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Abstract: Micro-environments in black shale are reactors for geochemical reactions that differ from
the bulk scale. They occur in small isolated pores of several 10 s to 100 s of nanometers without or
with limited ionic exchange by diffusion to the surrounding matrix. The example of the formation of
titania polymorphs brookite (and anatase) in black shale demonstrates that pH < 4 of the pore waters
or lower must prevail to enable dissolution of Ti-bearing precursors followed by the precipitation
of these metastable solids. Comparably low pH is applied during the industrial production of
nanometer-sized brookite or anatase by sol-gel methods. The process parameters during industrial
production such as low pH, negative Eh, or low ionic strength (to promote agglomeration) allow
a comparison with parameters during geochemical processes leading to titania formation in black
shale. Sol-gel processes are suggested herein as key geochemical processes in micro-environments
of black shale in order to understand the formation of single brookite crystals or agglomerates on a
nanometer scale.
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1. Introduction

Shale is a fine-grained, siliciclastic sediment with high water content. Porosity-depth trends
indicate a loss in porosity (and thus in water content) from initially up to 80% to less than 20% at a
depth of around 3000 m, dependent on burial history and composition [1]. Porosity in shale comprises
of a variety of pores which occur in the organic material as well as in or between minerals [2,3].
These pores range in size from macropores (diameter > 50 nm), to mesopores (2-50 nm), to micropores
(<2 nm; [4]) and have been described in great detail in shale research as an unconventional resource [5,6].
Pores of small size especially are considered spots for geochemical reactions that are different from the
bulk scale and may act as isolated micro-environments for the localized dissolution and precipitation
of solids. Much of the porosity can be filled with formation water (besides liquid and gaseous
hydrocarbons). This aqueous phase is a matrix, reactant, and transport medium during rock—fluid
interactions at various scales [7-9].

In this contribution, a characteristically exemplary micro-environment for the formation of
nanometer-sized titania polymorphs in black shale is introduced—its significance for localized
organic-inorganic interactions apart from the bulk scale. By explaining the formation of nano-sized
titanium dioxide in black shale, reference is made to today’s technical sol-gel processes for the
production of titania nanomaterials at low temperatures under controlled physicochemical conditions.
Several experimental parameters are compared with those under geological subsurface conditions
to find similar controls on the formation, fate, and behavior of brookite (and anatase) in organic-rich
sediments and comparable processes in other organic-rich and aqueous environments, such as
oil-water contacts in oil fields.
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The selected example relates to the metastable titania (TiO,) polymorphs brookite and anatase, and
how they form in black shale environments [10]. This issue is reconsidered in this short communication,
but with reference to the prenucleation concept and the so-called sol-gel process. Selected titania
polymorphs (only brookite in this research) in black shales will be presented in the form of an image
collection highlighting micro-environments on a micrometer to nanometer scale, and their formation
will be discussed as controls of organic matter conversion in micro-environments as analogues of
industrial nano-titania production.

2. Geochemical Micro-Environments in General and in Black Shale—A Brief Review

Chemical microenvironments are well-known phenomena in various geological matrixes and
are reported from shale [11-13], hardgrounds [14], soils [15,16], and fluvial systems [17], but also
occur in sediment macrofauna [18], living planktic foraminifera [19], or in fecal pellets [20]. One often
reported feature is the formation of iron-bearing solid solutions in various geological matrixes such as
marine sediments [21], glaciers [22], or even on Mars [23], but many other minerals also dissolve or
precipitate in such microenvironments which suggest geochemical processes different from those of
the bulk matrix.

A geochemical micro-environment in a rock can be defined as a small entity within a bulk rock
matrix. It is filled by a fluid with a composition that is different from the bulk composition. Such a
fluid can be physically isolated from the bulk solution or not. A definition by Reference [24] also
includes scale considerations from a large scale (e.g., clay lenses in sandy sediments) to nanometer
scale. The authors stated that micro-environments can be found at mineral interfaces or contacts [25],
within mineral grains [26], or even at the microbial cell surface on the sub-micron to micron scale.
At the nanometer scale, a microenvironment may involve different reacting molecular sites represented
by the reactivities of different mineral surface faces or at their intersections. Recently it was found
that micro-environments also play a significant role in preserving organic fossils due to interactions
between clay minerals and organic tissues. Conversion or decay of organic matter may be inhibited by
blocked enzymatic reactions [27].

The processes leading to the development of microenvironments in shale are dependent on
chemical gradients which develop in the aqueous phase due to fast reaction rates (either microbially
mediated or mineral dissolution/precipitation rates) and compensate the export or import of
solutes [24]. Due to this definition, preferential sites for the development of micro-environments
are physically heterogeneous systems with different flow rates and molecular diffusion as the main
transport processes. Accordingly, micro-environments can be retraced by the occurrence of features
such as concretions in shale of various scales.

Characteristic hydrogeochemical conditions develop due to organic-inorganic interactions
in chemical micro-environments of black shales. The driving force for the creation of localized
hydrogeochemical conditions in such micro-environments (or microreactors) is the conversion of labile
organic matter (OM). The OM consumption already takes place in the overlying water column where
microreactors may form in sinking particles, such as in anoxic bottom water (e.g., pyrite framboid
formation; [2]). Later, they develop during deposition and continue from early diagenesis to the oil
window and beyond, all dependent on the sensitivity of the preserved but still reactive to organic
matter. The processes in micro-environments are thus not affected by the buffer potential of the bulk
rock. However, during subsidence in a sedimentary basin, a variety of soluble organic compounds
are released from the organic material which control different hydrogeochemical processes—as these
compounds may change in pH. For example, during early diagenesis to the oil window, acidic and
corrosive hydrogeochemical conditions develop due to the release of low molecular weight organic
acids (e.g., acetic acid) or carbon dioxide and lead to dissolution of unstable minerals, which is
compensated by the precipitation of solid solutions at equilibrium [28].
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3. Formation of Inorganic Materials from Solutions

Stawski and Benning [29] reviewed how amorphous and crystalline inorganic materials may form
from solutions. In summary, precipitation and growth of any solid material from a solution are dynamic
processes during which different species of various shapes, sizes, and internal structures form and
further develop into a final product. In this paper, two hypotheses are discussed for the explanation of
nucleation and crystallization phenomena taking place in solutions—the classical nucleation theory
(CNT) and the prenucleation concept (see references in [29]). Although different in their individual
process chains, the conceptual pathways described for both approaches consider the formation of
nanostructures from a solution to a stable end-product. A well-balanced interplay of the physical and
chemical parameters controls the morphology and growth kinetics of these nanostructures in evolving
systems. It is important to note that the prenucleation concept also refers to intermediate stages of
amorphous particles (Figure 1A). In a sol-gel process, a sol (colloidal suspension) is formed from the
hydrolysis and polymerization reactions of the precursors, which are inorganic metal salts or metal
organic compounds such as metal alkoxides (Figure 1B). The transition from the liquid sol into a solid
gel phase is caused by complete polymerization and loss of the solvent [30].
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Figure 1. (A) Nonclassical pathway for the growth of crystalline materials from solutions. (B) Scheme
representing the evolution of aqueous silica system from monomers to developed sols and gels, in
relation to reaction conditions. (A) is redrawn after Figure 5.2 in Reference [29]; see details for references
therein. (B) Various steps in the sol-gel process to control the final morphology of the product (redrawn
after Figure 2.1. in Reference [30]).
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4. Methodologies to Characterize and Analyze Micro-Environments

The analysis of micro-environments requires chemical or imaging techniques that are capable of
characterizing small volumes or small sizes. However, their applicability can be limited by the close
association with the bulk phases. Moreover, the geochemical modelling of micro-environments in
shale by PHREEQC—a program based on chemical thermodynamics—may be problematic due to the
low pH in micro-environments and due to migration of acidic capillary pore water [31], but general
approaches have existed since the 1970s [32].

The analytical approach used here was based on a first overview characterization of the black shale
by conventional light microscopy. In a second step, scanning electron microscopy (SEM) with a coupled
energy dispersive X-ray spectroscopy (EDS) enabled the analysis of different shale entities. Contents of
organic carbon (total organic carbon, TOC) were determined and Rock Eval analyses of whole rock
samples were carried out according to standard procedures to characterize the amount, character,
and maturity of the organic material. The final and main technique applied for visualization and
characterization of micro-environments was transmission electron microscopy (TEM). Selected results
from TEM investigations are presented, and brookite identification is based on the method described
in Reference [10]. Samples for TEM investigations were prepared applying the focused ion beam (FIB)
technique (detailed in Reference [33]).

5. Example Brookite (and Anatase): Formation of Unstable Titania Polymorphs in
Micro-Environments of Black Shale

The titania polymorph brookite (Figures 2 and 3) mainly occur as a single crystal—less
as agglomerated nano-crystals—in organic matter-rich sediments of differing age and thermal
maturity [10], and single brookite crystals increase in diameter with increasing thermal maturity.
In contrast, anatase prevails as both single crystals or as agglomerates at oil-water contacts in
oilfields, and along fractures with fluid flow enriched in dissolved organic carbon. In general,
titania nano-crystal precipitation, growth (and agglomeration) takes place in the pore water of
micro-environments at low to high temperatures, and where low pH is coupled to the occurrence of
dissolved organic components. Low sedimentation rates preserving a critical geochemical environment
or higher temperatures seem to be major controls for the precipitation of anatase (cf. Figure 4) and its
tendency not to agglomerate.
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Figure 2. Titania (TiO;) polymorphs (brookite in all selected samples) in selected black shales:
Bakken Shale (A,B), Mediterranean sapropel S6 (C,D), and Schoneck Formation (EF). (A,C,D) are
high-magnification scanning transmission electron microscopy (STEM) images (high-angle annular
dark-field (HAADF) mode), whereas (B,D,F) are TEM Bright Field images. The Pleistocene
Mediterranean Sapropel S6 from the Eastern Mediterranean Sea was recovered from a sediment
depth of 4.12 m (water depth, 2788 m), has a total organic carbon (TOC) content of 4-6%, and is
composed of marine organic matter (OM). The sample from the Oligocene Schoneck Fm. (Upper
Austrian Molasse basin) originates from a well core from a depth of 1384 m, has a TOC content of 3.6%,
and an immature lacustrine OM (hydrogen index, HI: 550 mg HC/g TOC). The Bakken Shale sample
is of Upper Devonian to Lower Mississippian age, was drilled in the Williston Basin (North Dakota,
U.S.A.), and comes from a depth of 2332 m. The TOC content is 8.3%, the marine OM has a HI of 416
mg HC/g TOC and an oxygen index (OI) of 27 mg CO, /g TOC.



ChemEngineering 2019, 3, 28

Figure 3. Titania (TiO,) polymorphs (brookite in all selected samples) in the Dictyonema Shale
(Tremadocian, Ordovician). (A,D) are TEM Bright Field images whereas (B,C) are high-magnification
scanning transmission electron microscopy (STEM) images (high-angle annular dark-field (HAADF)
mode). (A) The sample originates from a well core from a depth of 52.05 m, has a TOC content of
12.20%, and is early mature (hydrogen index, HI: 191 mg HC/g TOC; Tmax: 414 °C). (B,C,D) The
sample originates from a well core from a depth of 52.40 m, has a TOC content of 6.15%, and is early
mature (hydrogen index, HI: 95 mg HC/g TOC; Tmax: 414 °C).

16
% 4%
}E’ 12 — Rutile Brookite_ ............
s | T e
; 84 S T I
a | e e
[ P Anatase
T AT AT
w e
0o T T
0 4,000 8,000 12,000

Surface area (m“/mol)

Figure 4. Enthalpy of titania polymorphs as a function of surface area (already presented in
Reference [10], redrawn after Reference [34], following Reference [35]). Although the crystalline
polymorph rutile is thermodynamically the most stable one, anatase and brookite are often slightly
metastable by only a few kilojoules per mole. Brookite has a surface enthalpy of approximately 1.0]/m?,
which is higher than for anatase (0.4 J/m?). Moreover, for titania particles with a surface area higher
than around 4000 m? /mol (thus for smallest particles), anatase has the lowest enthalpy and can directly
transform into brookite [35]. At a crossover size of about 30 nm, anatase nanoparticles may directly
transform into rutile [34,36].

60of 11

6. Industrial Production of Titania Polymorphs

Low temperature industrial processes may serve as process analogues to extract relevant key
variables which might also control hydrogeochemical processes during diagenesis of black shales.
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However, sedimentary geosystems are complex and variable in time and space. The geochemical
composition of the interacting organic-inorganic rock—fluid—gas inventory in sedimentary geosystems
thus changes with geological times. Moreover, the material properties of industrial TiO, nanoparticles
strongly depend on the detailed production methodology and lead to different nanoparticle sizes,
crystal structures, and morphologies. Thus, the variety of experimental conditions used for the artificial
synthesis of the different TiO, phases complicate a direct comparison with natural mechanisms
during nanoparticle formation in a black shale. As a logical consequence, a direct transfer of factors,
phenomena, and their controls in laboratory experiments under controlled conditions to the geosphere
must be critically scrutinized. Nevertheless, there are basic physicochemical factors that resemble in
black shales during laboratory experiments and during sol-gel processes for the industrial production
of nanotitania.

Today, the most widely used industrial process for the production of metal oxides is the ceramic
method, which is based on high temperature treatment (several 100s of °C) of powder mixtures and
results in thermodynamically stable phases rather than brookite [30]. However, comparably low
temperatures down to ~80 °C prevail in TOC-rich fine-grained sediments until a depth of around 2 km
(considering a general geothermal gradient with a mean surface temperature of 20 °C). According
to this, the sol-gel process is chosen as the industrial analogue for comparison (details in overview
articles such as References [37,38]). In general, aqueous and non-aqueous sol-gel chemical methods
must be differentiated Reference [39]. Non-aqueous sol-gel processes are performed in organic
solvents. In contrast, the aqueous alternative is described as the polymerization reaction of a dissolved
metal chloride, nitrate, or sulfate (also of an organic compound, [30]). Hence, for the purpose of
this short contribution, reference is made to the aqueous method as a comparative analogue for
hydrogeochemical processes in sedimentary basins.

There are several physical and chemical parameters in aqueous sol-gel experiments that are key
variables for the formation of brookite (and anatase). Such parameters may thus also control their
formation and aggregation in black shales and resemble in (i) pH, (ii) ionic strength, and (iii) addition
of acetic acid (and others, e.g. oxalic acid, fulvic/humic acid, etc).

The pH of the aqueous solution is a major control for brookite formation in sol-gel processes.
Pottier et al. [40] showed that brookite exclusively forms from a strongly acidic aqueous 0.05 mol/dm?
TiCly solution at 100 °C, and that higher TiCly concentrations favor rutile precipitation. Brookite is thus
the major phase experimentally obtained in the range 17 < CL:Ti > 35 with 0.15 mol dm? Ti. The CL:Ti
molar ratio thus controls the kind of generated crystalline phases and their relative proportions, but
also the particle size. Moreover, a suitable ratio also avoids recrystallisation of brookite into rutile
during ageing in suspension. As a result of these investigations, the complex Ti(OH),(Cl),(OH,); is
suggested to be the precursor of the brookite phase and dissolved chloride ions stabilize brookite in
suspension. Li et al. [41] also demonstrated a phase-selective synthesis of titania nanocrystals at 180 °C
(3 h) at pH lower than 2 and observed that nano-brookite was formed by a controlled coupling of
pH and TiCl3 concentrations. In general, anatase formed at high pH. Bhave and Lee [42] synthesized
nanocrystalline brookite particles at pH 2 using dissolved TiCly with isopropanol as the co-solvent in
hydrochloric acid. The resultant gel mass was peptized and crystallized under refluxing condition
for 15 h at 83 °C to a pure brookite phase. However, brookite also formed at 70 °C and 100 °C,
but often together with rutile and/or anatase. The addition of hydroxypropyl cellulose yielded a
more uniform particle size along with decreasing agglomeration tendencies. This addition of organic
compounds plays a further key role in the precipitation of TiO, nanocrystals via aqueous sol-gel
syntheses. For example, adsorption of humic acids and zeta potential are known to be dependent on
pH and thus control aggregation. At low pH the amount of adsorbed humic or fulvic acids is high and
thus lowers aggregation [43,44]. Moreover, synthesis by the sol-gel route using ethylene glycol as a
gelling agent results in 19 nm-sized anatase [45]. Other organic gelation agents are ammonia [46] or
citric acid and acetyl acetone as complex agents [47]. However, there is a variety of organic compounds
used as solvents, surfactants, or additives in sol-gel methods to synthesize titania particles [48].
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In a series of papers about sol-gel synthesis of titania nanoparticles by Isley and Penn [49,50] and
Isley et al. [51,52], the effects of pH and ionic strength on the growth of brookite and anatase, as well
as their contents and particle sizes were studied. In general, anatase is the primary product of such
sol-gel syntheses at pH lower than 0. Brookite content and particle sizes can be controlled by varying
the pH of the sol-gel synthesis.

Sol-gel methodological experiments under controlled aqueous conditions at room temperature
showed that titanium dioxide primary particles of 4-5 nm in size readily form stable aggregates with
an average diameter of 50-60 nm at pH ~4.5 in a NaCl suspension adjusted to an ionic strength of
0.0045 M [53]. A rapid formation of micron-sized aggregates occurs by solely increasing ionic strength
to 0.0165 M, but also at pH values up to 8.2. Similar results may be achieved by applying CaCl,
suspensions and indicate that divalent cations may enhance aggregation of nano-TiO, in soils and
surface waters.

In summary, the findings of industrial processes, mainly over the sol-gel route, provide general
insights into controls of nano-brookite formation under controlled conditions in the laboratory. Natural
processes are more complex and change in time and space, but general findings may serve to better
understand brookite formation in black shale.

7. Conclusions and Outlook

Hydrogeochemical processes in micro-environments of black shale can completely differ from
processes of the bulk rock. The controlling factors and reasons for this difference is locally lacking
permeability. This situation leads to geochemical processes in semi-closed systems as spots with
localized and differing hydrogeochemical conditions.

The formation of nano-sized titania polymorphs serves as one example for processes in
micro-environments and suggests that sol-gel processes take place in black shale. However, similar
processes may occur whenever comparable conditions are caused by the co-occurrence of water,
dissolved carbon dioxide or acetic acid, and solid phases with low stability against pH changes of the
pore water. The dissolution of carbon dioxide and acetic acid in pore water leads to lower pH and, in
the following, to the dissolution of matrix solids. However, a mandatory prerequisite is an isolated
space, small or large, to keep pH low.

There is a broad spectrum of sedimentary environments in which similar factors may control
sol-gel processes in isolated micro-environments, e.g. oil-water contacts in oil fields [10], or during
barite precipitation at the sulphate-methane transition zone (SMT; [54]). However, the controlling
factors may also prevail in non-sedimentary environments, e.g. in volcanic or seismically active
areas [55], where aqueous fluids are in contact with organics.
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