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The present paper describes an interaction study of phenol, o-cresol, and p-cresol with a rich-clay soil
sample (clay content of 62.3%). Experiments performed using long contact times, in concentrations of
50.0 mg L' showed practically no signal of phenol, o-cresol, and p-cresol after 48, 72, and 120 h,
respectively, suggesting a sorption process. Sorption experiments in the period of 24 h were carried
out with the phenolic compounds in concentrations between 5.00 and 500.0 mg L', and negligible
interaction between the phenolic species and the soil was observed. Additional experiments were
carried out using HgCl, or NaN3 solution as biodegradation inhibitors. After 10 days of contact time in
the presence of inhibitors, no alterations in the concentrations of the three compounds studied were
observed, and the results suggest no sorption process, with the compounds being almost entirely
biodegraded by the soil sample, or possibly the formation of nonextractable residues could occur.
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INTRODUCTION

Phenol and phenolic compounds are an important class of
environmental contaminants for soil and bodies of water. Natural
sources of these compounds include animals’ urine, decay of
vegetation (1), degradation of lignin and humic substances (2, 3),
and the photochemical decomposition of natural substrates from
plants cell walls by UV irradiation (4). However, anthropogenic
sources of phenols comprise the major method of soil and water
contamination. Among the principal sources of phenol wastes in
the environment are oil refineries and the pharmaceutical and
polymer industries (5—7). The appearance of phenol and its
derivatives in the environment may be associated with the use
of these compounds as intermediates in the synthesis of plastics,
dyes, and pesticides (8).

Processes concerning phenol sorption and its derivatives are
very important to the whole soil or its fractions, since they may
serve as indicators of the impact degree, for the soil and to the
groundwater. Phenol is a common constituent of contaminated
soil and groundwater, besides being toxic to plants and aquatic
life (9). Several mechanisms of association between phenolic
compounds and soil minerals can occur, especially hydrogen
bonding and van der Waals interactions (/0). Although these
compound classes are acidic molecules, they are weaker than
carboxylic groups, with pK, values above 9. Thus, the sorption
process of the anion form of these species is generally not
significant on soil organic matter (SOM) and layer silicate clays,
because of the electrostatic repulsion between the molecules and
the negative charge of the soil particles. On the other hand, the
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neutral form can be weakly sorbed by physical processes (11, 12).
These characteristics of phenolic species, as well as the high water
solubility of most compounds (/) and low octanol—water parti-
tion coefficient (log K,) values, provide to phenolic compounds
a high mobility and susceptibility to leaching in soils. A study
performed with a clay-rich soil sample in the presence of an initial
phenol concentration between 5 and 500 mg L' showed adsorp-
tion isotherms with a linear behavior. In this study, the authors
observed a removal near 15% from the initial phenol concentra-
tions. In spite of the great solubility in aqueous medium, the
authors verified that, the greater the soil hydrophobicity, the
higher phenol adsorption, in accordance with results observed for
organically modified soil samples (/2).

The high water solubility of organic compounds with polar
groups such as phenolic —OH causes much more susceptibility to
microbial degradation (/7). As a result, microbial decomposition
is responsible for the apparent enhancement of phenol adsorption
by soils with the increase of the contact time (/3). According to
Viotti et al. (/4), phenol is an organic pollutant that presents
processes of adsorption, biodegradation, and volatilization.
Therefore, special attention should be dedicated in order to
distinguish the type of interaction process involved among a soil
sample and the phenol compounds. An appropriate procedure is
autoclaving the soil to avoid the microbial degradation of phenol
during the sorption experiments (/5). Also, sodium azide (15, 16)
or HgCl, (14, 16) can be used to circumvent the microbial activity
in soils during the sorption experiments. Shaw et al. (17) studied
the effect of autoclaving on selected soil physical and chemical
properties and compared the adsorption of 2,4-dichlorophenol in
autoclaved and untreated soils. Khan and Anjaneyulu (6) report
the influence of soil components on adsorption—desorption of
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phenol, p-nitrophenol, 4-chloro-2-nitrophenol, and 2,4-dichloro-
phenol on soils from an industrial area. The authors showed a
reduction of 67.5%, 53.8%, and 24.2% in the adsorption capacity
in the absence of organic matter, clay, and Fe/Al oxides, respec-
tively, when compared to untreated soils. According this paper,
desorption isotherms exhibited hysteresis at higher initial con-
centrations, suggesting a great degree of irreversibility. Shibata
et al. (18) report a study related to the microbiological degrada-
tion of phenol and some of its alkyl-derivatives with Japanese
paddy soil samples under aerobic and anaerobic conditions. Half-
lives between 24 and 260 days for phenol and between 11 and 740
days for p-cresol were verified under anaerobic conditions. Under
aerobic conditions, such as an aquatic environment, phenol and
alkylphenols were degraded within several days. Some papers
have been dedicated to discuss the methods of soil sterilization to
study the interaction with chemicals (15—17).

Another approach dedicated to understand the behavior of
phenolic compounds in soils is the influence of oxidoreductive
enzymes. Phenolic compounds may be transformed by an oxida-
tive coupling reaction, and the formation of less soluble com-
pounds takes place with higher molecular weight than that of the
parent compounds (/9). Under this condition, the enzymatic
oxidation products may interact with phenolic constituents from
humic substances by cross-coupling reactions (/9—21). In this
case, the products formed may be strongly retained in the
hydrophobic soil fraction, avoiding the bioavailability of pheno-
lic compounds, due to the low aqueous solubility of the polymeric
compounds (22). This subject has provided several studies con-
cerning the use of enzymes in remediation of soil contaminated
with phenolic compounds (20—23). According to Barriuso
et al. (24), phenols are between the reactive groups that tend to
yield a larger proportion of nonextractable residues (NER) in
soils, and a small percentage of NER may be released from
the soils.

The aim of this work was to study the interaction of phenol,
o-cresol, and p-cresol with a soil sample rich in clay fraction that
was collected in an experimental area near a shale industry. A
comparison of mercuric chloride and sodium azide methods was
performed to investigate the existence of phenolic compounds
biodegradation. A reasonable water volume is generated in the oil
shale industrialization, arising from the shale pyrolisis process.
This water can be used as soil conditioner, due to being rich in
micronutrients important to plants and crops. Nevertheless, a
high content of other not desirable compounds, such as phenol
and the derivatives o-cresol and p-cresol, can be present in this
water. Although the water would be diluted previously to the
application, it is very important to be aware of the phenolic
compounds’ behavior in the presence of the soil sample in order to
prevent and avoid the leaching to groundwater.

MATERIALS AND METHODS

Soil Sample. The soil sample, classified as Ultisol, was collected in the
experimental area of Embrapa Clima Temperado in Sao Mateus do Sul,
150 km distant from Curitiba City, Parand State, Brazil. The region has no
history of the application of herbicides or other chemicals. The soil
samples were collected at depths between 0 and 20 cm from several
different points and mixed to compose a sample. The soil was air-dried for
three days. The sample was composed considering that 34.98%, 23.52%,
and 41.49% of the sample passed through the sieves of 9 mesh (2 mm), 16
mesh (I mm), and 60 mesh (0.25 mm), respectively. Such aggregate
distribution represents the natural distribution of soil aggregate. Approxi-
mately 2 kg was kept in an oven at 60 °C for 24 h and stored in a desiccator
to be employed in all experiments. Some characteristics of the sample are
shown in Table 1.

Apparatus and Reagents. An UV 2401 PC, Shimadzu spectrophoto-
meter, with a 1.0 cm quartz cell was employed to obtain the spectra of the
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Table 1. Main Characteristics of the Soil Sample

characteristics results
pH (0.01 mol L™" CaCl, solution)? 450 £+ 0.01
loss on ignition (%)? 19.79 + 0.04
textural characteristics (%)
sand 2.6
silt 31.1
clay 62.3
elemental analysis (%)*
C 37+03
H 22402
N 0.10 4 0.02
CEC (cmol kg™ ")® 314403

The results express the medium value of three experiments.

phenolic compounds in the ultraviolet (UV) and visible (VIS) regions and
to quantify the remaining concentrations after the sorption experiments. A
Gehaka PG-2000 potentiometer (resolution of 0.01 pH units) coupled to
an Ag/AgCl combination glass electrode was utilized for all pH measure-
ments and adjustments, when necessary. A Perkin-Elmer elemental
analyzer CHN 2400 was utilized to determine the C, H, and N composition
of the soil. The content of the main oxides present in the soil sample was
estimated employing a Philips Analytical PW 2400/00 X-ray fluorescence
(XRF) spectrometer equipped with a sampler changer 2510. The identi-
fication of the clay minerals was carried out by basal spacing using X-ray
diffraction with a Philips Analytical X-ray diffractometer PW-1830. A
flame photometer Digimed, DM-61, was utilized to determine the cation
exchange capacity (CEC) by the sodium saturation method (12, 25, 26).
Other auxiliary equipment, such as an orbital shaker, an oven, a centrifuge,
and micropipets, was employed to perform all the experiments. Water used
in all experiments was distilled and deionized using the Simplicity system
from Millipore coupled to an UV lamp. The phenol standard solutions and
all the analytical reagents were supplied by Merck, Aldrich, and Carlo
Erba or similar companies. Table 2 shows the selected properties of the
phenol compounds under study. Phenol, o-cresol, and p-cresol solutions
were prepared in concentrations of 1000.0 mg L', standardized by the
bromide-bromate method (27), and stored in stoppered amber glass
bottles at 4 °C.

Table 2. Selected Properties of the Target Chemicals

Properties phenol o-cresol p-cresol
OH OH OH
CH;
Structure
CH,
Molecular Weight (g mol™) 94.11 108.14 108.14
Vapor Pressure (mmHg) 0.357 (20°C) 0.31(25°C) 0.13 (25°C)
Water Solubility at 25°C (g L) 93 25 23
pK,at 25°C 9.89 10.20 10.17
log Kow 1.46 1.95 1.94

Sorption Experiments. The soil mass for all sorption experiments was
estimated according to OECD (ORGANISATION FOR ECONOMIC
CO-OPERATION AND DEVELOPMENT) (28). One gram (£0.1 mg)
of the dried soil sample was transferred to ten amber glass flasks with
60 mL of capacity. Increasing volumes of 1000.0 mg L ™" phenol solution in
ionic medium of 0.01 mol L ™! CaCl, was transferred to the flasks, between
0.00 mL (blank experiment) and 15.0 mL (500.0 mg L™"). The volume of
all flasks was completed to 30.0 mL with 0.01 mol L™" CaCl, solution,
providing the following final phenol concentrations: 0.00, 5.00, 10.00,
25.00, 50.00, 100.0, 200.0, 300.0, 400.0, and 500.0 mg L™". A buret was
utilized to complete the volumes. An additional five flasks containing
30.0 mL of phenol standard in similar concentrations in 0.01 mol L™
CaCl, medium were prepared, in order to evaluate possible sorption in the
glass walls or volatilization. All flasks were closed, protected from light,
and kept under gentle agitation for 24 h in an orbital shaker at 170 rpm.
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After that, all the suspensions were centrifuged, the supernatant phases
were carefully removed and filtered under vacuum in a 0.45 ym cellulose
nitrate membrane, and the phenol concentration was determined by
spectrophotometry in the UV region (269 nm) for phenol and o-cresol
or in the 277 nm region for p-cresol. In parallel, a triplicate assay was done
using the blank extract of the soil under the same experimental conditions.

Contact Time. Five grams (£0.1 mg) of the dried soil sample was
transferred to a 200 mL amber glass flask, and 150.0 mL of 50.0 mg L™
phenol solution was added in 0.01 mol L™" CaCl, solution. A control
experiment was carried out, under identical conditions, but in the absence
of soil, as well as a blank experiment without phenol. The flasks were
closed, protected from light, and kept under moderate agitation in an
orbital shaker at 170 rpm. After regular time intervals, 4.00 mL aliquots
were taken, just after a manual vigorous homogenization of the suspen-
sion, with this volume being collected as quickly as possible, employing
a micropipet. Next, the suspensions were centrifuged and filtered in a
0.45 um cellulose nitrate membrane. This routine was done for 48 h.
The remaining phenol concentration in each aliquot was quantified by
spectrophotometry at 269 nm, being compared with the control experi-
ment. For o-cresol and p-cresol, the experiments were performed under 72
and 96 h of contact time, and the concentrations of o-cresol and p-cresol
were determined by spectrophotometry in the UV region at 269 and
277 nm, respectively. All experiments were done in triplicate.

Desorption Experiments. One gram (+0.1 mg) of the dried soil
sample was transferred to amber glass flasks with 60 mL of capacity.
Thirty milliliters of 50.0 mg L™ phenol solution in an ionic medium of
0.01 mol L™ CaCl, was added to the flasks. All flasks were closed,
protected from light, and kept under gentle agitation for 120 h in an orbital
shaker at 170 rpm. Next, the suspensions were centrifuged, and 25.0 mL of
the supernatant phases was filtered under vacuum in a 0.45 um cellulose
nitrate membrane, and the phenol concentration was determined by
spectrophotometry employing the 4-aminoantipyrine method (4-AAP)
(12,27). First, the desorption process was assessed employing 0.01 mol L™
CaCl, solution. Next, the evaluation of the desorption process was done by
addition of 25.0 mL of 0.10 mol L™ NaOH solution (3) to the flasks
containing the soil and 5.0 mL of remaining phenol solution. The flasks
were maintained under agitation for 1 h and centrifuged, and the pH of the
supernatant phases was adjusted to 2.0 by HCl additions before the 4-AAP
method was employed. This step was performed in order to obtain the
precipitation of humic acid. With the purpose of verifying the influence of
humic substances, some additional experiments were performed by adding
phenol in the soil blank alkaline extracts followed by the acid treatment,
centrifugation to remove humic acid, and determination of phenol in the
supernatant phase by the 4-AAP method. All the steps of desorption
procedure were repeated to o-cresol and p-cresol. The determination of
p-cresol was made using the UV region in 277 nm.

A spike of phenol was added to the supernatant blank extracts to provide
10.0, 30.0, and 60.0 mg L' phenol concentration. The flasks were
maintained under agitation for 15 min, and the phenol concentration was
determined using the 4-AAP method, in order to assess the phenol recovery.

Microbial Activity Inhibition. An analogous experiment as described
in contact time was performed, but in the presence of 100 mg L' HgCl,
solution or 10 g L™ sodium azide solution. In both situations, a 4.00 mL
aliquot of soil suspension was sampled for phenol, o-cresol, or p-cresol
monitoring, and the suspensions were centrifuged and filtered as already
explained. The phenolic compounds’ concentration was determined using
UV absorption at 269 nm for phenol and o-cresol and at 277 nm for
p-cresol. When the phenolic compounds were not detected in the super-
natant phases, an appropriate spike was done, in order to provide nearly
50 mg L ™" of the respective compound. After that, other aliquots of the soil
suspension were sampled to continue the monitoring of the compounds.
All experiments of microbial activity inhibition were performed in
triplicate.

RESULTS AND DISCUSSION

Soil Characterization. The results of the main characteristics of
the soil sample are shown in Table 1. An unusually high CEC
value of 31.4 0.3 cmol. kg~ ' was observed. According to Melfi
et al. (29), this region of Brazil presents CEC values less than
10 cmol, kg~ ' or between 10 and 25. This high CEC value is in
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good agreement with the high organic carbon (OC) content (3.7 £
0.3), as well as the clay percent (62.3%), which can contribute
to an enhancement of the CEC value, as observed for Meng
etal. (12) for a soil sample with a CEC value of 28.09 cmol. kg ",
aclay content of 53.04%, and a pH of 8.24. However, it should be
emphasized that the sodium acetate method is more appropriate
for calcareous soils and not for acidic ones. In addition, Diimig et
al. (30) verified high values of OC and clay contents for many soil
samples, with CEC values between 18.3 and 155.2 cmol, kg™ ".
According to the authors, the higher values of organic carbon are
related to the greater CEC values. A high loss of mass on ignition
of almost 20% was determined, as a result of the hydroxyl-rich
secondary minerals and organic matter present in the clay
fraction thatis characteristic of clayey soils in South America (37).
Considering soil organic matter (SOM) as 1.724 x OC % (15,32),
approximately 6.4 of the soil mass is related to SOM, and as a
consequence, the mass depletion on the order of 13.6% may be
attributed to the structural hydroxyl of the mineral clay fraction,
such as kaolinite, gibbsite, and goethite (37). In spite of the fact
that these minerals have not been quantified, the XRD confirms
their presence, that is corroborated by the soil mineral composi-
tion of the south region of Brazil (30, 33—35). It is important to
notice that the results of textural properties and carbon content
are in good accordance with those for other soils from the
metropolitan region of Curitiba city (34). The pH value of 4.50

+0.01 in a 0.01 mol L™ CaCl, solution is characteristic of the
southern Brazilian soils, as shown by Bortoluzzi et al. (33), who
investigated 75 soil samples, with results ranging from 3.5 to 5.4.
The pH value shows that the soil sample is acidic, probably due to
the Brazilian soils being rich in aluminum and iron content. The
results of XRF are shown in Table 3, expressed as oxides, and
confirm the high aluminum oxide content of 27.4% and iron
oxide of 12.9%, with the sum of these two oxides being higher
than the SiO5 content of 34.1%. The Al,O5 content is comparable
to the results obtained by Melo et al. (35) for 40 samples of soils
from the metropolitan region of Curitiba, with Al,O; contents
between 19.5and 39.9%. Also, for the Fe,O5 content, the result of
the present paper is greater in comparison with the maximum
value of 8.9% (35), justifying the small pH value.

Table 3. Oxides Content of the Soil Sample
oxide S|02 A|203 F8203 T|02 Ca0 MgO Nago K20 MnO P205

content (%) 341 274 129 16 023 071 004 085 004 025

Analytical Methods. The spectra of the supernatants after
filtration in a 0.45 um cellulose nitrate membrane are shown in
Figure 1. These experiments were done to evaluate if the quanti-
fication method would be employed for the soil extract analysis.
The phenol solution shows a maximum absorbance signal at A =
210 and 269 nm according to spectrum A. Although not shown,
o-cresol and p-cresol had similar spectra with small differences in
A maximum. In spite of filtration through a 0.45 um filter, the
supernatant phase absorbs in all the UV region (spectrum B).
Thus, the study was carried out with a 0.01 mol L™' CaCl,
solution, which does not absorb at 210 or 269 nm (spectrum C).
According to Figure 1 (spectrum D), it is not possible to use 4 =
210 to monitoring the phenolic compounds, which explains the
use of 269 nm for phenol and o-cresol and 277 nm for p-cresol.
The analytical curves were done between 5.00 and 80.00 mg L ™"

Also, the official method of 4-AAP (12,27) in A= 510 nm for
soil extract analysis was utilized, which provides an absorbance
signal almost ten times the signal in 269 nm and better selectivity.
In this case, the analytical curves were performed between 0.50
and 8.00 mg L™". For p-cresol, only the A of 277 nm was
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Figure 1. Absorption spectra in the UV region. (A) 10.0 mg L~" phenol
solution in deionized water; (B) soil extract after 24 h of contact time with
1.0000 g of soil in deionized water; (C) 0.01 mol L~ CaCl, solution; (D)
soil extract after 24 h of contact time with 1.0000 g of soil in 0.01 mol L™
CaCl, solution.

employed, since there is no significant reaction with 4-AAP
(27). A recovery experiment was performed in order to verify if
the 4-AAP method could be applied to soil extract analysis,
although this method had been employed for comparable situa-
tions (/2). The phenol concentrations employed in this experi-
ment were 10.0, 30.0, and 60.0 mg L', and the recovery for
triplicate analysis was 10.4 &+ 0.3, 29.9 £ 0.5, and 59.3 £+ 0.5,
respectively, suggesting that the method was appropriate to
determine phenol in soil extracts, showing no interference due
to the complexity of the soil matrix, with little standard deviation.
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Figure 2. Sorption isotherms of the phenolic compounds after 24 h of
contact time with 1.0000 g of soil in 30.0 mL of 0.01 mol L~ CaCl, solution.
The initial concentration of the phenolic species is between 5.00 and 500.0
mg L. The points denote the medium result of three experiments.

Sorption Experiments. In this study, the UV method was
utilized to carry out the quantification of phenol, o-cresol, and
p-cresol. Although the first concentration of the phenolic species
for the analytical curves or sorption experiments was 5.00mg L™,
it is important to notice that the LOQ observed for this method
was near 1.00 mg L™". The isotherms of the phenolic species
removal for initial concentrations between 5.00 and 500.0 mg L™
are shown in Figure 2. For phenol and p-cresol, the curves showed
a very similar behavior and are almost linear, and a removal
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between 10 and 4% was verified for phenol and one of between 25
and 4% for p-cresol, for the first and the last point of the sorption
isotherms, respectively. For o-cresol the sorption was not signi-
ficant, being near 3% for the first point of the curve and 0.7% for
the last point. This behavior was not in good agreement with the
literature (18,22, 23), since the sorptions of phenol and o-cresol in
these references were very similar. In addition, characteristics such
as the log Kow and water solubility of both cresols are analogous,
which would suggest a similar sorption process. The source of this
different behavior is not clear at this time, indicating the necessity
of additional studies. The sorption decreasing for the three
compounds suggests a saturation of the soil sorption sites,
probably due to the high phenolic compounds’ concentration.
For an initial concentration of 50.0 mg L™, the concentrations of
phenol, o-cresol, and p-cresol were close to 46, 48, and 46 mg L,
respectively, after 24 h of contact time. Meng et al. (/2) showed a
superior sorption process results for a study between a soil sample
and phenol, under the same contact time and initial phenol
concentration of 50.0 mg L™". According to this study, nearly
38 mg L' was maintained in equilibrium after the contact time.
Although the soil characteristics, such as clay, sand, silt, organic
matter, iron and aluminum oxides, pH, and CEC, of this study (/2)
are very different in comparison with those of the present study,
the phenol removal was quite similar. The soil under study is rich
in clay fraction (62.3%), as well as organic carbon (OC) (3.7%),
according to Table 1. Three different compositions of soils were
studied by Khan and Anjaneyulu (6), with clay contents of 7, 10,
and 28.3% and OC contents 0f 0.93, 1.5, and 2.4%, demonstrating
a moderate interaction between the soil samples and phenol. For
the same initial concentration of 50.0 mg L', these authors
verified an equilibrium phenol concentration between 40 and
43 mg L™" after 24 h of contact time. In this study was employed
60 mg L™ of soil suspension, while in the study of Meng et al. (12)
was utilized 100 mg L™, and in the present study, nearly 33 g L™
of soil suspension was used. Therefore, this indicates that a
different relation between the liquid and solid phases exerts a
significant influence on the sorption process due to an augment of
the sorption sites. These remarks suggest that phenolic com-
pounds have negligible sorption by soil samples with distinct
characteristics, and consequently, a great leaching potential may
take place for this class of compounds.

Contact Time Experiments. Usually, a contact time of 24 h is
employed in this kind of sorption studies. Despite this, a new step
was performed to investigate if this contact time would be more
appropriate for the experiments and in order to attain the appa-
rent equilibrium time. An initial concentration of 50.0 mg L™
was utilized to estimate the ideal equilibrium time. The curves
for phenol, o-cresol, and p-cresol, being the first points indis-
tinguishable up to 5 h of contact time, are showed in Figure 3. The
phenol concentration after 24 h of contact time was close to 36 mg
L™, that is, quite different in comparison to the result shown in
Figure 2, near 46 mg L™'. On the other hand, for o-cresol and
p-cresol, similar results were obtained after the period of 24 h, in
comparison to the results from the isotherm (Figure 2). After 48 h,
practically no phenol was detected, while for o-cresol and
p-cresol, similar behavior was observed, but after 72 and 120 h,
respectively, suggesting a complete sorption after these contact
times. After 48 h of contact time, the phenol concentration was
smaller than 5.00mg L™ ! that s, the first concentration of phenol
standard solution from the analytical curve. Nevertheless, the
LOD of the method for the three phenolic compounds was near
1.00 mg L™, indicating at least 98% of phenol removal. The
study with o-cresol and p-cresol showed similar behavior,
although no significant removal was observed to o-cresol until
24 and 72 h for p-cresol, according to Figure 3. It is important to
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Figure 3. Contact time study between 5.0000 g of soil and 150.0 mL of the
phenolic compounds at an initial concentration of 50.0mg L ™" in 0.01 mol L™
CaCl, medium. The dotted line represents an estimative of the LOQ value.
The points denote the medium result of three experiments.

notice that the results suggested a complete removal of phenol,
o-cresol, and p-cresol, and this experiment provided no realistic
information about the apparent equilibrium time. Also, no
significant sorption in the internal glass walls or volatilization
of the three compounds was observed, based on the results from
the control experiments. On the one hand, the physicochemical
characteristics of the phenolic compounds under study (Table 2)
suggest that the phenolic compounds have a hydrophilic beha-
vior. The octanol—water partition coefficient (log Kow) and
water solubility (g L™") for the phenolic species are as follows:
phenol (1.46 and 93), o-cresol (1.95 and 25), and p-cresol (1.94
and 23), respectively. Xu and Bhandari (22) verify that the
sorption process of phenol, o-cresol, and 2.4-dichlorophenol is
higher according to the lesser water solubility and the greater log
Kow values. The water solubility (4.5 g L") and log Kow (3.20)
of the 2.4-dichlorophenol showed the greatest extent in the
sorption process, when compared to the other two phenolic
compounds. In the present study, the pK, values of the species
are near 10 (Table 2), and the pH of the soil suspensions under the
experimental conditions was close to 4.5; that is to say, under this
condition, the phenol is in neutral form, which could provide a
sorption process by hydrogen bonding with the soil surfaces (15).
According to Khan and Anjaneyulu (6), sorption isotherms with
three soil samples showed a clear influence of the augment of
phenol removal due to the enhancement of carbon content. In
addition, the authors showed a study with these soils, but with the
previous removal of organic matter from three soil samples,
verifying a significant reduction in the adsorption capacity
(67.5%) in comparison with the case of untreated soil. An
augment of the hydrophobicity seems to be responsible by the
enhancement in the phenol sorption by organically modified
soils (12), as well as for organically modified clay minerals
©, 36). From this point of view, the soil under study showing
great carbon content (3.7%), consequently, should provide a high
phenol removal.

Desorption Study. On the basis on the complete apparent
removal of phenol, o-cresol, and p-cresol, a desorption study
was performed, in order to evaluate the phenol recovery. After
120 h of contact time, between the 50.0 mg L! phenol, o-cresol,
or p-cresol solution in 0.01 mol L' CaCl, medium and the
soil sample, the supernatant phases showed no measurable
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concentrations of the three compounds. This is in good accor-
dance with the experiments of contact time, suggesting total
removal of the three compounds. After the sorption process,
several desorption experiments with 0.01 mol L' CaCl, solution
were done, but the concentrations in the supernatant phases were
lower than the LOQ of the method, suggesting a totally irrever-
sible process. On the contrary, Khan and Anjaneyulu (6) pre-
sented 71.5, 60.2, and 53.2% of desorption for an initial phenol
concentration of 5.00 mg L~ and 63.9, 50.7, and 48.7% for an
initial phenol concentration of 25.0 mg L™, for carbon contents
0f 0.93, 1.5, and 2.4%, respectively. This hysteresis effect may be
attributed to the degradation of the compounds during the
contact time (6, /8) or also by the physical or chemical properties
of soil solution system (6). Furthermore, the soil particles’
micropores can trap the sorbate due to cooperative sorption,
and as a consequence, the desorption is not expected to follow the
same path as in sorption, with the hysteresis process occur-
ring (15). Because no desorption of the phenolic compounds
was observed, a new series of experiments was performed using a
0.10 mol L™' NaOH solution as extractor solution. After the
contact time between the soil sample and the 0.10 mol L™' NaOH
solution, the supernatant phase was analyzed, and no phenol,
o-cresol, or p-cresol was detected in the solution. Itisimportant to
notice that, in this desorption step, the 4-AAP method was
employed in order to provide a small LOQ (except for p-cresol,
which was quantified at 277 nm), and only noises were observed
in the baseline of the spectra. In spite of the great number of steps
in the 4-AAP method, according to recovery experiments, no
interferences in the determination of the phenolic species were
observed. This corroborates that phenolic compounds were not
present in the soil or were not desorbed by the alkaline medium,
although NaOH solutions have been employed to extract phenol
from soils, providing quantitative recoveries. According to
Crespin et al. 3), a 0.10 mol L™" NaOH solution provided
recoveries of 90% and 60% for phenol and p-cresol, respectively,
for only 1 min of contact with soil samples. The authors stated
that soil particles under higher pH values are negatively charged,
as well as the phenolic compounds, and consequently desorption
of phenolic compounds is favored, while the sorption is hindered.
Because the NaOH solution is frequently used to extract humic
substances from soil samples, the addition of HCI solution to
reduce the pH value could provide phenol removal with humic
acid, mainly due to the compounds to be protonated. Thus,
other series of experiments were done by the addition of the
phenolic compounds in the concentrations 1.00 mg L™ (phenol
and o-cresol) and 5.00 mg L™ (p-cresol) in the alkaline super-
natants, followed by the precipitation of the humic acid with HCI
solution. For the three compounds, the recoveries (%) after the
whole process were as follows: phenol, 93 + 1; o-cresol, 91 & 1;
and p-cresol, 110 £ 3, indicating no interaction between humic
acid and the phenolic compounds, at least under these conditions.
Although the analysis had been carried out in the VIS region
(except for p-cresol), it is relevant to report that, after the alkaline
desorption, no UV absorption was verified in the spectra,
indicating that no absorbent species in the UV region were
formed in the alkaline supernatants. Therefore, these remarks
suggest that other processes may be involved, but not sorption or
volatilization, especially due to the nonoccurrence of desorption
in alkaline medium. Maybe an irreversible sorption process such
as nonextractable compounds may take place or even the degra-
dation of the phenolic compounds may be arising (15, 24).
Microbial Activity Inhibition. The results of biodegradation
experiments for phenol are shown in Figure 4. The monitoring for
the period of ten days showed a reduction in the phenol
concentration near 2.0 mg L™" after two days of contact time.
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Figure 4. Monitoring of phenol concentration versus time in the absence of
inhibitor (A), in the presence of a 100 mg L~ " HgCl, solution (B), and in the
presence of 10 g L~ azide solution (C). Initial phenol concentration and
spike values, 50.0 mg L™ soil mass, 5.0000 g; initial volume, 150.0 mL;
ionic medium, 0.01 mol L~ CaCl, solution. The points denote the medium
result of three experiments.

This is in good agreement with the data from Figure 3. A spike
was made in order to provide a phenol concentration near
50.0 mg L™', and again the concentration was decreasing until
2.0 mg L', after an additional three days of contact time.
According to Figure 4, after the second and third spike, the
behavior of the system was very similar. Comparable results were
obtained by Viotti et al. (/4), but the soil and initial phenol
concentrations were 60 g L' and 200 mg L™, respectively, with
eight days being necessary to proportionate a total consumption
of phenol, and the authors showed a faster depletion in phenol
concentration after each new phenol spike. The experiments done
in the presence of a 100 mg L™' HgCl, solution or a 10 g L™
NaNj solution also are shown in Figure 4. In both cases, the
concentration remained practically constant during ten days,
although for NaNj inhibitor, an abrupt reduction of the phenol
concentration was observed at the first point, near 39 mg L™
This aspect is not clear, suggesting a partial sorption of phenol in
the soil sample, close to 20%. On the other hand, for HgCl,, no
partial sorption was observed, although Viottiet al. (/4) showed a
great diminution in the phenol concentration during the 18 days
of the experiment. Analogous profiles were verified for o-cresol in
Figure 5. Nevertheless, only two spikes were made during the 10
days of the experiments, in the absence of azide or HgCl,
inhibitors. For o-cresol, an initial diminution in the concentration
was observed until 43 mg L™ in the presence of azide, remaining
constant until the last day of the assay, while for HgCl, a gradual
depletion in o-cresol concentration occurred until two days, and
after that the concentration remained approximately constant.
For p-cresol (Figure 6) the curves were very similar to those for
o-cresol, but the initial concentration for the three situations was
near 45 mg L' and as observed for o-cresol, the p-cresol
concentration continued constant until the end of the experiment.
Both o-cresol and p-cresol showed a higher contact time to reduce
totally their concentrations in comparison with phenol, in the
absence of the inhibitors, and thus three spikes were made against
two spikes for the cresols. This feature may be related to the
different molecular structure of the cresols, which could provide a
longer lifetime to degradation. According to Figures 4—6 for the
three phenolic compounds, practically no sorption was verified,
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Figure 5. Monitoring of o-cresol concentration versus time in the absence
of inhibitor (A), in the presence of 100 mg L~" HgCl, solution (B), and in the
presence of 10 g L~ azide solution (C). Initial o-cresol concentration and
spike values, 50.0 mg L™": soil mass, 5.0000 g; initial volume, 150.0 mL;
ionic medium, 0.01 mol L~ CaCl, solution. The points denote the medium
result of three experiments.
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Figure 6. Monitoring of p-cresol concentration versus time in the absence
of inhibitor (A), in the presence of 100 mg L~* HgCl, solution (B), and in the
presence of 10 g L~ azide solution (C). Initial p-cresol concentration and
spike values, 50.0 mg L™"; soil mass, 5.0000 g; initial volume, 150.0 mL;
ionic medium, 0.01 mol L~ CaCl, solution. The points denote the medium
result of three experiments.

in the presence of both inhibitors, since the concentrations
practically did not vary.

Concluding Remarks. Based on the results previously discussed,
one can speculate that the phenolic species here studied have
negligible interaction with the clay-rich soil sample, for a period
of 24 h, at least for this specific soil sample, which represents the
region under study, with the characteristics mentioned in Table 1.
On the other hand, at higher contact times, the results suggest
a complete sorption process after 48, 72, and 120 h, for phenol,
o-cresol, and p-cresol, respectively, which was not confirmed by
recovery experiments in the presence of 0.01 mol L' CaCl, or by
0.10 mol L™' NaOH solution as extractors. Biodegradation
studies with two different inhibitors indicate that an insignificant
sorption process occurs with the three species, and between 2 and
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4 days their concentration is very low. Thus, two approaches are
feasible, the biodegradation or the formation of nonextractable
residues. Notwithstanding this, one would suppose a major
likelihood of a biodegradation process, on account of neither in
HgCl, nor in NaNj for 10 days of contact time has been observed
depletion in the concentration of the phenolic species, conversely
expected for the generation of nonextractable compounds.
Briefly, the utilization of water containing these species in soil
could attain the groundwater, if great volumes of water are
employed, or due to leaching by rainfall. Otherwise, the remain-
ing phenolic species in these soil samples, with the characteristics
described, would be biodegraded or even continue to be present as
nonextractable residues, and for this reason, no risks of ground-
water contamination could take place.
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