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Abstract: The presented studies focused on benzene sorption mechanisms in the semi-permeable geological for-
mations (aquitards). Clay formations were taken under consideration as not well investigated so far. Natural
clay samples artificially contaminated with benzene were used in batch and column experiments to determine
benzene partitioning and retardation in the studied clay material, and to reflect natural groundwater flow condi-
tions. Column tests were carried out under controlled water flow conditions and using undisturbed clay samples.
Benzene concentrations in tested samples (water and soil) were determined by gas chromatography (GC-FID).
The linear sorption isotherm was used to fit the experimental data, as well as calculate the distribution coefficient
(K;=0,042) and the retardation factor (R = 1.21) of benzene in the studied clay material. These parameters are im-
portant for mathematical modelling of the fate and transport of benzene through the semi-permeable formations

(clays) to assess the associated risk and to prevent groundwater resources from contamination.
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INTRODUCTION

Petroleum products are organic compounds de-
rived from oil extraction and production indus-
tries and transport. They comprise a large group of
chemicals such as: aliphatic and aromatic hydro-
carbons, chlorinated hydrocarbons and phenols
(Witczak & Adamczyk 1995, Pinedo et al. 2013).
When released to the environment they can con-
taminate soil-water systems (i.e. soil, soil vapours
and groundwater). Physical-chemical properties of
petroleum compounds (solubility, density, viscos-
ity, volatility) are very important in terms of both:
their migration in soil and groundwater and sub-
sequent remediation of polluted sites. Petroleum
compounds can be present in soil-water systems as
a free-phase (non-aqueous phase liquids - NAPLs),
volatile organic compounds (VOCs), sorbed to soil
matrix or dissolved in groundwater. Migration of

petroleum hydrocarbons in soil-water systems is
determined by such processes as: advection, diffu-
sion, dispersion, sorption and degradation (Rem-
beza 1998, Bolt & Dobkowska 2000, Matecki 2006,
Macioszczyk & Dobrzynski 2007, Malina 2011).

Among petroleum compounds the mono-ar-
omatic hydrocarbons (benzene, toluene, xylenes
known as BTEX) are subjects of particular interest
due to the hazard they may pose to the environ-
ment including living organisms. Because of their
high water solubility they may dissolve in water
saturated pores (Jeong & Charbeneau 2014). If
there is no water connections between the pores
diffusion can still occur through the organic net
in the rock matrix (Minnich 1993). As a result,
saturated hydrocarbons may penetrate faster than
the aromatic ones with the same numbers of car-
bon atoms. Diffusion of hydrocarbons in bedrock
formations may take place in pores saturated with
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water, as well as filled with bitumic substances
and/or organic matter. It means that hydrocarbons
can migrate through the formations of very low
permeability (Osmeda-Ernst & Witczak 1991).

Benzene is widely used in many industries also
as a starting material in organic synthesis. It is
toxic and cancerogenic to living organisms, and
its presence in the environment is often related to
petroleum contamination. Because of higher sol-
ubility in water comparing to alkanes benzene is
mobile and can easily migrate in groundwater.

Clay formations due to low permeability can be
considered as protective layers against horizontal
penetration of benzene (and other hydrocarbons)
to deeper aquifers. A number of studies confirm
the sorption properties of clays for hydrocarbon
compounds (e.g. Izdebska-Mucha 2005, 2008).
They are also well known as efficient sorbents of
metals (Kubilay et al. 2007, Ayala et al. 2008). All
factors mentioned above make hydrocarbon mi-
gration in low permeable formations very complex
to study.

This research is aimed at determining the
mechanisms of benzene (as a representative of
the BTEX compounds) sorption in particular
low-permeable clay formations. It is very import-
ant in terms of protection and determination of
the risk of water resources contamination when
remediation decisions have to be made. Another
goal is to check the applicability of column exper-
iments to evaluate retardation coefficient in low
permeable materials. Compared to well-known
batch tests the application of column experiments
allows to reproduce dynamic conditions similar
to the reality. However, currently in literature it is
advised to use column tests for permeable mate-
rials and batch tests for low permeable materials.
We tried to answer, if the traditional column ex-
perimental setup can be used for low permeable
materials, what are the problems in performing
such experiments, and how the conventional col-
umn experimental setup should be modified to
avoid them.

MATERIALS AND METHODS

Laboratory tests concerned clay materials col-
lected as undisturbed samples by drilling rig
from an industrial site in Poland contaminated
with petroleum. Sampling was accomplished by

using a thin-walled, steel Shelby probe connect-
ed to a drilling rig. The probe length was of 500
millimeters with the inner diameter of 100 mil-
limeters. The sample extraction was carried out
with piston by a lifting method. The sampling
procedure was performed in accordance with the
Polish Standard PN-74-B-04452. The following
analyses of the clays were performed: humidity,
bulk density and bulk density of the soil skeleton
by weight method, porosity calculated from bulk
density as a ratio of pores volume to a total sam-
ple volume, total surface area by the methylene
blue sorption method and filtration coefficient by
the oedometer test. Physical properties of the clay
samples were determined according to the Polish
Standard (PN-B-04481:1988). All laboratory tests
and experiments were performed in the labora-
tory of Przedsiebiorstwo Geologiczne Sp. z o.0.
in Kielce. The deionized water was used for all
performed tests. The concentrations of benzene
in water solutions were determined using gas
chromatography GC (Shimadzu GC-17A) with
the flame ionized detector (FID). Chloride ions
concentrations were determined by the titration
method using silver nitrate as a titration solution
(the Mohr method).

BATCH EXPERIMENTS

The goal of the batch tests was to determine the
partitioning coefficient (distribution constant)
and the retardation coefficient due to benzene
sorption on clays from the sorption isotherms.

Determination of equilibrium time
of benzene sorption on studied clays

95 g of clays were placed into 50 cm?® glass bottles
filled with a water solution of benzene with the
concentration of 30.5 mg/dm? commonly found in
similar industrial sites in our previous studies. In
order to eliminate microbial degradation of ben-
zene sodium azide (NaN;) was added. All bottles
were completely filled with the solution and closed
to avoid headspace. The experiment was carried
out in room temperature (+20°C). Bottles were
shaken during 24 hours at a rate of 450 rev./min
and tested for benzene concentrations in solution
by GC-FID after 1, 2, 4, 6, 11 and 16 days. All tests
were repeated six times to obtain a reliable data set
for the statistical analysis.
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Determination of sorption isotherm
and partitioning coefficient
(distribution constant)

100 g of clay was placed into 50 cm? glass bot-
tles to which water solutions of benzene with
4 different concentrations (10.00, 18.72, 26.79 and
30.53 mg/dm?®) were added. In order to eliminate
biodegradation of benzene during the experiment
NaN; was added. All bottles were completely filled
with the solutions and closed to avoid headspace.
The experiment was carried out in room tempera-
ture (£20°C). Bottles were shaken during 24 hours
with a rate of 450 rev./min., then left for 48 hours
in dark and tested for benzene concentrations in
the solutions by GC-FID. The equilibrium concen-
tration of benzene in the solution after sorption on
clays was calculated from the mass balance:

S =(Cy—Co) - Vim (1)

where:
S - benzene content in clays under equilibri-
um conditions [mg/g],
C, - initial benzene concentration in solution
[mg/dm’],
C., — final benzene concentration in solution
[mg/dm?],
V — volume of solution used [dm?],
m — mass of clay used [g].

There are different sorption models available to
explain sorption mechanism (Tab. 1).

Table 1
Different sorption models (Delle Site 2001)

Sorption Model Retardation
model formula coefficient
Linearmodel | S =K,Cyq R=1+Pdg,
o
Freundlich’s n Pa n-1
= R=1+-%K.C
model § = Kl ne
Langmuir’s _ bK;Ceq R=14Pa bK,
model 1+ K,C,, ny (1+K,C,, )

Notation: S - equilibrium sorbate concentration in sorbent
[mg/gl, C., - equilibrium sorptive concentration in solution
[mg/dm?], K, i, | — the distribution constants [dm?/g], b - max-
imum sorption capacity of the sorbent [mg/g], n - function ex-
ponent [ - |, r;— bulk density of the soil skeleton of the sorbent
[mg/dm?], n, - sorbent porosity [ - |

Based on the experimental results the benzene
sorption isotherm was plotted using the linear
model selected for this study and described by
equation (2) (Greg & Sing 1982, Breus & Mish-
chenko 2006, Qu et al. 2009):

Sde‘Ceq (2)

where:
S - benzene concentration in clays under equi-
librium conditions [mg/g],
K, - the distribution constant [dm?*/g],
C.q - final benzene concentration in solution

[mg/dm?].

The distribution constant (K,) derived from
the sorption isotherm was used to determine the
retardation coefficient (R) for benzene migration
in tested clays using equation (3) (Malecki 2006):

R=1+P¢ g, 3)

Ty
where:
R — retardation coefficient [—],
p. — soil bulk density [mg/dm?],
n, — porosity [-].

THE COLUMN EXPERIMENT

The goal of the column experiment was to deter-
mine under dynamic conditions the retardation
coefficient (R) due to sorption of benzene on the
studied clays. An undisturbed clay sample of 100 g
was placed into a column made of stainless steel
in order to provide high resistance on aggressive
chemicals. All connections like: pipes, valves and
seals were made of inert materials and verified by
a blank test (benzene solution passed through an
empty column and its concentrations were com-
pared in the inlet and outlet water). A peristaltic
pump connected to the column was used to force
the benzene solution flow through the tested clays.
The solution (with a benzene concentration of
30 mg/dm*) was prepared by dissolving benzene
in a water-chloride solution. Chloride ions played
a role of marker with no migration delay. The
solution was pumped from the bottom of the col-
umn to avoid irregular flow conditions. The flow
rate (q) through the clays was set as 0.75 cm*/min
(4.5-107° m*/h). Considering the flow rate, effective
porosity of clays and geometry of the column used
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in this test approximately 5 hours was required for
pore volume (PV) exchange according to the equa-
tion (4) (Marciniak et al. 2006):

n, =2 @)

where:
n, — effective porosity [-],
q - tlow rate [m*/h],
t, — time for pore volume exchange [h],
L - column length [m],
r — column radius [m].

The experiment was carried out in triplicate in
room temperature (20°C). During the exper-
iment the eluate from the column was collected
continuously to determine benzene and chloride
ion concentrations as a function of time. The ex-
perimental set-up (Fig. 1) was slightly modified
compared to that dedicated for permeable materi-
als (Matecki 2006) by applying a peristaltic pump
instead of column units to enforce the water flow
through the low permeable clays.
The retardation coefficient was calculated ac-
cording to equation (5) (Malecki 2006):
rR=" )
N
where:
t; — average time of benzene migration through
the column [h],
t, — chloride ion migration time through the
column [h].

Syringes
(sample taking)

N

2-way valve

RESULTS

The physical properties of clays used in the exper-
iments are presented in Table 2. The mineral com-
position of tested clay has not been investigated
and it should be considered in further works.

Table 2
Physical properties of clays used in the experiments
Tested property re’l;eusltts

Sampling depth [m bgl] 14.6-16.5
Humidity [%] 14.93
Bulk density p [g/cm?] 2.10
Bulk density of the soil skeleton d [g/cm’] 1.83
Density of the soil skeleton p, [g/cm’] 2.69
Porosity n, [%] 31.97
Total surface area S, [m?/g] 56.96
Filtration coefficient k,, [m/s] 9.8:107°

The changes in benzene concentrations in solu-
tion of two subsequent measurements less than
+1% were set as a criterion for reaching the sys-
tem equilibrium state. The equilibrium of benzene
sorption on the studied clays was reached after
4 days (Fig. 2) and this time was used in further
tests to determine the sorption isotherm.

H=0

Vent

Column filled
with soil

Fig. 1. The set-up for column experiments

Peristatic pump

—]

Flow regulation

Inflow reservoirs
(Tedlar bags)

2-way valve
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Fig. 3. The linear sorption isotherm derived from batch tests

The linear sorption isotherm (Fig. 3) was de-
rived from batch tests results performed in three
independent series. From the diverse sorption

25.00

30.00

18

35.00

models tested the linear model was selected be-
cause of the sufficiently high correlation coefficient
(R?*=0.9398). The obtained values of K, varied from
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ca. 0.037 to 0.046 dm*/kg, with the average value of
0.042 dm?/kg (std = 0.004 (8.7%)) (Tab. 3). The cal-
culated mean retardation coefficient R was of 1.21.

Benzene and chloride concentrations in the
solutions observed during the column experiment
are summarized in Table 4 and presented graphi-
cally in Figure 4.

Figure 5 shows the average breakthrough
curves (BFCs) of benzene and chloride ions ob-
tained in the column tests. The average time of
benzene migration (f,*) and time related with the
water flow velocity (¢)) through the column with
clays allowed to determine the retardation coeffi-
cient R = 2.0 from equation (4).

Table 3
Partitioning and retardation coefficients derived from the batch sorption tests
Initial benzene Average benzene a K R
No. concentration in solution concentration in solution [mg/ke] [ dm37k ] -]
[mg/dm?] after sorption [mg/dm?] L 8
1 30.53 28.5 1.061 0.037
2 26.79 24.7 1.087 0.044
1.21
3 18.72 17.2 0.787 0.046
4 10.00 9.3 0.395 0.043

Explanations: a - sorption capacity, K, - partitioning coefficient, R - retardation coefficient

Table 4
Results of the column experiment
. hlori Benzene concentration
Initial ben.zen.e Average ¢ o'nde in solution after sorption .
No. of concentration in concentration [mg/dm’] Time
sample solution eluate [min.]
[mg/dm?] [mg/dm?]
series 1 series 2 series 3
1 75.0 6.23 6.25 6.20 50
2 80.0 15.39 15.38 15.41 100
3 88.0 22.38 22.33 22.42 150
4 94.0 24.26 24.26 24.27 200
5 100.0 26.62 26.59 26.64 250
30.00
6 100.0 26.18 26.22 26.15 300
7 102.0 27.96 28.00 27.93 350
8 100.0 28.32 28.33 28.30 400
9 100.0 29.00 29.00 28.50 450
10 100.0 30.00 29.00 28.50 500
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Fig. 5. The average breakthrough curves (BFCs) of benzene/chloride in the column test

DISCUSSION

The distribution constant K, is a measure of the
distribution of the concentration of a substance be-
tween the solution and the soil under equilibrium

conditions. The values of K} specify the distribu-
tion of contaminants in the environment compo-
nents and can be derived from the sorption iso-
therms. In our study the linear sorption model was
applied as it fitted well the experimental results
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(the correlation coefficient R*=0.9398). A delay of
benzene migration through the column with clays
in comparison to the water flow velocity deter-
mined by the chloride ions used as a conservative
tracer was due to its retardation caused by sorp-
tion on clays. For the tested clays benzene retar-
dation coefficients calculated using two indepen-
dent methods: the sorption isotherms and column
test results were of 1.2 and 2.0, respectively. The
obtained values are comparable and show small
sorption according to the sorption intensity class-
es suggested by Osmeda-Ernst & Witczak (1991)
(Tab. 5). According to Calicki (2006) retardation
coefficients for benzene in silty clays range from
0.8 to 2.4 and they tend to be higher for column
experiments compared to the batch tests.

Table 5
Sorption intensity classes (Osmeda-Ernst & Witczak 1991)

Sorption intensity classes | Retardation coefficient R

1 - sorption doesn’t occur 1

2 - small sorption 1-2

3 - medium sorption 2-10

4 - high sorption 10-100
5 - very high sorption 100-1000
6 — unlimited sorption >1000

The main problem when applying column ex-
periments for low permeable materials is the flow
control. The way of loading the column also needs
a special attention because of possibility of pref-
ferential water flow paths. The results obtained
in this work need to be confirmed by further ex-
periments with different conditions such as: water
flow rate through the column and the mass of the
column load.

CONCLUSION

The presented work focused on the sorption pro-
cesses for determination of clay sorption proper-
ties for BTEX compounds. Clays as low permeable
materials are ussually tested by batch experiments
and applying the column setup requires some tech-
nical modifications. Although our column results

were compatible with the batch tests and literature
data, further studies in this field should cover dif-
ferent clay samples and experimental conditions
to confirm the usefulness of dynamic tests for es-
timating sorption and other migration parameters
of benzene (BTEX) in clay materials. Additionally,
it is necessary to consider the mineral composition
of investigated clays and different sorption models
as it is important for the full explanation of sorp-
tion mechanisms.

Authors are grateful to the Reviewers for valuable
advices and opinions.
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