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Preface to “New Insights in Stability, Structure and 
Properties of Porous Materials” 

The papers collated here are a selection of papers concerning new insights into porous materials 
and their applications in many technological and environmental fields, such as catalysis, adsorption, 
separation and ion exchange.  

Following the overall thread governing this series in Minerals, this Special Issue aimed to be a 
bridge to bring experimental and theoretical scientists together, with the aim of exchanging information 
and discussing recent developments regarding research on porous materials. Moreover, it was intended 
to emphasize the relationships between the structure and/or chemical composition and the specific 
physical properties of these materials, their role in mineralogical, technological, green as well as 
sustainable processes. The selected high-quality original and review papers concern the physical, 
chemical and structural characterization of porous materials, synthesis of crystalline phases with pores in 
the appropriate range, structure–property relationships at ambient conditions, but also at low and high 
temperatures and/or at high pressures, adsorption and diffusion of mobile species in porous materials, 
host–guest interactions and confinement effects, ion exchange, modeling in geological and environmental 
processes, new insights in processing and applications.  

As can be clearly seen, the particularity if this Special Issue is its interdisciplinary character.  
It is our hope that this collection will serve as a valuable and substantive resource for anyone 

interested in studies of porous materials, as well as satisfy the curiosity of readers and encourage others to 
further pursue their interest in relationships between the structure and/or chemical composition and the 
specific physical properties of these materials, and their role in mineralogical, technological, green and 
sustainable processes.  

Before closing, we would like to acknowledge all the authors, the scientific board in editing this 
Special Issue who we owe many thanks, as well as the review board. 

Annalisa Martucci and Giuseppe Cruciani 
Special Issue Editors 





minerals

Editorial

Editorial for Special Issue “New Insights in Stability,
Structure and Properties of Porous Materials”

Annalisa Martucci * and Giuseppe Cruciani

Department of Physics and Earth Sciences, University of Ferrara, Via Saragat 1, 44122 Ferrara, Italy;
giuseppe.cruciani@unife.it
* Correspondence: mrs@unife.it; Tel.: +39-0532-974730

Academic Editor: Paul Sylvester
Received: 5 May 2017; Accepted: 8 May 2017; Published: 11 May 2017

Porous materials (such as zeolites, clay minerals, and assemblies of oxide nanoparticles) are of
great importance for the progress in many technological and environmental fields, such as catalysis,
adsorption, separation, and ion exchange, because of their unique pore topologies, tunable structures,
and the possibility of introducing active reaction sites.

The major goal of this special issue is to provide a platform for scientists to discuss new insights
in the stability, structure, and properties of porous materials, as well as in innovative aspects in their
processing and applications. The emphasis is on the relationships between the structure and/or
chemical composition and the specific physical properties of these materials, as well as their role in
mineralogical, technological, green, and sustainable processes. With this special issue of Minerals,
we have endeavored to provide an up-to-date selection of high-quality original and review papers
concerning the physical, chemical, and structural characterization of porous materials, the synthesis of
crystalline phases with pores in the appropriate range, structure–property relationships at ambient
conditions but also at high temperatures and/or at high pressures, adsorption, and diffusion of mobile
species in porous materials, host/guest interactions and confinement effects, ion exchange, modeling
in geological and environmental processes, and new insights in processing and applications. In total,
eight fashionable contributions reflect both the diversity and interdisciplinary of modern mineralogy,
bridging together experimentalists and computational approaches.

The review presented by Bandura et al. [1] is dedicated to the decontamination strategies
available today for the removal of petroleum substances and their derivatives from roads, water,
and air. Specifically, this paper presents an overview of recent research papers concerning porous
(natural, synthetic, and modified mineral adsorbents) materials used as adsorbents for petroleum
pollutants, present in water and spilled on land, occurring as oils, petroleum industry derivatives, and
volatile compounds. Environmental pollution with petroleum products has become a major problem
worldwide and is a consequence of industrial growth. The development of sustainable methods for
the removal of petroleum substances and their derivatives from aquatic and terrestrial environments
and from air has therefore become extremely important today.

Advanced technologies and materials dedicated to this purpose are relatively expensive. Among
several techniques developed for BTEX (benzene, toluene, ethylbenzene, and xylene) removal from
waters, adsorption is one of the most efficient methods, thanks to satisfactory efficiencies (even at low
concentrations), easy operation, and low cost [2,3].

Recently, adsorption on hydrophobic zeolites has received the greatest interest in water treatment
technology due to their organic contaminant selectivity, thermal and chemical stability, strong
mechanical properties, rapid kinetics, and absence of salt and humic substance interference [4–10].
In this issue, the Sarti et al. [11] contribution is dedicated to this topic and is focused on the adsorption
of toluene from aqueous solutions onto hydrophobic beta zeolites by combining chromatographic,
thermal, and structural techniques. This work highlights the differences in adsorption properties
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between as-synthesized and calcined beta zeolites, with different SiO2/Al2O3 ratios, toward a water
contaminant of great concern such as toluene. The authors demonstrate that the thermal treatment
significantly improves the adsorption properties of all selected zeolites especially for the most
hydrophobic beta, thus opening new alternatives for the industrial application of this material, mainly
in hydrocarbon adsorption processes in the presence of water.

In order for the adsorption process to be cost-effective, the progressive deactivation of saturated
sorbents has become an essential task [12–16]. Thermal treatment is the most common regeneration
technique, where organic host molecules are decomposed and/or oxidized at high temperature.
Consequently, there is a strong interest in understanding the mechanisms behind the thermal
regenerative solution, which makes zeolites regenerable materials that are efficiently reusable in
the contaminant adsorption process. In this issue, the temperature-induced desorption of methyl
tert-butyl ether (MTBE) from aqueous solutions onto hydrophobic ZSM-5 zeolite is studied by
Rodeghero et al. [17] using in situ synchrotron powder diffraction and chromatographic techniques.
Rietveld analysis demonstrated that the desorption process occurred without any significant zeolite
crystallinity loss, but with slight deformations in the channel apertures. This kind of information is
crucial for understanding the features of both adsorption and desorption processes, thus helping in
the design of water treatment appliances based on microporous materials as well as designing and
optimizing the regeneration treatment of zeolite.

As reported in this issue by Bundru et al. [18], the regeneration of the exhausted zeolite as well as
the recovery of ammonia are feasible processes. Spent exchangers such as NH4-exchanged synthetic
zeolites can be transformed into mullite and amorphous silica by thermal treatments [19–21]. With
this perspective, a material containing NH4-clinoptilolite, derived from a wastewater treatment, has
be evaluated as a potential raw material for the ceramic industry. The results of this research are
interesting, because they indicate that NH4-clinoptilolite represents a raw material of interest in the
ceramic field, in particular in the production of acid refractory.

The reuse (addition) of the spent zeolitic sorbents containing petroleum waste to produce
lightweight aggregates (LWAs) is also discussed by Franus et al. [22]. It is well known that the
mineral composition and organic amendments to the substrate can control the physical properties of
LWAs. Therefore, Franus et al. [22] hypothesize here that the addition of waste zeolites can modify the
structure of the standard clay-based LWAs towards higher porosity, which differs depending on the
zeolite used.

As reported by Arletti et al. [23], recent studies on the behavior of both natural and synthetic
microporous materials under high pressure (HP) provide important information on their elastic
behavior and stability, thus opening new perspectives for technological applications. This paper
presents a study, performed by in situ synchrotron X-ray powder diffraction (XRPD), of the HP stability
and behavior of the natural zeolite amicite. The investigation aimed in particular to understand
the relationships between compressibility and framework/extraframework content as well as the
influence of different penetrating or non-penetrating fluids on the compressibility and HP deformation
mechanisms of this zeolite.

In the present volume, Krupskaya et al. [24] discuss the mechanism of montmorillonite
structural alteration and the modification of bentonites’ properties under thermochemical treatment
(treatment with inorganic acid solutions at different temperatures, concentrations, and reaction
times). The mechanism of montmorillonite transformation under acid solution treatment as well
as its influence on bentonite properties are evaluated. The modification of structural and adsorption
characteristics with acid treatment can be useful to simulate behavior of the engineered barrier
properties for repositories of radioactive and industrial wastes, especially in the case of dealing with
liquid radioactive wastes.

The aim of the Steudel et al. [25] study is the characterization of a clay from the Madrid basin,
which shows exceptional suitability as adsorbent material in biotechnology processes [26], as adsorbent
for mycotoxins [27] as well as in pesticide removal from water [28] for this clay. This last can be also
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used to bind contaminants from the manufacture of paper [29]. The authors reported that this clay is
highly suitable for mining without chemical pretreatment, which reduces environmental burden [29].

Finally, the Due et al. study [30] is focused on volumetric swelling strain and strength reduction
of pillars when CO2 is stored in abandoned coal mines. The volumetric swelling strain is theoretically
derived as a function of time by adsorption pressure increasing step by step under unconfined
conditions. In connection with the conditions of coal pillars in abandoned coal mines, and a uniaxial
loading model is proposed by simplifying the actual condition.

In conclusion, it is my hope that this special issue will serve as a valuable and substantive
resource for anyone interested in studies of porous materials, as well as satisfy the curiosity of readers
and encourage others to pursue further their interest in relationships between the structure and/or
chemical composition and the specific physical properties of these materials, as well as their role in
mineralogical, technological, green, and sustainable processes.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bandura, L.; Woszuk, A.; Kołodyńska, D.; Franus, W. Application of Mineral Sorbents for Removal of
Petroleum Substances: A Review. Minerals 2017, 7, 37. [CrossRef]

2. Gupta, V.K.; Verma, N. Removal of volatile organic compounds by cryogenic condensation followed by
adsorption. Chem. Eng. Sci. 2002, 57, 2679–2696. [CrossRef]

3. Pasti, L.; Rodeghero, E.; Sarti, E.; Bosi, V.; Cavazzini, A.; Bagatin, R.; Martucci, A. Competitive adsorption of
VOCs from binary aqueous mixtures on zeolite ZSM-5. RSC Adv. 2016, 6, 54544–54552.

4. Costa, A.A.; Wilson, W.B.; Wang, H.; Campiglia, A.D.; Dias, J.A.; Dias, S.C.L. Comparison of BEA, USY
and ZSM-5 for the quantitative extraction of polycyclic aromatic hydrocarbons from water samples.
Microporous Mesoporous Mater. 2012, 149, 186–192. [CrossRef]

5. Abu-Lail, L.; Bergendahl, J.A.; Thompson, R.W. Adsorption of methyl tertiary butyl ether on granular
zeolites: Batch and column studies. J. Hazard. Mater. 2010, 178, 363–369. [CrossRef] [PubMed]

6. Anderson, M.A. Removal of MTBE and other organic contaminants from water by sorption to high silica
zeolites. Environ. Sci. Technol. 2000, 34, 725–727. [CrossRef]

7. Rossner, A.; Knappe, D.R. MTBE adsorption on alternative adsorbents and packed bed adsorber performance.
Water Res. 2008, 42, 2287–2299. [CrossRef] [PubMed]

8. Pasti, L.; Martucci, A.; Nassi, M.; Cavazzini, A.; Alberti, A.; Bagatin, R. The role of water in DCE adsorption
from aqueous solutions onto hydrophobic zeolites. Microporous Mesoporous Mater. 2012, 160, 182–193.
[CrossRef]

9. Pasti, L.; Sarti, E.; Cavazzini, A.; Marchetti, N.; Dondi, F.; Martucci, A. Factors affecting drug adsorption on
beta zeolites. J. Sep. Sci. 2013, 36, 1604–1611. [CrossRef] [PubMed]

10. Braschi, I.; Martucci, A.; Blasioli, S.; Mzini, L.L.; Ciavatta, C.; Cossi, M. Effect of humic monomers on the
adsorption of sulfamethoxazole sulfonamide antibiotic into a high silica zeolite Y: An interdisciplinary study.
Chemosphere 2016, 155, 444–452. [CrossRef] [PubMed]

11. Sarti, E.; Chenet, T.; Pasti, L.; Cavazzini, A.; Rodeghero, E.; Martucci, A. Effect of Silica Alumina Ratio and
Thermal Treatment of Beta Zeolites on the Adsorption of Toluene from Aqueous Solutions. Minerals 2017, 7,
22. [CrossRef]

12. Leardini, L.; Martucci, A.; Braschi, I.; Blasioli, S.; Quartieri, S. Regeneration of high-silica zeolites after
sulfamethoxazole antibiotic adsorption: A combined in situ high-temperature synchrotron X-ray powder
diffraction and thermal degradation study. Mineral. Mag. 2014, 78, 1141–1160. [CrossRef]

13. Martucci, A.; Rodeghero, E.; Pasti, L.; Bosi, V.; Cruciani, G. Adsorption of 1,2-dichloroethane on ZSM-5 and
desorption dynamics by in situ synchrotron powder X-ray diffraction. Microporous Mesoporous Mater. 2015,
215, 175–182. [CrossRef]

14. Braschi, I.; Blasioli, S.; Buscaroli, E.; Montecchio, D.; Martucci, A. Physicochemical regeneration of high silica
zeolite Y used to clean-up water polluted with sulfonamide antibiotics. J. Environ. Sci. 2016, 43, 302–312.
[CrossRef] [PubMed]

15. Guisnet, M.; Ribeiro, F.R. Deactivation and Regeneration of Zeolite Catalysts; World Scientific: Singapore, 2011.

3



Minerals 2017, 7, 73

16. Wu, Z.; An, Y.; Wang, Z.; Yang, S.; Chen, H.; Zhou, Z.; Mai, S. Study on zeolite enhanced contact-dsorption
regeneration-stabilization process for nitrogen removal. J. Hazard. Mater. 2008, 156, 317–326. [CrossRef]
[PubMed]

17. Rodeghero, E.; Pasti, L.; Sarti, E.; Cruciani, G.; Bagatin, R.; Martucci, A. Temperature-Induced Desorption of
Methyl tert-Butyl Ether Confined on ZSM-5: An In Situ Synchrotron XRD Powder Diffraction Study. Minerals
2017, 7, 34. [CrossRef]

18. Brundu, A.; Cerri, G.; Sale, E. Thermal Transformation of NH4-Clinoptilolite to Mullite and Silica Polymorphs.
Minerals 2017, 7, 11. [CrossRef]

19. Matsumoto, T.; Goto, Y.; Urabe, K. Formation process of mullite from NH4
+-exchanged Zeolite A. J. Ceram.

Soc. Jpn. 1995, 103, 93–95. [CrossRef]
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Abstract: Interstratifications of talc and trioctahedral smectites from different provenances are used
as indicators for geological environments and for geotechnical and technical applications. However,
comprehensive layer characterization of these interstratifications is rare. Sample EX M 1694, a clay
with red-beige appearance from the Madrid basin was studied by X-ray diffraction analysis, X-ray
fluorescence analysis, Fourier transformation infrared spectroscopy, simultaneous thermal analysis,
gas adsorption measurements, cation exchange capacity, and environmental scanning electron
microscopy. More than 95% of particles in EX M 1964 belong to the clay fraction <2 μm. It contains
75% interstratification of 30% turbostratic talc, and 70% saponite type III and 25% turbostratic talc.
The turbostratic talc(0.3)/saponite interstratification is characterized by a low number of layers
per stack (3), small lateral dimension of layers (60–80 nm) and, accordingly, a high specific surface
area (283 m2/g) with nearly equal surface area of micro- and mesopores. Thus, the studied material
can be used as mined for adsorption, in contrast to acid-treated clays that produce hazardous waste
during production. Low particle size of the interstratification drastically reduced thermal stability
and dehydroxylation was superimposed by recrystallization of high temperature phases already at
816 ◦C, which is low for trioctahedral 2:1 layer minerals.

Keywords: talc; kerolite; saponite; stevensite; mixed layer; modelling of one-dimensional X-ray
pattern; simultaneous thermal analysis

1. Introduction

Interstratifications of talc and trioctahedral smectite layers are formed as an abundant mineral
in lake and/or spring deposits of Miocene to Pleistocene age and in serpentinized rocks formed by a
transformation of ultramafic rocks at low temperature.

Turbostratic talc/trioctahedral smectite interstratifications occur, for example, in the Province
Parma (Italy) [1], in the Armagosa Desert (Nevada) [2], and in the Madrid basin (Spain) [3–6],
which is the most extensive studied locality. The interstratifications are often very fine-grained
and analysis and description of the interstratification is still difficult. Turbostratic talc has the same
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Minerals 2017, 7, 5

chemical composition as talc, but displays a fully turbostratic structure [7–9] and was called kerolite
or disordered talc in the past. The term kerolite was discredited by the International Mineralogical
Association (IMA)/Commission on new minerals, nomenclature, and classification (CNMNC) in
2008 [10,11], but is still in use in recent literature e.g., Guggenheim [12], because turbostratic talc is
regarded as a variety of talc. Nevertheless, in this paper turbostratic talc will be used according to IMA
regulations. Stacks of turbostratic talc contain less than 4–5 layers and show broad basal reflections
with an increased basal spacing of about 0.96 ± 0.005 nm compared to talc (0.936 nm; [13]). In the talc
structure the oxygen atoms of adjacent layers are partially packed together, thereby, the layers are close
together. If the distance between the oxygen atoms changed with rotation of layers, the layers would
be 0.027 nm further apart. Thus, the sum of the basal reflection of talc 0.936 nm plus 0.027–0.029 nm
due to disorder, gives 0.963–0.965 nm, which corresponds with the observed spacing of turbostratic
talc [7]. Specific surface area, determined by gas adsorption methods, is about 200 m2/g, which also
indicates small particle size. Compared to talc, turbostratic talc is supposed to hold additional water in
the structure, which is probably mainly surface-held water [7].

One challenge is to identify the character of the trioctahedral smectite (saponite vs. stevensite)
in the interstratifications. Stevensite and saponite are hydrous magnesium silicates belonging to the
smectite group [14] with a 060 reflection at 0.152 nm. Stevensite differs from saponite by a complete
absence of trivalent cations (Al and Fe(III)). The resulting layer charge of stevensite is caused by a
deficiency of octahedral cations. The layer charge of stevensite is at the lower limit (near 0.2 per formula
unit, p.f.u.) for known layer charges of smectite [15,16]. In contrast, saponite shows a larger variability
in chemical composition. Saponites are characterized by a higher layer charge p.f.u. (0.3–0.5) that
is more common for smectites. Saponite type I is characterized by tetrahedral substitutions without
octahedral substitutions [16,17], whereas saponite type II is characterized by an additional positive
octahedral charge [18]. Furthermore, saponites may be either iron-free or have octahedral iron, which
results in saponite type III [16,18]. Type II saponites show a tendency of a small number of octahedral
vacancies [15]. Examples of common formulae are:

Stevensite: M+
0.2(Si 4)(Mg 2.9)O10(OH)2;

Saponite: type I; M+
0.3(Si 3.7Al0.3)(Mg 3)O10(OH)2;

type II: M+
0.3(Si 3.6Al0.4)(Mg 2.9Al0.1)O10(OH)2;

type III: M+
0.3(Si 3.72Al0.28)(Mg 2.51Al0.19Fe3+

0.13)O10(OH)2.

From the different layer structure of saponite and stevensite, the distance of charge to the
layer surface is obviously different, which will determine hydration and sorption properties
significantly [19,20].

The aim of the present study was the unambiguous characterization of a clay from the Madrid
basin, which shows exceptional suitability as adsorbent material in biotechnology processes [21], and as
adsorbent for mycotoxins [22]. In addition, pesticide removal from water has been demonstrated [23]
for this clay. This clay can be also used to bind contaminants from the manufacture of paper [24].
Our study was initiated to better understand the structure—functionality relation of this material
to potentially enhance its industrial use. The identification of smectite is important as saponite and
stevensite vary in charge distribution influencing the absorption behavior of the material.

2. Material

Sample EX M 1694 (Clariant-internal distinct sample/clay quality, Clariant Produkte
(Deutschland) GmbH, Frankfurt, Germany), a clay with a red-beige appearance from the Madrid basin,
Spain) was studied to identify its mineralogical and chemical characteristics, especially the mineralogy
of the interstratification.
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3. Methods

Most methods to characterize 2:1 layer silicates were described in detail by Wolters et al. [25]
and Steudel et al. [26]. Hence, only a brief description is provided here supplemented by detailed
description of new methods. The methods were applied to the raw material as received and to the clay
fraction (<2 μm; Na-exchanged), but the results here are focused primarily on the clay fraction.

3.1. Sample Preparation and Size Fractionation

The raw material (500 g) was divided by a rotating sample splitting device (rotary sample divider
laborette 27, Fritsch, Idar-Oberstein, Germany) to obtain about 30 g of representative samples for
mineralogical characterization. Chemical pre-treatments after Tributh and Lagaly [27] were applied
to remove traces of carbonates, iron oxides, and organic matter [25]. Size fractionation was initiated to
remove coarse crystallites of non-clay minerals and to enrich particles of <2 μm. For size separation,
the material was first suspended in deionized water (800 mL) by mixing in an ultrasonic bath (30 min,
Merck Eurolab, Darmstdt, Germany) and shaken overnight. The homogenous suspension was transferred
into a 5 L beaker by passing a 63 μm sieve, which allowed separation of larger particles. The remaining
suspension was diluted with deionised water to a solid content of about 1%. The <2 μm fraction
was obtained by repeated gravitational sedimentation. The large volume was flocculated with NaCl
(20× CEC, see below). Excess salt in the sediment was removed by dialysis (conductivity of surrounding
deionized water <5 μS/cm). The dialysis tube (Nadir®, Carl Roth GmbH, Karlsruhe, Germany) consisted
of cellulose hydrate with a width of 62.8 mm and a diameter of 40 mm. The chloride-free clay fraction
was dried at 60 ◦C, gently manually ground (agate mortar) and stored in closed sample containers.

3.2. X-ray Diffraction (XRD) Analysis

The XRD patterns of the powdered bulk material and the clay fraction (<2 μm) were used for
mineral identification and quantification. Mineral identification proceeded further by XRD patterns
of oriented samples prepared from the clay fraction. Oriented samples were prepared by dispersing
about 80 mg of the Na-exchanged <2 μm fraction in 2 mL deionized water. Samples were dried under
atmospheric conditions at room temperature. After analyzing, the air dried samples were solvated for
48 h with ethylene glycol (EG) in a desiccator at 60 ◦C.

Measurements were performed with a Siemens D5000 (Bruker AXS GmbH, Karlsruhe, Germany)
instrument equipped with a graphite diffracted-beam monochromator (CuKα, 40 kV, 40 mA,
from 2◦–45◦ 2θ, step width 0.02◦ 2θ, 3 s/step, divergence and antiscatter slit 0.6 mm, detector slit
1.0 mm). The mineral names were abbreviated according to Whitney and Evans [28].

3.3. Modeling of the One-Dimensional X-ray Pattern

“NEWMOD” was used to model one-dimensional X-ray pattern of different interstratifications to
compare them with a measured XRD pattern of EG-solvated oriented specimen from our sample [29].
The EG-treated pattern was used to model the XRD data because the EG fixes the layer-to-layer space.
In the air-dried state the basal spacing is sensitive to ambient humidity and the type of interlayer
cations. Thus, it is difficult to determine the hydration state of the sample. Air-dried sample data are
included here as a baseline to observe changes by EG solvation. A talc/smectite interstratification was
selected for modeling. According to Moore and Reynolds [18], talc can be simulated by a trioctahedral
mica model with zero values for K and Fe and by changing d(001) from 1.0 to 0.933 nm. A d(001) of
0.96 nm for turbostratic talc was applied during the modeling. For the swelling layers the following
structure was selected: trioctahedral smectite-2Gly with a d(001) of 1.69 nm.

3.4. Infrared Spectroscopy—Attenuated Total Reflection Spectroscopy (ATR)

A Bruker IFS 55 EQUINOX spectrometer, equipped with a DTGS (deuterated triglycine sulphate)
(Bruker Optik GmbH, Ettlingen, Germany) detector was employed to obtain IR-spectra. 64 scans in
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the 4000–400 cm−1 spectral range were recorded with a scanner velocity of 5 kHz and a resolution of
4 cm−1. For the ATR measurements, a MIRacle single reflection diamond ATR cell (PIKE Technologies,
Madison, WI, USA) was used. Sample preparation was simple: a small amount of powder was pressed
on the diamond surface by a stainless steel-tipped anvil.

Band component analysis was undertaken using the Jandel Peakfit software package, (Version 4.12,
Jandel Scientific, SeaSolve Software, Framingham, MA, USA), which enables the type of fitting function
to be selected and allows specific parameters to be fixed or varied accordingly. The band fitting was
done over a region from 1300 to 830 cm−1 using a Voigt function. A linear two-point background
was chosen and fitting runs were repeated until reproducible results were obtained with a squared
correlation parameter R2 better than 0.998.

3.5. X-ray Fluorescence (XRF) Analysis

The chemical composition of the raw material and of the clay fraction (<2 μm; Na-exchanged)
was determined by XRF using molten pellets with lithium tetraborate (mixing ratio 1:7). XRF analyses
were performed on a Philips MagiXPRO spectrometer (PANalytical B.V., Almelo, The Netherlands,
Company of Spectris plc., Egham, UK) equipped with a rhodium X-ray tube operated at 3.2 KW.
The loss-on-ignition was determined prior to XRF by heating the samples at 1000 ◦C (2 h).

3.6. Simultaneous Thermal Analysis (STA)

The measurements were performed on a STA 449 C Jupiter (NETZSCH-Gerätebau GmbH, Selb,
Germany) equipped with a thermogravimetric/differential scanning calorimetry (TG/DSC) sample
holder. The STA is connected to a quadrupole mass spectrometer 403 C Aëolos (InProcess Instruments
(IPI)/NETZSCH-Gerätebau GmbH, Selb, Germany) to detect the evolved gases from the sample
during heating. All samples were allowed to equilibrate at a relative humidity (r.h.) of 53% in a
desiccator above a saturated Mg(NO3)2 solution for at least 48 h. Conventional Pt/Rh crucibles
(diameter 5 mm and height 5 mm) with a loosely-fitting perforated lid were filled with 80 mg of sample
material. The measurements in the temperature range between 35 and 1100 ◦C with a heating rate
of 10 K/min and an isothermal segment at 35 ◦C for 10 min were obtained under flowing synthetic
air (SynA, 50 mL/min) mixed with nitrogen (20 mL/min) from the protective gas flow. The STA is
connected to a pulse box (PulseTA, NETZSCH-Gerätebau GmbH, Selb, Germany) to inject a fixed
volume of CO2 (1 mL) in the flowing gas. Recording of the evolved CO2 from sample and injected
CO2 allows the quantification of the evolved CO2 e.g., from the oxidation of organic matter or from
the decomposition of carbonates, [30]. Therefore, a 40 min isothermal segment is performed at the end
of the measurement to inject CO2 three times.

3.7. Cation Exchange Capacity (CEC) and Exchangeable Cations

To determine the CEC, the exchangeable cations were replaced by copper triethylenetetramine
(Cu-trien) [31]. Prior to this exchange, the samples were also stored at 53% r.h. for at least 24 h.
Fifty milligrams of the samples were dispersed in 5 mL 0.01 M Cu-complex solution. Ten milliliters
of deionized water were added and the dispersions were shaken for 3 h. The dispersions were
centrifuged once at a minimum of 3500 rpm for 10 min; afterwards, the clear blue supernatants (1 mL)
were transferred into cuvettes (1.5 mL; semi-micro; disposable, Plastibrand, Brand GmbH & Co. KG,
Wertheim, Germany). The depletion of the Cu-trien cations in the sample solutions was determined by
photometry at 580 nm using a calibration series with different concentrations of Cu-trien. The CEC
was related to the dry weight of the completely dehydrated material calculated with respect to water
content determined by simultaneous thermal analysis (STA).

Exchangeable cations (Na+, Ca2+, K+, Mg2+) were determined with an optical emission
spectrometer, where inductively-coupled plasma is used for excitation of the cations (ICP-OES;
Jobin Yvon JY 38 S, HORIBA Europe GmbH, Oberursel, Germany). For the analysis, 5 mL of the
supernatant solution from CEC determination were transferred with a pipette (Eppendorf GmbH,
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Wesseling-Berzdorf, Germany) into a vial and diluted with deionized water in volume ratios of 1:1,
1:2, or 1:4 depending on the expected ion concentration from the CEC results. Ten to 20 μL of HNO3

(65% supra pure) were added to decompose the Cu-trien complex and to stabilize the solutions.

3.8. Environmental Scanning Electron Microscope (ESEM)

Particle morphologies were examined by a Philips XL 30 FEG environmental scanning electron
microscope (ESEM) (FEI Europe, Eindhoven, The Netherlands). Small amounts of sample powder
were glued on aluminum SEM-holders using conductive tapes (Leit-C, Plano GmbH, Wetzlar,
Germany). To improve the image quality, the samples were sputtered with a thin conductive layer
(5 nm Au/Pd 80/20) and were investigated in low-vac mode at a chamber pressure of 1 Torr (130 Pa)
using an acceleration voltage of 15 kV.

3.9. Specific Surface Area (AS)

N2 adsorption/desorption isotherms were recorded using either a Quantachrome Autosorb-1MP
(Quantachrome Instruments, Boynton Beach, FL, USA) or an ASAP2010 (Micromeritics). To remove
gaseous surface contaminants from the sample surfaces, the samples were held 24 h under vacuum
at 95 ◦C prior to the gas sorption cycle. Specific surface area (AS) was calculated by applying BET
theory [32]. Six to 11 adsorption points in the range of p/p0 from 0.01 to 0.2 were used for BET evaluation.
The density functional theory (DFT) was applied to calculate micro- (<2 nm), meso- (2–50 nm) and
macropore (>50 nm) volumes and areas (for definition of pore ranges see [33]) from the N2 adsorption
isotherm. For this purpose, the DFT kernel provided by the Quantachrome evaluation program was
used. The DFT kernel is based on N2 adsorbed at 77 K on silica surfaces with cylindrical pores and
the non-local density functional theory (NLDFT) adsorption branch model [34]. The AS was used to
determine the range of square length (L) of the particles and layer (n) per stack [35–37].

4. Results and Discussion

4.1. Mineralogy

A broad diffraction peak below 10◦ (2θ) in the powder pattern of both the bulk sample (data not
shown) and the clay fraction (Figure 1) revealed small coherent scattering domains. A 060 reflection
at 0.152 nm revealed the existence of mainly trioctahedral clay minerals. No 060 reflection for
dioctahedral clay minerals was observable). A small diffraction peak at the low angle side of the
0.319 nm reflection indicated traces of quartz in the bulk sample. Further impurities were calcite
and gypsum, which could be proved by a peak in the mass spectrometer (MS) curve of evolved CO2

(m/z = 44) and SO2 (m/z = 64) during STA. The amount of calcite and gypsum was under the detection
limit of XRD. The amount of the interstratification in the raw material and in the clay fraction was >97%
and >99%, respectively. The powder pattern of the clay fraction showed typical hk reflections of the
trioctahedral clay minerals at 0.455 nm and 0.257 nm (Figure 1). An additional reflection at 0.319 nm
was observable, which was identified as the 005/003 reflection of the interstratification [9].

In the air-dried oriented pattern of the clay fraction (Figure 2) the first basal reflection is very
broad and has a small shoulder at higher 2θ values, typical for interstratifications. Small particle sizes
and turbostratic stacking produced line broadening in the X-ray pattern. After treatment with ethylene
glycol, the broad diffraction peak splits in two diffraction peaks, due to the swelling of the smectite
layers in the interstratification (Figure 2). Both the Na-exchanged and Ca-exchanged material showed
after EG solvation the same expansion behavior (data not shown).

The FTIR spectra of the clay fraction of sample EX M 1694 were dominated by only a few features
(Figure 3a). In detail, these features are a small band at 3675 cm−1, which is at the same position as a
talc-like Mg3OH stretching vibration. The substitution of Al for Si, which transforms talc to Mg-rich
smectite, leads to a remarkable broadening and to a slight displacement (5–10 cm−1) of absorption
bands of talc in the region below 1200 cm−1 (Figure 3a), which is in good agreement to Russel and
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Fraser [38]. The very broad band between 3650 and 3000 cm−1 shows three maxima at 3621, 3420, and
3220 cm−1. They can all be assigned to stretching vibrations of adsorbed water molecules on the clay
surfaces [38]. The fingerprint region is dominated by a strong band at around 990 cm−1 (Figure 3a),
having a number of shoulders on both sides. A spectrum deconvolution reveals four bands at 1092,
1057, 1015, and 973 cm−1 (Figure 3b), which can all be attributed to Si-O stretching modes, a common
feature in clay mineral spectra [39].

Figure 1. Powder pattern of the clay fraction <2 μm. In addition to the hkl reflections one 001 reflection
of the interstratification contribution from (*) saponite and (#) turbostratic talc could be detected.

Figure 2. XRD patterns of the oriented clay fraction sample <2 μm. Non-rational basal reflections in
the EG treated pattern with contributions from saponite (*) and turbostratic talc (#) are indicated.

The peak deconvolution reveals two more weak bands at 915 and 880 cm−1. Both band positions
are not reported for trioctahedral clay minerals, but are assigned to Al-OH-Al and Al-OH-Fe bending
vibrations by Gates [40]. In addition, Cuadros et al. [10] attributed a band around 790 cm−1 in
a talc-smectite interstratification to Fe-Mg-�-OH sites and a band around 800 cm−1 to Fe-Fe-�-OH
sites [41].

The sharp band at 665 cm−1 is assigned to a Mg2-R-OH bending mode with R = Mg for talc
and R = Fe, Al for saponite. Its position is slightly lower than in talc (670 cm−1) but higher than in
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saponite (655 cm−1). This possibly occurs due to the interstratification of both types of layers and few
substitutions in saponite layers.

The strong feature below 500 cm−1 seems to be a mixture of talc and saponite vibrations and
is obviously not easy to assign. It has two maxima (440 and 421 cm−1) and a shoulder at 464 cm−1.
This shoulder was assigned by Farmer [42] to a perpendicular Mg3-OH bending vibration, while
other authors attributed all bands to bending vibrations of the Si–O tetrahedra [43] or to vibrations of
Si–O–Mg (464, 440 cm−1) and Si–O units (421 cm−1) [44].

(a) 

 
(b) 

Figure 3. (a) Comparison of FTIR-ATR spectra of sample EX M 1694 and of talc; (b) Results of the
spectrum deconvolution in the region between 830 and 1300 cm−1. The band positions are at 880, 916,
973, 1015, 1057, 1092 cm−1.

The differential scanning calorimetric (DSC) curves (Figure 4) show one endothermic peak in the
region below 200 ◦C, which is associated with a maximum (130 ◦C) in the mass spectrometer (MS)
curve of H2O (m/z = 18), which reflects the release of adsorbed and interlayer water of a smectitic phase.
Between 200 ◦C and 500 ◦C, a broad exothermic reaction occurs, which can be associated with the
oxidation of some surface attached organic matter due to released H2O and CO2. Two further reactions
were observed at higher temperatures (>500 ◦C) in the DSC curve. The first reaction was endothermic,
but the peak maximum could not be determined in the DSC curve because the reaction is superposed
by an exothermic reaction. The reactions are associated with gas emissions in the MS curve of H2O
(m/z = 18) and CO2 (m/z = 44) and a mass loss of 4.1%. The H2O release at 700 ◦C and above can
be attributed to the dehydroxylation of trioctahedral clay minerals. Dehydroxylation (endothermal)
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occurs simultaneously with decomposition of clay minerals and recrystallization (exothermal) of
high temperature phases. Thus, the maximum of the dehydroxylation peak (816 ± 1 ◦C) could
only be determined by DTG and from the MS curve of evolved H2O (m/z = 18). The small CO2

release can be attributed to the decomposition of a carbonate, which also occurred simultaneously
to the dehydroxylation of the clay mineral components. A small amount of carbonates (<1%) were
determined by PulseTA.

Figure 4. STA measurement of the clay fraction under SynA/N2: (a) DSC curve; (b) TG curve; (c) DTG
curve; (d) MS curve of H2O; and (e) MS curve of CO2.
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Chemical analysis showed that the raw material and the clay fraction contain Si and Mg as
main elements, which is consistent with the existence of Mg-rich clay mineral components, which are
trioctahedral. The amount of Al was below 2% and the amount of Fe was below 1% (Table 1). The LOI
of the raw material and for the clay fraction was 21.33 wt % and 18.08 wt %, respectively. The nickel
content of the both materials averaged <10 ppm. The low Ni content is related to the composition of
the parent rocks. The raw material has a Ca2+/Mg2+ ratio of about 1:2 in the interlayer.

Table 1. Chemical composition of raw material and clay fraction (normalized to ignited conditions).

EX M 1694 SiO2 Al2O3 MgO Fe2O3 Na2O CaO K2O Total

Raw material (wt %) 62.76 1.76 33.56 0.61 0.04 0.86 0.41 100
Clay fraction * (wt %) 63.82 1.84 32.20 0.55 1.36 0.04 0.18 100

* <2 μm Na-exchanged.

A comparison of ESEM images of the raw material and the clay fraction of EX M 1694 (Figure 5a,b)
indicates, that the clay mineral particles formed small aggregates of about 4 μm and show floccules
of micro aggregates. These aggregates show the typical fluffy or cloud-like smectite-morphology
(Figure 5b).

 

Figure 5. ESEM images (a) distribution of micro aggregates in the raw material; and (b) typical fluffy
smectite morphology of the particles in the clay fraction.

The layer charge had to be derived from the structural formula because layer charge measurements
based on Lagaly [45] were not possible, owing to very broad peaks of low intensities in XRD patterns
of n-alkylammonium exchanged samples. The specific surface area (AS) of the raw material and the
clay fraction is 278 m2/g and 283 m2/g, respectively. The AS revealed three layers per stack (n = 3)
and a very small lateral layer dimension between 60 and 80 nm.

4.2. Interstratification Studies

First, a turbostratic talc/smectite interstratification was modelled. The best result was reached using
the following parameter ((Reichweite = 0, d(001) for turbostratic talc = 0.96 nm, smectite content = 0.7,
LowN = 1; HighN = 5; δ = 2). Not all features in the XRD pattern could be reproduced with a
turbostratic talc/smectite interstratification (Figure 6a). Therefore, a turbostratic talc pattern (Figure 6b)
was modelled, too. The parameter LowN, HighN, and δ were the same as already chosen for the
interstratification. The d(001) for the turbostratic talc was fixed to 0.96 nm. The two modelled patterns
(Figure 6b) were mixed in the ratio: 75% turbostratic talc/smectite interstratification and 25% turbostratic
talc. Figure 6c,d shows that all features could now be reproduced. The masked range (Figure 6a–d) of
the pattern was excluded, because in this region the d(02,11) reflection of trioctahedral clay minerals is
located [9]. The occurrence of this reflection indicated that the particles were not completely oriented
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parallel to the sample holder. The variation of the Fe content from 0 to 0.1 has no significant influence
in the patterns, therefore the iron content in the smectite component was fixed to 0.05 p.f.u. according
to the chemical composition (Table 1). HighN and δ were very low to reproduce the broad diffraction
peaks. Higher values would produce very sharp diffraction peak profiles. The low values agreed with
the results of BET measurements.

Figure 6. EG-treated XRD pattern of the oriented clay fraction sample in comparison to the modeled
pattern by NEWMOD: (a) turbostratic talc (0.3)/saponite interstratification model; (b) turbostratic
talc(0.3)/saponite interstratification model + turbostratic talc model; (c) mixture of interstratification
(0.75) model + turbostratic talc model; and (d) enlarged view of (c).
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According to the modeling results, the structural formula of the smectite in the interstratification
was calculated [46] using the chemical analysis of the clay fraction (Table 1). Based on Cuadros et al. [10],
we assumed that the chemical variability of turbostratic talc and talc is low compared to smectite. Thus,
we applied the ideal talc formula (Si 4.0)(Mg 3.0)O10(OH)2 for both talc components. The structural
formula for smectite (70%) was then calculated as: M+

0.31(Si 3.77Al0.23)(Mg 2.84Fe0.05Al0.03)O10(OH)2.
M+ includes the interlayer cations Na, Ca, and K. The determined structural formula for the smectite
component is typical for a saponite type III rather than for stevensite, which was found by Martin de
Vidales [3] in similar materials.

The H2O release below 300 ◦C was higher than expected for a mixture of a Na-rich swelling
clay mineral (average H2O content at 53% r.h. at about 12.5%, unpublished data) and a fine-grained
non-swelling clay mineral (maximum H2O content at 53% r.h. of 5%). The high H2O binding ability is
caused by the extreme small material grains and large surface area.

To determine the mass loss resulting from dehydroxylation of the clay mineral components the
overall mass loss between 600 ◦C and 1100 ◦C was corrected by the mass loss caused by thermal
carbonate decomposition. Even 1% calcite would result in a mass loss of 0.44%, which would cause
an overestimation of OH from overall mass loss in TG above 600 ◦C. Talc contains 4.6% water as
hydroxyl groups and saponite 4.66%. The investigated sample consists of 75% turbostratic talc
(0.3)/smectite interstratification and 25% turbostratic talc. Thus, the amount of turbostratic talc from
the interstratification corresponds to 22.5% of total layers and the sum of turbostratic talc corresponds
to 47.5%. The amount of saponite from the interstratification totaled 52.5% of all layers. The amount of
OH from 47.5% talc is 2.19% and from 52.5% saponite is 2.45% (2.19% + 2.45% = 4.64%). The carbonate
content in the clay sample fraction was 0.36%, which results in a mass loss of 0.16%. With the carbonate
correction, the mass lost owing to dehydroxylation is 4.66% instead of 4.82% (uncorrected) and this
is equivalent to the theoretical value. This result indicates no additional surface hydroxyl groups.
The CEC of the raw material (37 cmol(+)/kg) is equal to the CEC of the clay fraction (40 cmol(+)/kg).
The calculated layer charge of the pure smectite (0.31 p.f.u.; Msmectite = 385.35 g/mol) revealed a CEC
of 80 cmol(+)/kg. Thus, 52.5% saponite had a CEC of 42 cmol(+)/kg, which equates the measured
CEC (40 cmol(+)/kg) of the clay fraction.

According to Faust & Murata [47], Veniale and Van der Marel [48], Grimshaw [49], Alietti and
Mejsner [1], and Post [50], the endothermic decomposition of pure talc and saponite, as well as
talc-saponite interstratifications involves crystallization of enstatite and cristobalite. Decomposition
(endothermic) and recrystallization (exothermic) are out of the temperature range (up to 1100 ◦C) of
conventional STA measurement systems [1,48–50]. In contrast, the investigated turbostratic talc-saponite
interstratification showed an exothermic peak with a maximum at 815 ◦C superimposing with the
endothermic dehydroxylation of the interstratification. The low temperature of dehydroxylation and
decomposition for turbostratic talc-saponite interstratification is again caused by the small particle size.

4.3. Surface Properties of the Interstratification

The specific surface area of the raw material is 278 m2/g and is only slightly lower than the
specific surface area of the clay fraction at 283 m2/g, and is comparable to engineered adsorption
materials (Table 2, [51]).

Table 2. Surface and porosity characteristics of the talc-saponite interstratification in comparison to an
acid-modified bentonite based on BET (p/p0 = 0.01–0.2) and DFT calculations.

Parameters EX M 1694 Bulk EX M 1694 <2 μm Ca-Saturated Bentonite Acid-Modified

As BET (m2/g) 278 283 236
AMicroP (m2/g) 139 140 44
AMesoP (m2/g) 138 142 189
AMacroP (m2/g) 1 1 3
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Engineered adsorption materials that are produced by acid treatment of smectitic clays to adjust
surface area and porosity [52] generate hazardous waste. The studied material can be used as mined
and, in addition, possesses a small amount of macropores, but large numbers of micropores (50%) and
mesopores (50%). Therefore, it might not only be suitable for further (bio)-separation processes of low
molecular substances without pretreatment, but also for adsorption of macromolecules, like proteins
and enzymes.

5. Conclusions

Sample EX M 1694 from the Madrid basin (Spain) is similar to the pink clay from the same
provenance studied by Martin de Vidales [3] and Cuevas et al. [4], but the interstratification consists
of 30% turbostratic talc and 70% saponite type III rather than turbostratic talc and stevensite (due to
tetrahedral and octahedral substitutions). In addition to the interstratification (75%), the sample
contained 25% turbostratic talc. The fine grained natural material with small lateral layer dimension
and low number of layers per stack possesses a large surface area comparable to engineered sorption
materials. Therefore, it is highly suitable for application as mined without chemical pretreatment,
which reduces the environmental burden. Furthermore, low particle size reduces thermal stability and
dehydroxylation, and recrystallization takes place well below 1000 ◦C. The exceptional suitability of
the studied material for absorbents in biotechnology processes, for mycotoxins and pesticides can be
explained by its physical and chemical properties.

Acknowledgments: We are grateful to Katherina Rüping and Doreen Rapp for their help in the laboratory.
The authors acknowledge Marita Heinle (Karlsruhe Institute of Technology, KIT) for ICP-OES analyses, Utz Kramar
(Karlsruhe Institute of Technology, KIT) for XRF analyses and Peter Weidler (Karlsruhe Institute of Technology, KIT)
for gas adsorption measurements. We are very grateful to Javier Cuadros, Steve Guggenheim, and two anonymous
reviewer for discussions that improved the manuscript.

Author Contributions: Friedrich Ruf, Ulrich Sohling, Rainer Schuhmann, and Katja Emmerich conceived the
project and designed the overall experimental strategy. Friedrich Ruf and Ulrich Sohling selected the sample.
Annett Steudel performed the XRD, the STA and the CEC experiments and analyzed the data. Annett Steudel
performed the modeling of the one-dimensional X-ray pattern. Frank Friedrich performed and evaluated the FTIR
and ESEM experiments. All authors participated in writing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Alietti, A.; Mejsner, J. Structure of a talc/saponite mixed-layer mineral. Clays Clay Miner. 1980, 28, 388–390.
[CrossRef]

2. Eberl, D.D.; Jones, G.; Khoury, H.N. Mixed-layer kerolite/stevensite from the Amargosa Desert, Nevada.
Clays Clay Miner. 1982, 57, 115–133. [CrossRef]

3. De Vidales, J.L.M.; Pozo, M.; Alia, J.M.; Garcia-Navarro, F.; Rull, F. Kerolite-stevensite mixed-layers from the
Madrid basin, Central Spain. Clay Miner. 1991, 26, 329–342. [CrossRef]

4. Cuevas, J.; Pelayo, M.; Rivas, P.; Leguey, S. Characterization of Mg-clays from the Neogene of the Madrid
basin and their potential as backfilling and sealing material in high level radioactive waste disposal.
Appl. Clay Sci. 1993, 7, 383–406. [CrossRef]

5. Pozo, M.; Casas, J. Origin of kerolite and associated Mg clays in palustrine-lacustrine environments.
The Esquivias deposit (Neogene Madrid Basin, Spain). Clay Miner. 1999, 34, 395–418. [CrossRef]

6. De Santiago Buey, C.; Suarez Barrios, M.; Garcia Romero, E.; Dominiguez Diaz, M.C.; Doval Montoya, M.
Electron microscopic study of the illite-smectite transformation in the bentonites from Cerro del Aquila
(Toledo, Spain). Clay Miner. 1998, 33, 501–510. [CrossRef]

7. Brindley, G.W.; Bish, D.L.; Wan, H.-M. The nature of kerolite, its relation to talc and stevensite. Mineral. Mag.
1977, 41, 443–452. [CrossRef]

8. Bailey, S.W. Summary of recommendations of AIPEA nomenclature committee on clay minerals. Am. Mineral.
1980, 65, 1–7.

9. Brindley, G.W.; Brown, G. Crystal Structures of Clay Minerals and Their X-ray Identification; Monograph 5;
Mineralogical Society: London, UK, 1980; p. 539.

16



Minerals 2017, 7, 5

10. Cuadros, J.; Vesselin, M.D.; Fiore, S. Crystal chemistry of the mixed-layer sequence talc-talc-smectite-smectite
from submarine hydrothermal vents. Am. Mineral. 2008, 93, 1338–1348. [CrossRef]

11. Nickel, E.H.; Nichols, M.C. IMA/CNMNC List of Mineral Names. Available online: http://nrmima.nrm.se/
/MINERALlist.pdf (accessed on 22 May 2008).

12. Guggenheim, S. Introduction to Mg-rich clay minerals: Structure and composition. In Magnesian Clays:
Characterization, Origin and Applications; Pozo, M., Galan, E., Eds.; AIPEA Educational Series: Bari, Italy, 2015;
pp. 1–62.

13. Perdikatsis, B.; Burzlaff, H. Strukturverfeinerung am Talk Mg3[(OH)2Si4O10]. Z. Kristallogr. 1981, 156,
177–186. [CrossRef]

14. Guggenheim, S.; Adams, J.M.; Bain, D.C.; Bergaya, F.; Brigatti, M.F.; Drits, V.A.; Formoso, M.L.L.; Galán, E.;
Kogure, T.; Stanjek, H. Summary of recommendations of nomenclature committees relevant to clay
mineralogy: Report of the association Internationale pour l’etude des argiles (aipea) nomenclature committee
for 2006. Clays Clay Miner. 2006, 54, 761–772. [CrossRef]

15. Newman, A.C.D. Chemistry of Clays and Clay Minerals; Monograph 6; Mineralogical Society: London, UK,
1987; p. 480.

16. Köster, H.M.; Schwertmann, U. Beschreibung einzelner Tonminerale. In Tonminerale und Tone: Struktur,
Eigenschaften, Anwendung und Einsatz in Industrie und Umwelt; Jasmund, K., Lagaly, G., Eds.; Steinkopff Verlag:
Darmstadt, Germany, 1993; pp. 33–88.

17. Mackenzie, R.C. Saponite from Allt Ribhein, Fiskavaig Bay, Skye. Mineral. Mag. 1957, 31, 672–680. [CrossRef]
18. Moore, D.M.; Reynolds, R.C., Jr. X-ray Diffraction and the Identification and Analysis of Clay Minerals;

Oxford University Press: New York, NY, USA, 1997; p. 378.
19. Ferrage, E.; Sakharov, B.A.; Michot, L.J.; Lanson, B.; Delville, A.; Cuello, G.J. Water organization in

Na-saponite: An experimental validation of numerical data. Geochim. Cosmochim. Acta 2010, 74, A289.
20. Ferrage, E.; Lanson, B.; Sakharov, B.A.; Geoffroy, N.; Jacquot, E.; Drits, V.A. Investigation of dioctahedral

smectite hydration properties by modeling of X-ray diffraction profiles: Influence of layer charge and charge
location. Am. Mineral. 2007, 92, 1731–1743. [CrossRef]

21. Temme, H.; Sohling, U.; Suck, K.; Ruf, F.; Niemeyer, B. Separation of aromatic alcohols and aromatic ketones
by selective adsorption on kerolite-stevensite clay. Colloids Surf. A 2011, 377, 290–296. [CrossRef]

22. Sohling, U.; Haimerl, A. Use of Stevensite for Mycotoxin Adsorption. Patent WO 2006119967, 17 July 2012.
23. Ureña-Amate, M.D.; Socías-Viciana, M.; González-Pradas, E.; Saifi, M. Effects of ionic strength and

temperature on adsorption of atrazine by a heat treated kerolite. Chemosphere 2005, 59, 69–74. [CrossRef]
[PubMed]

24. Sohling, U.; Ruf, F. Stevensite and/or Kerolite Containing Adsorbents for Binding Interfering Substances
during the Manufacture of Paper. Patent WO 200702941, 1 March 2007.

25. Wolters, F.; Lagaly, G.; Kahr, G.; Nüesch, R.; Emmerich, K. A comprehensive characterization of dioctahedral
smectites. Clays Clay Miner. 2009, 57, 115–133. [CrossRef]

26. Steudel, A.; Batenburg, L.; Fischer, H.; Weidler, P.G.; Emmerich, K. Alteration of swellable clays by acid
treatment. Appl. Clay Sci. 2009, 44, 105–115. [CrossRef]

27. Tributh, H.; Lagaly, G. Aufbereitung und Identifizierung von Boden- und Lagerstättentonen Teil I:
Aufbereitung der Proben im Labor. GIT Fachzeitschrift für das Laboratorium 1986, 30, 524–529.

28. Whitney, D.L.; Evans, B.W. Abbreviations for names of rock-forming minerals. Am. Mineral. 2010, 95,
185–187. [CrossRef]

29. NEWMOD for WindowsTM: The Calculation of One-Dimensional X-ray Diffraction Patterns of Mixed-Layered Clay
Minerals; Reynolds, R.C., Jr. and Reynolds, R.C., III.: Hanover, NH, USA, 1996; p. 25.

30. Emmerich, K. Thermal analysis in the characterization and processing of industrial minerals. In Advances in
the Characterization of Industrial Minerals; EMU, Notes in Mineralogy: London, UK, 2011; pp. 129–170.

31. Meier, L.P.; Kahr, G. Determination of the cation exchange capacity (CEC) of clay minerals using the
complexes of copper(II) ion with triethylenetetramine and tetraethylenepentamine. Clays Clay Miner. 1999,
47, 386–388. [CrossRef]

32. Brunauer, S.; Emmett, P.H.; Teller, E. Adsorption of gases in multimolecular layers. J. Am. Chem. Soc. 1938,
60, 309–319. [CrossRef]

17



Minerals 2017, 7, 5

33. Sing, K.S.W.; Everett, D.H.; Haul, R.A.W.; Moscou, L.; Pierotti, R.A.; Rouquerol, J.; Siemieniewska, T.
Reporting physisorption data for gas/solid systems with special reference to the determination of surface
area and porosity. Pure Appl. Chem. 1985, 57, 603–619. [CrossRef]

34. Lowell, S.; Shields, J.E.; Thomas, M.A.; Thommes, M. Characterization of porous solids and powders.
In Surface Area, Pore Size and Density; Springer: Berlin, Germany, 2006; p. 347.

35. White, G.N.; Zelazny, L.W. Analysis and implications of the edge structure of dioctahedral phyllosilicates.
Clays Clay Miner. 1988, 36, 141–146. [CrossRef]

36. Tournassat, C.; Neaman, A.; Villiéras, F.; Bosbach, D.; Charlet, L. Nanomorphology of montmorillonite
particles: Estimation of the clay edge sorption site density by low-pressure gas adsorption and AFM
observations. Am. Miner. 2003, 88, 1989–1995. [CrossRef]

37. Delavernhe, L.; Steudel, A.; Darbha, G.K.; Schäfer, T.; Schuhmann, R.; Wöll, C.; Geckeis, H.; Emmerich, K.
Influence of mineralogical and morphological properties on the cation exchange behavior of dioctahedral
smectites. Colloids Surf. A 2015, 481, 591–599. [CrossRef]

38. Russel, J.D.; Fraser, A.R. Infrared methods. In Clay Mineralogy: Spectroscopic and Chemical Determinative
Methods; Wilson, M.J., Ed.; Chapman & Hall: London, UK, 1994; pp. 11–67.

39. Farmer, V.C. The Infrared Spectra of Minerals; Monograph 4; Mineralogical Society: London, UK, 1974; p. 331.
40. Gates, W.P. Infrared Spectroscopy and the Chemistry of Dioctahedral Smectites. In The Application of

Vibrational Spectroscopy to Clay Minerals and Layered Double Hydroxides; Workshop Lectures; Kloprogge, J.T., Ed.;
The Clay Mineral Society: Boulder, CO, USA, 2005; Volume 13, pp. 125–168.

41. Cuadros, J.; Altaner, S.P. Compositional and structural features of the octahedral sheet in mixed-layer
illite/smectite from bentonites. Eur. J. Miner. 1988, 10, 111–124.

42. Farmer, V.C. The infra-red spectra of talc, saponite, and hectorite. Mineral. Mag. 1958, 31, 829–844. [CrossRef]
43. Kloprogge, J.T.; Frost, R.L. The effect of synthesis temperature on the FT-Raman and FT-IR spectra of

saponites. Vib. Spectrosc. 2000, 23, 119–127. [CrossRef]
44. Van der Marel, H.W.; Beutelspacher, H. Atlas of Infrared Spectroscopy of Clay Minerals and Their Admixtures;

Elsevier: Amsterdam, The Netherlands, 1976; p. 191.
45. Lagaly, G. Layer Charge Determination by Alkylammonium Ions. In Layer Charge Characteristics of 2:1 Silicate

Clay Minerals; Mermut, A.R., Ed.; The Clay Minerals Society: Aurora, CO, USA, 1994; Volume 6, pp. 1–46.
46. Stevens, R.E. A system for calculating analyses of micas and related minerals to end members. US Geol.

Surv. Bull. 1945, 950, 101–119.
47. Faust, G.T.; Murata, K.J. Stevensite, redefined as a member of the montmorillonite group. Am. Mineral. 1953,

38, 973–978.
48. Veniale, F.; Van der Marel, H.W. A regular Talc-Saponite mixed layer mineral from Ferriere, Nure Valley

(Piacenza Province, Italy). Contrib. Mineral. Petrol. 1968, 17, 237–254. [CrossRef]
49. Grimshaw, R.W. The Chemistry and Physics of Clays and Allied Ceramic Materials, 4th ed.; Ernest Benn Limited:

London, UK, 1971; p. 1024.
50. Post, J.L. Saponite from Near Ballarat, California. Clays Clay Miner. 1984, 32, 147–153. [CrossRef]
51. Sohling, U.; Ruf, F.; Schurz, K.; Emmerich, K.; Steudel, A.; Schuhmann, R.; Weidler, P.G.; Ralla, K.; Riechers, D.;

Kasper, C.; et al. Natural mixture of silica and smectite as a new clayey material for industrial applications.
Clay Miner. 2009, 44, 525–537. [CrossRef]

52. Komadel, P.; Madejová, J. Acid activation of clay minerals. In Handbook of Clay Science, 2nd ed.; Bergaya, F.,
Theng, B.K.G., Lagaly, G., Eds.; Elsevier: Amsterdam, The Netherlands, 2006; pp. 263–287.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

18



minerals

Article

Thermal Transformation of NH4-Clinoptilolite to
Mullite and Silica Polymorphs

Antonio Brundu, Guido Cerri * and Eleonora Sale

Department of Natural and Territorial Sciences, University of Sassari, Via Piandanna 4, 07100 Sassari, Italy;
abrundu@uniss.it (A.B.); eleonorasale@hotmail.it (E.S.)
* Correspondence: gcerri@uniss.it; Tel.: +39-079-228621

Academic Editor: Annalisa Martucci
Received: 14 December 2016; Accepted: 13 January 2017; Published: 19 January 2017

Abstract: Clinoptilolite is a natural zeolite used for the abatement of ammonium in the treatment
of urban wastewater. By considering that mullite was obtained through thermal treatment of
NH4-exchanged synthetic zeolites, this work aimed to evaluate if this phase can be obtained from
NH4-clinoptilolite. A material containing about 90 wt % of clinoptilolite, prepared using a Sardinian
zeolite-rich rock, was NH4-exchanged and subjected to treatments up to 1200 ◦C. After dehydration,
de-ammoniation, and dehydroxylation processes, the clinoptilolite structure collapsed at 600 ◦C.
An association of mullite, silica polymorphs, and glass, whitish in color, was obtained for treatments
between 1000 and 1200 ◦C. The higher degree of crystallinity was reached after a 32 h heating
at 1100 ◦C: mullite 22 wt %, cristobalite 59 wt %, tridymite 10 wt %, glass 9 wt %. It is possible to
speed up the kinetics of the transformation by increasing the temperature to 1200 ◦C, obtaining
the same amount of mullite in 2 h, but increasing the residual amorphous fraction (16 wt %).
These results indicate that NH4-clinoptilolite could represent a raw material of potential interest in
the ceramic field, in particular in the production of acid refractory, opening scenarios for a possible
reuse of clinoptilolite-based exchangers employed in ammonium decontamination.

Keywords: zeolite; clinoptilolite; mullite; ammonium; ammonia; cristobalite; ceramic; refractory;
thermal treatment; waste

1. Introduction

Clinoptilolite is the most abundant among natural zeolites and high-grade deposits are distributed
worldwide [1]. Not only has it cation exchange capacity, but it also exhibits high selectivity toward
NH4

+, known since the sixties of the past century, when the first studies, addressed to exploit
this feature in the treatment of municipal wastewater, were accomplished [2]. However, the use
of clinoptilolite in ammonium decontamination still remains a matter of interest [3–5]. In the
United States, nearly 80% of the zeolites sold in the domestic market is related to uses exploiting
ammonia/ammonium adsorption, such as animal feed, odor control, water purification, pet litter,
and wastewater treatment [6]; noteworthy, clinoptilolite represents more than 85% of US production [7].
Clinoptilolite has been employed in the treatment of urban wastewater for the removal of NH4

+ [1,8],
also taking advantage of its low cost, although only a limited number of plants, three in the USA and
fourteen in Australia, have operated [1]. It should be noted that the regeneration of the exhausted
zeolite, as well as the recovery of ammonia, are feasible processes, but often not cost-effective [9].
This general rule has resulted in being pushed to find uses for the spent exchangers, for example
clinoptilolite containing ammonium ions can be used as fertilizer [8], and should encourage further
studies aimed to evaluate new alternatives.

Heating determines transformations in the structure of zeolites, and some general rules governing
the correlation between the composition, original framework, and the thermal stability of these minerals
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have been established [10]. It has been demonstrated that some NH4-exchanged synthetic zeolites
can be transformed into an association of mullite and amorphous silica by thermal treatments [11–13].
Mullite has achieved outstanding importance as a material for both traditional and advanced ceramics
because of its favorable thermal and mechanical properties [14]. The use of natural zeolites in ceramic
production has been evaluated by different research groups, highlighting the advantages, generally a
lowering of sintering temperatures and limits, mainly linked to the dark color often observed in the
fired products [15–19]. Recent papers show that crystalline materials can be obtained by thermally
induced transformation of Cs- and Pb-exchanged clinoptilolite [20–22], whereas only an amorphous
phase has been achieved from the thermal treatment of a NH4-clinoptilolite [23].

The continuous increase of quantity of inorganic waste has stimulated, as a challenge, different
studies designed to transform waste into resources for the ceramic industry [24–26]. With this
perspective, a material containing NH4-clinoptilolite, derived from a wastewater treatment, might be
evaluated as a potential raw material for the ceramic industry. On the basis of the above mentioned
considerations, the present research has been addressed to evaluate the possibility of obtaining a
ceramic matrix by heating an NH4-exchanged clinoptilolite.

2. Experimental Section

2.1. Starting Material and Beneficiation Process

The present research was performed by using a clinoptilolite-bearing epiclastite (sample labeled
as “LacBen”) [27], collected in the valley of the Tirso River (Northern Sardinia, Italy). Literature data
report zeolite contents that span from 66 to 70 wt % for this material [22,28].

The rock was subjected to the beneficiation process described in previous papers [20,22,29,30],
aimed to increase the zeolite content. Briefly, the material was submitted to autogenous comminution
and dry sieving. Then, the fraction below 100 μm was subjected to ultrasound attack and wet
separation in deionized water. The obtained powder was dried at 70 ◦C in a ventilated drying oven,
then conditioned for 24 h at 22 ± 3 ◦C and 53% ± 5% of Relative Humidity (hereafter, RH), monitored
with an Ebro Data Logger EBI20-TH1 (Ebro, Ingolstadt, Germany), using a desiccator containing a
saturated solution of Ca(NO3)2. The material so obtained was labeled ES-AR.

2.2. Preparation of NH4-Clinoptilolite

To obtain a NH4-clinoptilolite, ES-AR was previously Na-exchanged, a procedure that allows an
improvement of the cation exchange capacity [31]. The enriched powder was contacted with a 1 M
NaCl solution (Merck ACS salt; purity > 99.5%) performing a sequence of ten exchange cycles of 2 h
each, executed in a batch at 65 ◦C under continuous stirring, with a solid/liquid ratio of 30 g/L.
The last two exchange cycles were performed using a VWR Prolabo salt (purity 99.9%).
The Na-exchanged material was rinsed with deionized water until complete removal of chloride
solution (test performed on elutes with AgNO3). The powder was dried at 35 ◦C overnight,
then rehydrated for 24 h at 22 ◦C and 53% ± 2% of RH. The Na-clinoptilolite was conducted in
NH4-form using a 0.5 M NH4Cl solution (Sigma Aldrich salt; purity 99.5%), by carrying out five
exchange cycles using the same conditions of Na-preconditioning. Once rinsed, the material was dried
and rehydrated as described above. The NH4-exchanged material was labeled ES-NH.

2.3. Chemical Analysis

The chemical analysis of ES-NH was performed at the Activation Laboratories Ltd (Ancaster,
ON, Canada). Major elements were determined after lithium metaborate/tetraborate fusion of the
sample through Inductive Coupled Mass Atomic Emission Spectrometry (ICP-AES), performed with a
Varian Vista 735 ICP (Varian, Inc., Palo Alto, CA, USA). NH4 content was calculated on the basis of the
Total N determined through the Total Kjeldahl Nitrogen (TKN) method. The Loss of Ignition (LoI) of
the material was determined, in duplicate, by calcination of the sample for 2 h at 1000 ◦C. The H2O
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content in the NH4-clinoptilolite was calculated as the difference between the LoI and the (NH4)2O
content [32].

2.4. Thermal Treatments

Aliquots of 250 mg of ES-NH were submitted to thermal treatments of 2 h at 200, 300, 400, 500, 600,
700, 800, 900, 1000, 1100, and 1200 ◦C, performed in a muffle furnace (Vittadini mod. FS. 3, Vittadini,
Milano, Italy) using platinum crucibles. Further experiments were performed at 1000 and 1100 ◦C,
at each temperature heating aliquots of 250 mg of sample for 4, 8, 16, and 32 h.

2.5. X-ray Diffraction (XRD)

ES-AR, ES-NH, and all heated samples were investigated employing a Bruker D2-Phaser
(Bruker, Karlsruhe, Germany) with the following conditions: 30 kV, 10 mA, CuKα radiation, LynxEye
detector with an angular opening of 5◦, 2θ range 6◦–70◦, step size 0.020◦, time per step 2 s, spinner
15 rpm. Before the measurements, all the samples were micronized using a Retsch MM400 mill
(ZrO2 cups and balls). ES-AR, ES-NH heated for 32 h at 1000 and 1100 ◦C, and ES-NH heated for 2 h
at 1200 ◦C were also analyzed by adding to the specimens 20 wt % of corundum as internal standard.
All measurements were performed using a low-background silicon crystal specimen holder (Bruker),
except for the ES-AR, placed in a steel sample holder (Bruker). The XRD patterns were evaluated using
the software EVA 4.1.1 (2015; Bruker DIFFRACplus Package) coupled with the database PDF-2 (ICDD).
Quantitative analyses were performed with the Rietveld method using the software Bruker Topas 4.5.

2.6. Thermal Analyses

Thermogravimetric, Derivative Thermogravimetric and Differential Thermal Analyses (hereafter,
TG, DTG, and DTA) of ES-NH were carried out using a TA Instrument Q600 (TA Instruments,
New Castle, DE, USA) simultaneous thermal analyzer. Amounts of about 15 mg of sample were
heated up to 1300 ◦C, both under air (five analyses) and nitrogen flow (one analysis; N2 purity 99.999%,
Sapio), in an alumina crucible at the following operating conditions: 10 ◦C/min; gas flow 100 mL/min.
The software TA-Universal Analysis was used to evaluate the results.

2.7. Scanning Electron Microscope (SEM) Observations

Morphological observations were carried out on the samples heated for 32 h at 1100 ◦C and for
2 h at 1200 ◦C. The materials, placed on aluminum stubs, were gold coated by sputtering and observed
using a ZEISS DSM 962 Scanning Electron Microscope (Zeiss, Oberkochen, Germany).

3. Results

The mineralogical composition of ES-AR is reported in Table 1 (the Rietveld refinement is provided
in Figure S1, Supplementary Materials). The beneficiation process enabled a powder to be obtained
with a clinoptilolite content of about 89 wt %, along with residual amounts of feldspars, glass, opal-CT,
biotite, and quartz. This result confirms that the beneficiation process here adopted is effective and
replicable [20,22,29,30].

Table 1. Mineralogical composition of sample ES-AR (values in wt %; e.s.d. = estimated standard
deviation; R-weighted pattern (Rwp) = 6.96%).

ES-AR Clinoptilolite Feldspars Quartz Opal-CT Biotite Amorphous Sum

content 89.3 4.0 0.7 2.1 1.0 2.9 100.0
e.s.d. ±4.0 ±1.0 ±0.2 ±0.5 ±0.2 ±1.2 -

The chemical composition of ES-NH is reported in Table 2.
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Table 2. Chemical composition of sample ES-NH (values in wt %).

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 (NH4)2O H2O Sum

67.85 12.81 0.78 0.01 0.39 0.30 0.14 0.46 0.23 0.05 5.76 10.92 99.70

The high ammonium content (2.21 meq/g), along with the low sodium, potassium, calcium, and
magnesium contents, indicate that a near end-member of NH4-clinoptilolite was obtained.

The XRD patterns of ES-NH and of all the samples heated for 2 h from 200 to 1200 ◦C are reported
in Figure 1. The diffractograms show that the structure of clinoptilolite is well recognizable also after
the treatment at 500 ◦C, although a slight shifting of the peaks toward higher 2θ angles, and a reduction
of their intensities, occurred. The heating at 600 ◦C determined the amorphization of the material
(Figure 1a), and no further change was recorded up to 1000 ◦C, when the nucleation of cristobalite
began (Figure 1b). The XRD pattern of ES-NH treated at 1100 ◦C shows, beside cristobalite, also traces
of tridymite and mullite.
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Figure 1. (a) X-ray Diffraction (XRD) patterns of ES-NH unheated and treated for 2 h from 200 to
600 ◦C and; (b) from 700 to 1200 ◦C. C = Cristobalite; M = Mullite; T = Tridymite.

At 1200 ◦C, a matrix almost entirely crystalline, basically composed of cristobalite (54.3 wt %),
tridymite (8.8 wt %) and mullite (21.0 wt %), was obtained (Figure 1b and Table 3).

Table 3. Mineralogical compositions of ES-NH heated at the temperatures and for the time indicated
(values in wt %).

Temperature Time (h) Cristobalite Tridymite Mullite Amorphous Sum Rwp

1000 ◦C 32 5.1 3.5 5.2 86.2 100.0 3.91
e.s.d. - ±1.0 ±0.7 ±1.0 ±6.0 - -

1100 ◦C 32 59.3 10.1 21.8 8.8 100.0 7.97
e.s.d. - ±2.8 ±1.6 ±1.8 ±2.0 - -

1200 ◦C 2 54.3 8.8 21.0 15.9 100.0 8.18
e.s.d. - ±2.5 ±1.4 ±1.8 ±2.5 - -

The XRD patterns of the ES-NH heated up to 32 h at 1000 and 1100 ◦C are reported in Figure 2.
In both cases the crystallization increases with the time, but very slowly at 1000 ◦C, indeed after 32 h
the amorphous phase is largely dominant (about 86 wt %—Table 3). Conversely, the residual glassy
fraction is just 8.8 wt % in the sample heated at 1100 ◦C for 32 h, that is mainly composed of cristobalite
(about 59 wt %) and mullite (almost 22 wt %), as reported in Table 3 (the Rietveld refinement is
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provided in Figure S2, Supplementary Materials). A thermal treatment at 1200 ◦C allows 21 wt % of
mullite to be obtained in just 2 h, but in this case the amorphous fraction reaches 16 wt % (Table 3).
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Figure 2. (a) XRD patterns of ES-NH treated up to 32 h at 1000; and (b) at 1100 ◦C. C = Cristobalite;
M = Mullite; T = Tridymite.

The results of the thermal analyses of ES-NH are reported in Figure 3. The weight loss occurred
in four steps, well-marked in the DTG curves. Except for the slight offset of the last weight loss,
the TG and DTG curves follow the same paths, regardless of the gas used during the analysis;
no mass loss was recorded above 800 ◦C. Besides the endothermic peaks associated to the weight losses,
the DTA curves show three exothermic reactions, at 550, 1041, and 1149 ◦C when the sample was
analyzed under an air flow, and at 577, 1014, and 1148 ◦C in a nitrogen atmosphere. Finally, both DTA
curves exhibit a broad endotherm at about 1200 ◦C.

 

Figure 3. Thermogravimetric, Derivative Thermogravimetric, and Differential Thermal Analyses
(TG-DTG-DTA) curves of ES-NH analyzed under flow of air (solid lines) or nitrogen (dashed lines).

SEM observations performed on ES-NH heated at 1200 ◦C evidenced rounded grains,
often coalescent (Figure 4a); at higher magnification, the presence of acicular shapes (about 1 μm
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in length) can be inferred (Figure 4b). These morphologies were not noticed in the sample treated
at 1100 ◦C for 32 h.

 

Figure 4. Scanning electron microscopy (SEM) images of ES-NH heated at 1200 ◦C.

4. Discussion

In discussing the phenomena occurring during the heating of ES-NH it is appropriate to start
with the thermal analysis, and compare the results with those reported by Tomazovic et al. [32] in
their detailed study on the properties of a Serbian clinoptilolite conducted in NH4-form. In Figure 3,
the peaks marked on the DTG curve at 56 and 198 ◦C are related to the loss of water. At about
250 ◦C the material starts to evolve NH3, a process that overlaps to the residual dehydration still in
progress. From the kinetic point of view, the weight loss associated with ammonia release reaches
the maximum at about 500 ◦C (see DTG), and this process ends at about 550 ◦C (see offset on the TG
curve), substantially in agreement with the data in the literature [32]. A heating time of 2 h at 500 ◦C
should have been sufficient to evolve all the ammonia contained in ES-NH, hence the corresponding
XRD pattern in Figure 1a can be attributed to an H-form of clinoptilolite [33]. The slight shifting of
several peaks toward higher 2θ angles, observable by comparing the XRD patterns of ES-NH heated
up to 500 ◦C (Figure 1a), is compatible with a progressive reduction of the cell volume of clinoptilolite,
determined by the dehydration and de-ammoniation processes [32].

The exothermic peak at 550 ◦C along the DTA path in Figure 3 (see analysis under air flow),
is related to the combustion of the ammonia released from the zeolite. In air, this phenomenon should
take place at 651 ◦C, but clinoptilolite (like other zeolites) can catalyze the auto-ignition of ammonia,
triggering this process already at 530–570 ◦C [32,34]. When the analysis was performed under a flow
of nitrogen, because of the reduced availability of oxygen inside the furnace, the exothermic peak of
ammonia combustion showed weaker intensity, and a shift of almost 30 ◦C toward higher temperatures
(Figure 3).

The DTG curves of ES-NH show a sharp peak at 650–675 ◦C (Figure 3), linked to the
dehydroxylation of the H-clinoptilolite [33]. This weight loss is also marked by an evident endothermic
reaction along the DTA paths (at 664–667 ◦C, Figure 3), and the five analyses performed under air
flow showed always the same peaks in the same positions. These DTG/DTA peaks are not present
in the thermal analyses of NH4-clinoptilolite previously reported by other authors [32–34]; this may
be due to a combination of the following factors: (i) the content of clinoptilolite in the material;
(ii) the content of NH4

+ in the zeolite; (iii) the performance of the thermal analyzer used. The reaction
of dehydroxylation accompanies the collapse of the zeolite framework. In fact after a heating time of
2 h at 600 ◦C, ES-NH becomes amorphous (Figure 1a), whereas the breakdown of the NH4-clinoptilolite
prepared by Tomazevic et al. [23] begins at 600 ◦C, a difference that can be explained by the higher
Si/Al ratio of the Serbian clinoptilolite (5.02) [32] with respect to that of the Sardinian zeolite contained
in ES-NH (4.71) [28].
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Above 1000 ◦C, the DTA curves show a first weak exothermic (more difficult to recognize in the
analysis performed under air flow) between 1014 and 1041 ◦C, and a second, clearer, at about 1150 ◦C
(Figure 3). Such peaks are attributable to the nucleation of cristobalite and mullite, respectively, in fact,
in the XRD patterns of Figure 1b, the main reflection of the silica polymorph becomes distinguishable
after a treatment of 2 h at 1000 ◦C, whereas the nucleation of mullite required a heating at 1100 ◦C.
The broad endothermic peak along the DTA curves in Figure 3, with a minimum at about 1200 ◦C,
should correspond to the formation of a liquid phase.

The nucleation of cristobalite from thermally treated zeolites is not a novelty [22,23,35] but,
so far, it has never been reported for NH4-clinoptilolite. An analogous consideration applies to
mullite; in fact, literature reports the thermal transformation of NH4-exchanged synthetic zeolites to
mullite [12,13], but this phase has never been obtained from natural zeolites. It should be noted that
Tomazovic et al. [23] heated a NH4-clinoptilolite for 2 h at 1100 ◦C without obtaining mullite
or cristobalite.

XRD results summarized in Figure 2 and Table 3 indicate that the kinetic aspects of the
transformation from NH4-clinoptilolite to mullite and silica polymorphs are relevant. At 1000 ◦C the
reaction proceeds very slowly, remaining largely incomplete after 32 h, whereas with the same time at
1100 ◦C enabled the best result in terms of crystallinity to be obtained: only 8.8 wt % of amorphous
fraction. It is possible to speed up the transformation by increasing the temperature to 1200 ◦C,
but this results in an increase of the residual glassy fraction (15.9 wt %).

With respect to SEM observations performed on ES-NH heated for 2 h at 1200 ◦C, the shape
of the grains and their coalescence could be due to incipient melting (Figure 4a), an hypothesis
consistent with the results of thermal analyses, whereas the (rare) needle-like morphologies could
correspond to mullite crystals (Figure 4b). In spite of an almost identical mineralogical composition,
the sample heated for 32 h at 1100 ◦C does not show these morphologies, probably because the phase
transformations took place in the solid state. On the other hand, this is the case for a material containing
63 wt % of mullite obtained from zeolite A [13], that shows the morphology of the precursor even if
the zeolite structure has been destroyed. The phases nucleated from ES-NH cannot inherit the habitus
of clinoptilolite because it is destroyed during the enrichment process [20].

Results show that during the heating, but before the nucleation of the high-temperature phases,
NH4-clinoptilolite undergoes the phenomena summarized by Jacobs et al. [33], here schematized for a
clinoptilolite with Si/Al ratio = 5:

dehydration : (NH4)6Al6Si30O72·mH2O T→ mH2O ↑ + (NH4)6Al6Si30O72 (crystalline) (1)

de-ammoniation : (NH4)6Al6Si30O72
T→ 6NH3 ↑ + H6Al6Si30O72 (crystalline) (2)

dehydroxylation : H6Al6Si30O72
T→ 3H2O ↑ + Al6Si30O69 (amorphous) (3)

Such phenomena, accompanied by the mass losses detected through thermogravimetric analysis
(Figure 3), determine a progressive transformation in the chemical composition of ES-NH (Table 4),
illustrated by using the M2O-Al2O3-SiO2 ternary diagram in Figure 5.

Table 4. Chemical composition of ES-NH after dehydration (D-1), de-ammoniation (D-2) and
dehydroxilation (D-3), with mullite (Mul) composition calculated from the formula Al6Si2O13 (wt %).

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 M2O Sum

D-1 76.43 14.43 0.88 0.01 0.44 0.34 0.16 0.52 0.26 0.06 6.48 a 100.00
D-2 79.81 15.07 0.92 0.01 0.46 0.35 0.17 0.54 0.27 0.06 2.34 b 100.00
D-3 81.73 15.43 0.94 0.01 0.47 0.36 0.17 0.56 0.27 0.06 - 100.00
Mul 28.20 71.80 - - - - - - - - - 100.00

a M corresponds to ammonium; b M corresponds to hydrogen.
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The components of the system are the oxides of: silicon at the vertex S, aluminum at the vertex
A, and, at vertex M, alternatively ammonium (for square marks as E, that corresponds to ES-NH
dehydrated) or hydrogen (for triangle marks as E′, that corresponds to de-ammoniated ES-NH).
Once dehydroxylated, the composition of ES-NH is referable to the binary system Al2O3-SiO2

(circle marked E” in Figure 5). To evaluate the approximation of this plot, it can be noted that
the sum of oxides not belonging to the system corresponds to 2.66, 2.78, and 2.84 wt % for ES-NH
dehydrated, de-ammoniated and dehydroxylated, respectively (Table 4). These approximations are
in line with those common in evaluating raw materials for the ceramic industry [36] (p. 193). Being
substantially constituted by a clinoptilolite with a Si/Al ratio = 4.71, ES-NH has a Si/Al ratio = 4.53,
hence the points relative to this material (E, E′, E” in Figure 5) fall above the line corresponding
to Si/Al = 4, used to distinguish heulandite (Si/Al ratio < 4) from clinoptilolite [37]. Moreover,
the point E is located close to the line connecting the theoretical compositions of zeolites in NH4-form,
thus confirming that a near-end-member of NH4-clinoptilolite was obtained. The point E′ in Figure 5
ideally corresponds to ES-NH after ammonia evolution, i.e., to a material containing clinoptilolite in
H-form [33]. After dehydroxylation, the chemistry of ES-NH reaches the composition SiO2 = 84.1 wt %;
Al2O3 = 15.9 wt % (E” in Figure 5). In the binary system silica-alumina reported by Manning [36]
(p. 191), this composition falls in the field of “fireclays”, raw materials that are used to produce
acid refractories constituted by an association of mullite and cristobalite. In the Al2O3-SiO2 system
the eutectic temperature is 1590 ◦C, but the impurities in ES-NH (2.84 wt %; Table 4) determine the
formation of a liquid phase at about 1200 ◦C, as shown by the thermal analyses (Figure 3).

An association constituted by mullite and amorphous silica was obtained by thermal treatment of
two synthetic zeolites (X and LTA), previously NH4-exchanged [12,13]. Among zeolites, LTA has the
lowest Si/Al ratio (Si/Al = 1). In the diagram of Figure 5 the compositional variation of a NH4-LTA
zeolite after dehydration, de-ammoniation and dehydroxylation is reported. The same compositional
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pathways were drawn for the two ammonium forms at the limits of the heulandite-clinoptilolite series,
having Si/Al ratios of 2.6 and 5.7, respectively [38]. Once amorphized, all the zeolites reported in the
diagram of Figure 5 reach compositions that, on the silica-alumina side, correspond to the field of
“fireclays” [36] (p. 191).

By comparing the results of the present research with the data reported by Kosanovic et al. [12],
it can be deduced that the Si/Al ratio affects the temperature of mullite nucleation and the kinetics
of the transformation. In fact, NH4-exchanged LTA (Si/Al = 1) and X (Si/Al = 1.22) synthetic
zeolites complete the reaction after 3 h at 1000 ◦C [12], whereas the NH4-clinoptilolite contained
in ES-NH (Si/Al = 4.71) requires a treatment of 32 h at 1100 ◦C. This hypothesis is reinforced by the
thermal behavior of a NH4-clinoptilolite with a Si/Al ratio of 5.01 which, heated for 2 h at 1100 ◦C,
was not transformed to crystalline phases [23], and the same result was obtained after a 3 h treatment
at 1000 ◦C of a NH4-mordenite with a Si/Al ratio of 4.35 [12].

The general reaction that leads to the formation of mullite and silica polymorphs from
NH4-clinoptilolite can be summarized as:

(NH4)xAlxSi(36−x)O72·mH2O T→
(

m +
x
2

)
H2O ↑ +xNH3 ↑ +

( x
6

)
Al6Si2O13 +

(
36 − 4

3
x
)

SiO2 (4)

with x that spans from 5.4 to 7.2 (and from 5.4 to 10 by considering the whole heulandite–clinoptilolite
series) [38].

From the data in Table 4, with a simple proportion it is possible to calculate that the percentage of
Al6Si2O13 theoretically obtainable from ES-NH corresponds to 21.5 wt %. This value is consistent with
the highest content determined through XRD analysis (21.8 wt %, Table 3). On the other hand, mullite
shows various Si/Al ratios referring to the solid solution Al4+2xSi2−2xO10, with x ranging between
about 0.2 and 0.9, and its structure is able to incorporate a number of transition metal cations and
other foreign atoms [14]. Hence, the percentage of mullite (impure) could be slightly higher than the
amount calculated on the basis of the theoretical formula Al6Si2O13. Moreover, crystalline phases,
having formulae that deviate from ideal compositions, were already obtained by thermal treatment of
synthetic zeolites [39] or clinoptilolite [21,22].

Previous studies demonstrated that some zeolite-rich rocks can be used to partially substitute
the feldspathic fluxes commonly employed in porcelain stoneware production, though a dark color
represents a frequent drawback [15,16,19]. In general, clinoptilolite-rich rocks have evidenced better
performances with respect to those containing other natural zeolites, like phillipsite and chabazite [15].
The results of this research are interesting, because they indicate that NH4-clinoptilolite might represent
a raw material of potential interest in the ceramic field, in particular in the production of acid refractory.
Above all, it should be considered that clinoptilolite is a cheap commodity employable in NH4

+

decontamination [1,8], and such a process would provide a material that can be transformed to an
association of mullite and silica polymorphs, which means finding a way to turn waste into a resource.
Finally, the synthesized matrix shows a whitish color (Figure S3, Supplementary Materials), a valuable
feature in the ceramic field.

Further investigations should clarify the lowest clinoptilolite content and the minimum
ammonium content necessary to obtain the transformation from NH4-clinoptilolite to mullite and
silica polymorphs.

Supplementary Materials: The following are available online at www.mdpi.com/2075-163X/7/1/11/s1.
Figure S1: Experimental (blue) and calculated (red) X-ray powder diffraction pattern for ES-AR. Figure S2:
Experimental (blue) and calculated (red) X-ray powder diffraction pattern for ES-NH heated for 32 h at 1100 ◦C.
Figure S3: Sample of ES-NH recovered after the thermal analysis (air flow).
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Abstract: This paper reports a study, performed by in-situ synchrotron X-ray Powder Diffraction,
of the high pressure behavior of the natural zeolite amicite [K4Na4(Al8Si8O32)·10H2O], the GIS-type
phase with ordered (Si, Al) and (Na, K) distribution. The experiments were carried out up to
8.13(5) GPa in methanol:ethanol:water = 16:3:1 (m.e.w.) and 8.68(5) GPa in silicone oil (s.o.).
The crystal structure refinements of the patterns collected in m.e.w. were performed up to
4.71(5) GPa, while for the patterns collected in s.o. only the unit cell parameters were determined
as a function of pressure. The observed framework deformation mechanism—similar to that
reported for the other studied phases with GIS topology—is essentially driven by the distortion
of the “double crankshaft” chains and the consequent changed shape of the 8-ring channels.
The pressure-induced over-hydration observed in the experiment performed in aqueous medium
occurs without unit cell volume expansion, and is substantially reversible. A comparison is made with
the high pressure behavior of the other GIS-type phases, and the strong influence on compressibility
of the chemical composition of both framework and extraframework species is discussed.

Keywords: zeolite; amicite; high pressure; compressibility; in-situ synchrotron XRPD; pressure-induced
hydration (PIH); structure refinement

1. Introduction

In the last 15–20 years, studies on the behavior of both natural and synthetic microporous materials
under high pressure (HP) have multiplied noticeably, providing not only important information on
their elastic behavior and stability, but also opening new perspectives for technological applications.
For instance, among the physical properties of microporous materials investigated under compression,
worthy of mention are: the so called P-induced amorphization processes (PIA) (e.g., [1–6]), the effect
of pressure on the ionic conductivity (e.g., [7,8]), the P-induced over-hydration (PIH) (e.g., [9–14]) and
the penetration of gas, like Ar, Xe, and CO2 [15–17]. High pressure experiments on porous materials
have recently led to the synthesis of linear carbon based polymers in pure silica zeolites. Linear
polymers like polyacetylene (PA), polyethylene (PE), and polycarbonyl (pCO) have been obtained
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from compression resulting in nanocomposite organic/inorganic materials, which are good candidates
for developing highly directional semiconductors and high energy materials [18].

The HP behavior of zeolites when compressed in non-penetrating fluids has recently been
reviewed by Gatta and Lee (2014) [19] and summarized in the following way: (i) microporosity
does not necessarily imply high compressibility, in fact the range of compressibility is wide, with
bulk modulus K0 ranging from ~15 to ~70 GPa; (ii) the flexibility observed in zeolites is based mainly
on tetrahedra tilting; (iii) the deformation mechanisms are dictated by the framework topology;
(v) the extraframework content (cations and water molecules) governs the compressibility level in
isotypic structures.

Zeolites with GIS topology [20] and GIS-like materials have been studied under both high
temperature and high pressure, revealing widely variable degrees and mechanisms of deformation
as a function of the non-ambient experimental conditions and the chemical composition of both
the framework and extraframework. The study of gismondine dehydration [21] showed that this
framework is particularly flexible.

The HP behavior of a natural gismondine was studied using both “non-penetrating” (i.e., silicone
oil, s.o.) [22] and “penetrating” (methanol:ethanol:water = 16:3:1, m.e.w.) [11] pressure-transmitting
media (PTM). In the latter case, a PIH effect was observed at a very low P, inducing full occupation of
originally partially occupied water sites. On the whole, both experiments revealed an unexpected low
compressibility of gismondine, notwithstanding the high flexibility showed by this framework during
dehydration and the similar framework deformation mechanisms [21].

Lee et al. [23] and Jang et al. [24] studied the HP behavior of two synthetic phases with
GIS topology, both compressed in penetrating media: a K-gallosilicate (K-GaSi-GIS) and a
K-aluminogermanate (K-AlGe-GIS), respectively. These studies highlighted a very different response
to hydrostatic pressure in materials sharing the same GIS topology, but with considerably different
framework and extraframework compositions.

Two microporous mixed octahedral-pentahedral-tetrahedral (OPT; [25]) framework silicates,
structurally related to the GIS topology, were studied under HP [26]: cavansite and pentagonite, the
orthorhombic dimorphs of Ca(VO)(Si4O10)·4H2O. When compressed in m.e.w., these two phases
exhibit rather different behaviors: pentagonite undergoes PIH, thanks to the crucial role of the
seven-fold coordinated Ca, suitable for accepting an additional H2O molecule. In contrast, in cavansite
the eight-fold coordinated Ca cations do not allow further water penetration and thus PIH is not
observed. The higher compressibility in s.o. of cavansite compared to gismondine is attributed to the
presence of VO5 pyramids connecting the tetrahedral layers of the vanadosilicate.

This paper presents a study, performed by in-situ synchrotron X-ray Powder Diffraction (XRPD),
of the HP stability and behavior of the natural zeolite amicite [K4Na4(Al8Si8O32)·10H2O], the GIS
phase with ordered (Si, Al) and (Na, K) distribution. The investigation aimed in particular to
understand: (i) the relationships between compressibility and framework/extraframework content;
(ii) the influence of different PTM (penetrating 16:3.1 m.e.w. and non-penetrating s.o., respectively) on
the compressibility and HP deformation mechanisms of this zeolite.

2. Amicite Structure

Amicite [ideal formula K4Na4(Al8Si8O32)·10H2O] is a rare natural zeolite, classified as the
ordered K, Na member of the gismondine group [27]. The sample used for this study is from
the type locality (Höwenegg in Hegau, southern West Germany)—where amicite was discovered
associated with merlinoite in a basaltic rock—and is the same studied by Alberti and Vezzalini [28]
(chemical formula: K3.75Na3.61Ca0.05[Al7.86Si8.24O32]·9.67H2O). Its GIS framework topology is shared
by the other natural zeolites gismondine, garronite, gobbinsite, and by several other synthetic phases.
Amicite structure [28] was determined in the monoclinic I2 s.g. The cell parameters are a = 10.226(1),
b = 10.422(1), c = 9.884(1) Å, β = 88◦ 19(1). The framework can be described as intersecting ribbons of
4-membered rings of tetrahedra (defined as double-crankshaft chains) running in the a and c directions
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(Figures 1 and 2), laterally linked to form two sets of channels delimited by 8-membered rings running
parallel to [100] and [001]. The ordered distribution of Si and Al in the tetrahedra, and of Na and K in
the channels, induces a lowering in symmetry from the topological I41/amd space group to the real one
I2. Na and K are distributed in two different and fully occupied sites, with the water molecules in four
sites, three of which are fully occupied (W1, W2, W3). Na is coordinated to three framework oxygen
atoms and to all the water molecules, while K is coordinated to four framework oxygen atoms and the
three fully occupied water sites.

 

Figure 1. Projection of the amicite structure along the [001] direction at (a) Pamb, (b) 1.25 GPa,
and (c) 4.71 GPa. The projection of the structure at Pamb(rev) is not reported, this being virtually
identical to that at Pamb. Purple spheres = Na; blue spheres = K; light blue spheres = water; yellow
tetrahedra = Si; green tetrahedra = Al.
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Figure 2. Projection of the amicite structure along the [010] direction at (a) Pamb, (b) 1.25 GPa,
and (c) 4.71 GPa. The projection of the structure at Pamb(rev) is not reported, this being virtually
identical to that at Pamb.

3. Experimental Methods

In-situ HP XRPD experiments were performed at the SNBL1 (BM01a) beamline at ESRF, using an
ETHZ modified Merril-Basset diamond anvil cell (DAC) [29] with flat culets of 600 μm in diameter.
Powders were loaded into a pre-indented gasket hole (i.e., a stainless steel foil of 60–80 μm thickness)
with 250 μm diameter. The experiments were performed using two different PTM: m.e.w. as nominally
penetrating, and s.o. as non-penetrating media, respectively. Pressure was measured before and
after data collection at each pressure using the ruby fluorescence method [30] on the non-linear
hydrostatic pressure scale [31]. The diffraction data were collected at a wavelength of 0.6825 Å in the
Debye–Scherrer geometry on an area detector. One-dimensional diffraction patterns were obtained by
integrating the two dimensional images with the program FIT2D [32].

Amicite was compressed up to 8.13(5) GPa in m.e.w. and 8.68(5) GPa in s.o. In the latter case
a partial loss of the hydrostatic conditions above 2.8 GPa was observed. In both experiments about
20 images were collected at increasing pressure values. Moreover, some patterns (labeled (rev) in
Tables and Figures) were collected upon decompression down to ambient conditions. Figure 3a,b
reports selected integrated patterns obtained in m.e.w. and s.o., respectively.

The structural refinements of the data collected in m.e.w. converged successfully up to 4.71(5) GPa.
At higher pressure (up to 6.9 GPa) the refinements were still possible, but some framework bond
distances and angles produced unreliable values. As a consequence, above 4.71(5) GPa, only the
unit-cell parameters were refined by the Rietveld method in the 2◦–40◦ 2θ range.

For amicite in s.o., the low data quality did not allow complete structural refinements. The cell
parameters were refined successfully up to 5.48(5) GPa, notwithstanding the previously cited
hydrostaticity loss observed above 2.8 GPa.

Rietveld profile fitting was performed using the GSAS package [33] with the EXPGUI [34] interface.
The initial structural model is as reported in [28]. The background curve was fitted by a Chebyshev
polynomial with 20 coefficients. The pseudo-Voigt profile function proposed by [35] was applied,
and the peak intensity cut-off was set to 0.1% of the peak maximum. Soft-restraints were applied to
the T–O distances [Si–O = 1.58(2) − 1.62(2); Al–O = 1.72(2) − 1.74(2)] and their weights were gradually
decreased after the initial stages of refinement (up to F = 1 in GSAS terminology). The isotropic
displacement parameters were constrained in the following way: the same value for all the tetrahedral
cations, a second value for all the framework oxygen atoms, a third value for the extraframework
cations, and a fourth value for the water molecule oxygen atoms. The unit-cell parameters were allowed
to vary in all the refinement cycles. Details of the structural refinements are reported in Table 1.
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Figure 3. Selected integrated powder patterns, collected in silicone oil (s.o.) (a), and (16:3:1)
methanol-ethanol-water (m.e.w.) (b), reported as a function of pressure. The patterns at the top
of the figures were collected during decompression. (c) Observed and calculated profiles of the X-ray
powder diffraction (XRPD) amicite pattern at 1.25 GPa.

Table 1. Experimental and structural refinement parameters for the X-ray powder diffraction (XRPD)
measurements performed on amicite in (16:3:1) methanol:ethanol:water (m.e.w.) at Pamb, 1.25 GP,
4.71 GPa, and upon decompression (Pamb(rev)).

P (GPa) Pamb 1.25 GPa 4.71 GPa Pamb(rev)

Space Group I2 I2 I2 I2
a (Å) 10.2324(8) 10.1882(9) 9.8661(5) 10.2296(5)
b (Å) 10.43456(8) 10.443(1) 10.4966(7) 10.4328(6)
c (Å) 9.8987(7) 9.8651(8) 9.6887(5) 9.8931(4)

V (Å3) 1056.63(2) 1048.7(2) 1002.59(8) 1055.39(8)
β(◦) 88.382(6) 87.49(9) 87.728(8) 88.349(6)

xRp (%) 0.7 0.7 0.7 1.0
Rwp (%) 0.5 0.4 0.4 1.0
R F2 (%) 11.0 15.3 16.7 11.8

No. of variables 88 94 96 88
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4. Results and Discussion

From an inspection of the powder patterns in Figure 3 it is evident that the peak intensities
generally decrease and the peak profiles become broader with increasing pressure. These effects could
be due to several factors, such as an increase of long-range structural disorder, the presence of texture
effects, and in the case of s.o. above 2.8 GPa, a decrease in the hydrostaticity of the PTM. However,
HP XRPD data demonstrate that amicite does not undergo complete amorphization up to the highest
investigated pressure, and the features characteristic of the pattern collected at ambient conditions are
almost completely recovered upon decompression in both experiments.

4.1. Amicite Compressed in Methanol:Ethanol:Water

From Pamb to 8.13 GPa, the unit-cell volume reduces by about 9.3%, with the unit-cell axes
showing a strongly anisotropic behavior (Δa = −6.0%, Δb = +0.6%, Δc = −4.1%, Δβ= −0.2%)
(Table 2 and Figure 4). In particular, the pseudo-tetragonal a and c axes shrink, while the b axis, which
is perpendicular to the dense layers, slightly increases. Cell deformation starts above 0.62 GPa and at
P > 3.80 GPa a slight increase in compressibility is observed (Figure 4d).

Table 2. Unit-cell parameters of natural amicite at the investigated pressures, using (16:3:1)
methanol:ethanol:water (m.e.w.) and silicon oil (s.o.) as pressure-transmitting media (PTM).

P (GPa) a (Å) b (Å) c (Å) V (Å3) β (◦)

amicite (m.e.w.)

Pamb 10.2324(8) 10.43456(8) 9.8987(7) 1056.63(2) 88.382(6)
0.04 10.2375(6) 10.4383(6) 9.8949(5) 1056.96(1) 88.343(5)
0.09 10.2378(7) 10.44088(7) 9.8925(6) 1056.96(2) 88.294(5)
0.21 10.241(8) 10.4429(7) 9.886(6) 1056.81 88.170(5)
0.36 10.244(6) 10.44(1) 9.8846(8) 1057(1) 88.03(7)
0.62 10.2447(7) 10.4365(7) 9.8859(6) 1056.4(2) 87.891(6)
0.82 10.2334(7) 10.4289(8) 9.8857(6) 1054.3(2) 87.786(7)
1.25 10.1882(9) 10.443(1) 9.8651(8) 1048.7(2) 87.49(9)
1.67 10.1290(9) 10.471(1) 9.8622(8) 1044.7(2) 87.236(7)
2.22 10.073(1) 10.485(1) 9.853(1) 1039.6(3) 87.395(9)
2.75 10.027(1) 10.498(1) 9.823(1) 1033.1(3) 87.52(1)
3.23 9.9823(6) 10.4975 9.7881(5) 1024.78(9) 87.588(9)
3.80 9.9382(5) 10.5004(6) 9.7507(5) 1016.66(8) 87.633(8)
4.71 9.8661(5) 10.4966(7) 9.6887(5) 1002.59(8) 87.728(8)
5.35 9.820(3) 10.500(4) 9.648(3) 994.1(9) 87.86(3)
6.29 9.747(4) 10.503(5) 9.588(4) 981(1) 87.95(3)
6.71 9.717(4) 10.505(5) 9.568(4) 976(1) 88.08(4)
6.91 9.693(5) 10.502(5) 9.551(4) 972(1) 88.18(4)
7.48 9.657(5) 10.500(6) 9.526(5) 966(1) 88.24(5)
8.13 9.618(6) 10.498(7) 9.496(6) 958(1) 88.24(6)

6.45(rev) 9.732(5) 10.527(5) 9.598(4) 983(1) 88.28(4)
4.42(rev) 9.894(2) 10.528(3) 9.726(2) 1012.4(6) 87.94(2)
2.05(rev) 10.108(1) 10.481(1) 9.884(1) 1046.1(3) 87.44(1)
Pamb(rev) 10.2296(5) 10.4328(6) 9.8931(4) 1055.39(8) 88.349(6)

amicite (s.o.)

Pamb 10.2372(9) 10.4352(9) 9.892(8) 1056.30(2) 88.269(8)
0.39 10.2271(6) 10.4319(7) 9.8686(5) 1052.25(8) 88.071(7)
0.78 10.2133(8) 10.4279(9) 9.8528(7) 1048.70(1) 87.97(1)
1.23 10.1923(9) 10.434(1) 9.8411(7) 1045.90(1) 87.890(1)
1.72 10.160(1) 10.452(2) 9.828(1) 1043(2) 87.8(2)
2.18 10.111(2) 10.468(2) 9.808(2) 1037.4(2) 87.720(3)
2.89 10.026(3) 10.505(4) 9.779(8) 1029.4(4) 88.020(6)
3.35 9.994(4) 10.519(4) 9.77(3) 1026.6(4) 88.16(6)
3.86 9.9440(4) 10.535(5) 9.747(3) 1020.7(5) 88.38(7)
4.27 9.911(4) 10.541(5) 9.729(3) 1016.1(5) 88.55(4)
4.87 9.874(3) 10.537(3) 9.717(2) 1010.5(5) 88.3(4)
5.48 9.816(6) 10.555(6) 9.682(5) 1002.6(2) 88.91(9)

Pamb(rev) 10.239(6) 10.432(7) 9.8981(5) 1056.8(2) 88.26(9)
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The results of the structural refinements corresponding to four selected pressure values
(Pamb, 1.25 GPa, 4.71 GPa, Pamb(rev)) are reported in Tables 3 and 4 and shown in Figures 1 and 2.
The structural variations exhibited by the framework in the range Pamb–4.71 GPa regard the shape of
both the 4-membered rings, forming the double crankshaft chains, and the 8-membered rings defining
the channels along the a and c axes. In particular: (i) the ellipticity—i.e., the ratio between the longest
and shortest oxygen-oxygen distance within the 8-ring window—of the channel running along the
a axis only slightly decreases, passing from 1.36 at Pamb to 1.32 at 4.71 GPa; (ii) the ellipticity of the
channel running along the c axis considerably increases, passing from 1.39 to 1.54; (iii) the tilted 4-rings
of the double crankshaft chains—one defined by the distances O7-O8 and O4-O5, the other by O3-O6
and O1-O2—become a square and a rhombus, respectively; (iv) concerning the two flat 4-rings of the
double crankshaft chains, the one defined by the distances O4-O4 and O1-O1 becomes more similar to
a square, while the other one defined by O5-O5 and O2-O2 remains almost unchanged.

Figure 4. Cont.
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Figure 4. Variation of amicite normalized lattice parameters (a) a/a0; (b) b/b0; (c) c/c0; (d) V/V0; (e) β/β0
as a function of pressure in silicone oil and (16:3:1) methanol-ethanol-water. The errors associated with
the cell parameters are smaller than the symbol size.
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Table 3. Refined atomic positions, occupancy factors, and displacement parameters of amicite at Pamb,
1.25 GPa, 4.71 GPa, and upon decompression (Pamb(rev)) in m.e.w.

x/a y/b z/c Occ Uiso (*100)

Pamb

K 0.324(1) −0.014(2) 0.960(1) 1 0.91(3)
Na 0.438(1) 0.241(2) 0.661(1) 1 0.91(3)
Al1 0.153(2) 0.241(3) 0.150(2) 1 0.6(3)
Al2 0.152(2) –0.005(3) 0.658(2) 1 0.6(3)
Si1 0.156(2) –0.023(3) 0.327(2) 1 0.6(3)
Si2 0.159(2) 0.255(3) 0.820(2) 1 0.6(3)
O1 0.006(2) –0.055(4) 0.303(4) 1 1.5(3)
O2 –0.006(2) 0.273(5) 0.205(3) 1 1.5(3)
O3 0.206(3) 0.135(3) 0.730(4) 1 1.5(3)
O4 0.176(3) 0.008(5) 0.484(2) 1 1.5(3)
O5 0.182(3) 0.226(5) 0.977(2) 1 1.5(3)
O6 0.187(4) 0.107(3) 0.247(4) 1 1.5(3)
O7 0.255(4) 0.356(3) 0.215(3) 1 1.5(3)
O8 0.765(3) 0.386(3) 0.216(4) 1 1.5(3)

Wat1 0.307(4) 0.267(6) 0.475(5) 0.75(3) 0.2(6)
Wat2 0.456(3) 0.090(3) 0.243(3) 1 0.2(6)
Wat3 0 0.300(6) 0.5 1 0.2(6)
Wat4 0.5 0.42(4) 0.5 0.12(3) 0.2(6)

1.25 GPa

K 0.331(1) -0.001(2) 0.964(1) 1 4.5(4)
Na 0.449(2) 0.276(3) 0.672(2) 1 4.5(4)
Al1 0.143(1) 0.249(2) 0.147(2) 1 0.4(2)
Al2 0.164(2) 0.007(2) 0.659(2) 1 0.4(2)
Si1 0.151(1) –0.010(2) 0.331(2) 1 0.4(2)
Si2 0.159(1) 0.265(3) 0.822(2) 1 0.4(2)
O1 –0.003(1) –0.031(3) 0.301(3) 1 0.7(3)
O2 –0.008(1) 0.307(3) 0.201(3) 1 0.7(3)
O3 0.218(2) 0.146(3) 0.730(4) 1 0.7(3)
O4 0.182(3) 0.028(4) 0.486(1) 1 0.7(3)
O5 0.183(3) 0.230(4) 0.977(2) 1 0.7(3)
O6 0.183(3) 0.117(3) 0.241(3) 1 0.7(3)
O7 0.256(3) 0.365(3) 0.185(3) 1 0.7(3)
O8 0.756(3) 0.389(3) 0.230(2) 1 0.7(3)

Wat1 0.283(2) 0.257(5) 0.467(3) 1 1.7(5)
Wat2 0.480(3) 0.105(4) 0.277(3) 1 1.7(5)
Wat3 0 0.259(6) 0.5 1 1.7(5)
Wat4 0.5 0.459(7) 0.5 0.74(3) 1.7(5)
Wat5 0.570(6) 0.172(5) 0.964(4) 0.40(3) 1.7(5)

4.71 GPa

K 0.340(1) 0.006(2) 0.965(2) 1 5.1(5)
Na 0.448(2) 0.276(3) 0.672(2) 1 5.1(5)
Al1 0.164(2) 0.259(2) 0.154(2) 1 2.1(3)
Al2 0.166(2) 0.024(3) 0.657(2) 1 2.1(3)
Si1 0.161(2) 0.009(2) 0.32(2) 1 2.1(3)
Si2 0.152(2) 0.275(3) 0.822(2) 1 2.1(3)
O1 0.001(2) −0.009(4) 0.303(3) 1 2.4(4)
O2 0.004(2) 0.316(4) 0.199(4) 1 2.4(4)
O3 0.220(3) 0.167(3) 0.723(3) 1 2.4(4)
O4 0.206(3) 0.044(4) 0.483(2) 1 2.4(4)
O5 0.174(3) 0.229(3) 0.980(2) 1 2.4(4)
O6 0.216(3) 0.143(3) 0.265(3) 1 2.4(4)
O7 0.225(3) 0.403(3) 0.209(3) 1 2.4(4)
O8 0.766(3) 0.404(3) 0.218(4) 1 2.4(4)

Wat1 0.290(2) 0.259(5) 0.472(4) 1 2.5(5)
Wat2 0.494(3) 0.078(3) 0.247(3) 1 2.5(5)
Wat3 0 0.301(1) 0.5 0.80(3) 2.5(5)
Wat4 0.5 0.494(7) 0.5 1 2.5(5)
Wat5 0.5 0.234(7) 0 1 2.5(5)
Wat6 0 0.590(10) 0 0.48(3) 2.5(5)
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Table 3. Cont.

x/a y/b z/c Occ Uiso (*100)

Pamb(rev)

K 0.335(1) 0.002(2) 0.967(1) 1 3.0(4)
Na 0.446(2) 0.270(3) 0.671(2) 1 3.0(4)
Al1 0.143(1) 0.256(2) 0.154(2) 1 0.3(2)
Al2 0.164(2) 0.017(3) 0.651(2) 1 0.3(2)
Si1 0.153(1) −0.012(2) 0.323(2) 1 0.3(2)
Si2 0.166(1) 0.269(2) 0.824(2) 1 0.3(2)
O1 –0.004(1) −0.017(3) 0.303(3) 1 0.4(4)
O2 –0.013(1) 0.304(3) 0.198(3) 1 0.4(4)
O3 0.220(3) 0.151(3) 0.732(4) 1 0.4(4)
O4 0.186(3) 0.027(4) 0.478(2) 1 0.4(4)
O5 0.174(4) 0.233(4) 0.983(2) 1 0.4(4)
O6 0.183(3) 0.121(3) 0.244(4) 1 0.4(4)
O7 0.244(3) 0.374(3) 0.213(3) 1 0.4(4)
O8 0.767(3) 0.405(3) 0.218(3) 1 0.4(4)

Wat1 0.278(2) 0.271(5) 0.473(3) 0.92(2) 0.2(7)
Wat2 0.449(3) 0.104(2) 0.241(3) 1 0.2(7)
Wat3 0 0.329(5) 0.5 1 0.2(7)
Wat4 0.5 0.457(3) 0.5 0.16(3) 0.2(7)

Table 4. Framework and extraframework distances (<3.20 Å) for amicite at Pamb, 1.25 GPa, 4.71 GPa,
and upon decompression (Pamb(rev)) in m.e.w.

Pamb 1.25 GPa 4.71 GPa Pamb(rev)

Al1- O2 1.732(3) 1.721(2) 1.721(3) 1.721(3)
O5 1.738(3) 1.722(2) 1.721(3) 1.727(3)
O6 1.732(3) 1.720(2) 1.719(3) 1.720(3)
O7 1.732(3) 1.720(2) 1.719(3) 1.721(3)

Al2- O1 1.733(3) 1.721(2) 1.720(3) 1.723(3)
O3 1.731(3) 1.721(2) 1.720(3) 1.721(3)
O4 1.735(3) 1.721(2) 1.720(3) 1.724(3)
O8 1.731(3) 1.720(2) 1.720(3) 1.719(3)

Si1- O1 1.603(3) 1.620(2) 1.620(3) 1.622(3)
O4 1.606(3) 1.620(2) 1.620(3) 1.624(3)
O6 1.601(3) 1.620(2) 1.619(3) 1.620(3)
O7 1.601(3) 1.620(2) 1.619(3) 1.620(3)

Si2- O2 1.602(3) 1.6202(2) 1.620(3) 1.622(3)
O3 1.601(3) 1.6203(2) 1.620(3) 1.621(3)
O5 1.608(3) 1.6211(2) 1.621(3) 1.626(3)
O8 1.600(3) 1.6196(2) 1.620(3) 1.620(3)

K- O3 3.07(1) 3.06(2) 3.11(2) 3.06(1)
O5 2.89(2) 2.78(2) 2.82(1) 2.92(2)
O8 2.75(1) 2.76(2) 2.77(1) 2.78(1)

Wat1 2.71(4) 2.86(4) 2.94(1) 2.73(4)
Wat2 3.19(2) 3.19(3) 2.69(2) 3.16(3)
Wat3 2.67(4) 3.07(5) 2.69(1) 3.16(2)
Wat5 3.20(7) 2.85(1) 2.50(4)
Wat5 2.28(8) 2.85(1)

Na- O1 2.65(2) 2.38(2) 2.74(1) 2.63(3)
O3 2.68(1) 2.77(2) 2.52(1) 2.68(2)
O8 2.822) 2.52(2) 2.68(2) 2.79(2)

Wat1 2.33(5) 2.70(4) 2.50(2) 2.65(3)
Wat1 2.92(3) 3.00(2) 2.98(2) 3.13(3)
Wat2 2.15(3) 2.10(5) 2.29(1) 2.23(3)
Wat4 2.52(3) 2.59(5) 2.86(1) 2.62(2)
Wat5
Wat6 2.54(1)
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Table 4. Cont.

Pamb 1.25 GPa 4.71 GPa Pamb(rev)

Wat1- K 2.86(4) 2.94(1) 2.73(4)
Na 2.33(5) 2.70(4) 2.50(2) 2.65(3)
Na 2.92(3) 3.00(2) 2.98(2) 3.13(3)
O3 3.02(4) 2.88(3) 2.63(1) 2.90(3)
O4 3.01(6) 2.61(5) 2.37(1) 2.70(5)
O6 3.09(6) 2.82(4) 2.48(1) 2.93(4)
O7 2.79(5) 3.03(3) 3.05(1) 2.82(3)

Wat2 3.12(5)
Wat3 3.16(4) 2.89(2) 2.84(1) 2.91(2)
Wat4 2.55(3) 3.08(6) 3.01(2)
Wat6 2.75(1)

Wat2- K 3.191(2) 3.19(3) 2.69(2) 3.16(3)
K 3.16(2)

Na 2.152(3) 2.10(5) 2.29(1) 2.23(3)
O2 3.13(4) 2.78(2)
O3 3.11(4) 3.02(1)
O6 2.752(3) 3.07(4) 2.77(1) 2.73(3)
O7 2.83(1) 3.14(2)
O8 3.081)

Wat1 3.12(4)
Wat5 2.556(3) 2.911)
Wat6 2.42(1)

Wat3- K(x2) 2.67(4) 3.07(5) 2.69(1) 2.50(4)
O2(x2) 2.939(6) 3.054(9) 2.911) 3.009(4)

O4
(x2)

3.02(5)

Wat1(x2) 3.16(4) 2.89(2) 2.84(1) 2.911(2)
Wat4- Na(x2) 2.52(3) 2.59(5) 2.86(1) 2.62(2)

O1(x2) 3.01(4) 2.973(7) 2.93(1) 3.008(3)
Wat1 (x2) 3.08(6) 2.96(1) 3.01(2)

Wat5- K 3.03(6) 2.85(1)
K 2.19(8) 2.85(1)

Na 3.03(8)
O5 2.67(8)
O6 3.20(6)
O7 3.01(7)

Wat2 2.556(3) 2.91(1)
Wat2 2.91(1)

Wat6-
Na
(x2)

2.54(1)

O4
(x2)

2.97(2)

Wat1 (x2) 2.75(1)
Wat2 (x2) 2.42(1)

Beyond these framework deformations, the most remarkable effect induced on amicite by
compression in m.e.w. is the penetration of additional water molecules from the aqueous PTM
into the pores (Figure 5a,b). Already at 0.04 GPa, the W1 site, originally partially occupied, fills up and
W4 increases its occupancy factor. At 0.35 GPa a new water site (W5) appears near the two-fold axis
parallel to b. Its occupancy factor subsequently tends to increase up to the maximum and the water
molecule moves to the two-fold axis (Figures 1 and 5a and Table 3). Another water site (W6) appears
at 3.2 GPa with an occupancy factor of about 0.5, which remains unvaried up to 4.71 GPa. Both sites
are close to the center of the 8-membered channel parallel to [001]. In the investigated P range the total
number of water molecules increases from 9.24 to 14.58 (see Table 3 and Figure 5b). The cations and
the original water molecules undergo only slight positional changes and the new water sites W5 and
W6 enter into the coordination sphere of K and Na, respectively.
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Figure 5. (a) Number of water molecules in the Wat1-Wat6 extraframework sites in amicite compressed
in m.e.w. as a function of pressure; (b) total number of water molecules as a function of P. The cross
indicates the number of water molecules after pressure release.

In Figure 4d two slope changes are visible in the P-V diagram at P > 0.65 and P > 3.2 GPa, and these
can be considered as strictly related to the water penetration. In fact, the rather strong bonds W5-O5
and W6-O4 between the new water sites and the framework, and the decrease in the distances between
W1 and the oxygen atoms O3, O4, O6 (Table 4)—along with the W1 filling—contribute to the a axis
contraction, which is the main effect responsible of amicite compression behavior.

The structure refinement performed after P release to ambient conditions (Pamb(rev)), shows that
the unit cell parameters (Table 2) and all the structural features (Tables 3 and 4) recover their original
values. The W5 and W6 sites disappear and only W1 maintains a higher occupancy factor compared
to the original amicite [28]. Overall, less than one additional water molecule of the PTM remains in
the structure.

4.2. Amicite Compressed in Silicone Oil

Table 2 and Figure 4 show the P-dependence of the lattice parameters of amicite in s.o. It can be
seen that the pseudotetragonal a and c axes initially decrease by approximately the same percentage,
while the b axis slightly increases. The a and c parameters decrease quite regularly, with a slight slope
increase between 2 and 3 GPa, particularly evident for the a parameter. In the range Pamb–5.43 GPa,
the overall cell parameter variations are: Δa = −4.1%, Δb = +1.1%, Δc = −2.1%, Δβ= −0.7%, while the
cell volume decreases by approximately 5.1%. Again in s.o. the P-induced effects on the amicite unit
cell are reversible upon decompression, as shown in Table 2 and Figure 4.
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5. Comparison between Amicite Compressibility in Aqueous Medium and Silicone Oil

The main difference between amicite HP behavior in m.e.w. and s.o. is the higher compressibility
in the aqueous medium (see Figure 4 and Table 2). This is clear by comparing the unit cell
volume decrease in the two PTM at similar pressure values: 5.1% at 5.43 GPa in s.o., and 5.9% at
5.35 GPa in m.e.w. This effect is anomalous compared to what is generally observed for zeolites,
when water penetration provides a support against the effects of pressure (e.g., see a review
in Table 4 in [36]) [12,13,37,38]. Although detailed structural data for the ramp in s.o. are lacking,
this result can be ascribed to formation, during compression in m.e.w., of rather strong bonds between
the additional water molecules and the framework oxygen atoms, which contribute to the shrinkage of
the a parameter. In particular, the distance O3–O6, which is parallel to the a axis and corresponds to
the shortest diameter of the 8-ring perpendicular to c, undergoes a 10% reduction passing from 6.20 Å
at Pamb to 5.58 Å at 4.71 GPa (see Figure 1).

6. Compressibility Behavior of Microporous Materials with GIS Topology

A number of microporous materials with GIS topology have been investigated under HP.
Among the natural zeolites, amicite, the K-Na member of the GIS family, can be compared to
gismondine [11,22], the Ca member, producing the following observations:

1. Compression of gismondine in both m.e.w. and s.o. favors the tetragonalization of the unit cell;
in amicite the a and c axes also tend to become more similar at HP, but the beta angle does not
substantially change;

2. Gismondine compressed in m.e.w. undergoes a transition to a triclinic phase at about 3 GPa;
the original symmetry of amicite, by contrast, is maintained in both the experiments;

3. The HP framework deformation mechanism is the same in the two zeolites, essentially being
driven by the distortion of the “double crankshaft” chains and the consequent change in the
8-ring channel shape;

4. Amicite’s compressibility increases at HP both in m.e.w. and s.o.; by contrast, gismondine’s
compressibility in s.o. slightly decreases while in m.e.w. it remains constant;

5. PIH occurs in both amicite and in gismondine compressed in m.e.w. However, it induces different
reorganizations in the water molecule systems: in amicite there is both the filling of partially
occupied sites and the appearance of two new water sites; in gismondine four partially occupied
water sites reduce to only two fully occupied sites, giving rise to a more ordered water system;

6. In amicite 5.34 water molecules enter the zeolite porosities when compressed in m.e.w., while in
gismondine only one additional molecule penetrates. This result can be explained by the higher
channel stuffing of gismondine at Pamb compared to amicite;

7. Both amicite and gismondine are more compressible in m.e.w. than in s.o., but for different
reasons. In gismondine this effect has been justified by the re-organization of the water molecule
system, which leaves a larger free volume inside the pores compared to the phase compressed in
s.o. In amicite the higher compressibility at HP results from the strong bonds between framework
oxygen atoms and the new water molecules;

8. Overall, gismondine is more compressible than amicite, both in m.e.w. and in s.o. Comparing the
unit cell volume decrease of the two phases at a similar pressure value—about 5.5 GPa—we find
ΔV = −7.5% and −6.4% for gismondine in m.e.w. and s.o., respectively, while for amicite these
values are −5.9% and −5.1%, respectively. The presence of the large potassium cations and the
higher number of extraframework sites after PIH in amicite compared to gismondine probably
contribute to better supporting the amicite structure.
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Lee and co-workers [23] studied the compressibility in m.e.w. of the potassium gallo silicate
K-GaSi-GIS with GIS framework type (ideal formula K5.76Ga5.76Si10.24O32·9.9H2O, s.g. I41/a). When the
results of this study are compared with those obtained from the natural phases, the following
observations can be made:

(a) The main feature of the P-induced evolution of cell parameters of K-GaSi-GIS is the noticeable
squashing of the c axis, which is perpendicular to the dense plane and corresponds to the b axis
of gismondine and amicite. This response to hydrostatic pressure corresponds to a gradual
flattening of the double crankshaft chains and a reduction in the ellipticity of the 8-ring windows.
The different behavior compared to amicite and gismondine, where the b axis slightly increases
or remains almost unvaried, could be explained by the lower channel stuffing of the K-GaSi-GIS
phase related to the high Si/Ga ratio;

(b) In K-GaSi-GIS a PIH effect is again observed, with the penetration of about two water molecules
at P < 1 GPa, but in this case the overhydration induces a disordering of the K-water system
along the channels.

The potassium alumino germanate K-AlGe-GIS with GIS topology (ideal formula
K8Al8Ge8O32·8H2O, s.g. I2/a) was studied under HP by Jang et al. [24]. Its structure is similar to
amicite for the ordered distribution of the tetrahedral cations and the same number of extraframework
cations. However, there are eight instead of 10 water molecules in the synthetic phase. The variation in
the unit cell parameters was determined in m.e.w. up to 3.22 GPa, but no structural refinements were
reported, so no hypotheses were made concerning a possible PIH. The compressibility is anisotropic
with a decrease in the a and c axes, parallel to the channels, of 1.3% and 1.0%, respectively, while
the b parameter, perpendicular to the channels and the double crankshaft chains, decreased by 5.4%
resulting in an almost linear volume contraction of 7.5%. The large b variation is strictly related to a
flattening of the double crankshaft chains under P, as already observed for K-GaSi-GIS. Again in this
case, the different compressibility behavior compared to amicite and gismondine can be explained by
the lower water content and consequent channel stuffing.

7. Conclusions

The high-pressure behavior of amicite, a GIS framework type zeolite, was investigated and
the strong influence on compressibility of the chemical composition of both the framework and
extraframework species was also confirmed for this variety. In particular, the study confirms that
the compressibility of microporous materials is not simply related to their framework density and
topology, but is also greatly affected by the type, amount, and location of the extra-framework species.

The HP framework deformation mechanism is the same in all the phases with GIS topology and
is essentially driven by the distortion of the “double crankshaft” chains and the consequent shape
change of the 8-ring channels. However, the degree of compressibility varies due to the different
chemical compositions. In these zeolites the pressure-induced penetration of water molecules does not
induce a unit cell volume expansion, and in the natural phases, when the structure after P release was
determined, the overhydration effects are reversible following the return to ambient conditions.
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Abstract: The adsorption of toluene from aqueous solutions onto hydrophobic zeolites was studied
by combining chromatographic, thermal and structural techniques. Three beta zeolites (notated BEAs,
since they belong to BEA framework type), with different SiO2/Al2O3 ratios (i.e., 25, 38 and 360),
before and after calcination, were tested as adsorbents of toluene from aqueous media. This was
performed by measuring the adsorbed quantities of toluene onto zeolites in a wide concentration
range of solute. The adsorption data were fitted with isotherms whose models are based on surface
heterogeneity of the adsorbent, according to the defective structure of beta zeolites. The thermal
treatment considerably increases the adsorption of toluene, in the low concentration range, on all
BEAs, probably due to surface and structural modifications induced by calcination. Among the
calcined BEAs, the most hydrophobic zeolite (i.e., that with SiO2/Al2O3 ratio of 360) showed the
highest binding constant, probably due to its high affinity for an organophilic solute such as toluene.
The high sorption capacity was confirmed by thermogravimetric analyses on BEAs, before and after
saturation with toluene.

Keywords: adsorption; zeolites; beta; toluene

1. Introduction

In recent years public concern has been rapidly grown regarding water pollution phenomena.
Petroleum hydrocarbons represent one of the most common categories of water pollutants. Gasoline
leakage from storage tank, transportation, pipelines and petrochemical wastewaters introduce these
compounds into the environment, making surface waters and/or groundwaters unsuitable for many
uses, including drinking [1]. BTEX (Benzene, toluene, ethylbenzene and xylene) are frequently detected
in chemical and petrochemical wastewaters. These contaminants can cause adverse health effects
to humans even at low concentrations [2]. Therefore their removal from groundwater and surface
waters is a problem of great importance. Among several techniques developed for BTEX removal from
waters, adsorption is one of the most efficient methods, thanks to satisfactory efficiencies even at low
concentrations [3], easy operation and low cost [4]. Recently, high-silica zeolites have been shown
to be environmental friendly materials able to efficiently sorb several organic pollutants from water,
such as pharmaceuticals [5–7], polycyclic aromatic hydrocarbons [8], phenols [9] and petrol-derived
compounds [10–12].

In literature, several works have focused on the advantages of zeolites as adsorbents, such as high
selectivity and capacity, rapid kinetics, reduced interference from salt and humic substances, excellent
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resistance to chemical, biological, mechanical and thermal stress [9,13,14]. Even if zeolites are more
expensive with respect to other adsorbents, they offer the possibility to be regenerated without loss of
performances at relatively low temperatures, as demonstrated in previous works [10,15].

The investigation of several synthetic zeolites such as ZSM-5 [10], mordenite [4], ferrierite [16]
and Y [11] for the removal of petrol-derived compounds from aqueous solutions showed that they are
a promising material for water clean-up procedures. Another adsorbent that could be employed in
such treatment is zeolite beta due to its large porosity and high surface area. Zeolite beta, indeed, has a
three-dimensional intersecting channels system, two mutually perpendicular straight channels each
with a cross section of 6.6 Å × 6.7 Å and a sinusoidal channel with a cross section of 5.6 Å × 5.6 Å [17].
This tortuous channels system is constituted by the intersection of the two main channels. The
channel intersections of zeolite beta generate cavities whose sizes are in the order of 12–13 Å [17].
Crystallographic faults are frequently observed in beta zeolite and a structural model was proposed
by Jansen et al. [18] to explain the creation of local defects by the connection of distorted layers.
The structure of zeolite beta is disordered along [00l] and it is related to three ordered structures by
a/3 and/or b/3 displacements. The three ordered polytypes are designated frameworks A, B, and
C [19,20]. Polytype A is tetragonal (space group P4122 or P4322, cell parameters a = b ≈ 12.5 Å and
c ≈ 26.4 Å), polytype B is monoclinic (space group C2/c, cell parameters a ≈ b ≈ 17.6 Å, c ≈ 14.4 Å
and β ≈ 114◦), as well as Polytype C (space group P2/c, cell parameters a ≈ b ≈ 12.5 Å, c ≈ 27.6 Å,
and β ≈ 107◦).

It has been reported that thermal and hydrothermal treatments induce chemical and structural
modifications in beta zeolites, for instance Trombetta et al. [21] observed that thermal treatments can
cause dealumination and formation of extraframework aluminium species. The ease of dealumination
of beta may be due to the presence of defect sites close to the framework aluminium which promotes
bond hydrolysis, nonetheless the microporous structure is not affected by the loss of aluminium [22].
Other zeolites, such as ZSM-5 or mordenite, do not show significant crystallinity loss or dealumination
after thermal treatment [10,15,22]. The precise structural modifications of beta zeolite are still a matter
of research and the global effect of calcination on beta acidity is not totally clear, because of the presence
of several types of acidic sites, with different acidity degree [23,24]. However, it can be inferred that beta
zeolites could undergo to greater variations in adsorption properties due to calcination with respect
to other zeolites. Also the hydrophilic/hydrophobic features, controlled by varying the SiO2/Al2O3

ratio (SAR), can influence the behaviour of zeolites towards polar/non-polar reactants and products in
adsorption and catalytic processes. In fact, the roles played both by calcination and by SAR on catalytic
activity of beta zeolites received great attention [25,26]. However there are only few works dealing
with the effects of both chemical the composition and thermal treatments of beta on the adsorption
properties toward solutes from water solutions. Indeed, the phenomena observed in catalytic gas
phase systems could be different from those in aqueous matrix, since it has already been reported that
the presence of water can strongly interfere with organic compounds adsorption [27].

Therefore, the objective of this work is to investigate the adsorptive properties of beta zeolites
(notated BEAs, since they belong to BEA framework type), with different Silica/Alumina ratios (SAR)
before and after calcination for the removal of toluene (TOL) from aqueous solutions. The selected
adsorbents were commercial beta zeolites: the possibility to find them on the market and to use them
as-received from the manufacturer was considered a strong decision point for their selection.

2. Materials and Methods

2.1. Chemicals

Toluene (99% purity) was obtained from Sigma-Aldrich (Steinheim, Germany). High-performance
liquid chromatography (HPLC) grade acetonitrile (ACN) was purchased from Merck (Darmstadt,
Germany). The water was Milli-Q grade (Millipore, Billerica, MA, USA). Zeolite beta powders were
obtained from Zeolyst International (Conshohocken, PA, USA) and their main characteristics are
reported in Table 1.
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Table 1. Zeolites characteristics.

Name Product Code SiO2/Al2O3 Nominal Cation Surface Area (m2·g−1)

Beta25 CP814E 25 Ammonium 680
Beta38 CP814C 38 Ammonium 710
Beta360 CP811C-300 360 Hydrogen 620

All the adsorbents were employed as-received (named Beta25, Beta38 and Beta360) and after
a calcination process (referred to as Beta25c, Beta38c and Beta360c). Calcination was carried out by
raising the temperature from room temperature to 600 ◦C in 1 h, then holding at 600 ◦C for 4 h. Finally,
adsorbents were kept at room temperature for 3 h. Dry air circulation was maintained during both
heating and cooling down. The calcined samples were kept in a desiccator and used within 2 days
after thermal treatment.

2.2. Experimental

The adsorption isotherm was determined using the batch method. Batch experiments were
carried out in duplicate in 20 mL crimp top reaction glass flasks sealed with polytetrafluoroethylene
(PTFE) septa (Supelco, Bellefonte, PA, USA). The flasks were filled in order to have the minimum
headspace and a solid/solution ratio of 1:2 (mg·mL−1) was employed. After equilibration, for 24 h at a
temperature of 25.3 ± 0.5 ◦C under stirring, the solids were separated from the aqueous solution by
filtration trough 0.22 μm polyvinylidene fluoride (PVDF) membrane filters purchased from Agilent
Technologies (Santa Clara, CA, USA). The concentration of TOL was determined in the solutions
before and after equilibration with zeolite by High Performance Liquid Chromatography/Diode Array
Detection (HPLC/DAD) purchased from Waters (Waters Corporation, Milford, MA, USA).

2.3. Instrumentation

The HPLC/DAD was employed under isocratric elution conditions. The column (Agilent
Technologies) was 150 mm × 4.6 mm, packed with a C18 silica-based stationary phase with a particle
diameter of 5 μm and thermostated at 25 ◦C. The injection volume was 20 μL for all standards
and samples. The mobile phase was a mixture ACN:H2O 70:30 and the flow rate was 1 mL/min.
Detection wavelength was set at 215 nm Thermogravimetric (TG), differential thermogravimetric
(DTG) and differential thermal analyses (DTA) measurements of exhausted samples were performed
in air up to 900 ◦C, at 10 ◦C·min−1 heating rate, using a simultaneous thermal analysis (STA) 409 PC
LUXX®—NETZSCH Gerätebau GmbH (Verona, Italy). X-ray powder diffraction (XRPD) patterns
of zeolites after TOL adsorption were measured on a Bruker (Billerica, MA, USA) D8 Advance
Diffractometer equipped with a Si (Li)SOL-X solid-state detector. Statistical elaborations were carried
out through MATLAB® ver. 9.1 software (The MathWorks Inc., Natick, MA, USA).

3. Results and Discussion

3.1. Adsorption from Aqueous Solutions

The adsorption kinetics was studied in order to obtain some important parameters, such as the
kinetic constant, which allow the estimation of the time requested for reaching the equilibrium.
Moreover, from kinetics measurements, qualitative information about the steps governing the
adsorption process can be gained. The uptake q (mg·g−1) was calculated as follows:

q =
(C0 − Ce)V

m
(1)

where C0 is the initial concentrations in solution (mg·L−1), Ce is the concentration at time t in kinetics
experiments or at equilibrium (mg·L−1) for isotherm modelling, V is the solution volume (L) and m is
the mass of adsorbent (g).
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The kinetics was very fast for all the studied materials and the time to reach equilibrium was
about 10 min. As an example, the uptake data obtained for TOL on Beta360 are shown in Figure 1.
The data of Figure 1 were fitted by the pseudo-second order model (Equation (2)), which has been
employed in many studies concerning the adsorption of organic compounds onto zeolites [28,29].

qt =
k2q2t

1 + k2qt
(2)

where qt and q are the amounts of solute sorbed per mass of adsorbent at time t and at equilibrium,
respectively, and k2 is the second-order adsorption rate constant. The equilibrium uptake q and the
adsorption rate constant k2 were obtained from non-linear fit of qt vs. t. Values of 3.39 (3.28, 3.50) and
0.46 (0.31, 0.62) were obtained for qe and k2, respectively: the confidence limits at 95% of probability are
reported in brackets. The pseudo-second-order model fitted well all the sorption data as demonstrated
by the resulting high coefficients of determination (R2 = 0.9915). From Figure 1 it can also be seen that
the surface adsorption (first part of the curve) is a faster process than the intraparticle diffusion of TOL
into the zeolite micropores as alredy observed for ZSM-5 [10].

Figure 1. Adsorption kinetics of toluene (TOL) on Beta360: TOL uptake vs. contact time.

The relationship between the solute amount adsorbed for per unit mass of adsorbent q and its
concentration at equilibrium Ce is provided by equilibrium adsorption isotherms. The Langmuir
isotherm has been frequently used to describe the adsorption of organics in aqueous solutions onto
hydrophobic zeolites [10,15,29]. This model considers a monolayer adsorption onto energetically
equivalent adsorption sites and negligible sorbate–sorbate interactions. It can be represented by the
following equation [30].

q =
qSbCe

1 + bCe
(3)

where b is the binding constant (L·mg−1) and qs is the saturation capacity of the adsorbent material
(mg·g−1). This model has already been employed for adsorption on BEAs of several classes of organic
compounds, such as pharmaceuticals [6], etheramine [29], xylene isomers and ethylbenzene [31].

Freundlich isotherm is a relationship describing non-ideal and reversible adsorption, not restricted
to the formation of monolayer. In fact, this empirical model can be applied to multilayer adsorption,
with non-uniform distribution of adsorption heat and affinities over the heterogeneous surface [32].
The Freundlich isotherm model can be expressed as [33].

q = KFCe
1/n (4)
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where KF is a constant indicative of the adsorption capacity and 1/n is a measure of the surface
heterogeneity, ranging between 0 and 1. The surface heterogeneity increases as 1/n gets closer to zero.
The Freundlich isotherm equation was found to have a better fit than the Langmuir equation for TOL
adsorption on as-received BEAs (vide infra). This model was also used also by Wang et al. [28] for
describing the adsorption of 1,3-propanediol on BEAs zeolites.

Another isotherm model employed to describe multiple adsorbate/adsorbent interactions is that
proposed by Tóth [34].

q =
qSbCe

[1 + (bCe)
v]

1/v (5)

where ν is a parameter accounting for the heterogeneity of adsorption energies. If ν = 1, the Tóth model
corresponds to the Langmuir model [34].

The adsorption isotherms of TOL on both as-received and calcined BEAs are shown in Figure 2,
where it can be noted that the isotherms shape of as-received and calcined beta zeolites are different
from each other mainly due to modification on the adsorbate/surface interaction energy caused by
calcination of the adsorbent. In particular, the thermal treatment considerably increases the adsorption
efficiency of all BEAs toward TOL in the low concentration range. This finding has also been observed
also for polar compounds such as pharmaceuticals [6]. It has been suggested that part of the adsorption
properties of BEA zeolites originates from faults in the zeolitic structure [35]. In addition to its Brønsted
acidity, beta zeolite also displays also Lewis acidity [36]. The calcination leads to the conversion
of NH4-BEA to H-BEA for Beta25 and Beta38 (see Table 1), as well as to structural and surface
modifications for all the three beta zeolites [36,37]. In particular, the thermal treatment can lead to
silanols condensation and, consequently, to the degradation of Brønsted acid sites by dehydroxylation.
Together with the removal of water, the formation of Lewis acid sites occurs [24], as proposed by some
studies [21,23] which found an increase in the ratio Lewis/Brønsted acid sites in the calcined material
with respect to the as-received one. However, the global effect of calcination on beta acidity is not totally
clear, because of the presence of several types of acidic sites, with different acidity degree [24,38]. It can
be inferred that beta Lewis acid sites, whose formation has been promoted by thermal treatment, could
interact with toluene as reported by Maretto et al. [39]. Therefore, calcination can lead to structural
and compositional changes in beta zeolites, inducing to differences in adsorption properties [22,40].
The experimental data were fitted with all the three models (see Equations (3)–(5)). In order to compare
these models, the statistical analysis of the fitting based of the square sum of errors and the number of
parameters was performed. The isotherm parameters of the best fitted model estimated by non-linear
fitting of the as-received and calcined BEAs are shown in Tables 2 and 3, respectively.

Table 2. Isotherm parameters for the adsorption of TOL on as-received BEAs estimated by non-linear
fitting, according to the Freundlich model. The confidence limits at 95% of probability of the estimated
parameters are reported in brackets.

As-Received Materials KF (mg·g−1)·(L·g−1)n n R2

Beta25 5.2 (3.5, 7.0) 0.86 (0.77, 0.95) 0.9953
Beta38 4.2 (2.5, 5.9) 0.79 (0.69, 0.89) 0.9936

Beta360 4.1 (2.8, 5.3) 0.93 (0.72, 1.1) 0.9956

Table 3. Isotherm parameters for the adsorption of TOL on calcined BEAs estimated by non-linear
fitting, according to the Tóth model. The confidence limits at 95% of probability of the estimated
parameters are reported in brackets.

Calcined Materials qs (mg·g−1) b (L·mg−1) v R2

Beta25c 234 (193, 275) 0.073 (0.043, 0.10) 0.96 (0.70, 1.2) 0.9584
Beta38c 224 (198, 250) 0.10 (0.075, 0.13) 0.91 (0.72, 1.1) 0.9688
Beta360c 241 (201, 280) 0.55 (0.30, 0.80) 0.84 (0.62, 1.0) 0.9667
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Figure 2. Adsorption isotherms of TOL on (a) Beta25 (light blue circles: as-received, dark blue circles:
calcined); (b) Beta38 (light green circles: as-received, dark green circles: calcined) and (c) Beta360
(orange circles: as-received, red circles: calcined).

From Tables 2 and 3, it can be seen that as-received zeolites are fitted well by a Freundlich model,
whereas the calcined materials are modelized by a Tóth isotherm equation. In particular, Table 2
shows that n constant for Beta360 is not statistically different, at 95% of probability, from 1, hence
TOL adsorption on this zeolite follows a linear trend. On the contrary, values of n below 1 have
been observed for both Beta25 and Beta38, indicating that the adsorbent surface is heterogeneous.
The values of KF found for the three as-received BEAs are not statistically different from each other at
a probability of 95%. This finding may indicate similar adsorbent/adsorbate interactions, possibly
due to the effect of physisorbed water on the zeolites porosities (see Section 3.2) and to the presence of
structural defects in beta zeolites that make it difficult to assess the properties of the adsorption sites.
By comparing calcined BEAs (Table 3), it can be seen that their saturation capacities are not statistically
different at 95% of probability. High values of qs were obtained for all the calcined adsorbents (above
20% w/w). This last finding makes calcined BEAs very promising as adsorbents in the remediation of
contaminated waters at high concentration levels. Similar values of qs were found in the adsorption
of different organic contaminants on hydrophobic Y zeolite (FAU-type framework topology) [11,12].
However, the binding constants b obtained with Y zeolite were quite low, thus indicating that in the low
concentrations range Y zeolite is generally less efficient than calcined BEAs. At low TOL concentrations,
it has been proved that another hydrophobic zeolite, namely ZSM-5 (MFI-type framework topology) is
very efficient [10]. In this case, in fact, the adsorption isotherm of TOL on ZSM-5 was characterized
by a high binding constant (b was 3.17 ± 0.41), despite the lower saturation capacity of ZSM-5 than
BEAs and Y (around 8% w/w). In the light of the above findings, it can be stated that calcined BEAs
represent a good compromise for that which concerning TOL adsorption from aqueous solutions in
a wide concentrations range. Concerning the binding constant b, Beta360c showed a higher value
than those of Beta25c and Beta38c, which are not significantly different from each other at 95% of
probability. This finding could be explained by considering that adsorption onto zeolites is driven by
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both electrostatic and non-covalent interactions [41]. It can be supposed that electrostatic interactions
have a negligible contribution to the adsorption of an organophilic solute such as TOL, characterized
by logKow of 2.73. Therefore, it can be considered that the adsorption mechanism of TOL onto BEAs is
driven mainly by non-covalent interactions, which become more relevant as SAR value increases.

3.2. Thermal and Structural Analyses

Thermogravimetric analysis were carried out for the as-received materials (i.e., Beta25, Beta38
and Beta360). A total weight loss of about 17% was observed for all the three samples for temperature
up to 900 ◦C.

These weight losses can be divided up into two contributions: the first one at low temperature
(i.e., lower than about 100 ◦C) due to the loss of water molecules weakly bonded to the zeolite surface
and the second one at higher temperature mainly ascribable to the loss of ammonia from Beta25 and
Beta38 as well as losses of structural water molecules and silanols condendation in all the beta samples
(Figure 3).

Figure 3. Thermogravimetric curves of as-received and calcined BEAs, before and after saturation with
TOL: (a) Beta25; (b) Beta38; and (c) Beta360.

The TG analyses of calcined BEAs after TOL saturation show weight losses at 900 ◦C of 20.2%,
26.2% and 30% for Beta25c, Beta38c and Beta360c, respectively. However, these weight losses cannot
be easly related to the adsorbed TOL amount since, as reported in Pasti et al. [6], the calcined zeolites
can undergo to rehydratation process and the temperatures at which the adsorbed water and TOL
are removed from the framework are very close to each other’s. This makes it difficult to ascribe the
whole weight loss to water or TOL alone. However, these results are in good agreement with the
saturation capacities of the materials determined by adsorpion experiments (see Table 3).The X-ray
powder diffraction patterns of both as-received and calcined Beta25, Beta38 and Beta360, before and

52



Minerals 2017, 7, 22

after saturation with TOL are reported in Figure 4. By comparing the X-ray powder diffraction pattern
of both the as-received and the calcined materials before and after TOL adsorption (see Figure 4) it can
be observed that the peaks intensities in the low 2θ region change thus confirming the incorporation
of molecules in the framework due to adsorption, moreover the differences in the patterns in the
intermediate and high 2θ region indicates that the process is associated with the framework flexibility
(expansion or contraction of the cell volume) [42,43]. Similar behaviour is also shown when the three
zeolite samples before and after thermal treatment are compared.

Figure 4. X-ray powder diffraction patterns of as-received and calcined BEAs before and after saturation
with TOL: (a) Beta25; (b) Beta38; and (c) Beta360.
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4. Conclusions

This work highlighted the differences in adsorption properties between as-received and calcined
beta zeolites, with three different SARs, toward a water contaminant of great concern such as toluene.
It has been observed that the calcination significantly improves the adsorption properties of all of the
three zeolites.

The adsorption of toluene by calcined BEAs is characterized by high values of saturation capacity.
The most hydrophobic calcined beta, i.e., Beta360c, showed the highest binding constant, thus
indicating stronger adsorbent/adsorbate interactions than those of Beta25c and Beta38c. Consequently,
Beta360 after thermal treatment is a promising adsorbent for the removal of toluene in water-containing
systems. These results open new alternatives for the industrial application of this material, mainly in
hydrocarbons adsorption processes in the presence of water.
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Abstract: Lightweight aggregates (LWAs) made by sintering beidellitic clay deposits at high
temperatures, with and without the addition of spent zeolitic sorbents (clinoptilolitic tuff and Na-P1
made from fly ash) containing diesel oil, were investigated. Mineral composition of the aggregates
determined by X-ray diffraction was highly uniformized in respect of the initial composition
of the substrates. The microstructure of the LWAs, which were studied with a combination of
mercury porosimetry, microtomography, nitrogen adsorption/desorption isotherms and scanning
electron microscopy, was markedly modified by the spent zeolites, which diminished bulk densities,
increased porosities and pore radii. The addition of zeolites decreased water absorption and the
compressive strength of the LWAs. The spent Na-P1 had a greater effect on the LWAs’ structure than
the clinoptilolite.

Keywords: lightweight aggregate; spent sorbents; petroleum; mercury porosimetry;
microtomography; porosity

1. Introduction

Lightweight aggregates (LWAs) are building materials, produced from different minerals
(including ordinary soil clay, perlite, vermiculite, and natural and synthetic zeolites) by rapid
sintering/heating at high temperatures up to 1300 ◦C [1]. To achieve expanded material appropriately,
two conditions are necessary: the presence of substances that release gases at high temperature, and a
plastic phase with adequate viscosity, which is able to trap the released gases [2]. The expanded clay
aggregates are non-flammable and highly resistant to chemical, biological and weather conditions.
Their highly porous structure is represented mainly by closed pores surrounded by glassy coatings,
which are formed during the thermal transformation of clay minerals. As a consequence, LWAs
have relatively low particle and bulk densities, low thermal conductivity and sound dampening
characteristics [3–8], thereby allowing them to have broad applications in the construction industry,
geotechnics, gardening and agriculture [4,5,9–16].

Much effort has been recently invested to reuse different kinds of waste materials, in order to
avoid their disposal in landfills and paying additional environmental taxes, as well as to reduce
production costs [17,18]. Many waste materials, such as combustion ashes [19], waste glass [15],
sewage or industrial sludge [20–23], incinerator bottom ash [24], mining residues, heavy metal sludge,
washing aggregate sludge [4], polishing residue, lignite coal fly ash [25,26], spent adsorbents [27,28]
and contaminated mine soil [29], have been used as additives for the production of LWAs. Some of
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these materials can contribute to the foaming or bloating that occurs during LWAs’ sintering, thus
increasing their porosity.

Among their wide industrial and environmental applications [30–33], zeolite minerals have
recently been described as very efficient sorbents, especially for the cleanup of oil land spills [34–39];
however, significant amounts of waste materials are produced in parallel. According to our
knowledge, waste zeolitic sorbents containing petroleum products have not yet been considered
for LWA production. As evidenced by several research studies, the mineral composition and
organic amendments to the substrate can determine the physical properties of LWAs. Therefore, we
hypothesized that the addition of waste zeolites will modify the structure of the standard clay-based
LWAs towards higher porosity, which will differ depending on the zeolite used.

2. Materials and Methods

2.1. Substrates

The starting materials for LWA preparation were beidellitic clay deposit (Budy Mszczonowskie,
Poland) and two spent zeolitic sorbents: a natural clinoptilolitic tuff (Socirnica, Ukraine) [40] and the
synthetic Na-P1 obtained by hydrothermal conversion of fly ash with sodium hydroxide, according to
Wdowin et al. [41]. Both zeolites were dried at 105 ◦C, milled in a rotary mill to < 0.1 mm diameter and
enriched to their maximum sorption capacities (25% w/w for the tuff and 50% w/w for Na-P1) with
the diesel fuel Verva ON taken from the Orlen petrol station. The sorption capacities were measured
by soaking the zeolites in the fuel drop by drop and weighing.

2.2. Lightweight Aggregates Preparation

90 g (90% w/w) of the clay samples were admixed with 10 g (10% w/w) of the spent sorbents,
carefully homogenized and wetted with water (around 40 mL/100 g of the dry mass) (drop by drop
at the end) in order to obtain plastic masses at the plastic limit state, according to ASTM D 4318 [42].
From these masses, granules of around 15 mm were formed by hand, air-dried at room temperature for
24 h, then at 50 ◦C for 2 h and finally at 105 ◦C for 12 h. The dry granules were placed into the SM-2002
“Czylok” laboratory furnace, subjected to heating up to 1170 ◦C with 5 ◦C·min−1 temperature increase,
sintered at 1170 ◦C for 30 min and left in the furnace overnight for cooling to approximately 100 ◦C.
The cooled LWAs were stored in closed vessels. The aggregates prepared from the natural clay deposit
will be abbreviated further as CLAY, with those admixed with the clinoptilolitic tuff as CLIN and those
with Na-P1 as NAP1.

2.3. Methods of Characterization

All measurements described below were performed in triplicate and all data presented further
are averages from these replicates.

2.3.1. Mineralogical and Physical Properties

Mineralogical composition of the substrates and the obtained LWAs was examined by X-ray
diffraction analysis using a X’pert PROMPD spectrometer with a PW 3050/60 goniometer (Panalytical,
Almelo, The Netherlands), Cu lamp and graphite monochromator within a 2θ range of 5◦–65◦.
Identification of the mineral phases was based on the JCPDS-ICDD database.

Solid phase density (SPD) was measured by water pycnometry for finely crushed
(<0.1 mm) aggregates.

The particle density (BD) of the aggregates was estimated from their volume (measured by
immersion in mercury) and mass (weighing).

Water absorption WA24h was determined after soaking LWAs for 24 h in water and weighing
according to EN-ISO 1097-6 [43].
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The compressive strength Ca, being the force necessary to pass a piston for a certain
depth into a cylinder filled with the studied material, was determined according to UNE-EN
13055-1/AC:2004-10-22 [44].

The freezing resistance F of the aggregates, which express the percentage loss of the mass of
the aggregate soaked in water and subjected to 10 cycles of freezing-thawing (−17.5 and 20 ◦C,
respectively) was determined by the UNE-EN 12697-2:1999 standard [45].

The laser diffraction method was applied in order to measure the particle size distribution of
the initial materials subjected to 300 W of ultrasonication for 1 min using a Mastersizer 2000 with a
Hydro G dispersion unit provided by Malvern UK. When obscuration after adding the sample to the
measuring system exceeded 10%–20%, it was lowered by using the procedure that ensures there is no
discrimination of any fraction [46]. For the solid phase, the refraction index was taken as 1.52 and the
absorption index as 0.1; for water, the refraction index was taken as 1.33.

2.3.2. Structural Characteristics

X-ray computational microtomography was applied for 3D scanning of the studied LWAs using
a Nanotom S device (General Electrics, Frankfurt, Germany). The X-ray source with a molybdenum
target, operated at a cathode current of 230 μA and a 60 kV voltage was used for X-ray generation.
The scanning process consisted of two stages: an initial pre-scan and a main measurement scan. Prior
to the final measurement scan, each sample was subjected to a short 40 min pre-scan in order to
heat it up and reach thermal stability, which was maintained further during the main scan lasting
150 min. The scanned specimens were dry, so the only effect of heating by X-rays on the measurement
could have been caused by the thermal elongation of the sample holder. The pre-scan eliminated this
problem. During the main scan, 2400 2D cross-sectional images were acquired with a spatial resolution
(voxel size) of about 0.0063 mm and then used for 3D porous space reconstruction. The resulting
3D 16 bit grey-level images represent the spatial structure of specimens. Image analysis techniques
were used for further processing. Initially, the bit depth of images was reduced from 16 to 8 bit.
After that, a 3D median filter including a uniform kernel with a diameter equal to 3 px was used for
noise reduction. The next step was the thresholding procedure, which utilized the Otsu algorithm.
Threshold images had a 1 bit color depth with black areas representing pores. These preprocessing
steps were performed using ImageJ software. For further analysis, Avizo software was used. The 3D
watershed-based segmentation algorithm and then the labelling algorithm were used to separate the
connected pores into individual ones. Geometrical characteristics of the pores including equivalent
diameter (a diameter of the sphere with the same volume as a pore), volume, surface and fractal
dimension of pores according to the maximal ball method [47] were calculated from three 3D images.

Mercury intrusion porosimetry (MIP) tests were performed for pressures ranging from about
0.1 to 200 MPa (pore radii ranged from about 10.0 to 3.8 × 10−3 μm). The intrusion volumes were
measured at stepwise increasing pressures, which allowed for equilibration at each pressure step.
The maximum deviations between the mercury intrusion volumes were no higher than 6.9% and
occurred mainly at low pressures (largest pores). The volume of mercury V [m3·kg-1] intruded at a
given pressure P [Pa] gave the pore volume that can be accessed. The intrusion pressure was translated
into an equivalent pore radius R [m] following the Washburn equation:

P = −A·σm·cosαm/R (1)

where σm is the mercury surface tension (0.485 N·m−1), αm is the mercury/solid contact angle (taken
as 141.3◦ for all studied materials) and A is a shape factor (equal to 2 for the assumed capillary pores).
The total range for the pore radii in the mercury intrusion curve was divided into sections in steps
of 0.1 log(R).
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Knowing the dependence of V vs. R, a normalized pore size distribution, χ(R), was calculated
and expressed in the logarithmic scale [48]:

χ(R) = 1/Vmax·dV/dlog(R). (2)

By knowing χ(R), the average pore radius, Rav, was calculated from:

Rav =
∫

R·χ(R)· dR (3)

If a range of pore sizes, wherein the pore volume depends on a power of the pore radius, could be
found, this was interpreted in terms of pore surface fractal behavior. In this case, the dependence of
log(dV/dR) against logR was plotted and, from the slope of its linear part, the fractal dimension of
·pore surface D was derived according to Pachepsky et al. [49]:

Ds = 2 − slope (4)

To define the linear range of fractality, the Yokoya et al. [50] procedure was applied. According to
this procedure the measure of the linearity L for the set of the points in a x-y plane is:

L = (4σ2
xy + (σyy − σxx)2)1/2·(σyy + σxx)−1 (5)

where σxx, σyy and σxy are the variances of x-coordinates, y-coordinates and the covariance between x
and y coordinate sets, respectively.

The L value falls between 0 (for uncorrelated and random points) and 1 (for points on a straight
line). To separate out the linearity range, the value of L is computed for the first three points, then
for the first four, five and so on until the value of L increases. The end of the linearity range is within
the points after which the value of L begins to decrease. From the estimated linearity range, the two
first and/or two last points were rejected if this caused an increase in the linear regression coefficient
between the considered data.

The apparent solid phase skeletal densities of the samples SSD (which are lower than true solid
phase densities due to the residence of the finest pores in the solid phase that are not filled by mercury
at its highest pressure) and the total surface of MIP available pores S(MIP) were calculated by the
porosimetric data analysis program provided by the equipment manufacturer.

Nitrogen adsorption isotherms were measured at the temperature of liquid nitrogen using ASAP
2020MP manufactured by Micromeritics (Norcross, GA, USA).

The scanning electron microscope (SEM) images of the tested materials were taken using an FEI
Quanta 250 FEG microscope equipped with the energy dispersion scattering EDS-EDAX system for
chemical composition analysis(FEI, Hilsboro, OR, USA). From three SEM images, the sizes of the
finest pores were estimated using the Aphelion 4.0.10 image analysis package and the Vogel and Roth
procedure [51].

3. Results and Discussion

3.1. Mineralogical and Physical Properties

Figure 1 illustrates the particle size distribution of the initial materials.
The clay material is composed of the finest particles with an average diameter of 58 μm, followed

by NaP1 with a similar average diameter of 52 μm. The largest particles occur in natural clinoptilolitic
tuff, for which the average diameter is 178 μm.

The main mineral components of the raw clay material were around 51% of beidellite (dhkl 15.15,
4.44, 2,59 and 1.49 Å), 24% of quartz, 9% of kaolinite (dhkl 7.14, 4.48 and 4.36 Å), 7% of illite (dhkl 10.01,
5.02, 4.48, 3.34, 2.59 and 1.49 Å), 7% of feldspars (dhkl 3.19, 3.68 and 4.22 Å) and less than 2% of iron
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hydroxides (Figure 2). The main mineral component of the clinoptilolitic tuff was clinoptilolite as
recognized by dhkl = 8.95, 7.94, 3.96 and 3.90 Å XRD reflections. The presence of the Na-P1 phase in the
product of fly ash conversion was confirmed by dhkl = 7.10, 5.01, 4.10 and 3.18 Å.
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Figure 1. Particle size (diameter) distributions for the initial materials (a) and cumulative volume
(scaled to 100%) versus particle diameter plot (b).
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Figure 2. X-ray diffraction (XRD) patterns of the original clay deposit (black), clinoptilolitic tuff (green)
and zeolite Na-P1 (red).

The XRD patterns of LWAs obtained from the clay and a mixture of clay and spent zeolitic sorbents
are shown in Figure 3.

An extremely high degree of uniformization of the mineral composition of the sintered substrates
is observed in the XRD spectra of the LWAs produced from different materials. The main mineral
components of all LWAs are mullite (dhkl 3.39, 5.41, 3.42 and 2.21 Å) and quartz (3.34, 4.25 and
1.81 Å). The presence of mullite is an effect of the melting of the original clay minerals (beidellite, illite,
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kaolinite) [52]. One can observe that iron hydroxides were transformed into well-defined hematite
(dhkl 2.70 and 2.51 Å), while the feldspars remained intact. Apart from the defined mineral phases,
a significant contribution of an amorphous glassy phase can be distinguished by the rise in the
background line within the range 15◦–30◦ 2θ, which was the highest for LWAs admixed with Na-P1.
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Figure 3. XRD patterns of the lightweight aggregates (LWAs): CLAY (black), CLIN (green)
and NAP1 (red).

The physical properties of the studied LWAs are shown in Table 1. The solid phase density
decreases slightly due to the spent sorbents addition, whereas the particle density decreases markedly,
indicating the effect of the spent zeolites on the aggregates’ expansion. Despite the decrease in particle
density suggesting much larger porosity, the water absorption decreases for all LWAs produced
with spent sorbents admixtures. Taking into account the similar mineral composition of the LWAs,
resulting most probably in similar surface properties (wettability/hydrophobicity) of the aggregates
material, the above differences may be connected to differences in the pore system, particularly in the
amount of closed pores unavailable for water. According to Hung and Hwang [53], a particle with
isolated pores or a vitrified surface tends to absorb less water than one having connected or open
pores. Water absorption of the studied LWAs containing the spent sorbents is markedly lower than for
several commercial ones as stated by their manufacturers, such as Lytag (17.55%), Arlita (20%) and
Leca (30.3%).

Table 1. Physical parameters of the LWAs.

Parameter CLAY CLIN NAP1

Solid phase density SPD, g·cm−3 2.71 2.63 2.59
Particle density BD, g·cm−3 1.74 1.27 0.76
Water absorption WA24, % 20 10.00 11.5

Frost resistance F, % <1 <1 <1
Compressive strength Ca, MPa 3.4 1.56 1.41

Lower water absorption may have technological advantages for building purposes. The frost
resistance test showed that all LWAs lost not more than 1% mass after freezing that indicates their high
resilience against variations in climate conditions. The aggregate grains did not show any occurrence
of cracks after the test, probably because water penetrating the grains has not filled their whole pore
space, meaning that it did not cause any visible aggregate damage after freezing. The compressive
strength of the studied LWAs significantly decreased after the addition of spent sorbents. However,
their mechanical resistance is still higher than that of some commercially available LWAs, such as
Lytag (0.43 MPa), Leca (0.09 MPa) [54] or Leca Weber (0.75 MPa) (Saint-Gobain Construction Products
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Poland) and markedly higher than 0.44 MPa, which is the internationally accepted standard for solid
waste materials used for land levelling [55].

3.2. Structure Characteristics

Exemplary microtomography cross sections of the studied LWAs are presented in Figure 4,
wherein quite different porous structures of the studied materials are seen.

   

Figure 4. Exemplary 2D cross-sectional images derived from microtomography for the studied
materials. Black areas: pores; white areas: solid.

On the external surfaces of both aggregates containing the diesel oil, a well-developed vitrified
layer is seen. However, Gonzáles-Corrochano et al. [5] did not observe the formation of such a layer in
LWAs manufactured with used motor oil. The visual analysis of the scans reveals that the LWAs have
thick, dense areas, which extend throughout the whole CLAY aggregate, while being limited to the
external layer for CLIN and NAP1, for which it is the thinnest. Most probably the thickness of this
layer depends on the oil content. More oil evolves more gases during sintering and the resulted more
porous structure reduces the number and increases the distance of connections between the molten
solid thus its condensation is limited to smaller external space. It is also possible that more time is
needed to decompose more oil what provides less time for solid condensation.

Calculated from 3D scans, the pore volume vs. pore radius dependencies and pore size
distribution functions are presented in Figure 5.
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Figure 5. Pore volume vs. pore radius dependencies (a) and normalized pore size distribution functions;
(b) derived from microtomography scans. The points show average results, while the error bars show
differences between the average and the experimental replicates.
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As it is seen in Figure 5a,b, the LWA with used Na-P1 develops the largest pores and the largest
pore volumes, particularly in the range of large pores. The volume of small pores is similar for NAP1
and CLAY, whereas CLIN possesses the largest volume of these pores. Pore size distribution functions
(Figure 5b) show that CLIN aggregates contain the highest amount of pores lower than 0.1 mm,
whereas the lowest amount of these pores is found in NAP1 aggregates.

MIP curves relating the intruded mercury (pore) volume to the logarithm of the pore radius and
the normalized pore size distribution functions for the studied materials are presented in Figure 6.
It is worth noting that the mercury extrusion branches (data not shown) were, in all cases, practically
parallel to the log(R)-axis, indicating that practically all the mercury is accumulated in the pore voids
and that the amount of the necks (channels) connecting these voids is negligible.
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Figure 6. MIP curves (a) and normalized pore size distribution functions; (b) for the studied aggregates.
The points show average results, while the error bars show maximum differences between the average
and the experimental replicates.

The volume of intruded mercury (Figure 6a) is the lowest for the LWA containing only the original
clay deposit, the intermediate for that enriched with the spent clinoptilolite, and the highest for
the material containing spent NaP1. The pore size distributions for CLAY and NaP1 are unimodal
(Figure 6b). One broad peak is noted for CLAY with the maximum located at around 0.32 μm
(logR ~ 0.5), while one narrow peak is found for NaP1 with maximum at R ~ 0.16 μm. Three peaks on
the pore size distributions (PSD) function of CLIN are present: two narrow peaks at 32 and 2.5 μm, and
one broad peak at around 0.16 μm. In contrast, Korat et al. [10] observed only bimodal MIP pore size
distributions (peaks with maximum values between 0.1 and 1 μm, above 10 μm, and up to 100 μm) for
LWAs prepared from fly ash obtained from coal combustion and silica sludge.

Comparing the pore size distribution functions derived from MIP and microtomography, one
can see that MIP measurements allocate the sizes of almost the entire volume of the pores towards an
underestimation of the large pores and an overestimation of the small pores. This phenomenon, as
summarized by Korat et al. [10], appears to be rather intrinsic than accidental, which derives from the
lack of direct accessibility for most of the pore volume (including air voids) to the mercury surrounding
the specimen. Furthermore, in the case of highly porous structures, errors can also be made due to the
breaking of the inner pore’s walls, which then give distorted results.

Fractal plots for the studied materials are illustrated in Figure 7. As a rule, the fractal behaviour
of the porosity of natural objects occurs in a limited range of pore dimensions (called upper and lower
cut-offs) [49].
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Figure 7. Fractal plots for the studied materials. The points show average results, while the error bars
show maximum differences between the average and the experimental replicates.

The geometrical irregularities and roughness of the pore surface have an essential influence on
the value of the fractal dimensions, which, for porous solids, may vary from 2 to 3. The lower limiting
value of 2 corresponds to a perfectly regular pore surface, whereas the upper limiting value of 3 relates
to the maximum allowed pore surface complexity [49]. The linearity ranges of log-log plots of dV/dR
vs. R can be found for the studied aggregates. One linearity range is found for CLAY in the range of
large pores. NAP1 and CLIN exhibit two ranges of linearity: one for large pores and the second for
narrow pores.

However, the slopes of the linear log-log plots are very high in all cases, such that the calculated
fractal dimensions of the pore surfaces are larger than 3 in all cases except for narrow pores of NAP1
(see Table 2 below). This may result from the specific structure of the aggregates. The large pore voids
are accessible through markedly narrower entrances, therefore the volume of mercury forced into
a large pore is attributed to the radius of the entrance and not to the radius of the void, falsifying
the location of pore volume. In fractal dimension calculations a cylindrical pore model was applied
assuming that the pore is a long capillary having the radius of the entrance. It is far from reality and
leads to rapid increase of pore volume with pore (entrance) radius. Having such high increase in pore
volume V vs. radius R dependence the cylindrical pore model calculates high dV/dR values that gives
fractal dimension D values higher than 3.

Extremely low nitrogen adsorption and the calculated surface areas of the produced LWAs, which
are less than 1 m2/g (see Table 2), indicate that either the vitrified layer produced during heating has
an extremely flat surface or the closed intra-aggregate pores are not available for nitrogen molecules.

SEM microphotographs of the obtained LWAs presented in Figure 8 show differences in the finest
pores’ structure of the aggregates. LWA prepared from clay is characterized by a compact texture,
with the smallest pores being oval and frequently elongated. Aggregates with the admixtures of spent
zeolites have pores of larger sizes, being the largest ones for NAP1. The placement of the pores is
rather irregular.
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Table 2. Pore parameters of the studied LWAs.

Pore Parameter Unit CLAY CLIN NAP1

Data from microtomography

Total pore volume cm3·g−1 0.044 0.223 0.719
Average pore radius μm 130 120 250

Porosity (v/v) % 8.7 27.9 54.5
Fractal dimension /- 2.66 2.74 2.74

Data from MIP

Total pore volume cm3·g−1 0.141 0.301 0.909
Total Pore Area m2·g−1 3.9 16.7 41.7

Average pore radius μm 2.37 5.27 0.99
Particle density g·cm−3 1.77 1.30 0.74

Solid skeletal density SSD g·cm−3 2.35 2.14 2.23
Porosity (v/v) % 25.0 39.2 66.9

Fractal dimension for large pores /- 3.56 3.51 3.61
Fractal dimension for narrow pores /- N/a 3.5 2.91

Data from SEM

Pore area (volume) % 17 23 31
Dominant pore radius μm 3 5 40

   
CLAY CLIN NAP1 

Figure 8. Representative scanning electron microscope microphotographs (SEM) of the studied
aggregate sections.

The pore parameters of the pore system derived from microtomography, MIP and SEM
experiments are summarized in Table 2.

All methods applied give the highest pore volumes and porosities for NAP1 and the lowest for
CLAY aggregates. As a rule, MIP measures significantly higher pore volumes and porosities than
microtomography. The measuring range of microtomography starts from ~6 μm upwards, while it
runs from ~4 nm to ~14 μm for MIP; at the first glance, it does not seem possible that MIP registers
larger porosities. However, mercury can invade the whole aggregate interior through narrow entrances
to the large pores, thereby filling all large pores inside. Therefore one can state that the total porosity
values measured by microtomography are more reliable than these derived from MIP. LWAs made
from the clay deposit have the smallest porosity and the highest particle density, whereas LWAs
containing spent clinoptilolite and NaP-1 zeolites have larger porosity and smallest particle density
that may be due to the presence of the oil in the spent zeolites.

Organic substances produce additional gases during the sintering process, which contribute to
the formation of pore beads and the creation of more porous structure of the aggregate [56]. However,
similarly low densities (0.7–0.9) were achieved by Volland and Brötz [3] for sand sludge LWAs admixed
with 20–40% of heulanditic zeolite rock. Such low bulk densities (from 0.95 to 0.7) were also achieved
by Mun [57] for LWAs admixed with different doses of a sewage sludge. Kourti and Cheeseman [26]
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found that sintering 60:40 lignite coal fly ash with waste glass mixes produced LWAs with a mean
density of 1.35 g·cm−3, thereby suggesting that heat treatment of organic material containing substrates
gives smaller bulk densities and higher porosities of the resulting LWAs than using organic-derived
fly ashes coming from similar organic material. It is worth noting that practically the same bulk
densities of the aggregates are measured by mercury intrusion and from the LWA volume and mass
(Table 2), indicating that the amount of very fine pores being unavailable for mercury is very small
in all LWAs studied. The solid phase (skeletal) density is the highest for CLAY and the smallest for
CLIN aggregates. It could be possible that the presence of residual carbon formed from no oxidized
oil additions diminished the solid phase density; however, no carbon could be detected in the LWAs
studied. The finest close pores are possibly responsible for the above effect. The fractal dimensions
calculated from microtomography data are rather high, indicating the complex pore buildup, of which
the least diversified is found in the CLAY aggregate. All microtomography fractal dimensions fall
within the range between 2 and 3, therefore it is likely that microtomography provides a more realistic
picture of the LWAs’ fractal pore structure than MIP. This may be due either to the application of the
spherical pore model for microtomography data elaboration (instead of cylindrical pore spaces model
in MIP) or more probably to a failure of the MIP application in describing LWAs’ pore size distribution.

4. Conclusions

Although the addition of spent zeolite sorbents increased the amount of the amorphous glassy
phase in the LWAs, their mineral composition stayed intact, as evidenced by the XRD results. The
addition of spent zeolites has fostered a decrease in the particle density, which in turn has involved
a decrease in the mechanical resistance. A decrease in water absorption also occurred. The pore
structure of LWAs prepared from a clay deposit was strongly modified by the addition of spent zeolites,
depending on the composition of the starting mixture. All the methods applied measured the same
tendencies of changes in pore volumes and porosities of LWAs due to the addition of spent zeolites.
The porosity of the LWAs prepared from a clay deposit was the lowest and the addition of spent NaP1
resulted in the highest porosity of the obtained LWAs. An increase in porosity may also be connected
with the amount of the oil present within the added zeolites: with more oil addition the more porous
structure is formed. Changes in the average pore radius measured by microtomography and MIP did
not run parallel with the pore volume changes. Only the dominant pore radius measured by SEM
increased to a similar degree as the porosity.

The reuse (addition) of the spent zeolitic sorbents containing petroleum waste to produce LWAs is
a novel method dedicated to this kind of waste utilization. Furthermore, it leads to very advantageous
properties of the resulting LWAs (high porosity, low water sorption, enough mechanical resistance, high
freezing resistance), indicating their applicability in geotechnics, building construction and agriculture.
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Abstract: CO2 geosequestration is currently considered to be the most effective and economical
method to dispose of artificial greenhouse gases. There are a large number of coal mines that will
be scrapped, and some of them are located in deep formations in China. CO2 storage in abandoned
coal mines will be a potential option for greenhouse gas disposal. However, CO2 trapping in deep
coal pillars would induce swelling effects of coal matrix. Adsorption-induced swelling not only
modifies the volume and permeability of coal mass, but also causes the basic physical and mechanical
properties changing, such as elastic modulus and Poisson ratio. It eventually results in some reduction
in pillar strength. Based on the fractional swelling as a function of time and different loading pressure
steps, the relationship between volumetric stress and adsorption pressure increment is acquired.
Eventually, this paper presents a theory model to analyze the pillar strength reduction after CO2

adsorption. The model provides a method to quantitatively describe the interrelation of volumetric
strain, swelling stress, and mechanical strength reduction after gas adsorption under the condition of
step-by-step pressure loading and the non-Langmuir isothermal model. The model might have a
significantly important implication for predicting the swelling stress and mechanical behaviors of
coal pillars during CO2 sequestration in abandoned coal mines.

Keywords: CO2 sequestration; abandoned coal mine; adsorption; swelling effect; strength reduction

1. Introduction

Greenhouse gas emissions are the most important contributor to global climate change. Among all
kinds of greenhouse gass, the contribution rate of CO2 to greenhouse efficiency was 63% [1]. According
to statistics, fossil fuel combustion and industrial emissions of CO2 accounted for about 78% of total
CO2 emission in the ten years from 2000 to 2010 [2]. Currently, CO2 storage in oil and gas fields,
brine water, deep unmined coal seams and deep sea are considered to be effective and practical
ways to reduce atmospheric CO2 level, helping to slow global climate change and temperature rise
trends, in the event that fossil fuels remain in use as a primary energy source. In the 2013 technology
roadmap, the international energy agency (IEA) proposed an integrated approach to drop greenhouse
gas emission by reducing the use of fossil fuels, improving energy efficiency, implementing new energy
sources and carbon capture and sequestration (CCS) technology [3]. In addition, with the successful
exploitation of coalbed methane and shale gas, its considerable economic benefit prompted many
countries to begin in order to regard shale gas, coalbed methane, as alternative unconventional energy.
Many scholars have proposed using CO2 to enhanced coalbed methane (ECBM) production, and the
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presence of CO2 will mechanically weaken the coal and thus create fractures, helping to increase the
permeability, improve the coalbed methane production yield and simultaneously sequestrate CO2 [4–8].
In addition, for the residual space volume constituted by goaf areas and principle infrastructures
in abandoned coal mines, some researchers proposed CO2 sequestration in abandoned coal mines
following the example of natural gas storage in it [9–12], which will be a potential option for CO2

disposal because China has a large number of scrapped coal mines, and 541 key coal mines will be
gradually closed by 2020. CO2 can be stored in abandoned coal mines in three states: adsorbed on the
remaining coal, free in empty space or dissolved in mine water.

The adsorption of CO2 in coal can result in coal matrix swelling due to the fact that it has
the highest adsorption potential compared with other fluids such as CH4 and N2. Currently, two
mechanisms are applied to explain the adsorption-induced swelling in coal. On the one hand, several
authors have widely researched the polymer structure, degree of cross-linking, three-dimensional
polymeric network structures, as well as flexibility characteristics of coal macromolecules from the
perspective of chemistry and molecules, and consider that the lower molecular-weight solvent, such
as CO2 and CH4, can enter the macromolecule cross-linked polymer mesh, causing the coal matrix
macromolecular structure rearrangement, resulting in swelling [13–17]. One the other hand, some
scholars attribute the swelling being due to the formation of microfractures as the result of different
pore systems, maceral components and mineral stiffness [18–21]. Hol et al. [22] considered CO2

induced both reversible (i.e., adsorption-induced swelling and elastic compression) and irreversible
(i.e., adsorption-induced microfracturing) strains under unconfined conditions.

Both ECBM and CO2 sequestration in coal seams are concerned with the coal reservoir
permeability behavior, the adsorption-induced swelling of coal matrix can compress the pore space
and cleat system to result in the distinct decrease of the permeability of coal mass, and several
models have been proposed from the consideration of effective stress, cleat volume compressibility,
gas sorption-induced strain effect as well as pressure pulse decay [23–29]. Ranjith et al. [30] developed
a triaxial equipment to study the gas fluid flow and found that coal mass permeability for CO2

decreased largely with the increase of effective stress than that of N2, due to the matrix swelling by
CO2 adsorption in coal. In addition, Verma and Sirvaiya [31] utilized the artificial neural network
(ANN) to predict the Langmuir volume and pressure constants during CO2 adsorption in coal, and that
the ANN method was more accurate than other models in their study.

The effects of CO2 adsorption on the strength of coal have been studied widely [32–34]. According
to Gibbs’ theory, when a more reactive, higher-chemical-energy adsorbate is used to displace the
original adsorbate in solid adorbent, the surface energy of rock mass would reduce, which can lead
to some reduction in initiation tension stress for fracturing and eventually the coal becomes more
prone to damage. In addition, considering the thermodynamics of adsorption of gases in porous
solids, the changes in surface energy at the interface between the gas adsorbate and solid adsorbent
result in swelling through the conversion between surface free energy and elastic strain energy [35,36].
Based on the theory and experiment proposed by Meyers, a theoretical model was derived by Pan and
Connell [37] through the energy balance approach. Hol et al. [38] developed a thermodynamic model
based on statistical mechanics, and the model combined adsorption in a stress-supporting solid with
the poroelastic to derive the relationship of stress–strain-sorption of coal under unconfined swelling
condition. Liu et al. [39] revised the model derived by Hol et al. [38], and a corrected expression was
obtained based on both statistical mechanics and kinetic approaches. Furthermore, Hol et al. [40]
found the apparent bulk modulus determined for CO2-equilibrated state was approximately 25%
lower compared to the evacuated state through experiment data analysis. Ranjith et al. [32] studied
the crack closure, crack initiation and crack damage of coal subjected to saturation with CO2. Ranjith
and Perera [41] considered the effects of the cheat system on strength reduction of coal after CO2

adsorption. Perera et al. [42] experimented with adsorption of gaseous and super-critical CO2 on
bituminous coal from the Southern Sydney Basin, Australia, and studied the mechanical properties of
coal sample before and after adsorption. The results showed that, compared with the natural state

72



Minerals 2017, 7, 26

uniaxial compressive strength (UCS), the gaseous CO2 saturation reduced UCS by 53% and elastic
modulus by 36% using gas saturation pressure of 6 MPa. However, the supercritical CO2 saturation
reduced UCS by 79% and elastic modulus by 74% using super-critical saturation pressure of 8 MPa.
It is shown that the phase of CO2 has a significant effect on physical properties of coal, the adsorption
capacity, swelling effect and strength parameters.

Coal is a discontinuous structure comprised by many natural fractures and cleats (Figure 1), and
coal seams are normally conceptualized by a matchstick model (Figure 2). After the colliery was
scrapped, leaving pillars with a large number of cracks by mining action on both sides of the goaf.
Meanwhile, CO2 adsorption causes the coal mass to break down along the cleat system easily due to
the fact that the adsorption mainly affects the cohesion of coal, and the reduction of cohesive force
leads to the apparent plastic deformation areas. However, for the internal friction angle, it decreases
to a certain extent and no longer keeps changes. Pillars with a large number of cleats and fractures
act as sealing walls when CO2 is stored in goafs and drifts. It means that the stability of the pillar
decides the safety and sealing of CO2 sequestration. Based on the above discussions and conclusions,
it is significantly important to discuss the strength reduction of the coal pillar after CO2 injection in
the abandoned coal mines. In this paper, we focus our attention on strength reduction of the pillar
when CO2 sequestration in abandoned coal mines, through the relationship of sorption-strain based
on unconfined conditions, and swelling-stress under uniaxial conditions. Finally, a strength reduction
model is proposed to qualitatively understand the effects of CO2 adsorption on the strength and failure
mechanics of coal pillar in abandoned coal mines.

 
(a) (b)

Figure 1. (a) Fractures, Chengzhuang Mine (Reproduced with permission from [43]); (b) cleats,
Chengzhuang Mine (Reproduced with permission from [44]).

Figure 2. A matchstick model of a coal seam.

2. Theoretical Model

2.1. Adsorption-Induced Swelling Strain

CO2 adsorption-induced volume strain has been studied by many researchers under unconfined
conditions or uniaxial strain conditions [28,38,42]. In this section, we consider the adsorption-induced
strain from the perspective of unconfined conditions. It is easy to measure the volumetric strain
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value of test coal samples when carrying out a gas adsorption experiment in the laboratory under
unconfined conditions. As shown in Figure 3, the sample is a cube with the side length l. Two lengths
are measured as the base values for volume calculation. One located at parallel (lpa) to its bedding
plane, and the other is perpendicular (lpe). The parallel and perpendicular displacements were Δlpa

and Δlpe, respectively.

Figure 3. Sketch of original coal sample and swelling.

For the sake of convenience in the computation, it was assumed that parallel lengths and
displacements of each block were equal and the perpendicular lengths and displacements were
also equal. In this paper, the hypothesis that the coal mass satisfies the characteristics of isotropic
and homogeneous is assumed. The reference value of volume was measured at the vacuum (initial
volume V0), and the volume increment was calculated based on the reference value with the pressure
increasing step-by-step.

Here, according to the hypothesis and illustration above, the volume, as a function of time, can be
written as:

V(t) = V0 + ΔV(t) = [lpa + Δlpa(t)]× [lpa + Δlpa(t)]× [lpe + Δlpe(t)] (1)

lpa = lpe, Δlpa(t) = Δlpe(t) (2)

At adsorption time t, the swelling of coal as a function of time is:

Q(t) =
V(t)− V0

V0
(3)

The swelling before ith adsorption is Q(t)i−1 (the swelling at the end of time exposure to Pi−1).
At the ith adsorption pressure step, Q(t)i is the swelling at the end of time exposure to Pi. The fractional
swelling increment is qi(t) during the coal sample is exposed to Pi [45]:

qi(t) =
V(t)−V0

V0
− Qi−1

Qi − Qi−1
(4)

where qi(t) is the volume strain change of the ith pressure step, which ranges from 0 to 1. qi(t) = 0 means
that adsorption just recently occurs at the Pi pressure step, and the swelling increment instantaneously
changes with the adsorption amount. qi(t) = 1 indicates that the swelling has reached equilibrium at
the given gas pressure Pi. In order to facilitate the use of the elastic mechanic theory, Equation (4) is
converted to the form as follows:

qi(t) = Δεvi(t) (5)

Here, the Δεvi(t) means the fractional volumetric swelling increment from Pi−1 to Pi.
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Except for swelling, the given adsorption pressure generates volume compression due to closure
of fractures and cleats, and coal matrix solid is also compressed during the loading process. In this
process, the elastic modulus and Poisson’s ratio are not fixed values. Goodman [46] suggested that the
strain variation by pressure independent action was:

εP = − P
Es

(1 − 2νs) (6)

Exposure to the given Pi pressure step, the fractional strain variation of the sample is ΔεPi from
Pi−1 to Pi

ΔεPi = −ΔPi
Es

(1 − 2νs) (7)

where ΔPi is the pressure increment from Pi−1 to Pi. Es is the elastic modulus of coal matrix solid,
which is not equivalent to the Young’s modulus (EP) that takes the elasticity of micropores into account.
The relationship between the elastic modulus Es and the Young’s modulus EP can be expressed as [47]:

Es =
EP(3ρs − 2ρ)

ρ
(8)

ρs and ρ are the density of the solid phase (skeletal density) and apparent density, respectively.
According to Bentz et al. [48], Poisson’ ratio change can be expressed in Equation (9) after sorption

ν = νs +
3(1 − ν2

s)(1 − 5νs)φ

2(7 − 5νs)
(9)

where νs is the Poisson ratio of the solid frame, ranging from −1 to 0.5, ν is the effective Poisson ratio,
and φ is the porosity. In the process of deduction, it was assumed that the pore shape was cylindrical
and the pores were randomly distributed. The relationships of EP/Es − ρ/ρs as well as ν − νs based
on the research data of Bentz et al. [48] are shown in Figure 4.

 
(a) (b)

Figure 4. (a) The relationship of EP/Es and ρ/ρs; (b) the linear figure of ν against νs (φ = 0.07) [48].

The fractional volumetric strain increment and the total volumetric strain is Δεi and εi, respectively.
Two parts are included, gas adsorption induced matrix swelling strain Δεvi, taken as positive,
and adsorption pressure loading induced strain ΔεPi, taken as negative:

Δεi = Δεvi − ΔεPi (10)

εi(t) =
n

∑
i=1

(Δεvi − ΔεPi) =
n

∑
i=1

[

V(t)−V0
V0

− Qi−1

Qi − Qi−1
+

ΔPi
Es

(1 − 2νs)] (11)
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Equation (11) is an expression of the total volumetric strain after equilibrium by pressure
increasing step-by-step under unconfined conditions. This expression of adsorption-induced
volumetric swelling strain considers the initial volume V0 and the volume at the time of t. In addition,
the changes of Young’s modulus and Poisson ratio are also contained.

Under the hypothesis of isotropic and homogeneous, based on the relationship between linear
strain and volumetric strain in elastic mechanics, and the linear swelling strain in the vertical direction
can be expressed as follows:

εiz(t) =
1
3
εi(t) =

1
3

n

∑
i=1

[

V(t)−V0
V0

− Qi−1

Qi − Qi−1
+

ΔPi
Es

(1 − 2νs)] (12)

2.2. Adsorption-Induced Stress under Uniaxial Conditions

After the mining work finished, only two parts of pillars and goafs are left in the original work face
(Figure 5). Due to the overburden pressure and stress redistribution by mining activities, the pillar bears
the pressure of overlying strata as well as mining stress and preforms uniaxial condition (Figure 6).
If the CO2 gas (fluid) is injected in goaf, this adsorption behavior will occur in the pillar. Under
the uniaxial condition, adsorption-induced swelling strain occurs on the two sides adjacent to goafs
and drifts, but the swelling strain of the direction perpendicular to bedding is inhibited, resulting
in the swelling stress occurring in the vertical direction (z axial, Figure 3). The swelling stress can
decrease crack initiation stress, resulting in the damage of the coal pillar. In this section, we consider
the derivation of swelling stress in the direction perpendicular to bedding.

Figure 5. Schematic diagram of pillar and goaf in the abandoned coal mine.

P

P

Figure 6. Schematic diagram of the uniaxial condition of the pillar.

Based on the analysis of the section above, under uniaxial conditions, the constitutive relation of
swelling stress and swelling strain in the vertical direction (z axial) follows Equation (13):

σiz = Esεiz (13)

76



Minerals 2017, 7, 26

Combining Equations (12)–(14), stress increment in the vertical direction in the process of exposure
from Pi−1 to Pi can be calculated by Formula (15). The swelling stress includes two parts. The first part
is the adsorption-induced swelling stress, and the second is volume-compressed stress:

Δεiz(t) =
1
3

Δεi(t) (14)

Δσiz(t) = EsΔεiz(t) =
Es

3
[

V(t)−V0
V0

− Qi−1

Qi − Qi−1
+

ΔPi
Es

(1 − 2νs)] (15)

If, at the given nth pressure step, Pn, the pillar perfectly reaches adsorption equilibrium, and the
fractional swelling variation does not change and the linear strain also remains constant. In this case,
the swelling stress is the cumulative value of stress increments at overall adsorption pressure steps:

σiz(t) =
n

∑
i=1

Δσiz(t) =
n

∑
i=1

Es

3
[

V(t)−V0
V0

− Qi−1

Qi − Qi−1
+

ΔPi
Es

(1 − 2νs)] (16)

where σiz(t) is the total swelling stress considering the adsorption occurring in the pillar in the vertical
direction where swelling strain is inhibited under the uniaxial condition. The swelling stress is a
cumulative value by step-by-step pressures loading from 1st to nth steps.

2.3. Mechanical Strength Change after Gas Adsorption

The pillar coal matrix swells after CO2 injection in abandoned coal mines, while it shrinks
when gas is expelled from coal mass. Adsorption expansion will inevitably lead to some changes
in the mechanical properties of the pillar, such as the above mentioned parameters, elastic modulus,
Poisson’s ratio, bulk modulus as well as shear modulus, due to these parameters being highly effected
by adsorption-induced fracturing. All of these variations result in the decrease of pillar strength during
CO2 sequestration in abandoned coal mines. Hu et al. [49] demonstrated that the adsorption of gas
exhibits dual effects on the physical properties of coal, mechanical (swelling stress) and non-mechanical
(erosion effect) effects. The swelling effect leads to the decrease of the interaction between coal particles,
while the erosion effect reduces the surface energy and lowers the surface tension of the coal mass.
Gas adsorption mainly affects the cohesion, and the decrease of cohesion leads to obvious plastic
deformation of coal, but, for the internal friction angle, it decreases to a certain extent and the hold
over no longer changes. Hol et al. [40] verified that gas sorption can lead to a decrease in bulk
modulus, while an increase in swelling caused the strain hysteresis to be oversized during the process
of loading–unloading. Hagin and Zoback [50] compared the adsorption characteristics of CO2 with
that of helium, and found that the Young’s modulus decreased after the CO2 saturation adsorption.
Simultaneously, the static bulk modulus reduced by an order of magnitude. Yang and Zoback [51]
observed that CO2 injection into coal samples resulted in the volume increase, and the coal sample
became more viscous and less elastic. Ranjith and Perera [41] considered the effects of cleat density
and direction on CO2 adsorption-induced strength reduction.

On the basis of Griffith line elastic fracture theory, when cracks propagate, a portion of the elastic
energy is converted into a solid surface energy. The fracture is confined in the extended critical state
when the release rate of the elastic energy is equal to the increase rate of the surface energy. In the
plane stress state, the critical stress is:

σc =

√
2Eγ
πa

(17)

where γ is the surface energy per unit area, N/m; π is the surface tension change value from the
vacuum to the given adsorption condition, N/m. In the case of the plane strain state, E is replaced by
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E − (1 − υ2). Furthermore, the relationship between the solid linear expansion strain and the change
in surface tension is as follows:

ε = λπ = λ(γ0 − γs) (18)

where γ0 and γs are the vacuum state and surface tension after gas adsorption, respectively, and λ can
be described as Equation (19) [52]:

λ =
2Sρ
9Ks

(19)

Ks =
Es

3(1 − 2νs)
(20)

where S is the specific surface area of the coal sample, and Ks is the apparent modulus.
Equation (18) is rewritten as:

γs = γ0 −
εiz
λ

(21)

By Equation (17), the critical propagation stress at the end of the given pressure Pn for the nth
adsorption step is expressed as function of time and swelling stress:

σci(t) =

√
2Es(γ0 − εiz(t)

λ )

πa
=

√√√√√2Es(γ0 −
n
∑

i=1
Δσiz(t)

Esλ
)

πa
(22)

It can be written as:

σ2
ci(t) =

2Esγ0
πa

−
2

n
∑

i=1
Δσiz(t)

λπa
(23)

The square of the critical strength in vacuum conditions is σ2
c0, as the following

σ2
c0 =

2Esγ0
πa

(24)

At the end of exposure to the nth adsorption pressure step, the strength reduction rate of the pillar
is the ratio of σ2

ci(t) to σ2
c0

(
σci(t)
σc0

)
2

= 1 −

n
∑

i=1
Δσiz(t)

Esλγ0
(25)

That is,

(
σci(t)
σc0

)
2

= 1 −
Es

n
∑

i=1
[

V(t)−V0
V0

−Qi−1

Qi−Qi−1
+ ΔPi

Es
(1 − 2νs)]

2Sργ0(1 − 2νs)
(26)

Equation (26) is the calculation formula of the strength reduction rate considering the swelling
stress increment under the condition of gas adsorption at partial pressure loading step-by-step.
The formula can be used to calculate the strength reduction value of gas adsorption conveniently.
The curve of ratio σ2

ci(t) to σ2
c0 is showed in Figure 7, and the strength reduction is nearly 17%

after adsorption equilibrated based on the swelling strain data at pressure 2 MPa from [45].
Compared with other formulas of linear pressure adsorption models, Equation (14) is a progressive
accumulation form that could be applied to calculate the swelling stress of nonlinear adsorption
pressure loading–unloading. Moreover, in the case of re-adsorption after the coal sample having
already swelled to a certain degree, Equations (16) and (26) are also helpful for determining the
swelling stress fractional increment and strength reduction value.
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Figure 7. The reduction ratio curve of adsorption strength (σ2
ci(t)) to original strength (σ2

c0) over time.
The swelling strain data are collected from [45].

3. Discussion

3.1. Swelling Strain and Swelling Stress

In this paper, we consider the volumetric swelling strain εi(t) and isotropic linear strain (εiz(t)) in
the z axial direction (Figure 3) as function of time after equilibrium by adsorption pressure increasing
step-by-step under unconfined conditions. In connection with swelling strain, Hol et al. [38] and
Liu et al. [39] considered thermodynamic models of gas adsorption and studied the effect of stress on
the adsorption concentration of gas as well as sorption behavior. Their starting point is different from
this paper based on directly volumetric changes. In the paper of Liu et al. [39], they established the
relationship of internal energy, chemical potential, entropy change as well as stress–strain work on a
single molecule of gas absorbed by the coal matrix cube. The strain was divided into mean extensional
strain and deviatoric strain. In the deviation process of volumetric strain in this paper, it is easy to
measure the strain increment without considering the thermodynamic process of adsorption. However,
the coupling based on thermodynamic between stress–strain-sorption is significant important to
understand the effect of pressure and temperature on adsorption in coal matrix. The swelling strain
was divided into a reversible part and irreversible part under unconfined conditions [53]. Similarly,
Wang et al. [54] divided strain into two parts at an isothermal condition. One is the mechanical
deformation meeting the Hooke law stress–strain relationship and is calculated by the effective stress.
The other is the deformation induced by gas adsorption or desorption. In Section 2, we do not mention
it because not only an elastic strain but also an irreversible strain are converted to swelling stress
considered from a macro perspective in the vertical direction under uniaxial loading.

In addition, based on the energy conservation law, and from the viewpoint of surface tension
change, Wu et al. [55] and Bai et al. [56] utilized the principle that the expansion of the strain energy
equals the surface tension work in order to establish the constitutive equation of swelling stress and
swelling strain. Some researchers held the view that gas adsorption satisfies the Langmuir isothermal
adsorption model (Figure 8), and considers the linear relationship between adsorption capacity and
swelling strain. Although a large number of studies have shown that gas adsorption presents a
single molecule arrangement structure that meets the Langmuir model, Lin [57] and Yu et al. [58]
suggested that CO2 adsorption on the coal mass can be described in a multi adsorbed layer model, i.e.,
the Brunauer-Emmett-Teller (BET) adsorption type model.

Langmuir isotherm adsorption model equation is given by:

q =
abpp

1 + bpp
(27)
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where q is the adsorbed amount of gas during adsorption reaching equilibrium, a is the gas limit
adsorption capacity at the reference pressure, b is the adsorption equilibrium constant, and pp is the
pore pressure.

Figure 8. Two types of adsorption isotherms.

In the study of the acid gas CO2 and H2S storage in coal seam, Chikatamarla et al. [59] also
calculated the frictional expansion strain by the Langmuir model:

V =
VLP

PL + P
(28)

εV =
εLp

p + pe
(29)

where V, P, VL, PL are gas adsorption volume, adsorption pressure, Langmuir volume and Langmuir
pressure, respectively. In addition, εV and εL are, respectively, the strain at given pressure and strain at
infinite pressure, and pe is the Langmuir pressure constant, which is equal to the pressure value when
the strain at the pressure is half of the Langmuir maximum strain.

For the cylindrical specimen, according to the isotropic assumption of swelling/collapse in the
process of adsorption/desorption, the volume strain is expressed as:

ε =
ΔV
V

= ε2
r + 2εr + εa + ε2

rεa + 2εaεr (30)

where V and ΔV are the initial volume and the volume change, respectively. εa and εr are, respectively,
the axial strain and the radial strain.

Robertson and Christiansen [60] introduced the strain factor function to modify the Langmuir
strain constant. The strain factor function is given by

sf =
pob
p

[a + b(
PL

εLV2
r
√
γ
)] (31)

where pob denotes the overburden pressure, a and b are empirical constants, Vr denotes the vitrinite
reflectance of coal, and γ denotes the bulk density of the gas. p, εL and PL are consistent with
Equations (28) and (29).

The BET adsorption model is a generalization of the Langmuir model considering multi adsorbed
molecule layers, which is expressed by [57,61]

q =
VmCP

(P0 − P)[1 + (C − 1)P/P0]
(32)

where P0 is the saturation pressure of gas, P is the adsorption pressure, Vm is the maximum adsorption
volume at the time the entire adsorbent surface is covered with a complete single molecular layer,
and C is a constant related to the net heat of adsorption.

On the basis of the isotropic assumption and the Langmuir adsorption model, the above
mentioned literature obtained the stress–strain relationship of swelling. All of those models follow
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a certain degree of representation in accordance with adsorption induced-swelling. However, they
are not perfect because the Langmuir model has a very high accuracy and precision in the case
of describing low-pressure gas adsorption. However, it is not suitable for high temperature gas
adsorption, particularly, when CO2 is sequestrated in deep unmined coal seams, where it is confined in
states of high temperature and high pressure. Under the situation that CO2 may exhibit a supercritical
state that includes dual characteristics of gas and liquid, and the density of supercritical CO2 fluid
is close to that of the liquid, but the viscosity of which is similar to that of the gas. The diffusion
coefficient of supercritical CO2 is nearly one hundred times of that of the liquid.

Although this paper is also based on the isotropic hypothesis to establish the stress–strain
relationship as a function of time and each adsorption pressure step, we do not consider the Langmuir
isothermal adsorption model as the reference model but directly analyze it based on volume increment.
Furthermore, other models only consider the initial state and the final equilibrium state and have
exclusively been expressed in single integral steps, whilst the swelling increment of the prior swelled
sample under re-loading is not taken into account.

3.2. Stress and Strength Reduction

Coupling relationship of swelling strains, swelling stressed and total gas uptake are affected
by coal properties. Fractured coal possesses dual porosity system: (a) the cleat macroporosity
system, and (b) the microporosity of coal matrix. Espinoza et al. [62,63] proposed a double porosity
poromechanical model and considered the strains as a function of stresses, fracture pore pressure,
and the pressure-dependent adsorption stress developed by the coal matrix.

Liu et al. [64] considered the seepage model of fracture–matrix interaction during coal deformation,
and put forward the concept of internal swelling stress, σI (Figure 9). The strain is considered including
two parts: the first part is the coal matrix strain induced by the internal swelling stress, and the second
part is the volume strain of the fracture. Their work modified the form of effective stress, so that the
corrected expression of effective stress can directly reflect its impact on the permeability. Nevertheless,
the elastic modulus, Poisson’s ratio as well as other parameters are variable rather than fixed values
during the occurrence of coal matrix adsorption swelling. These variates are not taken into account in
the derivation of theory and formula, which leads to some errors in the accuracy of the model.

Figure 9. Graphical description of the internal swelling stress ([64]).

However, desorption differs from adsorption. Gas desorption can induce coal matrix shrinkage
and stress relaxation. Espinoza et al. [65] studied the desorption-induced shear failure under
zero-lateral strain condition and simulated the stress path far from the wellbore. Pore pressure
in the coal cleats and desorption-induced variations of stresses jointly affect the stress path, i.e.,
poroelastic coefficient and variation changes of fluid pressure, as well as lateral stress decrease by
desorption. The two part change effective stress of coal results in the stress path reaching the failure
envelope. Wang et al. [66] considered gas desorption weakens coal by reducing effective stress.
Desorption-induced shrinkages can relax lateral stress and aggravate shear failure of coal.
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Ranjith et al. [32] considered CO2 adsorption and mechanical behavior of coal, and held that peak
strength could decrease when coal is saturated with CO2. However, they did not comprehensively
interpret the strength reduction mechanism. In this research, pillars are assumed to reach equilibrium
on both sides of goaf after the mining working finished, and pillars are under the uniaxial condition.
The coal pillar strength reduction is theoretically analyzed, and adsorption can increase the swelling
stress on the faces of microfractures and cleats, resulting in effective stress decreasing. Under the
condition of uniaxial conditions, if the loading pressure remains constant, and no swelling occurs,
cracks could maintain the equilibrium state. However, when adsorption behaviors take place, the crack
surface tension changes, and swelling stress emerges by swelling strain being inhibited. The stress
needed to cause crack initiation is decreased, leading to coal pillars potentially being more prone to
failure. The model proposed in this paper can describe the effect of swelling stress on strength clearly.

Coal is a solid that contains a large number of slit-like pores and fractures inter-connected by
narrow capillary constriction and connected to the surface [67], which presents absolutely anisotropy
and heterogeneity. Simultaneously, the adsorption induced-swelling also has anisotropic characteristics
for the reason that most microfractures developed parallel to the bedding plate, approximately
following maceral–maceral and bedding interfaces and swelling anisotropic [53]. In this paper, it is
assumed that both coal and swelling have isotropic elastic properties for conveniently facilitating the
application of existing theories and simplifying the process of calculation. From the perspective of
CO2 sequestration in abandoned coal mines, the strength change of coal pillars must be emphasized to
prevent CO2 leakage from goafs. To accurately predict the swelling stress in the vertical direction and
strength reduction of pillars, much more research and many more approaches are still required.

4. Conclusions

This study has focused on volumetric swelling strain and strength reduction of pillars when
CO2 is stored in abandoned coal mines. The volumetric swelling strain is theoretically derived
as a function of time by adsorption pressure increasing step-by-step under unconfined conditions.
In connection with the conditions of coal pillars in abandoned coal mines, and a uniaxial loading
model is proposed by simplifying the actual condition. Swelling strain in a direction perpendicular to
bedding is inhibited when CO2 adsorption is in the pillar. The effect of adsorption on pillar strength
reduction is theoretically analyzed and deduced. Our findings can be summarized as follows:

1. There are a large number of coal mines that will be closed and some of them are located in
deep formations in China. CO2 storage in abandoned coal mines could be a potential option for
greenhouse gas disposal.

2. The volume strain and swelling stress, as a function of time, and different loading pressure
steps are deduced. Equation (15) is used to describe swelling stress considering coal has already
had prior swelling deformation under the condition of step-by-step non-linear loading and a
non-Langmuir isothermal model. The model presented in this paper is different from other
models, in which only the initial state and the final equilibrium state are considered, and the
incremental swelling process is neglected.

3. A theoretical model based on linear swelling stress–strain work is proposed to calculate
the reduction ratio of coal pillar strength under uniaxial conditions. This theoretical model
can be used to describe strength reduction during adsorption under adsorption pressure
loading step-by-step.
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Abstract: The temperature-induced desorption of methyl tert-butyl ether (MTBE) from aqueous
solutions onto hydrophobic ZSM-5 was studied by in situ synchrotron powder diffraction and
chromatographic techniques. This kind of information is crucial for designing and optimizing
the regeneration treatment of such zeolite. The evolution of the structural features monitored by
full profile Rietveld refinements revealed that a monoclinic (P21/n) to orthorhombic (Pnma) phase
transition occurred at about 100 ◦C. The MTBE desorption process caused a remarkable change in
the unit-cell parameters. Complete MTBE desorption was achieved upon heating at about 250 ◦C.
Rietveld analysis demonstrated that the desorption process occurred without any significant zeolite
crystallinity loss, but with slight deformations in the channel apertures.

Keywords: MTBE; ZSM-5; desorption; in situ synchrotron powder diffraction

1. Introduction

The removal of methyl-tert-butyl-ether (MTBE, C5H12O) from surface waters, groundwater and
urban storm water is an important goal in water treatment technology [1,2] due to the widespread
occurrence of MTBE, combined with possible human carcinogenic effects [3]. This chemical is one of
the main constituents of petroleum fuel and is characterized by small molecular size, high aqueous
solubility (43,000–54,300 mg·L−1), low Henry’s law constant (0.023–0.12; dimensionless), low vapour
pressure (43 mg·L−1 and 249 mmHg at 25 ◦C), and high resistance to biodegradation [4,5]. The US
Environmental Protection Agency (EPA) estimated that MTBE concentration in drinking water should
not exceed 20 μg·L−1 in terms of odour and 40 μg·L−1 in terms of taste [6]. Currently, water treatment
technologies, such as air stripping, aerobic biodegradation, filtration, chemical oxidation reactions and
membrane technology involve high operation costs and could produce toxic secondary pollutants in
the environment [1,7].

Recently, adsorption on hydrophobic zeolites has received the greatest interest in water treatment
technology due to their organic contaminant selectivity, thermal and chemical stability, strong
mechanical properties, rapid kinetics and absence of salt and humic substance interference [8–20].
In order for the adsorption process to be cost effective, the progressive deactivation of saturated
sorbents has become an essential task [20]. Thermal treatment is the most common regeneration
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technique, where organic host molecules are decomposed and/or oxidized at high temperature.
Zeolites showed an excellent stability during the heating process and their behavior can be affected
by several factors such as chemical composition, framework order-disorder and topology, nature
and amount of extra-framework species, synthesis conditions, structure directing agents [21–28].
Consequently there is a strong interest in understanding the mechanisms behind the thermal
regenerative solution which makes zeolites regenerable materials that are efficiently reusable in
the contaminants adsorption process.

Several recent studies have demonstrated that zeolites exhibit considerably large MTBE adsorption
uptakes [29–35] and that ZSM-5 was a cost-competitive adsorbent when considering both life time
and usage rate of the adsorbent material [14,31]. Zeolite Socony Mobil-5 (ZSM-5, MFI-type framework
topology [36]) is a medium pore material whose framework is characterized by two channel systems:
sinusoidal 10-membered rings (10-MR) channels (ZZ) (sinusoidal ring A and sinusoidal ring B) along
the (100) direction, interconnected with 10-MR straight channels (SC) (SC ring A and SC ring B) parallel
to the (010) direction. Another tortuous pore path runs parallel to the (001) direction. The adsorption
of MTBE onto high silica ZSM-5 zeolite (SiO2/Al2O3 = 200) was investigated by Martucci et al. [31]
by batch adsorption and X-ray powder diffraction (XRPD) analyses from aqueous solution, and by
infrared spectroscopy from the gas phase in the presence of water. MTBE exhibits a type-I isotherm,
thus indicating a different interaction mechanism. XRPD and infrared (IR) spectroscopy reveal the
occurrence clustering of water and MTBE during adsorption from both the liquid and gas phase. These
H-bonded oligomers interact with zeolite thus leading to framework flexibility for MFI-type zeolites.
Rapid kinetics combined with good adsorption capacity suggest that this microporous material can be
used to efficiently remove this emerging organic contaminant from water.

One of the main targets of the present work is to continuously monitor the thermal
MTBE decomposition process, as well as the structural modifications on ZSM-5 upon
temperature-programmed desorption treatment. This in situ synchrotron XRD powder diffraction
study was used as a key to understand the features of both adsorption and desorption processes, thus
helping in the design of water treatment appliances based on microporous materials.

2. Materials and Methods

2.1. Chemicals

Methyl tert-butyl ether (99% purity) and sodium chloride was obtained from Sigma-Aldrich
(St. Louis, MO, USA). The concentration of contaminant in the aqueous solution was determined by
Headspace Gas Chromatography coupled to Mass Spectrometry (HS-GC-MS). The ZSM-5 sample
used in this work was a hydrophobic zeolite (code CBV 28014) provided by Zeolyst International
(Conshohocken, PA, USA) in its ammonium form and used as received (SiO2/Al2O3 molar ratio = 280,
Na2O < 0.05 wt % and surface area = 400 m2·g−1).

2.2. Experimental

The saturation capacity was determined using the batch method. Batch experiments were
carried out in triplicate in 20 mL crimp top reaction glass flasks sealed with polytetrafluoroethylene
(PTFE) septa (Supelco, Bellefonte, PA, USA). The flasks were filled in order to have the minimum
headspace and a solid/solution ratio of 1:2 (mg·mL−1) was employed. After equilibration, for 24 h at
a temperature of 25.3 ± 0.5 ◦C under stirring, the solids were separated from the aqueous solution
by centrifugation (10,000 rpm for 30 min) and analysed by HS-SPME-GC. More details are reported
in Martucci et al. [31]. The MTBE adsorbed quantities (q) and equilibrium concentrations (Ce), were
determined in solution before and after equilibration with the zeolite by HS-SPME-GC.
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2.3. Instrumentation

The analysis was carried out using an Agilent GC-MS system (Santa Clara, CA, USA) consisting
of a GC 6850 Series II Network coupled to a Pal G6500-CTC injector and a Mass Selective Detector 5973
Network. The injected solutions consist of 100 mL of sample solutions, diluted in 10 mL of an aqueous
solution saturated with NaCl, containing 10 mL of 500 mg·L−1 of fuorobenzene in methanol as the
internal standard. HS autosampler injector conditions are as follows: incubation oven temperature
80 ◦C, incubation time 50 min, headspace syringe temperature 85 ◦C, agitation speed 250 rpm, agitation
on time 30 s, agitation off time 5 s, injection volume 500 mL. In situ high-temperature X-ray diffraction
data were collected at the high-resolution powder diffraction beamline ID31 (European Synchrotron
Radiation Facility, ESRF, Grenoble, France). Once diffracted, the incident X-ray (λ = 0.400031 Å) was
directed through nine Si 111 analyzer crystals and then collected in parallel by means of nine detectors.
A subsequent data-reduction was performed to produce the equivalent step scan. X-ray diffraction
patterns were recorded from room temperature to 600 ◦C in air (heating rate of 0.083 ◦C·s−1), in the
0.5–19.5 2θ range. The General Structure Analysis System (GSAS) [37] package with the Experiment
Graphical User Interfaces (EXPGUI) graphical interface [38] was used for Rietveld structure refinements
starting from the framework fractional atomic coordinates reported by Martucci et al. [31]. The typical
Rietveld fits from the temperature series and a table of the Rwp at all temperatures are reported as
Supplementary Materials (Figures S1–S17). Atomic coordinates at 30, 100 and 400 ◦C are also reported
as Supplementary Materials (Tables S1–S3).

3. Results and Discussion

3.1. Adsorption from Aqueous Solutions

MTBE adsorption isotherms on ZSM-5 were obtained at 25 ◦C by Martucci et al. [31] and follow
a Langmuir model. This indicates that the interactions of MTBE with the zeolite framework are
energetically similar to each other. Starting from the isotherm data, saturated samples were prepared by
putting into contact a given amount of zeolite with an aqueous solution of MTBE having a concentration
of 200 mg·L−1. The adsorbed quantity q (mg·g−1) was calculated as follows:

q =
(C0 − Ce)V

m
(1)

where C0 is the initial concentration in solution (mg·L−1), Ce is the concentration at equilibrium
(mg·L−1), V is the solution volume (L) and m is the mass of sorbent (g). Four different samples were
prepared, the average saturation capacity and standard deviation were 95 ± 7 mg·g−1, confirming the
saturation capacity previously found in Martucci et al. [31]. The saturated samples were homogenized
and employed for the structural analysis.

After thermal desorption, the three samples of regenerated zeolite were saturated with MTBE in
the same conditions. The average saturation capacity was 92 ± 8 mg·g−1. Therefore, the regenerated
material shows an adsorption capacity that does not significantly differ from that of the as received
materials, confirming the possibility to reuse the adsorbent material.

3.2. Structural Analyses

According to Martucci et al. [31], MTBE molecules are hosted in two crystallographically
independent sites: MTBE1 near the intersections of sinusoidal and straight 10 MR channels (C1a,
C2a, C3a, C4a, C5a, O1a sites in Table S1); and MTBE2 in the sinusoidal 10 MR channel (C1b, C2b,
C3b, C4b, C5b, O1b sites in Table S1), respectively. Figure 1 shows the high-loaded structure of
ZSM-5-MTBE, with the guest molecules located in both channels. On the whole, eight MTBE molecules
(corresponding to ~11% zeolite dry weight (dw)) and about two water molecules (corresponding to
about 0.5% zeolite dw) were detected. Rietveld structure refinement confirmed the occurrence of
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MTBE–water complexes interacting with the framework, stabilizing the guest structure within the
zeolite host framework. The presence of organic compound–water molecule oligomers has also been
recently reported in mordenite [39], ferrierite [29] as well as in the same Y and ZSM-5 zeolite after
1,2-dichloroethane (DCE) adsorption from aqueous solutions [18].

Figure 1. High-loaded structure of ZSM-5-methyl-tert-buthyl-ether (MTBE) along a and c directions,
respectively. Water molecules are represented as light blue spheres.

The automatic indexing of the peaks, carried out by the High Score Plus v. 3.0 software [40],
revealed the gradual overlapping of groups of peaks (i.e., 131 + 13 − 1 and 311 + 31 − 1 in the first
angular range, and 133 + 13 − 3 and 313 + 31 − 3 in the second range) attesting the monoclinic to
orthorhombic phase transition, with a Tc close to 100 ± 5 ◦C. Figure 2 shows the evolution of the
investigated ZSM-5 sample close to the expected transition temperature, Tc, in the 3.70–4.30 and
5.60–6.50 2θ range. Therefore, recent works [41–43] reported this phenomenon both in the unloaded
ZSM-5 as well as in the same samples after organics adsorption. The evolution of refined unit cell
parameters as a function of temperature is illustrated in Figure 2.

 

Figure 2. Evolution of the investigated ZSM-5-MTBE close to the expected transition temperature
(30, 50, 70, 90 and 110 ◦C, respectively) in the 3.70–4.30 (a) and 5.60–6.50 (b) 2θ (◦) range.
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The general trend shows an initial increase of all the lattice parameters except for the b parameter
(Figure 3 and Table S1). In particular, the unit cell volume increases until about 125 ± 5 ◦C, then
it remains about constant in the range between 125 and 200 ± 5 ◦C and starts to decrease after
200 ± 5 ◦C. Similar behaviour was observed during the desorption process of 1,2-dichloroethane [44]
and toluene [45].

Figure 3. Temperature evolution of ZSM-5-MTBE unit cell parameters during in situ thermal organic
burning. All values are normalized compared to those refined at room temperature.

According to Pasti et al., Martucci et al. [44] and Rodeghero et al. [45] this behavior can be
explained by the relaxation of the interactions between the oligomers and the framework oxygens.
The refined distances clearly indicate that during the heating, this attractive force exerting a negative
pressure is released and the framework is free to relax and expand. The process is also correlated
to the MTBE desorption process which starts at 100 ◦C and is complete at ~300 ◦C. Figure 4 shows
both the evolution of MTBE molecules per unit cell (p.u.c.) and the unit cell volume as a function
of temperature.

Figure 4. Evolution of MTBE and water (W) molecules and unit cell volume as a function
of temperature.

After the full desorption of organics, a contraction of the unit cell volume is observed until
600 ◦C. This phenomenon is explained as a thermal negative expansion (NTE), already observed not
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only in MFI-type materials [41,45–48], but also in other microporous materials [22–27,48–51], thus
attesting the relaxation of framework distortions induced by host molecules which diffuse through the
zeolite channels during the heating process. The desorption process occurred without any significant
zeolite crystal. Above 300 ◦C, the channels ellipticity decreases and wide-open apertures regularize.
This process is accompanied by variations in the opening of the zeolite framework pore system and
consequently, in the Crystallographic Free Areas (C.F.A.) (Figure 5).

1.00

1.02

1.04

1.06

1.08

1.10

1.12

1.14

22.60

22.80

23.00

23.20

23.40

23.60

23.80

24.00

24.20

24.40

30 130 230 330 430 530 630

El
lip

tic
ity

C.
F.

A.

Temperature (°C)

SC-C.F.A. ZZA-C.F.A. ZZB-C.F.A.
SC-Ellipticity ZZA-Ellipticity ZZB-Ellipticity

Figure 5. Crystallographic Free Areas (C.F.A.) of the 10-ring channels and ellipticity of the 10-ring
channels as a function of temperature. ZZ stands for zigzag or sinusoidal channel; SC stands for
straight channel.

4. Conclusions

This study reports experimental results concerning the desorption of methyl-tert-butyl-ether
from the pores of a silica-rich zeolite ZSM-5. The temperature-induced desorption of this oxygenated
compound from aqueous solutions onto hydrophobic ZSM-5 was studied by combining in situ
synchrotron powder diffraction and chromatographic techniques. The evolution of the structural
features monitored by full profile Rietveld refinements revealed that a monoclinic (P21/n) to
orthorhombic (Pnma) phase transition occurred at about 100 ◦C. Complete MTBE desorption was
achieved upon heating at about 250 ◦C. Notwithstanding the change in the unit-cell parameters,
Rietveld refinement demonstrated that the desorption process occurred without any significant zeolite
crystallinity loss, but with slight deformations in the channel apertures. After the full organics
desorption, a contraction of the unit cell volume is observed, thus indicating negative thermal
expansion (NTE) for this material. On the basis of all these results, ZSM-5 represents a promising
adsorbent medium to remove MTBE contaminant from water.

Supplementary Materials: The following are available online at www.mdpi.com/2075-163X/7/3/34/s1,
Figures S1–S17: Observed (dotted upper line), calculated (solid upper line), and difference (solid lower line)
powder diffraction patterns of ZSM-5 at 30, 50, 75, 90, 125, 150, 175, 200, 225, 250, 300, 350, 400, 450, 500, 550 and
600 ◦C. Crystallographic data from the Rietveld refinement are also reported; Tables S1–S3: Fractional atomic
coordinates of ZSM-5 loaded with MTBE at Room Temperature (30 ◦C), 100 and 400 ◦C.
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Abstract: Environmental pollution with petroleum products has become a major problem worldwide,
and is a consequence of industrial growth. The development of sustainable methods for the removal
of petroleum substances and their derivatives from aquatic and terrestrial environments and from air
has therefore become extremely important today. Advanced technologies and materials dedicated
to this purpose are relatively expensive; sorption methods involving mineral sorbents are therefore
popular and are widely described in the scientific literature. Mineral materials are easily available,
low-cost, universal adsorbents and have a number of properties that make them suitable for the
removal of petroleum substances. This review describes recent works on the use of natural, synthetic
and modified mineral adsorbents for the removal of petroleum substances and their derivatives from
roads, water and air.
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1. Introduction

In the modern context of advanced and developing industrialization, petroleum products and
their derivatives constitute one of the major sources of environmental pollution. During the extraction,
transport, distribution and storage of crude oil and its products, these may be released into the
environment in an uncontrolled manner, causing pollution of the atmosphere, lithosphere, hydrosphere
and biosphere [1–6]. Due to the extent of impact and the adverse effect of oil derivatives on both
the inanimate and animate environment, and the limits imposed on their emissions and permissible
concentrations in soils and water, the search for effective methods and new materials for the removal
of such substances from contaminated sites is extremely important.

Environmental pollution caused by petroleum substances can be divided into four groups,
according to location:

• atmospheric pollution caused by the evaporation of volatile components of petroleum products;
• pollution of soils;
• pollution of aquatic systems;
• environmental pollution caused by land-based spills of petroleum products.

For each of these groups, it is important to choose appropriate methods for the removal of
undesirable organic substances in the most efficient way.
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A number of mechanical, biological, chemical and adsorption methods are currently used
to remove oil spills from water media and paved roads, and to remove volatile hydrocarbons
(Figure 1) [7–14].

Methods for the removal of 
petroleum substances

adsorption

mineral sorbents

natural organic 
sorbents

synthetic 
organic/polymers

mechanical

the use of dams and 
floating barriers

mechanical 
collecting(skimmers)

chemical

burning

the use of dispersants

solidification

biological

bioremediation

biostimulation of native 
microorganisms

bioaugmentation -
introducing of 

microorganisms

Figure 1. Methods used for the petroleum substance removal.

Solutions applied to volatile organic compounds are primarily aimed at monitoring and reducing
their emissions using destructive methods and recovery techniques [15]. The most popular of these
are adsorption techniques involving various kinds of adsorbents.

Usually, during rescue operations on waters, more than one method is applied. Comprehensive
rescue operations are aimed at efficient removal of oil spills from the water surface and the coastal
zones and at preventing further migration of these contaminants. The different cleanup techniques are
discussed as follows [16]:

In situ burning is performed as soon as possible after the spill, before the oil stain will begin to
evaporate volatile components and disperse. Usually, burning is used at large water surfaces (seas and
oceans) but also on land. To perform the burning process effectively the oil spill should be fresh, contain
volatile components, and the thickness of the oil layer should be at least 2–3 mm. In addition, the water
surface cannot be rough, and the location of burning should be safely away from the residential
areas, flammable objects, the coasts, living organisms habitats, etc. Such conditions occur in Arctic
areas, since low temperatures limit the movement of water, the dispersion of stains, and evaporation
of volatile components [17]. The main advantages of in situ burning are: low costs, high removal
efficiency in a relatively short time (100–300 tons per hour). A major drawbacks are the atmospheric
emissions of toxic combustion products (CO, SO2, polycyclic aromatic hydrocarbons—PAHs) and the
threat of the environment.

Dispersive method involves the removal of residual oil film with the use of surface-active agents
(surfactants). Due to an amphiphilic character, they reduce the interfacial tension between oil and
water causing dispersion and oil dilution. Thus, further process of natural biodegradation of petroleum
compounds is facilitated and the subsequent removal by mechanical, biological or sorption means is
easier and more effective [18,19]. Due to toxicity the usage of dispersants in some countries is limited
(UK, USA). Dispersion method is efficient in the removal of large scale oil spills (it is possible to spray
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dispersants from a helicopter). They are not recommended in the case of heavy, high viscosity oils or
in cold, calm water. Surfactants are also used in cleaning soils from petroleum derivatives [20].

Solidifiers are generally dry, granular, hydrophobic organic polymers that react with oil to form
a monolithic solid that floats on water [21,22]. The formed solid can be easily removed from the
water surface. The effectiveness of solidification depends on the ambient temperature, the type and
chemical composition of the oil (solidifier can bind only one type of petroleum substance) which
may limit their application. Furthermore, it is recommended to use large amounts of the material
(16%–200% by weight) in relation to the weight of oil spill [23]. Few recent studies in this area indicate
that solidification is possible only to local impurities of small range. Mixing solidifiers with the oil
is difficult, solidifiers may exhibit toxic properties, there is also a problem with formed solid waste
disposal. Sustainable methods for recycling of spent solidifiers have not yet been developed [24].

Mechanical methods belong to the more expensive solutions because they often require the use of
specialized equipment. However, they are far less harmful to the environment than chemical methods.
These include the application of booms, skimmers, floating dams and barriers in order to limit further
spread of oil and to collect it mechanically from the water surface [10,25]. Mechanical methods are only
effective in case of stagnant water and calm seas, with little wind. The structural designs of skimmers
have a great impact on their efficiency. Skimmers allow for the recovery of oil but there exists a risk of
oil leakage.

Biological methods are usually applied at the final stage of the purification operations in the
aquatic environments or in case of increased acceptable level of pollution in the waters. Their aim is to
purify water using microorganisms that are able to decompose petroleum substances and restore the
biological balance of aquatic ecosystems. Biological methods are also dedicated to soils polluted with
oil derivatives. To this end, strains of native microorganisms are often augmented which seems to be
the most efficient in hydrocarbons decomposition in particular localization. For an extensive overview
of the topic, readers are sent to the papers: [26–31].

The described methods were applied during the main environmental disasters involving oil
spillages from: Liberian tanker at Chedabucto Bay (1971), Exxon Valdez tanker in Prince Williams
Sound Alaska (1989), Deepwater Horizon/BP oil rig explosion in Gulf of Mexico (2010). In addition to
them, various types of adsorbents were also used.

Sorption methods involve the use of adsorbents which are porous solids with developed specific
surface area, capable of binding molecules (from the liquid or gaseous phase) on its surface. Thus, these
materials have a wide range of applications, especially in various types of purification technologies.
Adsorbents are used for petroleum derivatives removal from coastal areas, waters, paved roads,
exhaust gases and vapors. Generally, sorption methods are considered as most effective, inexpensive,
available, resistant for atmospheric conditions, easy and safe. In chemical rescue, adsorbents are
commonly used to immobilize and remove spills of hazardous liquids from water or paved surfaces.
They are also used in situations where it is necessary to remove residual contaminants remaining
in the environment after mechanical oil collection, as well as a barrier to prevent the further spread
of dangerous liquids (a protective embankment). In most cases, they can be recycled or adsorbed
substance can be recovered from them.

The appropriate adsorbent should be chosen depending on the location of the accident and
the type and quantity of spilled petroleum substance. In the selection of adsorbent, the following
criteria should be taken into account: the sorption capacity of the adsorbent, its ability to immobilize
oil, its buoyancy, efficiency, availability and biodegradability, possibility of recycling and/or reuse,
environmental impact, price, non-flammability and resistance to chemicals and environmental
conditions [8].

Al-Majed et al. [16] have proposed a sustainable pathway for methods of oil spills control.
It involves eliminating or reducing chemical methods which are dangerous for the environment
through replacing them with most eco-friendly techniques such as mechanical methods and adsorbents.
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The aim of this paper is to present the potential application of natural minerals and synthetic
zeolites as the adsorbents for the removal of petroleum substances. Crude oil and petroleum products
belong to hazardous environmental pollutants. Because of the extend of impact and adverse effect of
oil derivatives on the inanimate and animate environment, it is extremely important to seek effective
methods and materials for the removal of such substances from contaminated areas. What is more,
proposed solutions should follow the principles of sustainable development which means that the
adsorbents have to be easy-available, inexpensive, recyclable or easy to recover, and non-toxic. Mineral
adsorbents meet this criteria to a large extent. Recently, numerous research articles on mineral sorbents
have been published, in terms of their usage in the removal of petroleum products and the oil spills
cleanup. This review summarizes the current results (from the years 2010−2016) on mineral materials
and synthetic zeolites that have been used in their raw form and/or after thermal and chemical
modifications in the sorption of oils and petroleum compounds from roads, waters and gases.

2. Adsorbents in the Petroleum Spills Cleanup

According to Adebajo et al. [32], adsorbents used in the removal of oil spills can be divided into
three main groups, depending on the source of origin:

(1) inorganic mineral sorbents;
(2) natural organic sorbents;
(3) synthetic organic sorbents (synthetic polymers).

Mineral adsorbents represent a very large group; these are commonly used as they have a number
of advantages such as non-flammability, chemical inertness, relatively low cost and easy availability.
These are also known as sinking sorbents, and they are highly dense, fine-grained materials—natural
or processed—used to sink floating oil. They can be considered as a group of universal adsorbents.
Most mineral adsorbents are raw materials of natural origin which are used in a powder or granular
form. Their particle size may range from several nm to several mm (not more than 3 mm). Mineral
adsorbents are generally non-combustible and resistant to acids and bases. Usually, their sorption
capacity towards petroleum derivatives is in the range 0.20–0.50 g/g, and their bulk density is
0.45–0.90 kg/dm3 [33]. Their primary disadvantage is a risk of dust formation during application in
open spaces, and respiratory protective equipment and eye protection are therefore required when
using certain powder sorbents. Mineral sorbents are poured onto a (land-based) oil spill, spread onto
the surface mechanically (using a brush), allowed to absorb the substance, and are then collected
together with the absorbed substance and transferred for recycling. They are not generally preferred for
the removal of oil spills from water surfaces because of their low buoyancy, and low oil absorbability
comparable to polymers or natural organic sorbents [34]. However, their modification with organic
compounds are reported as suitable for water media.

Natural organic adsorbents used in chemical rescue include peat, needle-cover, moss, dry leaves,
straw, sawdust, bark and wood waste, cellulose from paper and cotton products, linen materials,
cotton and hemp [33]. The literature also describes other sorbents of natural origin from agricultural
and/or processing wastes, such as rice husk, various types of plant shells and plant waste, kapok and
many others [34–38]. Natural organic adsorbents are considered to be effective, inexpensive (although
this is not universally true), easy available and environmentally friendly. They are biodegradable and
flammable, and thus are easy to utilize. However, their low bulk density and lightness may cause an
impediment in open spaces, and their poor buoyancy limits their use in an aqueous environment. It is
impossible to use them in the case of fire. Of the natural organic adsorbents, the most efficient are
those subjected to special treatment (e.g., thermal), and these exhibit sorption capacity towards oils in
the range 0.7–4.0 g/g; some papers report sorption performance even/much higher that this [32,33].

The group of synthetic polymers includes polypropylene, polyethylene, polyacrylate, polystyrene,
and polyurethane, which are used to manufacture special sleeves, mats, cloths, or cushions for the
sorption of hazardous liquids. Polymer adsorbents exhibit hydrophobic properties, low bulk density
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(0.10–0.45 kg/dm3), and large sorption capacity with respect to petroleum derivatives. Depending
on the type of material, the sorption capacity ranging from few to several tens g/g, and some studies
indicate that the capacity can exceed 100 g/g [39–41]. Due to their buoyancy and hydrophobicity they
are mainly used in aqueous media and very rarely for the removal of oil spills from rigid pavements,
since they are often too light and easily blown by the wind. Further disadvantages of these materials
are the possibility of returning the absorbed liquid under external forces, non-biodegradability and
flame retardant properties. Their utilization also involves the problem of emission of toxic compounds
during combustion. Although methods which allow the recovery of the synthetic polymer sorbents
after oil sorption, such as centrifugation and pressing, are known, these are very limited due to the
destruction of the structure of the sorbent, oxidation or strong contamination.

2.1. Mineral Adsorbents

2.1.1. Zeolites

Zeolites are aluminosilicates of the alkaline and alkaline earth metals. The main elements of the
crystalline framework of zeolites are [SiO4]4− and [AlO4]3− tetrahedrons connected by oxygen atoms.
These tetrahedrons form three-dimensional lattice with free channels of diameter 0.3–3 nm, which gives
these minerals a “molecular sieve” character and sorption properties. A negative charge is created
as a consequence of the partial replacement of Si4+ ions by Al3+ ions in the zeolites’ crystal lattice,
which is compensated for by Ca2+, Na+ or K+ ions localized in channels where H2O molecules are also
present. The cations are readily replaced by others from the surrounding solution, thus giving rise to
the ion exchange capabilities of zeolites. In addition, surface OH groups provide these minerals with
acid and sorption properties. From the perspective of their origin, zeolites can be divided into natural
(created/formed as a result of geological processes occurring in nature) and synthetic. The synthetic
zeolites are usually obtained from the chemical reaction between sodium silicate, Na2SiO3, and sodium
aluminate, NaAlO2, under varying conditions of temperature, pressure and reaction time. In addition
to pure chemical reagents, raw materials such as fly ash, perlite, clay minerals and obsidian can be
used for the synthesis of zeolites [42–46].

2.1.2. Clay Minerals

Clay minerals cover several groups of hydrous aluminium phyllosilicates. They form in sediments,
soils and as the result of the diagenetic and hydrothermal alteration of rocks. Their foundation is
formed from [SiO4]4− tetrahedrons, connected at three corners by shared oxygen anions, thus forming
the tetrahedral sheet. Divalent or trivalent metal cations (aluminium, magnesium, iron and calcium)
are bonded to the tetrahedral sheet, coordinated to one hydroxyl and two oxygen anion groups and
surrounded by six oxygens or hydroxyl groups, thus forming the octahedral sheet. Depending on
the arrangement of the tetrahedral and octahedral sheets, phyllosilicate ratios of 1:1 (involving units
of alternating tetrahedral and octahedral sheets), 2:1 (two tetrahedral and one octahedral sheet) and
2:1:1 (two 2:1 layers with one octahedral sheet between them) can be distinguished [47,48]. In the
structure of clay minerals the interlayer space is occupied by hydrated cations. The most common
representatives of various structures of clay minerals are kaolinite, montmorillonite and sepiolite.
Clay minerals exhibit many special properties such as sorption capacity, swelling behaviour, and ion
exchange capability which result from their unique structure, the presence of surface OH groups and
weak electrostatic interactions between the layers/sheets and the exchangeable cations.

2.1.3. Silica Adsorbents

The group of silica adsorbents includes rocks (siliceous earths, diatomaceous earths, diatomites)
and perlite. In terms of their mineral composition, mineraloids dominate this group (opal and
chalcedony), with certain amounts of other minerals being present (cristobalite, quartz, clay minerals
and carbonates). Opal can occur in a colloidal silica form, with a variable water content (1–21 wt %)
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which is released in a continuous manner during drying of the mineral. It is an amorphous substance
containing a disordered skeleton of [SiO4]4− tetrahedrons with H2O molecules located in the voids.
Opal thus transforms to chalcedony, a semi-crystalline type of quartz. The sorption properties of
silica adsorbents result from their significant porosity and the presence of surface hydroxyl groups.
These groups are created during the natural formation of opal, and as a result of chemical reactions
between the mineral surface and substances present in the environment. Diatomaceous earth and
diatomites are formed from the exoskeletons of unicellular algae known as diatoms, which collected at
the bottom of water bodies over many millions of years. The exoskeletons of these microorganisms
form a unique structure which provides the mineral with a significant contribution of free spaces
(between exoskeletons), meso- and macroporosity. Thus, diatomaceous materials are widely used as
sorbents of petroleum compounds in the form of oils and vapours of organic compounds [33] including
benzene, toluene, ethylbenzene and xylenes (BTEX) [49].

2.2. Modified Mineral Adsorbents

All modifications of mineral adsorbents are aimed at improving their sorption parameters
towards particular impurities. These modifications generally include a thermal treatment (calcination,
expanding) and the functionalization of the mineral’s surface with organic compounds.

Calcinated sorbents (e.g., diatomite) exhibit a more developed specific surface area, a higher
sorption capacity (0.50–1.30 g/g) and slightly lower bulk density (0.45–0.60 kg/dm3). Examples
of expanded adsorbents are perlite and vermiculite; these are characterized by a low bulk density
(approximately 0.25 kg/dm3) and good buoyancy, and they can therefore be applied to remove oils
from the surface of water [50,51]. Their cost of production is relatively high, and these sorbents tend to
return absorbed substances under the influence of external physical and mechanical factors [33].

In recent years, the modification of the surface of minerals with surfactants from the group
of quaternary ammonium salts has become a very popular field of research [52–56]. This kind of
functionalization changes the character of a mineral materials’ surface from hydrophilic to hydrophobic,
which usually increases the affinity of the sorbent for organic pollutants. One of the most common
organic modifiers is hexadecyltrimethylammonium bromide (HDTMA-Br), typically used to modify
the surface of clay minerals. Attempts have been made relatively recently to use these compounds
for the modification of natural and synthetic zeolites [57–60]. HDTMA-Br and other salts of this kind
can bond to mineral surfaces due to electrostatic forces through exchange with sodium, potassium
or calcium cations. These organo-minerals have been studied in terms of the removal of petroleum
products in the form of oils, fuels and their derivatives, such as BTEX compounds [52,61–63].

The process of modifying mineral materials with organic compounds increases the cost of the final
sorbent, and thus far, this type of organo-mineral sorbents has not found a wide industrial application.
It is noteworthy that problems may arise with their further disposal and utilization, as well as the risks
related to the toxicity of quaternary ammonium salts [64].

3. Overview of the Sorption of Petroleum Substances by Mineral Adsorbents

3.1. Sorption of Land-Based Oil Spills

The most popular method of sorption capacity (SC, g/g) determination are weighing the sorbent
before and after saturation with the petroleum substance. Sorption capacity is calculated using
the equation:

SC = (M − M0)/M0 (1)

where M is the weight of the sorbent after sorption of petroleum product, and M0 is weight of the
sorbent before sorption. Literature reports different approaches of SC determination via weighing
methods. Experimental conditions applied by several researches are described below.

Michel [65] investigated sorption capacity of chalcedonite (Teofilów deposit, Poland), clinoptilolite
(Nižný Hrabovec, Zeocem, Slovakia), diatomite (Jawornik deposit, Poland) and quartz sand of two
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different fractions, 0.5–0.8 and 1.25–2.00 mm, with respect to rape oil and diesel oil. Each of the
sorbent (50 g) was placed in the glass columns (d = 3 cm), then was dropped by the oil until the
saturation of whole bed and left to drain. SC was determined by weighing. Bandura et al. [66] used
similar procedure to determine SC of clinoptilolite (Sokirnica Mine, Ukraine), diatomite (commercially
available sorbent Absodan), and zeolites synthetized from fly ash (Na-P1 and Na-X type) towards
diesel and biodiesel oils. Ten grams of the tested sorbent was placed in the glass columns (d = 1 cm),
dropped by the oil and left to the bed saturation. Oil excess was slightly removed using pump.
The fractions of clinoptilolite and diatomite was 0.5–1.0 mm, whereas zeolites from fly ash was in the
powder form.

Muir and Bajda [60] investigated zeolites and organo-zeolites (in the form of powder) in terms of
petrol, diesel, engine oil, and used engine oil sorption. Clinoptilolite (Sokirnica Mine) and Na-P1 from
fly ash were modified with 8 different surfactants: octadecyltrimethylammonium bromide (ODTMA),
hexadecyltrimethylammonium bromide (HDTMA), tetradecyltrimethylammonium bromide
(TDTMA), dodecyltrimethylammonium bromide (DDTMA), dioctadecyldimethylammonium bromide
(DODDMA), dihexadecyldimethylammonium bromide (DHDDMA), ditetradecyldimethylammonium
bromide (DTDDMA) and didodecyldimethylammonium bromide (DDDDMA) which belong to
quaternary ammonium salts. Each sample was dropped by the oil gradually, until the point of
maximum saturation was achieved. After sorption the unmodified adsorbents have been regenerated
by burning with sorbed oil. After cooling, the samples were used as adsorbents again, up to 10 times.
It was noted that the sorption efficiency after each sorption-combustion-sorption cycle remained
similar to the initial material.

Carmody and Frost [52] used different reference sorbents (mineral and natural organic, commonly
available and used for petroleum spills cleanup in a form of granules and/or powders), and
organo-clays (montmorillonite and bentonite modified with ODTMA and DDDMA) for sorption
of diesel, hydraulic oil and engine oil. The procedure of SC determination was based on the ASTM
F726-99: Standard Test Method for Sorbent Performance Of Adsorbents [67]. The sample of a sorbent
were placed in a basket and dipped into the oil bath for 15 min. Then, the samples were removed from
oil bath, left to drain and weighted.

Zhao et al. [68] used exfoliated vermiculite (EV) and its composite with carbon nanotubes (CNT),
e.g., (EV/CNT) for the sorption of diesel and soybean oil and applied similar procedure as Carmody
and Frost. Known amount of a sorbent was placed in the glass beaker covered with a metal sieve and
was poured with the oil. After 5 min the beaker was placed upside down and left to drain. The sorbents
exhibited irregular elongated forms of particles/grains (EV 1–2 mm; EV/CNT 15–20 mm).

Ankowski [69] investigated the sorption capacity (SC) of commercial sorbents (based on
diatomaceous earth and cellulose, provided by Reo Amos, Poland), as well as zeolites from fly
ash granulated with the use of bentonite as a binder. The adsorbents were in a granular form and
diesel oil was used as a petroleum substance. Measuring cones filled with sorbent were placed in oil
bath for 10 min, then collected, drained and weighted.

Alternatively to the weighing, some researchers propose other ways of sorption capacity
determination using instrumental methods. These seems to be more convenient in case of powder
sorbents, where draining or filtration might be difficult because of the small grain size and the loss
of some amount of the material. Sakthviel et al. [56] investigated sorption performance of zeolites
and organo-zeolites towards paraffinic process oil. The zeolites was obtained from fly ash, and then
functionalized by silanization using propyl-, octyl-, octadecyl-trimethoxysilane and esterification
using stearic acid. The sorbents (in a powder form) were mixed with oil in a beaker, stirred for
30 min and then filtrated under vacuum using Buchner funnel for 10 min. The sorption capacity was
determined thermogravimetrically (TGA). Zadaka-Amir et al. [70] and Bandura et al. [71] determined
SC of mineral sorbents towards oils using element analysis, e.g., CHNSO and CHN, respectively,
which allows the determination of the carbon content in the samples. Zadaka-Amir et al. used
hydraulic oil as a petroleum substance and sepiolite, talc, sand and organo-clays (ODTMA- and
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PTMA (phenyltrimethylammonium bromide)-montmorillonite) as the adsorbents (the adsorbents
were powders, apart from sand of grain size 0.8–1.5 mm). Bandura et al. investigated SC of clinoptilolite
(Sokirnica Mine), diatomite and synthetic zeolites from fly ash (Na-P1, Na-X) (all adsorbents in a
powder form) towards diesel, biodiesel and used engine oil. In both papers, proposed experimental
conditions reflected the practical use of oil spill sorbents. Oil strains were covered by dry sorbents,
then collected after oil sorption and analysed via element analysis in terms of carbon content.

After sorption of petroleum substances by minerals, there occur a problem with generated wastes.
Besides thermal regeneration [60], spent sorbents can be used as a substrate for the production of
lightweight aggregates [72,73]. The utilization of spent adsorbents in this kind of application provides
obtained aggregates with new properties, including higher porosity.

Sorption capacities of mineral and organo-mineral adsorbents in the above mentioned research
papers are summarized in Table 1.

Table 1. Sorption capacities (SC) of mineral and organo-mineral adsorbents towards petroleum
substances in the form of oils.

Sorbent SC (g/g) SBET (m2/g) Source

Zeolites

clinoptilolite (Sokirnica Mine) 0.47–0.65 15.88 [60]
0.23–0.38 18.3 [66,71]

clinoptilolite (Nižný Hrabovec) 0.19–0.22 29 [65]

Na-X
0.75–0.79

236.4
[71]

0.91–1.13 [66]

Na-P1
0.86–0.91

75.6
[71]

1.24–1.40 [66]
0.89–1.18 74.9 [60]

zeolites from fly ashes 0.6–0.9 - [52]

zeolites X 0.37, 1.33 40, 404 [56]

Clay minerals

vermiculite 1.3 - [68]

sepiolite 0.97–1.2 258 [70]

talc 0.33 17 [70]

Silica rocks

diatomite 0.17–0.26 30 [65]

chalcedonite 1.15–1.18 3 [65]

quartz sand
0.2–0.3 - [52]

0.03–0.05 - [65]
0.17 - [70]

Modified minerals/organo-minerals

PTMA-montmorillonite 0.30 - [70]

ODTMA-montmorillonite
0.37 - [70]

1.2–1.6 - [52]

DDDMA-monmorillonite 3.6–5.2 - [52]

DDDMA-bentonite 2.1–3.5 - [52]

zeolite X modified by propyl-, octyl-, octadecyl-trimethoxysilane and stearic acid 1.10, 1.02, 0.86, 1.15 - [56]

Na-P1 from fly ash and clinoptilolite, both modified with ODTMA, HDTMA,
TDTMA, DDTMA, DODDMA, DHDDMA, DTDDMA, DDDDMA

0.80–1.19 20–64
[60]0.36–0.75 4.7–7.0

Commercial mineral adsorbents

sodium aluminosilicate 0.27–0.43 - [69]

Eco-Dry (based on diatomaceous earth) 1.11 - [69]

Absodan (diatomite)
0.80–0.89

24
[66]

0.41–0.52 [71]
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Within the group of zeolitic adsorbents, the highest sorption capacities towards oils were noted for
synthetic zeolites obtained from fly ash. Depending on the type of structure and surface area, SC values
were in the range 0.6–1.21 g/g. Lower values of SC were characteristic for zeolites granulated with clay
and natural zeolite (clinoptilolite). Within the group of clay adsorbents, higher SC was reported for
vermiculite and sepiolite (0.97–1.3 g/g). Sorption capacity of sepiolite increased from 0.98 to 1.20 g/g
after thermal treatment at 300 ◦C. The authors explain that such improvement might be a result of
water loss from the clay which increases the hydrophobicity and affinity for oil. However, thermal
treatment at higher temperature (400 ◦C) slightly decreased SC that is connected with some structural
changes of the clay. Talc shows a SC which is clearly lower than the other adsorbents.

Among the silica adsorbents, diatomites exhibit a great diversity in terms of sorption capacities.
This may arise from their different particle sizes or from any thermal treatment provided by
manufacturer. In addition, diatomites may have a different mineral composition depending on their
geological occurrence, which directly influences their sorption properties. Lower sorption parameters
are clearly shown by quartz sand; however, due to its widespread availability and very low cost, it is
sometimes used for the removal of large oil spills on rigid/paved surfaces.

Grained minerals can be also used for the removal of oil spills from water surfaces, especially
near coastal areas. Boglaienko and Tansel [18,74–77] used sand, limestone and clay for the removal
of floating oils using a separation technique. The addition of granular particles into the hydrophobic
floating phase gradually increases its density. Due to the cohesive forces, the oil phase covers the
mineral particles, creating “particle-oil aggregates”. As the density of these aggregates reaches a
critical point, they separate from the floating organic phase and sink under gravity. In the case of
fine quartz sand, the efficiency of removal of oil (% w/w) increased from 31.44% to 94.35% with an
increase of the amount of granular particles added. The experimental conditions were as follows: 1 mL
crude oil; 100 mL water; and 0.5, 1.0, 1.5, 2.0, and 3.5 g of sand. This method allows control over the
mobility of oil spills on a water surface, thus reducing the negative impact of petroleum substances on
aquatic environments.

The modification of minerals using organic compounds influences their sorption abilities towards
oils in various ways, depending on the essential properties of the mineral (its type, surface area,
cation exchange capacity CEC, external cation exchange capacity ECEC, etc.), on the properties of the
organic compound (the length and multiplicity of an organic chain), and lastly on the process and
efficiency of the incorporation of the organic compound into the mineral structure. As a rule, the effect
is positive in the case of clay minerals. This is due to the fact that the hydrophilic properties of the
surface of a clay mineral change to hydrophobic, and the interlayer spaces within the structure of
these minerals increase as a result of organic compound incorporation. On the other hand, in the case
of the organo-zeolites investigated, sorption capacity towards oils decreased. This kind of surface
modification blocks the pores of zeolites, thus reducing their specific surface area and limiting the
access of oil into the pores [56,60].

The recent literature reports that the sorption of petroleum products on mineral adsorbents is
affected by factors such as the textural properties of the adsorbent (specific surface area, the contribution
and surface of mesopores, mesopore diameters), particle size distribution and bulk density of the
adsorbent, and the density and viscosity of an adsorbate [71]. Low bulk density and fine particles
favour the formation of capillaries between the material grains, and the contact area between the
grains increases with a decrease in their diameter. This leads to an increase in the surface area available
for petroleum substances. It can be assumed that the sorption of oil products on porous mineral
adsorbents occurs via two mechanisms. The first is associated with the filling of the available pores
and capillaries between the sorbent grains using capillary action (mass transfer/flow). Capillary action
depends on the effective diameter of the capillary, the surface energy of the interior wall of the capillary,
and the viscosity of the oil. The second mechanism is sorption on the outer surface of the sorbent
through the formation of an oil layer around the sorbent grains (or optionally around the agglomerates
of grains). As in the case of surface adsorption on quartz sand [78], oil can create a uniform layer (film)
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or irregular clusters, depending on the morphology of the surface, its irregularities and roughness, and
the properties of the oil. Adsorbents with a well-developed mesoporous structure exhibit relatively
higher SC in relation to oils. Micropores present in the structure of minerals are unavailable for large oil
particles [65,71]. In addition, SC is generally higher for oils of higher density and viscosity [36,37,79].
This phenomenon can be explained by the fact that the substances with a higher molecular weight
tend to be preferentially adsorbed over those of lower molecular weight [80]. Generally, long-chain
hydrocarbons of relatively high molecular weight dominate the chemical composition of higher-density
oils (such as spent engine oil).

3.2. Sorption of Benzene and Its Derivatives Present in Aqueous Solutions by Organo-Mineral Adsorbents

The issue of the removal of petroleum compounds such as benzene, toluene, ethylbenzene,
xylenes (BTEX), other benzene derivatives and volatile organic compounds from water is widely
discussed in the literature. Mineral and organo-mineral sorbents are proposed as the alternative
to activated carbon or organic polymers. Most studies concern the sorption of BTEX as volatile
petroleum derivatives representatives [80–87]. In these papers, different organic compounds have
been used for mineral surface functionalization, and the influences of pH, adsorbent dosage and
initial concentration on sorption efficiency have been considered, together with the equilibrium and
kinetics of sorption. The authors have explored sorption capacities (qe, mg/g) of the adsorbents using
standard batch technique and applied popular isotherm and kinetic models for the evaluation of
possible sorption mechanisms. The concentrations of organic compounds were determined using
chromatography methods such as GC-FID (Gas Chromatography coupled to a Flame Ionization
Detector) [49,81,87], GC-MS (Gas Chromatograph coupled to a Mass Spectrometer) [57], HPLC (High
Performance Liquid Chromatography) [80]. Table 2 summarizes the results obtained for BTEX and
other organic compounds sorption on natural and modified minerals including kinetic and isotherm
parameters of the best fitting.

The pseudo-first-order model is described by the equation:

qt = qe(1 − e−k
1

t) (2)

where k1 is the pseudo-first order rate constant of adsorption (L/min), qe (mg/g) and qt (mg/g) are the
quantities of the adsorbed substance at equilibrium and at time t respectively. This equation is often
used to interpret experimental data; however, in practice it shows large deviations in fitting procedures.

The pseudo-second-order model [88] is currently most widely used kinetic equation:

qt = (qe
2 k2t)/(1 − qe k2t) (3)

where k2 is the pseudo-second-order rate constant of adsorption (g/(mg·min)).
The intraparticle diffusion model (Weber and Morris) is expressed by the following equation:

qt = Kid t0.5 + C (4)

and assumes that the adsorption varies linearly with the square of the contact time. Kid is the rate
constant of intraparticle diffusion (mg/(g·min0.5)), t0.5 is the square root of the time, and C is the
intercept related to the thickness of the boundary layer.
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The Langmuir isotherm describes the adsorption at specific homogeneous sites on the adsorbent
surface, without significant interaction between the adsorbed species. The Langmuir isotherm is
represented by the following equation:

qe = (qm KL Ce)/(1 + KL Ce) (5)

where Ce is the solute concentration at equilibrium (mg/L), qe is the adsorption capacity at equilibrium
(mg/g), KL is the Langmuir adsorption constant (L/mg), and qm is monolayer capacity (mg/g).

The Freundlich model can be applied to non-ideal systems, including multilayer adsorption
processes on heterogeneous surfaces, and is expressed by the following equation:

qe = KF Ce
1/n (6)

where KF (mg·kg−1 (mg/L)n) and 1/n are the Freundlich adsorption isotherm constants related to
the saturation capacity and intensity of adsorption respectively. Values of 1/n of between 0.1 and 1
indicate favorable adsorption. Higher values of 1/n suggest unfavorable conditions for adsorption and
the possibility of competitive adsorption.

The Langmuir-Freundlich model can be described as:

qe = qm (Ka Ce)n/(KaCe)n + 1 (7)

where: qe is the adsorption capacity, qm is the adsorption capacity of the system (mg/g), Ce is the
aqueous phase concentration at equilibrium (mg/L), described as previously and Ka is the affinity
constant for adsorption (Ln/g·min·mgn−1), n is the index of heterogeneity.

The Temkin isotherm considers the effects of indirect adsorbate–adsorbate interactions and
assumes that heats of adsorption will more often decrease than increase with increasing coverage.
The equation has the form:

qe = (RT/b) ln(ACe) (8)

where T is the absolute temperature (K), R is the gas constant, A is the Temkin isotherm constant (L/g),
b is the Temkin constant related to the heat of sorption (kJ/mol).

The detailed description on the experimental conditions connected with the data presented in
Table 2 were added below.

Aivalioti et al. [49] studied the sorption of benzene, ethylbenzene, toluene, xylenes and methyl
tertiary butyl ether (MTBE) from aqueous solutions on diatomite (Kazani, Northern Greece) [49].
The mineral was milled and the fraction of 64–120 μm was chosen for the study. The diatomite
was thermally activated at 550, 750 and 950 ◦C. The sorption kinetic and isotherm experiments was
conducted for multi-component solution (a mixture of BTEX and MTBE) at 20 ◦C. The maximum
duration of contact time was 21 days but the time needed to achieve equilibrium state was 10 days.
The initial concentration of the multi-component solutions for kinetic and equilibrium studies was
around 250 mg/L of BTEX (50 mg/L of each compound) and 100 mg/L of MTBE. Kinetic study
was performed using diatomite to solution ratio of 1:10, whereas the sorbent to solution ratios in
case of equilibrium study were 1:25, 1:15, 1:10, 1:5, 1:4, and 1:3. The sorption of BTEX compounds
at equilibrium state was in the range 0.1–0.38 mg/g for raw diatomite (without thermal activation)
and increased to 0.8 mg/g for diatomite calcinated at 750 ◦C. The uptake of MTBE was relatively
low (0.01–0.21 mg/g). Calcination provided loss of water and impurities from pores and active sites
of the mineral, thus increasing the external surface area available for adsorbate molecules. Based
on the correlation coefficients R2 values the experimental data fit the pseudo-second order kinetic
model and Freundlich isotherm model. The values of Freundlich constant 1/n higher than 1 suggest
unfavorable sorption. Sorption capacities followed the order: p-xylene > ethyl-benzene > o-xylene >
toluene > benzene > MTBE resulted from the descending order of hydrophobicity (based on their
octanol–water coefficient log values: 3.15, 3.15, 2.77, 2.69, 2.13 and 1.06, respectively), molecular weight,
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and approximately ascending order of water solubility (198, 152, 175, 515, 1700 and 47,000 mg/L,
respectively) [49].

Carvalho et al. [80] used smectite (Paraiba, Brazil) functionalized with HDTMA for the sorption
of benzene, toluene, ethylbenzene, p-xylene, m-xylene and phenol from single-component and
multi-component solutions at 23 ◦C. The influence of pH (4, 7 and 9), contact time (time intervals
in the range 0.5–240 min) and initial concentration of the solution (from 2 to 29 mg/L at optimal
pH = 9 and contact time 240 min) on sorption efficiency was investigated. The most efficient sorption
levels were noted at pH = 9. At lower pH values, the ions H+ might coordinate to active sites
(surface silanol groups) of the organoclay and block them. For single-component system the removal
efficiencies ranged between 55% and 90%, whereas those for multi-component system were lower
(between 30% and 90%). Sorption capacity (qe) towards BTEX was in the range 0.25–0.4 mg/g for
multi-component system (Table 2) and followed the order xylenes > ethylbenzene > toluene > benzene.
The adsorption equilibrium was established after 60 min. Authors applied pseudo-first, pseudo-second
and Langmuir-Freundlich models for kinetic data interpretation and the best fitting was noted for
Langmuir-Freundlich. Analyzing the obtained kinetic parameters they have assumed that: (i) toluene
and p-xylene exhibit a high adsorption affinity to organoclay surface and high binding energy of
adsorption; (ii) phenol and ethylbenzene cover many active sites of organoclay and that they are not
selective for one particular active site; (iii) toluene have the highest rate of adsorption, whereas phenol
have the slowest rate.

Nourmoradi et al. [81] examined montmorillonite (Laviosa Co., Livorno, Italy) modified with
poly ethylene glycol (PEG) in terms of benzene, toluene, ethylbenzene and xylenes sorption from
aqueous solution (multi-component). Grain size of the sorbent did not exceed 125 μm. Loading rates
of the surfactant (0.2–4.00 CEC of the montmorillonite), contact time (0–24 h), pH, adsorbate initial
concentration C0 (10–200 mg/L of BTEX mixture) and solution ion strength (20–100 mg/L of calcium
ions) on the BTEX sorption capacity was investigated at 25 ◦C. In the studied BTEX solutions C0 of
benzene, toluene and xylene (in mg/L) were equal. Also the influence of temperature (10–40 ◦C)
on sorption efficiency was studied. The regeneration of the adsorbent was performed by heating
at 150 ◦C at 5, 10 and 20 min, and the efficiency of sorption for each regeneration cycle was further
estimated. The optimal surfactant loading rate was 2.0 CEC which provided the highest BTEX uptake.
Higher loading rates resulted in the decrease of BTEX sorption. pH and ion strength did not influenced
significantly the BTEX adsorption. Sorption increased rapidly during the first hour of sorption and the
equilibrium was achieved at the contact time of 24 h. The adsorption capacity (qe) was in the range
3.47–5.12 mg/g and followed the order: xylene > ethylbenzene > toluene > benzene. The experimental
data were analysed using pseudo-first-order, pseudo-second-order, and intraparticle diffusion kinetic
models and Langmuir, Freundlich and D–R isotherm models. The best fitting was obtained for
pseudo-second-order model and Freundlich isotherm. Obtained parameters indicate the highest
sorption rate for xylenes, and the favorable physical sorption (1/n < 1). The thermodynamic study
revealed that the BTEX sorption by PEG-montmorillonite was spontaneous, endothermic and favorable
at higher temperatures. Sorption efficiency of regenerated PEG-montmorillonite was 18.14%–23.08%
and 51.28%–60.70% of the original material after 5 and 20 min of heating, respectively.

Seifi et al. [87] used clinoptilolite (Miyaneh, Iran) modified with HDTMA and CPB (n-cetyl
piridinium bromide) for the sorption of BTEX compounds from multi-component solution.
The clinoptilolite was in powder (590–840 μm) and granulated forms before modification (the
granulation process is described in the paper). The paper presents a comprehensive study of the
sorption kinetics. Batch experiments for the single-component systems were carried out at 20 ◦C
within the contact time range 0.5–72 h. The initial concentration of each compound was 9 mg/L.
The optimal time for achieving the equilibrium was 24 h for natural and 8 h for granulated adsorbents.
Intra-particle diffusion models (Weber and Morris and Vermeulen) and surface reaction models
(pseudo-first order, pseudo-second order, and Elovich) were applied for interpretation the experimental
data and pseudo-second order model was the most suitable. It was noticed that the intra-particle
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diffusion is prevailing in the first stage of adsorption for a relatively short time. Sorption capacities for
organozeolites were in the range 0.15–0.35 and 0.6–1.2 mg/g for granulated nano-organozeolites. The
sorption capacities followed the order: benzene > toluene > ethylbenzene > xylenes. The adsorbents
modified by CPB showed higher adsorption capacity compared to the HDTMA-modified adsorbents.

Vidal et al. [57] used commercial synthetic zeolite Y and HDMA as a surfactant for zeolite
modification. The HDTMA loading level was 0.5, 1.0 and 2.0 of the total CEC of the zeolite Y. The best
results were obtained at an HDTMA loading level of 1.0 of the zeolite CEC. Kinetics and isotherm
studies for multi-component BTEX solutions were performed at 28 ◦C. The contact time ranged from
30 min to 48 h and the BTEX concentration was 10 mg/L for each compound. The sorption equilibrium
was reached within 6 h. In the isotherm study, BTEX initial concentration for each compound was in
the range 2–60 mg/L and 12–360 mg/L for multi-component solution. The experimental data was
evaluated using pseudo-first, pseudo-second and intraparticle diffusion kinetic models and Langmuir,
Freundlich, Redlich-Peterson and Temkin isotherms. Based on the values of correlation coefficients
the best fitting was obtained for pseudo-second order model and Temkin isotherm indicating the
effects of indirect adsorbate-adsorbate interactions. Adsorption capacity was 12.13 mg/g for benzene,
13.75 mg/g for toluene, 13.86 mg/g for ethylbenzene, 13.98 mg/g for o-xylene, and 13.98 mg/g for
m- and p-xylene. Sorption capacity for unmodified zeolite was significantly lower. The adsorption
capacities followed the order: m-, p-xylene > o-xylene > ethylbenzene > toluene > benzene, likewise in
other papers. Regeneration of the HDTMA-zeolite Y were performed by heating the sorbent at 100 ◦C
for 6 h, followed by a new adsorption cycle (up to 5 times). The results have shown that the sorption
efficiency was at the same level after 4 cycles of regeneration, except benzene, for which sorption
efficiency has been reduced after first regeneration cycle.

Szala et al. [58] used zeolite Na-P1 prepared from fly ash modified with HDTMA using loading
levels of 0.2, 0.4, 0.6, 0.8 and 1.0 of the external cation exchange capacity (ECEC) of Na-P1 for the
sorption of benzene, toluene and xylene. Sorption experiments were carried out at room temperature
(20 ◦C) at the initial concentration. Depending on the initial concentration of benzene, toluene and
xylene (50, 100, 250 mg/L), the sorption capacities varied from about 1.38 to 11.47 mg/g. The best
adsorption uptake was achieved for HDTMA-Na-P1 with loading level of 1.0 ECEC. The modification
improved the sorption capacity of Na-P1 in terms of BTX compounds (benzene, toluene, xylenes) by
several per cent.

The sorption selectivity in most studies followed the order xylenes > ethylbenzene > toluene >
benzene [57,80–82]. The dependency might be explained by molecular weight of the adsorbates,
their hydrophobicity, water solubility, the size and geometrical shape of adsorbate particles, and the
type of functional groups. Generally, the adsorbates of higher molecular weight and larger sizes
are adsorbed more preferably. The opposite tendency was observed by Seifi et al. [87]. The studies
revealed that the functionalization of the surface of mineral adsorbents by surfactants can improve
the efficiency of BTEX sorption from aqueous solution. Different loading levels of surfactant provide
various sorption efficiency. An optimal loading level was 1.0–2.0 of CEC and higher loading level
limited sorption efficiency.

The lowest values of sorption capacities were obtained for diatomite, zeolite Y and smectite
modified by HDTMA. The most efficient adsorbents were montmorillonite modified with PEG and
zeolite Y modified with HDTMA. Most presented research revealed that sorption kinetics of organic
compounds adsorption followed the mechanism of pseudo-second order model. The rate constant
of pseudo-second kinetic, k2, reflects the adsorption rate which was the lowest for diatomite. Indeed,
in case of this mineral, the equilibrium state of adsorption was achieved after 10 days. Studied
organo-mineral adsorbents exhibited faster rate of the organic compounds adsorption, confirmed by
the experimental results and the calculated rate constants. In general, the adsorption was rapid in the
first stage. The following stage was a slower adsorption process where the increase of the adsorption
capacity became much slower than that of first stage, followed by the state of equilibrium in which the
adsorption capacity remained at a constant level. The most efficient adsorbent in terms of the rate of the
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adsorption was HDTMA-smectite. The first rapid stage lasted about 10 min and the equilibrium state
was achieved after 60 min. Isotherm models used in several studies indicates the high applicability of
Freundlich model that assumes the adsorption of physical nature onto heterogeneous surface.

The important issue is regeneration of the used adsorbents since they constitute a waste that can
be hazardous for the environment. Results presented by Nourmoradi et al. [81] and Vidal et al. [57]
show that it is possible to regenerate the used organo-mineral adsorbents by thermal treatment without
significant loss of further sorption efficiency.

3.3. Sorption of Volatile Petroleum Derivatives

For the removal of volatile petroleum derivatives (including BTX), activated carbons, polymers or
silica gels of very high surface area are generally used [83,89]. In recent years, natural and synthetic
zeolites have also been considered as alternatives to these. Zeolites exhibit great thermal stability
in contrast to polymers or carbons. They can therefore be applied instead, in particular conditions
such as high temperatures or the risk of fire. Sorption capacities of different zeolites towards volatile
organic compounds from gas streams are presented in Table 3. The investigations were carried
out using a fixed-bed flow contractor [88–91] and/or TPD techniques (temperature programmed
desorption) [92,93].

Table 3. Sorption capacities (qe) of selected adsorbents towards volatile organic compounds from
gas streams.

Sorbent
SBET (m2/g)

Adsorbate T (◦C)
qe (mg/g)

Source
623 K 823 K 623 K 823 K

natural zeolite—NZ 205 170 toluene 20 0.028 0.009 [90]

acid treated NZ 434 369 toluene 20 0.131 0.104 [90]

ion exchanged NZ 181 222 toluene 20 0.035 0.056 [90]

double ion exchanged
NZ 171 261 toluene 20 0.082 0.074 [90]

natural mordenite 20
benzene

20
3.6

[91]toluene 1.9
p-xylene 1.9

acid-treated
mordenite

128
benzene

20
21.9

[91]toluene 25.8
p-xylene 11.4

MFI 377
acetone

25
105.71

[92]p-xylene 135.88
n-hexane 110.31

*BEA 493
acetone

25
124.87

[92]p-xylene 124.21
n-hexane 106.00

STT 536
acetone

25
141.12

[92]p-xylene 102.98
n-hexane 97.38

CHA 803
acetone

25
5.808

[92]p-xylene 4.25
n-hexane 15.51

faujasite Y HY901 591
toluene

25
1068.82

[93]MEK 757.155

faujasite X MS13X 582
toluene

25
340.92

[93]MEK 778.79
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Table 3. Cont.

Sorbent
SBET (m2/g)

Adsorbate T (◦C)
qe (mg/g)

Source
623 K 823 K 623 K 823 K

ZSM-5 390
toluene

40
65.5

[94]isopentane 32.3
ethanol 81.3

beta zeolite 446
toluene

40
39.5

[94]isopentane 4.0
ethanol 10.5

TS-1 414
toluene

40
74.0

[94]isopentane 29.5
ethanol 15.8

silicate-1 356
toluene

40
28.9

[94]isopentane 11.5
ethanol 18.4

Na-P1 zeolite from fly
ash

94.49

benzene

40

0.11

[95]
toluene 0.97
o-xylene 2.78
m-xylene 2.76
p-xylene 2.18

Na-X zeolite from fly
ash

157.43

benzene

40

29.97

[95]
toluene 48.38
o-xylene 57.88
m-xylene 59.86
p-xylene 61.88

clinoptilolite 18.33

benzene

40

0.05

[95]
toluene 0.27
o-xylene 0.77
m-xylene 0.41
p-xylene 0.30

diatomite 23.51

benzene

40

0.02

[95]
toluene 0.09
o-xylene 0.10
m-xylene 0.10
p-xylene 0.10

MEK—methylethylketone; T (◦C)—temperature of adsorption.

Alejandro et al. [90] investigated the sorption of toluene on natural zeolite from Chile
(53% clinoptilolite, 40% mordenite and 7% quartz) which was treated with use of hydrochloric acid
and ammonium sulphate and then thermally activated at 623 and 823 K (activation was performed
for chemically treated and untreated samples). The grain size was 0.3–0.425 mm. The procedure of
toluene adsorption-ozonation experiments was carried out in a fixed-bed flow contactor (ID 45 mm)
operating at room temperature (20 ◦C) and 101 kPa. The concentration of toluene was regulated by
bubbling dry air into pure liquid toluene and diluted to a desired concentration by mixing with an
air stream (22.2 μmol/L). The stream with toluene vapor of constant concentration was continuously
supplied over the zeolite bed until saturation was achieved. Next, toluene was replaced by ozone.
Toluene concentrations at the inlet and outlet streams were monitored on-line by gas chromatography
(GC-FID). Sorption capacities in terms of toluene were 1.46 and 0.55 μmol/m2 for zeolite heated at
623 and 823 K respectively. The specific surface area (SBET) of thermally treated zeolite was 205 and
170 m2/g, and calculated sorption expressed in mg/g was 0.028 and 0.009 respectively. Sorption
efficiency increased after acid treatment to 3.27 and 3.07 μmol/m2 (0.131 and 0.104 mg/g), and after
ion exchange to 2.07–5.22 and 2.76–3.09 μmol/m2 (0.035–0.082 and 0.056–0.074 mg/g) respectively
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(higher values were obtained after a double ion exchange process). After these thermal and chemical
modifications, both the specific surface area (SBET) of zeolite and its surface character have changed.
Higher temperatures caused a decrease in SBET of untreated and acid treated samples, and an increase
in the case of zeolite after ion exchange. The surface character was responsible for toluene sorption
capacity, and for the efficiency of the oxidative regeneration processes.

Another zeolite which has been used for volatile organic compounds BTX (benzene, toluene and
p-xylene) sorption is mordenite (natural and after acid treatment) investigated by Valdés et al. [91].
The fraction chosen for the experiments was 0.3–0.425 mm. The sorption experiment was performed
as described by Alejandro et al. [90] using fixed-bed flow contactor (4mm ID) at 20 ◦C and 101 kPa.
Pre-adsorbed benzene, toluene or p-xylene was then desorbed using a temperature programmed
desorption (TPD) procedure by heating the sample up to 550 ◦C (heating rate of 10 ◦C/min).
The influence of moisture was also studied by mixing a humidified stream (40% of relative humidity
RH) with the BTX stream at the inlet. It was found that acid treatment increased SBET significantly, from
20 to 128 m2/g. Simultaneously, sorption efficiency towards benzene, toluene and p-xylene increased
from 3.6, 1.9 and 1.9 mg/g to 21.9, 25.8 and 11.4 mg/g respectively. In the presence of moisture,
the values of adsorption capacities of raw mordenite and after acid treatment towards benzene, toluene
and p-xylene decreased by 21%, 29%, 32%; and by 68%, 65%, 41%, respectively.

Cosseron et al. [92] used several types of zeosils (pure silica zeolites; chabazite (CHA-structure
type), SSZ-23 (STT-structure type) with cage-like structure, silicalite-1 (MFI-structure type) and beta
(*BEA-structure type) with channel structure) for the adsorption of n-hexane, acetone and p-xylene.
The measurements were performed under flow using a thermogravimetric balance Setaram TG92
instrument (at relative pressure p/p0 = 0.5 at 25 ◦C). Sorption capacities of p-xylene were in the range
0.04–1.28 mmol/g (4.25–135.88 mg/g) depending on the zeolite structure.

Kim and Ahn [93] investigated several types of commercial synthetic zeolites from a group of
mordenite, faujasite Y and faujasite X in terms of the sorption of volatile organic compounds (benzene,
toluene, o-xylene, m-xylene, p-xylene, methanol, ethanol, isopropanol, and methylethylketone (MEK))
using a continuous flow system under atmospheric pressure. The temperature of adsorption was 25 ◦C.
Vapor concentration was monitored with a gas chromatograph equipped with thermal conductivity
detector (GC-TCD). Desorption experiments were performed after sorption by microwave heating
(5 ◦C/min) to 300 or 500 ◦C. The highest sorption capacities were noted for the faujasite types of zeolites,
abbreviated as HY901 and MS13X. In the case of toluene, SCs were 1.07 and 0.34 g/g respectively,
whereas for mordenites SCs were below 0.10 g/g. The BET surface areas of HY901 and MS13X were
similar to that of two other faujasites Y however, their sorption capacities towards tested volatile
organic compounds were much higher. It indicates that the sorption capacity of volatile organic
compounds by zeolites does not depend on the SBET.

Serrano et al. [94] used the TPD method to determine the sorption capacities towards toluene,
isopentane, and ethanol of synthetic zeolites synthesized from chemical reagents; sorption capacities
were determined to be in the range 25–75 mg/g. The zeolites synthesized by Serrano exhibited high
purity and specific surface area.

In our paper [95] we examined diatomite, Ukrainian clinoptilolite and two types of synthetic
zeolites from fly ash (Na-P1 and Na-X) in terms of the sorption of benzene, toluene and xylenes from a
gas stream using the TPD technique. Adsorption of hydrocarbons was carried out at 45 ◦C. The effects
of hydrocarbon dosing were analyzed at the reactor outlet using the mass spectrometer equipped with
an electron multiplier detector. After the complete saturation of the samples the TPD was performed
with a heating rate of 10 ◦C/min and a constant helium flow of 45 cm3/min in the temperature range
45–800 ◦C. Sorption capacities in terms of BTX for these materials were within the ranges 0.02–0.10,
0.05–0.77, 0.11–2.78 and 29.97–61.88 mg/g respectively. Na-X showed significantly higher sorption
than Na-P1 and other minerals used in the study.

In the papers presented above, the authors have generally considered the influence of the
textural and chemical properties of mineral adsorbents on the sorption of volatile organic compounds
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(including petroleum industry derivatives). Most studies concern adsorbents of the zeolite type.
It can be postulated that in the sorption of a compound such as BTX, the most important feature is
the pore structure of zeolites; better sorption properties were observed for zeolites with ink-bottle
pores [92] and zeolites of faujasite structure (HY901 and MS13X, Na-X) [93,95]. Their extremely high
sorption performance with respect to the investigated molecules is a result of their relatively high
surface area, with a large contribution of the micropores and their specific structure. These kinds of
zeolites behave like molecular sieves towards volatile organic compounds and molecules of similar
size due to “windows” of 7.4 Å diameter in the micropore structure of faujasite. It can be noticed
that sorption capacities of mordenites were higher for benzene, probably because the molecules of
benzene are smaller than xylenes and can penetrate into the channels of mordenite easier. Strong
relationship between the crystal structure and adsorption capacity was proved by Kim and Ahn [93]
and Bandura et al. [95].

4. Conclusions

This paper presents an overview of recent research papers concerning mineral materials, synthetic
zeolites and organo-minerals used as adsorbents for petroleum pollutants present in waters, air and
spilled on land, occurring as oils, petroleum industry derivatives and volatile compounds. For the
practical application, these adsorbents should meet the following criteria: availability, ease of
acquisition, costs, good textural parameters, appropriate grain size.

The literature data indicate that minerals with high mesoporosity are recommended for the
removal of land-based petroleum spills; the most promising results have been obtained for diatomites,
sepiolite and zeolites from fly ash. Additionally, the synthesis of zeolites from fly ash allows to utilize
wastes generated in heat and power plants, thus reducing their negative impact on the environment.

The mechanism of oil substances adsorption on porous surface of minerals includes capillary
action connected with filling the available pores and oily layer (film) formation on the external surface
and around the adsorbent grains. Oil substances cannot penetrate into narrow micropores of mineral
adsorbents. The dependency between oil viscosity and density has been also observed. Generally, more
viscous and dense oils were adsorbed in higher amounts than light oils by the same adsorbent material.

In the case of applications for water media, one of the main selection criteria is the hydrophobicity
of the sorbent surface, which can be achieved from the modification of a mineral with surfactants
such as quaternary ammonium salts. These modifications seem to be promising in the case of clay
minerals and zeolites. Organo-clays and organo-zeolites exhibit higher sorption performance towards
organic compounds in water media than the raw materials. Most studies revealed that the mechanism
of organic compounds adsorption from aqueous solution by minerals and organo-minerlas can be
described well by Freundlich isotherm which indicates physical sorption on heterogeneous surface.
In terms of kinetics, it followed pseudo-second order model in most presented research.

Investigation on the organic pollutants adsorption from gases, the best results were obtained for
synthetic zeolites from the group of faujasite. An important factor in those cases was high surface area
and the contribution and structure of micropores. Faujasites can act as molecular sieves, selective for
volatile organic compounds.

Mineral sorbents have a number of features relevant to their usage in the removal of petroleum
compounds. The most favorable are: availability, environmental friendliness, low cost of acquisition
and the possibility of recycling. Therefore, it is fully justified to obtain new types of inorganic and/or
organic-inorganic structures dedicated to petroleum substances adsorption, with well-defined textural
and chemical properties. It is also necessary to identify new/potential directions of spent adsorbents
utilization since they constitute waste hazardous for the environment. Apart from being recovered
by calcination, they can also be used as additives in the production of building materials such as
lightweight aggregates.
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58. Szala, B.; Bajda, T.; Matusik, J.; Zięba, K.; Kijak, B. BTX sorption on Na-P1 organo-zeolite as a process
controlled by the amount of adsorbed HDTMA. Microporous Mesoporous Mater. 2015, 202, 115–123. [CrossRef]

59. Muir, B.; Matusik, J.; Bajda, T. New insights into alkylammonium-functionalized clinoptilolite and Na-P1
zeolite: Structural and textural features. Appl. Surf. Sci. 2016, 361, 242–250. [CrossRef]

60. Muir, B.; Bajda, T. Organically modified zeolites in petroleum compounds spill cleanup—Production,
efficiency, utilization. Fuel Process. Technol. 2016, 149, 153–162. [CrossRef]

61. Moazed, H.; Viraraghavan, T. Removal of oil from water by bentonite organoclay. Pract. Period. Hazard. Toxic
Radioact. Waste Manag. 2005, 9, 130–134. [CrossRef]

62. Alther, G.R. Organically modified clay removes oil from water. Waste Manag. 1995, 15, 623–628. [CrossRef]
63. Mowla, D.; Karimi, G.; Salehi, K. Modeling of the adsorption breakthrough behaviors of oil from salty waters

in a fixed bed of commercial organoclay/sand mixture. Chem. Eng. J. 2013, 218, 116–125. [CrossRef]
64. Sarkar, B.; Megharaj, M.; Shanmuganathan, D.; Naidu, R. Toxicity of organoclays to microbial processes and

earthworm survival in soils. J. Hazard. Mater. 2013, 261, 793–800. [CrossRef] [PubMed]
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Abstract: This paper discusses the mechanism of montmorillonite structural alteration and
modification of bentonites’ properties (based on samples from clay deposits Taganskoye, Kazakhstan
and Mukhortala, Buriatia) under thermochemical treatment (treatment with inorganic acid solutions
at different temperatures, concentrations and reaction times). Treatment conditions were chosen
according to those accepted in chemical industry for obtaining acid modified clays as catalysts or
sorbents. Also, more intense treatment was carried out to simulate possible influence at the liquid
radioactive site repositories. A series of methods was used: XRD, FTIR, ICP-AES, TEM, nitrogen
adsorption, and particle size analysis. It allowed revealing certain processes: transformation of
montmorillonite structure which appears in the leaching of interlayer and octahedral cations and
protonation of the interlayer and –OH groups at octahedral sheets. In turn, changes in the structure
of the 2:1 layer of montmorillonite and its interlayer result in significant alterations in the properties:
reduction of cation exchange capacity and an increase of specific surface area. Acid treatment also
leads to a redistribution of particle sizes and changes the pore system. The results of the work showed
that bentonite clays retain a significant portion of their adsorption properties even after a prolonged
and intense thermochemical treatment (1 M HNO3, 60 ◦C, 108 h).

Keywords: engineered barriers; bentonite clays; thermochemical treatments; montmorillonite;
structural modification; adsorption properties

1. Introduction

Clay minerals are widely used in various industries including radioactive waste management
as a component of barrier systems for waste disposal. These systems are used for radioactive
waste repositories of different levels of activity and are intended to provide safe storage for several
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hundreds or thousands years due to their high adsorption capacity for radionuclides and low water
permeability [1–3].

Bentonite buffer between containers and the tunnel walls achieves several strategic outcomes
at once: it provides access restriction of groundwater to the radioactive waste (RW) creating the
conditions under which mass transfer between the waste and underground waters is only possible
by diffusion; it suppresses migration of the radionuclides in colloidal form into the groundwater;
it ensures effective sorption of radionuclides after possible depressurization of radioactive waste
containers; it seals open cracks and large pores in the rocks due to the high swelling capacity, etc. [2].

One of the main components of the engineered barriers is bentonite, which contains 70–95%
montmorillonite, dioctahedral specie of the smectite mineral group. Montmorillonite is a 2:1 type
hydrous aluminosilicate with the octahedral sheet “sandwiched” between two tetrahedral sheets.
Cation substitution in tetrahedral and mostly in octahedral sites provides a negative layer charge of
about 0.2–0.5 eV. Layer charge is compensated by the introduction of exchangeable interlayer cations
(Na+, Ca2+, Mg2+, etc.) usually in hydrated form [4–8] which in turn provides adsorption sites on the
inner and outer surface of the crystal. These particularities of montmorillonite structure determine
specific properties of bentonite clays, especially high adsorption capacity towards heavy metals such
as cesium, plutonium etc., which are commonly found in radioactive wastes.

Construction concept of waste disposal in the Russian Federation also includes the use of bentonite
clay as a component of an engineered multi-barrier system [9,10]. According to current concepts,
a bentonite barrier must retain its properties for over thousands of years. Thus, when analyzing the
prospects of using bentonite clays, one needs to consider not only their sorption properties in their
natural state, but a possible loss of sorption capacity and other parameters needed to preserve the
stability of a bentonite barrier in aggressive environments. The most aggressive environment for
bentonite clays is acid solutions. A number of processes take place under acid treatment and lead to
a significant transformation of the structure and properties of montmorillonite bentonite clays [11–14].
A significant increase in the specific surface of the acid-modified clays promotes wide use of such
material for removal of heavy metals, radionuclides and for oil refining [15–19]. The transformation
of the structure and properties of bentonite under the influence of acids, mostly under sulfuric and
hydrochloric acids, have been studied by different authors [20–26]. Using ultrasound and microwaves
in addition to an acid treatment intensifies smectite mineral transformation [27]. In industry,
acid-modified bentonites are most commonly used as catalysts [28–32].

In Russia, studies have been conducted to identify the most thermochemically resistant bentonite
in order to determine the most appropriate bentonite clay for engineered barriers for waste disposal.
The increase of the temperature in the vicinity of radioactive waste occurs due to radioactive decay.
Thermochemical effects were modeled based on inorganic acid solutions (nitric and hydrochloric)
at elevated temperatures. Due to its toxicity, nitric acid is not used in the chemical industry for
the production of modified materials. Currently in Russia, there are plants that still dump liquid
radioactive waste into deep layers of geological structures and in artificial surface repositories [33–37].
Nitric acid is used to prepare liquid radioactive waste for disposal. These concepts are obsolete and are
being withdrawn from use. Bentonite is also used to bury surface basins, such as Lake Karachai [38].

However, in the long run, bentonite clays may be affected by aggressive fluids that are most likely
to decrease insulating properties of the barrier. The aim of this study was to evaluate the mechanism
of montmorillonite transformation under the acid solution treatment as well as its influence on
bentonite properties.

2. Materials and Methods

Fine clay fractions (<1 μm) separated from bentonites from Mukhortala (Buriatia, sample Mt-M)
and Taganskoye (Kazakhstan, sample Mt-T1 and Mt-T2 (numbers “1” and “2” correspond to different
treatments as will be shown below)) deposits were used for this study. Montmorillonite content in
Mt-T and Mt-M sample were 70% and 97%, respectively. Impurities in Mt-M sample were presented by
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20–30% opal C/A, which could not be removed with the sedimentation technique, and quartz (about
2–3%) in Mt-T sample.

All experiments on acid treatment were carried out in closed systems under static conditions.
For this purpose, bentonite samples were placed in sealed vessels with acid solution in a weight ratio of
1:100. Vessels were in turn placed in an oven and aged for the desired time. The experiments with HCl
solutions (0.125, 0.25, 0.5, 1, 3 M) were carried out at room temperature for 7 days (Mt-T1 and Mt-M
samples) and with 1 M HNO3 solutions (Mt-T2 sample) at 60 ◦C for 12, 36, 50, and 108 h. The bentonite
samples from the Taganskoye deposit have quite a different composition and were named Mt-T1 for the
experiment with HCl solution and Mt-T2 for the experiment with HNO3 solution. Hydrochloric acid
treatment was conducted under the conditions accepted in chemical industry for modified bentonite
production. Experiments with nitric acid treatment were conducted at high temperatures in order to
simulate the conditions that may occur during liquid radioactive waste disposal.

Initial and modified samples were analyzed with a series of methods. X-ray diffraction patterns
were obtained with X-ray diffractometer Ultima-IV (Rigaku, Tokyo, Japan) acquired with the funding
of Moscow State University Development Program (Cu-Kα radiation, semiconductor 1D detector
D/Tex-Ultra, scan range 3–65◦ (2θ), scan speed 5◦/min and step—0.02◦ (2θ)). Partially oriented
specimens were prepared by pressing powder into a sample holder.

The chemical analyses of the solids were carried out by means of inductively coupled plasma
atomic emission spectrometry (ICP-AES) using ICPE-9000 equipment (Shimadzu, Kyoto, Japan).

Excessive pressure and surface leveling leads to partial orientation of the montmorillonite particles
in the specimen plane. We did not succeed in preparing samples with a good degree of particle
orientation from drops of aqueous suspensions because some samples had been significantly modified
after the treatment so they could not form thin films on a glass surface. The results were analyzed
according to Drits, Kossovskaya [4], Moore and Reynolds [5]. Mineral composition was estimated
using the Rietveld method [39] with PROFEX GUI for BGMN [40].

Fourier transform infrared spectroscopy analysis was carried out using FTIR spectrometer Vertex
80v equipped by DTGS detector and KBr beam-splitter (Bruker, Ettlingen, Germany). The adsorption
spectra recordings were performed in vacuum in the 4000–400 cm−1 wavelength range with 256 scans
for each sample and the resolution of 4 cm−1. Samples were prepared as pressed KBr-pellets: 0.5 mg
of sample was dispersed in 200 mg of KBr; this mixture was placed in a 13 mm pellet die and pressed
in vacuum for 1 h. Spectra manipulations were performed using the OPUS 7.1 software (Bruker,
Ettlingen, Germany). Baseline correction was made automatically by Concave Rubberband method
with 64 baseline points and 10 iterations.

Natural montmorillonites (Mt-M, Mt-T1, Mt-T2) as well as some samples after treatment were
selected based on the results of X-ray diffraction studies (Mt-M—3.0 M HCl; Mt-T1—0.25 M and
0.5 M HCl; 12 and 108 h) for further investigation by high-resolution transmission electron microscopy
(HRTEM) using JEM-2100 with an X-Max attachment for X-ray energy dispersive analysis.

Evaluation of a specific surface area was carried out using the Analyzer Quadrasorb SI/Kr
(Quantachrome Instruments, Boynton Beach, FL, USA). Adsorption was performed at the liquid
nitrogen temperature (77.35 K). Nitrogen with a 99.999% purity served as an adsorbate. Helium grade
6.0 (99.9999%) was used for the volume calibration of the measuring cells. Calculation was carried out
by the BET multiple-point isotherm in the range of P/P0 from 0.05 to 0.30. Samples were pre-dried in
vacuum at 100 ◦C.

Cation exchange capacity was determined by triethylenetetramine copper complex [Cu(Trien)]2+

adsorption method [41].
Particle size distribution was evaluated with the laser diffraction technique by Fritsch

ANALYSETTE 22 NanoTec (Fritsch, Idar-Oberstein, Germany) equipped with 70 W and 36 kHz
ultrasonic emitter in the size range 0.01–1000 μm Data processing was carried out by algorithm based
on Fredholm integral equations.
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3. Results and Discussion

3.1. Transformation of the Montmorillonite Structure under Acid Treatment

Considerable crystal-chemical transformations—in particular, changes of montmorillonite
micromorphology and adsorption characteristics—were detected under treatment with hydrochloric
and nitric acid solutions. A variety of processes that modified structure and properties of
montmorillonite particles were observed during the treatment with inorganic acid solutions: dissolution
of carbonates and feldspars, destruction of the most defective phyllosilicate phases (e.g., nanosized
smectites), removal of cations from the interlayer spacing, substitution of interlayer cations with
oxonium ion, leaching of the octahedral cations, and finally, the complete destruction of the structure.

Studied montmorillonite samples are characterized by the heterogeneous composition of the
interlayer: Ca2+ and Mg2+ for the Mt-M sample (d001 = 15.3 Å), and Ca2+, Mg2+and Na+ (d001 = 13.7 Å
and d001 = 13.9 Å, respectively) for Mt-T1 and Mt-T2 samples (Figure 1, Table 1). Presence of Na+ in
the montmorillonites from the Taganskoye deposit was also confirmed in previous studies [26,42,43].

 

Figure 1. Fragments of the X-ray diffraction patterns of natural and treated montmorillonites: (a) Mt-M;
(b,c) Mt-T. Abbreviations: 3.0 HCl, 1 HNO3, type and concentration (given in mol/L) of acid; 7 d (days),
12 h (hours), time of treatment, 20, 90 ◦C, temperature of treatment.

Table 1. Changes of the structural parameters, textural and adsorption characteristics of
montmorillonites due to acid activation (Specific Surface Area: SBET, Total Pore Value: VΣ, Cation
Exchange Capacity: CEC).

Sample

Treatment
Interlayer

Space d001 (Å)
Particle Thickness
h(00l) (CSR) (nm)

Number of
Layers (N)

SBET

(m2/g)
VΣ

(cm3/g)
CEC

(meq/100 g)Acid
(mol/L)

T
(◦C)

Time
Days/Hours

HCl

Mt-M

- - - 15.3 10.7 7 77 0.211 46
0.25 20 7 d 15.3 12.2 8 79 0.219 43
0.5 20 7 d 14.0 7.0 5 92 0.243 -
1.0 20 7 d 14.0 5.6 4 95 0.256 49
3.0 20 7 d 13.7 5.5 4 101 0.328 64

Mt-T1

- - - 13.7 9.6 7 42 0.074 75
0.125 20 7 d 14.0 7.0 5 45 0.084 65
0.25 20 7 d 14.0 7.0 5 50 0.095 64
0.5 20 7 d 14.0 5.6 4 51 0.083 70

HNO3

Mt-T2

- - - 13.9 8.2 6 67 0.085 86
1 60 12 h 14.0 7.0 5 110 0.114 58
1 60 36 h 14.0 7.0 5 191 0.192 56
1 60 108 h 13.8 5.5 4 301 0.353 40

123



Minerals 2017, 7, 49

Treatment of Mt-M sample with hydrochloric acid solution with various concentrations leads
to partial protonation of the interlayer which is observed by a decrease in d00l values and changes
in basal reflections series from d001 = 15.3 Å, d003 = 5.0 Å, d005 = 3.0 Å to d001 = 13.7 Å. d002 = 7.2 Å,
d003 = 4.8 Å, d004 = 3.6 Å (Figure 1). These changes can be related with leaching of the interlayer cations
(Ca2+ and Mg2+) and partial protonation of interlayer space i.e., substitution of interlayer cations with
oxonium ion [44,45] because protonation of Ca–Mg montmorillonite proceeds much faster than that of
Na-forms [43].

Early, we demonstrated that the chemical composition and structural characteristics of Mt
depended on the HNO3 and HCl concentration [26,32]. Changes of chemical composition and
interlayer space were negligible after modification of montmorillonite under the concentrations up
to 0.5 M. These changes were noticeable only after treatment with 3.0 M acid. Here we investigated
effect of exposure time of 1M HNO3 at 60 ◦C on chemical composition of Mt-T2. The main results are
shown in the Table 2. Experimental data point that leaching of interlayer cation is observed after the
treatment with 1 M HNO3 for 12 h.

Table 2. Chemical composition of MM-T2 natural and modified by 1 M HNO3 at 60 ◦C.

Time (h)
Chemical Composition (wt %)

Si Al Fe Mg Ca Na Si/Al

- 26.4 7.8 3.9 1.9 0.6 2.4 3.4
12 27.3 7.6 3.7 1.6 trace trace 3.6
36 28.0 6.9 3.2 1.4 0.2 trace 4.1

108 31.8 5.0 2.0 0.9 trace trace 6.3

Profile alignment of basal reflections (001) and displacement of maximum 13.7 Å to 14.0 Å was
observed after treatment of Mt-T1 sample with hydrochloric acid solution. Irregular profile shape of
d001 reflection indicates the presence of two possible montmorillonite phases with different interlayer
cations in the sample. This was also found by other researchers of the Taganskoye montmorillonite
deposit [43]. Since any other impurities except quartz were not found in this sample, the described
change in the XRD patterns can be attributed to the partial destruction (dissolution) of the most
defective and probably nanosized particles of Na-montmorillonite.

Treatment of Mt-T sample with 1M HNO3 solution for 12 h leads to a displacement of the d001

reflection from 13.9 to 13.2 Å with an increase of its intensity. This fact is explained by the dissolution
of the defective part of the montmorillonite and enhancement of the interlayer ordering by partial
substitution of Ca2+ and Mg2+ cations. Further treatment of the sample with nitric acid solution reduces
the layer stacking ordering degree and leads to disintegration of montmorillonite 2:1 layer structure.
In XRD patterns, the described process is manifested by a decrease in the peaks intensity and broadening
of the basal reflections until the complete disappearance except (001) reflection. Displacement of the
(001) reflection back to 13.9 Å after the 36 and 108 h of treatment can be explained by the Mg and Al
octahedral cations leaching and their migration into the interlayer space of montmorillonite.

The changes in the sizes of the coherent scattering domains (CSD) along the c-axis were
calculated in accordance with the Scherrer equation for the (001) reflection of natural and modified
montmorillonites (Table 1). In general, the size of CSD along the c-axis corresponds with the crystallite
thickness [46]. The average crystallite thicknesses of the samples equals 10.7 nm which corresponds to
7 layers (7 N), 9.6 nm (7 N), 8.2 nm (6 N) for natural Mt-M, MtM-T1 and Mt-T2 samples respectively,
and to 5.5–5.6 nm (4 N) for the acid treated montmorillonites. A decrease of CSD sizes is related to
a consequent disintegration of montmorillonite particles and increase of the stacking faults quantity.

The increase of the adsorbed water bands on IR spectra in the range of 4000–2500 cm−1 probably
indicates a decrease of crystallite size (Figure 2a) after the treatment of Mt-T2 sample with HNO3 acid
for 108 h. Previous studies of Mt-M and Mt-T1 samples treated with HCl acid [26] showed the reduction
of band intensity at 841–845 cm−1 (Al–Mg–OH), 882 cm−1 (Al–Fe–OH) and 914–926 cm−1 (Al–Al–OH),

124



Minerals 2017, 7, 49

which indicates the leaching of Al3+, Mg2+ and Fe3+ cations from the octahedral sites [44–49]. Reduction
of the band intensities at 925 and 876 cm−1 is shown at Figure 2c. It corresponds to Al–Al–OH and
Al–Fe–OH vibrations in the structure of octahedral sheet of montmorillonite (Mt-T2 sample) during
the treatment with the nitric acid. It may indicate a leaching of Fe3+ and Al3+ from the octahedral sites.

 

Figure 2. Areas of interest on MM-T IR spectra before and after treatment with 1 M HNO3 60 ◦C:
(a,b) the characteristic part of spectrum; (c) a magnified part of the spectra.

Leaching of the octahedral cations leads to modifications of the interaction between the octahedral
and tetrahedral sheets in the 2:1 layer and, as a result, to the partial destruction of octahedral sheets.
Alterations in FTIR data revealed as decreasing intensities of the bands related to octahedral Al, Fe
and Mg and exchangeable Ca, Na and Mg correlate with changes in chemical composition shown
above. Therefore, the structural units comprised of the tetrahedral sheet fragments are released from
the 2:1 structure, which corresponds to “Si–Ofree” vibrations—1095 cm−1 [11,15,21,50]. Changes in
the Si–O–Si band profile within the range of 1100–1050 cm−1 (Figure 2b) indicate transformation of
interaction within the tetrahedral sheet. In particular, displacement of the maximum in the natural
sample from 1050 to 1095 cm−1 after treating it with 1 M HNO3 for 108 h indicates the increase of
amorphous silica content due to partial destruction of the tetrahedral sheet which is confirmed by
chemical analysis data as an increase in Si content in powder samples.

Transmission electron microscopy (TEM) allows collection of data at the level of crystal lattice and
helps to estimate structural transformation of montmorillonite, properties of surface and interactions
between the layers during its treatment with inorganic acid solutions, and changes in montmorillonite
particles’ chemical composition [51]. In natural samples from the Tagansoye deposit (Figure 3a) among
the laminar montmorillonite particles with a size of 1–2 μm, there is a significant amount of small
and thin nano-sized particles that cover the specimen and produce grey background in micrographs.
Particle identification was carried out based on microdiffraction patterns and micro-area chemical
analysis. The nanosized phase is characterized by a higher content of Na as an interlayer cation and
Fe is located in the octahedral sheet due to the isomorphic substitution of Al. Under hydrochloric
acid with lower concentrations, as well as under the treatment with nitric acid for shorter periods,
almost full dissolution of nano-sized particles as the less acid resistant phase takes place and the grey
background on micrographs is not observed. Besides, these laminar particles have a lot of folded
edges which are not usually observed in acid-modified montmorillonites. Bentonites from Mukhortala
deposit (Mt-M) contain a lot of opal distributed in pores between thin and relatively thick laminar
montmorillonite particles and also on their relatively clean surfaces (Figure 3c).
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(a) (b) (c)  

Figure 3. Transmission electron microscopic (TEM) images: (a) natural particles from the sample MM-T;
(b) treated with 0.25 M HCl; (c) natural sample MM-M.

Studied samples of the natural montmorillonites are characterized by peculiar particle
morphology that is typical for montmorillonites of different genesis and by a wide spread of welted
edges, which can be useful for obtaining pictures of the lattices (Figure 4). Images obtained from edges
of natural montmorillonite (Mt-T2 sample) show the lattice stripes that correspond to the basal planes
(Figure 4a,b). The width of the areas with lattice stripes is about 23–32 nm. The value of the interlayer
space for different particles varies within the range from 10.5 to 11.8–12.3 Å.

 

Figure 4. Transmission electron microscopic (TEM) images of natural montmorillonite particles (a,b),
and treated with 1 M HNO3 for 108 h (c,d). Microdiffraction figures are located at enlarged areas.
(b,d) high resolution images from the folded edge of the montmorillonite particles (area locations are
shown as black rectangles in Figure (a,c), respectively).
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The lattice stripes of different particles can be pulled simultaneously, maintaining a noticeable
distance between the adjacent bands or showing some curving of the surface, which indicates only
a small change of interlayer space along the layers. Moreover, there are areas of the image with
two-dimensional lattice stripes (Figure 4b). Basal lattice stripes are crossed by lattice stripes with
an interlayer space of 4.5 Å which corresponds to planes (020) and indicates local manifestations of
coherence in stacking of adjacent layers.

Microaggregate surface of Mt-T2 sample became uneven as the result of the treatment with HNO3

for 108 h. This effect can be seen only at some fragments of the images with folded edges with typical
parallel basal lattice stripes from planes (00l). It correlates to the small packs of 2–3 layers (Figure 4b)
less than 25 nm long. The interlayer spacing 12–14 Å indicates the presence of initial montmorillonite.
The observed pattern of distribution of the basal lattice stripes reflects the nano-level changes in the
surface morphology of montmorillonite. It implies an existence of thin packages of layers where the
planes (00l) are arranged perpendicularly to the surface of the particles. This effect in particular leads
to an increase of its surface and the occurrence of active sites for the selective sorption of heavy metals
and radionuclides.

3.2. Transformation of Montmorillonite Adsorption Properties under Acid Treatment

Specific surface area (BET) and cation exchange capacity (CEC) can be qualified as characteristics
of adsorption properties of bentonite clays. CEC values of montmorillonites depend most significantly
on the amount of isomorphic substitutions in octahedral sites. In turn, specific surface area is primarily
controlled by degree of fineness, amount of impurities, particle charge, their ability to coagulate, etc.
Mt-M sample contains a significant amount of opal which provides a relatively higher specific surface
area than that of Taganskoye deposit samples (Mt-T1 and Mt-T2). Commonly, specific surface area
(BET) values are in direct relationship with CEC value [52]. Increasing of BET value leads to an increase
of CEC value and vice versa. In most cases, the above is true for natural soils with different mineral
compositions [46]. However, the ratio of these indexes for montmorillonites of different composition
may be in a more complex relationship. This dependence can be clearly seen in the Table 1 as an
increase of specific surface area and a decrease in cation exchange capacity due to the acid treatment.

Coherent scattering domain sizes are commonly used to analyze the size of crystallites [46,53–55].
There is a cumulative index of physical-chemical activity of the most clay minerals which have
correlations with specific surface area and adsorption characteristics. Thus, reduction of crystallite size
should lead to an increase of specific surface area, which is shown in the study (Table 1).

At the same time, an increase of the specific surface area appears mostly in the samples which
have the greatest structural changes. Thus, in the montmorillonite sample from Taganskoye deposit,
treated with HNO3 for a long period of time, the increase of the specific surface area was 301 m2/g
compared to 67 m2/g in the natural sample. Also, considerable changes were observed in the sample
with montmorillonite from the Mukhortala deposit (from 77 to 101 m2/g, respectively).

The average pore size in all samples is approximately 5 nm and it remains constant during the
experiments, while the total pore volume has been changed slightly for Mt-M and Mt-T1 samples and
considerably so for Mt-T2 sample. This fact cannot be related only to the size decrease. In this way, the
observed increase of specific surface area, as well as the total pore volume is related to the formation of
porous structure due to the modification of montmorillonites under the acid treatment.

As a result of the treatment, a regular change is observed in the chemical composition of
montmorillonite (Table 2). First of all, the reduction of Ca, Mg, Fe, and Al content and the increase
of Si content is found in all samples after dissolving the nano-sized phases of montmorillonite from
Taganskoye deposit. The most significant changes were found in the Mt-T2 sample treated with HNO3

acid solution for 108 h. The increase of Si content in montmorillonite samples subjected to the intensive
acid treatments connected with subsidence of amorphous silica formed during the destruction of
tetrahedral sheets of 2:1 layers on the particle surface and its accumulation in the micropores.
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Protonation of Al bond pairs in the octahedron transforms it from 4-coordination to
6-coordination [23] and leads to the modification of octahedral and tetrahedral sheets and to an
appearance of micropores simultaneously decreasing the number of octahedral cations. Changes in
the layer stacking and particles’ micromorphology results in mesopore formation [14,45]. Structural
transformations are shown simplified in Figure 5. Thus, there is an increase of specific surface area
and pore space both capable of large cation sorption, e.g., Cs.

 
(a) (b) (c) 

Figure 5. Schematic picture representing the structural changes in natural montmorillonite under the
treatment with inorganic acid solutions: (a) natural Ca-montmorillonite; (b) partial protonation of
interlayer space; (c) full protonation of interlayer space (H-smectite) and protonation of the OH-groups
of the octahedral sheet and Al coordination change.

Critical values for describing the concepts of “micropores”, “mesopores”, and “macropores”
vary in classifications developed for different science approaches. In engineering geology, for
example, mesopore sizes are in the range of 10 to 1000 μm and micropores are from 0.1 to 10 μm [56].
V. Osipov and V. Sokolov in their morphometric investigations of soil microstructures with different
composition [52] detailed the previously proposed classification of pore sizes. They divided micropores
into thin (0.1–10 μm), small (1–10 μm), and large (10–100 μm) ones, suggesting the lower limit for
macropores as 100 μm.

There are other classifications to consider. For example, the International Union for Pure and
Applied Chemistry (the IUPAC) recommended to distinguish pores size into macropores (50 nm),
mesopores (2 to 50 nm), and micropores (up to 2 nm) [57–59]. The micropores are conventionally
divided into thin ultramicropores (less than 0.7 nm) and supermicropores that have an intermediate
size between ultramicropore and mesopores.

In fact, all the pores in montmorillonite referred above of the size not larger than 6–9 nm for
mesopores and 1–3 nm for micropores are predominantly involved in the adsorption [60]. The average
pore size measured in natural and modified montmorillonites is about 5 nm which corresponds to
interparticle pores according to Osipov and Sokolov [52]. At the same time, acid treatment, as shown
above, leads to the appearance of pores in the structure of the layer (micropores) by partial leaching of
octahedral cations, protonation of OH-groups, and changes of Al3+ coordination. The above process
does not lead to an increase of an average pore size, however, it results in an increase of the total pore
volume (Table 1).

Mesopores of a size about 5 nm and a small amount of micro-pores with a diameter of about
3 nm are predominant in the natural montmorillonite. After treatment with hydrochloric acid with
concentration up to a 3.0 M at room temperature for 7 days, significant changes in the structure of
the pore space were not observed, which also can be seen below in the N2 adsorption-desorption
isotherms. Treatment with 1 M HNO3 for 12 h does not lead to significant changes of the pore space
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either. The most significant changes were observed as a result of treatment for 108 h (Figure 6a): the
amount of 5–5.5 nm mesopores significantly increases and micropores with an average diameter of
3.5 nm appear which is not observed in natural montmorillonite samples. The particle size distribution
changes even at low exposure times in the experiment with 1 M HNO3 (Figure 6b) from monomodal
shape with a maximum at 50 μm to a multimodal shape with peaks at ~80, 100, 145, and 200 μm. Thus,
with increased micro- and mesoporosity, particle aggregation occurs that leads to the formation of
relatively large aggregates of different sizes.

 

Figure 6. Changes of the porosity (a) and the particle size distribution (b) of Mt-T2 a sample due to
exposure to 1 M HNO3 at 60 ◦C.

Adsorption-desorption isotherms of N2 are shown in Figure 6. As shown earlier, exposure to
0.25 and 0.5 M HCl for 7 days at room temperature results only in minor changes in the chemical
composition (Table 2). The same tendency is observed in changes of N2 adsorption-desorption
isotherms for samples Mt-M and Mt-T1 (Figure 6). Mt-T1 sample was treated only at 0.5 M HCl
concentrations and is not shown in Figure 7 since the changes in the adsorption-desorption rates are
within the error margin of the method.

 

Figure 7. Isotherms of N2 adsorption (Ads)/desorption (Des) of montmorillonites: (a) Mt-M; (b) Mt-T2.

Hysteresis loop and the shape of the isotherm is close to the type IVa [61,62], which means that the
natural and acid-modified montmorillonites studied can be characterized as mesoporous adsorbents
where monolayer-multilayer adsorption is followed by capillary condensation. There is a significant
amount of the micropores and mesopores so N2 adsorption/desorption isotherms cannot be described
by one classical type only [61].

Hysteresis loops may have a different shape and, in the study of natural montmorillonite, can
be attributed to the H3-H4 type [61]. Loops of this type correspond to the interaction between
nonrigid lamellar particles. Smooth slope loops correspond to filling the micro- and mesopores.
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Increase in steepness after the acid treatment may be explained by an increase of the pore volume
and the appearance of macro-porosity. The specific hysteresis loop of the sample Mt-T2 isotherm
after prolonged exposure to 1 M HNO3 (Figure 7b) can be attributed to the type H2(b) [61]. This type
of a desorption branch of the isotherm can be the result of a complex system of channel and pore
formations and a partial blocking of them.

As a result of exposure to acid solutions, the hysteresis loop increases. In particular, it is noticeable
after a prolonged influence of nitric acid at a high temperature (Figure 6b) when the hysteresis loop
changes in a certain way.

The measured cation exchange capacity value (CEC) decreases from 86 meq/100 g in natural
bentonite clay to 40 meq/100 g in bentonite samples with the longest time of the HNO3 solutions
treatment for 108 h (Table 1). Such a decrease of CEC under the treatment with inorganic acid solutions
(e.g., HCl and H2SO4) was described by other researchers [12]. Cation exchange capacity of bentonite
clays is connected not only to montmorillonite content but primarily, to such structural particularities
as layer charge and its distribution among octahedral sheets. As a result, treatment with inorganic acid
solutions leads to layer charge reduction due to leaching of the octahedral cations and the structural
degradation; all of which leads to a decrease in the cation exchange capacity. In addition, amorphous
silica appeared as a result of the destruction of tetrahedral sheets. The silica can settle on the surface of
montmorillonite particles and reduce its exchange capacity.

A lot of attention in the work on acid treatment of natural bentonite clay was dedicated to the
issues of activation—i.e., improving the properties of modified clays in comparison with natural
clays [63,64]. An increase of specific surface area and pore volume is observed in the course of the
conducted experiments (Table 1). Leaching of the cations from interlayer space and octahedral positions
results in a modification of layer charge and particles in general, this in turn affects the interaction
of the individual particles between each other. As a result, the destruction of large aggregates, the
restructuring of smaller ones, the appearance of an uneven surface, and the appearance of micropores
on the site of octahedral grid take place. All the processes described above result in an increase of
the total pore size and surface area. However, opportunities for cation exchange and its capacity are
reduced due to layer charge modification and protonation of interlayer space.

4. Conclusions

The study concludes that an interlayer modification occurs even at early stages of treatment
with HCl and HNO3 solutions. This modification involves partial substitution of interlayer cations,
especially Ca and Mg, to oxonium and partial protonation of the interlayer space. As the least stable
components, natural nano-sized smectites and the most defective phase are completely dissolved in
natural montmorillonite samples after acidic treatment.

Further treatment of montmorillonite structure with inorganic acid solutions (with increasing
concentration and exposure period) leads to further modification of its structure accompanied by
intense leaching of cations from the octahedral positions and partial penetration of leached octahedral
cations into interlayer space. These transformations lead to partial protonation of OH-groups, partial
destruction of the octahedral sheets, and modification of the interaction between tetrahedral and
octahedral sheets which changes layer charge and the nature of interaction between adjacent layers
and partial amorphization of tetrahedral sheets. A decrease in the layer charge leads to a decrease
in CEC.

As a result of structural transformation, specific surface area increases. Also, volume and pore
diameters increase as well as micropores of a 3.5 nm diameter occur which is not typical for natural
montmorillonites. As a consequence, particle size distribution changes. Due to the rise in micro- and
mesoporosity, adsorption capacity of the acid-treated bentonite clays still remains high.

Modification of structural and adsorption characteristics with the acid treatment can be used to
simulate behavior of the engineered barrier properties for repositories of radioactive and industrial
wastes, especially in the case of dealing with liquid radioactive wastes.
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