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Abstract

The laboratory batch studies were conducted to evaluate the effect of the soil contact time
(aging) on the sorption-desorption characteristics of phenanthrene and weak acid herbicide
MCPA in one soil. Sorption isotherms were measured after the soil contact times of 2, 30, and
180 days. Desorption kinetic profiles were determined after 2 and 180 days to observe changes
in organic chemical release from the soil. The sorption isotherms of two organic chemicals fitted
well to the linear and the Freundlich sorption models and were practically linear at each soil
contact time. The results indicated no increase in sorption of phenanthrene and MCPA in soil
with increased contact time. Although the desorption equilibrium was achieved within 1 day for
all of the systems evaluated, the extent of desorption decreased significantly for both organic
chemicals, when contact time increased from 2 to 180 days. This result indicated that aging might
affect the distribution of organic chemicals within sorption sites of the soil matrix.
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Introduction

Recently, some studies of organic chemical sorption
by soils have shown that sorption is not a rapid process
and may take several hundreds of days to achieve sorption
equilibrium (Park et al., 2004; Sharer et al., 2003a; Ball and
Roberts, 1991). The tendency of sorbed organic chemicals
to become more strongly retained with increased time
has a significant impact on bioavailability, desorption,
extractability and degradation of the aged residues.
Conrad et al. (2002) documented a decline in pyrene
extractability by organic solvents from the sediment and
in its bioavailability to the oligochaete worm (Lumbriculus
variegatus) with time. Hatzinger and Alexander (1995)
observed that phenanthrene added to soil was increasingly
more resistant with time to biodegradation and extraction
by organic solvents. Moreover, the extent of desorption in
soils decreased significantly with increased contact time
for some chlorobenzenes and atrazine (Park et al., 2004;
Lesan and Bhandari, 2003; Sharer et al., 2003a). These
laboratory studies confirm the observed resistance to
degradation and desorption of organic chemicals in the
historically field-contaminated soils, where they have been
in soil for the long time periods (Kan et al., 2000; Erickson
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et al., 1993). It is believed that these observations are
mainly due to the sequestration of significant amounts of
compound in the interior sites of the soil with increasing
soil contact time or aging (Alexander, 1995). Ignoring the
above mentioned facts can lead to an underestimation
of the true extent of sorption, wrong predictions about
mobility and bioavailability of organic contaminants, and
perhaps an overestimation of the health risks to humans
and animals (Alexander, 2000).

The objective of this study was to extend the recent
knowledge of the effects of soil contact time on the
sorption-desorption behaviour of two organic chemicals
with different water solubility and hydrophobicity in soil
using well-controlled laboratory experiments. Sorption
isotherms and desorption kinetics for phenanthrene and
herbicide MCPA were obtained after 2, 30, and 180 days
of incubation.

Methodology

A soil A-horizon (loamy-sand, Albic Luvisol) was
collected from an agricultural field situated close to the
village of Hazin, Michalovce district, eastern Slovakia.
According to the Unified Trigonometric Land Network,
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the agricultural field has the following coordinates:
S-JTSK(x) = —207866.90 and S-JTSK(y) = —1237067.32.
The soil was air-dried, crushed, and sieved through a 2 mm
mesh. Selected soil properties were determined in the
laboratory of the Slovak University of Agriculture in Nitra.
The soil contains 30.8, 52.5, and 16.7 % sand, silt, and
clay, respectively, with an organic carbon content of 1.21 %
and pH value of 6.32. The soil clay fraction consisted
mainly of illite, kaolinite, quartz, and smectite.
Phenanthrene and MCPA [(4-chloro-2-methyl-
phenoxy)acetic acid] used in the sorption-desorption
experiments as model organic contaminants were
purchased from Aldrich Chemical Co. and Dr Ehrenstorfer
GmbH, respectively. The physicochemical properties of
the sorbates are shown in Table 1. The stock solution of
phenanthrene was prepared by dissolving itin HPLC-grade
methanol. Solutions of phenanthrene for the sorption-
-desorption experiments were prepared in the background
agueous solution consisting of 0.01 M CaCl, and 100 mg |-
NaN; dissolved in Milli-Q water. The NaN; was added
to prevent biodegradation during batch studies. Four
initial phenanthrene concentrations ranging from 0.05 to
1.05 mg I-' were used. The amount of methanol carrier
added from the stock solution was always less than 0.05 %
by volume. The stock solution of MCPA was prepared
directly by shaking an amount of MCPA in 0.01 M CacCl,
plus 100 mg I-' NaN; aqueous solution. Five different
MCPA solutions with concentrations ranging from 0.5 to
100 mg I-" were prepared by diluting the stock solution with
0.01 M CaCl, and 100 mg I-' NaN; aqueous solution.
Altogether 300 mg (phenanthrene experiments) or 2 g
(MCPA experiments) of soil were weighed into 12-ml glass
centrifuge tubes enclosed in aluminium foil, and a 9-ml or
5-ml aliquot of phenanthrene or MCPA solution was added.
After closure, the tubes were shaken on a reciprocating
shaker for either 2 days (for the incubation time of 2 d)
or 4 d (for the 30- and 180-d incubation times). After
shaking, the tubes of 2-d incubation time were analysed
immediately and the tubes of 30- and 180-d aging were
stored in the dark with episodic shaking. After the given soil
contact time, the duplicate samples were centrifuged for
30 min at 5 000 rpm, and supernatants were sampled for
a high-performance liquid chromatography (HPLC)
analysis. The control samples without soil were also
prepared in the same way and used to account for possible
losses due to volatilization and sorption of phenanthrene
and MCPA to the centrifuge tubes. Average system losses

were shown to be consistently less than 3 % of the
initial solute concentrations, therefore no correction was
required. Analysis by HPLC confirmed that phenanthrene
and MCPA were not degraded over the course of the 180 d
experiment since only peaks with the same retention times
as the standards were found. The amount of phenanthrene
and MCPA sorbed was calculated by the difference
between the amount initially added and that remaining in
the solution after sorption.

For the desorption experiments, sorption was esta-
blished as described above at a single initial phenanthrene
and MCPA concentrations of 0.5 and 10 mg I, respectively.
The tubes were incubated for the time period of 2 and
180 d and manipulated as described above. Then, a 1-ml
aliquot of phenanthrene and MCPA solutions were taken
for HPLC analysis. The remaining supernatants were
carefully removed (totally, 8 ml for phenanthrene and 3 ml
for MCPA). Phenanthrene- or MCPA-free 0.01 M CacCl,
solution amended with 100 mg I-' NaN; in the same
volume as removed was added to the tubes to bring the
volume back to the original. The tubes were shaken for 1 h,
5h,10h,1d,2d, 3d, 4dand5 d. At the appropriate
time interval, duplicate tubes were centrifuged and the
supernatants were analysed for phenanthrene and MCPA
concentrations using HPLC analysis.

The concentrations of organic chemicals in the
water before and after equilibration were analysed using
a reverse-phase HPLC system (Hewlett-Packard model
1100) equipped with a fluorescence detector (Hewlett-
-Packard 1046A) setat250 nm and 232 nm for phenanthrene
and MCPA analysis, respectively. A Supelcosil LC-PAH
57945 and Lichrosphere-100 RP columns were used for
analysis of phenanthrene and MCPA, respectively. External
solution standards were used to establish linear calibration
curves for a fluorescence detector. For phenanthrene,
the mobile phase used was a mixture of acetonitrile and
water (90:10 by volume). The mobile phase used for MCPA
was a mixture of acetonitrile and 0.03 M acetic acid solution
containing 5 % acetonitrile in a ratio of 50:50 (v/v) at a flow
rate of 1.0 ml min~" (isocratic elution). The average uncertainty
for the measured concentrations was about £5 %.

Results and discussion
The sorption data for all three soil contact times fitted well

to the linear sorption model (S = Ky4C) and the Freundlich
model (S = K;C"") where S denotes the concentration of

Tab. 1
Physicochemical properties of phenanthrene and MCPA

Phenanthrene? MCPAP
Molecular weight/g mol~ 178.2 200.6
Melting point/°C 99.5 117.0
Density/g cm™ 1.17 1.56
Octanol-water partitioning coefficient logK,,, 4.57 0.46 (at pH 7)
Aqueous solubility at 25 °C S,/mg I

Dissociation constant pK,

1.29 825

3.07 (weak acid)

aAs cited in Xia and Ball (1999); PAccording to Tomlin (2001)
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sorbate in the soil (mg kg™"), C is the sorbate concentration
in solution after sorption (mg I), Ky is the linear distribution
coefficient (I kg™'), K; is the Freundlich sorption coefficient
(mg'"" kg=! 1) and 1/n describes curvature of the
sorption isotherm. In general, the sorption isotherms for
all systems at all soil contact times were linear with the 1/n
values close to 1 and not statistically different from 1 at the
0.05 probability level (Fig. 1a, b and Table 2). As can be
seen in Fig. 1a and Table 2, the sorption of phenanthrene
did not increase from 2 to 180 d as the observed K values
remained constant for contact times between 2 to 180 d.
These results agree well with the observations of Kan et al.
(1994) that sorption of phenanthrene reached equilibrium

within 1 d. However, Gamst et al. (2004) and Huang and
Weber (1998) observed continuous increases in sorption
of naphthalene and phenanthrene in soils for contact times
ranging from 1 d to 21 d and from 1 d to 368 d, respectively.
Several hypotheses regarding the observed slow sorption
kinetics of hydrophobic organic chemicals have been
proposed, however hindered intraparticle diffusion through
the narrow pore network of the soil particles (Ball and
Roberts, 1991) and through the soil organic matter (Weber
and Huang, 1996; Brusseau et al., 1991) seem to be the
more reasonable theories. Therefore, the constant sorption
of phenanthrene observed in this study does not appear to
support these theories, but as it was emphasized by Huang

Tab. 2
Linear distribution coefficients (K), organic carbon distribution coefficients (K, = K4/f,.) and Freundlich sorption parameters (K; and 1/n)
for phenanthrene and MCPA sorption in soil

Contact time Ky Koo K;

(day) (I'kg™) This study (mg'="n kg I/n) 1/n
Phenanthrene 2 1172 (5.2)2 9 686 12 589- 138.8 (22.1)2 1.098 (0.091)2
30 120.3 (11.3) 9942 23000° 205.6 (37.7) 1.299 (0.103)
180 108.2 (4.0) 8 942 14 791¢ 115.1 (21.0) 1.037 (0.107)
MCPA 2 0.39 (0.02) 32 27-1569 0.56 (0.27) 0.919 (0.110)
30 0.42 (0.02) 35 55-124¢ 0.57 (0.20) 0.932 (0.081)
180 0.43 (0.07) 36 0.31 (0.64) 1.078 (0.479)

295 % confidence interval in parentheses; °From Chiou et al. (1998) and Karickhoff et al. (1979); ®Value from logK, = 0.989logK,,, — 0.346
(Karickhoff, 1981); 9From Socias-Viciana et al. (1999); °From Hiller et al. (2008)
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and Weber (1998), the differences in the reported sorption
rates are likely in part due to differences in the initial
concentration levels employed and the types of sorbent
organic matter. The sorption of MCPA did not change with
increasing soil contact time, as indicated by constancy of
the Ky values (Table 2). This result contradicts with that
obtained by Sharer et al. (2003b) who observed anincrease
in sorption of 2,4-D, the herbicide familiar to MCPA, with
increased contact time. The authors hypothesized that the
less polar organic chemicals would exhibit faster sorption
kinetics than the polar organic chemicals and this was
attributed to the increased reactivity of polar chemicals
with polar functional groups of soil organic matter (Xing
and Pignatello, 1996; Brusseau and Rao, 1989). The
experimental organic carbon distribution coefficient value of
phenanthrene (K, = K4/foc) agreed well with other literature
values (Chiou et al., 1998; Karickhoff et al., 1979) and that
estimated from the phenanthrene K., value according to
the regression equation of Karickhoff (1981) (Table 2). This
result implies that phenanthrene partitioning into the soil
organic matter was the predominant sorption mechanism.
The K, value of MCPA is similar to those obtained in
previous studies (Hiller et al., 2008; Socias-Viciana et al.,
1999) and much lower compared with that of phenanthrene,
reflecting its low sorption by the soil and high mobility. The
differences in the sorption of phenanthrene and MCPA
were obviously due to differences in their water solubilities
and hydrophobicities, as commonly observed for other
organic compounds (Briggs, 1981).

Desorption kinetic data are shown in Fig. 1c, d, where
the desorbed amount was expressed as a percentage
of the total sorbed amount. Desorption equilibrium was
achieved within 1 d for all of the systems evaluated (Fig.
1c, d). However, as can be seen from Fig. 1c, d, the extent
of desorption decreased significantly for both organic
chemicals when contact time increased from 2 d to 180 d.
After 2 d, approximately 4 % phenanthrene and 50 % MCPA
were desorbed, while with prolonged contact time for
180 d only 2.5 % phenanthrene and 34 % MCPA could be
desorbed in one desorption step. The decline in desorption
extent of phenanthrene and MCPA with increased contact
time reported in this study is consistent with observations
from previous studies where nondesorbable fractions of
different organic chemicals were found to significantly
increase with increased aging (Sharer et al., 2003a, b).
The effects of aging on the desorption of chemicals in soils
are likely associated with continuous diffusion and retention
of compound molecules into remote and inaccessible
region within the soil matrix, although exact mechanisms
of aging are still poorly understood. The results of this
study as well as studies of soils from field sites with aged
and freshly added organic chemicals (Erickson et al.,
1993; Scribner et al., 1992; Pignatello and Huang, 1991;
Steinberg et al., 1987) suggest that the extent of desorption
decreases significantly with time of aging. Such reductions
in desorption are found to be associated intimately with
a decline in bioavailability and biodegradability of organic
chemicals in soils. Steinberg et al. (1987) showed that very
low release of the native 1,2-dibromoethane into aqueous

solution from the soil was associated with its negligible
degradation, whereas the freshly added 1,2-dibromoethane
was readily desorbed and degraded. These findings were
explained in terms of a diffusion-based model where
organic chemical migrates deeper into unavailable sites
with the soil matrix as a consequence of long exposure
times. Erickson et al. (1993) observed no desorption of
the native polycyclic aromatic hydrocarbons from the field-
-contaminated soil and only their very limited degradation
by PAH degrading organisms.

Conclusions

The results of this study show that soil contact time
ranging from 2 to 180 d had no effect on the extent of
phenanthrene and MCPA sorption. The sorption isotherms
were approximately linear at all incubation times. Despite
the fact that there was no observable increase in the
retention of phenanthrene and MCPA with the soil contact
time, the extent of their desorption from soil decreased
significantly between 2 d and 180 d of incubation. The
fraction of phenanthrene and MCPA that did not desorb
after one step desorption increased from 96 % and 50 %
to 97.5 % and 66 % when soil contact time increased from
2 to 180 d, respectively. Thus, the prolonged time that
organic chemical residues remain in a soil may affect their
re-distribution within sorption sites of the soil matrix as well
as their leaching, bioavailability, and toxicity.
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Dlhodobé sorpcné spravanie sa kyseliny (4-chlér-2-metylfenoxy) octovej
a fenantrénu v obrabanej péde

V poslednych desatrociach sa preukazalo, ze sorpcia
organickych latok v pdédach nie je rychly fyzikalno-
-chemicky proces, ale naopak, pomaly, pricom ustalenie
termodynamickej rovnovahy v sustave péda — vodny
roztok moze prebiehat stovky dni, ba dokonca az niekolko
rokov (Ball a Roberts, 1991). Coraz silnej$ia fixacia
akumulovanych organickych latok v péde s pribudajicim
¢asom kontaktu s p6dnymi zlozkami ma velky dosah na ich
biopristupnost do rastlin a zivo¢ichov, desorpciu, vytaznost
organickymi rozpustadlami, toxicitu, biologicku a chemicku
transformaciu (Sharer et al., 2003a; Conrad et al., 2002;
Hatzinger a Alexander, 1995). Predpoklada sa, Ze tieto
fenomény su sposobené izolaciou molekul organickych
latok vo vnutornych polohach pédnych komponentov,
ktorej vyznam narasta s pribudajucim ¢asom zdrzania
organickej latky v pode (Alexander, 1995). Zanedbanie tejto
skuto¢nosti mdze viest k podhodnoteniu realnej sorpénej
kapacity pédneho prostredia, k nespravnemu odhadu
pohyblivosti a biopristupnosti kontaminujicich organickych

latok, a dokonca aj k nadhodnoteniu zdravotnych rizik
pre zivé organizmy, vratane ¢loveka (Alexander, 2000).
Hlavnym cielom tejto Studie bolo rozsirit sucasné
poznanie o vplyve Casu kontakiu s p6dou na sorpcné
a desorptné spravanie sa dvoch organickych latok
s rozdielnou rozpustnostou vo vode v obrabanej péde
pomocou laboratérnych experimentov. Sledovalo sa to
pre fenantrén (polycyklicky aromaticky uhlovodik, ktory je
beznym produktom spalovania fosilnych paliv a biomasy)
a MCPA (aktivna chemicka latka pouzivana ako herbicid)
pri nasledovnych ¢asoch kontaktu s pédou: 2, 30 a 180 dni.
Zakladné fyzikalne a chemické vlastnosti sledovanych
organickych latok v tejto Studii su uvedené v tab. 1.
Stanovené zavislosti koncentracie organickych latok
sorbovanych v pode (S) od ich koncentracie zostavajuce;j
v roztoku (C) vyhovovali linearnej adsorpénej izoterme
(S = K4C), ako aj Freundlichovej adsorpénej izoterme
(S = KiC'"), kde Ky je linearny rozdelovaci koeficient
(I kg™, K; je Freundlichov koeficient (mg'-""kg=" 1" a 1/n
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udava zakrivenie adsorpénej izotermy. Adsorpéné izotermy
pre vSetky sledované sustavy a ¢asy kontaktu s pédou boli
priblizne linearne, pretoze hodnoty 1/n oscilovali okolo 1
(obr. 1a, b a tab. 2). Ako tiez mozno vidiet z obr. 1a a tab. 2,
sorpcia fenantrénu sa nijak nezvysila pri dlhSich ¢asoch
kontaktu v porovnani s ¢asom 2 dni, pretoze hodnoty
Ky pre jednotlivé ¢asy kontaktu s pddou sa nezmenili.
Tieto vysledky su v sulade s vysledkami Studie Kana
et al. (1994), ktori zistili, ze ustalenie sorpénej rovnovahy
fenantrénu v sedimente sa dosiahlo za 1 den. Na druhej
strane, Huang a Weber (1998) pozorovali kontinualny
narast v sorpcii fenantrénu pédami s pribudajucim
¢asom kontaktu od 1 dna do 368 dni. Na vysvetlenie
pomalej sorpcie existuje viacero fyzikalnych predstav,
no najpravdepodobnejSie sa zdaju byt tie zalozené
na difuzii rozpustenych molekul pérmi v agregatoch
p6dy a cez pddnu organickd hmotu (Ball a Roberts,
1991; Brusseau et al., 1991). NaSe vysledky vSak
nepotvrdzuju tieto predstavy, ale ako zddraznuju autori
Huang a Weber (1998), zistené rozdiely v rychlosti sorpcie
fenantrénu v pédach medzi publikovanymi Stadiami su
Ciastocne spbsobené rozdielmi v pouzitych pociato¢nych
koncentraciach fenantrénu v roztoku a v zlozeni a Strukture
p6dnej organickej hmoty. Ani v pripade MCPA neboli
pozorované ziadne vyznamné zmeny v ustalovani sorpéne;j
rovnovahy (obr. 1b a tab. 2). Tento vysledok je v protiklade
s pozorovanim autorov Sharer et al. (2003b), ktori zistili
narast sorpcie 2,4-D v pbde s rasticim ¢asom kontaktu,
¢o je organicka latka velmi podobna herbicidu MCPA.

Zavislost desorbovaného podielu od ¢asu je znazor-
nena na obr. 1c, d. Sledované desorpcné sustavy dosiahli
rovnovazny stav za 1 defi (obr. 1c, d). Co je véak na prvy
pohlad viditelné z obr. 1c, d, v porovnani s ¢asom kontaktu
2 dni sa desorbovany podiel obidvoch testovanych
organickych latok vyznamne znizil po ¢ase kontaktu 180
dni. Vysledky tejto Studie, ako aj dalSich (Sharer et al.,
2003a, b; Steinberg et al., 1987) ukazuju, ze desorbovany
podiel organickych latok z péd sa mbéze znizit s pri-
budajucim ¢asom zdrzania tychto latok v pédach. Hoci
presny fyzikalny mechanizmus je dodnes neznamy,
predpoklada sa, ze znizenie desorpcie organickych latok
z pbdy s pribudajucim ¢asom kontaktu je spo6sobené
difuznou migraciou rozpustenych molekul organickych
latok do tazko dostupnych poléh v ramci pddnej matrice.
So znizenou intenzitou desorpcie potom uUzko suvisi
pokles v ich biopristupnosti pre mikroorganizmy, ktoré
maju schopnost rozkladat tieto latky (Erickson et al., 1993;
Scribner et al., 1992; Pignatello a Huang, 1991).

V zavere mozno konstatovat, ze ¢as kontaktu orga-
nickych latok s pd6dou nemal Ziadny preukazatelny vplyv
na sorpénu kapacitu pédy a intenzitu sorpcie fenantrénu
a herbicidu MCPA. Napriek tomu sa vsSak miera ich
uvolfiovania z pddnej matrice po 180 drioch kontaktu
pbddy s rozpustenymi molekulami znizila priblizne o 1/3
v porovnani s ¢asom kontaktu 2 dni. Da sa usudzovat,
ze Cas zotrvania rezidui organickych latok v péde méze
ovplyvnitich redistribuciu v sustave péda — voda a su¢asne
ich transport, biopristupnost a toxicitu.



