. This conclusion
seems to be conceptually important for understanding the
principles controlling the distribution of organic compounds
between various environmental compartments with partic-
ipation of highly hydrated NOM (e.g., as in wet soils and
sediments): interactions of organic compounds containing
oxygen, nitrogen or sulfur atoms with NOM may drive wa-
ter into the NOM phase rather than expel it as would often be
expected due to the anticipated organic sorbate/water com-
petition. The analysis carried out suggested also that several
molecules of water may need to be cosorbed by a humic sor-
bent for each sorbed molecule of an organic compound.

The described evaluation of the effect of sorbed organic
compounds on the sorbent-associated water and the further
LFER analysis of this effect may be extended to other types
of the sorbents for which the sorption equilibrium of vapors
of water and organic compounds can be quantitatively mon-
itored.
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