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Abstract

It is not only Total Organic Carbon content (TOC) but also the type of Organic Matter (OM) that the sorption of organic pollutants by
soils or other natural absorbents is correlated with. Therefore, the characterization of organic components in the adsorbents is very
important to elucidate sorption mechanisms.

Oil shale samples were collected in Pula, Hungary. The TOC content of the investigated samples was approximately 6.8-40.1 m/m %.
The characterization of the organic matter in samples was carried out by using Scanning Electron Microscopy (SEM), elemental analysis,
thermal analysis, and GC-MS technics. The results predominantly indicated the presence of a low degree of the branching of aliphatic
chain components in the samples. The Humic Substances (HS) content of the samples was only 1-6 m/m %, which could be determined
after the treatment of oil shale with hydrogen peroxide.

The influence of the amount and type of organic material in oil shale samples was studied on the adsorption of 2,4-dichlorophenol
(2,4-DCP) as a model contaminant. For this aim a series of batch equilibration experiments was carried out. The results show that
the total organic carbon content of samples is a strong indicator of 2,4-DCP adsorption, while the HS content is an important feature
controlling sorption capacity.

The study suggests that the special organic matter (kerogen) content of the oil shale plays a major role in its high adsorption capacity

and in the nonlinearity of the isotherms. The HS covering the surface could decrease the sorption capacities despite the fact that

though the amount of this organic material is quite low.
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1 Introduction

Oil shale sources are located in several places of the
Carpathian Basin, and especially large amounts can be
found in the Hungarian mines in the Pannonian lakes
system.

The shale originated 3-4 million years ago from the bio-
mass of algae genus Botryococcus braunii, which accu-
mulated in the volcanic craters. This fine-grained algae-
based sedimentary rock contains large amounts of organic
matter, clay volcanic ash, and calcium carbonate [1].

The Natural Organic Matter (NOM) of oil shale is one of
the most important components in the sorption of organic
pollutants that strongly influences the solubility, the fate
of contaminants and their adsorption. NOM contains

various functional groups such as carboxyl groups, alco-
holic hydroxyl groups and phenolic hydroxyl groups [2].

The sorption by shale correlates with the total organic
material content. It has been found in many studies that
organic substances can increase the sorption of pollutants
that depends on the type of organic matter. Therefore, the
characterization of geochemically heterogeneous organic
matter is very important in the explanation of the sorption
mechanisms [3].

The organic material content of oil shales is about
5-50 % and mainly composed of kerogen and small
amount of soluble organic matter. It is finely dispersed
in the macro- and micropores of the inorganic matrix [4].
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The kerogen is an amorphous, three-dimensional polymer
organic matter (Type I) which is insoluble in conventional
organic solvents [5].

Shales contain a certain amount of residual Soil Organic
Matter (SOM), too. The amount of SOM for Type I shales
can reach max. 30 % of NOM. The SOM has quite clearly
influences apparent influence on the quantitative charac-
terization and the adsorption properties of shale. The dis-
solved organics in an aquatic medium are able to enhance
the solubility of contaminants and thereby reduce their
extent of adsorption [6, 7]. They can interact with pollut-
ants through electrostatic interactions, hydrogen bonding,
charge-transfer and donor—acceptor mechanisms, van der
Waals forces, ligand exchange and hydrophobic bonding,
and therefore directly or indirectly affect the adsorption of
organic contaminants [8, 9].

In the present work the study of the composition of
organic material in Hungarian oil shale samples will
be presented in order to understand how it can influ-
ence the sorption of 2,4-DCP as a model contaminant.
Chlorophenols constitute a series of organic compounds
that enter the natural environment due to industrial activi-
ties. The organochlorine compound, 2,4-DCP, is classified
as priority pollutant both in USA and the European Union.
It is widespread all over the environment, including soils.
Because of its high toxicity, persistence, and bioaccumula-
tion in the environment, there is a need to develop an eco-
logical-friendly and efficient method to remove 2,4-DCP
from the contaminated soil and groundwater.

2 Materials and methods

2.1 Physical characterization of sorbents

Three different oil shale samples (OS11, OS12, HOS)
from Pula (Hungary) and bentonite from Egyhazaskesz6
(Hungary) were used in order to investigate the effect of
organic matter content on 2,4-DCP adsorption. The sam-
ples were first air-dried, then milled for 1 hour and sieved.
The analyzed particle size fraction had a diameter (&) less
than 315 pm.

To examine the amount and effect of HS on adsorp-
tion, the oil shale HS was removed with hydrogen perox-
ide (30 % w/w) solution [10], then dried and milled.

Table 1 contains the most important characteristics of
oil shale samples, humus free oil shale and bentonite.

The mineralogical composition of the oil sale sam-
ple was analyzed by an X-ray diffraction spectrometer
(PHILIPS PW3710 X-ray diffractometer) using Cu K_
radiation at voltage 50 kV, current of 40 mA and the scan
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angle was from 2° to 60° at a rate of 2°/min with a step
interval of 0.02°. The crystalline phases were identified
using the X’Pert Highscore Plus software. The minerals in
the investigated samples are listed in Table 2.

2.1.1 Scanning Electron Microscopy (SEM)

A Thermo Fischer APREO SEM equipment item with an
accelerating voltage of 2-25 kV was used to study the sur-
face and morphology of the Hungarian oil shale sample.
Zoom: 10-400 000.

2.1.2 CHNS elemental analysis

1 g of dry oil shale sample was analyzed using a Thermo
Electron CHNS 1100 Elemental Analyzer to determine
its total carbon, hydrogen, nitrogen and sulphur content.
The analysis was carried out by catalytic burning in oxy-
gen (loop 5 mL) at 1000 °C followed by chromatographic
separation of the oxidation products (elution by helium,
130 mL/min) followed by thermal conductivity detection.

2.1.3 Organic matter characterization

The total organic carbon content (TOC) of the sam-
ples were determined by an Apollo 9000 (TEKMAR
DOHRMAN) TOC Analyzer.

Table 1 Physical characterization of adsorbents

Humic

OS11  0OS12  HOS free HHOS Bentonite
Main fraction, %  83.6 759  80.8 70 80
g‘f;cre“mc 50-160 60-150 50-150  70-150  75-160
pH(molAKCl) 741 755 721 745 9.50
Clay (%) 120 560 400 416 81
Carbonate (%) 80.0 120 406  40.1 14.0

Table 2 The main mineral components of various oil shale samples

adsorbent

Main minerals -
(%) Humic

OS11  OS12  HOS free HOS Bentonite
Calcite 1.0 4.0 7.3 7.4 7.0
Quartz 3.0 2.0 1.6 2.0 5.0
Siderite 65 4.0 6.2 6.5 -
Dolomite 2.0 4.0 2.5 35 7.0
Albite 1.0 4.0 1.8 2.2 -
Kaolinite - - 0.6 1.1 -
Montmorillonite 8.0 47.0 38.7 39.5 81.0
Illite/Muscovite 4.0 9.0 0.7 1.0 -
Aragonite 12.0 - 23 227 -
Amorphous 4.0 26.0 17.6 14.1 -
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2.1.3.1 TG-DSC analysis

Thermogravimetric analysis experiments were performed
by a Setaram LabsysEvo TG-DSC analyzer whose tem-
perature precision was +0.5 °C. 20 mg of dry adsorbent
was heated up from 30°C to 800 °C at a constant heating
rate of 20 °C/min in inert atmosphere (80 mL/min). The
weight changes of the sample were recorded continuously
as a function of time or temperature, while TG and DTG
curves were obtained.

2.1.3.2 Pyrolysis-GC-MS

The sample (1.7 mg) was analyzed at a pyrolysis tempera-
ture of 500 °C, using a Pyroprobe 2000 pyrolyzer con-
nected to an Agilent 6890A/5973 GC-MS using electron
impact ionization (70 ¢V). The GC was equipped with a
DB-1701 capillary column (30 m x 0.25 mm i.d., 0.25 mm).
Helium was used as carrier gas (2.5 ml/min). The starting
temperature was 40 °C (4 min), the increasing temperature
rate: 6 °C/min up to 280 °C, then isothermal for 7 min.

2.2 Adsorption studies and analytical techniques
Analytical grade sodium chloride, sodium dihydro-
gen phosphate and disodium hydrogen phosphate were
obtained from Reanal Chemical Co. (Hungary). The
HPLC grade solvent (acetonitrile) was provided by VWR
Ltd. (Hungary). The 2,4-DCP standard reference material
(>99 %) was the product of Sigma Aldrich.

The adsorption isotherms were obtained in a series of
batch experiments. Static equilibrium experiments were
carried out in a solution containing 0.1 mol/ NaCl and
0.01 mol/l phosphate buffer of pH=7. The equilibrium
adsorption studies were conducted by contacting 65 mL
of 2,4-DCP solutions of different initial concentrations
(from 0 to 100 mg/1) with 5 g of the swollen adsorbent in
Erlenmeyer flasks, which were shaken at a speed of 250 rpm
for 1 day. After 1 day the suspension was separated by cen-
trifuge at 6000 rpm for 20 min. The 2,4-DCP in the super-
natant was analyzed with the HPLC method. Blanc sam-
ples (0 mg/1 2,4-DCP) were extracts which were used also
for the determination of dissolved organic carbon.

The concentration of the 2,4-DCP was determined
by a MERCK LaChrom HPLC system equipped with a
LiChospher 100 column filled with 5 mm RP-18 packing
material (125 mm x 4 mm) (mobile phase: 65 % acetoni-
trile/water (65/35 v/v) flow rate: 0.7 ml/min; UV at 218 nm
and sample size 10 ml)).

The adsorbed amount of the solute was calculated
according to the Eq. (1) [11]:

(FVM (1)

where ¢ is the specific adsorbed amount (umol g'), V'is the
volume of the equilibrium solution (ml), ¢, and c is the initial
and the equilibrium concentrations of the solute (umol 1),
m is the weighed amount of the dry adsorbent (g).

3 Results and discussion

3.1 Formation, properties, characterization of used
adsorbents

3.1.1 Morphological studies

In order to get information about the morphology of HOS,
scanning electron microscopy (SEM) was applied. Images
in Fig. 1 demonstrate that the sample contains well-pre-
served fossil colonies of Botryococcus braunii algae.

The selective preservation of the Polymer Resistant
Botryococcus (PRB) plays an important role in the forma-
tion of the Hungarian oil shale, which is confirmed by its
morphological properties.

The cell contents have been degraded during the first
steps of sedimentation; however, the outer walls com-
posed of PRB survived diagenesis without significant
morphological alteration. These colonies containing insol-
uble macromolecules in their outer walls were resistant to
chemical degradation and diagenetic attacks [12].
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Fig. 1 Scanning electron microscopic images of the HOS. A whole
colony showing the preservation of Botryococcus algae in oil shale (a)
The thick layered outer walls of the colony (b).



The colonies show cup- and chimney-shaped remnants
and form a net-like structure. The fossilized alga colonies
appear irregularly spherical to oval in shape, which are
3-8 um in diameter and are open with wavy outer edges.
The colony-free and chemically resistant cell walls form a
pore-like structure resulting in high specific surface [13].

3.1.2 Elemental (CHNS) analysis of the sample
The result of the elemental analysis of the Hungarian oil
shale is given in Table 3.

The diagram made by van Krevelen can prove useful
in the classification of kerogen types (Type I, II and III).
Here, the ratios of the atoms of hydrogen/carbon (H/C)
and oxygen/carbon (O/C) were plotted [14].

In order to classify the kerogen content of HOS, the
respective data items of the sample (Table 3) are illustrated
in Fig. 2 which demonstrates the algal origin (Type I).
The higher H/C ratio indicates the presence of immature
kerogens and high oil content; therefore, it supports the
hypothesis of Botryococcus origin, too. The high H/C
(1.498) and low O/C (0.063) ratios indicate aliphatic com-
pounds. Heteroatoms are scarce, with the O/C ratio only
0.063, the N/C ratio 0.009 and the S/C ratio 0.001.

Table 3 Elemental analysis of HOS

elements amount [%]

N 0.85

C 81.76

H 10.2

S 0.34

O (calculated) 6.85

mol ratios

H/C 1.497
o/C 0.063
N/C 0.009
S/IC 0.001

1.80 Type I
1.60 - [OM derived from algal
1.40

Type 11 g
1.20 + ﬁ:ﬂved from phyto and

zooplankton

H/C

1.00

Type 111
0.80 /_

OM derived from higher plant
0.60 4 material

0.40

0.00 0.05 0.10 115 0.20 0.25
o/C

Fig. 2 Van Krevelen diagram containing the characteristics of HOS [14]
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3.1.3 Organic matter characterization, TG, dTG and
DSC of Hungarian oil shale

The results of the TG and DSC experiments for HOS under
inert (He) atmosphere are shown in Figs. 3 and 4. TG and
dTG show several stages in the mass loss profile. The sec-
tions are as follows: T, (30-210 °C), T, (210-515 °C), T,
(515-617 °C) and T, (617-800 °C).

TG analysis of HOS showed that the sample is almost
stable to 210 °C. The DSC curve in Fig. 3 is character-
ized by an endotherm peak corresponding to water loss at
temperatures below 210 °C. The weight loss to 210 °C was
2.10 %, and it can mainly be attributed to water evapora-
tion, such as that of adsorbed and interlayer water from
clay minerals [15].

The combustion process begins at 210 °C and ends over
515 °C. Between 210 °C and 515°C there is an endothermic
peak, which corresponds to kerogen cracking (in Fig. 4)
and some mineral reactions. An important mass loss is
observed in this temperature range. This stage is mainly
attributed to the decomposition of bitumen and kerogen
[15-17]. Under an inert atmosphere, the whole process is
endothermic and the total mass loss is 27.96 %.

Above 515 °C the sample shows a significant weight
loss after the main peak of kerogen cracking. This reac-
tion is strongly endothermic and corresponds to mineral
reactions in the oil shale under inert atmospheres. [7, 16].
This stage is attributed to the thermal decomposition of
carbonates and clay minerals. Calcite under inert atmo-
sphere is decomposed at 700-800 °C. The deep endother-
mic valley observed at 550-800 °C in Fig. 3 is attributed
to the thermal decomposition of the dolomite. Dolomite
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Fig. 3 DSC curve of HOS
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Fig. 4 TG and dTG curves of HOS

decomposition begins at 600 °C in an inert atmosphere
and its structure is changed into calcite at 750 °C [18, 19].

The organic material content determined by the TG
analysis is 27.96 %, being in good correlation with the
TOC value of 14.37 %. Their ratio is ~2, which is in accor-
dance with the value suggested by Prybil [20] for the con-
version of soil organic carbon (SOC) into soil organic
matter (SOM) content.

3.1.4 Characterization of the sample by Py-GC-MS
(kerogen analysis)

Pyrolysis GC-MS was performed with the HOS sample in
order to gather more precise information about the organic
matter and better insight into the building blocks of these
geomacromolecules. The GC-MS chromatograms and the
pyrolytic product of kerogen compounds are shown in
Fig. 5. In this work, the pyrolysis temperature was set to
500 °C so that pyrolysis products mainly come from ker-
ogen primary decomposition [21]. The optimum tempera-
ture for oil shale pyrolysis is between 500 and 520 °C,
because the kerogen may not be completely decomposed
at lower temperatures, while high temperature can cause
undesired cracking reactions [22].

The Fig. 5 shows the aliphatics are the major compo-
nents. The pyrochromatogram displays a profuse homol-
ogous series of doublets corresponding to n-alkanes and
n-alk-1-enes which ranges from C8 to C30 with a good
continuity of carbon number [12, 23]. They are relatively
more intense with respect to the other pyrolysis products,
thus confirming their higher aliphaticity as also shown by
H/C ratios. These long alkyl chains occurring in the cell
walls of microalgae build up the resistant biomacromole-
cules (algaenans), and are important sources of kerogens
via the selective preservation pathway.
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Fig. 5 Total ion chromatogram of HOS

As known from palynological studies of Hungarian oil
shales, Botryococcus species contribute to organic mate-
rial deposit, thus the alkyl-containing pyrolysis products
are likely to be derived from Botryococcus algaenan [23].

A low amount of aromatic material, nitrogen-, oxygen-,
and sulphur-containing compounds was measured, sug-
gesting higher plant input. Aromatic hydrocarbons (ben-
zene, toluene, phenol and dimethyl benzene) were detected
only in trace amounts, indicating relatively low terres-
trial input. Phenols and substituted phenols by short alkyl
chains (C1-C3) in kerogen pyrolyzates are usually derived
from lignin compounds and denote terrestrial origin [23].

GC/MS analysis revealed several homologous series of
normal ketones. The n-alkane series and ketones are com-
monly observed in Type I kerogen pyrolyzates [24]. Thus,
the presence of ketones in pyrolyzates is considered as evi-
dence of the contribution of B. braunii A race strains [25].

3.2 Adsorption studies

The adsorption of 2,4-DCP was investigated in three
oil shale samples with different organic material con-
tent, humic free HOS and bentonite which modelled the
inorganic fraction of the oil shale (Table 1 and 2). The
adsorbed amounts are shown as the function of the equi-
librium concentration for all the adsorbents in Figs. 3
and 4. These data were fitted by the multi-step isothermal
model (Eq. (2)) [11], with R? values above 0.99 at 95 %
confidence level (Table 4).

q:ZS: qu.Kl.(c—bi+|c—b,.|)'n , )
w1 | 2" + K, (c—b,+|c=b)])"

where ¢ is the equilibrium concentration of the solution,

[mmol/1], s is the number of steps of the isotherm (i = 1...s),
q,, is the adsorption capacity, [umol/g], K, is the equilib-
rium constant, [(I/umol)™], b, is the critical concentration
limit, [umol/l], n, is the average degree of association
assigned to the i step of the adsorption curve.



Table 4 Calculated parameters of Eq. (2) for the adsorption isotherms
of 2,4-DCP at various pH, at 25 °C

Parameters 0s 11 0S 12 H‘“ﬁgsﬁee HOS
qT1, pmol/g 2.15 3.49 6.60 6.24
qT2, pmol/g 6.18 3.30 2.42 7.60
Ki(/umol),  3.2310% 30110 0.02 20710
K2,(Vumoly,  679:10°  1.23-10° 0.13 34710
b1, pmol/l 0.00 0.00 0.00 0.00
b2, pmol/l 162 63.1 26.2 38.1
n, 1.29 1.27 1.47 1.01
n, 1.16 1.29 1.34 1.16
7 367102 141102 23510°  6.84-10°
R? 09927 09984 0.9989 0.9995

Two-step isotherms are characteristic and indicate
complex processes on and in the "adsorbent"; therefore
the expression of "sorption" might be the right expression
despite "adsorption". The causes are detailed below.

The TOC values were as follows: bentonite<OS11<
humic free HOS< HOS<OSI12 (see Table 5), while the DOC
was highest in the extract of humic free HOS. According
to Fig. 6 it can be seen that the lower the organic mat-
ter content of the sorbent (Table 5), the lower the extent
of sorption of 2,4-DCP is. Several studies have confirmed
that the high organic matter content of the adsorbent sig-
nificantly increases the adsorption of organic compounds
[26]. The absence of organic matter (bentonite) resulted in
the lowest adsorbed amount of 2,4-DCP when it was com-
pared to the efficiency of other samples as sorbents.

The surface of bentonite is strongly hydrated in the
presence of water [27]. Thus, organic pollutants cannot
effectively compete with water for sorption sites on the
silica surface. Therefore, 2,4-DCP is bound better by the
organic matter content of the adsorbent, while clay miner-
als do not play an important role in sorption.

The low sorption capacity of the bentonite can be caused
by the negative surface charge of bentonite. According to
literature, 99.9 % of 2,4-DCP is present in the deproton-
ated form at the pH 7 (pKa=7.85) [28]. Since this adsorbent
has a high pH (9.50, see in Table 1), the phenol hydroxyl
group could dissociate and repulsion worked between its
anionic form and the negative surface charge of the ben-
tonite, resulting in the low degree of extent of sorption.

The ratio of HS increases as follows (Table 5): humic
free HOS<bentonite<OS11<HOS<OS12. Among the
organic components, bitumen and kerogen are responsi-
ble for the relatively high solid TOC in HOS as well as in
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Fig. 6 Adsorption of 2,4-dichlorophenol on different adsorbents

Table 5 Carbon content of solid (TOC) samples and their extracts (DOC)

Humic .
OS11 0S12 HOS free HOS Bentonite

TOC (%) 6.85 40.1 14.4 10.5 0.09
HS, (%) 1.08 6.57 3.81 0.00 0.05
Kerogen

%) 577 33.5 10.5 10.5 0.04
DOC

(maC/ 1) 65.9 77.3 78.1 93.0 11.7

humic free HOS. The DOC values increase in the extract
of the samples as follows: bentonite<OS11<OS12<HOS<
humic free HOS.

Fig. 7 compares the adsorption isotherms of humic free
HOS and HOS. It can be seen that 2,4-DCP was bound bet-
ter by the humic free sample than with the HS content sam-
ple. It seems these results are in contrast with the conclu-
sions above, although the organic content of HOS is higher
(Table 5), which resulted in lower adsorbed amounts.

Since the surface is covered by HS, it is just partially
accessible by contaminants like 2,4-DCP. The role of HS in
the sorption of 2,4-DCP can be explained after these com-
pounds were removed from the oil shale with hydrogen
peroxide. The H,O, could oxidize the HS fraction, there-
fore smaller molecules formed, which were more soluble,
and DOC should be higher, while the kerogen and bitumen
fraction remained unchanged on the surface as given in
a previous study [29]. In that work the HS increased the
DOC values significantly.

When HSs are present, these macromolecules can partly
cover the hydrophobic surface sites and may increase the
solubility of the 2,4-DCP. The enhanced solubility could
be the consequence of the formation of hydrogen bonds
between the HS and the model compound [30].
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Fig. 7 Adsorption of 2,4-dichlorophenol on HOS and humic free HOS

Despite the high DOC values (Table 5) the extent of
sorption is significant due to the high insoluble kerogen
content of the HOS as well as that of the humic free HOS.

A lower adsorbed amount can be observed in the case
of HOS than in the case of humic free HOS, which binds
most of 2,4-DCP (Figs. 6 and 7). The presence of HS
generally increases the solubility of organic pollutants;
thus they can decrease the extent of sorption similarly
to the case of untreated HOS. Since the hydrogen perox-
ide resulted in smaller molecules which were not able to
enhance the solubility of the 2,4-DCP, the humic free HOS
could bind this compound better.

The binding of 2,4-DCP by the adsorbent is principally
governed by physical forces (van der Waals and hydro-
phobic interaction) working between this compound and
the organic matter content of the samples. Therefore, it
is not only on the surface that the binding process takes
place (adsorption), but also within the sorbent (absorp-
tion). The high sorption capacity is explained by the
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the removal of the soluble humic compounds increased
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binding mechanism of the compound was rather complex;
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